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Editorial Note

The publication of this book is the result of 2 years’ effort made by different 
researchers, having its origin at the IUMRS-ICEM Conference held in Daejeon 
(South Korea) in 2018. The book we published at the beginning of 2021 contains 
contributions from speakers and attendees at the Symposium S2D: Surfaces and 
Interfaces of Thin Films, Multilayers and Nano-composites and other colleagues 
from the field. We would like to express our gratitude to all the authors for their 
contributions and also the time spent reviewing the chapters and editing the book.

These two years have been a tough period, ridden with different obstacles, som-
ber news from across the world, and a global pandemic. First, Prof. Daniel Niznansky 
passed away at the end of 2018. He was professor at the Charles University of 
Prague (Czech Republic) and has a high impact on the research careers of Jana 
Vejpravova and Alejandro G.  Roca. Moreover, Prof. Hanns-Ulrich Habermeier 
passed away in 2019. He was an important physicist at world level. More than that, 
he was a person with a charming personality, coloring every conference dinner and 
presenting us with souvenirs. Their memories and work will remain alive in global 
science.

Lastly, we are still suffering from the COVID-19 pandemic, with millions of 
infections and more than one million deaths. COVID-19 has changed our lives since 
March of 2020. Indeed, it affected the writing of certain chapters of this book as 
authors suffered lockdowns at their workplaces. We hope with the finding of new 
vaccines we could end this terrible nightmare.
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Scope of the Book and Short Description  
of the Chapters

Nanostructured metal oxides have gained a lot of attention during the last decades 
due to their appealing magnetic, electric, catalytic, and plasmonic properties. These 
properties mainly belong to the material itself; however, due to its nanostructura-
tion, these properties can be affected and tuned on the basis of size, thickness, shape, 
crystallinity, defects, and interface of the material as well as interactions with other 
materials. Due to advance in the nanofabrication techniques/synthetic methods 
(please note that depending if we are talking about thin films or nanoparticles and if 
a “physical method” or “chemical method” the experts on this area give nomencla-
ture to the procedure to obtain the material) and the intense study of these proper-
ties, nanomaterials have evolved and their performance has improved in widespread 
applications such as biomedicine, energy, environmental remediation, and data stor-
age. Although there exist different types of nanomaterials depending on their dimen-
sionality, nanoparticles and thin films are probably the most studied.

This book provides a general overview and current state of the art of different 
types of metal oxide nanomaterials, either in nanoparticles or thin film structure. It 
covers the development and optimization of different nanofabrication/synthesis 
techniques for nanostructures, which are currently under the attention of the research 
community, the study of the structure and interactions by different characterization 
techniques of heterostructured materials, and the final impact in different applica-
tions such as nanotherapy, data storage, super magnets, and high-frequency devices. 
This book is intended for experts, for consolidation of their knowledge, and also for 
students who wish to learn and understand the basics of nanostructured metal oxides 
in diverse forms.

The book is divided into four parts. The first part involves four chapters on 
metal oxide nanoparticles (Chaps. 1, 2, 3, and 4), ranging from the synthesis of 
magnetic iron oxide nanoparticles with anisometric morphology to other synthetic 
routes of more complex magnetic and plasmonic oxide nanoparticles. Structural 
and magnetic properties are also discussed using Mossbauer spectroscopy and other 
complementary techniques. The application of such metal oxide nanoparticles is 
discussed for widespread applications such as hyperthermia, data storage, micro-
wave absorption, spintronics, and photoelectronics. J.  Vejpravova presents an 
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overview of the current understanding of the magnetism of spinel ferrites nanopar-
ticles with different configurations using Mossbauer spectroscopy among other 
complementary techniques. Contribution of A.I. Tovstolytkin is related to the dis-
cussion of various approaches for self-controlled magnetic hyperthermia using 
complex magnetic oxide nanoparticles. L. Gutiérrez presents a general pathway on 
how to synthesize different anisotropic magnetic iron oxide nanoparticles and dis-
cusses the impact of anisotropy on different applications. H. Matsui describes the 
plasmonic properties of In2O3:Sn nanoparticles and their 3D assemblies at the near 
infrared range, and their use in thermal shielding applications

The rest of the parts are related to thin films, but a different material is the scope 
of each part. The second part is related to perovskites (Chaps. 5 and 6) for 
temperature-sensing devices and also for photocatalysis. D.K. Goswami introduces 
hexagonal barium titanate nanocrystals (h-BTNCs) as temperature-sensing materi-
als for the fabrication of organic field-effect transistors (OFET) based temperature 
sensors. The chapter by of J. M. Mora is related to the study of different structural 
changes of semiconductor perovskites on the psychochemical, optical, and photo-
electrocatalytic properties.

The third part is related to cuprates (Chaps. 7, 8, 9, 10, and 11) and their use as 
superconductors, ranging from thin films for data storage applications to hetero-
structures and interface engineering as well as and melt-textured materials. A. Palau 
shows the possibility of combining superconducting and ferromagnetic materials, 
the manipulation of magnetic textures, opening up new venues for energy-efficient 
information storage and manipulation. N. Chikumoto demonstrates that irradiation 
by neutrons and heavy ions is a robust method to improve the pinning properties in 
La214 and Y123. A. K. Jha presents the evolution of various interfaces in REBCO 
nanocomposite thin films through incorporation of secondary-phase nanoinclusions 
and their contribution to vortex pinning. P.Mele proposes the use of melt-textured 
NEG-123 +Gd-211 pellets, instead of sintered materials, as targets for the PLD laser 
ablation. S.  Miryala demonstrates that the use of peritectic temperature liquid 
(Yb123+ Ba3Cu5O8) and its mass are crucial for obtaining high-quality Y-123 
through top-seeded infiltration growth process, which can be exploited for numer-
ous industrial applications.

The fourth part is devoted to other metal oxide materials with thermoelectric 
properties and applicable to high-frequency devices (Chaps. 12 and 13). H. Kijima-
Aoki’s chapter is devoted to the evolution of the synthesis process, unique structure, 
and high-frequency soft-magnetic performance of nano-granular cobalt-(metal-
oxide, metal-nitride) system thin films. H. Assadi presents some theoretical calcu-
lations done by density functional theory contribution about the thermoelectric 
properties of NaxCoO2 as a function of the type of cation substitution performed 
(Na or Co).

All the chapters have been reviewed by independent referees. For their invalu-
able refereeing assistance and expertise (some have served twice), we are grateful.

Scope of the Book and Short Description of the Chapters 
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Memorial Note on Prof. Hanns-Ulrich 
Habermeier

The International Conference of IUMRS-ICEM-18 was held in Daejeon, Korea 
(International Union of Materials Research Societies – International Conference on 
Electronic Materials, August 19–24, 2018). Two symposia were organized by Team 
Harmonized Oxides (THO). THO is a unique scientist group which was established 
by Profs. Tamio Endo (Mie University) and Kazuhiro Endo (AIST) in Japan to 
develop materials sciences and technologies, and to promote international compre-
hensions and world peace. Under such policies, these symposia were conducted:

	(1)	 Surfaces and Interfaces of Thin Films, Multilayers and Nano-composites
	(2)	 Carbon Related Materials in Honor of Nobel Laureate Prof. Suzuki

We invited two distinguished plenary speakers from Japan to the conference; 
Prof. Akira Suzuki (Nobel Laureate, Chemistry, 2010) delivered the Nobel lecture 
titled “Cross-Coupling Reactions of Organoboranes: An Easy Way for Carbon-
Carbon Bonding.” Akira Fujishima delivered a plenary lecture titled “TiO2 
Photocatalysis to Contribute Comfortable Atmosphere.”

In Symposium 1, brilliant scientists who were very well known in their fields 
were invited. Principal invited speakers were Hanns-Ulrich Habermeier, Helmut 
Takahiro Uchida, Josep Nogués, Yukiko Yamada-Takamura, Hong Zhu, Axel 
Hoffmann, Boris Maiorov, and Oleksandr Tovstlytkin. All the participants presented 
excellent papers, and we had very active, exciting, and useful discussions in this 
symposium. A few scenes are shown in the photos below. Then we, organizers, 
agreed to publish a commemorative book of this symposium in order to share such 
valuable knowledge with the scientific community. We requested the participants 
and their affiliated scientists to contribute one chapter to this book in consonance 
with the symposium’s scope. We are convinced that the papers presented by these 
authors are exquisite, thereby sharing profitable knowledge to readers. We would 
like to express our special thanks to all the chapter authors and reviewers of 
this book.

Incidentally, we published a book in relation to Symposium 2 in 2020, which 
was organized in recognition of the Nobel lecture by Prof. Akira Suzuki.
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�Organizers of Symposium 1

Satoru Kaneko<Head> (Kanagawa Institute of Industrial Science and Technology)
Paolo Mele (Shibaura Institute of Technology)
Alejandro G. Roca (Catalan Institute of Nanoscience and Nanotechnology)
Takashi Nakajima (Tokyo University of Science)
Katherine Develos-Bagarinao (National Institute of Advanced Industrial Science 

and Technology)
Elvira Fantechi (Universita di Pisa)
Tamio Endo (Sagamihara Surface Laboratory)

�Scope of Symposium 1

Recent material nanotechnologies have made the fabrication of nano-composites, 
ultra-thin and multilayered thin films, as well as nanoparticles possible, with a pre-
cise control of their properties. In the multilayers and nano-composites, the inter-
faces and grain-boundaries should give larger functional factors than inner parts of 
the layers and grains. It is difficult to understand grain-boundary roles due to their 
complexity. We first discuss the fabrication of multilayers and nano-composites, 
then understand their intrinsic nature arising from their peculiar structures. The ulti-
mate goal is to elucidate commonalities and differences between the multilayer 
interfaces and nano-composite grain-boundaries to understand intricate roles of 
grain-boundaries. In the case of nanoparticles, the relation between the structural 
and magnetic properties on their performance in biomedicine is still a hot topic, 
such as magnetic hyperthermia, being one of the current alternatives to conventional 
therapies

Additionally, we would like to state that these two symposia organized by THO 
were held in conjunction with the meeting of MRS Japan: Nano Oxides Materials 
Research Group. Denomination of THO has changed to THM (Team Harmonized 
Materials, 2020) because the team will cover wider categories of materials 
henceforth.

Lastly, we would like to inform that Prof. Hanns-Ulrich Habermeier (Max-
Planck, Stuttgart) has passed away on July 20, 2019, in Stuttgart, Germany. He 
acted as president of IUMRS (2015–2016) and president of E-MRS (2000–2003). 
He was a kind person, an international member of THO, and greatly helped us in our 
many international activities including conferences by IUMRS, MRS, E-MRS, 
MRS-J, and JSAP. He kindly delivered his fruitful keynote talk at Symposium 1, 
which was highly appreciated. The memorial photos are shown below. “Our sympa-
thies are with his family!”

Memorial Note on Prof. Hanns-Ulrich Habermeier
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Editors
Alejandro G. Roca<Head> (Catalan Institute of Nanoscience and Nanotechnology, 

Barcelona, Spain)
Paolo Mele (Shibaura Institute of Technology, Saitama, Japan)
Tamio Endo (JapanAdvancedChemicals, Atsugi, Japan)
Elvira Fantechi (Universita di Pisa, Italy)
Hanae Kijima-Aoki (Tohoku University, Sendai, Japan)
Jana K. Vejpravova (Charles University, Prague, Czech)
Martin Kalbac (J. Heyrovsky Institute of Physical Chemistry, Prague, Czech)
Satoru Kaneko (Kanagawa Institute of Industrial Science and Technology: 

KISTEC, Ebina, Japan)

Tamio Endo (Japan Advanced Chemicals, Atsugi, Japan /
Professor Emeritus Mie University /

Honorary Professor South West Jiaotong University, Chengdu, China /
Representative MRS-J Research Group / Representative THO

Dec.1, 2020, Tsu, Japan

Memorial Note on Prof. Hanns-Ulrich Habermeier
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Recent Progress in Mössbauer Studies 
of Iron-Based Spinel Oxide Nanoparticles

Jana K. Vejpravova

1  �Introduction

Mössbauer spectroscopy (MS) is the γ-ray recoilless-free nuclear resonance spec-
troscopy named after Rudolph Mössbauer who received the Nobel Prize for Physics 
in 1961 for this discovery [1]. This method serves as a powerful tool for investiga-
tion of the oxidation state, local crystallographic environment and orientation of the 
magnetic moments in the absorbing sample through the interactions of the absorb-
ing nuclei with its surrounding, called the hyperfine interactions [2]. The MS exper-
iment has two options by means of a radioactive source: conventional radioactive 
isotope, which will be discussed further in detail, and synchrotron radiation [3, 4]. 
The energy-domain MS illuminates the nuclear hyperfine structure directly from the 

Preface
When being asked to contribute to this book, my idea was to discuss the peculiarities in under-
standing magnetic behaviour of nanoscale oxide magnets, in particular the relevance of the classi-
cal and quantum pictures featuring their magnetic properties. However, in November 2018, my 
great friend and colleague Daniel Nižňanský passed away. He attracted me to the fascinating field 
of nanomagnetism, and in particular, he always contributed significantly with his enormous exper-
tize in synthesis and Mössbauer spectroscopy of fine particles of magnetic oxides. In memory of 
his great contribution to the magnetic nanoparticle research, I will provide current state of the art 
in this field from the perspective of applying Mössbauer spectroscopy techniques to magnetic 
spinel oxide nanoparticles. At this point, I would like to express my great thanks to my outstanding 
students and colleagues: Barbara Pacáková, Simona Kubíčková and Alice Mantlíková who did an 
excellent job and substantial advancement of the field during their doctoral studies. Finally, my 
great thanks belong to Puerto Morales, Alejandro Gomez Roca, Gorka Salas, Carla Cannas, Marco 
Sana, Valentina Mameli, Dominika Zakutna and Anton Repko for unforgettable collaboration and 
precious inputs on various aspects related to magnetic nanoparticles.

J. K. Vejpravova () 
Department of Condensed Matter Physics, Charles University, Prague, Czech Republic
e-mail: jana@mag.mff.cuni.cz

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-74073-3_1&domain=pdf
https://doi.org/10.1007/978-3-030-74073-3_1#DOI
mailto:jana@mag.mff.cuni.cz
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absorption/emission positions of the resonance line, while the time-domain MS 
reflects the hyperfine structure due to the coherent process of nuclear resonant for-
ward scattering. The time-domain MS, also called the spectrum of quantum beats of 
nuclear forward scattering, is typically carried using synchrotron radiation. In 1986, 
Gerdau et al. introduced the nuclear resonant spectroscopy in the time domain [5], 
and since then, this experimental technique has been intensively developed [5, 6]. 
Because synchrotron radiation has the advantages of excellent collimation, high 
brilliance, pulsed structure and close-to-ideal polarization, the experiments can be 
carried in both the energy and the time domain [3, 5, 7–10]. A unique study of Ni 
nanoparticles using the time-domain MS may serve as an interesting example [11].

However, the conventional energy-domain MS is a very well-established tool in 
the magnetic NP research, and from last two decades of twentieth century, there 
have been many substantial contributions, e.g. [12–17].

This chapter aims to present a recent progress in the field within last ~ 10 years 
on a friendly level. In particular, the important results on spinel ferrite NPs with a 
complex internal structure, including core–shell NPs, are highlighted. After a brief 
introduction, an up-to-date insight into the core–shell phenomenon of fine magnetic 
NPs is given, followed by an overview of the MS of magnetic NPs. The multifaceted 
term—a “core–shell” NP—is discussed from the perspective of chemical composi-
tion, and structural and spin order, which can be addressed by the MS very effi-
ciently. The uniqueness of the MS is also placed in context of other methods used 
for investigation of magnetic NPs. The next section summarizes a collection of 
recent works carried out on “magnetic”, “structural” and “chemical” core–shell 
NPs. The importance of a collective response in NP ensembles and its impact on the 
MS will be also briefly addressed. Finally, future prospects and possible innovative 
applications of spinel oxide NPs are outlined.

2  �Magnetic Nanoparticles—The Core–Shell Phenomenon

It is a well-known fact that magnetic domains are created in crystals with ferromag-
netic or ferrimagnetic ordering in order to decrease the magnetostatic energy that is 
associated with the dipolar fields. The creation of the domains depends on the com-
petition between the reduction of the magnetostatic energy and the energy required 
to form the domain walls separating the adjacent domains. The size of the domain 
wall is a balance between the exchange energy that tries to unwind the domain wall 
and the magnetocrystalline anisotropy with the opposite effect.

In magnetic NPs (literally speaking in close to spherical nanocrystals with a 
mean diameter below ~ 100 nm), the typical dimensions are comparable with the 
thickness of the domain wall, and thus below a critical diameter, dcrit, the NP 
becomes a single domain. The critical diameter was proposed by Ch. Kittel [18, 19] 
in the form:

J. K. Vejpravova
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where Ms is the saturation magnetization, Aex and Ku are the exchange and uniaxial 
anisotropy constants, respectively. It is clear that the dcrit is material specific and 
ranges from few tens of nm in magnetic oxides to almost micrometre in hard rare 
earth-based magnets.

In magnetic NPs reaching the single-domain limit, magnetic properties are rep-
resented by a classical magnetic moment in the order of ~ 103 –105 Bohr magnetons. 
Consequently, paramagnetic-like behaviour can be observed even below the Tc of 
the bulk material. The phenomenon is known as superparamagnetism (SPM) [20], 
while the magnetization reversal in the low temperature limit (in the so-called 
blocked state) has been introduced by Stoner and Wohlfarth [21]. Nevertheless, the 
macrospin approach neglects possible spin structure inside the NP. Decreasing the 
NP size, the numbers of atoms located at the surface (surface atoms) increases with 
respect to the all atoms, and at some defined size, surface atoms dominate the vol-
ume atoms. The atoms at the surface exhibit lower coordination number due to 
breaking of lattice symmetry at the surface proximity. Moreover, the exchange 
bonds are broken resulting in the spin disorder and frustration having consequences 
such as lowering of the saturation magnetization and/or lack of saturation in the 
high magnetic field [22, 23].

Already in 60-ties of the last century, the lower saturation magnetization of the 
NPs was identified, and several works tried to explain this feature considering the 
presence of a nonmagnetic layer (also termed magnetically “dead layer”) [12] or 
presence of hydrogen in the lattice. In 1971, J. M. D. Coey [22, 23] suggested that 
the noncollinearity of the spins in NPs is responsible for the lower saturation mag-
netization and proposed the famous “core–shell” model of the NP.

In this case, the terms “core” and “shell” are related to a different spin arrange-
ment in a model NP particle, which consists of a core with the bulk-like magnetic 
structure and a shell, where the spins are canted at random angles to the surface, 
giving rise to the so-called spin canting angle (please see Fig. 1, panel (a)). The spin 
canting angle depends on the number of the magnetic nearest neighbours connect-
ing with the reduced symmetry and dangling bonds. This theoretical model was 
supported by the experimental evidence of the persistence of the 2nd and 5th absorp-
tion line in In-Field Mössbauer Spectroscopy (IFMS) pointing to the noncollinear-
ity of some spins with the applied magnetic field. However, the same time he also 
pointed out that the possibility of some canting of the ions in the interior cannot be 
excluded.

In 1976, Morrish et al [24] tried to verify the Coey’s model by inspection of a 
circular maghemite NPs with 57Fe-enriched surface; however, the proof of enriching 
only the surface had not been given. Furthermore, it has to be noted that the enrich-
ing (thus further chemical treatment) usually induces additional disorder in the sur-
face layer. They observed the broadening of the lines and the difference of the peak 
position of the 1st/6th line and 2nd/5th line, attributed to the lower effective field 

Recent Progress in Mössbauer Studies of Iron-Based Spinel Oxide Nanoparticles
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that they connected with the surface spins. Up to date, there have been several stud-
ies with rather contrary results. Some studies suggested increase of the spin canting 
angle with decreasing particle size [17, 24]. Moreover, the same studies also inves-
tigated the influence of interparticle interactions (through the dilution of the sam-
ples in a polymer matrix) with no significant effect on the spin canting angle.

On the other hand, there are several works showing that the relative crystallinity 
of the NP is more important [24–27]. For example, Morrish et al [24] compared the 
maghemite NPs with different particle size and relative crystallinity—the well-
crystalline 7 nm NPs and 95 nm NPs with high degree of disorder (the crystalline 
part had a mean diameter ~ 30 nm). Their results suggested that the NP internal 
structure is important and must be considered in any analysis of the surface spin 
canting as they observed quite a small difference in the spin canting angle in the two 
samples. Morales et al [25] studied 100 nm maghemite NPs with different vacancy 
ordering and found out that the spin canting angle varied with the vacancy ordering, 
suggesting the spin canting is a volume effect. So far, the volume or surface nature 
of the spin canting has been still debated.

There has been also several theoretical studies trying to solve the presence of the 
surface effects [13, 28, 29]. For instance, Pankhurst et  al [29] proposed that the 
complete spin alignment cannot be achieved in the iron(III) oxide NPs due to the 
large magnetic anisotropy constant. After few years, this theoretical suggestion was 
questioned by Hendriksen et al in 1994 [13] who measured the IFMS of frozen fer-
rofluids. The study revealed that the spin canting angle is independent of the initial 
orientation of the magnetic moments in the NPs with respect to the external field; 
thus, the origin of the spin canting cannot be explained by enhanced magnetic 
anisotropy.

In past decade, the role of structure and morphology of NPs became a strong 
argument in explaining the complexity of spin arrangement in the magnetic NPs. It 
has been reported that the magnetic properties of NPs mostly result from their 

Fig. 1  Scheme of a core–shell model as suggested by Coey and termed “magnetic” in this chapter, 
adopted to a spinel ferrite NP (a) and a possible complex spin structure of a “chemical” core–shell 
NP of a spinel ferrite (b). Please note the interface between the inner and outer spinel phases. 
Illustration of a crystallographic (dis)order is omitted for clarity in both panels
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internal structure [14, 27, 30, 31], particle size distribution [32, 33] and/or interpar-
ticle interactions [15, 34].

Yet, correlation of the magnetic properties with the crystal structure or particle 
size is not as straightforward as it is generally believed. First, it is usually claimed 
that very small NPs exhibit high ratio of the surface to volume spins that lowers the 
resulting saturation magnetization, Ms [22, 23, 26]. However, several studies have 
shown smaller Ms for large NPs [35, 36]. Furthermore, it is a common practice to 
evaluate magnetic properties of NPs upon their size, which is a vague term when 
taking into account the fact that every experimental method such as X-ray Diffraction 
(XRD), Transmission Electron Microscopy (TEM) or magnetization measurements 
provides a “size” with a different physical meaning. For instance, the TEM deter-
mines only a specific projection of the physical size of a NP, dTEM, without any 
deeper insight into its relative crystallinity. Thus, correlations of the dTEM with the 
magnetic response of NPs is highly misleading, but it has been widely performed 
[35, 37].

Without doubts, the internal structural and spin arrangement play important role 
and their proper investigation is a crucial point in correlation of structural and mag-
netic parameters of the NPs with their magnetic properties related to their perfor-
mance in applications.

With increasing availability of the advanced instrumental techniques and 
advancements in the data processing and analysis, the current trend is to drain maxi-
mum information from a specific technique taking into account its operation range 
by means of dimension and time (or frequency) as it is summarized in Fig. 2.

A great benefit of the MS is its elemental selectivity and a very local character of 
probing the sample. Nevertheless, when studying very small objects such as NPs, 
one has to consider that all sample parameters with a given distribution will intro-
duce complexity to the resulting spectra. Vice versa, a complicated character of the 
sample can be tracked with the help of MS via the complex information encoded 
in the MS.

MS also has a very sharp location on the energy (frequency). Therefore, it is 
often impossible to use it as a single probe to structure of magnetism of the material. 
Besides the less common techniques operating on the same scale, such as nuclear 
magnetic resonance NMR [36] and neutron diffraction [38], the widely used meth-
ods for investigation of magnetic NPs are: transmission electron microscopy (TEM) 
including high-resolution TEM (HRTEM) and electron energy loss spectroscopy 
(EELS), X-ray diffraction (XRD), dynamic light scattering (DLS) and various mag-
netometries among which the volume methods (vibrating sample magnetometry—
VSM, superconducting quantum interference device—SQUID) prevail. Some 
groups successfully applied X-ray Photoemission Spectroscopy (XAS) and 
Extended Absorption Fine Structure (EXAFS) to get more insight into the local 
coordination environment of the cations in the spinel lattice [39]. In addition, 
advanced studies based on small-angle X-ray and neutron scattering and X-ray 
Magnetic Circular Dichroism (XMCD) have been performed [40–44]. Magnetic 
microscopies and other microscale methods such as magnetic force microscopy 
(MFM) and micro-Hall or micro-SQUID magnetometries are rarely applied as they 
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require positioning of the NPs on a flat surface or a microprobe, respectively, and a 
signal from a single NP can be recorded [45, 46]. However, the techniques have very 
limited usage for understanding the complex structural and spin architectures within 
a single magnetic NP.

At this point, one has to revisit the meaning of the core–shell term. In the original 
concept by Coey, the core–shell is related to a different spin structure of the two 
parts of a single NP. In last few years, the so-called bimagnetic core–shell spinel 
oxide NPs have been explored intensively, namely due to their great performance in 
magnetic fluid hyperthermia [47]. In such NPs, one has to keep in mind that are in 
principle three different possibilities of understanding the core–shell phenomenon. 
First, the chemical composition varies across the NP volume; the core is composed 
of a different spinel ferrite than the shell, and a kind of “chemical core–shell” struc-
ture can be introduced. The bimagnetic core–shell NPs are typically prepared by a 
seed-mediated growth, which means that the second spinel ferrite phase (shell) is 
grown on a different spinel ferrite NP (core). However, the core has already a certain 
amount of structural disorder at the surface [30]. Consequently, a kind of internal 
interface within a single NP is formed and another structurally disordered layer 
forms in the proximity of the NP surface. Consequently, quite complex “structural 

Fig. 2  Tentative diagram of the most common experimental methods used for investigation of 
magnetic nanoparticles in comparison to their typical operation range (given by the system size 
ranging from a single atom over a coordination polyhedron, unit cell, nanoparticle and ensemble 
of nanoparticles). The green blocks correspond to the methods, which are capable of elemental 
(chemical) selectivity, while the blue blocks mark the magnetometry-related methods, which 
enable detection of a certain sum of elementary magnetic moments. The grey blocks contain tech-
niques with no specific elemental and magnetic selectivity; please note that for the spinel ferrites 
the Z values are very similar; thus, the electron density driven contrast is very low. Methods requir-
ing ionizing radiation are marked with the “radiation” symbol. Methods which enable to resolve 
magnetic structure either on the level of a magnetic unit cell or on the level of a single particle are 
labelled by a “spin” symbol
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core–shell” arrangement can be observed. Keeping in mind the already complex 
“structural core–shell” situation, the final arrangement of magnetic moments in a 
“magnetic core–shell” perspective may become very complex due to the structural 
disorder at the inner interface and at the outer shell (please see the Fig. 1, panel (b)). 
Coming back to the common characterization techniques, the information they pro-
vide is usually related to one of the possible core–shell concepts. In this context, the 
MS (except photoelectron spectroscopies, which have limited usage due to very low 
penetration depth) is the only one providing information about the Fe valence. 
Moreover, a great challenge nowadays is to understand the MS experiments on the 
bimagnetic core–shell NPs to give more insight into all types of core–shell arrange-
ment. In this vein, advanced MS studies profiting from temperature- and magnetic 
field-dependent experiments are needed. The most important aspects will be sum-
marized in the next section.

3  �MS of Magnetic NPs—Fundamentals

The small NPs exhibit relaxation time in order of 10−9 s that is close to the time 
window of the MS (10−8 s). It allows us to study the relaxation of the NPs by means 
of MS. Furthermore, the big advantage of the MS is that it is not restricted to the 
well-crystalline samples, and thus, all kinds of spinel ferrite NPs can be investigated 
using MS. An overview of the essential information embedded in the parameters of 
the spectra (position, intensity and profile) is given in Fig. 3, panel (a).

Below the blocking temperature TB, NPs are in blocked state, thus the relaxation 
across the energy barrier is negligible, and the magnetically split spectra (evolved in 
sextet) are observed in the MS spectra. However, the macrospin fluctuates around 
the direction of the magnetization easy axis resulting in the so-called collective 
magnetic excitations that reduces the value of Bhf to resulting Bobs according to the 
equation:
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where B0 is the Bhf without the effect of the collective magnetic excitations. The 
maximum reduction is found to be around 5—15%; the higher reduction leads to 
collapse of the magnetically split spectra to a broad singlet or doublet [48]. The 
temperature dependence of the Bhf in the blocked state is usually used for the deter-
mination of the Keff of the NPs [2, 48, 49].

With increasing temperature, the thermal fluctuations dominate, leading to the 
collapse of the magnetically split spectra. The TB determined from the MS is defined 
as the temperature at which half of the spectra area is magnetically split (sextet) and 
half of the spectra is in a doublet and/or singlet form.
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A recent work by Fock et al [50] treated the problem of MS from the viewpoint 
of fluctuations of the direction of the magnetic hyperfine field by theoretical means. 
For noninteracting particles, the SPM relaxation results in the spectra consisting of 
a sum of a sextet and a doublet with a temperature-dependent area ratio. This is in 
accordance with the exponential dependence of the SPM relaxation time on the 

Fig. 4  Theoretical Mössbauer relaxation spectra for a hyperfine field switching between ±55 T 
and zero quadrupole interaction at SPM relaxation time calculated using the Blume–Tjon model 
[53] (blue, full lines), the three-level (S = 1) model (green, dotted lines) and the multilevel (S = 60) 
model (red, dashed lines). For the multilevel model, the relaxation time, τ, was calculated using the 
Brown model with the indicated values of R−1 (τ = R−1f(σ);σ = KV/kBT, where K is the anisotropy 
constant, V is the NP volume), and for the three-level model, it was calculated using the simplified 
Néel model. Panel (d) shows the results for the three-level model (green) and the multilevel model 
(red) for R−1 = 0.1 ns (circles), 5 ns (triangles) and 100 ns (squares). (Adopted from ref. [50])

Fig. 3  Scheme of the parameters that can be derived from the refinement of MS (a). The simple 
sketch of behaviour of the Bhf in Bapp: the parallel orientation of the Bhf with respect to Bapp (b); the 
nonparallel direction of the Bhf with Bapp that results in the smaller Beff is depicted on the panel (c). 
The scheme of the spin canting angles derived from the perpendicular set-up of the IFMS (d). The 
θs is the angle between the Beff and Bapp; the α is the angle between the Bhf and the Beff. The magnetic 
moment, μ, points antiparallel with the respect to the Bhf in the ferrite oxides
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particle size and temperature. An alternative interpretation of these features given 
by some authors is a first-order magnetic transition from a magnetically ordered 
state to a paramagnetic state [51]. However, the mistaken base of this interpretation 
is even corroborated by the fact that the doublet component has been found to trans-
form to a magnetically split component when relatively small fields are applied, 
which excludes the formation of a paramagnetic state. In other cases, the spectra of 
magnetic NPs consist of sextets with asymmetrically broadened lines without the 
presence of doublets. It has been suggested that such spectra can be explained by a 
multilevel model [52], according to which the relaxation takes place between a large 
number of states. The authors suggested that the spectra with asymmetrically broad-
ened lines (at least in some cases) should be better explained by the influence of 
magnetic interparticle interactions on the magnetic fluctuations, which brings the 
importance of the so-called real effects (size distribution, interparticle interactions) 
into play again.

Figure 4 gives an overview of calculated spectra using Blume–Tjon [53] and 
Jones–Srivastava model [52] in the three-level (S = 1) and multilevel (S = 60) condi-
tions. While the character of the spectra is somewhat comparable, the increasing S 
(number of levels) in the multilevel model leads to decrease of the Bhf.

In the real systems, the particle size distribution generally results in the distribu-
tion of the relaxation time. Due to the exponential dependence of the relaxation 
time, the broad distribution of the Bhf is observed in these systems [49, 50].

In order to obtain some information about the possible core–shell spin structure, 
represented often by the so-called spin canting angle (angle between the Bapp and 
Bhf/Beff of a NP) that is usually attributed to the presence of the surface spins, the 
in-field MS (IFMS) is usually performed. However, the computation of the spin 
canting angle is not so obvious in spinel ferrite and bimagnetic spinel ferrite NPs, 
and the precise determination of its value is in most cases impossible.

Generally, there are two approaches, how the spin canting angle can be deter-
mined. First, the spin canting angle can be derived from the relative areas of the 2nd 
and 3rd absorption lines. For an arbitrary angle between the γ-rays and magnetic 
field, the resulted equation is:
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where θs is the angle between the Bhf and the direction of γ- rays. This formula is 
only valid for the transitions from I = 3/2 to I = ½ levels, that is the case of the 
nucleus of 57Fe. In the case of powder samples, the probability (thus the relative 
intensities) is proportional only to the square of the Clebsch–Gordan coefficients 
resulting in the 3:2:1:1:2:3 ratio [2].

It has to be noted that this approach can be inaccurate due to several reasons. 
First, the area of the absorption lines is affected by relative thickness of the sample, 
and the thick sample results in the saturation of the lines, thus affecting ratio of the 
line areas [54]. Second, the θs is the angle between the Beff and Bapp that does not 
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coincide with the orientation of the magnetic moment, μ, as is displayed in Fig. 3, 
panel (d).

In ferrite oxides, the μ of the nucleus is oriented antiparallel to the Bhf due to the 
negative Fermi contact term, others contributions can be neglected, and therefore, 
the size should be proportional to the value of the Bhf. If the external field is applied, 
the magnetic moment tends to align in parallel direction with the Bapp. The Bhf will 
rotate as to be antiparallel with the μ. Therefore, even in Bapp, the μ is antiparallel 
with the Bhf, not the Beff. Determination of the angle from the area of the lines is 
related to the angle between the quantization axis and the direction of the γ-rays that 
is usually parallel with the Bapp, as it is in spinel ferrites.

There are two possible experimental set-ups used for the IFMS. First, the Bapp is 
applied parallel with the direction of the γ-rays (Fig.  3, panel (b)); the resulting 
equation is similar to the (2). Second, the Bapp is applied perpendicularly to the 
direction of the γ-rays (Fig. 3, panel(c)), and the Eq. (2) converts to the:
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The second approach accounting for the nonzero angle between the Bhf and Bapp 
that is physically relevant requires the measurements of both the zero-field spectrum 
together with the in-field spectrum, yielding the Bhf and Beff, respectively. The spin 
canting angle is then given by the following expression:
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When studying spinel oxide NPs, one usually treats a whole ensemble of NPs. It 
has been demonstrated many times that especially the dense ensembles of magnetic 
NPs experience strong dipolar fields and the magnetization reversal in such systems 
is determined by the strength of the mutual interparticle interaction [32, 34, 55].

Based on the stochastic approaches, a simplified three-level stochastic model 
taking into account the magnetic anisotropy, precession and diffusion of uniform 
magnetization of single-domain particles was proposed by Chuev [56] in order to 
describe the MS of magnetic NPs in a weak magnetic field; results of his calcula-
tions are shown in Fig. 5. The MS obtained for the different geometries show clear 
differences, which are originated by the magnetic anisotropy, precession and diffu-
sion of uniform magnetization of the NPs. The obvious polarization effects present 
in the theoretical spectra point to the fact that a relevant description of the experi-
mental data containing randomly or partly oriented NPs (by means of their easy axis 
to the applied magnetic field) requires description based on the spectral parameter 
distributions.

Another example can be found in the recent work of Majetich et al. [57]. They 
have shown that multiparticle correlations, both parallel and perpendicular to the 
applied field, exist in ordered assemblies of NPs. By atomistic simulation, they have 
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revealed that the magnetic frustration in the shell, which may originate from 
Dzyaloshinskii–Moriya interactions (DMI) of Mn B site ions, leads to a modest 
amount of surface canting, which can act as a source of anisotropy.

Strong exchange coupling between the core and shell causes the core spins to 
cant, as well. In dense assemblies, magnetostatic interactions among the particles 
favour canting of the particle moments in the same direction. This coherent canting 
results in a so-called canted superferromagnet or canted supermagnet that collec-
tively shows canted ferromagnetic behaviour.

In summary, the MS in principle provides a lot of information about the spin 
orientation in spinel ferrite NPs, and it is capable of reflecting real effects such as 
particle size distribution, internal and surface spin canting, and interparticle interac-
tions. However, a careful analysis and a critical interpretation of the results are 
needed to obtain a realistic picture. Examples of exploring the chemical, structural 
and magnetic core–shell spinel ferrite NPs by MS are given in the next section.

4  �Selection of Recent Studies

In this section, a selection of interesting works published within last ~ 10 years and 
going beyond the state of the art described previously is presented. Let me stress out 
that one can easily find few hundreds of research papers published within the last 
10 years, which report on the application of MS on spinel ferrite NPs. However, 
most of the studies use ambient MS or temperature-dependent MS, providing only 
room temperature and 4.2  K or 77  K spectra. Majority of the works do not go 
beyond the knowledge established by the Mørup, Fiorani or Tronc and their succes-
sors, which means that the complex nature of the spectra due to the chemical, struc-
tural and magnetic disorder as well as nontrivial distribution of hyperfine parameters 
is not considered. The IFMS studies are also quite rare. Literally speaking, the MS 
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Fig. 5  IFMS of an 
ensemble of NPs for a 
transverse and longitudinal 
magnetic field geometry 
calculated using three-level 
relaxation model. The 
normalized field strength h 
= 0.01, 0.1, 0.5, 1 and 2 
(from bottom to top). 
(Adopted from ref. [56])
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is mostly used as a reliable tool for determination of the iron valence and a comple-
mentary technique of phase analysis, e.g. to the XRD. Therefore, the aim of this 
section is to highlight the works with substantial progress in applying the MS to the 
spinel ferrite NPs. First, the iron oxide NPs with a complex internal structure are 
discussed. Then, other spinel ferrite NPs including chemically doped systems are 
presented. Finally, several studies of nominally chemical core–shell spine ferrite 
NPs with a very complex scenario of spin order are included.

4.1  �Structural and Magnetic Properties of Spinel Ferrite NPs

�Iron Oxide NPs

The most studied spinel ferrite in the form of NPs is magnetite, and the MS is usu-
ally used to confirm the presence of Fe2+. However, it has been demonstrated many 
times that the magnetite NPs undergo a continuous topotactic oxidation to 
maghemite, and consequently, the structural arrangement of a real NP gains 
complexity.

The groups of Vejpravova and Morales focused on the question of spin disorder 
and spin canting in a series of highly uniform iron oxide NPs [27, 30, 58].

Selected samples with different relative crystallinity were investigated, also by 
the IFMS with Bapp increasing from 0 to 6 T with the step of 1 T. The evolution of 
hyperfine parameters was determined with emphasis on the calculation of the spin 
canting angle. Finally, the resulting parameters were correlated with internal struc-
ture of the NPs, which was probed by HR TEM and XRD, and corroborated by the 
magnetic measurements. It has been pointed out that the value of the spin canting 
angle is strongly dependent on the approach used and exact value of the spin canting 
angle is disputable. The value of θs determined from the area under a peak is 
strongly dependent on the refinement procedure used. The value of α is derived 
from the values of Bhf, Beff and Bapp, where the Bhf is determined with considerable 
experimental error due to the fully overlapped sextets; thus, the resulting α is only 
estimative.

The well-crystalline samples with different particle diameter served as great can-
didates to solely correlate the resulting spin canting angle with the increasing par-
ticle size. The effect of the spin disorder is expected to be negligible in these 
samples. On the other hand, imperfections in internal structure of the NPs with dif-
ferent origin were observed in the two samples with identical TEM size. One sam-
ple can be viewed as a magnetic core–shell NP (Coey-like), where the disordered 
spins are located at the surface. The other sample possesses stacking faults that split 
the highly crystalline NP into at least two crystalline domains; therefore, the disor-
dered spins are located in the whole volume of the NP, namely at the internal inter-
faces. For the first time, IFMS study of these two samples allows to disentangle the 
origin of the possible spin canting, but only in context of other characterization 
techniques.
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For example, the normalized IFMS at 6 T did not reveal any significant differ-
ences in the profile for both samples, the asymmetric broadening at the lower values 
of the Bhf is pronounced and comparable in both spectra, and the θs and α values are 
identical within the experimental error. It has been demonstrated that a realistic 
orientation of spins with respect to the Bapp can be obtained by measuring the evolu-
tion of the values of Beff with increasing Bapp that gives the complex behaviour of the 
spins in individual sublattices [27, 58]. Please note that the quite popular refinement 
of the MS by the Coey-like core–shell model has to be performed carefully as the 
values of the Beff for the disorder (shell) spins are dependent on the orientation of the 
spins of the individual sublattices with respect to the Bapp [27].

Another complex study by means of magnetic, XRD and MS studies on uniform 
magnetite/maghemite core–shell NPs was reported by Iyengar et  al [59]. A very 
interesting aspect of this work is the use of vibrational spectroscopies (Raman and 
Fourier Transform Infrared Spectroscopy, FTIR), which clearly confirmed presence 
of magnetite and maghemite phases with a distribution of coordination polyhedral 
deformation. The fit of the MS to a core–shell model (magnetite/maghemite) 
enabled determination of the shell thickness.

Multicore γ-Fe2O3 nanoparticles were studied by Kamali et al [31]. They focused 
on the formation of a core–shell structure, consisting of multiple maghemite NPs as 
the core and silica as the shell. Low-temperature MS reveals the presence of pure 
maghemite NPs with all vacancies at the B sites. Surprisingly, the multicore γ-Fe2O3 
NPs show similar magnetic behaviour comparing to the isolated particles of the 
same size. However, this conclusion in fact illustrates the importance of taking into 
account interparticle interactions present in all NP samples studies as powders.

A very detailed MS study of core/shell Fe3O4/γ-Fe2O3 NPs has been published by 
Kamzin et al [60]. The phase composition, the structure of cores and shells, and the 
dependences of the shell thickness on the fabrication technique were determined for 
magnetite core with a fixed size (8 nm) and γ-Fe2O3 shells of a varying thickness 
(from one to five nm). It was found that the surface layer and the “bulk” of these 
shells had different magnetic structures. This difference was attributed either to the 
frustration of spin magnetic moments or to the formation of a canted spin structure 
in the surface layer. The intermediate layer between the core and the shell is likely 
to be in a spin-glass state. Both the Mössbauer spectra and the reconstructed Beff 
distributions have characteristic features suggesting either a narrow size distribution 
of the studied NPs or the existence of relaxation processes in these NPs.

A work by Kalska-Szostko et al [55] pointed out to the importance of intra- and 
interparticle interactions as evidenced by a study carried out on ferrite magnetic 
NPs with core–shell structures obtained in two-step preparation process. The inter-
esting aspect of this study is the comparison between two “inverse” core–shell 
structures: the magnetite shell on maghemite core and vice versa.

Beside the spinel iron oxide core–shell NPs, some studies report on structures 
composed of different iron oxides. In this case, the system is in principal homoge-
neous by means of elemental composition, but it can be viewed as a “structural” 
core–shell as the two iron oxide phases have a different lattice symmetry. Please 
note that the magnetite/maghemite core–shell NPs can be in principle viewed in the 
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same way; however, both phases form a spinel structure, in spite of a different occu-
pation of the lattice sites.

An example of such a formally “structural” core–shell system has been studied 
by Kamzin et al [61]. FeO/Fe3O4 nanoparticles were synthesized by thermal decom-
position method and the MS of the phase composition of the synthesized nanopar-
ticles clearly revealed the simultaneous presence of three phases: magnetite Fe3O4, 
maghemite γ-Fe2O3 and wustite FeO. This work also confirmed a scenario proposed 
for “simple” iron oxide NPs [30] that the saturation magnetization is not the only 
factor governing the SAR, and the efficiency of heating of magnetic FeO/Fe3O4 
nanoparticles may be increased by enhancing the effective anisotropy.

Another example is the work by Lak et al [62]. Size-dependent structural and 
magnetic properties of FeO–Fe3O4 NPs prepared via decomposition of iron oleate 
were investigated. The authors applied many different experimental techniques (HR 
TEM, XRD, MS and magnetization measurements) and received a complete picture 
of the internal structural and spin order. Based on that the authors provided a model 
describing the phase transformation from a pure Fe3O4 phase to a mixture of Fe3O4, 
FeO and interfacial FeO–Fe3O4 phases with increasing NP size. The reduced mag-
netic moment in FeO–Fe3O4 NPs was attributed to the presence of differently ori-
ented Fe3O4 crystalline domains in the outer layers and paramagnetic FeO phase. 
Interestingly, the exchange bias energy was found to dominate in the magnetization 
reversal mechanism, and the SPM blocking temperature in FeO–Fe3O4 NPs depends 
strongly on the relative volume fractions of FeO and the interfacial phase. This work 
is another great example of a system with a very complex structural and magnetic 
core–shell structure, however, composed of two elements only.

�Other Spinel Ferrite NPs

The situation becomes even more complex when the spinel structure contains 
another element; the most common are cobalt and manganese ferrites. Nevertheless, 
the first complex MS studies have been reported since 90-ties of the last century. 
The most discussed point is the degree of the spinel inversion, which was addressed 
by many groups in cobalt, zinc and copper ferrite NPs [38, 63–70]. A general prob-
lem (already discussed in Sect. 2) is how to rigorously disentangle the effect of 
degree of inversion and the spin canting phenomenon. Though, the information 
about the internal structure of the NPs obtained from the XRD or TEM enables one 
to interpret the character of the MS and IFMS under the realistic approximations, as 
shown, e.g., in [63] (please see Fig. 6).

Even more complex results have been reported for spinel ferrites upon doping 
[71–74]. Cu-doped cobalt ferrite was explored by Batoo et  al [71]. MS at room 
temperature shows two ferrimagnetically relaxed Zeeman sextets. The dependence 
of MS parameters such as isomer shift, quadrupole splitting, line width and hyper-
fine magnetic field on Cu2+ ion concentration is in line with the continuously chang-
ing magnetic parameters, such as effective anisotropy constant.
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Complex magnetic properties resulting from core–shell interactions in nanosized 
Ni0.25Co0.25Zn0.5Fe2O4 synthesized by chemical coprecipitation method were treated 
by Lakshmi et al [72]. The authors observed exchange bias phenomenon, and they 
suggested that the effect is arising from the core–shell interaction. The observed 
variation in coercivity and exchange bias field suggested that only the core is 
affected by the cooling field. The authors used complementary IFMS regimes: zero-
field-cooled and field-cooled and parallel and perpendicular orientation of the γ rays 
with respect to the Bapp, respectively. Careful analysis of the spectra revealed that 
70% of the spins are in the shell. The system can be modelled as an ordered core 
with conventional collinear arrangement of spins at the A and B sites and a canted, 
highly frustrated surface. The effects observed are comparable to those obtained in 
nanogranular systems comprising ferromagnetic particles embedded in an antifer-
romagnetic matrix. The large volume fraction of surface spins completely isolates 

Fig. 6  (a) MS at 4.2 K of samples with a different particle diameter in zero and 8 T applied fields. 
All spectra are fitted with three magnetic sextets. (b) Mossbauer spectra at 4.2 K of the sample with 
diameter of 4.3 nm at the indicated fields. (c) Fraction of Fe ions belonging to the outer shell of 
canted spins as a function of the particle diameter. (d) Thickness of the disordered spins surface 
layer as a function of applied field for the samples with a different diameter. (Adopted from 
ref. [63])
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the cores so that the entire ensemble behaves as a system of nearly perfectly nonin-
teracting particles. However, the NPs were prepared by coprecipitation, and conse-
quently, they have significant size distribution and level of structural disorder 
therefore all absolute values should not be considered on a too quantitative basis. 
The spinel lattice can accommodate other elements, such as lanthanides. In the work 
by Burianova et al [73, 74], the authors prepared a series of cobalt ferrite NPs doped 
with lanthanum by microemulsion method. Detailed IFMS studies were performed 
to determine spin canting angles and cation distribution within the spinel network. 
Canting angles up to 40 degrees in the La-doped samples were observed. The pres-
ence of the spin surface effects was also supported by magnetic measurement as the 
magnetization did not saturate even in considerably high magnetic fields (7 T). The 
observed features originated from the surface spin disorder were explained in the 
simplified frame of the magnetic core–shell model; however, the importance of 
local strains and structural disorder due to the La doping is also proposed.

4.2  �Chemical Core–Shell Spinel Ferrite Nanoparticles

It was demonstrated in the previous section that the core–shell phenomenon is a 
much intricate concept outreaching the common view of a NP composed of a core 
and a shell, each of a different material or with a different spin alignment. In a gen-
eral context, one can distinguish between chemical, structural and magnetic core–
shell structures. With increasing number of elements in the spinel oxide phases and 
artificially formed “chemical” core–shell NPs with multiple internal regions with a 
different composition and structural/spin order, rigorous understanding limits to 
“mission impossible”. As already mentioned, the MS has quite limited information 
ability when used as a single probe of chemistry, structure and magnetism. Therefore, 
realistic approximations profiting from a robust methodological approach must be 
considered.

A showcase study of bimagnetic core–shell NPs composed of cobalt ferrite core 
and iron oxide or manganese ferrite shell was reported by the group of Cannas and 
co-workers [75]. They obtained a clear evidence of the chemical, structural and 
magnetic core–shell formation indirectly by comparing the MS of the core–shell 
samples and an ad hoc mechanical mixture and directly by mapping the NP’s chem-
ical composition by EELS. Chemical-sensitive electron tomography revealed 
detailed three-dimensional images of the NPs with a subnanometre spatial resolution.

Another great example featuring a maximum synergy of the experimental and 
theoretical methodologies has been recently released by the York group [57]. In my 
opinion, the work represents the benchmark by means of exactness for all future 
studies on spinel ferrite NPs.

The study focuses on intraparticle and interparticle effects in Fe3O4/Mn-ferrite 
core/shell structures [57]. The authors demonstrated that strong DMI can lead to 
magnetic frustration within the shell and cause canting of the net NP macrospin. 
The chemical composition and structural composition explored with the help of 
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MS, XAS and XMCD were used to determine the configuration on the Mn sites. In 
addition, polarized SANS experiments were performed and revealed parallel and 
perpendicular magnetic correlations, suggesting multiparticle coherent spin canting 
in an applied field. Atomistic simulations have revealed the underlying mechanism 
of the observed spin canting (for a graphical representation of the model, please see 
Fig. 7). The results show that strong DMI can lead to magnetic frustration within the 
shell and cause canting of the net particle moment. Nevertheless, strong exchange 
coupling between the core and shell also causes the core spins to cant. In ensembles 
of NPs, the magnetostatic interactions cause the NP magnetic moments to cant in 
the same direction giving rise to a superferromagnet or canted supermagnet state. 
These results have illuminated how core–shell NP systems can be engineered for 
spin canting across the whole volume of the particle, rather than solely at the sur-
face. In context of practical applications, the local strains and DMI could affect the 
response of NP spins to the high-frequency magnetic field in the magnetic fluid 
hyperthermia, as suggested previously [30].

5  �Conclusions and Future Prospects

Within the last decade, the research on spinel oxide NPs has been mostly motivated 
by fine tuning of the NPs for biomedical applications. It has been demonstrated that 
the MS is a great tool for addressing various aspects of spinel oxide NPs. 
Nevertheless, the power of MS is even multiplied when the results are put in context 
of other probes operating on different structural and magnetic scales and corrobo-
rated by theoretical calculations. In particular, the complex nature of the structural 
and magnetic ordering within a single NP as well as the mesoscopic effects (size 
distribution, interparticle interactions) can be revealed by the advanced experiments 
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Fig. 7  (a) Visualization of the simulated spin configuration of a Fe3O4 core and Mn(Fe1−xMnx)2O4 
shell including DMI interactions on Mn B sites. The simulation temperature is set at 0 K in a 0.1 T 
externally applied field along the [001] crystal direction. (b) Enlargement of a region of panel (a), 
with dashed line to show the boundary between core and shell. Colour bar indicates direction of 
spin magnetization (blue, +1 or red, −1) on the spin sites. (Adopted from ref. [57])
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and data analysis. Thanks to much deeper understanding of the complexity on the 
level of a single NP, some novel terms such as “intraparticle” interactions, “internal 
structure” and “nanointerface” have been introduced. In this chapter, the confusions 
in understanding the “core–shell” phenomenon were mitigated by definition of a 
chemical, structural and magnetic core–shell NPs, and the role of internal interfaces 
has been emphasized.

Certainly, the recent trends in understanding the fundamentals of NP magnetism 
include multifaceted experimental investigations in context of theoretical simula-
tions capable of the complex system description. Such rigorous approach opens 
door to better understanding the mechanism underlying large variations in perfor-
mance seen in magnetic NPs used for magnetic hyperthermia. For example, instead 
of tuning the common particle parameters (phase composition, size), the role of 
surface and internal spin frustration due to either DMI or local strains could affect 
the response of entire NP to alternating magnetic fields, which would impact the 
heat generation.

Being affected with the current situation of COVID-19 pandemic disease, the 
role of the tiny magnets in the detection and even therapeutic protocols should not 
be overlooked as they are widely present in numerous commercial kits for RNA and 
DNA separation. For example, a NP-based simple viral RNA detection for a RT-PCR 
molecule diagnosis has been reported very recently [76]. The development of high-
impact methodologies based on the spinel oxide (ferrite) NPs can both speed up the 
detection procedures and make them very efficient by means of miniaturization. 
Therefore, the new wave of magnetic NP research may rise due to the great prom-
ises of their utilization in the revolutionary diagnostic technologies. Nevertheless, 
understanding the fundamentals of their magnetic performance is a must for a tar-
geted development in this direction.
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1  �Overview

1.1  �Motivation and Significance of the Problem Under Study

Among the pressing issues of our time, a special place belongs to the problem of the 
fight against cancer diseases, in particular with deeply located tumors. Diseases of 
this type cause fear and association with the death fate, although in reality it is only 
a diagnosis, and most cancers in the early stages of detection are treatable. The 
incredibly disturbing is the fast increase in cancer incidence around the world. 
According to the data of the World Health Organization (WHO) [1] in the absence 
of new methods of treatment, the number of cancer cases can grow from 19 million 
people in 2020 to 29.5 million until 2040. At the same time, the cancer death rate is 
growing too. As claimed by the same prediction of WHO [1], the estimated number 
of deaths due to oncological diseases during this period will increase by 71.5%: 
from 10.1 million people in 2020 to 16.4 million in 2040. Until 2040 a significant 
growth of the mortality rate is expected in African countries (>100%) and Asia 
(~77%), and slightly less in North America (~59%) and Europe (~32%). Therefore, 
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the instant task is to improve already existing methods of diagnosis and treatment of 
the oncological diseases, particularly those with deeply located tumors, as well as 
developing the new ones.

1.2  �Progress in Cancer Treatment and Current Challenges

Nowadays, there are powerful methods of fighting oncological tumors, such as sur-
gery, chemotherapy, and radiation therapy (radiotherapy). The two of the last meth-
ods are characterized by high efficiency, but at the same time, they are “aggressive” 
with many side effects that negatively affect the normal functioning of the body and 
the quality of life in general. In the case of chemotherapy, the injected drugs are 
spread throughout the body and it is necessary to apply “huge” doses to achieve the 
desired concentration of the drug in the tumor area. This has a devastating effect not 
only on malignant formations but also on healthy organs, which significantly sup-
presses their vital activity. For this reason, quite often a patient must stop the drug 
treatment only to save the body from full destruction. At the same time, the radiation 
doses received during radiotherapy affect both the tumor itself and healthy tissues 
in its vicinity. This brings up the important questions: “Is it possible to focus the 
therapeutic effect only on a tumor? And how can harmful side effects be reduced?”. 
The technological progress provides an answer to these questions—magnetic hyper-
thermia (MHT) is one of the promising and safe methods with the opportunity to 
localize the effect only on the malignant formation and is gradually being intro-
duced into world medical practice.

The principle of MHT is based on the well-known fact that cancer cells are more 
sensitive to the heat than healthy body tissues. In particular, it is known that heating 
to 42–45 °C increases the sensitivity of the affected cells to chemotherapy or radio-
therapy. In this case, the doses of drugs or irradiation can be significantly lowered 
(twice or even three times compared to the independent use of these methods); 
consequently, MHT allows reduction of the side effects. Also, cancer cells can be 
destroyed by heating to 46–50 °C (in medicine it is known as thermoablation).

MHT consists of three important stages: the first—injection of magnetic nanopar-
ticles (magnetic fluids) and their localization in the tumor area; the second—
nanoparticle heating in an external alternating magnetic field (AMF); and the 
third—the use of chemotherapy or radiotherapy when reaching and maintaining a 
temperature of 42–45 °C, or further heating of the tissues to the temperature of the 
destruction of cancer cells at 46–50 °C (thermoablation). Thus, magnetic nanopar-
ticles play the role of heat mediators, which locally heat their environment (tumor) 
to the required temperature providing the desired therapeutic effect.

There are several advantages of magnetic hyperthermia over other methods of 
cancer treatment. Firstly, the location of the nanoparticles can be effectively con-
trolled by the magnetic field that allows them to concentrate and held in the tumor 
area. Secondly, the use of magnetic hyperthermia makes it possible to treat deeply 
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located tumors with little or no surgery. Third, the benefits include almost complete 
absence of the side effects of treatment.

2  �Self-Controlled Magnetic Hyperthermia: Ideas 
and Approaches

Magnetic hyperthermia still has many unresolved issues on its way to wide usage. 
Important among them is the problem of reliable temperature control in the tumor 
area and beyond (to avoid overheating of healthy tissues), as well as achieving a 
uniform temperature distribution in the tumor volume.

The optimal temperature interval for the destruction of malignant tumors is 
42–45 °C (46–50 °C for the case of thermoablation) [2, 3]. The problem of uneven 
heating of the tumor in the absence of the risk of overheating and damage to healthy 
tissues of the body can be solved when used as an heat mediator of MHT substances 
for which the phase transition from magnetic to nonmagnetic state (Curie tempera-
ture TC) slightly exceeds the above ranges. In this case, when it reaches a tempera-
ture close to TC, heat dissipation in the tumor containing magnetic nanoparticles is 
automatically stopped. This eliminates the need for precise control of the tumor 
temperature (since the placement of temperature sensors in the tumor is often sim-
ply impossible), as well as the power of electromagnetic radiation. Such approach 
also allows avoiding the risk of overheating and the associated with it subsequent 
damage to healthy tissues, as well as skin burns over the tumor. If necessary, this 
will make it possible to increase the “heat dose” by increasing the time of hyperther-
mal exposure. As a result, the tumors are evenly warmed up, including deeply 
located ones.

Currently, the most common magnetic materials for the heating of tumors and 
targeted drug delivery are magnetite (Fe3O4) and maghemite (γ-Fe2O3), which crys-
tallize in a spinel structure and whose biocompatibility is well established. However, 
they have relatively high Curie temperatures (near or above 500 °C), which prevents 
them from being used in self-controlled MHT [4–7].

To uniformly heat the tumor in the absence of risk of overheating and damage to 
healthy body tissues, there are very promising nanoparticles developed based on 
strontium-substituted lanthanum manganite (La, Sr)MnO3, which are characterized 
by the structure of deformed perovskite and ferromagnetism with Curie temperature 
TC in the range 30–77 °C, where the latter can be tuned by changing the chemical 
composition and synthesis conditions. Also, magnetic materials with relatively low 
Curie temperature can be obtained from solid solutions with spinel structure, for 
example, nickel–zinc ferrite Ni1−xZnxMn2O4.

Thus, there are several groups of nanomaterials, which are currently attracting 
the attention of scientists:

	1.	 Materials requiring external temperature control at the time of MHT:
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	 1.1.	 Ferrimagnetic spinels AFe2O4 (A = Fe, Ni, Mn, Co, Zn, etc.), which may 
have a wide range of magnetic properties due to variations in chemical 
composition and method of preparation [6, 8–10]. The advantages of spinel 
ferrites are the relatively high saturation magnetization and high chemical 
stability, as well as the opportunity of making an almost unlimited number 
of solid solutions.

	 1.2.	 Composite nanostructures, in particular those that combine soft and hard 
magnetic materials in core/shell nanoparticles. By combining the high satu-
ration magnetization of soft material with the high coercivity of a hard 
material, it is possible to achieve the parameters overcoming those of the 
individual counterparts [11–14]. In this context, attention should be paid to 
the spinel ferrite materials due to the same crystallographic structure and 
almost negligible lattice mismatch, and a wide range of magnetic properties.

	2.	 Materials with automatic preset temperature control, which include the 
following:

	 2.1.	 Solid solutions based on the ferrites with spinel structure and relatively low 
Curie temperature, particularly nickel–zinc ferrites Ni1−xZnxMn2O4 [15–17].

	 2.2.	 The lanthanum–strontium manganites (La, Sr)MnO3 with structures of 
perovskite. These materials have a moderate coefficient of heating in an 
alternating magnetic field and exhibit an easily controlled Curie tempera-
ture near the range optimal for magnetic hyperthermia [18–21].

3  �Techniques for the Synthesis of Magnetic Nanoparticles

3.1  �Basic Characteristics of the Heat Mediators 
for the Hyperthermia

Magnetic nanoparticles have to satisfy a number of requirements to be used as the 
heat mediators of MHT. First of all, they must meet biomedical requirements (non-
toxicity, biocompatibility with living organisms, etc.). In particular, they should 
have certain parameters regarding cytotoxicity, genotoxicity, antioxidant, and anti-
viral activity [10, 22]. The size of the nanoparticles also plays a significant role: It 
should be in the range from 10 to 100 nm—the smaller particles are quickly removed 
by renal clearance, while the bigger ones are taken up by liver and spleen [23–26].

Along with the need to meet the biomedical requirements, the MHT heat media-
tors should have high heating efficiency under the influence of AMF with certain 
parameters. A quantitative measure of heating efficiency is specific loss power 
(SLP; also referred to as the specific absorption rate, SAR). SLP represents the 
energy loss of the AMF per unit time, normalized per unit mass of magnetic 
nanoparticles (MNPs) [18, 27].
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It should be noted that some limitations also apply to the magnetic field param-
eters used to heat the nanoparticles. On the one hand, the heating efficiency of the 
nanoparticles increases with the increase in amplitude and frequency of the 
AMF. But on the other hand, medical restrictions are imposed on the values of these 
parameters for the safe effect of the field on normal tissues of the body. Thus, the 
frequency f should not exceed several MHz, and the product of the magnetic field 
amplitude by the frequency, Hmax f, should be less than 5×109 А·m−1·s−1 [10, 18].

As a result, the magnetic nanoparticles used as heat mediators in the hyperther-
mia must meet the stringent criteria: (1) They have to be made (or coated) of non-
toxic biocompatible material, (2) not stick together to ensure homogeneous 
distribution in the tumor and prevent thrombus formation, (3) be less than 100 nm 
in size for effective cell penetration, and, at the same time, (4) be characterized by 
efficient heating in an alternating magnetic field.

3.2  �Methods of Synthesis: Advantages and Drawbacks

To prepare the nanoparticles (NPs), it is necessary to choose the methods of synthe-
sis, which would satisfy the previously presented requirements. However, different 
materials acquire different properties at the same conditions of synthesis; therefore, 
there are no sole (universal) methods of synthesis, which would be able to allow 
preparing the nanostructures with desired (predefined) properties.

One of the features, which plays an important role during choosing the method 
and conditions of synthesis, is the energy of the formation of crystalline structure. 
According to the literature data [28], the energy of formation for the spinel structure 
equals approximately 30–60 kJ/mol that is much less than for the perovskite struc-
ture, for example. Due to this fact, nanosized weakly agglomerated crystalline NPs 
of the materials with the spinel structure can be obtained during the synthesis pro-
cess at relatively low temperatures. It allows the crystalline NPs of materials with 
the spinel structure during the synthesis without additional heat treatment.

At the same time, such a method of synthesis does not allow obtaining the crys-
talline NPs of perovskites since the energy of the formation of the crystalline struc-
ture for them is much higher [29]. Therefore, an amorphous precipitate is formed 
during the synthesis of NPs with the perovskite structure in solutions independently 
on the method; to obtain the crystalline particles, it is necessary to carry out addi-
tional heat treatment, which results in the growth of NPs and their significant 
agglomeration.

Structure and properties of (La, Sr)MnO3 manganite NPs, which crystallize in 
the perovskite structure, are sensitive to the conditions and methods of synthesis, 
and it is necessary to perform the synthesis in solutions to obtain them in nanoscale 
form. It is known that the temperature of formation of single-phase crystalline prod-
uct is higher than 1000 °C during the synthesis of manganite NPs in aqueous solu-
tions that leads to the growth and agglomeration of the particles [30]. Therefore, the 
methods of synthesis with using the nonaqueous solutions and organic compounds 
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can be promising because they can allow blocking the interactions between indi-
vidual particles in contrast to the NPs synthesized in an aqueous medium.

Consequently, taking into account the features of the crystalline structure, sev-
eral methods were chosen for the synthesis of magnetic NPs with the spinel and 
perovskite structures: synthesis via cryochemical method, precipitation in micro-
emulsions and nonaqueous solutions, hydroxide precipitation, and solgel method.

3.3  �Synthesis of Weakly Agglomerated Nanoparticles 
of Ferrispinels AFe2O4 (A = Fe, Ni, Co, Mn, Zn)

To synthesize the NPs with the spinel structure by the precipitation methods, aque-
ous solutions of metal salts FeCl3, FeSO4, Ni(NO3)2, and Zn(NO3)2 were used as the 
starting reagents and solutions of ammonia or sodium hydroxide as the precipita-
tors. Oleic acid was used for the stabilization of synthesized NPs.

Synthesis of Fe3O4 NPs via cryochemical method was performed in the closed 
system in the argon atmosphere according to the technique described in [31]. The 
solution, which contained the stoichiometric amount of FeSO4 and FeCl3 salts, was 
frozen using the liquid nitrogen up to the formation of ice, which was placed into 
the aqueous solution of ammonia under the intensive stirring to the formation of the 
black mixture. The obtained mixture was stirred for 20 min at 20–30 °C. Formed 
NPs were separated and washed with the bidistilled water. Prepared product was 
dispersed in the ethanol; oleic acid was added to the solution, and it was stirred for 
2 h at 50 °C. NPs coated with the oleic acid were decantated, washed with ethanol, 
and dispersed in the necessary volume of water.

As it was established by TEM microscopy, synthesized NPs were weakly 
agglomerated with the average size of 10–15 nm and narrow size distribution.

Synthesis of Fe3O4 NPs in the reverse microemulsions was performed according 
to the scheme presented in [31, 32]. To prepare the reverse microemulsions, it used 
the necessary surfactant (Triton Х–100, Brij–35 or CTAB), n-butanol as an addi-
tional surfactant, cyclohexane as a solvent, and corresponding aqueous phase. The 
aqueous phase of the first microemulsion consisted of the necessary amount of iron 
salts and the aqueous phase of the second one–the solution of precipitator (ammo-
nia). To perform the synthesis, microemulsions of salts and precipitators were mixed 
for 1 h with further intensive stirring and heating at 70 °C for 3 h. Precipitated NPs 
were separated by centrifugation and washed with ethanol and bidistilled water.

TEM microscopy data showed that such a method of synthesis allowed obtaining 
nanosized weakly agglomerated particles, which sizes could be varied in the range 
from 4–8 to 10–20  nm by using different surfactants for preparation of the 
microemulsions.

Synthesis of NPs with the spinel structure in the solution of diethylene glycol 
(DEG) was performed as described in Refs. [33–36]. For synthesis, stoichiometric 
amounts of metal salts (FeSO4 or A(NO3)2) and Fe(NO3)3 were dissolved in DEG 
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and stirred for 1 h; simultaneously, the solution of NaOH in DEG was prepared. The 
alkaline solution was added by drops to the mixture of salts with constant stirring 
for 4 h. The obtained solution was heated at 200–220 °C for 60 min; after this, the 
solution of oleic acid in DEG was added to the reaction mixture and stirred for 1 h. 
Formation of the NPs of АFe2O4 compounds was observed during the cooling the 
mixture to the room temperature, and they were washed from the impurities by 
dispersing in ethanol with further centrifugation. NPs were saved in the solution or 
dried in the air at 30–50 °C for further investigations.

As it was established by TEM, this method of synthesis provided the obtaining 
nanosized weakly agglomerated particles with size of 4–9 nm.

3.4  �Synthesis of Core/Shell Structures Fe3O4/CoFe2O4

Synthesis of core/shell structures Fe3O4/CoFe2O4 was performed according to the 
technique presented in [14, 37]. Fe3O4 synthesized by the precipitation in diethylene 
glycol without the addition of the oleic acid was used as a core. The synthesis of the 
shell was performed in the argon atmosphere. Necessary amounts of cobalt and iron 
nitrates were dissolved in DEG and stirred for 1  h. The solution of precipitator 
NaOH in DEG was prepared separately, and it was added to the solution of salts 
with stirring for 2 h. Previously synthesized Fe3O4 NPs were put into the solution 
and stirred for 2 h. The reaction mixture was heated up at 200–220 °C for 90 min 
reaching the desired temperature for 1.5 h. When the heat treatment finished, oleic 
acid was added with further stirring of the reaction mass up to cooling. Synthesized 
NPs were washed with the water–alcohol solution; the precipitate was separated by 
centrifugation. During the synthesis of core/shell structures, it was considered that 
Fe3O4 NPs (core) had a spherical shape with an average size of 6.3 nm [33], on 
which different amounts of CoFe2O4 was precipitated. The volume of the coating 
CoFe2O4 (shell) was calculated according to [14] using the equation V = 
4/3*π*((R2)3−(R1)3) (R1 and R2—radii of starting and coated spherical particle, 
respectively) and taking into account that m = ρ·V (m—mass, ρ—density of the 
material of core or shell).

3.5  �Synthesis of Solid Solutions of Ni1−xZnxMn2O4 
with the Spinel Structure

Synthesis of NPs of solid solutions of Ni1−xZnxMn2O4 (x = 0; 0.25; 0.50; 0.75; 0.80; 
0.85; 0.90; 0.95; 1.00) by precipitation in the aqueous solutions was performed 
according to the technique described in [15]. As it was shown, the amorphous pre-
cursors formed during the synthesis process at 80 °C; therefore, these precursors 
were subjected to the heat treatment at 800 °C for 2 h. The main advantages of this 
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method are its simplicity, low cost, and the possibility to synthesize a large amount 
of the final product. However, high-temperature treatment of the powder leads to the 
growth and agglomeration of NPs that is the drawback for their practical applica-
tion, particularly in medicine.

3.6  �Synthesis and Properties of Nanosized Particles Based 
on (La, Sr)MnO3

Synthesis of (La, Sr)MnO3 (LSMO) NPs by precipitation in the nonaqueous solu-
tions. A solid solution of (La, Sr)MnO3 manganite is quite complex system since it 
consists of the ions of three different metals—La, Sr, and Mn. As it is known, all of 
them precipitate in the aqueous solutions at different pH values that make the syn-
thesis more complicated [30]. Therefore, the synthesis of LSMO NPs by precipita-
tion in the nonaqueous solutions can be more satisfactory in terms of the choice of 
the conditions for synthesis. Usually, polyhydric alcohols, namely glycols (for 
example diethylene glycol DEG), are chosen as a medium for synthesis. It is due to 
several important factors: (1) application of glycols allows performing the copre-
cipitation of the metal cations, which have a large difference in pH values for the 
precipitation in the aqueous solution; (2) as the polyhydric alcohol, DEG can react 
with the metal cations; therefore, it can affect the synthesis process and stabilization 
of NPs; (3) DEG has the relatively high viscosity that allows avoiding the interac-
tion between NPs during the precipitation process.

Synthesis of manganite NPs by precipitation in DEG solution was performed 
according to the technique described in detail in [38]. The solution, which contained 
the stoichiometric amounts of metal nitrates in DEG, was heated up to 200 °C in the 
argon atmosphere; then, the solution of NaOH in DEG was added by drops to the 
reaction mixture with constant stirring. The obtained reaction system was stirred 
and heated up on the oil bath at 200–220 °C for 1 h. After the heating was finished, 
the solution of oleic acid in DEG was added to the system, and it was left for cooling 
to the room temperature with stirring. Particles were separated by centrifugation 
and dispersed in ethanol. An obtained precursor was dried in the air at 30–50 °C, 
and to obtain crystalline NPs, this precursor was subjected to the heat treatment 
at 800 °C.

Synthesis of La1−xSrxMnO3 NPs by precipitation in reverse microemulsions. 
Synthesis of manganite NPs by precipitation in the reverse microemulsions was 
performed as described in [39]. It is known that the structure and nature of the sur-
factant can significantly affect the size and properties of synthesized NPs [40]. One 
more important thing for obtaining LSMO NPs is that it is necessary to choose 
surfactants, which do not contain any metal ions. It is connected with the fact that 
such ions can additionally incorporate into the structure during the heat treatment of 
the nonmagnetic precursor and it can result in a significant change of the properties 
(particularly, magnetic ones) of the final crystalline product. Therefore, 
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microemulsions were prepared based on three different surfactants: Triton X-100, 
CTAB, and Brij-35.

To synthesis LSMO NPs via this method, it was prepared two microemulsions 
(M1 and М2), which consisted of corresponding surfactant (СТАВ, Triton X-100 or 
Brij-35), n-butanol as cosurfactant, cyclohexane, and aqueous solution. The aque-
ous phase of M1 contained metal salts, and the aqueous phase of M2 contained the 
solution of the precipitator (NH3). M2 was added to M1 dropwise for 1 h with fur-
ther heating the mixture at 70 °C for 1 h. Precipitated NPs were separated by cen-
trifugation, and then they were washed with ethanol and bidistilled water for several 
times by desperation and centrifugation. To obtain crystalline NPs, corresponding 
amorphous precursors were subjected to the high-temperature treatment at 800 °C 
for 2 h.

When LSMO NPs were synthesized via a solgel method, water-soluble salts 
La(NO3)3, Mn(NO3)2, and Sr(NO3)2 were used as the starting reagents [41–47]. 
Necessary molar amounts of salts were dissolved in bidistilled water, and gel-
formed agents, citric acid and ethylene glycol, were added to this solution. The 
obtained mixture was heated up at 80 °C with stirring, polyesterification reaction 
took place, and polymer gel was formed. Pyrolysis of the gel was at 200 °C, and 
precursor powder was obtained as a result of pyrolysis [48]. This precursor was 
subjected to further mechanochemical treatment using different approaches: (1) 
heat treatment at 800 °C for 2 h; (2) grinding with alcohol and heat treatment at 
800 °C for 2 h; (3) grinding with alcohol and further three-stage heat treatment at 
400 °C, 600 °C, and 800 °C for 2 h; (4) grinding in the mill and heat treatment at 
800 °C for 2 h; (5) effect of ultrasonication for 3 h with further heat treatment at 
800 °C for 2 h; (6) pressing into the tablet with further heat treatment at 800 °C for 
2 h; (7) heat treatment at 600 °C for 10 h; (8) grinding with the ammonium nitrate 
with further heat treatment at 800 °C for 2 h.

It is important to note that the application of different methods of mechano-
chemical treatment of the precursor after solgel synthesis allows obtaining NPs with 
different size and size distribution. However, considering some methodological fea-
tures of synthesis and treatment of obtained particles [49], this method allows 
decreasing the size of NPs to 35 nm and obtaining relatively weakly agglomerated 
manganite NPs.

As it was shown by X-ray diffraction data, nonmagnetic amorphous precursors 
formed after synthesis via all three methods. It was established that when manganite 
NPs were synthesized by methods using organic compounds and nonaqueous 
medium, single-phase crystalline structure began to form in one stage at 600° and it 
completely formed at 800 °C.

Results of microstructural studies of manganite NPs showed that their size and 
morphology significantly depended on the method and conditions of synthesis. It 
was established that manganite NPs synthesized via three different methods had the 
average sizes in the range of 20–40 nm with narrow size distribution [39].

It follows from the above-considered data that there is no unique method to syn-
thesize MNPs with reliably tunable and reproducible parameters. On the contrary, 
each specific material with certain properties needs a thoroughly adapted 
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fabrication technique. The main characteristics of the techniques we employed in 
this work for the fabrication of MNPs with the spinel and perovskite structural types 
are presented in Table 1.

4  �Materials Requiring External Temperature Control when 
Used in MHT

4.1  �Ferrimagnetic Spinels AFe2O4 (A = Fe, Ni, Mn, Co, 
Zn, etc.)

Synthesis of nanoparticles was carried out by precipitation in diethylene glycol 
solutions (Fe1), by cryochemical method (Fe2) and in microemulsion using Triton 
X-100 (Fe3), Brij-35 (Fe4) and CTAB (Fe5) as surfactants [31]. The X-ray diffrac-
tion revealed that the nanoparticles obtained were characterized by a cubic spinel 
crystal structure (JCPDS Card Number 19-0629 [50]) (Fig. 1). Also, the diffraction 
patterns of samples Fe3, Fe4, and Fe5 showed an additional phase of goethite 
FeOOH [50]. As can be estimated from the results of the TEM study (Fig. 1), syn-
thesized nanoparticles are nanosized and characterized by weak agglomeration. The 
mean diameter of NPs varies from 6 to 15 nm depending on the method of synthesis.

Magnetic measurements for synthesized nanoparticles were performed at the 
temperatures 300 and 10 K. As shown in Fig. 2, in both cases, magnetization tends 
to saturation at the high fields. Magnetic parameters are collected in Table  2. 

Fig. 1  TEM images of nanoparticles synthesized by various methods: (a) Fe1; (b) Fe2; (c) Fe3; 
(d) Fe4; (e) Fe5. Insets show the diagrams of size distribution for corresponding ensembles of 
nanoparticles
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Table 1  Characterization of different techniques employed in this work to synthesize MNPs with 
the parameters tailored for MHT

Synthesis 
method

MNPs with a spinel structural 
type MNPs with a perovskite structural type
Advantages Disadvantages Advantages Disadvantages

Cryochemical 
method

A possibility to 
synthesize a 
large amount of 
MNPs.
The particles 
are weakly 
agglomerated 
and nanosized.
Relatively high 
heating 
efficiency 
under the 
action of AMF

Problems with 
tuning the NPs 
size.
Fe3O4 particles 
are prone to 
oxidize into 
γ-Fe2O3 ones

Not employed in this work

Synthesis in 
reverse 
microemulsions

A possibility to 
synthesize 
weakly 
agglomerated 
crystalline 
MNPs.
Particle size 
can be 
controlled 
through 
changing 
surfactants

Problems with a 
synthesis of a 
large amount of 
MNPs.
Small particles 
often display 
degraded 
magnetic and 
heating 
characteristics

Particle size can 
be controlled 
through changing 
surfactants

Amorphous NPs 
formed at the initial 
stage of the synthesis 
should be subjected to 
additional heat 
treatment that results 
in partial NPs 
agglomeration.
Problems with a 
synthesis of a large 
amount of MNPs

Precipitation in 
nonaqueous 
solutions

A possibility to 
synthesize 
weakly 
agglomerated 
crystalline NPs 
of small sizes

Problems with a 
synthesis of a 
large amount of 
MNPs.
Small particles 
often display 
degraded 
magnetic and 
heating 
characteristics

– Amorphous particles 
formed at the initial 
stage of the synthesis 
should be subjected to 
additional heat 
treatment that results 
in partial NP 
agglomeration.
Problems with a 
synthesis of a large 
amount of MNPs

(continued)
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Analysis of the curves showed that the synthesized nanoparticles exhibit behavior 
close to superparamagnetic [31] and are characterized by weak magnetic hysteresis 
at both temperatures (see inserts in Fig. 2) and have low coercivity (<2.5 kA/m).

Figure 3 shows plots of magnetic fluid heating temperature (Tfluid) versus resi-
dence time (τ) in the applied alternating magnetic field. As can be seen, the mag-
netic fluid based on Fe2 nanoparticles is characterized by a significantly higher rate 
and temperature of heating than Fe1, Fe3, Fe4, and Fe5 samples. Calculated values 
of specific loss power (SLP) show that depending on the method of synthesis we can 
receive nanoparticles characterized by SLP value from 0.2 to 34 W/g. Such behav-
ior of magnetic losses can be related to many factors, particularly to the difference 
in NPs size (from 6 to 15 nm), variation in magnetic anisotropy energy, etc. [51, 52].

4.2  �Spinel Ferrite Nanoparticles with Core/Shell Architecture

Core/shell architecture has acquired increasing interest due to the possibility of 
combining different materials and fabricating nanostructures with improved charac-
teristics [13, 53]. In addition to varying size, shape, and composition, tuning of 
magnetic properties through the interface coupling of different magnetic materials 
becomes a prevailing strategy, introducing a new variable for the rational material 
design and property control in fundamental science and technological applications 
[54, 55].

Table 1  (continued)

Synthesis 
method

MNPs with a spinel structural 
type MNPs with a perovskite structural type
Advantages Disadvantages Advantages Disadvantages

Solgel method Not employed in this work. A possibility to 
synthesize a large 
amount of MNPs.
The formation of 
the crystalline 
structure occurs 
in one stage 
(without the 
formation of 
intermediate 
phases).
At the final stage, 
the NP 
agglomeration 
can be controlled 
by changing the 
pH of the 
medium

Amorphous particles 
formed at the initial 
stage of synthesis 
should be subjected to 
additional heat 
treatment that results 
in the increase of NPs 
sizes and their partial 
agglomeration 
(formation of 
“bridges” between the 
particles)
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As one of the most important and widely utilized magnetic materials, the spinel 
ferrite system MFe2O4 (M = Fe, Co, Mn, etc.) consists of both magnetically hard 
and soft materials. For example, cobalt ferrite (CoFe2O4) is magnetically hard with 
a large magnetocrystalline anisotropy constant K > 106  erg/cm3 [12, 56]. On the 
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Fig. 2  Hysteresis loops at 
300 К and 10 К for Fe3O4 
nanoparticles synthesized 
by various methods

Table 2  The properties of Fe3O4 nanoparticles synthesized by various methods

Sample dTEM, nm
Hc, А/m Ms, Аm2/kg

Tb, К SLP, W/g(Fe3O4)300 K 10 K 300 K 10 K

Fe1 6.9±1.9 955 14800 47.0 55.3 92 0.19
Fe2 11.0 ±3.2 318 15760 64.4 74.4 400 33.80
Fe3 11.2±4.1 2550 19660 60.1 67.8 400 25.8
Fe4 15.6±4.8 636 18900 59.8 67.5 400 19.74
Fe5 8.5±3.3 2300 14400 52.2 59.9 400 16.10

Note: dTEM mean size of the nanoparticles obtained from TEM images, SLP specific loss power, Мs 
saturation magnetization, Tb blocking temperature, Hc coercivity
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other hand, magnetite (Fe3O4) is a ferrite with a much smaller magnetic anisotropy 
constant K ∼ (104 ÷ 105) erg/cm3 [57, 58]. Due to the same crystallographic struc-
ture and almost negligible lattice mismatch among these spinel ferrites, it should be 
markedly controllable to epitaxially grow a uniformed shell over a core. Among 
other things, such kind of the well-defined bimagnetic spinel ferrite nanocrystals 
with core/shell architecture can provide a better platform for the fundamental under-
standing of magnetism and the relationship between crystalline structure, morphol-
ogy, and physical properties.

In works [14, 59, 60], the effect of shell thickness on DC magnetic parameters 
(saturation magnetization, coercivity, blocking temperature) and AC losses (specific 
loss power, intrinsic loss power) has been studied for Fe3O4/CoFe2O4 core-/shell-
like magnetic nanoparticles with a fixed diameter of core ~6.3 nm and an effective 
thickness of shell up to 2.5 nm. Also, the comparison of the properties of Fe3O4/
CoFe2O4 core/shell nanoparticles and the mechanical mixture of the Fe3O4 and 
CoFe2O4 nanoparticles taken in appropriate proportions was done, which empha-
sized the role of interface phenomena at the Fe3O4–CoFe2O4 boundary in the forma-
tion of magnetic properties core/shell nanoparticles and discussed the way to tune 
and optimize the parameters of compositional nanoparticles for their use in various 
technological and biomedical applications.

The synthesis of core/shell structures has remained a complex approach, since it 
should enable a high crystalline quality of both core and shell, guarantee their good 
epitaxy, and minimize intermixing processes at the core–shell interface. For this 
reason, the results of earlier works carried out in our and other groups were taken 
into account while fabricating Fe3O4/CoFe2O4 core-/shell-like nanoparticles [31, 59, 
61–63]. In our previous works, the combination of X-ray diffraction and 57Fe 
Mössbauer spectroscopy studies made it possible to conclude that among several 
MNPs synthesis methods, only the method of coprecipitation from diethylene gly-
col (DEG) solutions allowed fabrication of magnetite MNPs with the smallest 
amount of maghemite and goethite phases [31, 59]. Therefore, it is the method of 
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coprecipitation from DEG solutions that was chosen to fabricate the nanoparticles 
in the present work.

Broad studies were carried out to make sure that synthesized nanoparticles have 
the core/shell architecture and are not the mechanical mixture of Fe3O4 and CoFe2O4. 
Considering that individual Fe3O4 and CoFe2O4 MNPs have the same crystalline 
structure with close lattice parameters, the shell cannot be reliably distinguished 
from the core by the contrast of the TEM image. Therefore, before this work, a 
number of special experiments were carried out to check if the composite Fe3O4/
CoFe2O4 MNPs have a core-/shell-like structure [31, 59]. The experiments included 
a comparative analysis of the most intensive (311) XRD peak collected from sepa-
rate Fe3O4 and CoFe2O4 MNPs, a mechanical mixture composed of these com-
pounds, and composite Fe3O4/CoFe2O4 particles. Besides, corresponding TEM and 
57Fe Mössbauer investigations were carried out on the individual and composite 
MNPs. As described in detail in Ref. [60], the results confirmed the formation of a 
core/shell-like structure rather than a mechanical mixture. At the same time, as fol-
lows from Refs. [59, 61, 63], the particles may contain quite a noticeable transi-
tional layer between the core and the shell, which may be composed of Co1−xFe2+xO4 
phases with a gradient of Co concentration from the surface to the core.

Results of XRD study of the synthesized nanostructures were analyzed in detail 
in Ref. [14]. All synthesized samples have a cubic spinel structure (JCPDS 19-0629) 
with no traces of impurity.

As can be estimated from the results of TEM investigations, the size of the Fe3O4 
NPs is ~ 6.3 nm and grows with the increase of effective thickness (tshell)  of the 
CoFe2O4 shell according to the calculations (Fig. 4).

Studies of field and temperature dependences of the magnetization of Fe3O4/
CoFe2O4 core/shell nanoparticles with different shell thicknesses have shown that 
the addition of the shell leads to a sharp increase in coercive force as well as in the 
blocking temperature [14, 60]. Effective anisotropy constants Keff were calculated 
based on a simple approach of coexisting superparamagnetic and blocked magnetic 
nanoparticles [12, 13, 64]. It was shown that shell addition and subsequent increase 

Fig. 4  TEM images of Fe3O4/CoFe2O4 nanoparticles with tCoFe2O4 = 0 nm (a); 0.05 nm (b); and 
1 nm (c). Insets show the diagrams of size distribution for corresponding ensembles of nanoparti-
cles (the units of abscissa axes are nanometers)
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in its thickness lead to the strong increase of Keff with a simultaneous decrease in 
magnetization. It is noteworthy that qualitatively similar behavior was observed in 
MnFe2O4/CoFe2O4 and ZnFe2O4/CoFe2O4 core/shell nanoparticles [60].

To obtain the AC magnetic heating characteristics of the synthesized MNPs, the 
time dependence of heat generation was studied under AMF with fixed amplitude 
Hmax = 100 Oe and frequency f = 300 kHz [18, 65]. The plots of magnetic fluid tem-
perature (Tfluid) versus heating time in external AMF (τ) for the fluids based on syn-
thesized MNPs are shown in Fig. 5. Based on these data, the values of SLP were 
determined and compared with those calculated from the area of magnetic hystere-
sis loops. Figure 6 compares both sets of SLP vs tshell dependences. Open squares 
show the data determined from experimental Tfluid vs t dependences. Filled triangles 
mark SLP values calculated as

	
SLP fA= µ ρ0 loop ,/

	
(1)

where μ0 = 4π 10−7 H/m and ρ is the MNPs material mass density [18, 66]. It is seen 
that general trends in both sets of SLP vs tshell dependences comply with each other. 
The discrepancies observed between experimental and calculated SLP values can 
originate from a nonnegligible effect of frequency change on coercivity and hyster-
esis loop shape [12, 13, 64].

As seen in Fig. 6, the addition of 1.0 nm CoFe2O4 shell to the Fe3O4 core strongly 
enhances the heating efficiency of the obtained composite MNPs. Thus, core/shell-
like architecture can serve as an efficient tool to govern both the DC and AC behav-
ior of magnetic nanoparticles.

Magnetic and calorimetric properties of the core/shell nanoparticles based on 
other spinel ferrites (MnFe2O4/CoFe2O4, ZnFe2O4/CoFe2O4, etc.) also were studied 
by our and other research groups [67–69]. The results show that the addition of the 
shell has a significant impact on the saturation magnetization, effective anisotropy 
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constants, temperature behavior of compositional nanoparticles, and their efficiency 
of heating in the applied AC magnetic field.

Major trends in the heating abilities as a function of the core size, the nature, and 
the thickness of the shell were outlined in Ref. [70] based on the systematic funda-
mental study of CoFe2O4/MnFe2O4 and CoFe2O4/spinel iron oxide core–shell MNPs 
confirmed by experiments conducted on the water-based ferrofluids. At the same 
time, the authors stress that all the findings seem to depict a more complex scenario 
behind the heating abilities of bimagnetic core–shell systems than simple relation-
ships with single magnetic or microstructural parameter(s). It follows from all the 
available data that the coating of MNPs with the shells leads to the transformation 
of the parameters of both the initial nanoparticle and its shell and, as a result, it 
makes the particles acquire new characteristics that are typical neither for the core 
nor for the shell.

Obtained results pave the way to tune and optimize open the parameters of spinel 
ferrite nanoparticles with core/shell-like architecture for their use in various techno-
logical and biomedical applications.

5  �Materials with Automatic Preset Temperature Control 
when Used in MHT

5.1  �Nickel–Zinc Spinel Nanoparticles: Magnetic 
Characterization and Prospects of the Use 
in Self-Controlled Magnetic Hyperthermia

It was noted above that for the use of materials in self-controlled MHT, the Curie 
temperature of these materials must be slightly above the therapeutic range of 
hyperthermia. One of the effective methods for controlling the Curie temperature in 
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ferrite spinel materials is the use of solid solutions. In [15], the effectiveness of this 
approach was demonstrated using nickel–zinc spinels as an example.

Bulk NiFe2O4 is a soft ferrimagnet with mass magnetization ∼56 A·m2/kg and 
Curie temperature TC≈658 K [67, 71]. On the contrary, bulk ZnFe2O4 is an antifer-
romagnet with a Neel temperature of ∼9.5 K [16, 67]. Heavily Zn-substituted (x > 
0.5) bulk samples of Ni1−xZnxFe2O4 display reduced values of saturation magnetiza-
tion and Curie temperature [4, 15]. Although the properties of these ferrites can be 
strongly altered at the nanoscale, it is expected that Zn substitution for Ni will make 
it possible to preset the Curie temperature slightly above the hyperthermia therapeu-
tic range to reach the self-controlled heating regime.

The important issues were: (1) to find the regularities of the effect of zinc substi-
tution on magnetic parameters and heating characteristics of nickel–zinc spinel 
nanoparticles; (2) determine the concentration region where Curie temperature is 
close to the range of hyperthermia therapy (∼330 K); (3) experimentally verify the 
idea of controllability of the MNP thermal response to the action of AC magnetic 
field; (4) weigh up the prospects of the use of synthesized MNPs in self-controlled 
magnetic nanohyperthermia.

Nanopowders of Ni1−xZnxFe2O4 (x = 0 − 1) with mean grain size of ~50 nm (see 
inset in Fig. 7) were synthesized via a method of hydroxide precipitation. Details of 
the samples preparation are described in Refs. [72, 73]

Figure 7 presents concentration dependences of spontaneous magnetization at 
140 K and 300 K. Nonmonotonous character of Ms(x) dependences implies that the 
substitution process is accompanied by the processes of redistribution of cation ions 
between different sites of spinel structure [73]

Bulk NiFe2O4 is a well-known inverse spinel with Ni2+ ions on B sites and Fe3+ 
ions distributed equally among A and B sites, where A and B indicate tetrahedral 
and octahedral sites of the spinel structure, respectively [74]. Morr and Haneda have 

0.0 0.5 1.0 1.5
0

50

100

x

M
 (A

. m
2 /k

g)

100 nm

d (nm)

Q
ua

nt
ity

T = 140 K

T = 300 K

(a)

(b)

20 40 60 80
0

10

20

Fig. 7  Dependences of mass magnetization on zinc content for Ni1−xZnxFe2O4 nanoparticles. Inset 
shows (a) a fragment of a microphotograph of Ni0.25Zn0.75Fe2O4 MNPs and (b) the diagram of 
MNPs size distribution

A. Tovstolytkin et al.



43

shown that NiFe2O4 in the ultrafine form exhibits noncollinear spin structure and 
that the magnetic moment at low temperatures is appreciably lower than the value 
for the bulk material [67]. They have proposed a model wherein the particle consists 
of a core with the collinear spin arrangement and a surface layer with the magnetic 
moment inclined to the direction of core magnetization. Our results agree with this 
picture: Ms of NiFe2O4 MNPs (∼35 A·m2/kg) is by far smaller than that of the bulk 
sample (∼56 A·m2/kg).

Bulk ZnFe2O4 has a normal spinel structure, in which all Zn2+ ions occupy tetra-
hedral positions (A sites) and all Fe3+ ions—octahedral positions (B sites). Zinc 
ferrite is paramagnetic at room temperature, and the transition to a magnetically 
ordered (antiferromagnetic) state occurs only at temperatures of about 9.5 K [67, 
75]. The magnetic properties change significantly when the particle size decreases 
to a few tens of nanometers: At this scale, a cation inversion occurs; i.e., a part of 
zinc ions occupy the B sites and part of iron ions—the A sites [16, 75, 76]. Thus, 
there is a transformation of structure from normal to mixed spinel which disturbs a 
balance in the system of competing magnetic interactions and, as a rule, leads to the 
appearance of resultant spontaneous magnetization. The degree of cation inversion 
depends on several factors, including the particle size [53]. The contribution from 
the subsurface region which is usually characterized by a noncollinear magnetic 
ordering depends on the particle size as well [72, 75].

As seen from Fig. 7, the substitution of Zn for Ni results in an initial rise of spon-
taneous magnetization followed by a rapid decrease as x exceeds 0.75. As x crosses 
0.85, the spontaneous magnetization levels off at Ms≈2 A·m2/kg. Similar trends were 
observed in works [77] and ascribed to the incomplete ordering of Ni2+ and Fe3+ ions 
between the octahedral and tetrahedral sites in the spinel.

To obtain the AC magnetic heating characteristics of the synthesized MNPs, the 
time dependence of heat generation was studied under AMF with fixed amplitude 
μ0Hmax=10 mT and frequency f=300 kHz.

The plots of magnetic fluid temperature versus residence time in external AMF 
for the fluids based on synthesized MNPs are shown in Fig. 8. For the samples with 
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x ≤ 0.5, Tfluid rapidly grows and in less than 1 min approaches the temperature of 
fluid boiling. This makes it impossible for an accurate determination of the tempera-
ture at which Tfluid achieves saturation. What is more, as follows from the data of 
work [19, 78–85], the precision of calorimetric measurements gets worsened in the 
vicinity of the fluid boiling point and the results of measurements become unreli-
able. For this reason, further analysis will mainly be focused on the samples with a 
higher zinc content (x > 0.5), and in some cases, the data for the sample with x=0.5 
will be presented for reference.

It is important that after an abrupt initial temperature rise, the Tfluid(τ) curves 
reach saturation at a certain Ts value. Inset of Fig. 8 compares the values of Ts and 
Curie temperature TC of the nanoparticles. It is observed that these values are quite 
close for the samples with x near 0.75, although for other samples there is a notice-
able difference between Ts and TC (for the rest of the samples, the difference exceeds 
a few tens of Kelvins).

The observed discrepancy between Ts and TC for the samples with x > 0.8 can be 
easily understood since these samples display negligible heating efficiency which is 
not enough to appropriately heat the samples. Among other factors affecting a 
degree of proximity of Ts to TC, it should noted that Ts is sensitive to the features of 
heat exchange with the environment, magnetization value, dispersion of magnetic 
parameters, etc.

The hatched region in Fig. 8 shows the temperature range which is suitable for 
hyperthermia therapy. It is seen that MNPs with x ≈ 0.75 display Ts value within this 
region, and thus, they are promising heat mediators for self-controlled magnetic 
nanohyperthermia.

5.2  �(La, Sr)MnO3 Nanoparticles as Promising Heat Mediators 
for Self-Controlled Magnetic Hyperthermia

The idea of using manganite nanoparticles to implement self-controlled MHT was 
first proposed in 2002 [86], but research in this direction was intensified only after 
the publication of experimental results by a group of Czech and French scientists 
led by E. Pollert in 2006 [87]. Today, there is an active scientific work on the study 
and optimization of the properties of these materials (see, for example, [21, 48, 81, 
88–90]).

Magnetic state of La1−xSrxMnO3 manganite strongly depends on strontium con-
tent x [78, 79]. Bulk samples with Sr concentration 0.15 ≤ x ≤ 0.60 are ferromagnetic 
[38, 39, 48]. The Curie temperature TC displays a maximum at x = 0.33 (TCmax = 
370 K) and is quite sharply reduced as x deviates from 0.3. Since the development 
of heat mediators for self-controlled MHT requires NPs with TC close to 320 K, in 
this work La1−xSrxMnO3 nanoparticles with a chemical composition of x = 0.22 were 
studied.
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A study of the properties of LSMO MNPs synthesized by deposition from DEG, 
deposition from the reverse microemulsions and the solgel method [39] showed that 
the amorphous nonmagnetic precursor is formed immediately after synthesis in all 
three methods. A single-phase crystalline structure begins to form in one stage at a 
temperature of 600 °C and is completely formed at 800 °C. Manganite nanoparticles 
synthesized by three different methods have average sizes of 20–40 nm with a nar-
row size distribution [18].

In this work, the deposition from the reverse microemulsions was used for syn-
thesizing LSMO MNPs. X-ray diffraction studies confirmed the single-phase struc-
ture of the samples [88, 89, 91, 92], and TEM measurements showed that the average 
size of nanoparticles is about 30 nm (see inserts in Fig. 9).

Figure 9 shows the temperature dependences of mass magnetizations Mfc and 
Mzfc, obtained in the magnetic field μ0H = 2 mT. The Mfc(T) and Mzfc(T) curves coin-
cide at temperatures higher than 320 K but diverge in the low-temperature region. 
Mfc(T) is a declining function of temperature, while Mzfc(T) is a curve with a maxi-
mum. The quasistatic (i.e., low frequency, with 10−4 < f < 10−2 c−1) blocking tem-
perature defined as a temperature at which Mzfc(T) achieves a maximum is Tb 
= 285 K.

In Fig. 10, hysteresis loops M(H) obtained at T = 295 K and 10 K are presented. 
Both curves have a tendency to saturation in strong fields (μ0H > 300 mT). The 
values of saturation magnetization, defined as magnetization in a field of 1 T, are as 
follows: Ms|T=10K ≈ 81 A·m2/kg and Ms|T=295K ≈ 47 A·m2/kg. The M vs. H curves are 
characterized by coercivities μ0Hc ≈ 22.7 and 1.2 mT at T = 10 K and 295 K, respec-
tively (see inset of Fig. 10).

To obtain the AC magnetic heating characteristics of the synthesized LSMO 
MNPs, the time dependence of heat generation was studied under AMF with a fixed 
amplitude Hamp, varying in the range from 5.6 to 10.5 mT in different experiments, 
and frequency f = 300 kHz. The plots of magnetic fluid temperature versus resi-
dence time in an AMF, Tfluid(τ), for the fluids based on the synthesized LSMO MNPs 
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are shown in Fig. 11. Magnetic fluid warms up due to the magnetic losses in AMF 
H(t) = Hamp cos (2πft).

In experimental measurements, the initial temperature of magnetic fluid before 
applying the AC magnetic field was 23.5 °C. It is seen from the curves of Fig. 12 
that after a sharp initial rise, the change of Tfluid with τ becomes slower and 

Fig. 10  Magnetization 
loops M(H) at T = 295 
K and 10 K. The inset 
shows the same 
dependences in the region 
of weak fields
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eventually these dependences tend to saturate. For comparison, the Tfluid(τ) depen-
dence is added for the fluid based on Fe3O4 MNPs (~12 nm in size) subjected to the 
AMF with the same frequency and Hamp = 10.5 mT. The temperature of the Fe3O4 
MNP-based fluid rapidly grows and immediately approaches the temperature of 
boiling.

With the increase in Hamp, the saturation temperature Ts rises, but eventually, it 
approaches the Curie temperature of the LSMO nanopowder TC ~ 70 °C [9, 93–96]. 
This means that the idea of self-controlled heating where the heating efficiency 
sharply reduces as the fluid temperature approaches TC of LSMO MNPs is valid. It 
should be noted that relatively small values of Hamp (< 10.5 mT) are not enough to 
warm up the magnetic fluid to the TC of LSMO nanopowder, and in these cases, the 
thermal equilibrium occurs at lower temperatures, i.e., at Ts being lower than 70 °C.

The initial slope of each curve plotted in Fig.  12 provides information about 
specific loss power [97, 98]. The SLP values, which depend on the parameters of the 
applied AC field, were calculated for a range of magnetic field amplitudes μ0Hmax 
and frequencies f. The details of the SLP calculation are described in Refs. [93, 
99, 100].

Figure 12 shows SLP vs. Hmax dependence obtained at f = 300 kHz. SLP is neg-
ligibly small at weak magnetic fields (μ0Hmax < 5 mT), rapidly rises in the region 
from ~5 to ~10 mT, and then displays a tendency to saturation. In the region from 6 
to 9 mT, the SLP(Hmax) dependence is almost linear.

It was reported in Refs. [20, 93, 97, 101] that the obtained value is high enough 
for the use of the MNPs as HT heating mediators in the treatment of cancer diseases. 
The mechanisms responsible for high heating efficiency of LSMO MNPs will be 
discussed below.
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6  �Mechanisms of Losses in Magnetic Nanoparticles 
and Fluids Based on Them

6.1  �General Description of the Energy Loss Mechanisms

If a magnetic fluid based on single-domain ferromagnetic nanoparticles is subjected 
to AMF action, a part of the field energy is dissipated by the nanoparticles and trans-
formed into heat. For magnetic HT, low-concentrated suspensions of MNPs in 
dielectric fluids are usually used [100]. In this case, interparticle interaction is 
assumed to be negligible and the energy dissipation can be described as a sum of 
processes occurring in separate particles.

The array of MNPs can dissipate the energy of the AMF into the environment 
due to the processes of remagnetization of nanoparticles or due to the rotation of the 
nanoparticle as a whole. The last-mentioned process is called Brown relaxation (BR 
losses). Remagnetization losses depend on the relationship between the characteris-
tic parameters of MNP (saturation magnetization Ms, the effective magnetic anisot-
ropy constant Keff, the coercive force HC, the volume of the MNP V and the relaxation 
time of the MNPs system τ and external parameters, the frequency f of the external 
magnetic field, as well as the temperature T) and require separate consideration.

1. BR losses. In fluid suspensions, the relatively high anisotropy barrier may be 
overcome by rotation of the whole particle under the influence of the AMF. In 
this case, frictional losses due to viscosity η of the carrier liquid arise. The result-
ing relaxation time is given by [99, 100, 102]

	
τ

πη
B

h

B

R

k T
=
4 3

,
	

(2)

where Rh is the hydrodynamically effective radius, which may differ from the geo-
metrical one [103]. The specific losses power caused by this mechanism is calcu-
lated by the formula (3) provided below.

2. Remagnetization losses. The behavior of single-domain MNPs depends on the 
energy balance between anisotropy (εa = Keff·V) and thermal fluctuation (εT ≈ 
kB·T) contributions (here, kB is the Boltzmann constant). In the limit εT >> εa, the 
magnetic moment of a particle can be considered as freely fluctuating. This 
results in the phenomenon of superparamagnetism, where the ensemble of par-
ticles behaves like a paramagnet consisting of particles with very large magnetic 
moments. In the opposite limit, when εT << εа, the particle magnetic moment is 
blocked on a time scale given by the experiment and lies parallel or antiparallel 
to the easy magnetization axis. The transition to the latter state occurs at the so-
called blocking temperature Tb, below which the particle moments appear frozen 
on the time scale of the measurement τm. The Tb value depends on the measure-
ment duration and can be determined from the temperature dependences of mag-
netization: The zero-field-cooled (ZFC) magnetization Mzfc measured in a weak 
magnetic field achieves a maximum at Tb [66]. The ZFC magnetization curve is 
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usually measured in quasistatic measurements with increasing temperature in a 
weak magnetic field after cooling the specimen in the absence of a magnetic field 
down to T << Tb. The measurement duration in such a case is of the order of 
hundreds of seconds.
For two cases, particularly, when the nanoparticle is (1) in the superparamagnetic 

state or (2) in the blocked state, analytical approaches have been developed to esti-
mate the energy losses due to remagnetization. To describe energy losses in the first 
case (superparamagnetic behavior), we talk about Neel relaxation (NR losses: also 
called Neel–Arrhenius or Neel–Brown relaxation). In the second case (blocked 
state), the term hysteresis losses or remagnetization based on the Stoner–Wohlfarth 
model (SW losses) is used [9]. In the region of transition from the equilibrium 
superparamagnetic to the blocked state, only numerical simulation is correct [66, 
98, 100, 101, 104].

2.1. NR losses. If thermally activated fluctuations of the magnetic moment direction 
are fast compared to the measurement duration (τ < τm), the behavior of the 
ensemble of MNPs can be described by a linear response theory (LRT) with 
relaxation time taken in Neel–Brown form [18]. In this case, specific power dis-
sipated by an ensemble of MNPs is described by [9]:
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(3)

It is seen that PNR displays a quadratic dependence on AMF amplitude Hmax. As a 
function of frequency, it is quadratic at low values of f (2πfτ << 1), deviates from 
quadratic law as f increases, and tends to saturation at high frequencies (2πfτ >> 1), 
where the saturated value reads:

	
P

Hf
NR

max .→∞ =
µ χ

τ
0 0

2

2 	
(4)

Heating efficiency under such conditions (2πfτ >> 1) does not depend on frequency.
In a general case, both the Brown relaxation process and the Neel relaxation 

process may be present, but the faster one is dominant.

2.2. SW losses. If thermally activated fluctuations of the magnetic moment direction 
are not fast in comparison with the measurement duration (τ > τm), the system is 
in the blocked state and the dependence of power losses on the magnetic field is 
of threshold character.
For the case of weak magnetic fields (Hmax << Hа), the reaction of the system to 

the external magnetic field will be very weak, remagnetization practically would not 
occur (only a minor hysteresis loop will be observed), and, thus, the power of dis-
sipation will be negligible. If the amplitude of the magnetic field equals or exceeds 
the anisotropy field, the shape and area of the hysteresis loop will approach, but 
would not exceed a theoretical limit which is described by the Stoner–Wohlfarth 
model [66, 104].
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If an ensemble of MNPs is put into an AMF, the amount of heat dissipated in 
MNPs during one cycle of the magnetic field is equal to the area of hysteresis loop 
S. The dissipated energy per second per unit volume of MNPs is then given by:

	 P fSW S .= 	 (5)

For the MNP in a blocked state and with its easy axis aligned along the magnetic 
field direction, the hysteresis loop is a rectangle with temperature-dependent HC. At 
low temperatures (T → 0), the temperature-activated repopulation of energy minima 
is suppressed, and remagnetization can only occur when the energy barrier is fully 
removed by the magnetic field. This occurs when Hmax reaches anisotropy field Ha 
[18]. Thus, for the Stoner–Wohlfarth model Hс → Hа as T → 0. For an optimal case 
where Hmax = Hс:

	 P H M fSW max s= 4 0µ . 	 (6)

To estimate PSW in all other cases, it is convenient to use the formula:

	 P H M fSW max s= 4 0αµ , 	 (7)

where α is a dimensionless parameter which equals the ratio between the areas 
of actual hysteresis loop and ideal rectangle loop, with the latter having α = 1. For 
the ensemble of MNPs with randomly oriented anisotropy axes and optimally cho-
sen relation between Hc and Hmax (Hc = 0.81Hmax), α = 0.39 [66, 104]. When Hmax is 
less than a field at which magnetization saturation occurs, α is a function of Hmax.

As a result, the upper limit of PSW for the ensemble of MNPs with randomly 
oriented anisotropy axes is:

	 P H M fSW
limit

max s .= ⋅ ⋅ =4 0 0 39α µ α| . 	 (8)

The values of α observed in the experiment do not exceed 0.3 [20, 71, 80, 
98, 104].

6.2  �Low- and High-Frequency Measurements

A usual way to model remagnetization processes and calculate SLP values is to use 
the MNP parameters extracted from LF measurements [18]. It should be noted, 
however, that such parameters as blocking temperature Tb and coercivity Hc are 
frequency dependent. This means that not only SLP values calculated with the use 
of magnetostatic parameters could be incorrect, but also the mechanisms of AC 
losses could become different as measurement conditions change from magneto-
static to HF (~100 kHz) ones.

It was noted above that blocking temperature Tb is the temperature at which a 
condition [18]
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τ τm T T= = b

.
	

(9)

is satisfied. At this temperature, the rate of thermally activated processes becomes 
insufficient to get the system into equilibrium, and MNP magnetic moment remains 
blocked in a metastable state.

Formula (9) makes it possible to estimate the dependence of blocking tempera-
ture on measurement time. Assuming that a time scale of measurements is 1/f, Tb 
can be roughly estimated as

	

T K V k
fb B≈
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1
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(10)

If MNP magnetic parameters, in particular Keff, were temperature independent, 
the change in the AMF frequency from ~0.01 Hz (magnetostatic measurements) to 
~105 Hz (the frequencies at which usually HT treatment is carried out) would result 
in the increase of Tb by (2–3) times. Thus, for the case where the Tb

hf  value exceeds 
~150 K, the Tb

lf  value can exceed room temperature. This means that the mecha-
nism responsible for AC losses in the vicinity of room temperature will be SW 
mechanism, rather than NR one, as follows from LF measurements.

Figure 13 illustrates M Tzfc
lf ( )  and M Tzfc

hf ( )  dependences obtained from LF and 
HF measurements, respectively. For each of these curves, magnetization reaches a 
maximum at temperature which equals the blocking temperature. Since Tb

lf  << Tb
hf

, the temperature region within which SW mechanism is responsible for the losses 
is by far wider in the latter case (HF measurements) than in the former one (LF 
measurements).

The scheme in Fig. 13 is given under the assumption that Tb
hf << TC. For the case, 

where Tb
hf is close to TC, the relation between Tb

lf  and Tb
hf  will qualitatively be the 

same, but quantitative difference between them will change. Naturally, Tb cannot 
exceed TC.

Thus, approaches based on modeling of remagnetization processes at high fre-
quencies (~ 100 kHz) using magnetic parameters of MNPs obtained from magneto-
static measurements are not always correct. Because the blocking temperature and 
coercive force depend on the frequency, the high-frequency remagnetization pro-
cesses can be qualitatively different from the low-frequency ones.

6.3  �Energy Losses in (La, Sr)MnO3 Nanoparticles

As was mentioned above, the approaches based on the use of quasistatic measure-
ment results are not always correct for describing processes occurring in alternating 
fields with frequencies used in MHT (~ 100 kHz). Let’s consider the situation on the 
example of the properties of the LSMO MNPs described in the previous section.
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As seen in Fig. 9, the blocking temperature of the LSMO MNPs is lower than 
room temperature, so in the range of room temperature and above, it should be 
expected that the NR mechanism is dominant. But the data in Fig.  12 suggest 
another. First, the dependence of SLP on AMF amplitude is of threshold character: 
SLP becomes noticeable only when Hmax exceeds a certain value. Second, the SLP 
is almost a linear function of AMF frequency (see the inset of Fig. 12). Such kinds 
of SLP(Hmax) and SLP(f) dependences are characteristic only for SW losses. As fol-
lows from formulae (2), (3) and (4), NR and BR losses display quadratic depen-
dence on AMF amplitude. What concerns frequency dependence of SLP, NR and 
BR losses either display quadratic SLP(f) dependence or are frequency indepen-
dent. Thus, the character of SLP(Нmax) and SLP(f) dependences indicates that SW 
mechanism is responsible for LSMO MNPs heating.

The calculations performed in [21, 105–107] show that for the LSMO MNPs 
under investigation only SW mechanism can provide sufficiently high energy losses 
which correspond to experimentally obtained value of SLP (μ0Hmax = 10  mT) ≈ 
25×103 W/kg; the other kinds of AC losses are so weak that they cannot be respon-
sible for LSMO MNP heating. It also follows from the calculations that SLP can be 
increased by about an order of magnitude by means of optimization of the 
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parameters of LSMO MNPs (weakening agglomeration, narrowing size distribu-
tion, and attaining uniformity of geometrical and magnetic parameters) and corre-
sponding adjustment of AMF parameters.

The obtained data indicate the directions of further optimization of nanoparticle 
parameters for use in MHT [39].

7  �Biomedical Investigations

It was mentioned above that NPs of lanthanum–strontium manganite are promising 
for application in self-controlled magnetic HT. However, the issues concerning their 
toxicity and biocompatibility have been investigated only episodically to this time 
[6, 107].

7.1  �Development of Magnetic Fluids

To investigate the biomedical features of magnetic LSMO NPs as the heat mediators 
for magnetic hyperthermia, it is necessary to develop the magnetic fluid for the pos-
sibility to inject such NPs into the tumor. Magnetic fluid (MF) is the suspension of 
nanosized ferromagnetic or ferrimagnetic particles, stabilized in the polar or nonpo-
lar medium using surfactants or polymers.

To perform the biomedical investigations of manganite NPs, particles synthe-
sized via the solgel method (NPs synthesized in such way had one of the highest 
SLP values [108]) were dispersed in 0.1% aqueous agarose solution by ultrasound 
for obtaining the magnetic fluid with the concentration of magnetic phase of 50 mg/
ml [109].

7.2  �Performing the Biomedical Investigations of Magnetic 
Fluid Based on Manganite NPs in vitro and in vivo

At present, it is known about the active investigations of Fe3O4 NPs in medicine due 
to their biocompatibility [22]. Therefore, to estimate the prospects of LSMO NPs in 
this area, it is important to investigate their biomedical characteristics and compare 
them with known Fe3O4 NPs. The first stage of biomedical investigations of mag-
netic fluid based on the synthesized LSMO NPs included a number of in vitro inves-
tigations [110].

Comparison of magnetic fluids based on Fe3O4 and LSMO NPs was performed 
on the ST and MCF-7S cell lines using four characteristics: cytotoxicity, 
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genotoxicity, antioxidant, and antivirus activity. The main results of performed 
studies are summarized in Table 3.

Investigations of cytotoxicity on ST and MCF-7S cell lines showed that LSMO 
NPs had a constant maximum permissible concentration in contrast to Fe3O4 and it 
was higher (5.5 mg/ml) than the concentration of Fe3O4 particles (0.1–1.1 mg/ml).

Genotoxicity on NPs was investigated for magnetic fluids with the concentra-
tions of Fe3O4 and LSMO, which were limited by the maximal nontoxic concentra-
tions, established in the previous investigation of cytotoxicity. Performed studies 
showed that the magnetic fluid based on LSMO NPs did not possess a genotoxic 
effect on the ST and MCF-7S cell lines when Fe3O4 NPs in the concentration of 
0.9 mg/ml displayed small genotoxic effect both on the ST and MCF-7S cell lines.

It was also established that both types of NPs possessed small antiviral activity 
in low concentrations. However, for LSMO NPs, this concentration was higher and 
equal 0.25–1.25 mg/ml.

As it is known, the growth of oncological tumors relates to chronic inflammation 
as well as with the presence of a high level of reactive oxygen species [22]. 
Therefore, investigations of the effect of magnetic NPs on the decreasing the oxida-
tive stress were performed, and the presence of possible antioxidant properties was 
studied. Investigations were carried out on the ST cell line cultures, and they showed 
that Fe3O4 magnetite NPs could protect the cells from the oxidative stress in the 
concentrations of 1.1–1.4 mg/ml. However, as it was found out previously, such 
doses were already toxic for the cells. At the same time, LSMO manganite NPs pos-
sessed antioxidant properties in the concentrations of 0.65–5 mg/ml, which were 
nontoxic. Obtained data are very important since the main attention usually pays to 
the oxidative damage of magnetic NPs and not to their antioxidant activity.

The complex of performed cytological investigations described in [111] has 
shown that low cytotoxicity and genotoxicity of LSMO NPs make them more attrac-
tive for biological application compared to Fe3O4 NPs, which are characterized by 
higher toxicity. Moreover, LSMO NPs possess additional antioxidant activity in the 
quite wide concentration range that can be used in the different schemes of preven-
tion and treatment.

At the same time, complex in vitro and in vivo investigations showed that LSMO 
NPs had low toxicity during the intratumoral injection and did not cause the defec-
tion of the histological structure and functions of the main organs. Therefore, they 

Table 3  Comparison of cytological properties of Fe3O4 and LSMO NPs

Characteristic Fe3O4 LSMO

Cytotoxicity Maximum permissible concentration
1.1 mg/ml 5 mg/ml

Genotoxicity Possess a small genotoxic effect in 
the concentration of 0.9 mg/ml

Does not possess any genotoxic effect

Antioxidant 
activity

Does not display antioxidant activity Displays antioxidant activity in the 
concentration range of 0.65–5 mg/ml

Antiviral 
activity

Possesses antiviral activity Possesses antiviral activity
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can be used for performing further investigations as the heat mediators for magnetic 
hyperthermia.

Investigations of the toxicity of LSMO manganite NPs in vivo and their effect on 
the functioning animal organs were performed by authors [95, 97].

Acute toxicity of LSMO NPs was investigated on white mice of C57B1/6 line 
with the bodyweight of 20–22 g (each experimental group included six animals). 
The criteria of the toxicity were the death of animals in each group (in %), which 
was calculated according to the general methods that determined LD10, LD50, LD100, 
etc. These parameters are defined as doses, where index means the percentage of 
dead animals, and maximum permissible dose, which does not lead to the death of 
any animal and does not cause the falling of the bodyweight more than 10%.

LSMO manganite NPs were injected into animals in such concentrations: 50, 
100, 200, 300, and 400 mg per kg of body weight intraperitoneally and once in 
physiological solution. The duration of the investigations was 14 days. The loss of 
the bodyweight began at the dose of 200 mg/kg, but it was negligible and recovered 
just on the fourth day after the injection of NPs. The most significant weight loss 
was registered just on the first day after injection of NPs at the concentration of 
300 mg/kg; however, animals gradually increased their weight on the second and 
third days, and the bodyweight of animals began to recover and even increase on the 
fourth day. The dose of 400 mg/kg caused the significant falling the body weight, 
and animals began to increase their weight gradually only on the seventh day after 
injection of NPs.

Obtained results indicate that maximum permissible dose for LSMO manganite 
equals 300 mg/kg of body weight and LD50–1800 mg/kg of body weight.

Histological investigations were performed on the white rats with the Guerin 
carcinoma and on the mice of the C57B1/6 line with the Luice carcinoma of lungs. 
Morphological studies were carried out after 48 h of the injection of the nanocom-
posite. Any changes were not observed in the histological structure of the tumor 
(Guerin carcinoma in rats and Luice carcinoma in mice) as well as in normal organs 
such as liver, kidney, lungs, heart, and spleen after the injection of LSMO NPs in the 
dose of 300 mg/kg.

Investigations also showed that any toxic effect on the functions of the liver and 
kidneys was not present after the injection of LSMO nanocomposite into the tumor.

Complex in vitro and in vivo studies showed that LSMO NPs had low toxicity 
and did not cause the defection of the histological structure and functions of the 
main organs during the intratumoral injection. Therefore, they can be used for per-
forming further investigations as the heat mediators for magnetic hyperthermia.

Further, in vivo investigations of the magnetic fluid based on the LSMO NPs as 
the heat mediators for magnetic hyperthermia were performed on the tumors of 
Guerin carcinoma and Volker carcinosarcomas [112]. Tumors were inculcated to 
the left and right thighs of the white rat, and the volume of the tumor was waited to 
reach the value of ~1 cm3. After that, magnetic fluid was injected into the tumor in 
the right thigh, and this tumor was subjected to the effect of an alternating magnetic 
field for 30 min (treatment was performed 1–2 times with the break of 1–2 days). 
The magnetic fluid was not injected into the tumor of the left thigh. It was used for 
comparison.
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Such an approach led to the delay of the growth of the tumor in the right thigh; 
i.e., the volume of the tumor remained almost unchanged in contrast to the volume 
of the nontreated tumor (left thigh). The temperature in the tumor of the right thigh 
equaled in the average of 45–46.5 °C after the 30th minute of the heating.

 The dependence of the efficiency of magnetic hyperthermia on the number of 
heating sessions  was also established. In a series of experiments, heating was 
repeated for 3–4 times with the break of 2–3 days that led to the more significant 
decreasing the growth of tumor (Fig. 14): Volume of the tumor became 2.7 cm3 on 
the 13th day after the first treatment, and volume of the nontreated tumors reached 
47 cm3. Increasing the volume of tumors was scarcely observed after the fourfold 
processing of the tumor with the magnetic fluid by the alternating magnetic field, 
and, in some cases, the regression of the tumor up to 35% was registered.

Performed investigations showed that the application of magnetic NPs of LSMO 
manganite in combination with the effect of the alternating magnetic field allows 
decreasing and even finishing the growth of oncological tumors after some time, 
and in the number of cases, it leads to the complete death of the tumor. This implies 
that LSMO NPs are promising materials for applications in magnetic hyperthermia.

8  �Unresolved Issues and Prospects

Despite the recent progress in heat generating MNPs, there remain challenges to be 
addressed for the practical applications of magnetothermal effects of MNPs in bio-
logical systems. For example, the MNPs should be more precisely tailored to be 
biocompatible in physiological environments, ensuring the biosafety. For drug 
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Fig. 14  (a) Experiments performing the magnetic hyperthermia on the previously inculcated 
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release control or hyperthermia applications, the MNPs are needed to incorporate 
surface coating to have a prolonged blood half-life for the enhanced tissue-specific 
delivery [113–115]. For precise stimulation and regulation of cellular activities, fine 
controllability of local temperatures with the nanoscale spatial resolution is a criti-
cal factor, and thus, new methods to measure absolute temperature and thermal 
gradient in the close vicinity of MNP surfaces are required. To address these issues, 
notable efforts have been made and should be further confirmed in terms of surface 
chemistries (e.g., stealth coating of PEG or zwitterions and conjugation of targeting 
molecules), nanobiosystem interaction studies (e.g., pharmacokinetics, biodistribu-
tion, and cellular uptake), and nanoscale temperature measuring techniques based 
on various chemical strategies (e.g., heat-responsive azo compound and fluorescent 
polymers) [113–115].

In principle, MNPs upon the incorporation of functional molecules (e.g., anti-
bodies, chemotherapy drugs, siRNAs, aptamers, and cell-penetrating peptides) can 
be a versatile platform capable of the noninvasive, remote regulation of cellular 
activities with molecular-level specificity and without penetration depth limits. 
Based on these characteristic features, the nanoscale heating of MNPs holds great 
potential to extend the target from the single-cell level to the whole body for the 
better understanding and precise control of biological systems.
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Synthesis and Applications of Anisotropic 
Magnetic Iron Oxide Nanoparticles
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1  �Introduction

Magnetic iron oxide nanocrystals, i.e. magnetite (Fe3O4), maghemite (γ-Fe2O3) or 
any of its intermediate stoichiometries (Fe3-xO4), have been applied in widespread 
applications since ancient times due to their appealing properties [1]. Being the only 
iron oxide with Fe ions in two oxidation states (+2, +3), magnetite is an abundant 
material that can be found in the nature (rocks) together with titanomagnetite [2]. 
Magnetite nanocrystals can also be found inside some bacteria (magnetotactic bac-
teria) where it is mineralized in intracellular vesicles, generally 30–100 nm nanocu-
bes surrounded by a membrane and displayed in chains (magnetosomes) [3]. Finally, 
these nanocrystals can be “artificially” synthesized by top-down methods like high-
energy ball milling, crushing or grinding, [4] or “bottom-up” approaches involving 
colloidal methods like coprecipitation, hydro−/solvothermal and thermal decompo-
sition, rendering better structural properties in terms of crystallinity, purity and sol-
vent solubility [5]. Moreover, magnetite particles in the nanometre range size can be 
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synthesized breaking down the limit of superparamagnetism (random alignment of 
the magnetic moment in the absence of a magnetic field) leading to very interesting 
reversible magnetic behaviour that paves the way for new applications.

Magnetite nanocrystals have been used along human history for a wide spectrum 
of applications. They were used as pigments for ceramics in terracotta pottery since 
ancient times (ancient Greece) [6] and more recently as pigment for inks, dyes or 
any other material that required black colour, being the favourite one as magnetite 
absorbed light much better than other black candidates, and thus, it was more reli-
able [7]. Then, other application where magnetite nanocrystals were well-established 
was their use in water purification processes, e.g. heavy metal removal [8]. In the 
latest decades of the twentieth century, their applicability boosted due to magnetite 
electronic and magnetic properties at the microscale and nanoscale. Magnetite 
exhibited a great performance for magnetic recording media, spintronics and bio-
medicine, in both diagnosis (contrast agents in MRI, magnetic resonance imaging) 
and therapy (drug delivery vehicles and nanoheaters in magnetic and optical hyper-
thermia) [9]. For each application, scientists have designed and optimized the mate-
rial in terms of particle size, shape, aggregation state and internal crystal structure 
to maximize their performance (Fig. 1).

However, magnetite is not the most stable iron oxide phase and tends to oxidize 
to maghemite. [10] The oxidation kinetics is faster as the temperature increases, as 
the atmosphere is richer in oxygen, when particle size drops or the crystallinity is 
poorer. Magnetic properties, in terms of saturation magnetization and coercivity, 
decrease after this phase transformation, but not dramatically [11]. Regarding the 
electrical properties, magnetite is a semimetal due to the electron hoping between 
the Fe ions of the octahedral sublattice of its structure, while maghemite is an 
insulator.

Fig. 1  Schematic description of the most interesting magnetic iron oxide phases, properties, 
sources and applications that will be considered in this chapter
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The aim of this chapter is to present an overview on anisotropic magnetic 
nanoparticles and their applications in several areas. These nanostructures, with dif-
ferent morphology from the spherical one, have anisotropic properties that depend 
on the direction of the atoms within the nanostructure and a larger specific surface 
area. Anisotropic magnetic iron oxide nanoparticles could bring several advantages 
such as their higher surface-to-volume ratio, enhanced magnetic properties and 
selected reactivity due to the different facet exposure to the solvent. However, the 
synthesis of these nanostructures requires the use of different protocols or modifica-
tion of the established ones. [1]The first section will be focused on the most feasible 
and successful routes for the preparation of magnetic nanoparticles with a specific 
morphology. Then, in a second part, we will report the most striking results on the 
use of these morphologies on diverse applications, ranging from environmental 
ones to most technological ones, like spintronics or biomedicine. As a summary, 
magnetite can be considered as an old friend that never gets old fashion and evolves 
adapting every time to new and more technological applications. This transforma-
tion can be understood by its multiple structural, electrical, and magnetic properties 
and also biodegradability. Thus, with more advanced synthetic techniques, it is pos-
sible to tailor the structural properties of magnetite nanocrystals making them an 
attractive material for the intended application.

2  �Preparation of Anisotropic Iron Oxide Nanoparticles

For each application, the concept of “ideal” nanoparticles, i.e. the ones that exhibit 
the best performance, is different. Therefore, the ideal nanoparticle needs to be tai-
lored mainly by their size and shape. In general, a synthetic route that leads to 
nanoparticles with an accurate control on their size and shape, low size distribution, 
aggregation state, high crystallinity and chemical purity is the main goal. The result-
ing particles would be ideal candidates for the intended applications since all of 
them will contribute to the desire effect. In this sense, colloidal routes developed in 
liquid media render nanoparticles accomplishing these properties, with low-cost 
production and large scalability. Moreover, the obtention of particles in liquid media 
enables an easier manipulation and postprocessing procedures (e.g. surface modifi-
cation, deposition forming self-assembly, dispersion in different media).

Magnetite has a cubic cell with an inverse spinel structure (Fd3m) with a cell 
parameter of 8.394 Å [12]. Fe(II) ions are located in octahedral sites, and Fe(III) 
ions are located in both octahedral and tetrahedral sites (Fig. 2). The complete oxi-
dation to maghemite keeps the same inverse spinel structure, but all Fe(II) ions are 
oxidized to Fe(III) and vacancies are created in octahedral positions, distributed 
coherently [13, 14]. After such transformation, due to the oxidation of the Fe ions, 
the cell parameter decreases to 8.33–8.35 Å depending on the vacancy order.

The synthesis of anisotropic, i.e. nonspherical, magnetic iron oxide nanoparticles 
is not trivial (Fig. 3). Thus, structures with hexagonal, orthorhombic or monoclinic 
crystal symmetry whose facets are perpendicular to the long axis have higher energy 
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Fig. 2  Crystal structure of magnetite and maghemite. (Adapted with permission from Ref. [15]. 
© 2015 National Institute for Materials Science)

Fig. 3  TEM image of magnetic iron oxide nanoparticles with different morphology: (a) nanocu-
bes, (b) elongated nanoparticles, (c) octahedrons, (d) hollow nanoparticles, reprinted with permis-
sion from Ref. [31]. Copyright 2007 American Chemical Society; (e) nanoflower, reprinted with 
permission from [32]. Copyright 2017 American Chemical Society. (f) SEM image of magnetite 
nanodiscs. (Adapted with permission from Ref. [33], © 2015, by Wiley)
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and lead to elongated structures [16]. However, for cubic crystals, like magnetite, 
the isotropic growth is favoured. Then, there are two main strategies to induce the 
growth of anisotropic magnetic iron oxide magnetic nanostructures. The first 
approach is based on the use of an iron oxide/oxohydroxide as shape template. This 
strategy consists of two stages where first, an iron oxyhydroxide with the target 
shape is synthesized (i.e. goethite or akaganeite in elongated nanoparticles) and, in 
a second step, the oxyhydroxide is reduced to magnetite keeping the desired mor-
phology. The second strategy consists on modifying the reaction kinetics to favour 
a kinetic regime. In this strategy, there is an essential role played by ligands (mole-
cules or polymers) which bind to metal cations to form intermediate species prior 
nucleation or to regulate the particle growth through specific adsorption on certain 
facets of the particle surface. Other key parameters to control the reaction regime 
are the reaction temperature, the heating rate and the monomer concentration 
[17, 18].

Magnetite nanocubes could be synthesized in a wide range of sizes, in organic 
and aqueous media. Using the thermal decomposition in organic media, iron(III) 
acetylacetonate seems to be the best iron precursor (Fig. 3a). Well-defined ferrimag-
netic magnetite nanocubes up to 170 nm can be synthesized using iron (III) acetyl-
acetonate as precursor and oleic acid as surfactant in dibenzyl ether [19]. In this 
synthesis, the particle size can be modified by changing the iron precursor concen-
tration and reflux time. The addition of a second ligand changes the reaction kinetics 
and thus decreases the particle size down to 20 nm. Ligands of different nature like 
decanoic acid, [20] tryoctylphosphine oxide [21], chloride ions [22] or sodium ole-
ate [23] modify the decomposition kinetic and control particles growth by adhering 
to selective facets of the initial nuclei. Interestingly, a novel strategy using a solvent 
mixture composed by dibenzyl ether, 1-octadecene and 1-tetradecene with oleic 
acid and sodium oleate has been reported for the synthesis of more stable and repro-
ducible particles than just using dibenzyl ether [24]. Using this synthesis approach, 
by increasing the temperature at which the reaction mixture is degassed, Fe3O4 nan-
ocubes of 10 nm could be grown. Using an aqueous route, the hydrolysis of iron (II) 
sulphate in alkaline media mixed with ethanol in the presence of a mild oxidant 
renders magnetite nanocubes from 30 to 170  nm [25]. This synthesis has been 
recently scaled up to grams per hour in a continuous flow approach [26].

Magnetite octahedrons exposing the {111} facets are grown through the 
decomposition of iron (III) oleate in noncoordinating high-boiling point solvents in 
the presence of an amine or ammonium quaternary salts (Fig. 3c). For example, the 
decomposition of iron (III) oleate in tetracosane in the presence of oleylamine leads 
to 21 nm Fe3O4 octahedrons [27]. Using trioctylammonium bromide in conjunction 
with oleic acid as surfactants and squalene as solvent leads to 50 nm Fe3O4 octahe-
drons. [28, 29] Interestingly, the decomposition of iron (0) pentacarbonyl in the 
presence of a mixture of surfactants and oleylamine/oleic acid 10:1 leads to 50 nm 
octahedral particles [30].

Elongated or rod-like Fe3O4 nanoparticles have been traditionally synthesized 
using a shape template as intermediate, but nowadays they can also be prepared 
directly in organic media (Fig. 3b). Due to its crystal structure, hexagonal hematite 
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(α-Fe2O3) [34], orthorhombic goethite (α-Fe2O3) [35] or monoclinic akaganeite (β- 
Fe2O3) [36] have been ideal candidates for magnetite templating. In the case of 
direct synthesis of hematite, the synthesis is very slow (it takes several days) and 
large nanoparticles (hundreds of nm) are obtained [37]. The concentration of the 
iron salt, the ageing time and the presence of phosphate ions [37] and urea [38] 
affect their final length. Interestingly, using akaganeite for templating, the reaction 
time is reduced and also the particle dimensions [39]. This synthesis could be con-
trolled by modifying the pH but also with the presence of polymers with amine 
groups, such as polyethylenimine [40, 41]. During the last years, a solvothermal 
method to grow magnetite nanorods in one step has been developed [42, 43]. This 
method uses iron (0) pentacarbonyl as precursor in the presence of hexadecylamine 
and oleic acid, using 1-octanol as solvent. The resulting magnetite rods have lengths 
from 25 to hundreds of nm and aspect ratios from 5 to 10.

Magnetite discs/plates need the use of an intermediate step for their final syn-
thesis (Fig. 3f). By performing a synthesis where the growth through the long axis 
is inhibited, it is possible to synthesize hematite disk/plate like nanoparticles that 
serve as templates. Thus, the use of sodium acetate as inhibitor in the hydrolysis of 
iron (III) chloride in a mixture of water/ethanol is a robust synthesis route [33, 44, 
45]. Then, the reduction could be performed by annealing under inert/reducing 
atmosphere or in organic media with oleic acid. By this route, it is possible to syn-
thesize discs from 400 x 8 nm to structures of 40 x 40 nm.

Hollow magnetite nanoparticles are obtained through different strategies 
(Fig. 3d). The sodium resulting from the decomposition of sodium oleate at 380 °C 
is able to carve iron oxide nanocubes synthesized using iron (III) oleate as precursor 
[46]. Starting from Fe nanospheres, by passing or generating an oxygen flow 
through the reaction at high temperatures, the hollowing effect is achieved due to 
the inward diffusion of oxygen and outward diffusion of the iron cations [31, 47].

Flower-like magnetite nanoparticles, i.e. clusters of magnetite nanoparticles of 
a controlled size, are mainly synthesized by the polyol method using ethylene gly-
col as solvent (Fig.  3e). For the cluster formation it is critical the addition of 
N-methyl diethanolamine, which is used to control the aggregation of the primary 
cores (5–20 nm) in larger particles of around 30–50 nm [48, 49].

3  �Applications

The control of the nanoparticle morphology could bring different benefits such as 
the enhancement of the magnetic properties due to the shape anisotropy and specific 
surface area increase in comparison to the spherical morphology. In addition, each 
morphology exposes different facets of the nanoparticle which determine the final 
activity of the nanoparticles [50]. All these tuneable properties postulate the aniso-
tropic magnetic iron oxide nanoparticles for widespread applications.

L. Gutiérrez et al.



71

3.1  �Biomedicine

Magnetic iron oxide nanoparticles have been widely studied in the biomedical field 
due to their appealing magnetic properties which can be finely controlled by their 
size, shape and aggregation state [5, 9]. These particles are biocompatible and bio-
degradable, since iron is a nutrient and can be metabolized by the organisms [51]. 
Indeed, iron oxide nanoparticles are the only magnetic material approved by the 
Food and Drug Administration (FDA) for biomedical applications [52]. Although 
iron oxide nanoparticles can be biofunctionalized with proteins for specific cell tar-
geting, remarkably, due to their magnetic character, this type of particles can be 
driven to and accumulated at the desired organ/tissue by magnetic actuation (active 
targeting) [53]. Magnetic iron oxide nanoparticles can be active agents in both diag-
nosis and therapy.

�Diagnosis

In diagnosis, magnetic iron oxide nanoparticles can be used as T2 contrast agents in 
magnetic resonance imaging. This imaging technique is characterized by a high 
spatial resolution and high soft-tissue contrast. Iron oxide magnetic nanoparticles 
have a high magnetic moment that produces inhomogeneities in the local magnetic 
field of the water protons leading to a reduction of the MRI signal intensity on T2 
(transverse relaxation time) weighted images [52]. There were different formula-
tions based on superparamagnetic iron oxide nanoparticles approved by the Food 
and Drug Administration, but most of them (Feridex, Endorem or Resovist) were 
removed from the market due to the lack of clinical use [54]. Only Ferumoxytol 
remains in market due to its low hydrodynamic size (< 40 nm) and its long circulat-
ing half-life (15 hours) [55]. To study the capacity of magnetic nanoparticles as 
contrast agents, one of the variables to study is the longitudinal or transversal relax-
ivity (r1 or r2, respectively), which is a direct measurement of how the magnetic 
nanoparticles decrease the relaxation time of the water protons due to the perturba-
tion of their magnetic local field.

In general, faceted magnetic iron oxide nanoparticles present better magnetic 
properties [36, 56] and are more suitable for MRI than their spherical counterparts. 
Moreover, it seems that a higher specific surface area favours larger r2 values 
(Fig. 4). Therefore, elongated nanoparticles are particularly a good morphology to 
be used as MRI contrast agents. Magnetite rods of 25 and 50 nm length (both with 
5 nm in diameter) have r2 values of 670 and 905 mM−1·s−1, respectively [57]. Thicker 
magnetite nanorods (70x12 nm), that possess a transversal relaxivity of 608 mM−1·s−1 
and nanorods (30x4 nm) with a r2 of 312 mM−1·s−1 [58], also exhibit better perfor-
mances than the commercial MRI contrast agents (Ferumoxytol; r2 = 68 mM−1·s−1).

The exchange interactions given by the clustering of the maghemite particles 
when they are displayed in flower-shaped morphology also brings benefits to their 
relaxometric properties. 30 nm clusters made of primary units of 10 nm exhibit a r2 
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of 365 mM−1·s−1, near 2 times higher than 10 nm single-core particles made by the 
same method (polyol). This improvement is due to the cooperative behaviour of the 
magnetic moment, which increases the intensity of the local magnetic field.

Single 23  nm magnetite nanocubes reach a transversal relaxivity value of 
398 mM−1·s−1 [59]. However, it should be noted that the configuration of the nano-
cubes in solution affects their relaxometric properties as when they are clustered in 
200 nm beads, their r2 decays down to 161 mM−1·s−1. Magnetite octopods of around 
30  nm present a considerable high transversal relaxivity value of 679  mM−1·s−1 
(measured at 7 T) much larger than their spherical equivalent (126 mM−1·s−1) [60].

During the last decade, the research on the use the iron oxides as T1 contrast 
agents (positive contrast) has been intensified [61, 62]. Magnetic iron oxide 
nanoparticles with a relatively small size and/or a large surface area increase the 
exposure of Fe ions to water interface and are ideal candidates for T1 contrast agents 
(Fig. 4). Due to its small size, particles tend to be “more paramagnetic” than super-
paramagnetic exposing their five unpaired Fe3+/Fe2+ electrons [62]. Moreover, their 
longer circulation time and better biocompatibility than gadolinium complexes (the 
main commercial T1 contrast agent) postulates iron oxides as a promising material 
for this application [63]. Also, ultrathin iron oxide nanowhiskers (20x2 nm) have 
shown interesting properties as T1 contrast agent with a high r1 (6.3 mM−1·s−1) and 
low r2 (11.15 mM−1·s−1) [64], slightly better than 3 nm spherical ultrasmall iron 
oxide nanoparticles (r1 = 5.2 mM−1·s−1; r2 = 10.4 mM−1·s−1) [63].

3.2  �Therapy

One of the main problems of cancer and other diseases is the difficulty of achieving 
enough drug concentration at the action site to produce the desired therapeutic 
effect. Magnetic iron oxide nanoparticles, through two different approaches, 

Fig. 4  Magnetic iron oxide morphologies that have shown a better performance for MRI and their 
fundamental properties
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magnetothermia and photothermia, are valuable tools for the design of new and/or 
more efficient therapies (Fig. 5).

In magnetic hyperthermia, magnetic iron oxide nanoparticles can release heat 
under the application of an alternating magnetic field (50–700 kHz) [65–67]. Since 
the generated heat affects the tumour locally, it would cause minimal damage to 
healthy tissues. Therefore, magnetic hyperthermia is an alternative to reduce the 
side effects of chemotherapy. There are several mechanisms (susceptibility loss, 
hysteresis losses and viscous heating) by which the magnetic nanoparticles can dis-
sipate heat [68–70]. The particles structural and colloidal properties (i.e. particle 
size, shape, aggregation state, interactions), the media (viscosity) and the AC field 
(frequency and amplitude) will determine which of the aforementioned mechanisms 
is the main one to produce heat. The capability of magnetic nanoparticles to release 
heat is evaluated by the specific absorption rate (SAR), which can be defined as the 
power dissipated per unit mass [71].

In the latest years, an intense research has been performed regarding the proper-
ties of magnetite nanocubes for magnetic hyperthermia. The comparison of 
nanocubes (19.5 nm) and spheres with the same volume (24 nm) leads to SAR val-
ues favourable to the nanocubes. [72] However, comparing heating properties of 
53  nm spheres and 43  nm cubes, it was found better heating properties for the 
spherical ones because the cubes were forming strong and isometric aggregates 
[73]. Cubes of different sizes (13–38 nm) have been studied finding the best SAR 
for 19 nm particles 2277 W·g−1 (700 kHz, 300 Oe) [74]. Interestingly, the configura-
tion of possible aggregates deeply affects the SAR values. 3D aggregates of 38 nm 
nanocubes have a SAR of less than 300 W·g−1; however, when they were isolated, 
the SAR increased up to 1400 W·g−1 [75]. Nevertheless, it has been demonstrated 
that the formation of chain-like aggregates aligned in the magnetic field boosts the 
SAR value by five times compared to 3D aggregates [73]. The measurement of SAR 
evaluates the possible performance of the nanoparticles; however, when hyperther-
mia is performed in vivo, it suffers from low heating efficiency due to the high vis-
cosity of the tumour site and particle aggregation upon intracellular internalization 

Fig. 5  Magnetic iron oxide morphologies that have shown a better performance for hyperthermia 
and their fundamental properties
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[76]. Thus, the confinement of magnetic nanoparticles in cavities of hundreds of 
nanometres would enable a certain degree of nanoparticle rotation and minimize 
aggregation effects, so the heating power would be better preserved intracellu-
larly [77].

Octahedral magnetite nanoparticles have also an optimum morphology to 
work as nanoheaters in magnetic hyperthermia. Small octahedrons of 6 and 12 nm 
exhibit SAR values of 163 and 275 W·g−1 (247 kHz, 310 Oe) [78]., 40 nm octahe-
drons reach up to 2483 W·g−1 (358 kHz, 800 Oe) and finally 98 nm octahedrons, 
around the monodomain limit of magnetite, have been reported to reach 
2629 W·g−1 [79].

Elongated magnetite nanoparticles display moderate heating release proper-
ties when compared to other morphologies. The drawback is the high field ampli-
tude needed to obtain a proper heating release due to the high switching field needed 
to reverse the magnetic moment. Magnetite nanorods grown from the reduction of 
akaganeite with dimensions of 45x10 nm exhibit a SAR of 1072 W·g−1 (390 kHz, 
415 Oe), whereas longer rods (400x40 nm) displayed lower SAR values. High crys-
talline rods made by solvothermal approach exhibit SAR values of 1300  W·g−1 
(310 kHz, 800 Oe). In contrast, smaller rods of 41x7nm only reached 540 W·g−1 [43].

Magnetite nanoplates of certain dimensions have the advantage of the forma-
tion of magnetic vortex configurations where spins are arranged circularly and ori-
ented parallel to the field [80]. As a consequence, these particles display negligible 
coercivity and remanent magnetization which results in extraordinary SAR values, 
up to 4400 W·g−1 for nanoplates of 225 nm in diameter and 26 nm in thickness [81]. 
However, for nanodiscs without vortex configuration (150–200x10–15 nm), only 
values of 245 W·g−1 (180 kHz, 12 Oe) have been described [44].

Superparamagnetic γ-Fe2O3 nanoflowers of 50 nm containing spherical 11 nm 
particles grown by the polyol method can reach a SAR value of 1790 W·g−1, much 
larger than SAR of single 11 nm (48 W·g−1) [49]. Controlled aggregation seems to 
boost the increase of SAR; however, a compromise between colloidal stability and 
heating performance should be achieved. In addition to that, nanoparticle cell affin-
ity needs to be maximized through conjugation with biological targeting molecules 
to increase nanoparticle concentration inside the cells [82].

During the last 5 years, magnetic iron oxides, especially magnetite, have also 
shown good photothermal properties allowing their use in photothermal therapy. 
Magnetite presents some absorption in the near-infrared range (NIR), especially in 
the first biological window where water or other biomolecules do not present 
absorption. The combination of magnetic hyperthermia (900  kHz, 250  Oe) with 
phototherapy (λlas = 808 nm, 2.5 W·cm−2) using 20 nm aggregated magnetite nano-
cubes resulted in a combined SAR value of 4850 W·g−1. Interestingly, by doing just 
magnetic hyperthermia, a much smaller SAR value (1000  W·g−1) was achieved 
[83–85].

Interestingly, some anisotropic structures could lead to magnetomechanical 
actuation by applying an AC magnetic field of low frequency, just to promote the 
rotation of the particles. It has been reported that Fe3O4 nanorods (200x50 nm) [86] 
induce cancer cell death on HeLa cells through mechanical oscillations under the 
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exposure of a 35 kHz field, associated with the Brownian motion of the nanorods 
[87]. Nanodiscs could also induce cell death through magnetomechanical effects. 
Nanodiscs made of Permalloy coated with gold (1000x60 nm) were able to exert 
mechanical forces to N10 glioma cells leading to apoptosis. The AC field of low 
frequency (60 Hz) induced a shift of the vortex structure, creating an oscillation 
which was then transmitted to a mechanical force applied to the cell [88]. This strat-
egy opens a new pathway where magnetic iron oxide nanodiscs could be applied.

3.3  �Magnetic Recording Media

In the second half of the twentieth century, magnetic recording media were based on 
acicular iron oxide magnetic nanoparticles (γ-Fe2O3) with a length size between 100 
and 500 nm and aspect ratios from 6 to 10. They were used as magnetic recording 
material because of their chemical stability, high magnetic moment aligned with the 
largest dimension of the particle and high Curie temperature (590–675 °C) to keep 
moderate coercivity (not too high to allow successful writing and not too small to 
resist changes or degradation of signals) (Fig. 6) [89, 90]. Elongated morphology 
was preferred as shape anisotropy is the main contributor to the effective anisotropy, 
being up to two orders of magnitude higher than the magnetocrystalline one for 
particles with axial ratio larger than 6. On the other side, the microstructure of the 
particles, including defects, pores and inhomogeneities, were shown to decrease the 
effective anisotropy [91, 92]. These problems were inherent to the synthetic routes 
employed for the growth the magnetic iron oxides using lepidocrocite (γ-FeOOH) 
or goethite (α-FeOOH) as shape templates, as the subsequent dehydration was the 
main cause of pore and defects formation [93, 94]. An alternative route was based 
on the hydrothermal treatment of Fe(OH)3 which leads to hematite (α-Fe2O3) 
bypassing the formation of iron oxyhydroxides and the formation of pores [34, 95]. 
In the last decade of the twentieth century, iron oxides, as well as chromium dioxide 
particles, were replaced by metal particulate materials, which possess twice the 
magnetization of iron oxides and higher coercivity [96–98].

Fig. 6  Magnetic iron oxide morphology tested for magnetic recording media and their fundamen-
tal properties
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3.4  �Water Treatment

One of the major challenges in the environmental field is water treatment for the 
removal of heavy metal ions like As, Pb, Hg, Cr, Cd and Ni, which cause harmful 
effects on humans and animals [8]. Moreover, organic pollutants such as detergents 
and pesticides, all of them from human source, can also be found in water and rep-
resent another type of environmental threats. They mainly consist in chlorinated and 
nonchlorinated aliphatic and aromatic molecules [99]. Traditional methods for 
water treatment include centrifugation, coagulation, filtration and reverse osmosis. 
The use of iron oxide nanoparticles for water remediation as absorbents of metal 
ions presents several advantages such as their relatively low cost, the efficient recov-
ery of the material by a simple magnetic separation procedure and also its high 
specific surface area (Fig. 7) [100]. It has been demonstrated that the absorption 
capacity of As(III) and As(V) increases from 0.6 to 59.5 mg As·g−1 as the magnetite 
particle size decreases from 300 to 11 nm. These differences were explained by the 
distinct exposed surface area and the different reactivity of the surfaces (decrease of 
tetrahedral site occupancy) [101–103]. The main mechanism related to the absorp-
tion of pollutants at the particles surface is the complexation and/or electrostatic 
interaction, followed by ion exchange between the iron surface and the toxic ions 
[104, 105]. The performance of the iron oxide nanoparticles depends on the crystal-
line structure (Fe3O4 or γ-Fe2O3), the particle concentration, the surface coating and 
the presence of interfering ions (especially nitrate and phosphate ions) [106, 107].

Due to its porous 3D morphology and high specific surface area, micron-sized 
nanoflowers have shown great potential in the absorption of As(V) and Cr(VI). 
Depending on the phase, values for the absorption of As(V) of 4.65 and 4.75 mg·g−1 
have been found for Fe3O4 and γ-Fe2O3, respectively, while smaller differences have 
been found for the absorption of Cr(VI) (4.38 and 3.86  mg·g−1 for Fe3O4 and 
γ-Fe2O3) [108]. These nanoflowers have been also tested for the absorption of 
Orange II reaching absorption values around 43.5 mg·g−1. Hollow iron oxide nano-
cubes with a length of 7 nm and a shell thickness of around 2 nm have shown a 
powerful capacity for the absorption of As(V) (326 mg·g−1) and As(III) (190 mg·g−1) 

Fig. 7  Magnetic iron oxide morphologies that have shown a better performance for water treat-
ment and their fundamental properties
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[109]. Hollow spheres between 200 and 300 nm in diameter and 20 nm shell thick-
ness were tested for the absorption and removal of Neutral Red dye reaching values 
up to 90 mg·g−1 [110].

Despite these encouraging results, magnetic nanoparticles have important limita-
tions in their use for water remediation, mainly related to the large quantities 
required for this application and the difficulties to fulfil the regulations for obtaining 
drinking water [8, 111].

3.5  �Spintronics

Magnetite is a high-valuable material for application in spintronics because it is 
classified as a half-metallic ferromagnet (bandgap of 0.1–0.15 eV) with high values 
of spin polarization but also favourable Curie temperature (TC  =  850  K) [112]. 
Density functional theory (DFT) has predicted a value of −100% spin polarization 
at the Fermi level for the bulk material [113].

Recently, if has been observed that 8 nm magnetite octahedrons capped with 
oleylamine exhibit interesting results in tunnelling magnetoresistance (TMR). [114] 
The oleylamine surface layer between the particles acts as insulating barrier provid-
ing multiple tunnel injection junctions where intergranular tunnelling is possible. 
TMR at room temperature reaches 38% increasing up to 69% at 180 K, much higher 
than those measured for spherical 8 nm particles coated with oleylamine (24% at 
room temperature and 41% at 180 K). The better performance of octahedral parti-
cles is a consequence of their better stoichiometry at the surface, presenting less 
defects that increase the spin polarization of the material and so the TMR. Moreover, 
the fact that (111) facets are exposed facilitates the strong coupling of oleylamine 
molecules on them (Fig. 8). Magnetite nanorods (75 × 9 nm, aspect ratio 8.3) were 
also tested as potential material for spintronics, and it was measured a TMR of 14% 
at room temperature when they were randomly oriented [115]. However, once they 
were oriented, they could increase its TMR up to 19% and to 31% at 130 K (close 
to the Verwey transition) because the relative magnetization is maximized due to the 
parallel orientation of the nanorods. The study of the particle dimensions with the 

Fig. 8  Magnetic iron oxide morphologies that have shown a better performance for spintronics 
and their fundamental properties
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TMR leads to a TMR decreases with the nanorod dimension, mainly for the diam-
eter. Thus, the spin polarization of the 75 x 9 nm magnetite rods was 46%.

3.6  �Microwave Absorption

In recent years, there has been an upsurge of electronic devices and communications 
(i.e. smartphones, satellite broadcasting, local area network (LAN), radars, etc.) 
operating in the gigahertz range (GHz) whose main drawback is the electromag-
netic noise leading to poorer communications. Moreover, microwave radiation 
induces a considerable amount of health threats to organisms causing the break-
down of DNA strands, increasing heart rate, weakening the immune response and 
inducing cancer [116]. In this regard, iron oxide magnetic nanoparticles have 
shown high microwave absorption and low reflection over a broad frequency range. 
Tuning the particles microwave absorption properties is possible by controlling 
their size and shape and consequently their magnetic properties, that is high satura-
tion magnetization values and low coercivity that favour larger permeability (Fig. 9) 
[117]. The development of Fe3O4 composites with large anisotropy may exceed the 
Snoeck limit, having high permittivity and reaching better MW absorption proper-
ties [118, 119].

Fe3O4 nanodiscs with a thickness of 30 nm have shown an increase of the per-
mittivity with the diameter (from 80 to 500 nm) and resonance frequency [120]. 
However, the permeability shows an opposite trend (2.0 for the 80 nm and 1.8 for 
500 nm discs at 0.1 GHz) due to the increase in shape anisotropy as the diameter 
grows. The smallest nanodiscs (30x 80 nm) exhibit a high microwave absorption as 
a consequence of its lower permittivity (RL < -10 dB) with a wide frequency band-
width of about 2–18 GHz, with a sheet thickness of around 2.1 mm. In the same 
way, nanorods of Fe3O4/Fe/SiO2 of 1 μm x 80 nm present properties as microwave 
absorbers since the reflection loss below −10 dB is up to 6.96 GHz with a sheet 
thickness of 2  mm [121]. Porous magnetite flowers with a diameter of 2.5 μm 

Fig. 9  Magnetic iron oxide morphologies that have shown a better performance for microwave 
absorption and their fundamental properties
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composed of cores of 50 nm present a bandwidth with a RL < -10 dB of 3.8 GHz 
with a minimum of −28.31 dB at 13.26 GHz. Magnetite nanorings coated by car-
bon of 160 x 70 nm exhibit a strong reflection loss value of 61.54 dB at 16.9 GHz 
with a thickness of 1.5 mm and a low filling ratio of 25%. Authors attribute this 
attenuation ability to the eddy current loss enhanced by combination of confinement 
vortex and train-driven vortex [122].

It can be concluded that the performance of Fe3O4 for microwave absorption may 
require a high anisotropic material that also contains certain porosity in its structure 
increasing the interfacial area throughout the composite [123].

3.7  �Li-Ion Batteries

The use of Fe3O4 as material for the design of Li-ion batteries (LIBs) is due to its 
high theoretical capacity (900–1000  mA·h·g−1), low cost, environmental-friendly 
and high rate performance [124, 125]. The current generation of LIBs are based on 
electrode materials in which Li+ ions are stored by insertion between structural lay-
ers during charging and extracted from the layers during discharging without sig-
nificant structural change, which gives excellent cycling performance. The 
electrochemical reaction between Li and magnetite occurs as follows:

	 Fe O Li e Fe Li O3 4
0

28 8 3 4+ + → ++ −
	

Fe3O4 presents several drawbacks for their application as LIBs such as stress due 
to volume changes after lithium ions charge and discharge and the high surface area 
of nanomaterials which causes aggregation of the iron oxide nanoparticles and elec-
trolyte decomposition forming a thick solid electrolyte interphase on the electrode 
surface [126, 127]. Fortunately, the use of high porous and/or hollow nanostructures 
with high surface area has shown good properties as LIBs materials because they 
shorten the diffusion pathway of Li ions and electrons and increase the electro-
chemical reaction area leading to an improvement penetration of the electrolyte and 
accommodating the strain caused by the lithium inclusion/removal (Fig. 10).

Fig. 10  Magnetic iron oxide morphologies that have shown a better performance for Li-ion bat-
teries and their fundamental properties
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For example, high porous Fe3O4 nanorods with lengths within 400 and 700 nm 
and diameters between 20 and 80  nm coming from the reduction of goethite 
nanorods exhibit a high reversible capacity of 843.5 mA·h·g-1 after the 50th cycle 
at 0.1 C (10 h discharge time) due to the high dense porous structure and the elon-
gated morphology [128]. A composite of Fe3O4 nanoflowers in carbon with a diam-
eter of 2  μm and sheets of 50  nm in thickness exhibits high capacities up to 
1030 mA·h·g−1 at a density rate of 0.2 C (5 h discharge time) up to 150 cycles [129]. 
Noteworthy, it has been observed a different electrochemical activity in the facets 
exposed to the media by the Fe3O4 nanostructures. Thus, (220) facets which can be 
found in nanoprisms are more electroactive than (111) which are characteristic of 
octahedrons. [130] Moreover, comparing nanorods, nanoplates and spherical parti-
cles, the nanorods present a higher electrochemical activity and larger working 
capacities [42].

Hollow γ-Fe2O3 nanoparticles with a void around 15 nm and a shell thickness 
near 4 nm can host lithium ions serving as cathode material reaching a capacity of 
219 mA·h·g−1 with a Coulombic efficiency of 99.7% [131]. In the case of smaller 
hollow particles (5.7 nm in void with less than 2 nm in shell thickness) capacities up 
to 132  mA·h·g−1 were displayed, being the high concentration of vacancies and 
chemical stability of γ-Fe2O3 during the voltage window the reasons for these high 
capacity values. On the other hand, 16  nm Fe3O4 nanocubes synthesized by a 
L-serine-assisted solvothermal approach presents a high specific capacitance of 
695 mA·h·g−1 at 0.2 C and an excellent Coulombic efficiency of above 95% after the 
11th cycle [132]. Rhombic dodecahedral Fe3O4 nanocrystals (NCs) exposing 
{110} facets exhibit a high initial discharge capacity of 1147 mA·h·g−1 at 0.2 C and 
a good cycle performance (362 mA·h·g−1 at 0.2 C after 100 cycles and 191 mA·h·g−1 
at 1 C up to 130 cycles) [133].

4  �Conclusions and Perspectives

Since ancient times, magnetic iron oxide nanoparticles have been present in peo-
ple’s daily life being remarkable the feasibility of this material to adapt thank to 
their appealing properties. The possibility of synthesizing these particles using ver-
satile synthetic routes boosted the interest of researchers to establish a clear relation 
between the electrical, magnetic and optical properties and their particle size, shape 
and internal structure. It can be concluded that their performance is intimately 
related to the followed synthetic pathway.

During the latest years, the synthesis of anisotropic magnetic iron oxide nanopar-
ticles, i.e. nanoparticles with nonspherical shape, has received a great attention. The 
anisometry leads to new functionalities such as enhanced magnetic properties due 
to the increase in the magnetic effective anisotropy, a higher surface to volume ratio 
and different particle facets exposed modulating the reactivity with molecules, par-
ticles or other entities. These properties are very advantageous in widespread appli-
cations such as biomedicine as theranostic agents (MRI and magnetic/optical 
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hyperthermia) and others such as magnetic recording media, environmental reme-
diation, Li-ion batteries, spintronics or microwave absorption.

This chapter summarizes the most reproducible and successful synthetic routes 
that lead to iron oxide magnetic nanoparticles with nonspherical morphology and 
also their applications related to the actual societal challenges. Most of the mor-
phologies considered can be synthesized by thermal decomposition and solvother-
mal synthesis. Although thermal decomposition produces monodisperse and highly 
crystalline nanoparticles, this strategy also uses organic solvents which are not envi-
ronmentally friendly, and for some applications, a further step to transfer them to 
water is needed. On the other side, solvothermal synthesis produces nanoparticles 
stable in aqueous media, with less sophisticated protocols and more environmen-
tally friendly solvents. However, this synthesis route is more difficult of scaling up 
and requires longer time and in many cases a final step for the reduction of the 
resulting nanoparticles, from hematite to magnetite. Summing up, among the differ-
ent synthesis routes described here, factors like time, cost, energy consumption, 
environmental issues and scalability should be considered when translating these 
processes to the industry.

The applications reviewed in this chapter are very broad, from environmental 
remediation and biomedicine to spintronics and energy (Li-ion batteries). Most of 
the research on magnetic nanoparticles for these applications (except magnetic 
recording media) has been carried out with spherical particles, whose properties 
depend on particle size, aggregation, crystallinity and coating. However, during the 
latest decades of the twentieth century, iron oxide and iron metal particles with 
elongated morphology were the ideal structure for magnetic recording media due to 
the enhancement of the anisotropy constant. In the latest years, the literature regard-
ing anisometric iron oxides nanoparticles has boosted, demonstrating the interest in 
them with other areas respect to their spherical equivalents. For example, the use of 
magnetic nanocubes and nanodiscs in magnetic hyperthermia leads to an increment 
in the SAR values, also showing a great performance in in vitro studies. Interestingly, 
the performance of these particles as heating agents can be increased if magnetic 
hyperthermia is combined with photothermal therapy. On the other hand, nanostruc-
tures with high specific surface area that exhibits porosity are very advantageous for 
Li-ion batteries because they shorten the pathway of Li ions and electrons leading 
to an improvement penetration of the electrolyte.

In general, the excellent properties of magnetite and maghemite confer these 
materials of a unique adaptability setting this material far away of being “old fash-
ion” for practical applications. In the case of magnetite, these properties are based 
on its structure of inverse spinel with an interesting electron hoping between Fe2+ 
and Fe3+ ions at octahedral sites. This material has been subject of interest in diverse 
fields such as magnetism, optics and electronics. Interestingly, most of its properties 
abruptly change when crossing the Verwey transition. Enabling more degrees of 
freedom by shaping the morphology of the nanoparticles different from the spheri-
cal one has brought advantageous benefits in different applications. For most of the 
applications, only a few morphologies have been tested yet. There are still mor-
phologies with enormous potential such as plates, rings and nanotubes due to their 
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magnetic structure (vortex) or specific surface area that have not been tested prop-
erly in a variety of applications. Moreover, for some morphologies, there is room to 
improve the synthetic routes. These routes should be more robust, reproducible and 
scalable in order to make monodispersed particles with tuneable properties. 
Moreover, for the demanding application, there should exist more protocols about 
how to process the material to exhibit the best performance without losing any of its 
inherent properties.
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1  �Introduction

Plasmonic studies of oxide semiconductors, such as In2O3 and ZnO, have gained 
increasing attention given the discoveries of new optical properties with varied 
potential applications. Oxide semiconductors with metallic properties obtained by 
incorporation of impurity dopants show surface plasmon resonances (SPRs) in the 
infrared (IR) range [1–5]. Unlike traditional metals such as Ag and Au, SPRs can be 
widely tuned by control of the free carriers (electrons or holes) [6–8], thereby pro-
viding new possibilities for the optical manipulation of light. Additionally, plas-
monic studies can break new ground in the areas of oxide semiconductors. A 
characteristic property found by these studies is that the optical nature of oxide 
semiconductors shows a low-loss plasmonic material in near-IR wavelengths com-
pared with traditional metals. In particular, the band structures on oxide semicon-
ductors comprise s- and p-orbitals [9]. Band structures related to d orbitals such as 
those exhibited by the noble metals do not exist in the bandgap [10]. Therefore, 
SPRs based on oxide semiconductors provide new possibilities for alternative plas-
monic applications in the IR range.

Oxide semiconductor-based SPRs are excited on surfaces of different nanostruc-
tures [11–13]. Above all, nanoparticle (NP) shapes of ZnO: Al (ZAO) and In2O3: Sn 
(ITO) show localized-type surface plasmon resonances (LSPRs) due to the collec-
tive excitations of carriers into NPs [14, 15], which induce localized electric fields 
(E-fields) on the NP surfaces. To date, studies related to LSPRs have been focused 
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on metal NPs for optical applications of waveguides and biochemical sensing [16–
18]. Recently, ZAO and ITO NPs have launched as alternative plasmonic nanoma-
terials in the IR range by controlling the material characteristics. For example, 
assembled films of ITO NPs (ITO NP films) have shown increased photolumines-
cence and light absorption in the near-IR range [19, 20], which are related to strong 
E-fields formed on the NP film surfaces [21]. Plasmon coupling at an interparticle 
gap plays an important role in surface-enhanced fluorescence and Raman spectros-
copy [22] and has demonstrated using metal NPs in the visible range. Therefore, the 
use of oxide semiconductor NPs extends the interesting surface-enhanced optical 
characteristics to longer wavelengths in the IR range.

One of the aims of this work is to develop and utilize the plasmonic behaviors of 
oxide semiconductor NPs in thermal shielding applications. Solar energy comprises 
ultraviolet (5%), visible (40%), and IR rays (55%) [23]. At present, IR-reflecting 
film sheets in the near-IR and IR ranges are needed to prevent heat transfer from 
sunlight. Above all, the control of solar thermal shielding through windows affected 
by visible light creates a comfortable environment inside automobiles and build-
ings. Silica aerogels [24, 25], photonic crystals [26, 27], and metal–oxide multilay-
ers including ITO-TiN (Au)-ITO and TiO2-Cu-TiO2 [28–30] have been reported as 
conventional technologies for use in solar thermal shielding applications. Recently, 
oxide semiconductors have received much attention in the area of thermal shielding 
as a means of preventing solar and radiant heat in the near- and mid-IR range, 
respectively [31]. The composites and films consisting of oxide semiconductor NPs 
show optical properties in the IR range that are dominated by absorbance [30, 32–
34]. However, present thermal shielding applications have mainly focused on cut-
ting IR radiation not by absorption, but through reflection. To date, no paper has 
reported on the reflective performance of doped oxide semiconductor NPs. 
Plasmonic applications exhibiting thermal shielding ability have not been previ-
ously studied in detail. In this chapter, we introduce the plasmonic properties neces-
sary for satisfying recent industry demands for a material with thermal shielding 
ability using ITO NP films as a concrete example.

This chapter is organized as follows. In Sect. 2, we give a description of the 
structural and optical properties of ITO NPs through local structural analyses. In 
Sect. 3, we report on plasmonic responses of ITO NPs from theoretical and experi-
mental approaches. Elucidation of the optical processes of plasmonic excitations in 
ITO NPs can provide valuable information for oxide semiconductor plasmonics. 
Section 4 is devoted to a detailed discussion of thermal shielding using ITO NP 
films. In particular, we describe plasmonic responses related to the three-dimensional 
E-field coupling along the out-of-plane and in-plane directions, which is important 
in facilitating selective high reflections in the IR range. This mechanism becomes 
important in the harnessing of IR optical properties for the fabrication of solar ther-
mal shielding. In Sect. 5, we detail some electromagnetic responses of assembled 
ITO NP films in the microwave region. Finally, concluding remakes are given in 
Sect. 6.
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2  �Structural and Optical Properties of ITO NPs

2.1  �Structural Analyses

ITO NPs were fabricated using a metal–organic decomposition technique [35]. The 
metal precursor complexes of (C9H22CO2)3In and (C9H22CO2)4Sn were selected as 
starting materials. Indium and tin carboxylates with a chemical ratio of 95:5 were 
heated in a flask supported by a heating mantle to 350 °C and then maintained at this 
temperature for 4 h. The mixture was then gradually cooled to room temperature 
which afforded a pale blue suspension. ITO NPs with a pale blue color were obtained 
after repeated centrifugation and washing with processes using ethanol and final 
dispersal in toluene.

Figure 1a shows X-ray diffraction (XRD) patterns of ITO NPs with Sn content 
([Sn]XFS) of 0 and 5%. The Sn content of ITO NPs was determined using X-ray 
florescent spectroscopy (XFS). XRD results revealed that the NPs exhibited broad 
diffraction peaks of a colloidal sample with a crystal structure [36]. Broadening of 
the line widths of the XRD patterns can be attributed to structural imperfections 
such as defects and strains. Transmittance electron microscopy (TEM) 
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Fig. 1  (a) XRD patterns of ITO NPs with Sn contents of 0% and 5%. Inset shows low- (left) and 
high-resolution (right) TEM images of an ITO NP with a Sn content of 5%. (b) EDX spectra at the 
center and edge regions of the NP. Inset represents ED patterns of the (222) plane at the center and 
edge. (Fig. 1 from [20]). (Copyright ©2014 American Institute of Physics)
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measurements of the NPs showed that the NPs had isolated particle features due to 
organic ligands (C10H22O2) terminated on the NP surfaces [inset of Fig. 1a]. Electron 
diffraction (ED) analyses revealed that the lattice interval (d222) along the [222] 
direction at the center region (d222 = 0.301 nm) was close to that at the edge region 
of the NP (d222 = 0.302 nm) [inset of Fig. 1b]. The experimental results of energy-
dispersive X-ray microscopy showed that the Sn concentration [Sn] at the center 
region ([Sn] = 5.4%) was similar to that at the edge region ([Sn] = 5.2%), indicating 
that Sn atoms in the NP were spatially homogeneous [Fig. 1b].

We further examined the local structures of the NPs by scanning-TEM (STEM) 
coupled with electron energy-loss spectroscopy (STEM-EELS) [30]. STEM-EELS 
can directly detect a plasmonic response in a single NP. High-angle annular dark 
field (HAADF) images in Figs. 2a–c clear show that indium and Sn components in 
the NP were distributed homogeneously. The EELS spectra at the edge and vacuum 
regions on the STEM-acquired particle image showed a slight spectral difference in 
energy-loss regions from 1.0 to 0.5 eV [Fig. 2d]. In Fig. 2e, a differential EELS 
spectrum showed a maximum peak at 0.7 eV that was similar to the light absorption 
in the near-IR range, which was evidence of a LSPR excitation on the NP surface as 
result of spatially homogeneous doping of Sn atoms in the NP.
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Fig. 2  (a) Aberration-corrected STEM image, and HAADF images of In (b) and Sn atoms (c) in 
the ITO NP with a Sn concentration of 5%. (d) EELS spectra taken in the electron probe position 
at vacuum (black lime) and edge (red line) regions, and a STEM-acquired particle image (inset). 
(e) Differential EELS spectrum (black line), and optical spectrum of ITO NP taken in the near-IR 
(green line). (Fig. 3 from [35]). (Copyright ©2014 American Institute of Physics)
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2.2  �Optical Properties

Optical absorptions of ITO NPs with different electron density (ne) were examined 
[Fig. 3] and indicated that the systematic change in the absorption spectra is clearly 
related to the Sn content. Absorption measurements were performed using a Fourier 
transform infrared (FTIR) spectrometer. ne values were estimated from the absorp-
tion spectra using theoretical calculations. The following equation was used to 
derive absorption intensity (A) from the experimental data [20]:
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where k = 2π(εd)1/2ω/c with c representing the speed of light, εd indicates the host 
dielectric constants of toluene, εm(ω) is the particle dielectric function, and R is the 
particle radius. Furthermore, εm(ω) employed the free-carrier Drude term with a 
frequency-dependent damping constant, Γ (ω) [20]:
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The plasma frequency (ωp) is given by ω ε εp ne m2
0= ∞

∗/ , where ε∞ is the high-
frequency dielectric constant, ε0 is the vacuum permittivity, and m* is the effective 
electron mass. Fitted absorptions were used with parameter values of εd = 2.03(n = 
1.426 refractive index of the solvent), ε∞ = 3.8, and m* = 0.3 m0 to estimate εp(ω).
The term Γ (ω) based on electron–impurity scattering can be described by the fol-
lowing relation [21]:
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Fig. 3  (a) Absorption spectra of ITO NPs with different electron density. Doping with Sn contents 
of 0.02, 1 and 5% into the NPs induced electron density of 6.3×1019 cm−3, 5.7×1020 cm−3. and 
1.1×1021 cm−3, respectively. Dot lines indicate theoretical calculations based on the modified Mie 
theory. (b) LSPR peak and absorption intensity of ITO NPs as a function of electron density
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where f(ω) can be described by f(ω) = [1+exp{(ω−Γx)/σ}]−1. Γ H and Γ L repre-
sent the high- (ω = ∞) and low-frequency (ω = 0) damping, respectively. Γ X and σ 
represent the change-over frequency and width of the function, respectively.

Calculated absorption spectra were very close to the experimental data. ITO NPs 
doped with Sn content of 0.02%, 1% or 5% provided electron density of 6.3×1019, 
5.7×1020 and 1.1×2021 cm−3, respectively [Fig. 3a]. We summarized the LSPR reso-
nant peak and absorption intensity as a function of ne [Fig. 3b]. The LSPR resonant 
peak gradually showed a redshift from the near-IR to mid-IR range with decreasing 
ne. Additionally, the absorption intensity decreased markedly with decreasing ne. No 
plasmon excitation was observed in the low ne region below 1019 cm−3. The Mott 
critical density (Nc) of ITO is estimated as Nc = 6×1018 cm−3. Below the Mott critical 
density, the impurity band does not overlap with the Fermi energy (EF) level. ITO 
NPs show semiconducting behavior. However, the EF level combined with the 
impurity band in the middle ne region from 1019 to 1020 cm−3. At the high ne region 
above 1020 cm−3, the EF level is placed in a highest occupied state in the conduction 
band. As a consequence, ITO NPs show metallic behavior. These results indicated 
that a large amount of free carriers were required to excite highly efficient plasmon 
excitations.

2.3  �Field Distributions

Figure 4 shows theoretical evaluations of E-field distributions monitored at different 
wavelengths. We used the three-dimensional Finite-difference time-domain 
(3D-FDTD) method to calculate E-field distributions. The experimental absorbance 
was close to the theoretical absorbance [Fig. 4a]. The E-field distribution of a single 
ITO NP was examined at different wavelengths. A typical field distribution is shown 
in Fig. 4e. The E-field strength around the NP surface calculated at 1.2 μm was very 
small [Fig. 4b]. However, the peak position at 1.8 μm corresponding to an LSPR 
resonant peak position showed the highest E-field strength [Fig. 4d]. The field dis-
tance from the NP surface was as small as 10  nm. This strong E-field plays an 
important role in a field enhancement at an interparticle gap, resulting in the appear-
ance of resonant reflectance in the IR range.
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3  �Structural and Optical Properties of ITO NP Films

3.1  �Structural Evaluations

Assembled NP sheets were deposited on IR transparent CaF2 substrates by a spin-
coating technique. The ITO NP films were investigated by small-angle X-ray scat-
tering (SAXS), which revealed an interesting insight into the scattering vector (q) of 
the SAXS intensity. The maximum SAXS peak (qmax) provides structural informa-
tion concerning spatial ordering of NPs calculated using l = 2π/qmax with a spatial 
period (l). In Fig. 5a, the SAXS pattern had a maximum peak at q = 0.33 nm−1 fol-
lowed by clear interferences, which corresponded to an l value of 20 nm being close 
to the edge-to-edge between NPs. The surface scanning microscopy (SEM) image 
showed a close-packed structure since spin-coating produces self-organizations of 
colloidal NPs arranged in a hexagonally close-packed (HCP) structure based on 
shear and capillary forces on substrates [37, 38] [Fig. 5b]. Additionally, a cross-
sectional SEM image also exhibited a close-packed structure [Fig. 5c]. However, 
the particle alignment showed disordered packing feature between NPs, as indicated 
from the fast-Fourier transform (FFT) pattern of the SEM image [inset in Fig. 5c]. 
Disorder of the local structure in the NP film produced the broad interferences of the 
SAXS pattern, which influences the optical properties of the NP films.
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3.2  �Optical Characteristics in the IR Range

The optical properties of a mono-layered ITO NP film are shown in Fig.  6. 
Transmittance spectra showed a resonant dip at 2.64 μm, indicating a redshift of the 
resonant wavelength due to a collective plasmon resonance (CPR) effect compared 
to those NPs dispersed in toluene [Fig. 6a] [40]. In contrast, reflectance at the reso-
nant wavelength was very small. The optical responses were mainly dominated by 
light absorptions. Furthermore, we evaluated the optical properties of ITO NP films 
from the viewpoint of theoretical simulations based on the 3D-FDTD method. The 
simulated NP layer was assumed to have a hexagonally close-packed (HCP) struc-
ture with an interparticle distance (r) of 2 nm along the in-plane (x−y) and out-of-
plane (y−z) directions [Figs. 6c and d]. The sample was illuminated with light 
directed in the z-direction from the air side. The E-field was parallel to the x-
direction. Periodic boundary conditions were applied to the X- and Y-directions, and 
the bottom and top of the simulated domain in the Z-direction were analyzed using 
perfectly matched layer (PML) boundary conditions.

The refractive index (real part: 1.437) of capric acid was used for the medium 
between the NPs. An ellipsometric measurement of an ITO film was conducted to 
obtain the complex dielectric constants within the visible–IR range. The simulated 
layer thickness was systematically controlled by the number of NP layers (N = 1 to 
20). Figure 6b shows simulated optical properties of the mono-layered NP layer, 
corresponding to N = 1, revealing that the simulated transmittance and reflectance 
spectra were consistent with the experimental results. It was found that the obtained 
resonant peaks based on the CPR effect were excited due to long-range coherences 
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(Fig. 4 of [39]). (Copyright 2016 by the American Chemical Society)

of E-field interactions between NPs, which was supported from the two-dimensional 
(2D) image of the E-field distribution [inset of Fig. 6b].

3.3  �Three-Dimensionally Stacked ITO NP Films

Three-dimensionally (3D) stacked NP films showed a remarkable change in optical 
properties (transmittance and reflectance spectra) [Fig. 7a and b]. Transmittance 
with a resonant wavelength at 2.20  μm decreased to a level close to zero with 
increasing film thickness. In contrast, reflectance was enhanced at a close proximity 
of 0.6 in terms of the film thickness. The single peak observed at a 22-nm-thick NP 
film gradually separated into lower and higher wavelengths with increasing film 
thickness. We found two types of resonant peaks (I and II) at 2.13 and 4.02 μm in 
the near- and mid-IR region on the 216-nm-thick NP film, respectively. The ratio 
R/A of reflectance (R) to absorbance (A) increased rapidly to a large value with 
increasing film thickness, indicating that the assembled films of ITO NPs showed 
reflectance-dominated optical properties. 3D-FDTD calculations were conducted in 
order to understand the experimental results. The systematic change in the number 
of NP layers from N = 2 to 20 was capable of reproducing the experimental spectra 
[Fig. 7c and d], which could clearly reproduce the optical properties of the NP films. 
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The increase in number of NP layers provided the resonant peaks in transmittance 
and the peak separations in reflectance. The 3D-FDTD simulation was a powerful 
tool for investigation of the mechanism of the optical properties of the NP films.

3.4  �Nanoparticle Gap and Resonant IR Reflectance

The thermal behaviors of the NP films were investigated by TG-DTA in a N2 atmo-
sphere with a heating rate of 10 °C/min. The weight loss up to 250 °C might be 
related to the loss of physically or chemically absorbed water. There was an obvious 
weight loss in the temperature range from 270 to 320 °C because of the generation 
of organic species confirmed by m/z peaks at 18 (H2O) and 44 (CO2, C3H8, C2H4O, 
etc. ) [Fig. 8a and b]. The decomposed species resulted from thermal removal of the 
surface ligands composed of fatty acids on the NP surfaces. These phenomena can 
be identified by FTIR measurements. The relation between surface ligand mole-
cules and optical properties in the NP films was clarified by the spectral changes 
after annealing at different temperatures (TA = 150–550  °C). Figure  8c shows 
temperature-dependent reflectance spectra taken in an inert atmosphere for a 
216-nm-thick NP film, revealing remarkable spectral changes with increasing tem-
perature. The two resonant peaks at 150 °C were weakened gradually following the 
change in spectral shape with the temperature. Above all, the reflection at peak I 
gradually shifted to longer wavelengths at temperatures above 300 °C correspond-
ing to removal of the surface ligands. Additionally, the annealing effects of NP films 
were examined by the electrical resistivity in the films. Electrical resistivity was in 
the order of 104 Ω.cm at annealing temperatures below 250 °C because the presence 
of the surfactant layers on the NPs impedes carrier transport in the NP films. The 
surface ligands act as interparticle insulating layers in NP networks. However, this 
was markedly reduced at temperatures above 350 °C due to the removal of surface 
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ligands. Therefore, the removal of surface ligand molecules from the NPs strongly 
affected the whole reflective phenomena, which also clarified the importance of 
nanoparticle gap in obtaining high reflectance performance.

4  �Plasmon Coupling and Reflectance Mechanism

4.1  �Polarized Spectroscopy

The character of E-field coupling in the NP films was investigated to clear mecha-
nism of the resonant reflectance by polarized reflectance measurements. Two types 
of light polarized perpendicular (s-polarized) and parallel (p-polarized) to the plane 
of incidence were introduced the sample at an incident angle of 75°. Figure  9a 
shows polarized reflectance spectra for s- and p-polarization configurations for the 
216-nm-thick NP film. In the case of s-polarization, peak I and peak II were simul-
taneously obtained since the electric vector of the radiation produced electron oscil-
lations in NPs parallel to the in-plane of the sample. On the other hand, only peak I 
was found for the p-polarization case. The electric vector excites electron oscilla-
tions in NPs normal to the plane of the sample and suppresses E-field coupling 
along the in-plane direction. These results suggested that peak II was excited by the 
field coupling along the in-plane directions. In contrast, the reflectance at peak I was 
essential for E-field coupling along the out-of-plane direction. That is, it is consid-
ered that the near- and mid-IR reflectance of the NP sheets is attributed to the field 
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coupling along the out-of-plane and in-plane directions. The film thickness-
dependent plasmon splitting was attributed to the formation of field coupling along 
the out-of-plane direction, thereby leading to enhanced reflectance in the near-
IR range.

Plasmon coupling between NPs produces large enhancements of E-fields at 
interparticle gaps. We typically investigated the E-field distributions at peak I and 
peak II for a 20 NP layer with d = 20 nm. Figure 9b shows the E-field distributions 
along the x−z (out-of-plane) direction at peak I and peak II. For peak II, the E-fields 
between the NPs were strongly localized along the x-direction when an electric field 
of light was applied along this direction. In contrast, peak I showed E-fields along 
the out-of-plane direction in addition to those along the in-plane direction. The dif-
ference in field distribution between peak I and peak II resulted in change in reflec-
tance spectra of the ITO NP film under s- and p-polarizations. It was found that the 
reflectance mechanism at peak I (near-IR range) was different from that at peal-II 
(mid-IR range).

4.2  �Stretch-Induced Spectral Changes

The E-fields at internanoparticle gaps in the NP films were important in determining 
the resonant reflectance in the IR range. It is known that plasmon coupling between 
NPs is sensitive to interparticle distance. Therefore, changes in the optical response 
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at various strain levels were further investigated, which directly clarified the impor-
tance of plasmon coupling between NPs in the NP film. Figure 10a shows resonant 
reflectance spectra under uniaxial tensile strains from 0 to 50%. The incident light 
was polarized along the tensile direction. The NP film (d = 20 nm) with a thickness 
of 218 nm was deposited on an elastomeric PDMS substrate that allowed for active 
tuning of the interparticle gap. Stretching decreased in the resonant peaks when 
comparing the peaks of the reflectance spectra. A linear reflectance change (-ΔR) 
occurred by varying the tensile strains, which was to the correlation of the strain and 
stress curve of the PDMS substrate [Fig. 10b]. A stretch-induced change in the 

2.01

2.02

2.03
2.95

3.05

3.15

0 10 20 30 40 50

0

20

40

60
a b

c d

2 4 6 8 10
Wavelength (mm)

R
ef

le
ct

an
ce

e = 0%
= 16%
= 33%
= 50%

0

5

10

15

20

0

0.2

0.4

0.6

0.8

1

0 10 20 30 40 50
Strain (%)

St
re

ss
 (M

Pa
)

C
ha

ng
e 

in
 re

fle
ct

an
ce

, -
DR

 (%
)

Tensile strain (%)

R
es

on
an

t w
av

el
en

gt
h 

(m
m

)

Peak-II

Peak-I

0

20

40

60

0 1 2 3 4 5 6
Number of load

R
ef

le
ct

an
ce

 (%
) e = 0%

e = 50%

Fig. 10  (a) Reflectance spectra of 218-nm-thick ITO NP films (d = 20 nm) under different tensile 
strains (ε = 0, 16, 33, and 50%). (b) Reflectance change (-ΔR) and strain as a function of tensile 
strain. (c) Dependence of resonant wavelengths of peaks I (red dots) and II (black dots) on tensile 
strain. (d) Repeated mechanical tests between two tensile stresses of ε = 0 and 50%. The inset 
shows a photograph of a mechanical test. An E-field was applied along the tensile direction. Light 
was incident along the direction orthogonal to the NP film. (Fig. 8 of [41]). (Copyright 2018 by the 
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reflectance of the substrate did not affect the plasmonic coupling. Clear blueshift 
trends followed by a decrease in reflectance were observed in the resonance wave-
length with increasing strains, suggesting that peaks I and II were governed by 
dipole-type plasmon coupling [Fig. 10c]. These peak shifts were consistent with 
theoretical simulations. We confirmed that the FDTD calculations also showed 
blue-shifted resonant wavelengths (peaks I and II) with increasing interparticle dis-
tance. These results may be attributed to the decay of field strength between NPs 
due to increased interparticle separation under tensile strain. Spectral changes were 
further reproduced when the elastomeric substrate was relaxed back within the wide 
tensile strain range (0–50%). Long-term stability analysis on reversible stretching 
cycles of the NP sheet clearly demonstrated the effective mechanical tuning of the 
plasmonic resonance [Fig. 10d]. Mechanical strains of the NP sheets experimentally 
indicated the importance of plasmon coupling.

The resonant origins of the reflectance of peak I and peak II were theoretically 
examined as a function of interparticle distance between NPs, which provided fur-
ther evidence of the importance of plasmon coupling from a theoretical viewpoint. 
Figure 11a shows the calculated reflectance of NP films with different l values on 
the basis of a 20 NP layer model, revealing that reflectance monotonically enhanced 
with decreasing l. Peak II showed a redshift to longer wavelengths with decreasing 
l from 10 to 1 nm. In contrast, peak I shifted only slightly as compared with peak II 
[Fig. 11b]. That is, the interparticle distance between NPs directly affected reflec-
tance strength. These theoretical results could describe the experimental results of 
mechanical tuning of the NP films under the tensile strains. Therefore, the field 
interactions based on plasmon coupling between NPs played an important i enhance-
ment of IR reflectance of the NP films.
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5  �Electromagnetic Properties of ITO NP Films

Electromagnetic (EM) properties are briefly discussed for a NP sheet in the micro-
wave range from 0.5 to 40 GHz. This range is an important frequency range for 
telecommunications. Transparent solar thermal shielding is an effective technique 
to prevent room heat in order to realize comfortable environment in vehicles. 
However, there is a requirement for vehicles to be able to transmit EM waves in the 
microwave range through windows to effect radio communications, such as those 
necessary for Electronic Toll Collection (ETC) and general Traffic Information 
Systems (ITS). Therefore, it is important to measure the EM properties of NP sheets 
in addition to evaluating their optical properties in the IR range.

A 250-nm-thick NP sheet with A4 size was fabricated on a PET substrate (thick-
ness: 0.2 mm) using a roll-coating method [inset of Fig. 12a]. High reflectance with 
a close proximity of 0.6 was also obtained on a flexible PET substrate [Fig. 12a]. 
The shielding effectiveness (SE) of the flexible NP sheet was almost zero, which 
differed from that of an RF-sputtered ITO film [Fig. 12b]. The difference between 
the two materials is related to electrical conductance (σ) in the sheets, which was in 
the order of 10−5 and 10−3 S/cm for the NP film and the sputtered film, respectively. 
If the shielding material is thin, SE is mainly dominated by EM reflection as follows:

	
SE = ( )20 2 20log /β ρ

	
(4)

where β0
2 is μ0/ε0, and ρ is the sheet resistivity (=1/σ). The significant obstruction of 

electron carrier transport between NPs produced low electrical conductance because 
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of the presence of surface ligands on the NPs and allowed for high microwave 
transmissions.

ITO NPs were used to obtain assembled NP sheets with small interparticle 
lengths by the presence of ligand molecules on the particle surfaces. This situation 
produced effective E-field coupling along the in-plane and out-of-plane directions. 
This resulted in the plasmon hybridization for the quadrupole and dipole modes, 
which played an important role in producing the high reflectance in the near- and 
mid-IR range. In addition, the E-field enhancements between NPs simultaneously 
caused a remarkable reduction in electrical contacts between the NPs, contributing 
to the high microwave transmissions. Plasmonic control of assemblies of NPs rep-
resents promising potential in the area of structural and optical designs used to 
fabricate a flexible thermal shielding film with reflection-type based on transparent 
oxide semiconductors.

The EM properties in the microwave range are closely related to electron trans-
port of ITO NP films. Electron transport of ITO NP films is attributed to tunneling 
and hopping conductance between NPs due to the presence of organic ligands on 
the NP surfaces. Figure 13a shows the temperature dependence of electrical resistiv-
ity for a 260-nm-thick ITO NP film. The electrical resistivity remarkably increased 
at low temperatures below T = 100 K, indicating a semiconducting behavior. The 
electrical properties of ITO NP films can be accounted for by Efros–Shklovskii 
variable hopping (VRH) transport, which can be expressed by ρ(T)∝exp(T0/T)1/2, 
where T0 indicates the hopping temperature (T0 = Be2/εrkBξ, Β = 9.6). kB and εr are 
the Boltzmann constant and effective permittivity, respectively. Electron transport 
of an ITO NP film at 300 K was derived from Efros–Shklovskii VRH conductance 
with a hopping temperature of T0 = 320 K [Fig. 13b]. Additionally, electron local-
ization estimated from the hopping temperature was ξ = 72 nm. The electron carrier 
was confined into the nanoscale, which originated from the fact that the electronic 
state g(E) of the conduction band related to electron transport exponentially 
decreased [Fig. 13c]. The presence of organic ligands on the NP surfaces affected 
the spatial separation between NPs and contributed to the high EM transmittance 
due to the decrease in electron conductance.

6  �Summary

Investigation of the crystallinity and local structures of oxide semiconductor NPs 
(ITO NPs) were performed by XRD and TEM measurements as outlined in Sect. 2. 
Plasmonic resonances of ITO NPs were clearly obtained in the near-IR range with 
respect to optical and EELS signals. In particular, electron–impurity scattering con-
tributed toward plasmon damping as one factor that is absent in metal NPs on the 
basis of theoretical and experimental approaches, which was discussed in Sect. 3. In 
Sects. 4 and 5, we described IR plasmonic applications in ITO NP sheets for solar 
thermal shielding technologies. Above all, E-field coupling between NPs produced 
interesting plasmonic coupling because of the creation of narrow crevices in the 
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interparticles. 3D field interactions along the in-plane and out-of-plane directions 
caused high reflectance in the near- and mid-IR regions. Finally, ITO NP films could 
be extended to generate large-sized flexible films on PET substrates, which simulta-
neously showed microwave transmittance essential for telecommunications.

The abovementioned results provide important insights for basic science and 
practical applications based on plasmonic investigations of oxide semiconductor 
NPs. However, further advancements are required in the area of plasmonic proper-
ties and applications. Future investigations will focus on plasmonic phenomena of 
oxide semiconductor NPs with a view to arriving at new concepts concerning opti-
cal manipulations in the IR range.
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Flexible Organic Field-Effect Transistors 
Using Barium Titanate as Temperature-
Sensitive Dielectric Layer

Suman Mandal and Dipak K. Goswami

1  �Introduction

Over the last few decades, organic field-effect transistors (OFETs) have drawn sig-
nificant interests among the researchers due to their potential applications in radio 
frequency identification tag (RFID) [1, 2], nonvolatile memory device [3–5], dis-
play technology [6, 7], integrated circuit [8–10], electronic skin [11, 12], and in 
various sensors and detectors [13–15]. Flexibility and solution processability make 
the devices unique for many cost-effective large-scale innovative wearable applica-
tions. However, these devices suffer from poor field-effect carrier mobility due to 
weak Van der Waals interaction between organic semiconducting molecules and the 
interface roughness. Moreover, the device performance depends on several other 
parameters, like Schottky barrier height, the thickness of the dielectric and semicon-
ducting layers, annealing temperature, and growth temperature [16–19]. Many 
researchers have made efforts to improve device performance and the stability by 
proper selection of materials by optimizing the growth of various films. Besides, 
when OFETs are used as sensors, either the semiconducting or gate dielectric layer 
is used as a sensing layer [20–22]. In this work, we have used a temperature sensing 
material in the gate dielectric layer. OFETs-based sensors are efficient due to their 
multiparameter accessibility and amplification capability of the sensing signals, 
unlike chemisorption-based sensors. Here, we have focused on the fabrication of 
ultrafast, high-precession flexible temperature sensor through engineering the semi-
conductor/dielectric interface by controlling different growth parameters.
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Temperature is one of the essential physiological parameters in the human body. 
Continuous monitoring of the body temperature is a preliminary step to track differ-
ent health-related critical problems, such as febrile seizure and epilepsy, requiring 
more accurate measurement of body temperature at a fast rate [18–20, 23]. Even the 
precise monitoring of the body temperature change in women during the complete 
menstruation cycle can predict the ovulation time more accurately [24, 25]. Besides, 
the highly ambient-stable flexible temperature sensor can find applications in food 
and medicine preservation technology [26, 27]. Different types of flexible tempera-
ture sensors suitable for wearable applications are also demonstrated in the litera-
ture. Such sensors are mainly capacitive or resistive types, where a 
temperature-sensitive material is incorporating into the devices. The changes in 
capacitance or resistance due to temperature variation are measured to sense tem-
perature [28–33]. However, to improve the sensitivity and precision, OFETs are 
introduced as another platform, mainly in different wearable applications. OFET 
integrated with thermistor also has been widely used for wearable temperature sens-
ing applications [34–36]. However, the integration of thermistor can increase the 
complexity of the fabrication process. For the fabrication of the OFET-based tem-
perature sensor, a temperature-sensitive material is used as a dielectric layer in the 
device fabrication. The semiconducting channel layer can also be used as sensing 
materials in OFETs [37, 38]. However, such sensors suffer from higher response and 
recovery time that limits their applications. Nevertheless, these devices are operated 
at high voltage which prevents its usage from wearable applications [34–38].

We have introduced hexagonal barium titanate nanocrystals (h-BTNCs) as tem-
perature sensing materials for the fabrication of OFET-based temperature sensors. 
Barium titanate (BaTiO3, BTO) is a ferroelectric material that exhibits high dielec-
tric constant and low dielectric loss due to its spontaneous electric polarization. 
BTO is known to have different crystallographic structures, like rhombohedral, 
orthorhombic, tetragonal, and cubic at different temperature ranges. The dielectric 
constant of this material depends on the crystallographic structures. The difficulty 
to obtain these crystallographic phases is that high-temperature annealing process. 
It is not easy to grow smooth thin films with these materials as high-temperature 
annealing makes larger crystallite sizes and film grown with such materials make 
the film rough. Therefore, BTO in the crystalline phase has not been used for the 
fabrication of high-performance OFETs. In this work, we have synthesized the hex-
agonal nanocrystals of BTO within the amorphous phase. This material requires a 
low processing temperature (~80 °C). Besides, we can grow highly smooth inter-
faces and can fabricate OFETs with low operation voltage.

2  �Experimental Section

Materials Synthesis  The solgel method was adopted to synthesis the h-BTNCs 
solutions, where barium acetate and titanium butoxide were used as precursor mate-
rials. Glacial acetic acid and 2-methoxyethanol material were used as the solvent. 
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Initially, barium acetate was vigorously stirred to dissolved in the solvent for 3 h 
using a magnetic stirrer at room temperature. Titanium butoxide was added to the 
reaction mixture drop-by-drop by maintaining the stoichiometric ratio. The solution 
was stirred again for another 3 h at room temperature. Finally, the ambient-stable 
h-BTNCs solution was prepared and used as a dielectric material in OFETs.

OFETs Fabrications  In conventional OFETs, two metal electrodes such as source 
and drain are used to connect the organic semiconductor (channel). The other elec-
trode (gate) capacitively coupled through a dielectric layer is used to modulate the 
current that flows in between source to drain electrode through the channel. The 
OFETs were fabricated in bottom-gate-top-contact (BGTC) configurations on the 
glass as well as in the PET substrate. A thin film of aluminum with thickness 125 
(±10) nm was deposited on a clean substrate using a thermal evaporation chamber 
(~ 4×10−6 mbar). The aluminum surface was anodized at room temperature by using 
an anodic oxidation method to get a 15 nm thin alumina film used together with 
h-BTNCs as a bilayer dielectric system of the devices. In this anodization process, 
citric acid was used as electrolyte material and platinum wire as a cathode material. 
Source meter (Keithley 2450) was connected to the anode and cathode terminal to 
provide a constant current density for this anodic oxidation process. After anodiza-
tion, the anodic surface was flushed with DI water and subsequently dried using hot 
air. The h-BTNCs sol was spin-coated on top of alumina surface at 3000 rpm for 
60 s and subsequently annealed at various substrate temperatures (from 40 °C to 
120 °C) for 90 min to get a thin film of around 50 nm thickness. After that, a penta-
cene film of thickness around 20 nm was deposited under a high vacuum condition 
(~ 2×10−6 mbar) using organic molecular beam depositing (OMBD) system. Finally, 
Copper (Cu) film with thickness 60 nm was deposited on top of pentacene film as a 
source–drain electrode through a shadow mask to get the channel Length (L) and 
channel width (W) of 30 μm and 2 mm, respectively.

2.1  �Device Characterizations

Atomic force microscopy (AFM, Bruker) was used to characterize the surface mor-
phology of each layer of the devices. The thickness of each layer was measured 
using a 3D surface profilometry. The devices’ capacitance and leakage current were 
characterized in a simple metal–insulator–metal (MIM) structure using a LCR 
meter (Keysight) and source meters (Keithley 2450). Finally, the variation of drain 
current with temperature was carried out inside a custom design probe station using 
two source meters (Keithley 2450). The typical current resolution of the systems is 
around 1 pA in 1 mA scale and 10 pA in 10 mA current scale.

The field-effect carrier mobility of the devices was extracted from the saturation 
region by using the following equation.
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where ID, C, μ, VG, and VT are the drain current, the capacitance of the oxide layer, 
mobility, gate voltage, and threshold voltage, respectively.

3  �Results and Discussions

3.1  �Characterization of Temperature-Sensitive h-BTNC 
Dielectric Material

The dielectric material plays a significant role in deciding the device’s performance. 
The gate capacitance is dependent on the thickness of the dielectric layer and the 
dielectric constant of the material. The operating voltage is directly related to this 
parameter. For OFETs, the charge conduction occurs mostly through the semicon-
ductor dielectric interface. Therefore, the roughness of the dielectric layer defines 
the conducting channel. Besides, the leakage current of the device is decided by the 
quality of the dielectric film. We have used the solution-processable h-BTNCs 
materials as one of the dielectric layers of the bilayer dielectric system. The 
h-BTNCs sol was spin-coated on alumina film and subsequently annealed at 80 °C 
to prepare a thin film. The elemental composition of the film was analyzed from 
x-ray photoelectron spectroscopy (XPS). The emission spectra of Ba 3d, Ti 2p, and 
O 1s state from the h-BTNC thin film are shown in Fig. 1a–d. The corresponding 
binding energy as observed from Ba3d5/2, Ba3d3/2, Ti2p3/2, Ti2p1/2, and O1s are 
778.99 eV, 794.22 eV, 457.53 eV, 463.25 eV, and 529.02 eV, respectively. The val-
ues are summarized in Table 1. The presence of residual carbon contamination also 
has been observed in the O1s spectra at 530.26 eV [19, 39].

High-resolution transmission electron microscopy (HRTEM) measurements 
were carried out to study the structural information of h-BTNC films. We have 
observed hexagonal nanocrystalline flakes within the amorphous phase. The low 
magnification bright-field TEM image of the BTO film is shown in Fig. 2a [19]. The 
inset Fig. 2a shows the crystallites present in the h-BTNC film taken from Fig. 2a. 
The typical dimensions of the crystallites are about ~ 50 nm in length and 5–10 nm 
in diameter. The Fig. 2b and 2c present the selected area diffraction pattern (SAD) 
taken from the circular regions, marked by I and J, which indicate the amorphous 
phase of the film. The indexing of the SAD pattern has been done by using the lat-
tice parameters of hexagonal close-packed structure (lattice parameters, a = 5.73 Å, 
and c = 14.01  Å). The corresponding interplanar spacings (d-spacing) observed 
from the SAD pattern are 3.50 Å and 2.05 Å, and these are corresponding to (004) 
and (106) plane of hexagonal barium titanate (JCPDS # 89-8119). The HRTEM 
image of h-BTNC film is shown in Fig. 2d, and the inset Fig. 2d shows the Fourier-
filtered image taken from a dotted region in Fig.  2a. The measured d-spacing 
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calculated from the HRTEM image is around 3.50  Å that corresponds to the 
(004) plane.

Characterization of Pentacene Layer  Pentacene film grown on BTO film has 
been used as a semiconducting layer. The molecular ordering of pentacene mole-
cules significantly depends on the roughness of the surfaces on which the film is 

Fig. 1  XPS spectra taken from the h-BTNCs film. (a) presents survey scan, and (b), (c), and (d) 
depict the high-resolution scan of Ba3d, Ti2p, and O1s, respectively. (Reprinted from [19] © 2019 
American Chemical Society)

Table 1  Binding energy of 
various elements presents in 
h-BTNC film

States Binding energy (eV)

Ba 3d5/2 778.99
3d3/2 794.22

Ti 2p3/2 457.53
2p1/2 463.25

O 1s 529.02
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growing. The formation of crystalline dendrite structure for the pentacene films is 
typical. However, it has been shown that pentacene films become amorphous if the 
surface roughness of the substrate is very high [40, 41]. X-ray diffraction (XRD) 
measurements were carried out on pentacene/h-BTNC/Al2O3/Al/glass and 
pentacene/h-BTNC/Al2O3/Al/PET films. The corresponding diffraction patterns are 
shown in Fig. 3a–b, respectively. The inset of the figure shows a narrow scan, where 
2θ was varying from 5 to 20 degrees. The dendrite structures have two different 
crystallographic phases, such as thin film and bulk phases. The crystallite size of the 
thin-film phase and bulk phase has been calculated from Fig. 3c and 3d,, which are 
the first peak of Fig. 3a and 3b, respectively. The peak (00l’) and (001) correspond 
to the thin-film and bulk phase of the pentacene film’s polymorphous nature [42]. 
We have calculated the mean crystallite size (τ) using the Scherrer equation for both 
films. The crystallites size for the thin-film phase was 9.22 Å and 11.88 Å for the 
films grown on h-BTNC/Al2O3/Al/ glass and h-BTNC/Al2O3/Al/ PET, respectively, 
as given in Table 2.

It has been found that the pentacene films grown on h-BTNC/Al2O3/Al/ PET 
have higher τ in comparison to the samples grown on the glass substrates. It implies 
that the PET substrate-based film has higher grain boundaries. Therefore, the grain 

Fig. 2  (a) Presents the TEM image of h-BTNC films. (b) and (c) shows the selected area diffrac-
tion pattern (SAD) of it from the circular regions I and J, respectively. (d) presents the correspond-
ing HRTEM image with a Fourier-filtered image in the inset taken from a dotted box marked in (a). 
(Reprinted from [19] © 2019 American Chemical Society)
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boundary-induced density of defect states is expected to be less in PET substrates. 
Besides, the higher d-spacing (~14.95 Å) for the thin-film phase indicates that the 
tilt angle of pentacene molecules is more elevated than in the bulk phase [42].

4  �Optimization of Growth of h-BTNC Films

Thickness Optimization of h-BTNC Film  The charge accumulation at the con-
ducting channel depends on the gate dielectric capacitance, which crucially depends 
on the layer’s thickness. The device’s output current decreases for a particular 
applied gate bias by increasing the thickness of the gate dielectric. However, a thin 
dielectric layer increases the leakage current of the device. We have optimized the 
thickness of the dielectric layer to achieve higher carrier mobility. The film’s 
thickness has been varied by varying the spinning speed of spin coater from 
1000 rpm to 4000 rpm. Following the growth, we annealed the films at 80 °C for 
90 min. These films were used for the fabrication of the OFETs. The output charac-

Fig. 3  (a) and (b) show x-ray diffraction pattern from pentacene/BaTiO3/Al2O3/Al/glass and pen-
tacene/BaTiO3/Al2O3/Al/PET, respectively. The inset Figure shows a narrow 2θ scan from 5 to 20 
degrees; (c) and (d) depict the first peak corresponding to the (00l’) and (001) plane of Figure (a) 
and (b), respectively. (Reprinted from [19] © 2019 American Chemical Society)
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teristics for those devices prepared by spin coating of the h-BTNCs layer with a 
spinning speed of 1000, 2000, 3000, and 4000 rpm are shown in Fig. 4a–d. The 
corresponding transfer characteristics and leakage current of the devices are shown 
in Fig. 4e–f. The characteristics of the devices grown with 3000 rpm are shown in 
Fig. 4c and 4e, which delivers the best device property. It has been found that the 
device with h-BTNC films prepared at 3000 rpm shows minimum leakage current 
but beyond that rpm, the leakage current increases significantly. The typical thick-
ness for the h-BTNC film grown with 3000  rpm is about 55(±10) nm, and the 
observed operating voltage of the same device is within 1 V.

Roughness Optimization of h-BTNC Films  The surface roughness (σ) of the 
dielectric layer can introduce traps in the conducting channel. Therefore, it is neces-
sary to grow a dielectric film with lower σ. We have optimized the σ of the film to 
achieve better charge conduction through the channel. Nevertheless, pentacene 
film’s growth on the h-BTNC layer crucially depends on the σ [43, 44]. To control 
the σ, we have varied the annealing temperature of the film. The surface morphol-
ogy of this film at different annealing temperatures is shown in Fig. 5a–d. The mea-
sured surface roughness at 40 °C, 80 °C, 120 °C, and 160 °C is 0.5 nm, 0.7 nm, 
3.0 nm, and 5.3 nm, respectively. We observed that the σ of the film significantly 
increased at 120 °C and above annealing temperature. In this work, we have consid-
ered the annealing temperature as 80 °C, which is also the pentacene film’s growth 
temperature.

Frequency and Temperature-Dependent Capacitance Measurements  In this 
section, we have discussed the effect of frequency and temperature on the gate 
capacitance. A simple metal–insulator–metal (MIM) structure was fabricated along 
with the OFET to study the capacitance of the gate dielectric layer. The variation of 
capacitance with frequency in the bilayer dielectric system is shown in Fig. 6a. We 
have covered the frequency range from 10 kHz to 500 kHz. The capacitance of the 
device is almost constant up to about 200 kHz. However, it decreased at a relatively 
faster rate in the frequency range above 200 kHz. Therefore, the devices can be 
operated within 200  kHz frequency range with constant capacitance value. The 
dielectric property of h-BTNC material is sensitive to temperature. Consequently, 

Table 2  Various parameters obtained from XRD analysis of pentacene film grown on top of 
h-BTNC/Al2O3/Al/glass and h-BTNC/Al2O3/Al/PET

FWHM (β) Theta (θ) τ (glass) τ (plastic) d001 spacing

Thin-Film phase 0.167
(Glass)

2.955
(Glass)

9.22 Å 11.88 Å 14.95 Å
(Glass)

0.129
(Plastic)

2.953
(Plastic)

14.97 Å
(Plastic)

Bulk phase 0.313
(Glass)

3.130
(Glass)

4.93 Å 7.37 Å 14.12 Å
(Glass)

0.209
(Plastic)

3.110
(Plastic)

14.12 Å
(Plastic)
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we measured the temperature-dependent capacitance of the bilayer dielectric sys-
tem within the temperature range from 20 °C to 50 °C at 100 kHz, as shown in 
Fig. 6b. The linear temperature dependency has been observed over a range of tem-
peratures from 20 °C to 50 °C with a slope of 2.67 (±0.2) ×10−2 (nF/cm2)/°C. This 
temperature dependency of the h-BTNC film can be exploited to the OFET-based 
temperature sensors.

5  �Optimization of Pentacene Film for OFETs Fabrication

In this section, we have discussed the optimization of pentacene film growth in 
terms of substrate temperature and film thickness to achieve a better device 
performance.

Effect of Substrate Temperature on the Growth  We have carried out detailed 
studies of the growth of pentacene film at different substrate temperatures. We have 
used an organic molecular beam deposition (OMBD) system to grow pentacene 
films with a fixed growth rate of 3 Å/s at various substrate temperatures, such as 
60 °C, 80 °C, 100 °C, and 120 °C. The output and transfer characteristics of typical 
OFETs grown on glass substrates are shown in Fig. 7a–d  and 7e–h. It has been 
found that at 80 °C, the device offers better performance in terms of device current. 
We observed maximum carrier mobility for the device prepared at 80 °C substrate 
temperature. The variation of the device carrier mobility with growth temperature is 
shown in Fig. 7i.

Fig. 4  Thickness optimization of the h-BTNC layer. The output characteristics of the h-BTNC 
layer deposited at the various spinning speed of (a) 1000, (b) 2000, (c) 3000, and (d) 4000 rpm. (e) 
and (f) depict transfer characteristics and leakage current of the device, respectively
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Fig. 5  Presents the effect of annealing on the surface roughness (σ) of h-BTNC film at different 
temperatures (a) 40 °C, (b) 80 °C, (c) 120 °C, and (d) 160 °C on Al2O3/Al/glass. A sudden increase 
in σ is observed at 120 °C annealing temperature

Fig. 6  Presents the capacitance variation of the bilayer dielectric system with (a) frequency from 
10 kHz to 500 kHz at room temperature and (b) temperature from 20 °C to 50 °C at 100 kHz. 
(Reprinted from [19] © 2019 American Chemical Society)
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Effect of Pentacene Film Thickness  The OFETs were fabricated using bottom-
gate-top-contact configuration. The active region for charge conduction comprises 
about a few nm of the dielectric/semiconductor interface. The channel resistance 
of the device increases with the thickness of the pentacene film. Figure 8a shows 
the schematic design of a specific device. The thickness of the pentacene layer has 
been varied from 10 nm to 60 nm during the growth. The devices’ transfer char-
acteristics with various thicknesses of pentacene film are presented in Fig. 8b. We 
have found that the device mobility increases with decreasing the thickness of the 
pentacene layer up to a thickness of 20 nm. As the thickness increases, the resis-
tances R1 and R2 increase as electrons have to travel longer path. Besides, the trap 
density across the film increases with the thickness. Therefore, charge injection 
from the contact to the conducting channel is reduced by increasing the thickness 
of the pentacene film. We have extracted the device mobility from these transfer 
characteristics. The thickness-dependent mobility variation is shown in Fig. 8c. 
We have observed that the device’s mobility drastically reduced with a pentacene 
film of thickness above 20 nm. This could be due to poor charge injection to chan-
nel from the metal contacts. Therefore, we have considered the thickness of the 
pentacene layer as 20 nm.

Fig. 7  Substrate temperature optimization during the growth of pentacene films. (a–d) and (e–h) 
present output and transfer characteristics for substrate temperature variation from 60 °C to 120 °C 
with an interval of 20 °C, respectively. (i) depicts substrate temperature-dependent mobility varia-
tion of those devices
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6  �Flexible Organic Field-Effect Transistors 
and Its Characterization

Surface Morphology Characterization of Each Layer  The surface morpholo-
gies of Al, Al2O3/Al, h-BTNC/Al2O3/Al, and pentacene/h-BTNC/Al2O3/Al grown 
on the glass and PET substrates have been characterized by using AFM images. The 
typical surface morphologies of these surfaces are shown in Fig.  9a–d for glass 
substrates and Fig. 9e–h for PET substrates. The standard root-mean-square (RMS) 
roughness (σ) of thermally evaporated Al film on glass and PET surfaces is ~ 9.7 
and ~ 2.6 nm, respectively, whereas the σ of the Al2O3 layer, grown by anodization 
of Al films, was increased to 11.5 and 3.9 nm for glass and PET substrates, respec-
tively. The h-BTNC film has been spin-coated and subsequently annealed for 90 min 
at 80 °C for glass and 60 °C for PET substrates. Therefore, the spin-coated h-BTNC 
films on the rough Al2O3 surfaces showed a significant reduction in σ to 0.7 nm and 
0.4 nm for glass and PET substrates, respectively. Table 3 summarizes the σ of each 
of the layers present in glass and PET substrate-based OFETs. The morphology of 
pentacene films follows the dendrite structures, as observed on any other inert sub-
strate surfaces [40, 41]. The σ of pentacene film was found to be ~7 nm and 6.3 nm 
for glass and PET substrate, respectively. However, the smooth interface between 
h-BTNC and the pentacene layer improves the charge conduction at the semicon-
ductor/dielectric layer interface.

Device Schematic and Characterizations  The bilayer combination of the dielec-
tric layer is used to reduce the leakage current of the devices. The schematic of the 
OFETs device with the various layers is presented in Fig. 10a. The typical optical 
images of flexible transistors prepared on 100 μm and 10 μm PET substrate have 
been shown in Fig. 10b and 10c.

The electrical characterization of the OFETs was carried out at room temperature (~ 
25 °C to 30 °C) with a relative humidity condition of 40% to 60%. The output and 

Fig. 8  Thickness dependence of the pentacene layer in OFETs. (a) presents the schematic of the 
device where the thickness of the pentacene layer varied from 10 nm to 60 nm. (b) shows the pen-
tacene film thickness-dependent transfer characteristics. (c) depicts mobility variation with the 
thickness of the pentacene layer
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transfer characteristics of the best devices fabricated on glass and PET (100 μm) 
substrates are shown in Fig. 11a,e and  11b, e, respectively. Device parameters, such 
as field-effect mobility (μ), the threshold voltage (Vth), and on–off ratio, were calcu-
lated from the transfer characteristics. The typical values of these parameters are 
found to be 0.89(±04) cm2/Vs, –0.99(±09) V and 103, and 1.46(±09) cm2/Vs, 
–1.05(±06) V and 103 for glass and PET substrate-based OFETs, respectively. The 
observed operating voltage is about 1.5 V, sufficiently lower and suitable for wear-
able applications for both set devices. The OFETs fabricated on PET substrates 
have shown higher carrier mobility. Due to the lower σ of the dielectric layer, the 
pentacene films exhibit higher crystallinity at initial stage of film growth. The syn-
thesis of h-BTNC sol has been optimized so that we can use it as a dielectric ink for 
screen printing technology. We have fabricated OFETs on PET substrate using 
screen printing h-BTNC film on the alumina surfaces. The output and transfer char-
acteristics of screen-printed dielectric-based OFETs are shown in Fig. 11c, f. The 
mobility, threshold voltage, and on–off ratio calculated from transfer characteristics 
are 0.70 (±08) cm2/Vs, –1.26 (±06) V, and 103, respectively. For these devices, the 
carrier mobility decreases with a slight increase in threshold voltage due to the 
dielectric layer’s thickness variation during screen printing. It implies that the 

Fig. 9  Surface topology of different layer in OFETs (a) Al, (b) Al2O3/Al, (c) h-BTNC/Al2O3/Al 
and (d) pentacene/h-BTNC/Al2O3/Al film on glass substrate (e) Al, (f) Al2O3/Al, (g) h-BTNC/
Al2O3/Al, and (h) pentacene/h-BTNC/Al2O3/Al film on PET substrate. (Figure (e–g) reprinted 
from [19] © 2019 American Chemical Society)

Table 3  Surface roughness (RMS) of Al, Al2O3/Al, h-BTNC/Al2O3/Al, and pentacene /h-BTNC/
Al2O3/Al film deposited on glass and PET substrates

Substrate Al (nm) Al2O3(nm) h-BTNC (nm) Pentacene (nm)

Glass 9.7 11.5 0.7 7.0
PET 2.6 3.9 0.4 6.3
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h-BTNC sol is also a promising material as a dielectric ink for future printed 
electronics.

We have fabricated and characterized about over 200 devices on each of the glass 
and PET substrates. The mobility distribution of these devices is shown in Fig. 12a, 
b for these devices. We have found that most of the devices offer mobility around 
~0.2  cm2/Vs and ~0.25  cm2/Vs for glass and PET substrate-based devices, 
respectively.

Device Stability in Ambient Condition  The devices showed exceptional ambient 
stability. The carrier mobility of a single OFETs, kept under ambient conditions at 
a temperature between 25–30 °C and relative humidity of 50–70%, was monitored 
over 8 months. We selected a better device with 0.5 cm2/Vs carrier mobility for this 

Fig. 10  (a) presents the schematic of OFETs; (b) and (c) depict pictures of the flexible devices on 
100 μm and 10 μm thick PET substrates, respectively

Fig. 11  (a) and (b) present output, and (d), (e) depict transfer characteristics of OFETs on glass 
and PET substrate, respectively. (c) and (f) show the screen-printed BaTiO3 film-based OFET on 
PET substrate measured in ambient condition
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study. The variation of carrier mobility with time in days is shown in Fig. 13a. We 
have shown the corresponding transfer characteristics for this device in Fig. 13b. We 
observed about 36% reduction in carrier mobility to 0.2  cm2/Vs at the end of 
120 days with a degradation rate of 26.90(±2.48) ×10–4 cm2/Vs-day. However, the 
observed degradation rate significantly reduced from 120 days to 240 days. Such 
device degradation could be due to the continuous exposure of different gaseous 
molecules in ambient conditions and the oxidation of metal contacts.

Device Flexibility Test  The flexibility of devices is a crucial requirement for many 
wearable applications [45]. The PET substrate-based OFETs are mechanically flex-
ible. The device characteristics of the encapsulated OFETs fabricated on 10 μm 
PET substrates have been measured under tensile and compressive bending condi-
tions in ambient conditions. The respective transfer characteristics of devices are 
shown in Fig. 14a and 14b. The variation of device mobility with different bending 
radius is presented in Fig. 14c. The device field-effect mobility is the same up to 
4 mm bending condition. However, the devices work until the bending radius of 
2 mm at the cost of about 60% reduction in carrier mobility. The device’s perfor-
mance during bending is degraded due to the formation of defect states or cracks 
generated on bending conditions [46].

Effect of Temperature on Device Performances  The OFETs have been devel-
oped for sensing temperature. To check the temperature dependency, we have taken 
transfer characteristics at various temperatures from 20 °C to 50 °C with an interval 
of 5  °C.  The corresponding transfer curves for glass and PET substrate-based 
devices have been shown in Fig. 15a and b, respectively. The IDS increases linearly 
with temperature. Such variation of device current for maximum VGS and VDS (for 
glass VGS = –1.0 V and VDS = –1.0 V and PET substrate VGS = –1.5 V and VDS = –1.5) 
with temperature is shown in Fig. 15c and15d. The measured temperature range 
covers the human body temperature. Therefore, the OFET-based temperature sen-
sors can be used for monitoring body temperature. The thermal sensitivity of the 

Fig. 12  Histogram of the mobility distribution of devices on top of (a) glass substrates and (b) 
PET substrates
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sensors calculated from the slope of Fig. 15c  and 15d for glass and PET substrates-
based device is 36.8 (±2.9) nA/°C and 30.6 (±1.1) nA/°C, respectively, within the 
temperature range of 20 °C to 50 °C.

We have measured the temperature-dependent device current responses for both 
sets of devices fabricated on glass and PET substrates. Figure 16a showed a typical 
response at different temperatures at a constant bias of VDS = –1.5 V and VGS = 
–1.5 V for glass substrates. Similar responses for the devices fabricated on PET 
substrates-based device with VDS = –1.2 V and VGS = –1.2 V are shown in Fig. 16c. 
To confirm the sensitivity of the thermal sensor around body temperature (~37 °C), 
we have measured the responses at a temperature range covering body temperature. 
The typical responses are shown in Fig. 16b and 16dfor glass and PET substrate-
based devices, respectively. These results confirm the suitability of the OFETs as 
temperature sensors for wearable healthcare applications.

We have encapsulated the devices with a thick Polydimethylsiloxane (PDMS) 
film to prevent degradation in ambient conditions. The extra PDMS layer introduces 
heat loss while measuring temperature using this sensor. We have measured the 

Fig. 13  presents the time-dependent (a) mobility and (b) transfer characteristics variation in days. 
(Reprinted from [19] © 2019 American Chemical Society)

Fig. 14  shows transfer characteristics of the device (a) under tensile bending condition and (b) 
under compressive bending condition. (c) depicts the variation of device mobility during tensile as 
well as compressive bending conditions. (Reprinted from [19] © 2019 American Chemical 
Society)
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temperature response from the back and front sides of 100 μm PET substrate-based 
OFETs. Figure 17a and 17b shows the typical temperature responses taken from the 
devices for touching it on the PDMS layer and the PET substrate, respectively. The 
temperature response seems to be the same from both backsides of PET substrates 
and the PDMS coated side. This effect is mainly due to the similar thermal conduc-
tivity of 0.15 W/mK of PDMS and PET materials [47, 48]. So, the heat loss for both 
the materials would be similar, as observed in this case. The corresponding response 
and recovery process of such 70 repeated cycles are shown in Fig. 17b. The inset of 
the figure shows one individual response. The optical image of that device is shown 
in Fig. 17c, during the performance of the above measurements. Figure 17d presents 
the array of flexible OFET suitable for measuring special temperature variation in 
wearable applications.

The response time and recovery time are essential parameters in this OFET-
based temperature sensors. We used the sensor to monitor the temperature differ-
ence of inhaling and exhaling air during breathing to measure response and recovery 
time. The temperature of the inhaled air is mainly room temperature (26.5  °C). 
However, the exhaled air is primarily due to CO2 coming out of the body. We have 
observed an almost 2 °C temperature difference between inhaled and exhaled air. 

Fig. 15  Temperature-dependent transfer characteristics (a) for glass substrate working within 
1.0 V and (b) for plastic substrate working within 1.5 V. The extracted device current from transfer 
characteristics as a function of temperature for (c) glass substrate at VDS = –1.0 V and VGS = –1.0 V 
and (d) plastic substrate at VDS = –1.5 V and VGS = –1.5 V over a range from 20 °C to 50 °C
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We have measured the response of the devices from the speedy breathing exercises, 
as shown in Fig. 18a. One such individual temperature response profile is shown in 
Fig. 18b. The measured response time and recovery time from this device are about 
24 ms and 51 ms, respectively.

To demonstrate the functionality of the temperature sensors for continuous mon-
itoring of the body temperature, we have measured the variation of body tempera-
ture of mice during mild anesthesia. The body temperature of mice also was 
continuously monitored by this sensor under a mild dose of anesthesia. It is well 
known that mammals’ body temperature falls by a few degrees when anesthesia is 
given. We mounted the sensor on the cleaned chest of mice. Two mild doses of 
anesthesia were given within a short time duration. We observed how the mice 
recover the body temperature with time. The corresponding variation of body tem-
perature of the mice is shown in Fig. 18c. We have observed that the mice’s body 
temperature decreased by 3–4 °C due to the anesthesia dose. The recovery process 
also has been monitored continuously, as shown in Fig. 18c. It has been found that 
the sensor can measure ultralow temperature variation of the mice while recovering 

Fig. 16  The variation of device current with time measured during the change in temperature from 
(a) 26 °C to 40 °C, 45 °C, and 50 °C where Inset shows individual temperature response from 
26 °C to 40 °C and (b) 26 °C to 35 °C, 36 °C, 36.5 °C, 37 °C, 37.5 °C, and 38 °C for glass substrate 
at constant VDS = –1.5 V and VGS = –1.5 V. Device current response for the temperature change 
from (c) 26 °C to 45 °C (d) 26 °C to 35 °C, 36 °C, 37 °C, and 38 °C for PET substrate-based device 
at constant VDS = –1.2 V and VGS = –1.2 V

S. Mandal and D. K. Goswami



131

from anesthesia. The sensor’s precession was calculated from the linear part of A 
and B regions, as marked in the inset of Fig. 18c. The measured precession in tem-
perature for this temperature sensor is 4.3 mK. The typical optical image of the 
temperature sensor mounted on the mice’s chest during the experiment is shown in 
Fig. 18d.

7  �Conclusions

This article discussed the synthesis of temperature-sensitive h-BTNCs sols using a 
low-cost solution process and has been used it for the fabrication of OFET-based 
flexible temperature sensors. We have covered from material characterization to 
fabrication of OFET through the various steps of optimizations of device parame-
ters. The devices were found to be highly sensitive temperature sensors with 24 ms 
response time and 4.3 mK precession. Besides, the devices’ power consumption is 
very low (~1 μW), working at 1.5 V operating voltage. We have demonstrated the 

Fig. 17  Body temperature response from the encapsulating device upon touching the sensor from 
(a) front (PDMS) and (b) back (PET) side. One such cycle is shown in the inset Figure (b). (c) 
presents the optical image of the device during the measurement time. (d) shows the image of a 
flexible OFET-based array. (Reprinted from [19] © 2019 American Chemical Society)
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use of the sensors for measuring body temperature. The flexibility of the device has 
been tested over 100 bending cycles with the smallest bending radius of 4  mm 
within which device property remains unchanged. We have also demonstrated that 
devices can monitor human beings’ respiratory rate and can be suitable for detecting 
diseases like sleep apnea, asthma, and COPD.
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1  �Introduction

The requirement to develop novel materials drives several worldwide research 
groups to focus their efforts on the synthesis and enhancement of advanced materi-
als with application in the power generation field. Metals, ceramics, polymers, 
organics, and composites are involved in all the producing energy processes [1]. In 
the last decades, those novel materials related to renewable and sustainable methods 
to generate energy have attracted the attention of technological and power genera-
tion industries due to their feasibility to produce energy without causing damage as 
serious as that generated by the exploitation of non-renewable sources [2, 3]. Among 
the common renewable sources such as solar energy, wind energy, sea energy, bio-
energy, geothermic, and hydrogen energy [4], those related with the exploitation of 
solar energy present a special interest, since the total amount of energy reaching our 
planet surface each year is estimated to be 3,400,000 EJ, this is between 7000 and 
8000 times the annual global primary energy consumption [5]. Photovoltaic and 
photocatalysis are two important and arising technologies classified as branches of 
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frontier sciences [6] since they involve sunlight harvesting and the constant devel-
opment of advanced materials for energy generation purposes [7, 8]. Regarding the 
photocatalytic technology, this one is widely used in decontamination processes 
[9–12] and sustainable power generation, through the generation of H2 as fuel, [13–
15] and photoreduction processes to convert the CO2 in solar-based fuels [16–18]. 
In this way, advanced photocatalytic materials such perovskite semiconductors with 
formula ABO3 containing metal transition ions in the structural sites A or B have 
generated great attention to develop numerous investigations, since such materials 
present a bandgap between 1.5 and 3.0 eV, which makes them suitable for use in the 
visible region of the electromagnetic spectrum for photocatalytic applications. 
Titanates such as ZnTiO3, CdTiO3, and PbTiO3 show favorable characteristics for 
the use of visible light with application potential for the production of hydrogen. 
Despite this, the study of such titanates perovskites has been reported in few publi-
cations [19–22]. Most research works focus their studies in the final catalytic activ-
ity of materials, and the synthesis process used to synthesize the ABO3 perovskites 
(solid-state, hydrothermal, microwave-assisted hydrothermal, and sol-gel); such 
reports do not establish well a relationship between the synthesis method, the crys-
talline structure, and catalytic activity caused by the substitution of the A or B 
perovskite cations and the photocatalytic activity. Lanthanum-based perovskites 
such as LaMnO3 and LaCoO3 also have been reported as suitable compounds to 
perform the degradation of polluting substances such as methyl orange [23], direct 
Green [24], and bisphenol A [9] using visible light as the excitation source. LaFeO3 
is another perovskite which has shown excellent activity for the removal of organic 
pollutants from water [25] and NOx from the air [26]. However, there are few reports 
on the photocatalytic activity of LaFeO3, LaMnO3, and LaCoO3 as photocatalysts to 
carry out the photoelectrocatalytic hydrogen evolution reaction. In particular, it has 
been reported that LaCoO3 exhibits a deactivation process during the photocatalytic 
reaction. Such behavior was also reported for Cu/LaFeO3 and LaMnO3 powders, in 
all cases this deactivation process leads to low photocatalytic efficiency. In the same 
way that ATiO3 and LaBO3 present a variation in the photocatalytic activity as the 
cation A or B is substituted, the utilization of a secondary material to generate het-
erojunctions is another strategy to improve the photocatalytic activity. The addition 
of a second semiconductor (SB) to the bare main semiconductor structure (SA) 
modifies the levels of the valence and conduction bands of each material, overlap-
ping in some cases the energetic levels and enhancing the separation of charge car-
rier’s and avoiding the recombination processes, thus increasing the photocatalytic 
activity [27]. NaTaO3 is a perovskite material widely used for photocatalytic degra-
dation and energy generation [28–31]; its structure modification can lead to better 
photocatalytic performance. In addition to the bands overlapping, the doping or 
couple of NaTaO3 with other compounds can also produce the formation of interme-
diate energy levels; this feature can reduce the bandgap of the SA, inducing a shift 
to the red spectrum, and enhancing the visible light harvesting [17, 32–34]. 
Therefore, the design of highly efficient photoactive semiconductors requires an 
extensive study of the structural and superficial parameters. The aim of this chapter 
is focused on analyzing how the cation substitution in the tetrahedral and octahedral 
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sites, the heterojunction formation, and the doping of the SA as structural and mor-
phological methodology affects the psychochemical, optical, and photoelectrocata-
lytic properties of inorganic semiconductor perovskites ABO3 toward photocatalytic 
reduction processes. It is necessary a critical analysis of the physicochemical char-
acteristics of bare perovskites and the existing relationship between the substitution 
of different cations, doping and heterojunction formation, in order to clearly iden-
tify the processes that enhance or limiting the photocatalytic activity of these 
advanced materials.

2  �Scientific and Technologic Interest in Perovskites ABO3

The constant improvement of new energy conversion systems has allowed the 
development of new technologies to produce energy by the use of non-expensive 
and abundant materials, thus reducing the materials manufacturing and energy pro-
duction costs [35]. An emergent technology in the branch of novel processes for the 
power generation field is photocatalysis, nowadays classified as a branch of frontier 
science [6], which means it is a promising technology still in development. The 
photocatalytic technology began its technological breakthrough in the 1970s when 
Fujishima and Honda reported for the first time the water molecule splitting by a 
photocatalytic process using titanium dioxide (TiO2) as a photoactive material in 
1972 [36]. From this first approach, many research groups have focused their efforts 
on the development of new and more efficient semiconductor materials to perform 
photocatalytic processes. Among an extensive variety of semiconductors, perovskite 
materials have played a remarkable role in different conversion energy applications. 
Perovskite materials with general formula ABO3 induce a high charge carrier’s pro-
duction (electron and holes), capable to carry out electrochemical redox processes, 
decreasing the charge carrier’s recombination to improve photocatalytic reactions to 
produce new renewable energy sources. It is worth highlighting that in the last 
decade, perovskite materials have played a fundamental role in the generation of 
energy utilizing solar radiation sources with applications in photovoltaic panels and 
photocatalytic processes. The development of silicon-based solar panels (Crystalline 
Si cells) and thin films (thin-film technologies) started their production in the 1970s. 
In the first years, such materials presented photovoltaic efficiencies less than 15%. 
In general, the silicon-based panels have presented an efficiency average increase of 
12% in 45 years, showing energy efficiencies around 28% in 2020. Despite this 
efficiency increase represents a significative technological development, the current 
energy demand requires high impact and well-developed strategies to supply the 
energetical requirements. The photovoltaic hybrid-perovskite materials have 
become the materials with the highest energy efficiency performance, increasing 
from 14% to 26% in the last 5 years. Similarly, the cell efficiency of perovskite-
silicon-based tandems has shown an increase from 25% to 28% in the last 3 years. 
In this way, there is enough evidence that has demonstrated that perovskites are 
emerging as an exemplary candidate for the manufacture of photovoltaic devices. 
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In this context, it is very important to continue with the exhaustive study and devel-
opment of perovskite materials, to modify their physicochemical and optical prop-
erties to increase their efficiency in photovoltaic processes. In this context, perovskite 
semiconductors have also shown exceptional improvement in the development of 
photocatalytic systems with application in the branch of solar-based fuels produc-
tion, such as the generation of hydrogen via photocatalytic water splitting process, 
or the production of low carbon-containing compounds and fuels from the photo-
catalytic carbon dioxide reduction reaction (CO2RR). Regarding the photocatalytic 
process and its applications, complex oxides with general formula ABO3, such as 
the SrTiO3 [37, 38], NaTaO3 [32, 34] and KTaO3 [39], have shown outstanding effi-
ciency for the hydrogen generation; Huerta et al. reported a hydrogen production of 
5672 μmol g−1 h−1 onto a NaTaO3 laser assisted chemical vapor deposition (LCVD) 
film [33]. Tedsuda Kida et al. [40] reported a photocatalytic hydrogen production of 
29 μmol h−1 for the heterostructured material LaMnO3/CdS, employing Na2SO3/
Na2S as a sacrificial agent. Meizini et al. [41] obtained a H2 production of 60 μmol 
h−1 with the compound LaCoO3/SnO2, employing also Na2SO3 as a sacrificial agent. 
Another research publication reported the use of Cu/LaFeO3 to produce 187 μmol 
g−1 h−1 of H2 using a solution containing water + 10 wt.% of triethanolamine [42]. 
Some studies report that LaFeO3 coupled with g-C3N4 formed a heterostructure 
capable to perform properly the photocatalytic hydrogen evolution reaction in pres-
ence of sacrificial agents [43, 44]. While these works highlight the use of different 
sacrificial agents to improve the photocatalytic reactions, they do not emphasize the 
use of rare earth elements to substitute cations, which promotes better characteris-
tics for the sunlight harvesting compared to transition metals, due to a greater num-
ber of 4f energy levels which maximize the photon absorption during photocatalytic 
processes [45]. Similarly, Jin Luo et al. recently reported the coupling of g-C3N4/
LaCoO3, and this time was applied to carry out the degradation of methyl orange 
under visible light irradiation [46]. Even though most of this research works attri-
bute the enhanced photocatalytic activity to the heterostructure formation, it is not 
fully understood how the main physicochemical characteristics of such heterostruc-
tures affect the photocatalytic mechanisms in order decrease the charge carrier’s 
recombination, which improves the catalytic properties of the based g-C3N4 
heterostructures.

Focusing on the structural aspects of perovskite-based materials, and its relation-
ship with the photocatalytic activity, these materials present a propitious electronic 
band structure to perform photoelectrocatalytic reduction processes; besides, the 
substitution of the A and B cations, which conform the crystalline structure in the 
ABO3 formula, provides a broad panorama for designing and modifying the crystal 
and its electronic structure, which affects directly the physicochemical properties 
[47]. Many of these perovskite oxides contain metal transition ions d0 o d10 (Ti4+, 
Zr4+, V5+, Nb5+, Ta5+, W6+) in their electronic structure [48], which induced a higher 
charge carrier’s generation, responsible for carrying out the water splitting process. 
Most of these transition metals such as titanium, iron, and manganese, among others 
are earth abundant and non-toxic elements. Also, because they can easily lose elec-
trons in their d orbitals, they can be found in nature with different oxidation (mostly 
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a valence state +2), which bring them the characteristic to be easily substituted, and 
more importantly, the capability to be photocatalytic active in the region of the vis-
ible electromagnetic spectrum [49]. Among different perovskites reported as good 
photocatalytic materials to perform the hydrogen evolution reaction, tantalates 
(NaTaO3 [32, 34], KTaO3 [39], K3Ta3Si2O13 [50], BaTa2O6 [51], SrTa2O6 [52]), and 
titanates (SrTiO3 [37, 38], BaTiO3 [53], CaTiO3 [54]) have attracted great attention 
due to their high photocatalytic performance, mainly those composed by alkali and 
alkaline earth metals.

3  �Strategies for the Development of New Functional 
and Efficient Photocatalytic Materials

Despite the great effort that research groups worldwide have dedicated to the devel-
opment of efficient materials for obtaining hydrogen by photocatalysis, the current 
efficiencies are still below the desired level. For this reason, different strategies have 
been implemented to increase the efficiency of the photocatalysts used in hydrogen 
production and other photoreduction processes. In this way, the photocatalytic 
activity depends on the cumulative effect of the following processes: light absorp-
tion, charge separation, and charge carrier’s migration and transport [55, 56]. The 
current bottleneck in the photocatalysis technology lies in its low quantum yield, 
which is affected by the rapid recombination of the hole-electron pairs on the sur-
face, but also in the bulk. The stability of the photocatalysts is also a very important 
parameter to improve the photocatalytic activity. The overall efficiency of photo-
catalytic hydrogen production depends directly on the thermodynamic and kinetic 
equilibrium, which depend on the electronic and crystalline structure [56]. The most 
important factors and characteristics that influence the efficiency of the photocata-
lytic processes, as well as their corresponding improvement strategies, are an effec-
tive separation and transfer of the electron-hole charge carriers, the light harvesting, 
an adequate bandgap, low cost and minimum toxicity of the photocatalyst, as well 
as an optimized kinetic reaction on the surface to carry out the redox processes. 
There are important strategies reported in the literature to improve the photocata-
lytic processes, such as the band structure modification, the design of micro/nano-
metric structures, the modification of the surface, and the modification of the 
semiconductors interfaces [57]. However, it is also important to consider the physi-
cochemical properties, particularly the crystalline and electronic structure, and its 
relationship with the photocatalytic activity. These two characteristics are notably 
influenced in perovskite-type structure ABO3, due to the effects of the substitution 
of cations A and B in the cationic sites [47, 48]. These properties are attributed to 
the position of the semiconductor conduction bands, a band with higher energy 
(more negative potential), thermodynamically favors the evolution of hydrogen 
[58]; in the same way, distortions in the crystal structure due to bond angles close to 
180° (for example Ta-O-Ta in the KTaO3) promote better mobility and transference 
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of the photogenerated charges [59]. Considering all the aforementioned factors, a 
deep understanding of these materials is necessary for the adequate development of 
photocatalytic systems capable to perform efficiently the hydrogen production and 
other photoreduction processes.

3.1  �Crystalline Structure Modification: Cation A Substitution

To understand how the physicochemical, optical, and catalytic properties of some 
perovskites are related to the structural modifications depending on the substitution 
of the cation A in the ABO3 formula, Fig.  1a shows the XRD patterns for the 
perovskite ATiO3, where A = Zn, Cd, Pb. The three perovskites were synthesized by 
a solvo-combustion methodology [32]. The ZnTiO3 presents a rhombohedral struc-
ture with the spatial group R-3 [60]. Besides, a TiO2 rutile phase (3 wt.%) is present 
in this compound. Similarly, the cadmium titanate (CdTiO3) presents a rhombohe-
dral structure with the same spatial group R-3. However, for the PbTiO3 it presents 
a tetragonal structure with the spatial group p4/mmm (01-074-2495) (Fig. 1b). Since 
we are substituting the cation A, the difference in the crystalline structures is directly 
related to the difference between the atomic radii of the A = Zn, Cd, and Pb cations. 
According to the atomic radii reported in the literature: Zn2+ (0.74 Å) < Cd2+ (0.97 
Å) < Pb2+ (1.19 Å) [61], the materials containing cations with shorter atomic radii 
present crystalline structures with higher distortion rates, meanwhile larger cationic 

Fig. 1  (a) X-ray diffraction patterns for ZnTiO3, CdTiO3 and PbTiO3. (b) Crystalline structure for 
ZnTiO3 and CdTiO3 (rhombohedral) and PbTiO3 (tetragonal). (c) Diffuse reflectance spectroscopy 
measurements for ATiO3, A = Zn, Cd, Pb. (d) Electrochemical potentiometry measurements. ((a) 
Reprinted with permission from O.  Carrasco-Jaim et  al. J Photoch Photobio A, 371, 98–108. 
Copyright (2019) Elsevier)
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radii promotes the formation of a more-symmetric structural phase. Research works 
have reported that the cubic structure of different perovskite materials, particularly 
metallic tantalates present an enhanced photocatalytic activity compared with dis-
torted structures such as the orthorhombic. This difference in photocatalytic activity 
relies on the Ta-O-Ta angle of the crystalline structure, which is closer to 180° in the 
cubic structure which induces an easy transport of the photogenerated charge carri-
ers through the bulk crystalline structure, thus improving the photocatalytic activity 
[59, 62].

Figure 1c shows the diffuse reflectance UV-Vis spectra for the metal transition 
titanates perovskites. From this figure, it is important to notice that ZnTiO3 pre-
sented an absorbance signal at 410 nm, which can be associated with the rhombo-
hedral phase [60]. Additionally, it is possible to observe a signal around 300 nm, 
which corresponds to the rutile phase TiO2 [63] previously identified. The CdTiO3 
spectrum depicts a signal transition around 300 nm, which is attributed to the rhom-
bohedral phase [64], and an additional band at 380 which corresponds to an ener-
getic value around 3.26 eV, this link energy is associated to intrinsic defects caused 
by oxygen vacancies in the crystalline structure of CdTiO3 [65]. Regarding the 
PbTiO3, this perovskite shows an extended absorption signal in the visible range 
(200–450 nm) which indicates a better visible light harvesting. It is worth to men-
tion that ZnTiO3 and CdTiO3 show energy transitions below 300 nm (≥ 4.13 eV). 
According to the DOS calculation reported for these materials, such transitions cor-
respond to the d orbitals from the level Ti-3d from 3 to 9 eV. Such energetic levels 
are responsible for the major contribution in the conduction band for these 
perovskites [66]. On the other hand, it is possible to observe a similar absorption 
band for ZnTiO3 and CdTiO3, and this effect is attributed to the d-states in their 
respective conduction bands (Zn-3d and Cd-5d), in comparison to the Pb-6p state 
for PbTiO3 [66, 67].

A piece of clear evidence that how the substitution of the cation A in the ATiO3 
structure modifies the photocatalytic activity is described as follows; when a mate-
rial presents a lower conduction band energy level, as in the case of PbTiO3, it is 
possible to observe an absorption rate extended to the visible light range [68]. In this 
way, the substitution of the cation of the site A from an electronic configuration with 
lower energy values induces the obtention of photocatalytic materials active to har-
vest light in the visible region. Another significant effect observed when the cation 
of the site A is substituted in materials ATiO3 (A = Zn, Cd, Pb) is related to the 
nature of the generation and transference of the photogenerated charges. This effect 
can be explained by the variation of the electrochemical potential under dark and 
light conditions (UV light, 254 nm). Since the electrochemical potential of ZnTiO3 
presents a shift toward negative potentials (Fig. 1d), which means an electron accu-
mulation in the conduction band [69], we can classify this material as an n-type 
semiconductor. On the other hand, CdTiO3 and PbTiO3 present a contrary behavior 
under light irradiation, the displacement to positive potentials indicates a p-type 
semiconductor. In particular, PbTiO3 presents a slight negative shift when it is irra-
diated, this effect is associated with the accumulation of negative charges on the 
material surface (charge accumulation layer) which compensates the excess of 
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positive charges present in a p-type semiconductor. Once the negative charges are 
consumed, the plot presents a potential change caused by the movement of the 
majority charge carriers (holes) [70].

Since we have elucidated how the substitution of the cation A modifies the struc-
tural arrangement of the ATiO3 perovskites, these crystallographic modifications 
affect the photocatalytic activity to perform redox processes. Figure 2 depicts the 
micrographs and photocatalytic production of molecular hydrogen related to the A 
cation, A = Zn, Cd, Pb. From this plot, it is clear that ZnTiO3 generates the highest 
amount of hydrogen, 470 μmol g−1 in 3 h of reaction; this value corresponds to a 
solar-to-hydrogen conversion efficiency (STH) equal to 0.48%. The highest hydro-
gen production presented by ZnTiO3 is attributed to two main factors: (i) a higher 
crystallite size which presents a lower number of crystalline defects, thus reducing 
the charge carrier’s recombination process, and (ii) the presence of a secondary 
phase TiO2, which acts as an efficient co-catalyst to form the heterostructure ZnTiO3/
TiO2, thus enhancing the separation of the photogenerated charges and minimizing 
their recombination rate. To compare the hydrogen production rates, as well as the 
crystallographic characteristics, Table 1 summarizes the most relevant data. Since 
PbTiO3 generated a higher hydrogen amount than CdTiO3 (140  μmol g−1 and 
80 μmol g−1, respectively). It is suggested this variation can be attributed to the dif-
ferent crystalline structures presented by each compound. As aforementioned, 
ZnTiO3 and CdTiO3 present a rhombohedral structure, meanwhile PbTiO3 crystalized 
with a tetragonal structure. A more ordered structure induces the formation of Ti-O-Ti 
angles close to 180°, which enhances the light harvesting; this characteristic 
enhances the photocatalytic activity of PbTiO3 over the CdTiO3 to produce hydrogen.

Fig. 2  Photocatalytic hydrogen production and scanning electron micrographs for ATiO3 
(A = Zn, Cd, Pb)
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3.2  �Crystalline Structure Modification: Cation B Substitution

Section 1.3.1 was dedicated to understanding how the substitution of the cation A in 
the perovskite ATiO3, A = Zn, Cd, Pb can tailor the photocatalytic activity to per-
form the hydrogen production since the different atomic radio of each cation pro-
motes the formation of different crystallographic arrangements. This modifies the 
lattice distortion promoting a redshifting for PbTiO3 and the formation of hetero-
structures ZnTiO3/TiO2, which improves in both cases the generation and separation 
of photogenerated charge carriers and decrease the recombination rate. In this con-
text, it is important to study how the modification of the cation B in the perovskite 
structure ABO3 affects the photocatalytic parameters. Figure 3a depicts the X-ray 
diffraction patterns of three different perovskites LaBO3 (B = Fe, Co, Mn) synthe-
sized by the sol-gel method [34]. The perovskite LaFeO3 presents a cubic phase 
(JCPDS-01-075-0541); however, it is possible to notice the presence of an 

Table 1  Crystalline properties and photocatalytic H2 production for ATiO3 (A = Zn, Cd, Pb)

Material Phase Crystallite Size (nm)
H2 production
(μmol g−1) *

H2 production rate
(μmol m−2h−1) * STH (%)

ZnTiO3 Rhombohedral 318 470 130 0.48
CdTiO3 Rhombohedral 243 80 22 0.08
PbTiO3 Tetragonal 65 140 38 0.14

1H2 production quantified after 3  h of reaction, 0.2 g of the photocatalyst in 200 ml of deion-
ized water

Fig. 3  (a) X-ray diffraction patterns for LaFeO3, LaCoO3, and LaMnO3. (b) Crystalline structures 
for LaBO3, B  =  Fe, Co, Mn. (c) Diffuse reflectance spectroscopy measurements for LaFeO3, 
LaCoO3, and LaMnO3. (d) Cyclic voltammetry characterization. ((a) Reprinted with permission 
from L. Ibarra-Rodriguez et al. J Phys Chem Solids, 136, 109189. Copyright (2020) Elsevier)
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orthorhombic phase (JCPDS-01-070-777). Meanwhile, the LaCoO3 semiconductor 
powders show a double reflection 2θ = 32.8° – 33.3°, feature characteristic of the 
rhombohedral phase (JCPDS 01-084-0848). Since the perovskite LaMnO3 is easily 
affected by the oxygen content, this fact can modify the unitary cell structure 
(Fig. 3b). It is common to find the nomenclature LaMnO3+δ, where δ represents the 
oxygen excess. Commonly, if δ increases the crystalline structure changes form the 
orthorhombic arrangement to the rhombohedral structure [71]. The material 
LaMnO3 described in this section was indexed with the orthorhombic phase JCPDS 
01-089-2471, an additional peak is observed at 2θ = 30°, such signal corresponds to 
La2O3 since it is very difficult to obtain the pure phase LaMnO3. Regarding Co+3, 
Mn+3, and Fe+3, the ionic radii are 2.18 Å < 2.10 Å < 2.01 Å, respectively [71]. Their 
internal angles B-O-B are 163°< 157°< 155°. As occurs for the family of materials 
ATiO3, a larger ionic radio promotes the formation of angles B-O-B closer to 180° 
which makes easier the charge carrier’s transference to the material surface. The 
optical characteristics are also an important parameter to observe the effect of the B 
ion substitution, and the UV-Vis spectra for the LaBO3 (B: Co, Mn, Fe) perovskites 
(Fig. 3c) show light harvesting in the visible range. LaMnO3 and LaCoO3 present a 
wide absorption range in the visible electromagnetic spectrum; meanwhile, LaFeO3 
shows different transitions, the most notable at 550 nm. It is well known that the 
valence band of these materials is assigned the O2-2p orbital, and the conduction 
band is assigned to the B+3 3d orbitals. However, the crystalline field of the orbitals 
B+3: d (B: Co, Mn) is divided into two sets t2g, which contributes to the highest levels 
of the valence band and the levels eg added in the conduction band [72]. Hence, it 
exists a spatial overlapping of the metal d orbitals and the oxygen 2p orbital, thus 
leading the presence of d→d transitions, which require less energy than p→d transi-
tions. Particularly, the LaBO3 (B = Fe, Co, Mn) perovskites present localized states 
in the levels eg, which makes them more susceptible to d→d transitions, thus induc-
ing a higher visible light absorption [41, 72, 73]. In comparison with the ATiO3 
perovskites (A = Zn, Cd, Pb), the substitution of the B cation changes significatively 
the optical properties, because as above-mentioned, the energy levels in this posi-
tion conform the semiconductor conduction band.

The active species of cations B+3 located onto the material surface allow the per-
formance of the redox reactions due to their multiple oxidation states. Since the 
electrochemical techniques are very sensible procedures to characterize and observe 
the oxidation transition states of heterostructured materials, cyclic voltammetry in 
Fig. 3d allows the cation oxidation transition from B+2 to B+3, and also a partial 
transition in LaMnO3 from carbonated species to MnO. From these results, it is pos-
sible to point out that LaMnO3 y LaCoO3 present a higher surface area and a higher 
concentration of active metal ions B (B = Co, Mn) [74] onto the perovskite surface, 
these species perform a key role in the capability of such semiconductor to photo-
generated molecular hydrogen [75].

Regarding the photocatalytic performance toward the hydrogen evolution reac-
tion, the results show a correlation between the H2 generation and the B (B = Fe, Co, 
Mn) cation employed in the LaBO3 structure. LaMnO3 exhibits the highest produc-
tion rate compared to the perovskites LaFeO3 and LaCoO3 (Fig.  4). A general 
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summary of the photocatalytic activity and structural parameters are displayed in 
Table 2. Such behavior is attributed to the following suggestions: (i) LaMnO3 pres-
ents a higher superficial area; in this way, there exist more actives sites which 
increase the surface contact and the photocatalytic activity; (i) a higher concentra-
tion of metal ions onto the material surface; (iii) the presence of the La2O3 phase 
which improves the charge carrier’s transport since its lanthanide 4f level plays an 
important role in the interfacial charge transference and the decrease in the charge 
carrier’s recombination rate [12, 76]. It is worth remembering that titanates family 
ATiO3 (A = Zn, Cd, Pb), PbTiO3 present the most ordered structure, and a Ti-O-Ti 
angle closer to 180°, hence the highest photocatalytic activity. In this context, the 
LaBO3 (B = Fe, Co, Mn) perovskites show a similar result. The LaMnO3 presents an 
angle B-O-B value of 163°, being this material the one that presents the highest 
photocatalytic activity. Such results show the influence of the crystalline structure 
over the photocatalytic performance. A free defect and highly symmetric structure 

Fig. 4  Photocatalytic hydrogen production and scanning electron micrographs for LaBO3 (A = Fe, 
Co, Mn). (Reprinted with permission from L. Ibarra-Rodriguez et al. J Phys Chem Solids, 136, 
109189. Copyright (2020) Elsevier)

Table 2  Crystalline properties and photocatalytic H2 production for LaBO3 (B = Fe, Mn, Co)

Material Phase
Crystallite 
Size (nm)

Average Grain 
Size (μm)

SBET

(m2 
g−1)

Bandgap 
(eV)

Actividad 
(μmolg−1 h−1)

LaFeO3 Orthorhombic /
cubic

22 0.429 16 2.39 17

LaCoO3 Rhombohedral 25 0.300 19 1.62 44
LaMnO3 Orthorhombic 10 0.174 26 1.76 103
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enhance the charge carrier’s transport. However, once the photogenerated charges 
are transported to the surface, the superficial characteristics like the number of metal 
active ions play a key role to improve the photocatalytic hydrogen evolution 
reaction.

3.3  �Superficial Modification: Key Role 
in the Photocatalytic Performance

To further understand the influence rate of the cation B substituted in the LaBO3 
(B = Fe, Co, Mn) perovskites and its relation with the photocatalytic activity, further 
analyses have to be discussed. Superficial measurements by XPS allow the determi-
nation of the relation O-ads/O-lattice (O-ads = adsorbed oxygenated species), this 
relation is used as a reference to appreciate the material surface changes. The O-ads/
O-lattice for LaMnO3 presents higher values after the material was subjected to the 
photocatalytic evaluation (1.35 and 1.67 before (Fig. 5a) and after photocatalytic 
tests (Fig.  5b), respectively), this feature is related with a higher number of 

Fig. 5  XPS spectra, O 1s signal for LaMnO3 (a) Before the photocatalytic tests and (b) After the 
photocatalytic test. (c) FTIR spectra for LaMnO3 before and after the photocatalytic tests. ((a), (b) 
and (c) Reprinted with permission from L.  Ibarra-Rodriguez et  al. J Phys Chem Solids, 136, 
109189. Copyright (2020) Elsevier)
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oxygenated species on the LaMnO3 surface mainly CO3
−2 and OH−. To corroborate 

the presence of carbonate (CO3
−2) or hydroxyl (OH−) ions absorbed on the LaMnO3 

surface, the infrared FTIR measurements (Fig. 5c) confirm the presence of these 
species. It is possible to observe two vibrational bands (symmetric curves) at 723 
and 857 cm−1, as well as two asymmetric signals at 1427 and 1485 cm−1 correspond-
ing to the carbonated anions [77, 78]. These signals become more intense after the 
photocatalytic reaction, thus indicates the formation of carbonate links. Such behav-
ior can be attributed to the carbon dioxide adsorption over the perovskite surface 
which is later converted into carbonated species during the photocatalytic reaction. 
In this way, it is suggested that carbonate ions (CO3

−2) compete for the available 
active sites over the semiconductor surface, causing in this way the deactivation of 
catalytic sites to perform the hydrogen generation. Considering the aforementioned 
explanation, Fig. 6 shows a mechanism to elucidate the role of the oxygenated spe-
cies in the photocatalytic reaction. Once the light source promotes the photogenera-
tion of the charge carriers (e− and h+), different phenomena take place. The 
photoexcited electrons are displaced to the conduction band, which is commonly 
composed of the d transition levels. From this point, the electrons can take two dif-
ferent transport ways: d → d (t2g) or O−2: 2p → M: d, this suggests that the exposed 
transition ions over the surface promote the formation or partial charges, increasing 

Fig. 6  Photocatalytic hydrogen evolution mechanism for LaBO3 (A = Fe, Co, Mn) semiconduc-
tors. (Reprinted with permission from L. Ibarra-Rodriguez et al. J Phys Chem Solids, 136, 109189. 
Copyright (2020) Elsevier)
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the available active sites to perform the redox reactions. However, partial charges 
are not attracting just water, they also attract another oxygenated species [79], such 
carbonated and oxygenated species, CO3

−2 and OH- block the active sites decreasing 
the photoinduced hydrogen generation.

It has been demonstrated that the substitution of cations A or B in the perovskite 
ABO3 affects the structural, morphological, and optical characteristics, thus modi-
fies the photocatalytic activity of such materials. However, it is necessary the com-
bination of multiple factors to obtain an adequate synergy. A very important factor 
is that the compounds ZnTiO3 y LaMnO3, which showed the highest photocatalytic 
activities, present a secondary phase. It is suggested that these secondary com-
pounds can generate intermediate energetic levels which induce the charge carrier’s 
generation. The theoretical diagrams for the materials ZnTiO3, CdTiO3 y PbTiO3 
show that the conduction band for CdTiO3 is more negative than the conduction 
band for ZnTiO3 and PbTiO3 (Fig. 7a). This condition has been related to a higher 
photocatalytic activity to perform reduction processes [58, 68]. Although, regarding 
the ATiO3 (A = Zn, Cd, Pb) materials, PbTiO3 showed the best photocatalytic effi-
ciency producing more hydrogen than CdTiO3. This enhancement is related to the 
ferroelectric properties of PbTiO3 [80] which induce spontaneous polarizations 
capable to produce dislocation of electric charges. This charge carrier’s separation 
is favorable to reduce the holes – electrons recombination, enhancing in this way the 
photocatalytic activity [81]. On the other hand, the band diagram for LaBO3 (B: Co, 
Mn, Fe) shows that La2O3 presents a wide bandgap ~4 eV (Fig. 7b); however, it is 
suggested a section these energy levels generates transition levels to act as a hetero-
structure [82].

Fig. 7  (a) Theoretical band diagram for ATiO3 (A = Zn, Cd, Pb). (b) Theoretical band diagram for 
LaBO3 (A = Fe, Co, Mn) semiconductors. ((a) Reprinted with permission from O. Carrasco-Jaim 
et al. J Photoch Photobio A, 371, 98–108. Copyright (2019) Elsevier)
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3.4  �Tailoring the Photocatalytic Activity Through 
the Heterojunction Formation

Several strategies have been carried out to increase the photocatalytic activity of 
semiconductor materials to perform redox processes. The doping with metal and 
non-metal nanoparticles [54, 83], structural changes to reduce the bandgap values 
[84], sensitization with visible light materials [85], and the formation of heterojunc-
tions [11, 27, 86] are some of the most used strategies to improve the visible light 
harvesting and avoid the charge carrier’s recombination rate. Regarding these strate-
gies, the heterojunction formation is one of the most efficient methodologies to 
improve the photocatalytic activity of semiconductors by controlling the electron-
hole recombination rate [27]. Semiconductor heterojunction involves the stacking 
of two photocatalytic materials with different bandgaps. A direct bandgap transition 
is better than an indirect bandgap. The direct bandgap refers to the highest level of 
the valence band aligned with the lowest level on the conduction band; in this way, 
the direct recombination takes place releasing an energy amount equal to the energy 
difference between the recombining particles [87].

The sodium tantalate NaTaO3 is an extensively studied perovskite reported as a 
suitable material to perform the photoelectrocatalytic hydrogen production from the 
water splitting under UV-Vis irradiation [32, 33, 88]. Taking into account the 
NaTaO3 presents a bandgap ~4 eV [88], this perovskite is capable to generate charge 
carriers only under UV irradiation, and this fact decreases its effectiveness in tech-
nological scaling applications in devices irradiated with sunlight. On the other hand, 
although barium bismuth (BaBiO3) does not show a high production of H2 when it 
is used as a photoanode [89], this semiconductor presents a bandgap ~2 eV [90], 
which makes it a photocatalytic active material under visible irradiation. In this way, 
and continuing with the task to obtain better and more efficient photocatalytic mate-
rials, the following paragraphs describe the formation and photocatalytic perfor-
mance of a heterojunction BaBiO3/NaTaO3 to elucidate the advantages of the 
heterostructures formation. Fig. 8a–c shows the particle sizes for the heterostruc-
ture, and this one decreases its particle size in comparison with bare NaTaO3 and 
BaBiO3. In turn, the heterojunctions containing 20 and 25% by weight of BaBiO3 
present the largest crystal size, which from the photocatalytic point of view reduces 
the recombination effects of charge carriers, improving the catalytic activity 
(Fig. 8d).

While it is true a larger crystal size affects and improves the photoelectrocata-
lytic activity of the heterojunction, this structural modification affects the optical 
and electrocatalytic parameters. The heterostructured material shows a decrease in 
the charge carrier’s recombination rate as the amount of BaBiO3 increases until 
20%-BaBiO3/NaTaO3, this ratio presents the lowest recombination rate (Fig. 9a, b); 
therefore, the highest photocatalytic hydrogen production (Fig. 9c) [91]. The photo-
electrochemical evaluation reveals the high effectivity in the formation of the het-
erojunction 20%-BaBiO3/NaTaO3 to perform the water splitting by the generation 
of ∙OH radicals to form oxygen onto the electrode surface and hence the hydrogen 
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generation on the counter electrode (Fig. 9d). These results allow considering this 
material as an effective compound to perform the photoelectrocatalytic water split-
ting as an energy vector. It is suggested the photocatalytic enhancement is caused 
by: (i) an increase in the crystallite size compared to the bare perovskites, (ii) an 
optimal addition of BaBiO3 (20 wt.%) which enhances the heterostructure synergy 
and decreases the charge transfer resistance, and iii) La continuous charge carrier’s 
transference induced by energy bands overlapping, thus avoiding the recombination 
issues and improving the charge transference processes.

As mentioned above, heterojunctions have been developed for several applica-
tions, pollutant degradation [92], microbial disinfection [93], energy generation by 
H2 production by water splitting [94], and CO2 reduction [18]. Depending on the 
application needs, the heterojunction components are selected to generate specific 
reactive species. Graphitic carbon nitride (g-C3N4) is a novel semiconductor mate-
rial that has been widely used conjointly with several perovskite materials such as 
MnTiO3 [95], CoTiO3 [96], SrTiO3 [10], and NaTaO3 [97], with application in deg-
radation processes. On the other hand, the family of perovskites LaMO3 (M: Co, Fe, 
Mn) has been employed in catalysts, sensors, and membranes in syngas applications 
[98]. There are several reports regarding the use of g-C3N4/LaFeO3 in the hydrogen 

Fig. 8  (a) Scanning electron micrographs for (a) NaTaO3, (b) BaBiO3, and (c) 20%-BaBiO3/
NaTaO3. Theoretical band diagram for ATiO3 (A  =  Zn, Cd, Pb). (d) Crystallite sizes as wt.% 
BaBiO3 is added. ((a) and (b) Reprinted with permission from J.M.  Mora-Hernandez et  al. J 
Photoch Photobio A, 391, 112363. Copyright (2018) Elsevier)
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production in presence of sacrificial agents [43], as well as the employment of 
g-C3N4/LaCoO3 to carry out the methyl orange degradation under visible light [46]. 
A comparative study of photocatalytic hydrogen evolution employing g-C3N4/(2, 5, 
10%)LaMO3 (M: Co, Mn, Fe) composites is analyzed to elucidate the mechanism 
involved in the enhanced charge transfer processes over the heterostructured semi-
conductor. Table  3 shows a summary of the physicochemical properties and the 
photocatalytic activity for g-C3N4/LaBO3 (B: Co, Mn, Fe) heterostructures. In 
almost all cases, a LaBO3 percentage above 2 wt.% affects negatively the compound 
performance. It is worth to mention that samples containing 2 wt.% of LaBO3 (B: 
Co, Mn, Fe) exhibit the highest hydrogen generation. This feature can be related to 
a surface saturation where the perovskite particles block the g-C3N4 active sites. The 
addition of the second material enhances the photocatalytic activity, increasing the 
separation and transference of charge carriers. An energy band diagram (Fig. 10) 
allows us to observe when the materials are coupled, the electrons are transferred 
from the g-C3N4 conduction band to the perovskite conduction band. The electron 
transference continues until the Fermi energy level in both compounds is in 

Fig. 9  (a) Charge carrier’s recombination rate by photoluminescence measurements. (b) 
Photocatalytic hydrogen generation. (c) Charge transfer resistance under dark and light conditions. 
(d) Photoelectrochemical activity under oxidation scan potential. ((a), (b), (c) and (d) Reprinted 
with permission from J.M. Mora-Hernandez et al. J Photoch Photobio A, 391, 112363. Copyright 
(2018) Elsevier)
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equilibrium, and this improves the charge carrier’s separation and increases the pho-
tocatalytic activity. As the perovskite co-catalyst percentage increases, the spatial 
charge region becomes narrower, and the depth of light penetration into carbon 
nitride exceeds the space charge layer, this promotes the hole – electron recombina-
tion (Fig. 11) [99].

At this point, it is worth mentioning the definition and physicochemical and opti-
cal characteristics of the most common heterojunctions. Based on the different band 
and electronic structures, heterojunctions can be typically classified into three 
groups: type-I (straddling gap), type-II (staggered gap), and type-III (broken gap) 
(Fig. 12) [27]. For the type-I, the conduction band and the valence band levels for 

Table 3  Physicochemical properties and photocatalytic activity of g-C3N4 /LaBO3, B = Co, Mn, Fe

Material
wt. % 
Perovskite Morphology

SBET

(m2 
g−1)

Bandgap 
(eV)

Activity (μmolg−1 
h−1)

g-C3N4 *** Irregular 
particles

19 2.85 10
g-C3N4/
LaMnO3

2% 17 2.85 40
5% – 2.83 14
10% – 2.81 11

g-C3N4/
LaCoO3

2% 23 2.83 30
5% – 2.77 6
10% – 2.75 20

g-C3N4/
LaFeO3

2% 16 2.86 140
5% – 2.84 2
10% – 2.84 11

Fig. 10  Band diagrams, charge transference mechanism, and heterojunctions obtained by the cou-
pling of LaBO3 (B = Fe, Co, Mn) and g-C3N4
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the semiconductor A (SA) are higher and lower than the CB and VB of semiconduc-
tor B (SB), the charge carriers migrate from the SA to the CB and VB of the SB, the 
charge carriers cannot separate effectively due to their accumulation on the SB 
(Fig. 12a). In type-II heterojunctions, the level of both, conduction and valence band 
of SB, is higher than both band levels in SA (Fig. 12b). In this way, electrons migrate 
from the to the CB of SA, and holes migrate to the VB of SB which results in effec-
tive spatial charge separation and transference. Fig. 12c depicts the band positions 
of type-III heterojunctions, in this case, the staggering gap becomes so wide that the 
bandgaps do not overlap. Thus, the synergic charge carrier’s migration and separa-
tion between SA and SB do not occur. Among these three conventional heterojunc-
tions, the type-II heterojunction is the most effective due to its spatial migration and 
charge carrier’s separation. From the band diagram in Fig.  10, it is possible to 
observe that only the compounds g-C3N4 and LaFeO3 present suitable position 
bands to form a type-ll heterostructure, which makes it the most efficient material to 
carry out the photocatalytic hydrogen evolution. On the other hand, the herejunc-
tions generated by g-C3N4 and LaCoO3 or LaMnO3 form a type-l heterostructure. 
These two heterostructures act as light sensitizers; however, this better light harvest-
ing does not improve the photocatalytic activity since all the charge carriers are 
accumulated on the LaCoO3 or LaMnO3.

The heterojunctions formation is one of the best strategies to enhances the pho-
toelectrocatalytic activity in perovskite semiconductors; however, the coupling of 
two catalytic materials not always results in a heterojunction formation, sometimes 
the addition of a second material promotes the formation of intermedium states or 

Fig. 11  Surface saturation diagram for the heterojunctions obtained by the coupling of LaBO3 
(B = Fe, Co, Mn) and g-C3N4. (Reprinted with permission from L. Ibarra-Rodriguez et al. Mater 
Sci Semicond Process, 103, 104643. Copyright (2019) Elsevier)
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defect levels capable to reduce the semiconductor bandgap [100, 101]. To elucidate 
this feature, this section presents the tailoring of a NaTaO3 perovskite by the incor-
poration of amorphous carbon to produce the generation of intermediate states to 
decrease the bandgap broadening and enhance the photocatalytic activity to perform 
reduction processes. The carbon-doped NaTaO3 (C-NaTaO3) was obtained by a 
solvo-combustion method, which involves the use of organic and volatile substances 
that are responsible for the incorporation of amorphous carbon into the NaTaO3 lat-
tice (Table 4) [17]. The as-prepared C-NaTaO3 contains a 47 at. % of carbon, and 
this sample was subjected to an annealing process to remove different amounts of 
carbon. The sample annealed at 650 °C (30 at. % carbon) presented the optimal 
physicochemical and optical properties to perform photocatalytic reduction pro-
cesses. Figure 13a shows the DTA/TGA measurements, the mass loss before 200 °C 
corresponds to the water evaporation, meanwhile the decrease in mass from 250 to 

Fig. 12  Semiconductor heterojunctions and charge carriers transfer processes. (a) Type-l, (b) 
Type-ll, (c) Type-lll. (Reprinted with permission from A. Kumar et al. Water Res, 170, 115356. 
Copyright (2020) Elsevier)

Table 4  Quantitative composition obtained by EDXS. Carbon contained in the C-NaTaO3 samples

Element (at. %) As-Prepared 500 °C 550 °C 600 °C 650 °C 700 °C

Carbon K 46.75 37.34 34.93 32.94 29.60 28.89
Oxygen K 38.41 40.35 41.13 41.57 43.82 44.14
Sodium K 5.17 7.22 9.64 8.92 10.86 10.78
Tantalum K 9.67 15.08 14.3 16.39 15.72 16.18
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520 °C evidence the carbon removal as the temperature increases. The peak appreci-
ated at 550 °C is attributes to the NaTaO3 crystallization. From Fig. 13b, it is evident 
that the heat treatment process modifies the specific surface area SBET. Considering 
that most of the carbon allotropes possess a high specific surface area [102, 103], 
the temperature increase promotes a significant SBET loss above 600 °C. Additionally, 
the NaTaO3 recrystallization causes the increase of the grain sizes promoting also 
the decrease of the SBET [104]. Although, a high crystallinity enhances the photo-
catalytic activity of semiconductors due to a low number of crystalline defects 
responsible for the charge carrier’s recombination [105]. In this way, an efficient 
photocatalytic semiconductor must exhibit an optimal relationship between a high 
crystallinity and a high surface area, and this optimal relationship is found in the 
sample annealed at 650 °C.

Since the sample C-NaTaO3 annealed at 650 °C show the optimal relationship 
between surface area and crystallinity. This sample presents the highest photocata-
lytic activity to carry out the photoconversion of CO2 to produce formaldehyde 
(Fig. 14a), overpassing the photocatalytic efficiency of samples annealed at differ-
ent temperatures, and bare NaTaO3. The high conversion rate achieved by C-NaTaO3 
at 650 °C is attributed to three main factors: (i) the reduction of the bandgap caused 
by the generation of intermediate states in the energy bands, (ii) an enhancement of 
the electrical conductivity by the addition of carbon in the NaTaO3 structure, and 
(iii) an optimal ratio between the crystallization degree and the active surface area. 
Regarding the generation of intermediate states, Fig. 14b depicts the mechanism to 
carry out the photocatalytic generation and transportation of charge carriers. 
Typically, NaTaO3 presents a UV light absorption attributed to the band transition 
for O2p (valence band) to the Ta5d (conduction band); however, the carbon incor-
poration induces the apparition of mid-gaps which reduce the original bandgap 
value [106], and this better light harvesting and a major number of photogenerated 
charges is indicative of the presence of oxygen vacancies and impurities in the 
NaTaO3 lattice [107]. Nevertheless, the defects induced by the carbon-doping play 

Fig. 13  (a) DTA/TGA plots for the as-prepared C-NaTaO3 photocatalyst. (b) Specific surface area 
(SBET) and sample pore size (BHJ) for the as-prepared C-NaTaO3 and samples annealed from 500 
to 700  °C. ((a) Reprinted with permission from J.M.  Mora-Hernandez et  al. J CO2 Util, 27, 
179–187. Copyright (2018) Elsevier)
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a detrimental role, acting also as recombination centers and decreasing the number 
of active charge carriers to perform the redox processes. This is the reason why an 
appropriate combination of surface area, light absorption, and crystalline structure 
are determinant to improve the photocatalytic activity.

4  �Conclusions

In the last decades, inorganic perovskite semiconductors have attracted the attention 
of the scientific community since these materials have presented remarkable results 
in the photocatalytic energy generation field. The modification of structural param-
eters induced by the substitution of cations A or B in the ABO3 general formula, the 
heterojunction formation, and doping strategies have been employed as photocata-
lytic tailoring strategies. Such improvement strategies affect the psychochemical, 
optical, and photoelectrocatalytic properties of such semiconductors toward photo-
catalytic reduction processes. This chapter highlights the results obtained for three 
different perovskite families following the above-mentioned tailoring strategies. 
Regarding the ATiO3 family, A = Zn, Cd, Pb, the ZnTiO3 showed the best photocata-
lytic performance toward the hydrogen production (470 μmol g−1), since this com-
pound presented the highest crystallite size, thus a lower number of crystalline 
defects. The substitution of cation A in the ATiO3 perovskites showed that cations 
with lower ionic radio generate a significant structure distortion, the compounds 
with a Ti-O-Ti angle closer to 180 °C presented better light harvesting. Additionally, 
the cations presenting energy levels lower than Ti3+ promote a photocatalysts red-
shifting. On the other hand, in the perovskites family LaBO3, B = Co, Mn, Fe, the 
compound LaMnO3 presented the highest photocatalytic hydrogen production 
(103 μmol g−1), such enhancement is attributed to the presence of the secondary 
phase La2O3 which promotes a 4f modification levels improving the charge carrier’s 

Fig. 14  (a) Photocatalytic CO2 reduction over C-NaTaO3 samples. (b) Mechanism diagram for 
induced visible light activity in C-NaTaO3. (Reprinted with permission from J.M. Mora-Hernandez 
et al. J CO2 Util, 27, 179–187. Copyright (2018) Elsevier)
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transference. Also, this material presented a higher superficial area, thus exists a 
higher number of photocatalytic active sites, as well as a higher number of metallic 
ions responsible to generate partial charges where water molecules can be adsorbed 
and later reduced. Similarly, to the ATiO3 family, the cation B substitution induced 
promoted a structural distortion. The use of lower cation radii generates less ordered 
structures, the perovskite structure presents enough internal space to generate higher 
structural distortions. The transition metals Co, Fe, and Mn present energetic transi-
tions d→d, which require less energy and allow the activation of the LaBO3, B = Co, 
Mn, Fe in the visible light region. On the other hand, the heterojunction formation 
and doping strategies also promote better light harvesting and enhancement in the 
photocatalytic activity of some perovskites. For the BaBiO3/NaTaO3 heterojunction, 
the addition of 20 wt.% BaBiO3 enhanced the visible light absorption and increase 
the heterostructures crystallite size in comparison with bare semiconductors, this 
structural modification decreases the grain limit defects number, thus reducing the 
charge carrier’s recombination rate. Such photocatalytic improvement was also pre-
sented by the heterojunction ZnTiO3/TiO2, where the heterostructure formation 
induced better charge carrier’s transference by the modification of the energy levels 
to generate a type-ll heterojunction. Regarding the carbon-doped NaTaO3 com-
pound (C-NaTaO3), the presence of 30 at. % of amorphous carbon improved the 
photocatalytic activity of the C-NaTaO3 composite. The carbon amount was a key 
parameter to improve and reduce the bandgap value and diminish the charge trans-
ference resistance by an improvement in the electrical conductivity, but more impor-
tant, by the generation of intermediate energy levels in the NaTaO3 structure capable 
to reduce the bandgap. The optimal ratio between the surface area and crystallinity 
of the sample was achieved by the C-NaTaO3 annealed at 650 °C. These parameters 
play an important role to explain an improved photocatalytic activity caused by a 
higher reactive surface and lower recombination of the charges photogenerated onto 
larger crystals. The photoelectrochemical tests revealed that the material annealed 
at 650 °C is the only sample with a conduction band value more negative than the 
potential required to perform the generation of formaldehyde from the photocata-
lytic reduction of carbon dioxide in aqueous solution. Is it suggested that the appro-
priate combination and synergy of crystalline structure, light absorption, and surface 
area properties of the samples are determinant factors in the photocatalytic activity 
in carbon-doped materials.
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1  �Introduction

Information technology revolution has powered the demand for large-scale com-
puter facilities and data centres with extraordinarily high energy demands. Future of 
high-performance computing, with unprecedented society benefits, is completely 
unfeasible with today’s technologies in light of their unsustainable power consump-
tion [1]. The challenge ahead is a revolution with energy-efficient concepts and 
technologies able to reduce the related environmental and economic impacts.

Novel systems based on strongly correlated oxides are among the most outstand-
ing challenges towards realizing high-performance energy-efficient functional 
devices for information storage and processing [2–4]. The interplay between charge 
and structural degrees of freedom in these materials can give rise to a numerous 
exotic ordering phenomenon, including colossal magnetoresistance in manganites, 
high-temperature superconductivity in copper oxides. Moreover, multiple transi-
tions between distinct competing phases with drastically different electronic and 
magnetic order (ferromagnetic, paramagnetic, or antiferromagnetic ordering, super-
conductivity or Mott insulators), can be induced [5].

Superconducting technology, by virtue of its inherent low power dissipation, 
high speed, and lossless interconnect, emerges as a very promising and reliable 
approach to close the growing gap between required performance and sustainability 
in “big data” manipulation [6, 7]. Copper oxides, and particularly YBa2Cu3O7−x 
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(YBCO), have received significant attention for electronic applications since in 
addition to their superconducting behaviour they offer unique properties of non-
conventional high-temperature superconductors. In particular, tuning of their carrier 
density to induce a reversible modulation of the insulator-superconductor quantum 
phase transition by an external electric field has attracted much attention due to their 
promise for transistors and memory devices with loss-free channels [8–10]. 
Moreover, the potentiality of nano-engineering the superconducting order parame-
ter to create reconfigurable pinning landscapes offers the possibility to manipulate 
magnetic flux quanta in fluxtronics devices [11]. Exceptional behaviours have been 
found by combining superconductor (SC) and ferromagnetic (FM) materials in 
hybrid SC-FM systems. Interaction of these antagonistic order parameters has 
received enormous attention in condensed matter physics, in quality of unprece-
dented ways of designing system functionalities [12–14].

Here we introduce a new concept based on the combination of high-temperature 
cuprate oxides with soft FM structures as a promising approach to generate different 
magnetic states using superconducting stray fields or supercurrents, as a non-
dissipative way to encode information. The manipulation of spin textures in mag-
netic materials opens up novel proposals for prospective high-performance magnetic 
memories [15, 16]. In these systems, the information can be stored in engineered 
non-trivial spin configurations, such as domain walls, vortices, or skyrmions [17, 
18]. Key to the success of such devices is the precise generation and control of sta-
ble magnetic textures. The main bottleneck limiting the use of magnetic states as 
information bits remains on the valance between thermal stability and operation 
power. Highly stable states lead to large magnetic fields or currents for operation. 
The use of lossless supercurrents to stabilize the magnetic textures offers an attrac-
tive solution to reduce the power consumption of magnetic devices [14, 19, 20].

Direct evidence for the possibility to imprint non-trivial magnetic states in a FM 
layer by using superconducting stray fields was demonstrated in our previous work 
with SC-FM hybrid systems formed by micrometric high-temperature supercon-
ducting dots, covered by a soft FM thin film [19]. When an applied magnetic field 
is ramped up and down in those hybrid systems, regions with supercurrents circulat-
ing clockwise or counter-clockwise, following the shape of its external contour, are 
induced in alternating concentric layers, thus generating singular stray fields fully 
dependent on the SC dot geometry. By changing the shape of the dots and the mag-
netic history experienced by the hybrid system, a large manifold of magnetic pat-
terns can be imprinted, stabilized, modified, and annihilate in the FM layer.

Figure 1 shows the magnetic domain structure obtained at 45K on SC-FM hybrid 
systems, based on YBCO dots covered with a Permalloy film, with different SC dot 
shapes. We obtained the magnetic images in remanence after saturating the SC dots. 
Different singular spin textures can be stabilized at zero external magnetic field, 
depending on the stray field generated by the SC structure below and sustained by 
lossless supercurrents. With a squared SC dot four tail-to-tail magnetic domains, 
separated by Bloch domain walls are imprinted. These domains are reversed to 
head-to-head spins in the negatively saturated state. In the case of triangular dots, 
the imprinted pattern is formed by three domains. Circular structures can be used to 
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create monopolar fields with magnetic charge easily switched from +1 to -1 with the 
sign of the applied field. This concept can be expanded to multiple geometries to 
provide a large manifold of magnetic topological interest for memory applications.

2  �Experimental Details

2.1  �Hybrid Superconducting-Ferromagnetic Devices

We fabricated hybrid SC-FM devices by combining YBa2Cu3O7−x (YBCO) super-
conducting strips with Fe20Ni80 (Permalloy) FM strips of different sizes. On one 
side, permalloy is a soft FM material which can be easily magnetized by an external 
magnetic field. Moreover, it has proved to have significant anisotropic magnetore-
sistance [21] that will be used to measure different magnetic configurations induced 
in the hybrid systems. On the other side, YBCO is a high-temperature copper oxide 
SC, able to carry large superconducting currents and thus trap high magnetic fields.

We used the chemical solution deposition approach to grow high-quality epi-
taxial YBCO films on 5 mm × 5 mm LaAlO3 (LAO) single crystal substrates [22]. 
We used a photolithography process combined with chemical etching to pattern SC 
strips of two different widths, w(SC) = 50 μm and 100 μm. After patterning, YBCO 
structures were covered with a 15 nm thick film of Cerium Oxide grown by Atomic 
Layer Deposition, as an insulating layer to avoid current flowing through the SC 
when measuring the magnetoresistance of the ferromagnet. The following step was 
to pattern permalloy structures, also consisting of strips of different widths, 

Fig. 1  (a) Scanning Electron Microscopy images (left) and the associated in-plane magnetic 
domain configurations imaged by X-ray magnetic circular dichroism (XMCD) of hybrid SC-FM 
structures with different SC dot geometry. (a) Square, (b) triangle, (c) disc, (d) ring. Arrows indi-
cate the direction of the magnetization in the permalloy layer
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w(FM) = 10 μm, 30 μm, 50 μm, 100 μm, arranged perpendicular to the SC strips. 
Permalloy strips were fabricated by sputtering deposition, combined with a lift-off 
photolithography process. Finally, we deposited Au metallic contacts by thermal 
evaporation and lift-off.

Figure 2a illustrates a schematic representation of the resulting devices denoted 
as SCw(SC)FMw(FM), where the subscripts w(SC) and w(FM) indicate the width in μm 
of the SC and FM strips, respectively. An optical image of a representative hybrid 
device is shown in Fig. 2b.

2.2  �Anisotropic Magnetoresistance

The anisotropic magnetoresistance (AMR) effect describes the change in the resis-
tance of a magnetic material when the relative angle between the local magnetiza-
tion and current direction changes. The AMR of a magnetic material can be 
described simply by the equation:

	 ρ θ ρ ρ ρ θ( ) = + +( )⊥ ⊥

cos 	 (1)

where ρ(θ) is the resistance as function of the angle θ between the local magnetiza-
tion and current, ρ⊥ and ρ∥ are the resistances at θ = 90o and a θ = 0o, respectively 
[23]. The AMR effect typically results in resistance changes of 0.1–2% and has 
been demonstrated to be a very sensitive probe for detection of sub-micron domain 
patterns, such us domain walls or vortex states, in Permalloy and Nickel nanostruc-
tures [24–27].

We used the AMR effect to detect different magnetic textures induced in the FM 
structures. Magnetotransport properties of permalloy structures were conducted in 
a four-point geometry using a Quantum Design Physical Properties Measurement 
System (PPMS).

We measured magnetoresistance hysteresis loops as a function of the external 
magnetic field, H, up to different maximum values, Hmax. The magnetoresistance 
ratio was defined as:

Fig. 2  (a) Schematic representation of SC-FM devices. (b) Optical image showing a SC50-FM30 
device with four Au contacts
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with RH and R0 being values of the sample resistance at an applied magnetic field H 
and zero magnetic field, respectively. All measurements were performed with the 
magnetic field applied out-of-plane and the current flow along the permalloy 
channel.

3  �Magnetoresistance in Hybrid SC-FM Devices

3.1  �Effect of SC Stray Magnetic Fields 
on FM Magnetoresistance

To determine the effect of SC trapped magnetic fields on the FM spin configuration 
of FM strips, we compare the magnetoresistance curves of permalloy above and 
below Tc. Figure 3 shows the magnetoresistance hysteresis loops measured for a 
hybrid structure (SC100-FM50) at 100K > Tc and 5K < Tc, sweeping up and down the 
magnetic field from -500 mT to 500 mT. Significant differences can be observed 
within the two loops. At 100K, with no influence of the superconducting trapped 
field, the magnetoresistance curves show a maximum at positive magnetic field for 
the sweep-up curve and at negative magnetic field for the sweep-down curve. These 
two peaks can be associated to the maximum disorder of the distribution of mag-
netic domains at the coercive field [23, 28].

The magnetoresistance ratio curves taken at different temperatures above Tc 
(100K, 200K, and 300K) present the same behaviour (Fig.  4). Below the 

Fig. 3  Magnetoresistance curves for SC100-FM50 measured sweeping-up (closed symbols) and 
sweeping-down (open symbols) the applied magnetic field at 100K and 5K
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superconducting critical temperature (5K), however, the hysteresis loop shows a 
different performance. In this case, the ascending branch, going from negative to 
positive magnetic field values, shows higher resistance than that of the descending 
branch and the magnetoresistance peak for the sweep-up curve appears at negative 
fields. Moreover, the normalized hysteresis loop is significantly enhanced with 
decreasing the temperature below Tc (see Fig. 4). These differences provide a direct 
indication that the magnetic structure of the permalloy strip is modulated by the SC 
stray fields.

We plot in Fig. 5 the magnetic field value at the magnetoresistance peak, appear-
ing in the ascending branch of the hysteresis loops shown above (Hpeak

up), as a func-
tion of the temperature. We observe a monotonic increase of the Hpeak

up value as the 
temperature is decreased, in agreement with an enhancement of the coercive field. 
This trend is not observed once the temperature is reduced below Tc, since as 
observed in the hysteresis loops the peak is shifted to negative fields when the mag-
netoresistance is measured at the superconducting state. The shift of Hpeak

up arises 
from the contribution of the magnetic field trapped in the SC strip that modifies the 
applied field necessary to reverse the magnetic domains on the FM structure, i.e. 
modify the coercive field, as observed in [19].

3.2  �Tunability of the Coercive Field with Device Geometry

To better elucidate the effect of the SC trapped field on the magnetoresistive peak, 
associated with the FM coercive field, we analysed devices with different SC and 
FM widths. Figure 6 shows the magnetoresistance hysteresis loop obtained for the 

Fig. 4  Hysteresis curves of magnetoresistance ratio for SC100-FM50, measured sweeping-up 
(closed symbols) and sweeping-down (open symbols) the applied magnetic field at 300K, 200K, 
100K, and 5K
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device shown above (SC100-FM50) compared with the one measured for a similar 
device with the same FM width but a narrower SC strip (SC50-FM50). Both devices 
show similar behaviours, with the magnetoresistance peaks of the ascending branch 
appearing at negative fields. However, the effect of SC stray field (shift of the peak 
to negative magnetic field values and magnetoresistance hysteresis) is significantly 
reduced by decreasing the SC strip width.

Fig. 5  Magnetic field at the magnetoresistance peak, obtained for SC100-FM50 on the ascending 
branch of the hysteresis loop, at different temperatures

Fig. 6  Magnetoresistance ratio curves for SC100-FM50 and SC50-FM50 measured sweeping-up 
(closed symbols) and sweeping-down (open symbols) the applied magnetic field at 5K
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We now turn to analyse the effect of the FM strip width on the magnetoresistance 
curves. Figure 7a shows the hysteresis loops obtained for two devices with a fixed 
SC strip of w(SC) = 50 μm and different FM width. By reducing the width of the FM 
strip, the effect of the SC trapped field on the shift of the magnetoresistance peak 
position becomes less notable. In this particular case, for the SC50-FM10 device, the 
ascending magnetoresistance branch peak appears at positive applied field. Another 
notable feature is that by increasing the magnetic field from its minimum value, the 

Fig. 7  Magnetoresistance ratio curves measured at 5K sweeping-up (closed symbols) and 
sweeping-down (open symbols) the applied magnetic field. (a) Devices with fixed w(SC) = 50 μm 
strip width and two different FM strip widths. (b) Devices with fixed w(SC) = 100 μm strip width 
and three different FM strip widths
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magnetoresistance of SC50-FM10 decreases (the ascending branch goes below the 
descending one) while it increases (the ascending branch goes above the descending 
one) for SC50-FM50 and SC100-FM50 (Fig. 6), where the effect of the SC was more 
evident. We show in Fig. 7b a series of hysteresis curves measured on devices with 
w(SC) = 100 μm. In this case, all samples show a magnetoresistance peak for the 
ascending branch at negative fields, although the peak shift is reduced as the FM 
strip width is decreased.

The evolution of the ascending branch magnetoresistance peak with the FM strip 
width is shown in Fig. 8, for devices with two different SC strip widths. As a general 
trend, we observe that the shift of Hpeak

up at negative magnetic fields is enhanced for 
devices with wider SC and FM widths. A higher shift obtained by increasing w(SC) 
is expected since the trapped magnetic field in a SC structure increases by increas-
ing its size [29]. In the case w(FM) the observed trend is not as straightforward 
though it is clear that the peak shift at negative fields decreases by reducing w(FM). 
It is worth mentioning that in some cases, two peaks are obtained for narrow FM 
strips as seen in Fig. 7b for the SC100-FM30 device.

Concluding, magnetoresistance peaks associated to the maximum disorder of the 
distribution of magnetic domains at the coercive field are clearly modified by the 
presence of SC stray magnetic fields. The SC and FM strip dimensions can be used 
to modulate the FM spin configuration and the final behaviour of the magnetoresis-
tance hysteresis loop thus providing large flexibility for the device design.

Fig. 8  Magnetic field at the magnetoresistance peak, obtained for devices with different values of 
w(SC), as a function of w(FM)
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3.3  �Magnetoresistance Modulation with SC Trapped 
Magnetic Fields

Given a particular SC-FM hybrid device, the reversal or magnetic domains can be 
modulated by performing minor hysteresis cycles and thus changing the magnetic 
history experienced by the SC strip. Figure 9 shows the magnetoresistance after a 
series of minor loops of increasing amplitude from μ0H = 50 mT to μ0H = 500 mT. The 
hysteresis is enhanced by increasing the maximum applied field in accordance with 
a higher trapped field within the SC structure. It is interesting to note that minor 

Fig. 9  Magnetoresistance hysteresis loops measured at different maximum applied fields (orange; 
50 mT, green; 100 mT, blue; 200 mT and magenta; 500 mT), for devices with w(SC) = 100 μm and 
(a) w(FM) = 30 μm, (b) w(FM) = 100 μm
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loops show a sharp switch in the magnetoresistance, which can be either enhanced 
or reduced depending on the FM strip width, as indicated with the arrows shown 
in Fig. 9.

By taking advantage of the different magnetic configurations that can be achieved 
in the SC-FM hybrid devices, multilevel magnetoresistance states may be induced 
at the remanent state, sustained by trapped SC stray fields. Figure 10 shows several 
minor loops illustrating the evolution of the magnetoresistance as a function of the 
maximum applied field obtained for a SC50-FM30 device at 5K (closed symbols) and 
100K (open symbols). In both cases, the first point has been measured in the demag-
netizing state. The low values of applied magnetic field do not change the magneto-
resistance of the FM structure at 100K. The obtained behaviour is very different at 
5K where a clear magnetoresistance hysteresis is observed producing evident 
changes in the remanent magnetoresistance.

Figure 11 shows the remanent resistance state after each loop measured for dif-
ferent devices at 5K, compared with the values obtained at 100K for SC50-FM30. 
While no changes in the magnetoresistance ratio are obtained at 100K, a number of 
clearly distinguishable resistance levels can be induced at 5K.  In this case, we 
obtained an increasing dependence of the magnetoresistance ratio with the applied 
magnetic field in agreement with a much larger trapped SC stray magnetic field. 
Further experimental study to determine the remanent structure obtained in each 
device would be necessary to identify the different remanent resistance values mea-
sured in each case.

As a whole, these results confirm that the remanent resistance of SC-FM devices 
may be modulated by changing the internal trapped magnetic field of SC structures. 
Resistance changes of 0.4% at remanence may be obtained by applying very small 
magnetic fields (tens of mT). This multilevel resistance behaviour, sustained at zero 
applied field, is completely stable as long as the trapped magnetic field is not 

Fig. 10  Minor magnetoresistance loops measured after demagnetizing the sample SC50-FM30 and 
applying a series of magnetic fields, red; 10 mT, orange: 20, green: 40, blue; 50 and purple; 60 mT, 
at 5K (closed symbols) and 100K (open symbols)
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changed and may be exploited for energy-efficient non-volatile memory applica-
tions. Negative magnetic fields may be applied to demagnetize the SC structures 
and drive the FM resistance back to the initial resistive state or intermediate ones. 
Another possibility to erase the remanent magnetoresistance would be to locally 
increase the temperature of the required device above Tc and thus remove the trapped 
SC stray field.

3.4  �Magnetoresistance Modulation 
with Loss-Free Supercurrents

Going one step further, we evaluated the possibility to modulate the FM resistance 
by applying a SC transport current, instead of generating the trapped supercurrents 
through an applied magnetic field. For that we apply a transport current through the 
SC strip while measuring the resistance of the FM structure. Results are shown in 
Fig. 12 where we compare the resistance measured at a certain applied current (blue 
dots) and after removing it (magenta squares).

Data shown in Fig. 12 clearly illustrate that the resistance of SC-FM devices may 
also be modulated with SC transport currents. Resistance changes of 0.1–0.15% 
may be produced by applying currents of several mA. It is worth to notice that the 
transport current is applied below Tc and thus these are lossless currents. The rema-
nent state induced after applying a certain current and removing it maintains certain 
resistance change but the obtained ratio is notably reduced, as compared with the 
value measured with the current flowing through the SC strip. Moreover, contrary to 
what we found in the previous section, for the states induced by applying magnetic 

Fig. 11  Evolution of the remanent magnetoresistance ratio as a function of the applied magnetic 
field for different devices at 5K (closed symbols) and 100K (open symbols)
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fields, there are no remanent trapped fields or currents and thus the induced mag-
netic states are not stable with time.

Figure 13 shows the time evolution of the remanent resistance measured at zero 
current, after applying different current intensities. A volatile behaviour is obtained, 
with resistance values that exhibit a decay to zero with 50–100 s, depending on the 
applied supercurrent. Fine tuning of this time decay may be used for volatile energy-
efficient information processing.

Fig. 12  Evolution of the resistance ratio obtained for SC100FM50 at 77K, as a function of the 
applied current. Blue dots show the resistance values obtained when current is applied through the 
SC strip and magenta squares the remanent values obtained when the applied current is removed

Fig. 13  Time evolution of the remanent resistance obtained after applying different values of 
transport current through the SC trip and going back to zero
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3.5  �Concluding Remarks and Outlook

We have presented here an original concept to manipulate magnetic states by 
exploiting the interplay of superconducting (SC) and ferromagnetic (FM) materials. 
Hybrid devices have been fabricated by combining SC and FM perpendicular strips 
of different sizes. We used copper oxide YBCO as a SC material, with unique poten-
tial benefits linked to the ability to sustain lossless high current densities. Trapped 
magnetic fields or transport current in the SC structures are able to manipulate and 
stabilize different magnetic states in Permalloy strips, clearly distinguished by mag-
netoresistance measurements. Therefore, we provide to our knowledge, the first 
example of magnetoresistance modulation with loss-free trapped fields or 
supercurrents.

Non-volatile magnetic states, stable at zero field, may be manipulated by chang-
ing the magnetic history experienced by the SC strips and thus their trapped SC 
stray field. Transport supercurrents may also be used to modify the magnetic con-
figuration of permalloy strips but in this case, they evolve at the initial state once the 
current is removed, thus providing volatile data storage. Control of magnetic states 
in the presented devices strongly depends on their geometry offering much flexibil-
ity for realizing more complex designs with volatile or non-volatile interesting spin 
configurations.

This study could provide a novel way of encoding and reading magnetic states 
through superconducting structures, with the gain to work with loss-free magnetic 
fields and supercurrents. The presented effects could be used as an appealing 
approach to reduce the power consumption of magnetic recording devices, easily 
integrable with superconducting computing technologies. Further systematic 
research and theoretical efforts are needed to evaluate if the proposed systems fulfil 
all technology requirements essential to produce a significant impact in the field.
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Effect of the Neutron and Heavy-ion 
Irradiation on the Pinning Properties  
of Cuprate Superconductors

Noriko Chikumoto

1  �Introduction

Critical current density (Jc), the maximum current density we can pass with zero 
resistance, is one of the most important properties for application of superconduc-
tors. Because the resistivity in superconductor is caused by vortex motion due to the 
Lorentz force from passed electric current, it is necessary to introduce so-called 
pinning centers that prevent the vortex motion. So a lot of efforts have been made to 
explore pinning centers that provide strong pinning force (Fp) to improve Jc. It is 
widely known that imperfections in superconducting matrix, such as normal pre-
cipitates, grain boundaries, dislocations, stacking faults, etc., can be pinning cen-
ters. At such imperfections, the depression of superconducting order parameter 
occurs. When the vortex passes through the imperfections, the energy of vortices 
changes, resulting in a vortex pinning interaction.

Irradiation of a material with particles, such as electrons, protons, neutrons, and 
ions, has known to be a useful way to introduce defects in a controlled way; the 
sizes and the densities of the irradiation defects can be changed by irradiation condi-
tions such as kind, energy, and fluence of radiated particles. The greatest advantage 
of this method is that it can be used independently of the material synthesis process.

Among various kinds of irradiation, the high-energy heavy-ion irradiation is 
attracted much attention, since it produces columnar defects that is expected to give 
strongest pinning force if the flux line is aligned with their length direction. On the 
other hand, the neutron irradiation has an advantage of a large penetration range. It 

N. Chikumoto (*) 
Center of Applied Superconductivity and Sustainable Energy Research, Chubu University, 
Kasugai, Japan
e-mail: nchiku@isc.chubu.ac.jp

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-74073-3_8&domain=pdf
https://doi.org/10.1007/978-3-030-74073-3_8#DOI
mailto:nchiku@isc.chubu.ac.jp


184

is also expected to introduce effective pinning centers, because the size of neutron 
damage is comparable to the size of the vortex core.

A great deal of irradiation experiment has been performed since the discovery of 
the high Tc superconductors and there are a plenty of reports on it [1]. So in this 
chapter, I would like to show some data that are not much studied. This chapter is 
organized as follows. First the basic understandings regarding the introduction of 
defects by irradiation will be explained. Then we show some of our experimental 
result of neutron and the heavy-ion irradiation effects on the pinning properties of 
two kinds of cuprate high Tc superconductors (HTSC), (La1-xSrx)2CuO4-δ (La214) 
and REBa2Cu3O7-δ (RE123, RE:Y, Nd, Gd). In La214, the neutron and heavy-ion 
irradiation effect on the Jc-B characteristics was investigated using single crystal 
samples. On the other hand, in RE123, we performed irradiation studies using 
coated conductors. We only performed heavy-ion irradiation, but the irradiation 
conditions, irradiation species, etc., were changed in order to change the size, 
length, and the arrangement of irradiation defects. In addition, we performed oxy-
gen annealing to examine the stability of irradiation defects.

2  �Defects Introduced by Irradiation

The effects of radiation on crystalline solids are highly variable depending on the 
type of material and the type of incident radiation. However, there are roughly two 
effects. One is the ionization and electronic excitation often results in chemical 
reactions and finally disappears. The other is the knocking-on the atom to cause the 
atomic displacement. This effect is very important because it results in the radiation 
damages that remain in the crystal and often causes the change of the material prop-
erties. These two effects are derived from nuclear energy loss and electric energy 
loss of radiation in condensed matter, and the contribution of each phenomenon 
differs among the kind and the energies of the incident particles. In the case of elec-
tron and proton irradiation, electric energy loss is dominant. They may produce 
point-like defects in the form of interstitial ions and vacancies (Frenkel pairs). On 
the other hands, nuclear energy loss is also important in the case of ions and neu-
trons and larger defects are created, as follows.

Neutron irradiation is generally carried out by exposing a material in a fission 
reactor that provides a wide spectrum of neutrons. Defect cascades are mainly pro-
duced by fast neutrons with energies above 0.1 MeV. According to the transmission 
electron microscope (TEM) observation reported in Ref. [2], the major observable 
defects introduced by the neutron irradiation are spherical collision cascades, with 
sizes ranging from below 1 nm up to 5 nm in diameter, surrounded by the strain 
field. Since the size of cascade defects is comparable to the coherence length of 
HTSC’s, it yields a preferable condition for core pinning. Indeed, large improve-
ments of pinning properties had been reported for various HTSC by several groups 
[3]. On the other hand, the lower energy neutrons may create small size defects, 
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such as point defects (Frenkel pairs) and defect clusters. It mainly results in the 
oxygen disordering and causes the depression of Tc [4].

In case of high-energy ion irradiation, the incident ions give energy to the target 
material through the electric energy loss procedure and slow down themselves. So 
the extent of the electronic energy loss is often called to be the electron stopping 
power, Se. It is known that the damage morphology strongly depends on the elec-
tronic stopping power Se of the incident in the target. For instance, in the case of 
Y123 polycrystalline samples, discontinuous extended defects are introduced when 
the Se exceeds the threshold value of » 8 keV/nm [5]. As Se increases, the defects are 
more elongated and finally the continuous columnar defects are created at Se > 
20 keV/nm [5].

Figure 1 shows typical columnar defects in Nd123 single crystal observed by 
TEM. The irradiation was carried out at Grand Accélérateur National d’Ions Lourds 
(GANIL) (Caen, France) using 5.8 GeV Pb-ion. Direction of the incident beam was 
parallel to the crystal c-axis. Figure 1a is the plan-view of the columnar defects. The 
defects are seen as white contrasts. The amorphous regions with diameter » 7 nm 
are randomly distributed in the sample. The incident ion beam crossed the whole 
thickness of the sample < 100 μm and create parallel continuous columnar defects 
(Fig. 1b).

It is noteworthy that such irradiation defects are also influenced strongly by the 
irradiation temperature. At very low temperature, the defects cannot move, but 
above a particular temperature, rearrangement or recombination of defects occurs 
through thermal diffusion process. It causes the formation of some kinds of complex 
defect clusters such as dislocation loops and stacking faults instead of annihilation. 

Fig. 1  Transmission electron micrographs of columnar defects in the 5.8 GeV Pb-ion irradiated 
Nd123 single crystal. (a) TEM image of the track cross-section. (b) Images taken along the colum-
nar defects
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Radiochemical effects during irradiation make the situation more complicated. 
Local heating effects by thermal spikes, etc., are expected to accelerate the moving 
of interstitial atoms and vacancies. Important point is that the radiation damages 
might be modified or even recovered by annealing the irradiated material at a certain 
temperature.

3  �Irradiation Effects in La214 Single Crystals

3.1  �Neutron Irradiation of La214 Single Crystal

In HTSC, it has been recognized that the electronic anisotropy and the interlayer 
coupling between superconducting CuO2 layers affect their magnetization behav-
iors in the mixed state. Among various kinds of HTSC, (La1-xSrx)2CuO4-δ (La214) is 
known to have the simplest crystal structure with only one CuO2 plane. In this sys-
tem, the anisotropy can be varied by changing the Sr content, x. According to resis-
tivity measurement reported by Kimura et al. [6], the anisotropy ratio ρc/ρab at 50 K 
decreased drastically from nearly 4000 to 160 with increasing x. Kobayashi et al. [7] 
reported that the magnetization behavior of the crystal also changes with x. In the 
under-doped crystal, x < 0.075, hysteresis width, ΔM, decreases exponentially with 
the applied magnetic field. On the other hand, in the over-doped crystal, x > 0.075, 
an anomaly in magnetization curves, in particular the depression of the magnetiza-
tion at intermediate field range followed by a secondary maximum (“the second 
peak effect”) is observed, when the magnetic field was applied perpendicular to the 
CuO2 plane.

Similar second peak effect has been reported in various high Tc superconductors 
(HTSC), such as RE123 [8–10], YBa2Cu4O8-δ (Y124) [11], Bi2212 [12–15], and 
Tl-based compounds [16]. Several mechanisms have been proposed to explain “the 
second peak effect”: (1) second phase such as oxygen-deficient region is driven 
normal by applied field and start to act as additional pinning centers [8]. (2) A 
change in flux creep dynamics [9, 12]. (3) 3D-2D transition in the vortex system 
[15] (4) Matching of vortex spacing to pinning center periodicity (“matching 
effect”) [14], (5) the field-driven disordering transition from Bragg glass phase to 
vortex glass phase [10].

Considering the facts that the secondary peak is observed only for over-doped 
compositions in La214 and a substantial amount of the oxygen deficiency is reported 
to exist only in the over-doped composition of La214 [17]; this behavior is likely to 
be attributed to the existence of oxygen defects. So we investigated the effect of 
neutron irradiation on the secondary peak in the over-doped La214 crystals, in an 
attempt to reveal the role of defects in this phenomenon.

In this study, we used the La214 single crystal with x = 0.11 grown by a travelling-
solvent floating-zone (TSFZ) method. The details of crystal growth are described in 
details in Ref. [6]. The sample was sequentially irradiated with neutrons to the 
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fluences of 2 and 4 × 1020 m−2. The irradiations were carried out in a nuclear research 
reactor (JRR-4) at Japan Atomic Energy Research Institute. The flux density of fast 
neutron was about 5.5 × 1016 m−2s−1. During the irradiation, the sample was wrapped 
with quartz wool and enclosed in an evacuated quartz tube. The number of the dis-
placement of the atoms due to the irradiation is calculated to be less than 10−4 d.p.a. 
(displacement per atom) at the fluence of 4 × 1020 m−2, and there was no observable 
change in Tc (~ 29.4 K) after each irradiation. Magnetization measurements were 
performed by a Vibrating Sample Magnetometer (VSM, EG&G Princeton Applied 
Research, Model 4500), with applied magnetic fields parallel to the c-axis. The field 
sweep rate during the magnetization measurement had been kept at 20 mT/s.

Typical magnetization curves recorded at T = 15 K for La214 single crystal with 
x = 0.11 before and after the neutron irradiations are shown in Fig. 2. The height of 
the secondary peak was strongly enhanced and the secondary peak field, Bpk, was 
shifted downward, after the neutron irradiation. On the other hand, there was no 
observable change in the hysteresis width for Ba > Bpk.

The temperature dependence of the magnetization curves of the irradiated sam-
ple with the fluence of 2 × 1020 m−2 is shown in Fig. 3. The secondary peak appears 
over a wide temperature range from 4.2 K to near Tc. The peak position shifts to 
lower fields as the temperature is increased, similar to that observed in the unirradi-
ated sample [7]. Similar behavior was also observed in the irradiated sample with 
the fluence of 4 × 1020 m−2.

Fig. 2  Magnetization curve of (La0.89Sr0.11)2CuO4-δ recorded at T=15 K before and after neutron 
irradiation. The neutron fluences were 2 and 4 × 1020 m−2
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Figure 4 shows the temperature variation of the observed Bpk and the irrevers-
ibility field, Birr, where Birr was determined from the locus of the vanishing of hys-
teresis width. The downward shift of Bpk by the irradiation was observed over a wide 
temperature range. On the other hand, Birr was unchanged after each irradiation step. 
This result indicates that introduced defect cascades play an important role in the 
low and the intermediate field range where we observe the secondary peak, but it is 
not effective for raising Birr.

Kobayashi et al. found that the temperature dependence of Bpk can be expressed by,

	 B A T Tpk c
1 2/ = −( )	 (1)

where Tc is critical temperature, A is an arbitrary constant [7]. So the square root of 
Bpk is plotted as a function of temperature in Fig. 5, in order to see the applicability 
of (1) in the irradiated samples. It can be seen that the square root of Bpk of irradiated 
samples also exhibit a linear relation with the temperature. This result indicates that 
the secondary peaks observed in the irradiated samples are due to the same mecha-
nism as that in the unirradiated sample.

Further insight into the efficiency of defect cascades introduced by the neutron 
irradiation is given by analyzing the pinning force density, Fp, by the irradiation. 
Figure 6 shows the magnetic field variation of Fp at T = 15 K calculated from the 
data shown in Fig. 3. While Fp increases at low fields with increasing the irradiation 

Fig. 3  Temperature dependence of magnetization curves for neutron-irradiated La214 (x = 0.11) 
crystal (fluence: 2 × 1020 m−2)
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fluence, it saturated at high fields. At high fields, Fp decreases as 1 – B/Birr with the 
increasing field. Such a saturation behavior has been often observed in the conven-
tional superconductors with rather weak pinning centers [18]. Matsushita et al. [19] 
explained such a behavior in terms of avalanching depinning model. The flux lattice 
is considered to contain many defects, and local plastic deformations may take 
place under the driving force. If the pinning is not strong enough, such a local insta-
bility might develop to a catastrophic avalanching flux flow. The probability of 
occurrence of a plastic deformation is considered to be proportional to defects of 
flux lattice. As for the intermediate field region, just below the peak field, deforma-
tion of the flux lattice allows the vortices to be pinned most effectively (“synchroni-
zation effect”) and increase in pinning strength is expected. This may be the possible 
origin of the secondary peak phenomenon. However, further discussion is needed.

3.2  �Heavy-Ion Irradiation of La214 Single Crystals

For heavy-ion irradiation experiment, we used two La214 single crystals with dif-
ferent Sr contents, x = 0.05 (under-doped) and 0.11 (over-doped). Both of them 
were grown by a travelling-solvent floating-zone (TSFZ) method [5]. The irradia-
tion with 5.8 GeV Pb-ions was performed at GANIL at room temperature. Direction 

Fig. 4  The temperature variation of Bpk and Birr of unirradiated and neutron-irradiated La214 crys-
tal (x=0.11)
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of the incident beam was almost parallel to the c-axis. The samples were sequen-
tially irradiated to the fluences of 1010 and 1.1 × 1011 ions/cm2, corresponding to a 
dose-equivalent flux density of BΦ = 0.2 and 2.2 T, respectively.

Firstly, we show the irradiation effect in under-doped La214. Figure 7 shows 
typical magnetization curves of Pb-ion irradiated La214 crystals (x = 0.05) mea-
sured at T = 10 K. Total irradiation fluences were BΦ = 0.2 and 2.2 T. In the BΦ = 
0.2 T sample, a double-peak structure appeared at low field and it shifted toward 
higher field after the higher dose irradiation (BΦ = 2.2 T). Owing to this peak struc-
ture, the lightly irradiated sample showed a larger hysteresis at low fields.

The temperature dependence of the magnetization curves of the irradiated sam-
ples (BΦ = 0.2 and 2.2 T) is shown in Fig. 8. In the BΦ = 0.2 T sample, the double-
peak structure appears at temperature above 10  K, while the BΦ = 2  T sample 
exhibits double-peak structure at whole temperature range from 4.2 K to Tc. It was 
found that the peak field is almost independent of temperature.

Next, we show the irradiation effect in over-doped La214. Figure 9 presents typi-
cal magnetization curves of unirradiated and Pb-ion irradiated La214 sample (x = 
0.11), recorded at 10 K. Total fluences were BΦ = 0.2 and 2.2 T. After the irradiation, 
the hysteresis width is dramatically enhanced at low field range, while only a slight 
change was observed in the high fields.

In the magnetization curves of the heavily Pb-ion irradiated crystal (BΦ = 2.2 T), 
a new peak structure appeared at lower field. This new peak is very sharp and its 
position was found to be temperature independent, similar to that observed in the 

Fig. 5  Temperature dependence of the square root of Bpk
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irradiated La214 crystals with under-doped composition (x = 0.05). Moreover, the 
peak field was same as that of under-doped sample with the same irradiation dose 
(BΦ = 2.2 T). As far as the temperature dependence is concerned, the origin of this 
new peak is different from that of the secondary peak, which exhibits strong tem-
perature dependence, as shown previously.

Figure 10 compares the effect of the irradiation on the irreversibility field, Birr for 
x = 0.05 and 0.11 samples. The irreversibility field was determined from the closing 
point of hysteresis loop. In x = 0.05 sample, a slight increase of Birr with irradiation 
fluence was observed at an intermediate temperature range. Decrease of Birr above 
20 K observed in BΦ = 2.2 T sample is due to the degradation of Tc, from 27.5 K to 
24.8 K. On the other hand, irreversibility line was almost unchanged in case of x = 
0.11 sample. The difference in irradiation effect on Birr between the two samples can 
be explained by the difference of pre-existing defects. In x = 0.05, pinning strength 
of the pre-existing defects is very weak and Birr is much lower than x = 0.11. In this 
case, introduction of strong pinning center by irradiation effectively increases. On 
the other hand, in x = 0.11 the effect of introducing irradiation defects hardly 
appeared, since there were already sufficiently strong pinning centers.

Now we discuss the origin of the peak in magnetization curves observed in 
heavy-ion irradiated La214 samples. The peak observed in the Pb-ion irradiated 
sample exhibits four distinct features:

	1.	 The peak has a very sharp structure,

Fig. 6  Magnetic field variation of pinning force density, Fp, at T = 15 K before and after the neu-
tron irradiation
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	2.	 The peak field is independent of temperature,
	3.	 The samples with the same irradiation fluence have the same peak field, indepen-

dent of sample composition,
	4.	 The peak moves to higher fields with increasing irradiation fluence.

The peak was also appeared in the unirradiated sample with the over-doped com-
position. However, it showed completely different characteristics: The peak appears 

Fig. 7  Magnetization curves of Pb-ion irradiated La214 crystals (x = 0.05) (BΦ = 0.2, 2.2  T) 
recorded at T =10 K

Fig. 8  Temperature dependence of magnetization curves of Pb-ion irradiated under-doped La214 
crystals (x = 0.05) (BΦ = 0.2, 2.2 T)
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Fig. 9  Magnetization curves of unirradiated and Pb-ion irradiated (BΦ = 0.2, 2.2 T) La214 crystals 
(x = 0.11) recorded at T =10 K

Fig. 10  The irreversibility line of unirradiated and Pb-ion irradiated La214 crystals (x=0.05 
(closed symbols) and 0.11(open symbols))
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at an intermediate field which is strongly temperature dependent. And it has rather 
broad structure. Therefore, we suppose that the peak appeared in the Pb-ion irradi-
ated sample has a different origin from that in the unirradiated sample. Several 
mechanisms have been proposed to explain peak effect as shown previously. Among 
them, the present observation seems to be consistent with the matching effect mech-
anism. Since a matching of flux lattice to a periodic distribution of pinning center is 
expected to occur at constant value of the magnetic field, the peak position should 
not show any temperature dependence. The shift of peak field after the higher dose 
irradiation is also consistent with such a picture.

In the case of heavy-ion irradiated samples, pinning of flux lattice is mainly due 
to randomly distributed columnar defects. Even if the array of pinning center is not 
perfectly periodic, matching effect is expected to occur when the mean vortex spac-
ing matches the mean spacing of pinning center, in the case of rather concentrated 
system of pinning centers. It is reasonable then that such matching peak appears at 
lower field than calculated value of BΦ.

4  �Irradiation Effects in RE123 Coated Conductors

4.1  �Effect of Heavy-Ion Irradiation in RE123 
Coated Conductors

Since RE123 coated conductors have relatively excellent high magnetic field char-
acteristics among various HTSCs, it is expected to be applied to magnets. So a 
number of studies have been conducted to explore a new method to introduce effec-
tive pinning centers that can improve Jc at high magnetic field. Most of the introduc-
tion methods are based on chemical methods. The most common way is adding 
impurities to a raw material and dispersing it as a precipitate in superconducting 
RE123 phase during the manufacturing process. In the pulsed laser deposition 
method (PLD method), it has been reported that the BaMO3 (M=Hf, Zr, Sn) inclu-
sion form long columnar inclusion with its diameter ~10 nm within RE123 matrix 
and they provide considerable Jc enhancement at high magnetic fields [20–22]. For 
the further enhancement of Jc, we need to optimize many parameters, such as size, 
shape, arrangement, inclement, density of pinning centers. However, it is difficult to 
control these parameters in case of chemical method.

On the other hand, the irradiation method has the advantage that these parame-
ters can be controlled independently of the manufacturing process of the coated 
conductors. In this method, the damage morphology strongly depends on the elec-
tronic stopping power, Se. In the case of Y123 polycrystalline samples, the continu-
ous columnar defects are created at Se > 20 keV/nm [5]. It has also been reported 
that the diameter of columnar defect increases with Se [23]. Since the size and shape 
of columnar defects are very similar to BaMO3 nano-rods, this technique can be 
used to create a model system for pinning optimization.

N. Chikumoto



195

Therefore, in this study, we used the heavy-ion irradiation technique to explore 
an optimum condition for improving Jc in RE123 tape.

In the present study, we used Y123 tape prepared by a pulsed laser deposition 
(PLD) technique. The dimension of each layer of the tape used in the present study 
is as follows: Ag (5 μm), Y123 (0.5 μm), CeO2 (0.55 μm), Gd2Zr2O7 (0.8 μm), and 
Hastelloy (100 μm). One-cm-width tape was cut into the size of about 2.0 mm × 
2.0 mm, and they were irradiated either by 450 MeV 129Xe23+, 500 MeV 197Au31+, or 
400 MeV 84Kr18+ ions to the Y123 layer from Ag layer side by using the AVF cyclo-
tron of Japan Atomic Energy Agency. In order to change the energy of heavy ions 
incident to the Y123 layer, Ag layer of some sample was removed by a chemical 
etching method. The irradiation fluence was varied from 1.0×1010 to 1.0×1012 ions/
cm2, while the direction of the incident beam was kept for perpendicular to the tape 
surface (parallel to the c-axis of Y123 layer.

We also calculated Se in Y123 layer by using TRIM code (TRansport of Ion in 
Matter). For calculations, we assumed that the composition of the Y123 layer is 
YBa2Cu3O6.9, density is 6.5 g/cm3 and the displacement energy Ed = 20 eV [24]. 
Calculated results are shown in Fig. 11. We can say from the calculation that intro-
duced ions have enough energy to penetrate Y123 layer, and Se is almost constant 
within the Y123 layer in each condition.

We also estimated the diameter of columnar defects from Ref. 21. Irradiation 
conditions and corresponding Se values and estimated diameter of columnar defects 
are summarized in Table 1.

Before and after the irradiation, magnetic hysteresis measurement was performed 
with physical property measuring system (PPMS), Quantum design, and Jc was 
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Fig. 11  Se in Y123 layer for 500 MeV Au-ion, 450 MeV Xe-ion, and 400 MeV Kr ion irradiation. 
The calculation was carried out using TRIM code (TRansport of Ion in Matter), assuming Y123 is 
covered by 5 μm of Ag layer
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calculated using modified Bean model [25]. Tc was determined from AC suscepti-
bility measurement.

At first, we show typical columnar defects observed by TEM for Xe-ion and 
Au-ion irradiated Y123 tapes in Fig. 12. In both cases, the continuous columnar 
defects (shown by arrows) are successively created in the Y123 layer.

Figure 13 shows the fluence dependence of Jc at T = 77 K and for applied mag-
netic field Ba = 0.2 and 2 T for Kr, Xe and Au-ion irradiation. At Ba = 0.2 T, Jc was 
most improved at 1 × 1011 ions/cm2 in all irradiations except Kr, and the degree of 
increase was almost constant regardless of the ion species. On the other hand, at Ba 
= 2 T, the largest improvement in Jc was observed in the higher fluence region (3 to 
5 × 1011 ions/cm2), and the maximum value of Jc varies with ion species. We can also 
see that the Xe-irradiation is most effective for enhancement of high field Jc. It is 
noteworthy that the defect diameter of Xe-irradiation is not largest among three 
species.

Here, we would like to define the fluence at which the maximum improvement in 
Jc is obtained at each applied magnetic field Ba as “optimum fluence (ϕop (Ba)).” 
Then we consider the relationship between the density of the columnar defects and 
the applied magnetic field at ϕop (Ba). At Ba = 0.2 T, the flux line density (dfl) is cal-
culated to be 1 × 1010/cm2. Assuming that each incident ion creates one columnar 
defect, and each columnar defect pins one flux line, the irradiation to a fluence of 1 
× 1010 ions/cm2 is considered to be sufficient. However, in reality, there is not much 
improvement in Jc at that fluence, and ϕop (0.2 T) is ~1 × 1011 ion/cm2, ten times 
larger than dfl. At Ba = 2 T, dfl = 1 × 1011/cm2, but ϕop (2 T) = 3 ~ 5 × 1011 ions /cm2, 
which is three times larger than dfl. This can be understood by follows using the 
schematic illustration shown in Fig. 14. While the defects introduced by heavy-ion 
irradiation have a random distribution, the flux lines try to form a triangular lattice 
as much as possible due to the repulsive force between the flux lines. So, it may be 
easier for the flux line to find an ideal position to form triangular lattice for higher 
pinning density and there for can obtain larger pinning force. However, when the 
fluence becomes higher (for example, 1 × 1012 ion/cm2), the portion of damage area 
Y123 becomes large, resulting in the decrease of the superconducting volume and 
thus large decrease of Jc is observed.

The reason why Au-ion irradiation did not give a large improvement in Jc at Ba = 
2 T may be understood by considering the decrease of the superconducting volume 
due to the irradiation defects. For example, for Au (Ag: 0 mm), Au (Ag: 5 mm), and 

Table 1  Irradiation conditions, calculated Se values and diameter of columnar defects

Thickness of Ag on top of 
Y123 (μm)

Se (keV/
nm)

Estimated diameter of columnar 
defects (nm)

400 MeV 
84Kr18+

5.0 18 4

450 MeV 
129Xe23+

5.0 29 8

500 MeV 
197Au31+

0 41 13
5.0 34 11
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Xe (Ag: 5 mm), the volume % of defects at irradiation fluence 5 × 1011 ions/ cm2, 
assuming no the overlap of defects, is ~ 66%, ~ 47%, and ~ 25%, respectively, sug-
gesting that the superconducting current path is significantly impeded.

In addition, large disturbance of Y123 crystal lattice is observed in Au-ion irradi-
ated sample. Figure  15 shows the irradiation fluence dependence of normalized 
c-axis length, c/c0, in which c0 is the c-axis length before irradiation, and increase of 
FWHM (Full Width at Half Maximum) of (006) peak, ΔFWHM, of Y123 measured 
by X-ray diffraction measurement (XRD). We can see a remarkable extension of 
c-axis length as well as the increase of FWHM by Au-ion irradiation.

Figure 16 compares the Raman spectroscopy data for before and after irradiation 
with various species to the fluence of 1 × 1012 ions/ cm2

. We can see that the peaks 
around 335 and 500 cm−1 shifted to lower value by irradiation. It is known that these 
peaks are sensitive to oxygen defects, and result indicates the formation of oxygen 

Fig. 12  TEM images of columnar defects in heavy-ion irradiated Y123 tapes. The locations of 
columnar defects are shown by white arrows. (a) 450 MeV 129Xe23+ irradiation, fluence 1 × 1011 
[ions/cm2] (b) 500 MeV 197Au31+ irradiation, fluence 1 × 1011 [ions/cm2], Ag layer removed
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Fig. 13  Fluence dependence of Jc at 77 K for 400 MeV Kr-, 450 MeV Xe-, and 500 MeV Au-ion 
irradiations

Fig. 14  Schematic illustration of the distribution of columnar defects and flux lines for Ba=2 T
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vacancies by irradiation [26]. In addition, in Au-ion irradiated samples we observed 
an appearance of broad peak around 570 cm−1. According the refs. [27, 28], this 
peak suggests the presence of cation disorder in Y123 layer.

We also measured Tc before and after irradiation. Figure 18 shows the fluence 
dependence of Tc for three different irradiation conditions. Tc are found to be almost 
constant at low fluences below 1.0×1011 ions/cm2, while it decreases rapidly at a 
certain fluence, namely critical fluence, ϕcr, depending on the irradiated species. We 
can see that the smaller ϕcr for larger Se, such as Au-ion irradiation.

From these results, we consider that not only the reduction of superconducting 
volume but also the reduction of superconducting condensation energy due to the 
introduction of the disorder inside the Y123 crystal lattice causes the reduction of Jc, 
in particular for Au-ion irradiation.

Fig. 15  Irradiation fluence dependence of c/c0 (a) and ΔFWHM of (006) peak in XRD data (b)

Fig. 16  Raman spectroscopy data for Y123 before and after irradiation. All the irradiation was 
performed at the same fluence 1 × 1012 ions/cm2
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Regarding Kr ion irradiation, there was almost no improvement in Jc at Ba = 
0.2 T, whereas at Ba = 2 T, improvement in Jc was observed at a high fluence ~ 5 × 
1011 ions/cm2. In case of Kr ion irradiation, estimated size of columnar defect is 
about 4 nm, which is much smaller than the superconducting coherence length and 
the pinning force provided by the columnar defect is thought be the same order as 

Fig. 18  Fluence dependence of U0* at 77 K and 0.1 T for 400 MeV Kr-, 450 MeV Xe-, and 
500 MeV Au-ion irradiations
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existing defects, such as spiral dislocations. In such situation, introduction of pin-
ning center by irradiation is thought to be not effective for improving Jc in a low 
magnetic field because dfl is much smaller than the total number of pinning centers. 
On the other hand, in a high magnetic field where dfl exceeds the density of existing 
defects, the magnetic flux lines that were not pinned before irradiation will be 
pinned by the introduction of defects, leading to the improvement of Jc.

In order to verify this idea, magnetic flux creep measurement was performed and 
the change in apparent pin potential U0

* due to heavy-ion irradiation was investi-
gated. Flux creep measurement was performed as follows. At first, we applied a 
sufficiently high magnetic field (5  T) to give full penetration of flux line in the 
sample. Then we reduced the magnetic field to 0.1 T and then measured the time 
dependence of magnetization. U0

* were obtained by using Anderson-Kim model 
[29, 30] from the magnetic relaxation results.

Figure 18 shows the fluence dependence of U0
* at 5 K and 77 K of Kr, Xe, and 

Au-ion irradiated samples. At 5 K, there is no significant change in U0
* due to irra-

diation, suggesting the pinning strength is almost the same as that of the exist-
ing defect.

On the other hand, at 77 K, U0
* tends to increase at 1011 ions/cm2 and decrease at 

larger fluences, except for Kr ion irradiation. Regarding Kr ion irradiation, there 
was almost no change in U0

* due to irradiation. These results suggest that the colum-
nar defect introduced by Au and Xe-ion irradiation has larger pinning potential in 
this temperature range, while the pinning potential of columnar defect introduced 
by Kr ion irradiation seems be comparable to existing defects.

4.2  �Effect of Post-Annealing in Heavy-Ion Irradiated RE123 
Coated Conductors

As discussed in the previous section, we consider that the reason for reduction of Jc 
in Au-ion irradiation is due to the reduction of superconducting condensation energy 
caused by the introduction of the disorder inside the Y123 crystal lattice.

In the present study, we performed post-annealing to anneal out introduced cat-
ion disorder and oxygen defects and to see if it is efficient for restoring supercon-
ducting properties. For this post-annealing process, selection of annealing 
temperature is very important. If the annealing temperature is too high, large defi-
ciency of oxygen occurs in Y123 and the superconductivity will be lost. So, we 
chose two moderate temperature, 473 K and 673 K for the treatment. The annealing 
was performed in the flowing oxygen atmosphere for 2 h and then quenched.

Figure 19 shows the Jc values measured at Ba = 2.0 T before irradiation, after 
irradiation, and after annealing. We observed an increase of Jc after annealing at 
673 K, while it was reduced at 473 K for 3.0×1011 ions/cm2. On the other hand, in 
case of 1.0×1012 ions/cm2, the decreased Jc by the irradiation did not recovered by 
the annealing. We also measured change in Tc after irradiation and annealing. As 
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shown in Fig. 18, Tc was decreased by about 8 K after Au-ion irradiation (no Ag 
layer) with 1.0 × 1012 ions/cm2. After annealing, we observed slight recovery of Tc, 
Δ Tc ~ 0.5 K for 473 K and ~1 K for 673 K.

These results suggest that the post-annealing was a good way to recover Tc with-
out decreasing Jc. However, optimization of annealing condition is required.

5  �Summary

In this chapter, irradiation studies on La214 single crystals and Y123 coated con-
ductor are reviewed. All of the results shown here lead to the conclusion that both 
neutron and heavy-ion irradiation are powerful tools for improving the pinning 
properties. Besides that, irradiation is also very effective in studying the pinning 
mechanism. In La214, there is big difference in Jc-B characteristics between 
neutron-irradiated sample and heavy-ion irradiated sample. The former causes so-
called “fish-tail” type 2nd peak, while latter causes “matching effect” type 2nd peak 
in Jc-B curve.

In Y123 coated conductors, we examined the effect columnar defect size for the 
improvement of Jc. We modified the defect size by changing Se. Se is changed either 
by changing the ion species to be irradiated or by changing the thickness of Ag layer 
on top of Y123 layer. The enhancement of Jc was observed especially at the high 
magnetic field in 77 K, but the degree of the enhancement was different for the 
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irradiation condition. The largest enhancement of Jc at 77 K has been observed in 
case of the Xe-ion irradiation, whereas TRIM code calculation gives largest Se value 
for Au-ion irradiation without Ag layer. XRD and Raman microscopy data sug-
gested the introduction of the disorder inside the Y123 crystal lattice in Au-ion irra-
diated sample, which likely causes the depression of superconducting properties. 
This result suggests that we must carefully choose ion species that can create colum-
nar defects without damaging crystallinity of Y123 layer. However, we show that 
post-annealing may be effective to recover the damage inside Y123 for further Jc 
improvement.
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1  �Interfaces and their Structures

An interface may be termed as a small number of atomic layers which separate two 
different crystalline solids in contact with each other [1]. For example, a thin film 
deposited on a crystalline substrate is separated by the substrate-thin film interface. 
Another example could be the interfaces inside a superconducting film which sepa-
rate the superconducting matrix and non-superconducting inclusions. The property 
at the so-called interface is very much different from the crystalline solids it sepa-
rates [2].

Interfaces are broadly classified into two types: (i) homophase interfaces and (ii) 
heterophase interfaces. An interface separating two regions of the same phase is 
called a homophase interface which is often termed as a grain boundary. An inter-
face separating two different crystal phases is called a heterophase interface [3].

Interfaces are also classified in other three classes based on their structural fea-
tures. These are called (i) coherent, (ii) semi-coherent, and (iii) incoherent inter-
faces. Starting with a references structure and making a series of operations, these 
interfaces can be constructed exhibiting different structural features [4].

Figure 1 shows the construction of a heterophase interface between two different 
crystal phases: phase 1 and phase 2. The reference structure is the single crystal of 
phase 1. The dashed line in Fig. 1a indicates the location of the interface to be con-
structed. The first operation transforms the upper portion of the crystal 1 into phase 
2 while maintaining registry along the interface as shown in Fig. 1b. As the two 
phases (1 and 2) adjoining the interface are maintained in the registry, the resulting 
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interface is coherent. In order to maintain the interface registry, long-range coher-
ency stresses are required.

The formation of a semi-coherent interface requires another operation in which 
these stresses are eliminated by introducing some dislocations in the interface as 
represented in Fig. 1c. Thus the resulting interface consists of patches of coherent 
interface separated by dislocations. In this process, the overall coherence of the 
interface is destroyed by the cuts and displacements resulting in dislocations, and 
such an interface is, therefore, considered to be semi-coherent with respect to the 
reference structure in Fig. 1a.

If the density of the dislocation is so large that their cores overlap, then the coher-
ence characteristics of the reference structure will be destroyed, and it will result in 
an incoherent interface. The cores of incoherent interfaces, therefore, consist of 
continuous slabs of poor material, and the interfaces lack long-range order.

In REBCO-based nanocomposite thin films, vortex pinning and subsequently 
critical current densities tend to be sensitive to not only the geometry and concentra-
tion of nanoscale inclusions but also to the interfacial composition and the resulting 
nanoscale lattice defects.

Fig. 1  Schematic diagram of a heterophase interface. (a) Phase 1 is the reference crystal. (b) 
Transformation of the upper region of the interface into phase 2 while maintaining coherence. (c) 
Relaxation of long-range stresses by the introduction of dislocations at the interface between 
the phases
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2  �REBCO Superconductors and their Critical Parameters

Superconductivity in YBa2Cu3O7-δ (YBCO) was first discovered in its bulk poly-
crystalline form and the superconducting transition was observed above the liquid 
nitrogen temperature (77 K) [5]. The discovery of YBCO accelerated the search for 
higher transition temperature (Tc) materials and in the quest of discovering higher Tc 
superconductor, other rare-elements were tried to replace Y in YBCO [6–8]. Apart 
from the critical temperature (Tc) and critical magnetic field (Hc), the critical current 
density (Jc) is the most relevant parameter of a superconductor which determines the 
practical utility of a superconductor [9–11].

Soon after the discovery of REBCO superconductors in their polycrystalline 
forms, it became possible to make their thin films on single crystal substrates such 
as SrTiO3, Al2O3, MgO, etc. [12–14]. The current carrying capability of REBCO 
superconducting thin films significantly enhanced over the years due to the develop-
ment of the fabrication and processing techniques. Many fabrication techniques 
such as pulsed laser deposition (PLD) [15], chemical solution deposition (CSD) 
[16], metal organic chemical vapor deposition (MOCVD) [17] have been developed 
over the years to deposit high quality oriented REBCO thin film which exhibit high 
Jc of 1–5 MA/cm2 at 77 K, self-field [18, 19].

3  �Vortex Pinning by APCs in REBCO Thin Films

In the critical state of a type-II superconductor (such as REBCO), the flow of electri-
cal current is limited by temperature and applied magnetic field. When an electrical 
current is passed across a superconducting sample subjected to an applied magnetic 
field, the vortices experience a Lorentz force in a direction perpendicular to both the 
current and the applied magnetic field as depicted in Fig. 2. The movement of the 
vortices due to Lorentz force would generate an electric field leading to energy dis-
sipation. The vortices, therefore, need to be pinned at their respective locations 
inside the superconducting matrix [20].

Some microscopic defects are naturally generated during the growth of thin 
films, such as grain boundaries, oxygen vacancies, point defects, dislocations, etc. 
Some of these defects act as pinning centers for vortices against the Lorentz force. 
Figure 3 shows the schematic diagram of such naturally generated defects in a typi-
cal superconducting REBCO thin film. These naturally generated pinning centers, 
however, are not strong enough to prevent the vortex motion under applied magnetic 
fields at elevated temperatures [11, 21, 22].

An alternative strategy employed to prevent the motion of the vortices is the 
generation of artificial defects inside superconducting matrix. Such intentionally 
generated pinning centers are termed as artificial pinning centers (APCs). The APCs 
are introduced into REBCO films through different methods which include addition 
and/or substitution of rare-earth atoms [23, 24] or incorporation of nanoscale 
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secondary phases into the REBCO film matrix [25–37] or decoration/modification 
of the substrate surface [38, 39]. Improved vortex pinning in REBCO films through 
incorporation of secondary phase nanoinclusions has been frequently observed. 
These secondary phases are self-assembled either in the form of nanocolumns or 
nanoparticles inside the REBCO matrix as represented in the schematics in Fig. 4. 
The nanoscale inclusions of secondary phases such as Y2BaCuO5 [25, 26], Y2O3 
[27], BaTiO3 [28], BaZrO3 [29–31], BaSnO3 [32, 33], BaHfO3 [34], YBa2NbO6 [35, 
36], and YBa2TaO6 [37] have been successfully observed to enhance the in-field Jc 
of REBCO thin films over a wide range of temperature and applied magnetic field.

Fig. 2  The mixed state in a type-II superconductor. Magnetic flux starts penetrating the sample in 
the form of vortices, with quantized flux Φ0 = h/(2e). (Reproduced from Jha and Matsumoto [20])

Fig. 3  Schematic diagram of various defects generated during the growth of REBCO thin films. 
The ones shown in pink are useful for vortex pinning whereas others are detrimental to the super-
conducting properties. (Reproduced from Palau et al. [60])

A. K. Jha and K. Matsumoto



209

4  �Interfaces in REBCO Thin Films Consisting of Columnar 
Nanostructures (1D APCs)

Several secondary phase materials, when incorporated into the REBCO thin films, 
tend to self-assemble in the form of nanocolumnar structures running through the 
thickness of the thin films. Because of their orientation along a particular direction 
(along the c-axis of REBCO), they are also termed as one-dimensional (1D) APCs. 
Several perovskite and double-perovskite materials such as BaZrO3 [29–31], 
BaSnO3 [32, 33], BaHfO3 [34], etc., have been observed to self-assemble in the 
form of nanocolumnar structures inside REBCO films. These nanocolumns have 
been successfully observed to enhance the in-field Jc of REBCO thin films over a 
wide range of temperature and applied magnetic field.

In analogy to Hc of a superconductor, irreversibility field (Hirr) is another very 
important parameter which is defined as the magnetic field at which the vortex pin-
ning strength become negligibly small due to large resistivity values caused by the 
vortex motion [40, 41]. The irreversibility line separates H-T phase diagram of a 
superconductor into reversible and irreversible (or hysteretic) portions. In the revers-
ible portion of this H-T phase diagram, the vortex movements due to thermal fluc-
tuation are so large that the ordered vortex lattice state is destroyed [42, 43]. It is 
highly desired to shift this irreversibility line towards higher H-T regime by artificial 
pinning center (APC) technology [9, 11, 44, 45] and many reports have successfully 
addressed this issue by introducing nanocolumnar structures inside REBCO 
thin films.

In a recent work, Horii et al. [46] have successfully introduced columnar nano-
structures of Ba-Nb-O (BNO) phase inside YBCO thin films. In this study, it has 
been estimated that a lower Tc matrix annulus with a lateral dimension of ~12–14 nm 
exists around each BNO nanocolumns resulting from the strong interface strains. 
The generation of lower Tc region around the BNO nanocolumns enhances vortex 
pinning significantly.

Fig. 4  The schematic diagram representing the formation of (a) columnar and (b) spherical nano-
structures with simultaneous and sequential nucleation of secondary phases and the REBCO 
matrix, respectively. (Reproduced from Palau et al. [60])
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Figure 5 shows the schematic diagram of the interfaces (cross-sectional view) in 
the YBCO films consisting of BNO nanocolumns. In this figure, d, l, and D repre-
sent the average diameter of the BNO nanocolumns, distance from the YBCO/BNO 
interface of a relatively lower Tc region, and average inter-columnar distance. 
According to their model, it is suggested that stronger vortex pinning is expected for 
D > 2l+d, and a significant reduction of vortex pinning is apparent for D ≤ 2l+d.

The generation of the lattice strain in the YBCO matrix by incorporating BNO 
nanocolumns was ascertained by calculating the c-axis lengths from reciprocal 
space measurement (RSM). The RSM measurements confirmed the coexistence of 
the a- and b-axes of the YBCO film, which is induced by twin microstructures paral-
lel to the surface of the STO substrate. Whereas the same could not be observed for 
the YBCO film incorporating BNO nanocolumns which suggested that the broaden-
ing of the diffraction spots in the YBCO matrix is apparently induced by the intro-
duction of the BNO nanocolumns.

Figure 6 shows the comparison of the irreversibility field of pristine YBCO and 
YBCO+BNO nanocomposite films with varying concentrations of BNO phase. It 
can be clearly observed that the irreversibility lines for YBCO films with BNO 
nanocolumns were clearly shifted toward higher H-T regions by BNO incorpora-
tion, and the vortex-glass region became qualitatively larger with the increase in the 
nominal BNO concentration [47–49]. It is well known that the Hirr value is corre-
lated with the magnitude of vortex pinning energy through the change in electro-
magnetic anisotropy in high-Tc cuprate superconductors [50, 51]. It was suggested 
in their study that all the YBCO matrix regions are dominated by the lower Tc 
regions, which is induced by the lattice strain at the nanorod/matrix interface.

The incorporation of BZO and BSO nanocolumns into ErBCO and SmBCO thin 
films has also been reported due to which strong enhancement in the in-field Jc has 
been observed [52, 53]. The role of interfaces although was not highlighted in these 
studies.

The incorporation of a double-perovskite phase YBNO has been reported to 
achieve extremely high pinning force density (Fp) values in YBCO thin films [54]. 
The YBNO nanocolumns were observed to grow along the c-axis of the YBCO film. 
The continuous nanocolumns also exhibited some segmentation, and the distortions 
arising from stacking faults in the YBCO matrix near the YBCO/YBNO interface 

Fig. 5  Schematic diagram 
of the cross-sectional view 
of an YBCO film with 
BNO nanocolumns. The 
strained regions near the 
interfaces have their Tcs 
reduced. (Reprinted from 
Horii et al. [46], with the 
permission of AIP 
Publishing)
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were also observed. A thin layer of amorphous material was observed at these points 
which are important as they provide a mechanism to release the lattice strain result-
ing from the large lattice misfit between the phases.

Recently, Cantoni et  al. [55] have reported that the strain-induced oxygen-
deficient matrix regions exist at YBCO/BZO interfaces, and the distance of such 
regions from the interface is ~ 10 nm in an YBCO film with BZO nanocolumns. 
Figure 7a shows the cross-sectional view of the YBCO/BZO (4 vol%) nanocompos-
ite film. BZO phase can be observed in the form of c-axis oriented nanocolumns 
which is common in YCBO/BZO films grown by PLD technique. The lattice misfit 
occurs between BZO and YBCO phases along the vertical interfaces. The distribu-
tion of the out-of-plane strain has been calculated in this study which results from 

Fig. 6  Variation of irreversibility field for YBCO films with varying concentrations of BNO (a) 
2.5%, (b) 5%, and (c) 7.5% deposited at different substrate temperatures. (Reprinted from Horii 
et al. [46], with the permission of AIP Publishing)
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this misfit using the finite element method (FEM) which is shown in Fig. 7b, c for 
two different values of the ratio between nanocolumn length, d, and inter-column 
distance L, representing low and high concentrations of BZO nanocolumns in the 
YBCO matrix, respectively. It was found that high concentration of BZO nanocol-
umns results in a larger overall positive strain of the YBCO along the c-axis causing 
elongation of the c-axis. Figure 7d shows the variation of microstrain as a function 
BZO concentration as calculated from the Williamson-Hall plot of the XRD data. It 
can be observed that the microstrain also increases with increasing BZO concentra-
tion. The comparative results indicated that the experimental value is significantly 
reduced in comparison to the simulated value for the case of d/L = 20 and coherent 
interface, which indicate that much of the lattice strain has been relieved through 
misfit dislocations that are generated at the YBCO/BZO interface, giving rise to a 
semi-coherent YBCO/BZO interface.

The HRTEM image of such an interface is shown in Fig. 8. In Fig. 8b, large 
number of defects, such as dislocations, can be observed which are marked with 
white arrows. The high-resolution Z-STEM micrograph of the BZO nanocolumn in 
Fig. 8a is shown in Fig. 8b which reveals that the BZO c-axis and the REBCO c-axis 
are tilted with respect to each other by nearly 3°. This commonly observed tilt is 
accommodated by tilt dislocations as marked by circles. The misfit dislocations are 

Fig. 7  (a) Cross-sectional TEM image of an YBCO/BZO nanocomposite film. Volumetric average 
of the out-of-plane strain calculated from FEM calculations for the cases d/L = 1 (b) and d/L = 20 
(c). (d) Variation of microstrain versus BZO concentration as calculated by the FEM method for 
the cases d/L = 20 coherent interface (blue triangles), d/L = 1 coherent interface (black dots), d/L 
= 1 incoherent interface (black circles), and measured by XRD for PLD films (open squares) and 
MOCVD films (filled squares). (Reproduced from Cantoni et al. [55])
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also revealed in this image which are effective in relieving the lattice strain (arrows 
in Fig. 8b).

The local strain has been quantified through the Z-STEM images by measuring 
the variation of the REBCO c-axis lattice parameter. Figure 8d shows the compari-
son between theoretically calculated strain (blue dots) and experimentally measured 
strain (red squares). It has been observed that the strain increases when moving 
from the matrix interior toward the BZO nanocolumn until it reaches a peak value 
at a distance of ~5 nm from the interface. However, near the BZO interface, the 
strain decreases rapidly over a distance of ~3 nm. In the narrow REBCO strip, where 
the tilt and misfit dislocations cause strong lattice distortions, both compressive and 
tensile strain components result in atomic displacements along the columns. The 
analytical prediction of the local strain distribution near the YBCO/BZO boundary 
is also shown in Fig. 8d. The observed peak of the measured strain separates two 
concentric YBCO columns with widely varying Tcs. The defective YBCO column 
(closer to the boundary) has been found to be highly oxygen deficient, which is 
expected to have a much lower Tc than the Tc of the YBCO phase which exist on the 
another side of the strain peak.

The role of REBCO/APC interface in improving vortex pinning has further been 
highlighted in a recent work by Gautam et al. [56]. In this study, they have made two 
different kinds of nanocomposites: YBCO+BZO and YBCO+BHO. Both BZO and 
BHO phases tend to form nanocolumns inside REBCO matrix prepared by PLD and 
MOCVD techniques. These c-axis oriented nanocolumns or the so-called 1D APCs 
have proven to provide strong correlated pinning of vortices resulting in enhanced 
in-field Jc in superconducting YBCO films. Although, there has always been discus-
sions on the issue as to what would fundamentally determine the pinning efficiency 
of different 1D APCs. Both BHO and BZO phases were observed to have similar 
lateral dimensions of 5–6 nm. Figure 9a, b, c shows the cross-sectional TEM image 
of YBCO+BZO and YBCO+BHO nanocomposite films in which the formation of 

Fig. 8  (a) TEM image of a BZO nanocolumn inside REBCO matrix. (b) High-resolution Z-STEM 
image of the same nanocolumn in (a). Light blue circles indicate pure tilt dislocations and white 
arrows indicate misfit dislocations. (c) Bright field image acquired simultaneously to image (b). 
(d) Comparison between theoretically calculated and experimentally measured strain. (Reproduced 
from Cantoni et al. [55])
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nanocolumns can clearly be observed. The corresponding Fourier filtered images of 
these films are also shown in Fig. 9d, e, f. While comparing the Fourier filtered 
images of both YBCO+BZO and YBCO+BHO nanocomposite films, it was 
observed that there is larger number of dislocations along the YBCO/BZO interface 
which the authors have attributed to the larger lattice misfit between YBCO and 
BZO phases as compared to that between YBCO and BHO phases. In contrast, the 
YBCO/BHO interface was observed to be coherent, although a few randomly dis-
tributed dislocations and significant ab-plane buckling was also observed. The high 
interfacial defect concentration in the YBCO+BZO films is attributed to the release 
of strain in a short range of 1–2 nm from the interface, where oxygen deficiency was 
earlier found to be significant [55].

Figure 10 shows the variation of Jc and Fp with respect to applied magnetic field 
for YBCO+BZO and YBCO+BHO nanocomposite films measured at 77  K and 
65  K.  The in-field Jc values of the YBCO+BHO nanocomposite films are much 
higher than their BZO counterpart which is reflected in much higher Fpmax values of 
YBCO+BHO films (182 GNm−3 at 65 K). The authors have attributed the highly 
enhanced vortex pinning properties of YBCO+BHO films to a highly coherent 
YBCO/BHO interface. The coherent nature of the YBCO/BHO interface is attrib-
uted to the smaller lattice misfit between YBCO and BHO phases which would 
allow BHO and YBCO lattices to compromise to each other due to low rigidity of 
the BHO nanocolumns. In contrast, the BZO nanocolumns are prone to the interface 
defects, resulting in a semi-coherent YBCO/BZO interface.

Fig. 9  Cross-sectional HRTEM images of YBCO nanocomposite films consisting of (a) 4 vol.% 
BZO, (b) 4 vol.% BHO and (c) 6 vol.% BHO. The corresponding Fourier filtered images of the 
marked areas (rectangles) in (a), (b), and (c) are shown in (d), (e), and (f) respectively. (Reprinted 
from Gautam et al. [56], with the permission of AIP Publishing)
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5  �Interfaces in REBCO Thin Films Consisting of Spherical 
Nanostructures (3D APCs)

The secondary phase materials when incorporated inside REBCO film matrix 
exhibit different geometries which depend upon many parameters. Lattice misfit 
between the phases and surface diffusion co-efficient of adatoms are crucial in 
determining the interface between the two phases which may be coherent, semi-
coherent, or incoherent [57]. The surface energies of coherent and semi-coherent 
interfaces are much lower in comparison to that of the incoherent interfaces and the 
large surface energies of the incoherent interfaces result in coarsening of the grains 
in polycrystalline films [58] and faceting of precipitates and grain boundaries [1]. It 
has also been reported that the morphology of the secondary phase nanoinclusions 
inside REBCO matrix is determined by the combined effect of lattice misfit and 
elastic properties of REBCO and secondary phase materials [59].

The morphology or geometry of the secondary phase nanoinclusions is also 
determined by the growth or deposition techniques [60]. For example, in-situ growth 
techniques such as pulsed laser deposition (PLD), chemical vapor deposition 
(CVD), or hybrid liquid phase epitaxy (HLPE) allow simultaneous nucleation and 

Fig. 10  Variation of Jc and Fp with applied magnetic field for pristine YBCO film in comparison 
to YBCO films with varying concentrations of BZO and BHO nanocolumns. These data are 
obtained for (H//c-axis) at 77 K (a) and (c) and at 65 K (b) and (d). (Reprinted from Gautam et al. 
[56], with the permission of AIP Publishing)
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growth of the REBCO and secondary phases which result in self-assembled nano-
structures, such as nanocolumns of the secondary phases oriented along the c-axis. 
These secondary phase nanoinclusions are in contact with the REBCO phase 
through coherent or semi-coherent interfaces. Chemical solution deposition (CSD) 
technique, on the other hand, results in REBCO films consisting of nanoscale sec-
ondary phases which are formed in a precursor film in which nucleation and growth 
of the REBCO matrix is delayed. The secondary phase nanoinclusions remain 
trapped during the REBCO growth and they are randomly oriented within the super-
conducting film matrix [57, 61]. During the growth of the REBCO phase, these 
randomly oriented nanoparticles induce a high density of stacking faults in the 
resulting film to relieve the strain at the incoherent interfaces. The nanostrained 
regions surrounding the stacking faults have been suggested to be very efficient in 
inducing isotropic core pinning due to Cooper pair suppression [61, 62].

Figure 11 shows the nanostructural view of YBCO+BZO and YBCO+YBTO 
nanocomposite films prepared from CSD technique as reported by Palau et al. [60]. 
These nanocomposite films are highly strained with a large number of stacking 
faults in the YBCO phase. These defects and the associated distortions in the YBCO 
matrix [63] have been suggested to be efficient isotropic weak pinning sites and a 
large density of such short stacking faults improve the isotropic weak pinning con-
tribution in YBCO nanocomposite thin films.

Fig. 11  High-resolution cross-sectional HAADF-TEM images of an YBCO+BZO10% nanocom-
posite film (a)–(c) with a large density of stacking faults, at different magnifications. (d) Twin 
boundary domains in a highly distorted region of an YBCO+YBTO10% nanocomposite film. 
Green and brown colored regions mark different twin domains, corresponding to [100] and [010] 
YBCO zone axes, respectively. The inset shows the magnified view of a TB. (Reproduced from 
Palau et al. [60])
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In recent years, metal organic deposition (MOD) has also been evolved as a 
promising technique for depositing high performance REBCO superconducting thin 
films [64–66]. In MOD technique, the formation of secondary phase nanoinclusions 
takes place before host superconducting matrix formation. Figure  12 shows the 
schematic diagram depicting the steps of REBCO nanocomposite film growth. 
MOD technique consists of coatings, calcinations, and crystallization steps. The 
nanoparticles are formed earlier in the temperature ramp of the crystallization 
before the crystalline growth of the REBCO matrix, resulting in randomly distrib-
uted and oriented nanoparticles of secondary phases. This method has been demon-
strated to be capable of introducing large concentrations of secondary phases which 
is otherwise difficult in in-situ deposition techniques. Since the crystallization pro-
cess of REBCO phase in MOD technique is liquid mediated, the REBCO/APC 
interface is incoherent and the matrix crystalline quality is less affected as compared 
to in-situ techniques which allow larger concentration of secondary phase 
nanoinclusions.

Figure 13a shows the variation of c-axis length with the concentration of second-
ary phase nanoinclusions for PLD-grown REBCO films consisting nanocolumns, 
PLD-grown REBCO film consisting of nanoparticles, and MOD grown REBCO 
film consisting of nanoparticles as reported by Miura et al. [67]. It can be observed 
that while PLD-grown films exhibit elongation of the c-axis length for larger con-
centration of secondary phase nanoinclusions, MOD films keep their c-axis almost 
unaltered even for larger concentration of secondary phase nanoinclusions. The 
influence of intact crystalline quality of MOD REBCO films is visible in the electri-
cal transport properties which are shown in Fig. 13b, c. The Tc and self-field Jc of the 
MOD grown REBCO films also do not degrade even for higher concentration of 
secondary phase nanoinclusions.

In order to understand the difference between the microstructures of PLD-grown 
and MOD grown REBCO films, high-resolution plan-view TEM images and geo-
metrical phase analysis revealing the strain induced by secondary phase nanoinclu-
sions in the PLD and MOD grown films are shown in Fig. 13d and e. The strain 
component maps reveal that in PLD-grown films, the compressive and tensile stains 

Fig. 12  Schematic diagram of the fabrication steps in Metal organic deposition (MOD) technique 
for the deposition of (Y,Gd)BCO films consisting of BaMO3 (M = Zr, Hf) nanoparticles. (1) 
Coating a chemical solution, (2) calcination to obtain a precursor containing several amorphous 
phases and (3) crystallization of the superconducting phase. (Reproduced from Miura et al. [67])
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are localized near the REBCO/nanocolumn coherent interfaces and spread over a 
distance of ~10 nm whereas, for MOD grown thin films, the strain is localized over 
far shorter distance (~2 nm) around the incoherent REBCO/nanoparticle interfaces. 
The much smaller strained regions in the REBCO matrix results in much less deg-
radation of the superconducting properties. It has also been shown in this study that 
by selecting suitable secondary phase, it is possible to control the size of the 
nanoparticles which would result in large number of pinning sites with less deterio-
ration of the superconducting matrix and subsequently much higher critical current 
performance could be realized.

6  �Conclusions

In order to improve the in-field Jc of REBCO superconducting thin films, many 
methods have been tried to incorporate APCs inside REBCO film matrix. These 
methods have been developed over the years to intentionally introduce nanoscale 
secondary phases into REBCO superconducting thin films. Different secondary 

Fig. 13  Comparison of the structural and superconducting properties as a function of the concen-
tration of secondary phase nanoinclusions and strain maps for PLD grown and MOD grown films. 
Variation of (a) normalized c-axis length, (b) Tc and (c) self-field Jc at 77 K as a function the con-
centration of the nanoinclusions. (d) and (e) show high-resolution plan-view images, where strain 
(εxx, εyy, and εxy) maps were determined by geometrical phase analysis for PLD grown GdBCO+BHO 
(nanocolumns) and MOD grown (Y,Gd)BCO +BHO (nanoparticles) films. The horizontal scale 
bars in (d) and (e) indicate 5 nm. (Reproduced from Miura et al. [67])
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phases exhibit different morphologies when incorporated in REBCO film matrix 
which determine the interface structures between the phases. The artificial pinning 
centers induced by secondary phase nanoscale inclusions and the associated interfa-
cial strain influence the vortex pinning properties of REBCO thin films. The inter-
faces in REBCO superconducting thin films are governed by many parameters 
which include lattice misfit between the phases, surface diffusion co-efficient of 
adatoms, and the processing techniques. While in-situ fabrication techniques rely 
on the coherent interfaces, ex-situ techniques rely on incoherent interfaces for vor-
tex pinning enhancement.

Acknowledgments  We thank T. Horide, S. Saini, P. Mele, A. Ichinose, Y. Yoshida, and S. Awaji 
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1  �Introduction

In order to be suitable for practical applications (frictionless transportation, winding 
of magnets, etc.), superconducting materials should possess not only a high transi-
tion temperature Tc, but also high critical current density Jc which is associated with 
the pinning force (Fp). Introduction of nanosized artificial pinning centers (APCs) 
was widely used to enhance Jc and Fp for high-Tc superconductors (HTSCs) like 
YBa2Cu3Ox (YBCO, Tc = 92 K). In the past 10 years, the nano-engineering approach 
to control microstructure, distribution, concentration, and dimensionality of APCs 
has been developed as a powerful tool to produce high performance superconduc-
tors. For example, ablation of mixed BaSnO3 BSO (4 wt%) -YBCO targets by 
pulsed laser deposition (PLD) [1] has enabled fabrication of high-quality YBCO 
thin films with incorporated BSO in the form of nanorods, classified as one-
dimensional APCs (1D-APCs). YBCO films added with 4 wt% BSO have Jc = 
0.3 MA/cm2 and Fp

MAX = 28.3 GN/m3 (77 K, 3 T, B//c). However, Jc is intrinsically 
anisotropic with respect to the magnetic field direction and generally has maximum 
value for B//c-axis. This feature is critical for those applications requiring Jc inde-
pendent magnetic field direction. An attempt has been made to solve this issue by 
introducing isotropic (or 3D) pinning centers to the YBCO films in the form of Y2O3 
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nanoscopic islands: for example, 5.44 at% Y2O3 addition resulted in Fp
MAX =14.3 GN/

m3 (77 K, 3 T, B//c)) [2]. Combination of 1D- and 3D-APCs in the form of BSO 
nanorods and Y2O3 nanoparticles in multilayered YBCO film brought an encourag-
ing result Fp

MAX =17.6 GN/m3 (77 K, 2.2 T, B//c) in the [(90 nm YBCO+BSO)/
(30 nm YBCO+Y2O3)]×3 multilayer [3].

From the practical application point of view, performance of superconducting 
thin films requires a further progress. In particular, irreversibility field (Hirr), i.e., the 
maximum field at which the superconductor still carries a nonzero electric current, 
needs to be improved. Typical value of Hirr at liquid nitrogen temperature (77 K) for 
YBCO-BSO prepared by PLD is about 11 T [1]. Further enhancements of Fp and 
Hirr are necessary for production of really applicable thin films. Besides the addition 
of APCs to YBCO, another successful route has been demonstrated to be the replace-
ment of Y with RE (RE = light rare earths like Nd, Sm, Gd). Due to the larger ionic 
radius of RE3+ respect to Y3+, Tc of REBCO is higher than Tc of YBCO and so is the 
Hirr as it was shown for RE = Gd [4], RE = Sm [5], and RE = Nd [6]. Furthermore, 
partial substitution of Y with RE has been suggested by Driscoll et  al. [7] as an 
effective way to improve the superconducting properties of YBCO. This approach 
has been independently confirmed by several research groups worldwide: for exam-
ple, in an early report Haugan et al. [8] described twofold increase of low field Jc 
(H//c, B = 0.2 T) in (Y, Eu)BCO PLD films respect to the case of pure YBCO. Later 
Xu et al. reported Hirr = 14.8 T (77 K) for MOCVD (Y,Gd)BCO films doped with 15 
vol% Zr, though Fp

MAX = 14 GN/m3 at 6 T was only about half of that of YBCO-
BSO [9] .

A bit earlier, extensive studies have been made on bulk triple REs mixed 
(Nd0.33Eu0.33Gd0.33)Ba2Cu3Ox (NEG-123), which has been proved as a superconduct-
ing material with marvelous performance [10]. Its Jc value at 77 K reaches of the 
order of 105  A/cm2 (H//c-axis) at the self-field and 5  T, and irreversibility field 
approaches to 15 T [11, 12]. A very important aspect was the possibility to reduce 
the pinning defects’ size up to nanoscale level and to bring it close to the coherence 
length. Nanoscale particles of secondary phases, Zn, Mo, Ti, Nb, etc., are enhanced 
the flux pinning properties of these materials up to 3 times compared to that of 
YBCO bulk compounds. As a result, pinning in these materials is strong up to liquid 
oxygen temperature (90.2 K), which enables the levitation up to vicinity of critical 
temperature [12]. So, these materials have extended the application temperature 
range by up to 13 K.

Very few studies based on the thin film preparation of NEG-123 are available in 
the literature. Cai et al [13, 14], Inoue et al [15], and Ko et al [16] have reported 
NEG-123 thin films with excellent transport properties by laser ablation of conven-
tional sintered NEG-123 targets.

Pulsed laser deposition (PLD) is a conservative thin film deposition technique, 
allowing the transfer of stoichiometry and microstructure from target to thin film. 
Therefore, we decided to use PLD with the purpose to fabricate NEG-123 thin films 
with exceptional superconducting properties. In this study, we propose for the first 
time the use of melt-textured (Nd0.33Eu0.33Gd0.33)Ba2Cu3Oy (NEG-123) + Gd2BaCuO5 
(Gd-211) pellets, instead of sintered materials, as targets for the PLD laser ablation.
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In addition, we shall discuss the optimization of growth of thin film by varying 
the deposition temperature inside vacuum chamber in a broad range, from 700 to 
900 °C, and studying the effect of O2 chamber pressure during the deposition. The 
post-annealing effects of these thin films will also discussed at different annealing 
time. Finally, we have concluded the best conditions to grow high-quality supercon-
ducting thin film of NEG-123+Gd-211 which shows the highest Tc of 92.6 K and 
Hc2 of 173 T.

2  �Materials and Methods

Dense pellets of (Nd0.33Eu0.33Gd0.33)Ba2Cu3Oy (NEG-123) + Gd2BaCuO5 (Gd-211) 
were prepared by oxygen controlled melt growth (OCMG) procedure, according 
with a procedure described in [11].

NEG-123+Gd-211 films were prepared on SrTiO3 (STO) (100) single crystalline 
substrates by pulsed laser deposition (PLD) using Nd:YAG laser (fourth harmonic, 
λ = 266 nm) focused on a dense OCMG NEG-123+Gd211 target with an energy 
density of about 4.2  J/cm2. The target was rotated during the irradiation of laser 
beam. The substrates were glued with silver paste on Inconel disk customized for 
ultrahigh vacuum applications. Laser frequency of 10 Hz, number of laser pulses 
10000, distance target-substrate 24 mm, and rotation speed of the target 30% rpm 
were kept unchanged as experimental parameters during all the deposition routes. 
On the contrary, all other parameters were varied in order to determine the optimal 
growth window: deposition time 2–30 min; substrate temperature 700–900 °C; par-
tial O2 pressure 200–1000 mTorr. Additionally, selected samples were submitted to 
post-annealing in 200 sccm of flowing oxygen for time variable between 0 and 60 h.

The structural characterization was done by XRD (Rigaku Ultima V), and mor-
phology was checked by SEM (JEOL, FESEM). The electrical resistivity vs tem-
perature (ρ-T) characteristics were measured by conventional four-probe technique 
from 77 to 300 K by means of Quantum Design PPMS. Magnetic field dependence 
of resistivity was evaluated at 65–100 K in magnetic field parallel to the c-axis in the 
interval of 0–9 T.

3  �Results and Discussion

Typical films obtained by ablation of melt-textured target are highly dense with 
presence of minor outgrowths and few pores on a flat surface as shown in Fig. 1. 
Inset shows that thickness of the film is about 300 nm for a growth time of 30 min: 
the resulting growth rate of 0.17 nm/s is about 5 times slower than typical growth 
rates of YBCO or NEG-123 films produced by ablation of conventional sintered 
targets. To justify this, it may be invoked the higher hardness of our MTG targets in 
comparison with the sintered ones: in fact after several deposition routes, it was not 
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visible the typical “ring” which usually appears quickly on sintered targets. 
According with representative in-plane XRD θ-2θ scan (Fig.  2) of same sample 
shown in Fig. 1, films grew with c-axis orientation. The out-of-plane XRD ( Φ scans) 
showed no peaks which means that films were not epitaxial.

We have measured the temperature dependence of the in-plane resistivity of 
these grown films and by considering the transition temperature behaviors, the opti-
mization of growth conditions for the NEG-123 thin films has been concluded.

In the first step, the deposition temperature was fixed at 800 °C and oxygen pres-
sure at 600 mTorr, both as reported in literature [15, 16], and laser deposition time 
was varied in the range 15–30  min. The resistivity behaviors of these films are 
shown in Fig. 3. As the deposition time is increased, the resistivity is decreased with 
the enhanced Tc from 90 to 92.6 K. The highest Tc of 92.6 K is obtained for 30 min 
of deposition time which indicated the good quality of this film.

In next step, we have optimized the deposition temperature by fixing the deposi-
tion time of 30 min. Hence, the various thin films are grown by fixing the constant 
deposition time of 30 min and oxygen pressure to 600 mtorr, while deposition tem-
perature is changed from 700 to 800 °C. The temperature dependence of the resis-
tivity of these grown films is presented in Fig. 4.

Again the obtained transition temperature Tc is improved with the deposition 
time, and best temperature for deposition is 800 °C with Tc = 92.6 K. This Tc value 
is almost same as reported for OCMG bulk material of the same composition.

Fig. 1  SEM image of the surface of (Nd0.33Eu0.33Gd0.33)Ba2Cu3Oy film deposited under following 
conditions: tdep = 30 min, Tdep = 800 °C, Pdep = 600 mTorr, and post-annealed at 500 °C for 15 h in 
200 sccm O2. The inset shows tilted image of the same film, with evidence of a thickness of 
about 300 nm
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To find the best optimal oxygen pressure during the thin film growth, we have 
fixed the best deposition temperature of 800 °C and deposition time of 30 min and 
then grown the films with various chamber pressure from 200 to 1000 mTorr. Again, 
these films were characterized by the resistivity measurements as shown in Fig. 5. 
The film prepared at 200 mTorr has Tc of 90 K with very broad transition. With 
increasing pressure, the resistivity reached to lowest value and sharp transition with 
highest Tc value for the deposition pressure of 600 mTorr. Further increased the 
pressure start to decrease the quality of thin film and obtained very broad transition 
as almost similar to that for 200 mTorr. It is worth mentioning that optimized pure 
YBCO films are fabricated under 200 mTorr of O2 [1].

From the analysis of Figs. 3, 4 and 5, we can say, the best conditions for prepar-
ing NEG-123 thin films by ablation of MTG targets are determined as follows: tdep 
= 30 min, Tdep = 800 °C, Pdep = 600 mTorr. It is worth to inform that before measur-
ing the transport measurements, all the films described above were submitted to 
post-annealing in oxygen under the following conditions: T = 500 °C for 15 h in 200 
sccm O2. The conclusive optimization step was exploring different times of post-
annealing conditions for films deposited under the best conditions: 0, 15 h, and 60 h. 
The film without post-annealing showed semiconducting behavior without any sign 
of superconducting transition. As presented in Fig. 6, the long annealing of 60 h 
depresses the superconducting transition, so that 15 h is the ideal post-annealing 
duration time.

Fig. 2  In-plane XRD (θ−2θ) scan of (Nd0.33Eu0.33Gd0.33)Ba2Cu3Oy film deposited under following 
conditions: tdep = 30 min, Tdep = 800 °C, Pdep = 600 mTorr, and post-annealed at 500 °C for 15 h in 
200 sccm O2
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Fig. 3  Resistivity vs. temperature curves of (Nd0.33Eu0.33Gd0.33)Ba2Cu3Oy films deposited under 
following conditions: Tdep = 800 °C, Pdep = 600 mTorr, and post-annealed at 500 °C for 15 h in 200 
sccm O2, and laser deposition time 15, 20 and 30 min

Fig. 4  Resistivity vs. temperature curves of (Nd0.33Eu0.33Gd0.33)Ba2Cu3Oy films deposited under 
following conditions: tdep = 30 min, Pdep = 600 mTorr, and post-annealed at 500 °C for 15 h in 200 
sccm O2, and Tdep = 700, 750, 800 °C
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Fig. 5  Resistivity vs. temperature curves of (Nd0.33Eu0.33Gd0.33)Ba2Cu3Oy films deposited under 
following conditions: tdep = 30 min, Tdep = 800 °C, and post-annealed at 500 °C for 15 h in 200 sccm 
O2, and Pdep = 200, 400, 600, 1000 mTorr

Fig. 6  The temperature dependence of resistivity of (Nd0.33Eu0.33Gd0.33)Ba2Cu3Oy films deposited 
under following conditions: tdep = 30 min, Tdep = 800 °C, Pdep = 600 mTorr and post-annealed at 
500 °C for 0, 15 and 60 h in 200 sccm O2
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Furthermore, we have also study the magneto-resistive behavior up to 9 T of the 
best thin film that is prepared by the optimized conditions. Representative data are 
shown in Fig. 7.

The upper critical field Hc2 was determined from such measurements. At an 
applied field of 9 Tesla (Fig. 7), the offset of the transition shifts by around 10 K. We 
have used the 90% of ρn (normal state resistivity at T = Tc) criteria to define Hc2 and 
10% criteria for the corresponding irreversibility field (Hirr). Figure 8 depict Hc2 and 
Hirr as a function of temperature obtained magnetic field dependent resistivity stud-
ies. The slope dHc2/dT is estimated to be −2.7 T/K. The zero-temperature upper 
critical field Hc2(0) is extrapolated using Werthamer–Helfand–Hohenberg (WHH) 
formula [17]:

	 H T H T T Tc c c c2 20 0 693( ) = − ( ) =. /d d .	

The obtained μ0Hc2(0) is ~ 173 T which is lower than that of typical values of YBCO 
(~250 T) [18]. The obtained Hirr at 77 K is around 9 T for this film, which is higher 
than value reported for pure YBCO (Hirr = 7 T) but lower than the value of best MTG 
NEG-123 sample: 15 T [12]. Hirr (77 K) is 33 T, about 1/3 of reported values of 
pure YBCO.

Our study suggests that more study will be needed in this direction to improve 
the quality of these best NEG-123 films obtained by ablation of MTG targets. Since 
Hirr and Hc2 must be higher before evaluating their critical currents. We will explore 
the feasibility of different substrates like MgO and LaAlO3 and the effect of artifi-
cial pinning centers on the critical fields.

Fig. 7  Resistivity vs. temperature curves under external magnetic field up to 9T (H//c) of 
(Nd0.33Eu0.33Gd0.33)Ba2Cu3Oy films deposited under following conditions: tdep = 30  min, Tdep = 
800 °C, Pdep = 600 mTorr and post-annealed at 500 °C for 0, 15 h in 200 sccm O2
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4  �Summary and Perspective

We successfully fabricated dense and c-axis-oriented (Nd0.33Eu0.33Gd0.33)Ba2Cu3Oy 
(NEG-123)+ Gd2BaCuO5 (Gd-211) (NEG-123) superconducting films on SrTiO3-
substrate by pulsed laser deposition ablating OCMG targets. We carried out optimi-
zation of the deposition parameters and our best thin film of NEG123, showing Tc = 
92.6 K with transition width of ~2–3 K., has the following optimized processing 
parameters: substrate temperature: 800 °C; deposition time: 30 min; in-situ O2 pres-
sure: 600  mTorr; distance between substrate and target: 24  mm; post-annealing 
temperature: 500 °C; post-annealing duration: 15 h. The estimated values of critical 
fields are Hc2(0) = 173 T and Hirr (77 K) = 9 T for our optimized thin films. Next 
efforts will be focused on the improvement of Hirr and on the achievement of large 
critical current in external magnetic fields.

Acknowledgment  Authors thank Prof. Marco Truccato (Physics Department, University of 
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1  �Introduction

Applications of superconducting bulk magnets range from magnetron sputtering, 
non-contact rotating mechanics, transport systems, space ships and naval carriers to 
magnetic drug delivery system (MDDS) and portable magnetic resonance imaging 
(MRI) [1–6]. The use of high temperature superconductors such as Y-123 bulk, 
allows that all of these applications can operate at or below the liquid nitrogen boil-
ing point. Recent advances in fabrication techniques such as top-seeded melt-grown 
(TSMG) for bulk Y123 and REBa2Cu3Oy (RE: rare earth elements; Nd, Sm, Eu, Gd, 
NEG) superconductors have brought usage of superconducting permanent magnets 
into reality. Continuous technological advancements in development of novel 
Nd-123/MgO film seed crystals, Mg-doped Nd-123 generic seed crystals, and opti-
mization of melt-growth techniques made it possible to produce large-size high-
quality single-grain superconducting bulk and large-scale production of moderately 
sized Y-123 or Gd-123 bulks via batch-processing [7, 8]. Single-domain nature and 
high performance are the target parameters for these superconducting materials in 
various industrial applications. Later, it was confirmed that batch-processed bulk 
samples exhibit required properties (by means of Trapped Field measurements) and 
can be idealized for practical applications. Previous study suggests that Y-123 or 
RE-123 bulk superconducting permanent super-magnets have the ability to reach 
trapped fields (at low temperatures) by an order of magnitude higher than best 
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traditional permanent magnets [6, 9]. In order to put to use of these materials in 
practical applications, a further improvement in critical current density as well as 
mechanical properties is necessary so that it can be operated within a system around 
liquid nitrogen temperature (77 K) to reduce cost. Critical current density can be 
improved in low and high magnetic fields via improving vortex pinning [10–13]. 
Tiny submicron size ranged RE-211 particles can act as effective pinning centers in 
this system. However, it is challenging to control their size and growth during high 
temperature synthesis. On the other hand, in order to keep them refined and small, 
one can systematically use low cost cerium oxide [14]. This resulted in dramatic 
improvement of critical current density (Jc) and this improvement was due to 211 
secondary phase growth restrictions created by minute quantity of cerium oxide (~1 
wt%) [15]. As of now, the melt textured synthesis technique is well developed as 
well as optimized to maximize single grain growth and performance. Hence, current 
bulk Y-123 material is commercially available in several countries such as Japan, 
German, and Czech, etc. Unfortunately, melt textured growth technique obtains sev-
eral drawbacks such as shrinkage in volume, non-uniform distribution of secondary 
phase particles (211 phases) in 123 matrix, pores, cracks (in case of slight improper 
mixing, etc.), formation of large size 211 secondary phase in 123 matrix (must use 
211 refiners such as ceria, etc., for good performance as mentioned before).

In order to tackle some of these issues, a new synthesis technique infiltration-
growth (IG) was developed and proved to be successful [11, 16–18]. Although the 
process looks reliable and doable, it needs much optimization and drawback analy-
sis. Up to date, large single-grain bulk superconductors using IG have not been 
produced. One of the issues is that growth being terminated when the liquid stops to 
infiltrate the entire Y-211 green body or the liquid is insufficient because of losses 
after turning into liquid. To overcome this problem, we have proposed utilizing a 
special liquid phase source as mixture of Yb-123 (low peritactice temperature) and 
liquid (Ba3Cu5O8) as a liquid source. This Yb-123 phase in mixture is to support its 
structure and to ensure complete liquid transfer at low temperatures as compared to 
Y-123. This enabled to produce a high quality large size, single-domain bulk 
superconductor.

To improve the performance of IG processed bulk Y-123 material, we firstly pro-
duced bulk Y-123 material grown by different liquid phase (LP) sources, i.e. 
Yb-123+liquid (1:1; 1:1.2; and 1:1.3), as a liquid source by isothermal growth and 
studied its superconducting transition temperature (Tc) and critical current density 
(Jc) at 77 K. Magnetization results confirmed that all samples were of good quality 
and critical current density value was around 39,000 A/cm2 (in self-field at 77 K, 
H//c-axis). Through the usage of isothermal results, we have produced single grain 
Y-123 by setting a slow cooling process combined with a new class of liquid phase. 
Although most of the parameters seem to be fine with slow-cooled material, the 
obtained trapped field was low in value around 0.12 T (20 mm Y-123 at 77 K, 1:1 
Yb-123). However, the use of a liquid rich combination about 1:1.3 (by infiltrating 
more liquid into Y-211 body during IG Process) leads to trapped three-times better 
compared to material produced liquid phase source i.e. Yb-123+liquid (1:1) as a 
liquid source.
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2  �Experimental Details

Y2BaCuO5 powders were prepared starting from commercial powders of Y2O3, 
BaCO3 and CuO. The powder was mixed in the nominal composition of Y2BaCuO5 
and calcined three times at 840 °C, 870 °C and 900 °C for 15 h each. This is to 
ensure simultaneously that powders of BaO2 and CuO were mixed in a nominal 
composition of Ba3Cu5O8 (Y-035). The first batch aimed to analyze the liquid phase 
effect on superconducting performance at different liquid phase (LP) sources, i.e. 
Yb-123+liquid (1:1; 1:1.2; and 1:1.3) as a liquid source was selected. Pre-forms 
were made out of Y211 and liquid phase using hydraulic press. The pre-forms of 
Y211 were placed on top of the liquid phase, then an Nd-123 melt-textured seed 
was placed at center of the top surface of Y-211 in order to grow Y-123 grains. This 
technique is a combination of cold top-seeded method and infiltration growth (IG) 
(see Fig. 1). In addition, Y2O3 and MgO plates were used under preform to suppress 
liquid loss and to enable spontaneous Y-123 nucleation. Eventually, all samples 
have been produced by isothermally heated at a fixed growth temperature of 995 °C 
for 50 h. The second batch production of bulk Y-123 material indicating the mixture 
of Yb-123+Ba3Cu5O (1:1) was selected as the liquid phase based on the isothermal 
results. The arrangement of IG experiment was similar to the isothermal process 
reported in Fig. 1. Later, the whole setup was subjected to custom made optimized 

Fig. 1  A typical arrangement used in the IG experiment. A source of liquid phase mixture of 
Yb-123+ Ba3Cu5Oy (1:1, 1:1.2, 1:1.3) is supported on a chemically inert, impervious substrate. The 
pre-form fabricated of Y-211 powder is placed on top of it. A c-axis Nd-123 crystal seed is placed 
in the center of the preform. (Reproduced with modifications from [18])
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thermal cycle. The sample was heated to 880 °C at the rate of 200 °C/h and held 
there for 10 min. Then, the sample was heated for 50 min to 1060 °C. Then, the 
temperature was decreased to 1005 °C for 50 min and slowly cooled to 980 °C at a 
cooling rate of 0.5 °C/h. Finally, the temperature was lowered with a cooling rate of 
200 °C/h to 100 °C followed by furnace cooling to room temperature. The melt-
textured samples were annealed at 450 °C for 150 h in flowing pure O2 gas that will 
oxygenate samples and make them into superconductors. The samples with 20 mm 
in diameter and 7 mm in thickness were produced. The third batch production of 
bulk Y-123 material has mixture of Yb-123+Ba3Cu5O (1:1.3) and was used as a 
liquid phase; whereas, the processing details were similar to (1:1) liquid phase and 
used Y-123 sample as cooling rate was changed 1005 °C to 980 °C at a cooling rate 
of 0.25 °C/h.

Superconducting properties and field trapping capability of these bulk samples 
were studied at 77 K. Trapped field experiments in field cooling (FC) process with 
the aid of hall probe. Small test specimens for magnetization measurements with the 
size of 1.5 × 1.5 × 0.5 mm3 were cut from bulk samples. Measurements of critical 
temperature (Tc) and magnetization hysteresis (M-Ha) loops were done at 77 K 
from  –1  to +5  T using a commercial SQUID magnetometer (Quantum Design, 
model MPMS5). Critical currents were calculated using extended Bean’s critical 
state model formula for a rectangular sample given by

	 J m a d b ac = −( ) 20 32∆ / / ,	 (1)

where d is the sample thickness, a, b are transversal dimensions, b ≥ a, all in mm 
and Δm is the difference of magnetic moments during decreasing and increasing 
field in the M-H loop [19], respectively, in units of emu=10−3 Am2. Jc then results in 
A/cm2 units.

3  �Results and Discussion

3.1  �Effect of Liquid Phase Mass for the Superconducting 
Properties of IG Processed Bulk YBa2Cu3Oy

The temperature dependence of dc magnetic moment of IG processed Y-123 super-
conductor grown from different liquid phase sources as a liquid source, isother-
mally grown at 995 °C for 50 h was measured in zero-field-cooled (ZFC) state and 
in magnetic field of 1 mT to estimate the superconducting performance of the mate-
rial. The summary of the Tc (onset) and Tc (zero) values are in Fig. 2.

All samples showed a Tc (onset) from 91.1 K to 92 K as the liquid mixture goes 
from 1:1.3 to 1:1, whereas Tc (zero) values are around 90.1 K, which is similar to 
the earlier reports. [11] To determine the influence of the varying LP masses on 
critical current density (Jc) for IG processed Y-123 material, the magnetization 
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hysteresis loops (MHL) were measured at 77 K along H//c-axis using a commercial 
SQUID magnetometer, and estimated the critical current performance using the 
Bean’s critical current state model and the results are summarized in Fig. 2 (see 
inset). It is remarkable that (i) the highest remnant critical current density values of 
39 kA/cm2, 34 kA/cm2, and 39 kA/cm2 were achieved in the samples with the LP 
masses 1:1, 1:1.2 and 1:1.3 respectively, (ii) the medium field critical current perfor-
mance was slightly improved in LP masses 1:1.2 and 1:1.3 as compared to the LP 
mass of 1:1, (iii) the highest critical current values of around 16 kA/cm2 and 13 kA/
cm2 were recorded in 1 and 1.5 T for the sample with LP mass of 1:1.3. The self-
field and low field critical currents probably influenced on δl-pinning controlled by 
Y-211 secondary phase particle quantity and its distribution. [11] The present results 
indicate that the sample grown with that LP mass of 1:1.3 have a better performance 
in terms of medium field critical currents and also somehow more LP mass 1:1.3 
will help the melt growth process. Based on the superconducting performance of LP 
masses, LP masses of 1:1 and 1:1.3 were chosen and produced the IG processed 
bulk Y-123 in 20 mm size with a slow-cooling process and studied the supercon-
ducting transition temperature, critical current performance at 77 K, microstructure, 
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Fig. 2  The plot of the liquid phase mixture of Yb-123+ Ba3Cu5Oy (1:1, 1:1.2 and 1:1.3) versus Tc 
(onset) and Tc (zero) for IG processed Y-123 material. Inset present the critical current density (Jc) 
values at self-field, 0.5 T, 1 T, and 1.5 T at 77 K for H//c-axis
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Energy Dispersive Spectroscopy (EDS) and trapped field values at 77  K.  More 
details are given below.

3.2  �Production of Single Grain IG Processed Bulk YBa2Cu3Oy 
by YbBa2Cu3Oy+Liquid Phase as a Liquid Source (1:1)

Figure 3a inset shows the top surface of the top-seeded infiltration growth-processed 
Y-123 materials produced using the Yb-123+liquid (1:1) as a liquid source. The 
final product is 20 mm in diameter. Four growth facet lines were visible on the top 
surface of all Y-123 samples prepared by IG process utilizing the Yb-123+liquid 
(1:1) as a liquid source, which clearly indicated that the samples were grown into 
single grains (Fig.  3a inset). The IG-process combined with the mixture of 
Yb-123+liquid (1:1) as a liquid source is new. The single grain samples were grown 
within 50 h. To see the performance of this new material, trapped field was mea-
sured at 77.3 K. Sample was cooled at 0.5 T from room temperature to 77.3 K and 
kept for 10 min. After removing the applied field, waited for a period of of 30 s and 
then the trapped field distribution was recorded by scanning the surface with Hall 
sensors at a distance of 1.2 mm. The trapped field results are shows in Fig. 3a. The 
field distribution has a simple peak shape, indicating that the sample is not broken. 
The maximum-trapped field was around 0.12 T for the 20 mm in diameter samples. 
The present trapped field values are low compared to earlier reports [11] and a 
refinement of secondary phase particles and a processing optimization of the mix-
ture of Yb-123+liquid (1:1) as a liquid source are needed. The superconducting 

Fig. 3  (a). The trapped field distribution at 77.3 K for the bulk Y-123 superconductor produced by 
Top Seeded Infiltration Growth Process utilizing the mixture of Yb-123+liquid phase as a liquid 
source and inset shows the grown single grain bulk Y-123. (b). Superconducting transition tem-
perature and field dependence of the super-current density at 77 K for a specimen cut 2 mm below 
the seed of the single-domain Y-123 bulk superconductors showed in inset. (Reproduced with 
modifications from [18])
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performance, especially the superconducting transition temperature and critical cur-
rent density at 77  K, was measured utilizing SQUID magnetometer. The results 
presented are in Fig. 3b.

A sharp superconducting transition with onset around 92.1  K and transition 
width of less than 1.9 K was observed, which indicates that the sample was of an 
excellent quality. The M-H curves were measured on the same sample at 77 K with 
the field applied parallel to the c-axis and critical current density, Jc, was calculated 
from the M-H curves using the extended Bean model formula, as shown in inset 
Fig. 3b. The sample showed Jc at 77 K, in self-field and 1 T of about 39,000 A/cm2 
and 9,750 A/cm2, respectively (see inset of Fig. 3b). Note that dispersion of Y-211 
secondary phase particles in the final Y-123 matrix has a great advantage on critical 
current density. This is due to the fact that Y-123/Y-211 interface will act as pinning 
centers for vortices in superconducting state and thus will help to increase critical 
current density especially at self-field as well as low magnetic fields [20, 21]. 
Therefore, for a given volume fraction of Y-211 particles, the Y-123/Y-211 interface 
is maximized when Y-211 secondary phase particles are small. To further improve 
Jc of IG processed Y-123, it is very important to control Y-211 preform before melt-
growth experiment.

We also tried to observe uniformity of Y-123 material produced by mixture of 
Yb-123+liquid (1:1) as a liquid source by Energy Dispersive Spectroscopy (EDS) 
and results are presented in Fig. 4.

It is clear that Y, Ba, Cu and O are uniformly distributed in Y-123 matrix. The 
present results show that uniform, single grain Y-123 material can be produced by 
utilizing a mixture of Yb-123+liquid (1:1) as a liquid source within 50 h. However, 
further optimization is needed to enhance trapped field. For this, bulk Y-123 sam-
ples are grown in c-growth direction. In this case, more liquid phase supply is quite 
crucial and we utilized a mixture of Yb-123+liquid (1:1.3) as a liquid source and 
adopted its cooling rate of 0.25 °C/h.

Fig. 4  Energy Dispersive Spectroscopy (EDS) results for the Y-123 superconductor produced by 
Top Seeded Infiltration Growth process utilizing the mixture of Yb-123+liquid phase as a liquid 
source. Note that Y, Ba, Cu, and O are uniformly distributed over the Y-123 matrix. (Reproduced 
with modifications from [18])
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3.3  �Production of Single Grain IG Processed Bulk YBa2Cu3Oy 
by YbBa2Cu3Oy+Liquid Phase as a Liquid Source (1:1.3)

Figure 5b inset depicts top surface growth characteristics of as-grown Y-123 sample 
produced by the top-seeded infiltration growth using Yb-123+liquid (1:1.3) as a 
liquid source. The choice of Yb-123 was made because of its low melting tempera-
ture than Y-123. At the reaction, it immediately decomposes into a liquid and Yb211 
providing more liquid into Y211 preform on the top. The melt processed Nd-123 
seed crystal was used to produce single-grain Y-123 of 20 mm in diameter. This 
feature is observed due to the high melting temperature of Nd-123 compared to 
Y123. The visible four-growth facets on top surface and circumference of all Y-123 
bulk samples prepared predict a c-axis growth. These growth features are quite 

Fig. 5  The trapped field distribution at 77.3 K for the bulk Y-123 superconductor produced by Top 
Seeded Infiltration Growth Process utilizing the mixture of Yb-123+liquid phase as a liquid source 
(1:1.3). Note that the TF performance of Y-123 material with the LP of Yb-123+liquid phase 
(1:1.3) as a liquid source found to be superior 0.32 T (1.3 mm above the sample surface) as com-
pared to the LP of Yb-123+liquid phase (1:1) as a liquid source (a). Note that the maximum 
trapped value recorded around 0.4  T when the Hall sensors at the distance of 0.3  mm. 
Superconducting transition and inset present the as grown bulk Y-123 (b) and field dependence of 
the super-current density at 77 K for a specimen cut 2 mm below the seed of the single-domain 
Y-123 (c)
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common in well-grown melt processed bulk Y-123 or RE-123 materials produced 
by top seeding method [7, 8]. This reflects the fact that sample was grown into a 
single grain.

The trapped field has a single cone peak shape, indicating single crystalline 
nature and absence of weak links as any disturbance in matrix destroys smooth cone 
trapped field pattern. Trapped field of 0.32 T (at 77 K) was observed 1.3 mm above 
top center of bulk Y-123 material (see Fig. 5a). Note that the maximum-trapped field 
value was recorded around 0.4 T when Hall sensors were at a distance of 0.3 mm, 
i.e. when the probe is touching the surface of bulk and polymer was coating over 
Hall probe around 0.3 mm thick. The current measured trapped field (bulk made 
from Yb-123 and liquid in 1: 1.3 ratio) values are about three times to Fig. 3 where 
the mixture of Yb-123+liquid (1:1) was used as a liquid source. These results show 
that sufficient Ba3Cu5O8 and appropriate cooling rate are crucial for a successful IG 
process because samples would grow properly along both ab- and c-growth direc-
tions. Experiments on optimization of the mixture of Yb-123+liquid as a liquid 
source and a refinement of secondary phase particles were made to improve the 
performance of Y-123 material.

Figure 5b shows the temperature dependence of magnetization in magnetic field 
of 1 mT for Y-123 material produced utilizing a mixture of Yb-123 and liquid in a 
ratio of 1:1.3 only as a liquid source. A sharp superconducting transition with Tc 
onset around 90 K and transition width (ΔT) of less than 1 K was observed, suggest-
ing a good quality of the sample. Critical current density (Jc) of the specimen was 
calculated from M-H curves using extended Bean model formula. The sample 
showed Jc of about 40 kA/cm2 and 13 kA/cm2 at 77 K, in self-field and 2 T respec-
tively (Fig. 5c). Although the self-field critical current density value of 1:1.3 mix-
ture liquid phase is similar to that of Fig. 3 reported for Y-123 material produced 
with Yb-123+liquid (1:1) as a liquid source. However, the high-field critical current 
density values were improved and this hints that flux pinning mechanism might 
have changed. Usually, flux pinning at higher magnetic fields is mainly governed by 
nanometer size chemical substitutions, lattice mismatch defects, oxygen vacancies 
etc. [20]. Further, the micro-cracks and stacking faults were caused by the Y-211 
secondary phase particles in Y-123 matrix and will also play a crucial role to improve 
high field critical current density. Hence, to understand the improved pinning at 
high magnetic fields, we had calculated volume pinning force density, Fp, normal-
ized to the maximum value, Fp/Fp,max, and plotted it against reduced magnetic field, 
h0, (H/Hirr, Hirr being the irreversibility field, where the M-H Loop (MHL) closes). 
Note that Hirr was determined from MHLs utilizing a criterion of 100 A/cm2. From 
inset of Fig. 5c, it is worth to note that the peak position lies at h0 = 0.45, which 
clearly reveals the prevalence of δTC pinning [22–24] over other pinning mecha-
nisms. Similarly, recent reports on IG processed YGd-123 samples showed that the 
peak position hmax is around 0.4 and this clearly indicates that δTc pinning is active 
in all samples due to variation in the distribution of YGd-211 (compositional fluc-
tuations leading to fluctuations in transition temperature Tc) [25]. Furthermore, 
these values were more pronounced in GdDyBCO system and found that peak posi-
tion moved from 0.41 to 0.44 for samples processed utilizing liquid phase 
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(Er-123+035) mass of 1 and 1.4 wt% [26]. These results prove that when liquid 
phase is comprised of excess Ba2Cu3O8, the high-field pinning enhances and which 
in turn improves the performance in IG process. Hence, with optimized liquid phase 
mass ratio, it can significantly promote the pinning performance of Y-123.

The energy-dispersive spectroscopy (EDX) does not show any elemental varia-
tion of Y, Ba, Cu and O in the final product of bulk Y-123 material produced by 
mixture of Yb-123 + liquid (1:1.3) as a liquid source (see Fig. 6).

It is clear that one can produce uniform Y-123 material using liquid phase (LP) 
sources, i.e. Yb-123+liquid (1:1.3) as a liquid source which is quite beneficial to 
supply more liquid to grow samples in larger size. However, much precise optimiza-
tion of liquid phase mixture composition, using a nanometer-size secondary phase 
Y-211 particles and improved growth along with c-axis will help in the production 
of high performance large IG processed Y-123 bulks and result in the enhancement 
of trapped field values as it is crucial for industrial applications.

3.4  �Bulk YBa2Cu3Oy and Its Use in Daily Applications

In recent years, significant advances have been made in fabricating single-grain, 
high-performance Y-123 pellets by means of the melt-growth process. Further, the 
processing was optimized and Y-123 batch is now processed with 30–40 mm mate-
rial for several engineering applications. [7] As a result, 140  mm diameter melt 
textured superconductors are produced in SRL-ISTEC (Japan). On the other hand, 
reproducible processing was further developed in several commercial companies 
such as Nippon Steel (Japan), ATZ (Germany) or Can Superconductor (Czech 
Republic). The main advantage of bulk Y-123 material is that even small 25 bulk 
Y-123/Gd-123 single grain can trap magnetic field by order of magnitude higher 
than best hard ferromagnets [6, 9]. This will be more attractive for daily applications 
including transport, medical, space, power storage, and automobile and research 
applications. Nowadays, the performance has reached necessary level for industrial 
applications and we believe that bulk superconducting magnets will be promising in 
the near future when it comes to market of basic counter parts of compact NMR, 
drug delivery, water cleaning, wind power plant, and medical diagnosis systems, 
and/or motors based on trapped flux and flux concentration for large aircraft 

Fig. 6  Energy-dispersive spectroscopy (EDS) results for the Y-123 superconductor produced by 
top seeded infiltration growth process utilizing the mixture of Yb-123 + liquid phase (1:1.3) as a 
liquid source. Note that Y, Ba, Cu and O are uniformly distributed over the Y-123 matrix
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propulsion [3, 4, 27–29]. The present review and recently reported results [18] had 
proven that a high-performance, new class of Y-123 material can scale up from labo-
ratory conditions to industrial production by IG process that utilizes the mixture of 
Yb-123 and liquid as a liquid source.

4  �Conclusion

In conclusion, we fruitfully grew single-grain bulk Y-123 material by IG process 
using a mixture of Yb-123 and liquid in 1:1.1 and 1:1.3 ratio as a liquid source. 
Magnetization results reveal a sharp superconducting transition of around 90  K 
width, less than 1 K. The Jc values were 40 kA/cm2 (1:1.1) and 13 kA/cm2, (1:1.3) 
at 77 K, H//c-axis, at self-field and 2 T. Flux pinning diagrams or scaling analysis of 
volume force showed peak position around ho=0.45. The trapped field results con-
firmed single cone nature with improved performance as compared to Y-123 sam-
ples produced utilizing previous liquid phase (mixture of Yb-123 and liquid in the 
ratio of 1:1 as a liquid source). The present results indicate that mixture of Yb-123 
and liquid in 1:1.3 ratio as a liquid source can aid in production of high performance 
single grain IG-processed Y-123 superconducting materials with improved trapped 
field properties. Furthermore, there is room for further optimization of liquid phase 
amount to use this material in medical, transport, and research applications.
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1  �Introduction

Wireless technology provides rapid developments for worldwide communication by 
maximizing existing ultra-high frequency (UHF) communication bands 
(300 MHz–3 GHz). Today, the communication bands of highly integrated electric 
devices have shifted toward super-high frequency (SHF) frequencies. To achieve 
enhanced efficiencies and decreased footprints, high-frequency soft magnetic thin 
films have been intensively studied for their utility in electromagnetic applications 
such as magnetic sensors, inductors, and noise suppressors. The main problem for 
the practical application of these films is their decreased performance at high GHz 
frequencies and limited device design based on their anisotropic properties. To 
overcome such problems, the high-frequency soft magnetic properties of thin film 
materials can enable as follows: (1) increased ferromagnetic resonance frequency, 
(2) suppressed eddy current loss, and (3) multi/omnidirectional performance 
in-plane.

This chapter presents the omnidirectional soft magnetic performance up to 
10 GHz frequency achieved by using low-core loss nano-granular cobalt-(metal-
oxide) and cobalt-(metal-nitride) thin films with perpendicular magnetic anisotropy.

Ferromagnetic Resonance Frequency at GHz Frequency  The ferromagnetic 
resonance phenomenon indicates the limits of the effective permeability, or the res-
onance peak itself that can be applicable to the high-frequency tunable device or 
electromagnetic noise filter. The ferromagnetic resonance frequencies of bulk mate-
rials and thin films are expressed as
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where 4πMs is saturation magnetization (G), Hk is magnetic anisotropy field (Oe), 
and γ is gyro-magnetic ratio. The relative permeability (μr) is defined as the slope of 
the initial magnetization curve:
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k
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where increasing uniaxial magnetic anisotropy Hk is one strategy to extend fr 
up to GHz.

As Landau-Lifshitz-Gilbert (LLG) theory[1] manifests high-frequency soft mag-
netic performance, in-plane uniaxial magnetic anisotropy is a sophisticated method 
for thin films to obtain both high fr and μr. Because fr appropriately increases not 
only Hk but also Ms, many researchers have reported that high-Ms films with in-
plane uniaxial magnetic anisotropy show high μr about a few hundred up to a few 
GHz for the hard magnetization axis in-plane [2]. With properties such as large 
contributions to Ms and zero magnetostriction, amorphous alloyed thin films with 
rich magnetic metal composition have been researched and achieve both high μr and 
high fr [3]. However, the high μr of in-plane anisotropic soft magnetic films do not 
exist over a few GHz. As frequency increases, the μr degrades because of eddy cur-
rent loss in a metal rich conductive film.

Reduction of Eddy Current Loss at GHz Frequency  Other than ferromagnetic 
resonance absorption, the μr values of thin films decrease by eddy current loss at 
GHz frequencies. Due to the eddy current of conductive magnetic films, effective 
RF magnetic fields only penetrate in the vicinity of the surface, which is called the 
skin depth effect [4]. The magnetic field strength at skin thickness, s, can be 
reduced to 1/e.

	

s
f

=
1

2π µ
ρ 	

(4)

where μ is permeability, f is frequency, and ρ is electrical resistivity. For conductive 
soft magnetic sheet, s is known to be a few tens to a hundred nm at 1 GHz.

Thickness limitation due to eddy current loss is successfully overcome by insu-
lating ferrite composite films [5], thin multilayer stacking with insulating layers [6], 
and scratch surfaces [7]. However, when the permeability amplitude increases, loss 
components at GHz frequency increase, and vice versa.
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Omnidirectional μ-f Performance In-Plane  While ferrite polymer materials offer 
excellent reductions in eddy current loss [5], it is difficult to decrease loss compo-
nents (μ″) up to GHz frequencies. Its loss components are not small because aniso-
tropic dispersion makes the width of the ferromagnetic resonance peak of μ″ broader. 
Uniaxial magnetic anisotropy makes the sharp ferromagnetic resonance peak, which 
greatly suppresses the loss components up to fr. [8] When analyzing the demagneti-
zation field, it is very reasonable to use in-plane uniaxial magnetic anisotropy for 
thin films. There are several origins of in-plane uniaxial magnetic anisotropy in soft 
magnetic films: field-induced anisotropy [9], magneto-elastic anisotropy [10], and 
shape anisotropy by patterning film [11]. However, based on application, in-plane 
uniaxial magnetic anisotropy has a directional limitation for one axis (Fig. 1a). To 
overcome directional limitations, crossed magnetic anisotropy has been proposed 
(Fig. 1b) [12]. A multilayer structure with stacks of thin magnetic layers with aniso-
tropic axes perpendicular to each other, successfully work in biaxial directions in-
plane and can decrease the eddy current loss as well.

Our motivation for more flexible soft magnetic material design for omnidirec-
tional μ-f property and in-plane isotropic film with perpendicular Hk is proposed as 
shown in Fig. 1c. An advantage of perpendicular Hk is that the film plane is always 
along the hard magnetization axis, resulting in omnidirectional high μ-f perfor-
mance in the film plane. In this chapter, the overview of our recent work on in-plane 
isotropic nano-granular cobalt- (metal-oxide, metal-nitride) films with perpendicu-
lar Hk will be presented [13–16].

Fig. 1  Use of plane magnetic anisotropy (perpendicular Hk). (a) in-plane uniaxial magnetic 
anisotropy film, (b) in-plane crossed magnetic anisotropy film, and (c) in-plane isotropic film (with 
perpendicular Hk)
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2  �Results and Discussion

2.1  �Synthesis and Structure of Metal-Insulator 
Nano-Granular Thin Films

Synthesis of nano-granular film via sputtering: Figure 2a describes the represen-
tative structure of nano-granular thin films produced by sputtering. Nano-granular 
structures are shown in Fig. 2, where magnetic metal nano-granules of a few nm in 
diameter are evenly dispersed in a non-magnetic matrix. Metal-oxide, metal-nitride, 
and metal-fluoride systems are preferable for the matrix when required for soft 
magnetic performance. Nano-granular structures were first found by Karamon et al. 
[17] of iron boron–nitride system films produced by a reactive sputtering process 
with nitrogen gas. Nano-granular films were grown on various sorts of substrate by 
any one of the sputtering composite targets, co-sputtering, or tandem sputtering 
both magnetic metal and ceramic targets [18]. In any of these methods, the nano-
granules and surrounding matrix were both self-organized during the non-
equilibrium sputtering process because phase separation between magnetic metal 
nano-granules and the ceramic (insulating) matrix was thermodynamically 
enhanced. For example, for the Co-Al2O3 system nano-granular film (Fig. 2b): metal 
particles and non-metal particles were sputtered first, reached the substrate surface, 
and precipitated. Then, metal-oxides with high heats of formation (or high melting 
temperature) segregated and became uniformly distributed clusters. Finally, subse-
quent Co segregation is hampered by Al2O3 clusters, which were then self-organized 
into nano-granules. Tandem sputtering is well-known as a way to control the gran-
ule size distribution and enable anisotropy in the in-plane structure along the rota-
tional arc direction.

Fig. 2  (a) Schematic 
illustration of metal-
insulator type nano-
granular film. (b) 
self-organization process 
from left to right of 
nano-granular structure
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Kinetic Phase Separation of Metal-Insulator Nano-Granular Films  To obtain 
a metal-insulator nano-granular structure, the difference in heat of formation energy 
(|ΔH298K|) between magnetic particle material and matrix materials plays a key role 
because |ΔH298K| should be large enough to phase separate. Figure 3 shows the heat 
of formation energy of oxide (circle), nitride (diamond), and fluoride (triangle) 
compounds. Compounds having higher (|ΔH298K|) are more easily to form than 
those with small (|ΔH298K|). Magnetic metal (Fe and Co) compounds are less stable 
than other compounds and can easily form single-phase granules. For instance, the 
well-known nano-granular Co-Al2O3 system films have the largest difference of 
heat of formation (|ΔH298K|) ~1400 kJ/mol.

In the case of Co-based nano-granular system films, metallurgical phase separa-
tion must be included since the magnetic anisotropy of cobalt depends on its crystal 
structure. It is known that the Co of as-deposited nano-granular films prepared by 
the sputtering process exhibits an amorphous phase or fcc crystal phase instead of 
hcp-phase [19, 20]. It is suggested that sputtering deposition proceeds under 

Fig. 3  Heat of formation of nominal oxide (circle), nitride (diamond), and fluoride (triangle) 
compounds
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non-equilibrium conditions in the same manner as liquid quenching, and then a 
quasi-stable phase appears. In addition, stabilization of the fcc-Co phase in nano-
sized Co particles (< 20 nm) synthesized by sputtering has been explained from free 
energy calculations of crystals [21]. The existence of cubic or amorphous Co phase 
in sputtered film is preferable for non-dispersive in-plane magnetic anisotropy (Hk) 
and good soft magnetic performance [22]. Since the hcp-phase made the film hard 
magnetic like nonvolatile perpendicular recording media, then, unselected to high-
frequency soft magnetic film. So, the effect of the hcp-Co phase on soft magnetic 
properties is not clear.

Although the reasoning is mentioned above, is it impossible to obtain hcp-Co 
granules by sputtering. Given that a small amount of matrix is decomposed and 
alloyed with Co granules, it is indicative that the phase separation can be accounted 
for in the Co-metal binary alloy system as well. From equilibrium binary phase 
diagrams, the temperature range of the stable hcp-Co phase increased when Co was 
alloyed with specific metals. It has been reported that the hcp-phase has been suc-
cessively grown on Co-metal (metal = Cr [23], Mo [23], and W [24]) alloyed thin 
film systems, so-called magnetic induced phase separation, for applications of per-
pendicular magnetic recording media. Also, nano-granular thin films with perpen-
dicular magnetic anisotropy have been reported on CoCrPt-SiO2 films [25].

Aiming to achieve soft magnetic nano-granular film with perpendicular Hk and 
investigate the effects of perpendicular Hk, we have selected Co-AlN and Co-SiO2 
system nano-granular films as follows. Co-AlN was chosen because of the rela-
tively small differences in heats of formation energy between CoN and AlN. It is 
expected a fcc-Co phase. Co-SiO2 was selected due to the large differences in heats 
of formation energy between CoO and SiO2. It is expected an hcp-Co phase.

Both AlN and SiO2 are well-known insulating materials but have different heats 
of formation energy compared to those of Co compounds: |ΔH298K|(Al)-
|ΔH298K|(CoN)~300  kJ/mol and |ΔH298K|(SiO2)-|ΔH298K|(CoO)~650  kJ/mol. 
Referring to the difference in heats of formation energy, the difference in nano-
granular structures was expected. Co has a large crystal magnetic anisotropy 
(K1~4×106 and K2~2×106 erg/cm3 for hcp-Co), high curie temperature (Tc~1400 K), 
and high saturation magnetization (4πMs~18 kG) at room temperature [4]. The crys-
tal structure of Co in nano-granular system films may differ according to the binary 
Co-alloy phase diagram. Binary phase diagrams of Co-Al and Co-Si are given in 
Fig. 4 [26].

2.2  �Structure of Co-AlN and Co-SiO2 Nano-Granular Films

A series of Co-AlN and Co-SiO2 system nano-granular films were prepared by 
RF-magnetron sputtering with Co contents 0–81% and 43–56%, respectively. 
Detailed experimental procedures are presented in [13–16]. Figure  5 shows the 
cross-sectional TEM images of (a) Co47–(AlN)53 and (b) Co52–(SiO2)48 films as typi-
cal nano-granular structures. The Co47–(AlN)53 film shows spherical Co granules 
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with 4–5  nm embedded in the AlN amorphous matrix. The Co56–(SiO2) 44 film 
shows ellipsoidal Co granules that are 7–8 nm in length and 3–5 nm in diameter 
aligned perpendicularly to the film plane. Inter-granule thickness between ellipsoi-
dal Co granules is about a few nm. The boundary between Co granules (dark area) 
and insulating matrix (bright area) of the Co-SiO2 film is clearer than the Co-AlN 
boundary. This indicates that the thickness of the intermediate phase between the 
Co granule and AlN matrix is thicker than that of the Co-SiO2 film because SiO2 
more easily forms than AlN due to the large difference of heat of formation energy 
(Fig. 3). Co granules of Co-AlN films are interconnected with each other through 
intermediate boundary layers. The diffraction profiles of Co-SiO2 films were 
indexed as hcp-Co, whereas that of the Co-AlN film was probably fcc-Co. The dif-
ference in crystal phase of Co granules is consistent with the Co-Al and Co-Si 
alloyed systems (Fig.  4). Thus, perpendicularly aligned Co granules might be 
explained by magnetically separated hcp-Co and the intergranular phase grown per-
pendicular to the film plane.

Fig. 4  Binary phase 
diagrams of (a) Co-Al and 
(b) Co-Si [26]

Fig. 5  Cross-sectional TEM image of (a) Co47-AlN53 and (b) Co52-(SiO2)48 nano-granular films. 
(Reprinted from [36])
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2.3  �Electric Properties of Co (Metal-Oxide or Metal-Nitride) 
System Nano-Granular Films

The abovementioned phase separation (2.2 and 2.3) strongly affects the conduction 
process of tunneling current through metal granules. Interconnection of neighboring 
metal granules often occurs due to imperfections in the matrix-granule interface and 
has negative effects on electrical resistivity. The electrical resistivities (ρ) of films 
were measured by conventional four-probe methods. Figure 6 shows the ρ depen-
dence on Co contents of typical Co-(metal-oxide or metal-nitride) system nano-
granular films [14, 16, and 27]. The ρ of matrix compounds, crystallinity, and 
interfacial separation strongly affect resistivity. The order of the ρ value of each 
system film mainly depends on the ρ value of the insulator matrix, which depends 
on the band gap energy Eg (e.g., Eg of AlN, Al2O3, and SiO2 is 5.74, 9.5, and 11 eV, 
respectively [28]) The ρ of Co-SiO2 is 1000 times higher than that of Co-AlN with 
the same Co contents. The small ρ value of the Co-AlN system film is possibly 
attributed to both the relatively small band gap energy of AlN matrix and imperfect 
phase separation between the Co and AlN interfaces.

The ρ value exponentially decreases with increasing Co contents. The slope of ρ, 
which reflects the formation and density of metal nano-granules, changed near the 
percolation threshold x. Tunneling currents of Co nano-granules pass through insu-
lating inter-granule matrices under x. Conduction is attributed to spin-dependent 
tunneling probability, so this composition range is significant for tunneling 

Fig. 6  Electrical resistivity (ρ) dependence on Co contents of Co-AlN [14], Co-Al2O3 [27], and 
Co-SiO2 [16], nano-granular films
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magnetoresistance properties of nano-granular films [29]. For nano-granular films 
with Co contents greater than x, metallic conduction is dominant among intercon-
nected Co granules. By increasing the packing density of Co, granules will become 
magnetically coupled and exhibit excellent soft magnetic properties [30]. The 
network-like intergranular matrix is correlated to ρ, as seen in Fig. 5, where the 
nano-granular film with an oxide matrix has high resistivity up to high Co contents, 
which should decrease eddy current as defined in Sect. 4.

2.4  �Magnetic Properties of Nano-Granular Films 
with Perpendicular Hk

The magnetic properties of nano-granular films in the metallic composition range 
are well explained both by induced uniaxial magnetic anisotropy and random mag-
neto anisotropy of nano-crystalline films [10, 31]. Coherent uniaxial magnetic 
anisotropy consists of the average random magnetic anisotropy of ferromagnetic 
metal grains located within the effective exchange length Lex:

	
L A

Kex = ϕ0
1 	

(5)

where A is the exchange stiffness, K1 is the local magnetic anisotropy constant, and 
φ0 is a proportionality factor in the order of one. The magnetic domain width of 
conventional soft magnetic films with in-plane uniaxial Hk is a few tens to a hundred 
μm. The concept of magnetic domain design of in-plane isotropic high-frequency 
soft magnetic films is to segmentalize magnetic domains for orientation of perpen-
dicular Hk.

2.5  �Magnetic Domains of Co-AlN and Co-SiO2 
Nano-Granular Films

Magnetic domain observation was carried out by magnetic force microscopy [32]. 
Figure 7a shows the magnetic domain structure of the Co76–(AlN)24 film surface. 
Dark and bright contrast indicates the magnetic flux pointing up and down, respec-
tively. Clear stripe domains of 400 nm in domain width were observed along the 
magnetically saturated axis of longitudinal direction. This striped domain structure 
has been reported on NiFe thin films with rotatable magnetic anisotropy, [33] a type 
of perpendicular magnetic anisotropy. The magnetic moment of the thin film is sub-
ject to strong demagnetization against the surface, attributed to shape anisotropy. 
For thin films with weak perpendicular anisotropy, the magnetic moments in the 
neighboring domains are potentially leaned toward each other, leading to a decrease 
of the demagnetization energy perpendicular to the film surface.
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Figure 7b is a cross-sectional magnetic force microscopy (MFM) image of the 
same film, which has been magnetically saturated perpendicular to the observed 
side. A couple of magnetic poles have appeared on the film surfaces and substrate 
interfaces and are alternately aligned in the film plane. The application of an exter-
nal magnetic field (Hex) of 100 Oe right (Fig. 7c) and left (Fig. 7d) side (indicated as 
white arrow) does not change polarity but does slightly affect magnetic flux in the 
domains. The magnetization of Co nano-granules in the same magnetic domain, 
within an exchange length, is manifested by the random anisotropy model. Under 
the small magnetic field, the mobility of internal magnetic moments is high whereas 
the stripe domain walls are pinned.

Figure 7e shows the magnetic domain structure of the surface of a 1.5 μm thick 
Co56–(SiO2)44 film. Note that the width of the maze domains is smaller than 100 nm. 
This domain arrangement did not exhibit directional displacement, even after a 
large magnetic field was applied in every direction of the film plane. Such fine mag-
netic domain structures have been reported on amorphous Tb-Fe film with perpen-
dicular anisotropy as well [34].

2.6  �Magnetization Curves of Co-AlN and Co-SiO2 
Nano-Granular Films

Magnetization curves of (a)Co76–(AlN)24 and (b)Co52–(SiO2)48 films are shown in 
Fig. 8. Each film shows the same magnetization curves regardless of the film plane 
direction; therefore, films have no uniaxial magnetic anisotropy in-plane. Both films 
have similar saturation magnetization values around 10  kG even at different Co 
contents in the film. Co-AlN system films show lower Ms values due to incomplete 
phase separation between Co granules and AlN matrix as can be seen in Fig. 5. For 
Co-AlN film, both perpendicular and in-plane magnetic anisotropy components 
were found. The perpendicular Hk components, which is represented as in-plane 

Fig. 7  Magnetic domain structure of the surface of (a)Co76-(AlN)24 and (d)Co56-(SiO2)44 films. (b) 
Cross-sectional MFM image without zero-field and with external magnetic field (Hex=100 Oe) (c) 
left and (d) right direction
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saturation magnetic field (Hs) in Fig. 8a), are the origin of texture-like structures 
constituting the Co granules chain arranged perpendicular to the plane [15]. The 
coercive field (Hc) of a few tens Oe is relatively large from that of in-plane soft 
magnetic films measured along the hard magnetization axis, indicating that the 
stripe domain wall (Fig. 7a) acts as a pinning site for the magnetic domain reversal 
process. We found that the initial magnetization process with an applied magnetic 
field less than Hc is reversible and independent of the magnetization direction [15].

In the magnetization process with small magnetic field excitation, rotation of 
magnetic moments predominantly occurs without domain wall movements, so that 
the hysteresis loss is extremely small.

The order of the saturation magnetic field of Co56–(SiO2)44 films is close to that 
of perpendicular recording media, and which is 5–1000 times higher than that of 
conventional soft magnetic films with in-plane anisotropy. Such strong perpendicu-
lar magnetic anisotropy possibly originates from shape anisotropy of perpendicu-
larly aligned ellipsoidal Co grains and crystal anisotropy of hcp-Co as shown in 
Fig. 5b). From the magnetization curves around zero magnetic field, the Hc in each 
direction is small due to the maze domain structure.

From the magnetic domains and magnetization curves of Co-AlN and Co-SiO2 
nano-granular films, the Co-AlN film with a striped domain has a smaller perpen-
dicular Hk than Co-SiO2 with fine maze domains.

Differences in static magnetic properties arise from the crystal structure, shape, 
and alignment of Co granules. Since the amplitude of perpendicular Hk closely 
relates ferromagnetic resonance frequency (fr), high-frequency soft magnetic per-
formances of Co-AlN film with weak perpendicular Hk, Co-SiO2 film with large 
perpendicular Hk, and other application results for noise suppression are provided in 
the following section.

Fig. 8  In-plane magnetization curves (red: after 90-degree rotation in the plane) of (a) Co76-
(AlN)24 and (b) Co56-(SiO2)44 films
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2.7  �High-Frequency Soft Magnetic Performance 
of Nano-Granular Films with Perpendicular Hk

�μ-f Properties of Co-AlN &Co-SiO2 Nano-Granular Films 
with Perpendicular Hk

High-frequency measurements related to the permeability of nano-granular films 
with perpendicular magnetic anisotropy were carried out using short-circuited 
microstrip line [35] and short-circuited coaxial line methods [36]. Applications of 
external magnetic field for background calibration were performed after permeabil-
ity measurements, so that the magnetically saturated direction (magnetic remanent 
condition) was stored before the measurement. Figure 7 shows the frequency pro-
files on permeability μ′ and μ″ of (a) Co76–(AlN)24 film with weak perpendicular Hk 
and (b) Co52–(SiO2)48 films with strong perpendicular Hk. The RF magnetic field Hrf 
was applied in parallel (x: red) and perpendicular (y: blue) to the magnetically satu-
rated direction (stripe direction for Co-AlN film).

Different μ-f profiles of Co-AlN film were obtained when the Hrf direction 
changed. For Hrf parallel to the magnetically saturated axis (stripe domain length 
direction), μ(x) was constant up to 3 GHz, and then a broad peak of μ″ appeared at 
a ferromagnetic resonance frequency (fr) of 10 GHz. For Hrf perpendicular to the 
magnetically saturated axis, a sharp peak of μ″ appeared at fr of 2.4 GHz. Consistent 
μ values were supported from initial magnetization curves [14], but the film does 
not have in-plane uniaxial magnetic anisotropy, and the magnetic stripe domain 
partly contributes to ferromagnetic resonance behavior. The tendency of fr of μ″(x) 
and μ″(y) appearing is approximate to that reported by Vukadinovic, N [37]. The 
higher fr value of μ″(x) than μ″(y) is explained by increased demagnetization com-
ponents under a striped domain configuration. Since the magnetic charge is located 
at the domain wall by excitation of Hrf, the demagnetization factor preferably 
increases the effective perpendicular Hk via the smit-Wejin effect [38] (Fig. 9).

The frequency profiles of μ for Co-SiO2 films do not change whether the applica-
tion of Hrf changes from perpendicular or parallel to the magnetically saturated 
direction of the film plane due to the fine magnetic domain structure (Fig. 7e), and 
by the negligibly small magnetic remanence and coercivity in the film plane (Fig. 
8b). The μ″, including magnetic anisotropy dispersion and eddy current loss, is neg-
ligibly small up to 5 GHz, even with a relatively thick film. Coherent magnetization 
precession locally occurs in segmentized magnetic domains. There are clear absorp-
tion peaks in μ″ at the magnetic resonance frequency fr = 13 GHz. The μ′ value of a 
well-known high-frequency (>10 GHz) soft magnetic material, such as NiZn ferrite, 
is less than 2 above 5 GHz because of the increased μ″ [39]. μ′ and fr of Co-SiO2 
films with large Hk are consistent with the estimated values using 1 and 3 equations. 
The omnidirectional high-frequency (>5 GHz) performance of the Co–SiO2 films 
was improved for both high values of μ′ and low values of μ″. Co-based highly-
resistive nano-granular films with large perpendicular Hk have great potential for 

H. Kijima-Aoki



259

their applications as thin film inductors and antennae operating at high GHz 
frequencies.

2.8  �Omnidirectional μ-f Properties and Noise Suppression 
Performance of CoFe-AlN/AlN Multilayer Films 
with Perpendicular Hk

In the applicational viewpoint for noise filters at GHz frequencies, the electromag-
netic noise attenuation of thin magnetic films on integrated circuits was investigated 
[40]. In analog-digital integrated circuit, both conduction noise through signal line 
and near electromagnetic field noise at GHz frequency are crucial problems. Since 
intricate signal lines are arranged horizontally and vertically in-plane, the omnidi-
rectional high noise suppression effect of magnetic thin films has potential applica-
tion. Figure  10a presents a schematic illustration for noise suppression effect of 
in-plane isotropic films with perpendicular Hk. The electromagnetic noise from 
near-field and in-line was decreased by low frequency magnetization precession (μ) 
and high-frequency ferromagnetic resonance absorption around fr of the magnetic 
film. The noise suppression affects both near-field intensity and in-line power was 
evaluated by comparing with and without magnetic films on the signal line. 
Figure 10b shows the frequency dependence of near-field intensity (left) and in-line 
power ratio (right) of (CoFe-AlN)n/(AlN)n+1 multilayer films for n = 1, 3, 9, 18, and 
27. In-line power losses obtained without film were used for background 
subtraction.

For (CoFe-AlN)n/(AlN)n+1 multilayer films (n = 3, 9, 18, and 27), the attenuation 
of the near-field intensity gradually increased above 1  GHz, where the 

Fig. 9  Frequency profiles of μ´ (solid symbols) and μ″(open symbols) of (a) Co76–(AlN)24 film 
with weak perpendicular Hk and (b) Co52-(SiO2)48 films with strong perpendicular Hk. The μ-f was 
measured parallel(x) and perpendicular(y) to magnetically saturated direction in the film plane. 
(Reprinted from [15])
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concentration of eddy current losses can be a prominent factor for near-field sup-
pression. The highest attenuation in near-field intensity was observed around 
1.7 GHz of the fr. near-field intensity suppression was attributed to both ferromag-
netic resonance absorption and eddy current losses. The in-line power losses expo-
nentially increased with increasing frequency above 1 GHz [41]. This increase was 
more pronounced in films with large n values compared to those with small n val-
ues, which stems from the eddy current loss caused by the conductive magnetic film 
on the transmission line. Center points, at which a broad Ploss/Pin peak appeared, 
shifted to frequencies exceeding fr, consistent with the previously reported demag-
netization effect [42]. Beyond a few gigahertz, this shift depends on the sample size 
and microstrip line shape. For in-plane isotropic (CoFe-AlN)n/(AlN)n+1 multilayer 
films, frequency-dependent noise suppression is possible in every direction in the 
film plane.

3  �Conclusions

For omnidirectional high-frequency soft magnetic performance up to GHz frequen-
cies, Co-AlN and Co-SiO2 nano-granular films with various perpendicular anisotro-
pies and magnetic nano-granules embedded in metal-oxide or metal-nitride matrices 
were prepared by sputtering.

The low-ρ Co-AlN film consists of spherical Co nano-granules embedded in an 
amorphous AlN matrix. Co-AlN films show both in-plane and out-of-plane mag-
netic anisotropy components and exhibit conventional striped domain structures. 
They show constant μ of around 20 up to fr values of 2.4 GHz and 10 GHz under Hrf 
applications perpendicular and parallel to the magnetically saturated direction, 
respectively.

Fig. 10  (a) Schematic illustration for noise suppression effect of in-plane isotropic film with per-
pendicular Hk. (b) Frequency dependence of near-field intensity (left) and in-line power ratio 
(right) of (CoFe-AlN)n/(AlN)n+1 multilayer films for n = 1, 3, 9, 18, and 27. (Adapted from [40])
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A high-ρ Co-SiO2 film consists of perpendicularly aligned ellipsoidal hcp-Co 
nano-granules with an amorphous SiO2 matrix. Large perpendicular anisotropy was 
successfully realized in Co-SiO2 film. The Co-SiO2 film shows a constant μ of four 
with small loss components up to 5 GHz and a high fr of 13 GHz. The frequency 
dependence of the Co-SiO2 film does not change regardless of the direction of 
applied Hrf.

Co-based high resistive nano-granular films with perpendicular Hk have achieved 
omnidirectional high-frequency soft magnetic performance and provide great 
potential for their applications as thin film inductors and antennae operating at high 
GHz frequencies.
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1  �Introduction

Sodium cobaltate (NaxCoO2), is a dopable oxide which is stable for a wide range of 
Na concentrations 0.3 ≤ x ≤ 1.0 [1]. The magnetic, structural and thermoelectric 
characteristics of NaxCoO2 depend critically on x, resulting in a rich magnetic and 
structural phase diagrams [2–4], including a relatively high thermoelectric figure of 
merit (ZT) at temperatures around 800 K [5]. As shown in Fig. 1, the NaxCoO2 lat-
tice comprises of stacked alternating Na and edge-sharing CoO2 octahedral layers 
that constitute a quasi-two-dimensional system. In Na-deficient (x < 1) NaxCoO2, 
each Na vacancy introduces a hole that oxidises a Co3+ ion to Co4+. As a result, 
NaxCoO2 exhibits p-type conductivity and its carrier concentration (n) is inversely 
related to x. Moreover, the coexistence of Co3+ and Co4+ ions in the CoO2 layers 
generates a competitive Seebeck potential through spin entropy flow [6, 7]. For 
instance, the Seebeck coefficient (S) of polycrystalline Na0.75CoO2 at 800 K is within 
the range of ~132 – ~143 μV K−1, depending on the preparation protocol [8–10]. 
Furthermore, in the Na layers, the mobile Na+ ions for which their motion is sche-
matically shown with arrows in Fig. 2a, diffusively scatter the phonons [11, 12], 
decreasing the lattice thermal conductivity (κL) [1, 13–16] to ~0.01 W cm−1 K−1 at 
~1000  K [17]. ZnO, for comparison, has a κL value of ~1.25  W cm−1 K−1 at 
~1000 K [18].

As shown in Fig. 1, the lattice structure of the fully sodiated Na1CoO2 has hex-
agonal symmetry with space group number 194. The primitive cell of the Na1CoO2 
has a chemical composition of Na2Co2O4, in which the ions are arranged in two 
alternating Na and CoO2 layers. The close-packed oxygen ions stack as 
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ABBA-ABBA, commonly referred to as P2 stacking, in which the oxygen ions on 
each side of a Na layer face each other directly. This stacking creates two types of 
prismatic sites for the Na ions; Na1 and Na2, defined by the location of the Na ions 
relative to the O ions (Fig. 1). The oxygen prism around the Na1 site shares a face 
with a CoO6 octahedron in both direction along Z, while the oxygen prism around 
the Na2 site only shares the edges with adjacent CoO6 octahedra [19]. In Na1CoO2, 
all Na ions occupy the Na2 site. As the Na concentration decreases, more and more 
Na ions move to the Na1 site. The creeping of Na ions to Na1 sites minimises the 
electrostatic repulsion among the Na+ ions in the Na layer. Furthermore, as shown 
in Table  1, the lattice parameters of NaxCoO2 vary with Na concentration. As x 
decreases, a also decreases, while c generally increases.

There are a few common synthesis techniques for preparing sodium cobaltate. 
The fully sodiated compound Na1CoO2 can be prepared by dissolving stoichiomet-
ric quantities of sodium acetate CH3COONa and cobalt tartrate C4H4O6Co in etha-
nol with a gelling agent, then drying and calcinating the gel, followed by annealing 
it at 650 °C [23]. Polycrystalline samples of Na-deficient NaxCoO2 (x < 1) can be 
prepared by employing the conventional solid-state reaction technique. In this 
method, a powder mixture of Na2CO3 and Co3O4 with the desired stoichiometric 
molar ratios are directly placed into a furnace for preheating at 850 °C to minimise 
Na evaporation and loss, followed by sintering for 16 h in air. The resulting powder 
is then pulverised, pelletised, and sintered again at 870 °C for 20 h [24]. Alternatively, 
the Co3O4 and Na2CO3 powders can be fabricated into ceramic pellets by the spark 
plasma sintering method. In this method, the powder usually placed in a graphite die 
and pressed at 50 MPa at 700 °C for 5 min. Spark plasma sintering produces highly 
dense and highly textured ceramic samples with nanotextures that are beneficial for 

Fig. 1  (a) The top and side view of the of P63/mmc primitive cell of P2 Na1CoO2. (b) The top and 
side view of the supercell of P2 Na0.5CoO2. Co and O ions occupy the Wyckoff 2a and 4f sites, 
respectively. In Na1CoO2, all Na ions occupy the Wyckoff 2c sites which share basal coordinates 
with O and commonly referred to as Na2 sites. In Na-deficient compounds, all Na sites are par-
tially occupied. Some Na ions also move to 2b sites which share basal coordinates with Co which 
are also known as Na1 site
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Fig. 2  A side (upper panels) and top (lower panels) preview of the Na0.50CoO2 structure con-
structed by using a 4a × 2a × 2c Na1CoO2 supercell as a representative of the NaxCoO2 structures. 
In Na0.50CoO2 compound, one-half of the Na ions occupy 2b (Na1) sites which share basal coordi-
nates with Co, and the other half of the Na ions occupy 2c (Na2) sites which share basal coordi-
nates with O. The ratio of Na1/Na2 and the arrangement of the occupied Na1 and Na2 sites depend 
on Na concentration [39]. Adapted with permission from Ref. [40]. Copyright Elsevier 2015

Table 1  The measured and calculated structural properties of NaxCoO2

Compound Na1CoO2 Na0.75CoO2 Na0.5CoO2

a (Å) (Theoretical) 2.906a 2.890a 2.834a

c (Å) (Theoretical) 10.566a 10.899a 11.171a

a (Å) (experimental) 2.8829b 2.8329c 2.81508b

c (Å) (experimental) 10.4927b 10.990c 11.1296b

Unit cell dimension 1a × 1a × 1c 1a × 3a × 1c 1a × 2 3a × 1c
Na1/Na2 0d,e 0.5d,e 1d,e

a[20]
b[21]
c[9]
d[22]
e[19]
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the carrier transport properties [25]. In all of these methods, a dopant in the form of 
oxide or carbonate powder can be added during preparations.

2  �Doped NaxCoO2

Given the promising low κL in NaxCoO2, researchers have extensively examined 
various dopants to improve the Seebeck coefficient of NaxCoO2 with the unfulfilled 
ambition of achieving a ZT comfortably larger than one [8, 9, 17, 26–36]. One of the 
main obstacles was the strategies researchers used to choose the dopants, e.g. mainly 
based on mere nominal oxidation state; atomic mass considerations and the solubil-
ity limits of the applied synthesis technique [37]. Based on these factors, the doping 
site is usually speculated. In principle, a cationic dopant can replace either a Na ion 
or a Co ion, or even be incorporated interstitially in the host lattice of NaxCoO2. 
Identifying the exact location of the cationic dopant in NaxCoO2’s host lattice under 
a specific synthesis condition requires characterisations such as X-ray absorption 
spectroscopy and neutron diffraction [38] or even supplementary magnetic phase 
measurements at lower temperatures [30] which are often omitted. An alternative 
tool that can shed light onto the problem of dopant’s location in NaxCoO2, albeit at 
a lower cost, is the reliable density functional theory (DFT) calculations. DFT can 
provide us with a straightforward dopant formation energy which indicates the 
energy required to place a dopant in the host lattice. By comparing the formation 
energies of a specific dopant at different lattice sites, called here configurations, one 
can identify the most stable dopant’s location in the host lattice of NaxCoO2. In this 
section, we first survey the available experimental reports on the dopants’ effect on 
the thermoelectric performance of NaxCoO2. We then briefly survey the theoretical 
works in this field. By comparing these two lines of inquery, we then recommend 
precise strategies for future research in NaxCoO2 based thermoelectric materials.

Figure 3a shows the Seebeck coefficient (S) while Fig. 3b shows the electrical 
resistivity (ρ) at T = ~800 K for NaxCoO2 doped with a wide variety of dopants as 
reported in the literature. In Fig. 3, each circle represents an experimental report for 
a specific dopant. The circles are arranged based on the dopant’s atomic number. 
The colour of each circle represents the dopant concentration while the size of the 
circle represents the sodium concentration in the host NaxCoO2 lattice. After a close 
inspection, we notice that the largest S is obtained for late transition elements dop-
ants like Cu and Ni for which the Seebeck coefficient exceeds ~320 μV K−1, fol-
lowed by noble metals dopants such as Ag and Au for which the S = ~200 μV K−1 
and the rare-earth dopants such as Dy and Sm for which the S  = ~180  μV K−1. 
Furthermore, large S values are achieved when the Na concentration is 50% as 
higher Na concentrations (x > 0.5) persistently produce lower S values. Finally, the 
lowest ρ is achieved for dopant concentrations of ~2.5% or lower as larger dopant 
concentrations increase the resistivity (ρ), occasionally by orders of magnitude.

To obtain an atomistic understanding based on these experimental results, we 
cross-examined the formation energy of a wide range of dopants calculated with 
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DFT presented in Fig. 4. Each panel in Fig. 4 shows the formation energy (Ef) of a 
dopant as a function of the incorporation sites, or configurations Na1, Na2, Int and 
Co. The first two configurations represent a dopant replacing an Na ion from Na1 
and Na2 sites, respectively (for details see the caption of Fig. 2). Subscript Int refers 
to a configuration in which the dopant is incorporated interstitially in the Na later, 
and subscript Co refers to configurations in which the dopant replaces a Co ion from 
the NaxCoO2 host lattice. The dopant formation energy (Ef) was calculated based on 
the standard formula [41]:

Fig. 3  The Seebeck coefficient (S) and the resistivity (ρ) of doped NaxCoO2 as reported in the 
literature at T = ~800 K presented in (a) and (b), respectively. The radius of the circles proportion-
ally correlates to the Na concentration as demonstrated in the legend of (a). The shade of the circles 
represents the concentration of the dopants as expressed in the legend of (b). The data are taken 
from the following articles: K [17], Mn [30], Ni [31]. Cu [32], Zn [8, 33], Sr and Y [17], Ru [30], 
Ag [9, 27], Nd [17], Sm [17, 26], Dy [26], Yb [17, 26], Au [27]. (Reproduced with permission from 
Ref. [40]. Copyright 2015 Elsevier)
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Fig. 4  The formation energy of various dopants in NaxCoO2 calculated for an oxygen-rich envi-
ronment. The upright triangles in orange, the star signs in dark yellow, the solid squares in red, the 
diamonds in brown and the circles in black symbols correspond to x values of 0.50, 0.625, 0.75, 
0.875 and 1.00, respectively in NaxCO2. The values were copied from the following articles: Mg 
[24], Ca and Ba [43], Ni, Zn, Eu [44], Cu, Y, Sn, W, Au, Bi [40], Ru [45], Sr [46], Sb [20, 46, 47], 
Gd, Yb [48], Hf [49]
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x= ( ) + − ( ) −Na CoO M Na CoO ,M2 2: µ µα 	 (1)

in which, Et(NaxCoO2:M) is the total DFT energy of the NaxCoO2 supercell contain-
ing dopant M, and Et(NaxCoO2) is the total energy of the pristine NaxCoO2 supercell. 
μα and μM are the chemical potentials of the removed and added elements, respec-
tively. The chemical potentials used in the calculations presented in Fig. 4 pertain to 
the oxygen-rich environment [42], which is the case for most synthesis techniques 
such as powder sintering in air. In all presented Efs, one dopant was placed in the 
4a × 2a × 2c NaxCoO2 supercell, resulting in a dopant concentration of ~6.25%. 
More details regarding the DFT settings of each calculation are provided in the cited 
literature for each dopant.

By examining Fig. 4, we first notice that dopants’ radius is not a good predictor 
of its incorporation site. For example, Mg2+ has a radius of 0.57 Å close to that of 
Co3+ (0.55 Å) in octahedral coordination. Mg, however, is more stable at Na layer as 
an interstitial dopant. The radius of Gd3+,0.94 Å, on the other hand, is closer to that 
of Na+ (1.02 Å), but it is more stable when replacing Co for a wide range of Na 
concentrations. Second, for the dopants that we have formation energy for multiple 
x values, we notice that some dopants such as Sr and Au tend to be stable in the Na 
layer (either substitutionally or interstitially) for a wide range of Na concentrations 
(x). In contrast, some other dopants like Bi, W, Sb and Sn, Gd and Y are more stable 
when substituting for Co. The incorporation site of dopants such as Cu and Y, none-
theless, depends strongly on Na concentration (x). Cu dopants are the most stable in 
CuCo configuration in Na1CoO2 and Na0.75CoO2, and in CuInt configuration in 
Na0.50CoO2. Y dopants follow the same trend. Furthermore, dopant like Mg, Ca, Ba 
and Eu are more stable in the Na layer in Na0.75CoO2, while Ni, Zn, Ru and Hf are 
more stable when replacing a Co in Na0.75CoO2. Similarly, Ru is also stable when 
replacing Co in Na0.50CoO2. In the case of MgNa, we could directly verify Mg’s local 
chemical environment using Raman spectroscopy validating the theoretical results 
[24], confirming the DFT prediction.

By comparing the experimental results with the theoretical calculations, we can 
identify some trends correlating those dopants that produce high S values with their 
location in the lattice site predicted by density functional calculations. The first 
category is those dopant residing in the Na layer: configurations Na1, Na2 and Int. 
This category includes Mg [24], Ca [50], Cu [32], and Au [27]. The second category 
is made of those dopants that replace a Co and have an oxidation state of +4 such as 
Ru [51], Ni [31]. Now let’s examine the how these two categories of dopants 
enhance the thermoelectric performance of NaxCoO2 in terms of Seebeck coeffi-
cient (S), carrier concentration (n), resistivity (ρ) and power factor (PF = S2/ρ).

The high-temperature Seebeck coefficient (S) in NaxCoO2 can be explained by 
Koshibae’s equation [52, 53], which is based on a modified form of Heikes formula 
[54, 55], which itself is obtained by solving a Hubbard model at an infinite tempera-
ture [56]:
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Here kB is the Boltzmann constant, e is the electronic unit charge, g is the differ-
ent possible ways in which electrons can be arranged in the orbitals of Co3+ and Co4+ 
ions, and n is the concentration of a given Co species. g is the product of spin degen-
eracy (gs) and orbital (go) degeneracy: g = gs∙go, in which gs = 2ζ + 1 where ζ is the 
ions’ total spin number and go is the number of valid permutations for distributing 
the electrons across its orbitals:
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in which n↑ and n↓ are the number of spin-up and spin-down electrons, respectively. 
Equation 3 is valid for those transition metal ions under octahedral coordination in 
which only t2g band is either fully or partially filled such as Co3+ and Co4+. Figure 5 
schematically shows how electronic conduction through hopping in NaxCoO2 results 
in a spin entropy flow in the opposite direction.

Assuming that Co ions are in low spin state in NaxCoO2 (ζ = 0 for Co3+ and ζ = ½ 
for Co4+), we obtain g(Co4+) = 6 and g(Co3+) = 1. By substituting these values in 
Koshibae’s formula for S, we obtain values of S = 249 μV K−1 for Na0.75CoO2 and 

Fig. 5  The schematics of spin entropy flow in NaxCoO2. S and g are the entropy and the electronic 
degeneracy per site, respectively. (Reproduced with permission from Ref. [48]. Copyright 2020 
Institute of Physics)
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S = 154 μV K−1 for Na0.50CoO2. Note the S has a reverse relationship with the con-
centration of Co4+. Moreover, we can approximate the resistivity by assuming that 
the carrier mobility (μ) remains 1.0 cm2 V−1 s−1 for doped NaxCoO2 [57] according 
to ρ = (e∙n∙μ)−1. Here, n is carrier concentration and equals to the concentration of 
Co4+, as there is a hole for every Co4+ in NaxCoO2. The constant mobility approxi-
mation in NaxCoO2 is conservative as heavier and more positively charged dopants 
in the Na layer generally improve carrier mobility modestly [40]. This approxima-
tion gives a resistivity value of 9.706 × 10−4 Ω cm for Na0.75CoO2 and 4.853 × 10−4 Ω 
cm for Na0.50CoO2. The power factor, which is a parabolic function of S and an 
inverse function of ρ (PF = S2/ρ), comes out as 6.392 mW m−1 K−2 for Na0.75CoO2 
and 4.912 mW m−1 K−2 in Na0.50CoO2. These values are well in agreement with 
measurements in single-crystal [58, 59] and epitaxial thin film NaxCoO2 [60].

3  �Dopants at Na Site

When a cationic dopant is located in the Na layer, it introduces one or several elec-
trons that partially recombine with the holes of the host NaxCoO2, reducing the 
concentration of Co4+ and the carrier concentration (n). For instance, a dopant with 
+3 oxidation state that replaces an Na, such as EuNa1

3+ , introduces two new electrons. 
Likewise, a dopant with +2 oxidation state that is interstitially incorporated in the 
Na layer, such as MgInt

2+, also introduces two electrons. As marked with red and blue 
arrows in Fig. 6a, the newly introduced electrons (and the consequent reduction in 
Co4+ concentration) increase S to 322 μV K−1 in electron-doped Na0.75CoO2, and to 
198 μV K−1 in electron-doped Na0.50CoO2. The reduction in Co4+ concentration also 
decreases the carrier concentration (n) and, therefore, increases the resistivity (ρ). 
As marked with red and blue arrows in Fig. 6b, in Na0.75CoO2 and Na0.50CoO2 doped 
with two electrons, ρ increases to 1.941 × 10−3 Ω cm and 6.471 × 10−4 Ω cm, respec-
tively. The power factor for Na0.75CoO2 and Na0.50CoO2, as a result, comes to 
5.344 mW m−1 K−2 and 6.085 mW m−1 K−2, respectively. In the case of three elec-
trons doping, such as YInt

3+, the changes in S, ρ, follow a similar trend, though more 
drastic; S rises to 388 μV K−1 in Na0.75CoO2 and to 222 μV K−1 in Na0.50CoO2; ρ rises 
to 3.882 × 10−3 Ω cm in Na0.75CoO2 and to 7.765 × 10−4 Ω cm in Na0.5CoO2. PF, 
consequently, becomes 3.873 mW m−1 K−2 in Na0.75CoO2 and 6.367 mW m−1 K−2 in 
Na0.50CoO2. We see that electron doping via dopants that are located in Na layer 
increases both S and ρ of which the first is the desired outcome but the second is not. 
These two changes oppose one another in determining PF; only in Na0.50CoO2, elec-
tron doping improves the overall PF. See Tables 2 and 3 for more details.
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4  �Dopants at Co Site

A dopant with oxidation state +3 substituting for Co3+, such as GdCo
3+ does not change 

the carrier (hole) concentration as the Co4+ ions remain unaltered. However, such 
dopants change the dynamics of spin entropy flow. The electric conduction and the 

Fig. 6  (a) Seebeck 
coefficient (S) based on 
Koshibae’s equation, (b) 
resistivity (ρ) and (c) the 
power factor (PF) in 
NaxCoO2 as a function of 
Co4+ concentration. Green 
and pink arrows indicate 
the change in S for cobalt 
site doping. The blue and 
red arrows indicate the 
change in S, ρ and PF for 
Na site doping. (Partially 
adapted from Ref. [48]. 
Copyright 2020 Institute of 
Physics)

Table 2  Tabulated transport properties calculated for electron-doped Na0.75CoO2 at a dopant 
concentration of M/Co = ~6.25%

Number of 
doped electrons Example n [cm−3] ρ [Ω cm]

S [μV 
K−1]

PF [mW m−1 
K−2]

0 Pristine 6.431 × 1021 9.706 × 10−4 249 6.392
1 CuNa1

2+ 4.823 × 1021 1.294 × 10−3 280 6.091

2 MgInt
2+ 3.215 × 1021 1.941 × 10−3 322 5.344

3 GdInt
3+ 1.608 × 1021 3.882 × 10−3 388 3.873
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resulting spin entropy flow is facilitated by the electrons hopping from a full t g2
6  

states of a Co3+ ion to a singly vacant t g2
5  states of a Co4+. A dopant like GdCo

3+, in 
practice, reduces the Co3+ sites available for conduction, increasing the effective 
concentration of Co4+ among the available sites. Taking the reduced number of Co3+ 
sites into account, as marked with green and pink arrows in Fig. 6a, according to 
Koshibae’s equation, S is reduced to 241 μV K−1 for Na0.75CoO2 and to 142 μV K−1 
for Na0.50CoO2. The carrier concentration, on the other hand, is not altered by Co 
side doping as the concentration of hole bearing Co4+ does not change by isovalent 
doping at Co3+ site. The net result of such Co3+ site doping is a decrease in the power 
factor to 6.013 in Na0.75CoO2 mW m−1 K−2 and to 4.207 mW m−1 K−2 in Na0.50CoO2. 
Based on the trend shown in Fig. 6b, doing cationic dopants with +3 oxidation state 
reduces S and PF for all possible x values and is detrimental to the thermoelectric 
performance of NaxCoO2.

A dopant with oxidation state +4 substituting for Co4+, such as RuCo
4+ and NiCo

4+, 
reduces the number of the Co4+ sites available for spin entropy flow, reducing the 
hole concentration as the holes initially borne on Co4+ are now borne on the dopant 
instead and may not be readily mobile within the Co ions’ network. According to 
eq. (2), the decrease in the concentration of Co4+ increases S to 274  μV K−1 in 
Na0.75CoO2 and to 165  μV K−1 in Na0.50CoO2. Accordingly, resistivity rises to 
1.294 × 10−3 Ω cm in Na0.75CoO2 and to 5.546 × 10−4 Ω cm in Na0.50CoO2. Given the 
amount of the rise in both S and ρ, the PF comes to 5.796 mW m−1 K−2 in Na0.75CoO2 
and to 4.963 mW m−1 K−2 in Na0.50CoO2. Similar to the case of electron doping in 
the Na layer, here, we see a minor enhancement in the PF of Na0.5CoO2 but a reduc-
tion of PF in Na0.75CoO2 with respect to the values of the undoped compounds 
shown in the second rows of Tables 2 and 3.

5  �Summary

We finalise this chapter by summarising the presented arguments in the following 
points: (a) Common guesswork based on the dopant’s radius or atomic number in 
determining the doping site in NaxCoO2 is not reliable. More stringent characterisa-
tions or complementary density functional calculations are required; (b) Cationic 
doping at Na later, generally, introduces extra electrons that recombine with holes 
of NaxCoO2. This decrease in itinerant carriers increases the Seebeck coefficient and 

Table 3  Tabulated transport properties calculated for electron-doped Na0.50CoO2 at a dopant 
concentration of M/Co = ~6.25%

Number of doped 
electrons Example n [cm−3] ρ [Ω cm]

S [μV 
K−1]

PF [mW m−1 
K−2]

0 Pristine 1.286 × 1022 4.853 × 10−4 154 4.912
1 SrNa1

2+ 1.125 × 1022 5.546 × 10−4 176 5.589

2 CuInt
2+ 9.646 × 1021 6.471 × 10−4 198 6.085

3 YInt
3+ 8.038 × 1021 7.765 × 10−4 222 6.367
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the resistivity. These two effects oppose each other in achieving the ideal thermo-
electric material. Only in Na0.50CoO2 the increase in the Seebeck coefficient is sig-
nificant enough to negate the accompanying increase in resistivity; (c) For dopants 
replacing Co, only those with an oxidation state of +4 improve the Seebeck coeffi-
cient. In this case, the increase in the resistivity is less prominent than the case of Na 
layer doping. The power factor, nonetheless, still only improves in doped Na0.50CoO2; 
(d) As marked with a brown circle in Fig.  6c, the power factor of the pristine 
Na0.75CoO2 is already near the maximum theoretical value attainable in NaxCoO2. 
As a result, doping, and therefore any change in carrier concentrations, tends to 
move S, ρ and PF away to less desirable values. Carrier doping, thus, seems to be a 
viable strategy only in Na0.50CoO2. Finally, we would like to draw the attention of 
the readers that the DFT results presented here were valid under oxygen-rich envi-
ronment. In some cases, like Gd3+ and Yb3+, the dopants are more stable in the Na 
layer instead of replacing a Co under oxygen-poor environment [48]. As a conse-
quence, for these dopants, by controlling the synthesis environment, one can change 
its role from detrimental to favourable in the thermoelectric performance of 
NaxCoO2.
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