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1 Introduction

II–VI-based novel thin films and heterostructures are technologically attractive
for future devices due to their exciting electrical and magneto-optical properties
[1–3]. The direct band gap ZnO is emerging as a potential candidate due to its ability
to tailor electronic, magnetic, and optical properties through doping and alloying
[2–6]. ZnO is also an efficient UV emitter. The free-exciton binding energy of ZnO
(60 meV) is more than twice that of GaN (25 meV). The radiative recombination in
ZnO ismediated by excitonswhich lead to narrow emission linewidth. SoZnO-based
system has major role in wide range of devices, such as blue and UV light-emitting
diodes, spintronic devices based on diluted magnetic semiconductors, transparent
conducting transistors, and resonant tunneling devices [2–7].

In II–VI semiconductors, each anion is coordinated by four cations at the corners
of a tetrahedron. This tetrahedral coordination is nature of the covalent bond having
sp3 hybridization. So the coordinations of Zn2+ and O2− are both fourfold. Semicon-
ductors that normally crystallize in wurtzite include nitrides, II–VI semiconductors
(ZnS, CdS, ZnSe, CdSe, ZnTe, CdTe, SiC, InAs, etc.). The various forms of crystal
structure of ZnO are rock salt or Rochelle salt (B1), zinc blende (B3), and wurtzite
(B4); B1, B3, and B4 are designations for the three phases. Wurtzite structure is the
most thermodynamically stable phase of ZnO thin films. When it grows on cubic
substrates, it shows zinc blende structure, but the rock salt structure is obtained only
at high pressures. The wurtzite structure has a hexagonal unit cell with the lattice
parameters ‘a’ and ‘c’ in the ratio of c/a = 1.633 [8]. Under the ordinary preparation
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conditions, excess zinc is always found in ZnO. Due to this zinc excess, ZnO is
a non-stoichiometric compound and a n-type semiconductor. ZnO is a direct band
gap semiconductor (3.37 eV) having an exciton binding energy of 60 meV at room
temperature. So ZnO shows near-ultraviolet and the visible defect emissions. The
band-edge emission is centered at approximately 380 nm, and the visible deep-level
emission is in the range of 450–730 nm. UV emission is the near-band-edge emission
which depends on the crystal quality of the film or nanostructures while the visible
emissions are related to various intrinsic defects in ZnO crystal [4, 7]. But theses
emissions are influenced by growth techniques and conditions.

Dilutedmagnetic semiconductors (DMS) are semiconductor alloys which contain
a small fraction of magnetic impurities. DMSs are mainly based on II–VI materials
such as CdTe and ZnSe with transition-metal ions (e.g., Mn, Fe, or Co) substituting
the cations.Magnetic ionswith+2 valency are easily incorporated into the host II–VI
crystals by replacing group II cations of the host lattice. There are alsoDMSmaterials
based on IV–VI (e.g., PbTe, SnTe) and recently III–V (e.g., GaAs, InSb) crystals,
and the rare earth elements (e.g., Eu, Gd, Er) are also used as dopants. In II–VI-
based DMS, such as (CdMn)Se, magneto-optic properties were extensively studied
and optical isolators were recently fabricated using their large Faraday effect [10].
Recently, ZnO has renewed interest since it was found that high-quality epitaxial thin
film shows ultraviolet laser action at room temperature [11, 12]. The band gap of this
compound can be extended up to 4 eV by synthesizing alloys of Zn1−xTMxO (TM=
Mn, Co, Ni, etc.). Heavy electron doping was readily achieved in ZnO in contrast to
the other II–VI compound semiconductors. According toRuderman–Kittel–Kasuya–
Yosida (RKKY) interaction, the above-mentioned factors favor strong correlation
between themagnetic ions and spins of the band carriers of host materials [9, 13–15].

Spintronics is an emerging technology exploiting the intrinsic spin of the electron
and its magnetic moment, other than the fundamental electronic charge. Recent past
witnessed many advances, particularly in the wide band gap, III–V- and II–VI-based
spintronic materials. But practical applications using such materials were limited to
low temperature owing to the low Curie temperature (TC) of the magnetic dopants.
Dietl et al. [15] theoretically predicted the possibility of room-temperature ferromag-
netism in III–V- and II–VI-based DMS materials. A few transition-metal elements
(Mn, Co, Ni, Cu, etc.) that doped ZnO [5, 9, 13–15] exhibits TC much above 300 K
(Fig. 1). TM-doped ZnO is interesting due its room-temperature ferromagnetism and
unique transport properties.

Spintronics is becoming an area of active research because it can exploit the
spin degree of freedom of the electrons along with its charge. So spintronics can
combine standard microelectronics with spin-dependent effects that arise from the
interaction between electrons and a magnetic field. So we can expect new generation
devices with various functionalities. The magnetic devices should be non-volatile,
less electric power consumption, and increased integration densities compared to
microelectronics. The discovery of giant magnetoresistance (GMR) [16] in mag-
netic multilayers has triggered intense experimental as well as theoretical studies
to exploit the potential technological applications and to understand the underlying
physical phenomena that cause this effect. GMR is realized in metallic multilayers
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Fig. 1 Predicted Curie
temperature for
semiconductors [5, 9]

which have alternating layers of ferromagnetic and non-magnetic metallic layers.
So in GMR, resistance of the multilayer stack depends on relative orientation of
ferromagnetic layers due to spin-dependent scattering at the interfaces. Transition-
metal oxide (TMO) is very rich in physics because of unusual magnetic, optical, and
electrical properties and has tremendous device applications. Some of the recently
discovered applications of TMO are based on superconductors, transparent conduct-
ing electronics, optoelectronics, and spintronics [5, 6, 9, 13, 14]. These oxides thin
film form have attracted much attention from last decade due to their wide variety
of applications such as gas sensors, optical switches, windows for solar cell, thin-
film batteries, and photo-catalysis. ZnO is emerging as a potential candidate due to
its direct band gap, and also we can tailor the optical and magnetic and properties
through doping and alloying [13].

The radiative recombination in ZnO is mediated by excitons which lead to narrow
emission line width. So ZnO system has a role for a wide range of devices such
as blue and UV light-emitting heterojunction diodes, transparent thin-film transistor
for display, and spintronic devices based on diluted magnetic semiconductors. ZnO
thin films and nanostructures can be prepared at low temperatures by RF sputter-
ing, pulsed laser deposition, chemical vapor deposition, hydrothermal method, and
chemical method [17–21]. Due to ionic nature of ZnO, it lends itself to ease in the
microfabrication process using both wet and dry etching techniques. Despite recent
experimental success, a fundamental description of ferromagnetism in semiconduc-
tors remains incomplete. Recent theoretical treatments have yielded useful insight
the possible mechanisms in DMS.
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2 Magnetic Interactions in DMS

DMScan be considered as two interacting subsystems, one comprising the host semi-
conductor with delocalized conduction and valence electrons and the other diluted
system of localized magnetic moments associated with the magnetic atoms. The
host semiconductors have extended states made by delocalized band electrons. So
the optical and electronic properties of DMS are described by the effective mass of
the carriers. Magnetic nature of DMS mainly depends on the magnetic moments of
the magnetic ions and their interaction with the host semiconductor lattice. Most of
them show sp-d and sp-f interactions for transition-metal ions and rare earth mag-
netic ions. The spin–spin interaction between magnetic ions can be classified into
four major types. RKKY mechanism (Ruderman–Kittel–Kasuya–Yoshida) leads to
spin polarization of the conduction electrons of the semiconductors. The band polar-
ization is occurred by Bloembergen–Rowland (BR) interaction [13, 22]. Virtual tran-
sition between the magnetic ions and neighboring anions leads to superexchange and
double-exchange interactions.

2.1 Carrier-Single Magnetic Interaction

The interaction between the magnetic impurity ion and the conduction and valence
band electrons of the host is described by direct Coulomb exchange, i.e., first-order
perturbation effect. The directCoulombexchange is represented by the ferromagnetic
Kondo Hamiltonian [9, 13–15, 22].

Hex = −xN0α
〈
S//

〉
S//

‘xN0’ is the concentration of magnetic ions with mole fraction ‘x’, ‘α’ is the
exchange constant for s electrons, and 〈S//〉 is the average magnetic moment along
the field direction. N0α is the spin exchange integral for conduction band. The value
of α is of the about ~0.2 eV for II–VI-based DMS.

2.2 Superexchange Interaction

Superexchange mechanism arises due to the spin-dependent kinetic exchange inter-
action between each of the two magnetic ions and the valence bands [13, 22]. The
four virtual transitions from p-like valence band state to the ions and back to the
valence band are schematically represented in Fig. 2. When a band electron is trans-
ferred to one of these ions, it leads to a hole in the valence band. So the intermediate
state is having one magnetic ion with N and second with N + 1 electrons. Second
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Fig. 2 Schematic
representation of four virtual
transitions of the
superexchange ion–ion
interactions [20]

transition arises another possibility withN + 1 electron on both ions and two holes in
the valence band or one with N + 1 and N − 1 electrons and no holes in the valence
band.

2.3 Double-Exchange Interaction

According to Zener, the double-exchange mechanism is the coupling between the
magnetic ions in the different charge states by virtual hopping of the extra electron
from one ion to another [13–15, 22]. In Mn2+–Mn3+ system, the d-electron will hop
between these ions through the p-orbitals.

2.4 RKKY (Ruderman–Kittel–Kasuya–Yoshida) Interaction

RKKY mechanism describes the exchange coupling between the magnetic impu-
rity ion and the band electrons of the host semiconductor lattice. In a degenerated
DMS, the interaction is described by s-d Kondo Hamiltonian—first-order perturba-
tion effect [13, 14, 22]. The conduction electron gas gets magnetized by the magnetic
ion, and the degree of polarization decreases in an oscillatory fashion with distance
from themagnetic ion. This kind of indirect exchange coupling between themagnetic
ions may lead to ferromagnetic or antiferromagnetic interaction depending upon the
distance of separation of the interacting atoms. The coupling at a distance ‘r’ having
Fermi surface (kF) is

JRKKY(r) ∝ Cos(2kFr)

r3
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2.5 Impurity-Band Exchange and Bound Magnetic Polarons

The ferromagnetic exchange interactions betweenmagneticmoments in n-typeDMS
are discussed based on its tendency to form shallow donors. Generally, DMS can be
represented as (A1−xMx )[O�]n; A non-magnetic cation, M = Magnetic ion, � =
Donor defects and n = 1 or 2. An electron associated with a particular defect will be
treated as a hydrogen atom, and the dimension of electron traps is therefore of the
order of a few tenths of Å. Consider now the interaction of the magnetic cations M
with the hydrogenic electrons in the impurity band. As a result, donors tend to form
bound magnetic polarons by coupling the 3d moments. The cations present an extra
random potential, which extends the localized region of the ions within their orbits
[13, 23–26]. Overlap between a hydrogenic electron and the cations within its orbit
leads to ferromagnetic exchange coupling between them [25, 26]. This interaction
may be written in terms of the s–d exchange parameter Js−d as [13].

Js−d S.s|ψ(r)|2Ω

where S is the spin of the 3d cations that have volume Ω , and s is the donor electron
spin. Ferromagnetism in DMS arises due to percolation of bound magnetic polarons
(Fig. 3). The coupled interaction between localized holes of the polarons and the
transition metal producing an effective magnetic field hence aligns the spins. Below
the Curie temperature, the neighboring polarons overlap forming clusters of polarons
[13, 23–26]. Ferromagnetic transition is possible when the size of the cluster nearly
matches the sample size. Despite the low carrier density bound magnetic polarons,
the model is applicable to both n-type and p-type host materials.

Fig. 3 Schematic representation of magnetic polarons with magnetic cation concentration x = 0.
Cation sites are represented by small circles [23]
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3 Brief Report on TM-Doped Semiconductors

Compared to non-oxide semiconductors, the oxide semiconductors havemanyadvan-
tages. So the wide band gap makes them transparent and also suitable for short-
wavelength applications. II–VI group oxides can easily grow at low temperature. So
the oxides grow on a plastic substrate and are ecologically safe and durable besides
being low in cost. In addition, strong electronegativity of oxygen is expected to
produce strong p-d exchange coupling between band carriers and localized spins, a
prerequisite for DMS [13]. Some of the reports on oxide semiconductor-based DMS
are summarized here.

3.1 TiO2-Based DMS

TiO2 has been extensively studied due to its unique properties, like high refractive
index, excellent optical transmittance in the visible and near-infrared region, and high
dielectric constant. TiO2 crystallizes in three forms—rutile, anatase, and brookite. It
has been shown by Matsumoto et al. [27] that the anatase form of TiO2 doped with
several percent of Co is ferromagnetic at room temperature. Films of Ti1-xCox O2

with different x values were made on LaAlO3 (001) and SrTiO3 (001) single crystal
substrates. Ferromagnetic long-range ordering was seen in anatase TiO2 doped with
‘Co’ in the images taken by scanning superconducting quantum interference device
(SQUID) microscope. An increase in spontaneous magnetization with the increase
in Co content is observed. TiO2 doped with Co shows room-temperature ferromag-
netism, with magnetic moment of 0.32μB/Co atom. Matsumoto et al. [27] agree that
a possibility of Co clusters cannot be ruled out though XRD and TEM showed no
sign of metal granules within the detection limit. In a later article, Matsumoto et al.
state that room-temperature ferromagnetism exists in rutile phase of Ti1−xCoxO2

with a moment of 1 μB/Co atom for 3% Co substitution. Chambers et al. [28] have
grown Ti1−xCoxO2 films by molecular-beam epitaxy on SrTiO3 substrates having
magnetic moment of 1.26 μB/Co atom for x = 0.03. Chambers et al. [28] also report
that the cobalt distribution in their films depends strongly on growth conditions lead-
ing to some of their films being non-magnetic. From X-ray absorption spectroscopy
measurements, they determine that in the magnetic films the cobalt ions are in the
+2 oxidation state and substitute on the Ti site of TiO2. TiO2:Co transparent films
grown on both LaAlO3 (001) and SrTiO3 (001) substrates by pulsed laser deposition
(PLD) are reported by Stampe et al. [29] which show room temperature ferromag-
netism (moment ~ 1.7 μB). Cobalt segregation was seen in TEM images. But Kim
et al. [30] reported the origin of magnetism by ‘Co’ nanoclusters in epitaxial TiCoO2

films. Magnetic Circular Dichroism (MCD) studies done on Co-doped anatase TiO2

films also revealed MCD spectral line shape identical to Co metal [30]. Despite all
this work, the key question remains to be answered is that if Co is indeed substitution
or forms clusters to form ferromagnetic regions within the films?



240 A. Aravind and M. K. Jayaraj

3.2 SnO2 Materials

SnO2 is semiconductor with rutile structure having octahedral coordination similar to
anatase TiO2 [31]. Themagneticmeasurements revealed almost paramagnetic behav-
ior without any ferromagnetic ordering. A few works were reported on Mn:SnO2.
PLD-grown Co-doped SnO2-δ thin films showed room temperature ferromagnetism
[32]. Co content in PLD-grown Sn1-xCoxO2-δ films was higher due to high evapora-
tion rate of Sn. The neighboring magnetic moments of cobalt matrix are unquenched
so it shows giant magnetic moments. The origin of giant magnetic moment is still
debatable, but the result seems to be promising to explore SnO2-based DMS.

3.3 Importance of TM-Doped ZnO

The strong correlation of ‘3d’ orbitals of transition metals with ‘s’ and ‘p’ orbitals
of the anions can modify electronic structure of ZnO host lattice. ZnO-based DMS
gainedmuch attention owing to room-temperature ferromagnetic predictions by Diet
et al. [15]. ZnO normally exhibits wurtzite structure, and TM elements have valence
electrons in the partially filled d orbitals and in 4s orbitals. TM ions can incorporate
into ZnO host lattice contributing its 4s electron to the s-p3 bonding to give a TM2+

state.
Theoretical calculations onZnObySato et al. [33] andYoshida et al. [34] predicted

ferromagnetism at 5%Mn doping without any additional dopants. In order to control
electron carrier concentration in Mn-doped ZnO thin films, low-temperature process
is preferred [35]. In contradictory [36, 37] to earlier reports, researchers achieved
room-temperature ferromagnetism in Mn-doped ZnO [38, 39]. But its reproducibil-
ity is still controversial because magnetic properties are very sensitive to thin-film
preparation conditions. Pulsed laser deposition has the following advantages such
as deposition at relatively high oxygen pressure, high deposition rate, and growth of
highly oriented crystalline films at relatively low substrate temperature. ZnO nanos-
tructures were easily grown by hydrothermal and chemical methods. Due to catalyst-
free, environmental friendliness, and less hazardous nature, hydrothermal techniques
are widely used for large production of nanostructures. The incorporation of Mn2+

into hexagonal ZnO lattice even at relatively low temperatures is shown by phase
diagram analysis with 13% solubility. Lattice constants of ZnO host lattice changes
with increase of Mn content. Similarly, Zn2+ shows 10% solubility inMnO at 800 °C
[40, 41]. Epitaxial ZnMnO thin films were grown on sapphire substrates at substrate
temperatures in the range from 600 to 750 °C. The maximum solubility of Mn in
ZnO films is 35%, which is higher than its bulk counterpart. But cobalt-doped ZnO
thin films show two magnetic behaviors: a paramagnetic component and a low-field
ferromagnetic component. Co-doped ZnO samples grown at high vacuum exhibit
ferromagnetism because more oxygen vacancies are inducing free electrons which
mediate the ferromagnetic exchange interaction. The formation of cobalt clusters
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inhomogeneous film during the growth process favors in ferromagnetism [42]. Opti-
cal studies of Co-doped ZnO films show characteristic absorption peaks at 660, 615,
and 568 nm. Depending on the growth conditions and preparation techniques, the
band gap of Co:ZnO samples shows blue shift or red shift. ZnO films are color
less, but Zn1−xCoxO exhibits light green to dark green color with increase of Co
concentration.

Early studies on Cu-doped ZnO system by various groups showed contradiction
with each other showing non-magnetic and magnetic nature. Theoretical studies of
25% Cu-doped ZnO system showed non-magnetic behavior but at lower doping lev-
els, 3.125 and 6.25% Cu on ZnO show ferromagnetic nature. Spin-polarized density
functional calculations predict that certain ZnO:Cu structures should be ferromag-
netic [15]. Under appropriate growth conditions, PLD-grown ZnO:Cu films show
ferromagnetism [43]. Jin et al. [44] reported that ferromagnetism was not observed
in Cu-doped ZnO thin films prepared by combinatorial laser molecular-beam epi-
taxy method. Recently, Buchholz et al. [45] reported non-ferromagnetic behavior in
n-type Cu-doped ZnO and RTFM in p-type Cu-doped ZnO thin films. Ye et al. [46]
theoretically showed that the energy of ferromagnetic state is lower than that of the
antiferromagnetic state for Cu-doped ZnO (p-type and n-type) so we can achieve
RTFM in this system. According to theoretical modeling, the relative position of
copper atoms can strongly affect the magnetic properties of ZnO:Cu system. Some
reports show that the stability of ferromagnetism in ZnCuO system depends on the
copper atom separation. If copper atoms were separated by 5.20 Å along the c-axis,
the ferromagnetic state was favored, but copper atoms were separated by 3.25 Å
within the basal plane the antiferromagnetic state was favored. Sato’s work looked
consistent with other theoretical calculations and together establishing the impor-
tance of copper atom placement in the doping process [39]. The metallic copper is
not magnetic, and neither Cu2O nor CuO is ferromagnetic, so ZnO:Cu system is free
of ferromagnetic precipitates. Ueda et al. [41] also investigated Zn1−xTMx O films
[n-type (x = 0.05–0.25): TM = Co, Mn, Cr, Ni] grown by PLD. The Co-doped ZnO
films showed the maximum solubility limit of 30%. In Zn1-xCoxO, only a few films
showed ferromagnetic features, while the others showed spin-glass-like behaviors. A
few of them exhibited ferromagnetic behaviors with a Curie temperature higher than
room temperature with lesser reproducibility. Here also ferromagnetism is directly
related to the presence of oxygen vacancies. Detection limits of microstructural char-
acterization will not overrule the possibilities of magnetic impurities like nanosized
clusters, substitutional and interstitial impurities over the intrinsic magnetic nature of
the thin films [42, 47–49]. In order to determine whether the magnetic atoms substi-
tuting into the ZnO host lattice are forming alloys or interstitial defects or impurities,
researchers employ X-ray diffraction analysis, transmission electron microscopy,
and X-ray absorption studies. It is very difficult to categorize the origin of the fer-
romagnetism which depends on the level of magnetic dopants. In addition, there are
still extreme variations in the reported magnetic behavior with some films exhibiting
only paramagnetism and even those with ferromagnetism showing a wide range of
apparent Curie temperatures. So the origin of ferromagnetism is till debatable.
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Compared to large number of publications on RTFM of Co/Mn-doped ZnO sys-
tems, only a few have reported inNi-doped ZnO systems. But some of themwere able
to report intrinsic RTFM in Ni-doped ZnO DMS [50–53] or due to Ni clusters [47,
54]. In contradictory to above some reported paramagnetism in Ni-doped ZnO sys-
tems [48, 49], ferromagnetism is found only in inhomogeneous films supporting the
formation of nickel clusters within the experimental detection limit. Ni:ZnO shows
larger magnetism; it cannot be attributed by weak magnetization of nickel oxide.
Wakano et al. reported ferromagnetism at 2 K, which becomes superparamagnetism
at 30 K and maintain it up to 300 K for Ni:ZnO system [51]. The reported magnetic
properties are discrepant, and the origin of ferromagnetism is still controversial.

4 Proposed Spintronic Devices

Spintronic devices came into action after the discovery of the ‘giant magnetoresis-
tance (GMR)’ in 1988 by French and German physicists [55]. It is due to electron-
spin effects in ultrathin ‘multilayers’ of magnetic materials, their electrical resistance
changes with applied magnetic field. In GMR, a non-magnetic metal is sandwiched
magnetic metals. The electrical resistance changes from small (parallel magnetiza-
tions) to large (antiparallel magnetizations) depending upon the relative magnetic
orientations of the magnetic layers. The magnitude of this change is two orders of
magnitude larger than is possible with conventional materials, hence the name ‘giant
magnetoresistance’ [16]. IBM found that incorporating GMRmaterials in read heads
would be able to sense much smaller magnetic fields, so hard disk storage capac-
ity can increase from 1 to 20 Gb [56]. IBM launched GMR-based read heads, into
the market in 1997. The advantage of magnetic random access memory (MRAM)
is that it is ‘non-volatile’—information is not lost when the system is switched off
but it can be smaller and faster. MRAM devices use less power and would be much
more robust in extreme conditions such as high temperature or high-level radiation
or interference.

4.1 Overview of Spin-Based Devices and Its Applications

The realization of spintronic devices depends how we can create and control spin-
polarized charge carriers in our existing semiconductors. This can be accomplished
by optical pumping using appropriately polarized laser light. The working of spin-
tronic devices outlined as: (1) information is stored into the particular spin orien-
tations of spins (up or down), (2) it is attached to mobile electrons for carrying
the information along a wire (3), and the information is read at the output termi-
nal [21]. Spintronic devices are attractive for memory storage and magnetic sensor
applications. Due to larger coherence length, it is a potential candidate for quantum
computing where electron spin would represent information as qubit [17].
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Semiconductor-based spintronic devices like to add the unique features of mag-
netic devices to our conventional electronic devices like field-effect transistors and
light-emitting diodes [16, 57]. So the memory and microprocessor functions can be
integrated into the same chip. The successful realization of most spintronic appli-
cation depends critically on the ability to create spin-polarized charge carriers in a
conventional semiconductor device. So the spin-polarized carriers can be injected
from a spin-polarized source or effective spin-filtering at the interfaces. The spin
injection from a conventional ferromagnetic metal into a semiconductor is highly
inefficient than other methods. Using spin-polarized dilute magnetic semiconductor
as our injector or by paramagnetic semiconductors at high magnetic field as a spin
filter, we can successfully demonstrate spin injection in semiconductor tunnel diodes.

The most effective measurement of the quality of the oxide-based ferromagnetic
materials will be in the operation of device structures, such as spin-field-effect tran-
sistors (FET) (Fig. 4), or photo-induced ferromagnets. Using ferromagnetic semi-
conductors as the injection source, one should directly measure the efficiency and
spin transport length. ZnO-based test structure will exploit or demonstrate the novel
aspects of ferromagnetism in the devices. (Zn, Mn)O is showing antiferromagnetic
spin-glass-like insulating behavior, and Mn-Co-doped ZnO is having half-metallic
ferromagnetic nature. The negative gate bias brings holes into (Zn, Mn)O, and it can
be converted to half-metallic ferromagnetic state. Using ferromagnetic (Zn, Co)O
as the source and drain contact material, it should be possible to have a 100% spin-
polarized electron flow in the (Zn, Mn)O channel. Spin FET can be fabricated by
growing source and drain on top of (Zn, Mn)O layer and etching away the selective
region for the growth of gate oxide and deposition of the gate metal.

Fig. 4 Spin FET—single transistor non-volatile memory [6, 16, 57]
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4.2 Co-Doped ZnO-Based Magnetic Tunnel Junctions

In order to study the effect of spin injection and spin polarized transports in spin-
tronic devices TM doped ZnO based heterostructures have been developed [6, 16].
(Zn, Co)O used for fabrication of two FM electrodes and insulating ZnO layer as
the barrier, because it allows the epitaxial growth of (Zn, Co)O layer [16, 57]. (Zn,
Co)O/ZnO/(Zn, Co)O epitaxial structures (Fig. 5) satisfy two primary requirements
for spin injection: a minimum conductance mismatch and high spin-polarized con-
tacts [58]. Tunnel magnetoresistance (TMR) is expected to persist up to RT (room
temperature) and exhibit high V1/2 to overcome one of the main shortcomings of
magnetic tunnel junctions (MTJs). In order to study the effect of spin injection and
spin polarized transports in spintronic devices TM doped ZnO based heterostructure
have been developed [6, 16] (Fig. 6).

Fig. 5 Schematic
representation of a
(Zn,Co)O/ZnO/(Zn,Co)O
junction [6, 16]

Fig. 6 Schematic of
ZnO-based transparent
photomagnet [57]
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5 Theoretical and Experimental Hurdles in the Realization
of RTFM in TMOs

A lack of stability and reproducibility prevents definitive conclusions from being
drawn from much of the data on high-temperature ferromagnetism. It is often diffi-
cult to recover the same magnetic behavior in different laboratories or even within
the same laboratory at different times. Furthermore, the ferromagnetic signals fre-
quently prove to be transient, decaying in time over periods of days or months.
Recent work on spintronic focuses on achieving higher transition temperature mag-
netic materials for technological applications.While the progress in synthesizing and
controlling magnetic properties of group III-arsenide compound semiconductors has
been astounding, the reported Curie temperatures are too low (~172 K) [15, 59] to
have a significant practical impact. A key development that focused onwide band gap
semiconductors as being the most promising for achieving high Curie temperatures
was the work of Dietl et al. [24]. According to Zener model of ferromagnetism, they
predict TC values for several materials. The schematic diagram (Fig. 7) showing the
predicted TC values is given below [5, 15].

Carrier-mediated ferromagnetism on DMS depends on the nature of magnetic
dopants carrier type, concentration and carrier density.When these systems approach-
ing metal–insulator transition, carrier density is increased as result ferromagnetism
is observed. They observed a gradual progression from localized states to itinerant
electronic states as the carrier density increases. During metallic transition, the pop-
ulation density of some of the electrons can be extended while others can occupy
the impurity states. The extended states become localized while crossing the metal–
insulator boundary, and as a result, the localization radius decreases gradually. For
interactions on a lengthy scale smaller than the localization length, the electron wave
function remains extended. The long-range interactions between localized spins are

Fig. 7 Experimental
prediction of ferromagnetism
in various semiconductors
[5]
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possible due to holes in extended or weakly localized states. So the carrier-mediated
ferromagnetic interactionsmaybe possible for heavily doped semiconducting oxides.
A lot of studies were on the electronic structure of the ZnO-based TMOs, and their
interactions are done based on ab initio calculations or first principle studies [59–67].

(a) Electronic structures of (Zn,TM)O (TM: V, Cr, Mn, Fe, Co, and Ni) in the
self-interaction-corrected calculations

Origin ofmagnetism inDMS is always a debatable one, so the electronic studies are a
field of interest for the theoretical physicists’ in DMS. Fukumura et al. [40] success-
fully grown Zn(Mn)O, after that a large number of experiments on ZnO-based DMS
have been conducted by various groups across the world. But there is a markable
discrepancy in the magnetic ground state and magnetic moments. Sometimes sec-
ondary phases or even nanoclusters were responsible for the experimental observable
magnetic behavior in DMS. So one must be well aware of the growth parameters
and the artifacts rose during structural and optical characterizations. Sometimes the
observed ferromagnetism is mediated by holes in the valence band or by conduction
electrons so the electric natures, oxidation states of the DMS are studied thoroughly.
So the theoretical works like first principle studies have come into play. Toyoda et al.
[65] calculated the electronic structures of ZnO-based dilute magnetic semiconduc-
tors within the self-interaction-corrected local density approximation (LDA). Their
results are good agreement with earlier data calculated using standard local density
approximation theory. We found that there are differences in the band gap energy,
the energetic position of the Zn 3d bands, and the description of the transition-metal
d bands [64–66].

The presence of self-interaction is the main short comings of LDA studies. So
Toyoda et al. [65] carried out the calculations on ZnO-based DMS by using a self-
interaction-corrected LDA approach. They also presented the systematic comparison
of the electronic structures of ZnO-basedDMS calculated within the self-interaction-
corrected LDA and the standard LDA. The transition-metal 3d bands change more
drastically, and a chemical trend is seen in the shapes of partial density of states
(DOS) of those. In (Zn, V)O and (Zn, Cr)O, the 3d bands shift downward in energy
by 1 eV, but still appear within the band gap as they are in LDA. According to
standard LDA studies, the transition-metal d-density of states at the Fermi level plays
an essential role for getting the ferromagnetic ordering in the ZnO-based DMS. The
ferromagnetic ground state is stabilized through the double-exchange interaction
and hopping of d-electrons. Extensive studies were done on (Zn, Co)O after the
observation of room temperature ferromagnetism [68–71]. In LDA, the Fermi level
lies in the gap of the tetrahedral-like crystal field splitting of the d-states, but due
to the band broadening, d-density of states exists at the Fermi level. Compared to
those calculated within the standard LDA (1), the larger band gap energy, (2) the
Zn 3d bands are correctly separated from the valence band (3), and the qualitatively
different descriptions of the transition-metal 3d states are obtained. These features,
especially the description of the transition-metal 3d states, could affect the predicted
magnetic properties [60, 64–66]. The researchers believed that in order to get useful
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devices, we need to have single-phase dilute magnetic oxides, because the spin-
polarized charger carriers transform the spin information. But multi-phase materials
also found applications in magneto-optical devices.

Thewidebandgap semiconductor-based spintronic applications need the coupling
between the ferromagnetism and the semiconducting properties. As initial results,
at room temperature, ferromagnetic oxides were obtained in anatase and rutile-type
TiO2:Co [27–30]. Ferromagnetism in magnetically doped ZnO has been both pre-
dicted [5, 15] and observed [6–8, 23, 40, 41, 59–61, 68–71]. In addition toMn doping
and additional charge carriers, the ferromagnetic ordering occurs when the magnetic
indirect exchange interaction is mediated by hole though the host valence band. This
is also suggested to occur for Cr, Fe, Co, and Ni dopants [61]. The key aspect of
Pearton et al. [60] work is to achieve soluble concentrations of the transition-metal
ions well above their equilibrium solubility limit. In order to achieve this, we have
to use non-equilibrium methods such as low-temperature epitaxy or ion implanta-
tion. In the remainder of this review, the detailed results for specific combinations of
hosts and transition-metal ions will be discussed. Ferromagnetism appears in degen-
erated or non-degenerated semiconductors and in insulators, if the concentrations
of 3d dopants are less than the threshold value required for nearest-neighbor cation
coupling. The average moment per dopants cation approaches (or even exceeds) the
spin-only moment at low dopants concentrations (x), and it falls progressively with
increase of dopant concentration (xp). Superexchange interaction, which is predom-
inantly antiferromagnetic and short-ranged [13, 23], cannot be invoked because the
magnetic order appears at concentrations of magnetic cations x < xp. The ferromag-
netic double-exchange mechanism, as described by Zener with reference to mixed-
valence manganites, can produce large moments, but it is also a nearest-neighbor
interaction that requires mixed cation valence, so that 3dn ↔ 3dn+1 configuration
fluctuations can occur. There is no evidence that mixed valence is a common feature
of these dilute oxides. Longer-range ferromagnetic exchange can be mediated by
carriers in a spin-polarized band.

A large number of reports on TM-doped ZnO DMS have been published during
the last decade. Literately, a few research works were on V-, Cr-, Ti-doped ZnO-
based DMSs compared to Co and Mn dopants [6, 38–44, 68, 72–75]. According to
literature reviews, ZnO films doped with 5 at.% Co commonly exhibit much stronger
RTFM than ZnO doped with other TM elements, because Co is more soluble in ZnO
host lattice [6, 41–44, 68]. Room-temperature magnetic moments reported for 5
at.% TM-doped ZnO films are summarized in Fig. 8. In terms of concentration-
dependent magnetization, the largest moments have been observed for ZnO doped
with different TM concentrations, i.e., 2–5 at.% for Co [6, 41–44, 68, 76], 2 at.% for
Mn [6, 38–41, 72–75], and 1 at.% for Ni and Cu [6, 40–44, 77]. According to these
studies, ZnO films with higher dopants contents tend to show much lower magnetic
moments. Therefore, besides ideal moment discrepancies for these TM ions in ZnO
films, different solubility and different maximum dopants’ concentration would also
account for different magnetic moments in 5 at.% TM-doped ZnO films (Fig. 8).
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Fig. 8 Plots of magnetic
moment per transition-metal
cation (5 at.%) doped in ZnO
thin films [6]

5.1 Experimental Limitations in Magnetic Measurements

Modern solid-state physics make use of sensitive magnetometry an essential tool to
study the magnetic properties in ultrathin films and nanostructures. Recent devel-
opments and intensive magnetic measurements in the field of colossal magnetore-
sistance (CMR), tunneling magnetoresistance (TMR), anisotropic ferromagnetism,
etc., pave way to studies which discuss the influence of artifacts in improper sample
handling and residual magnetic signals in SQUIDmagnetometer. Themagnetic mea-
surements of thin films and powder samples are performed using Quantum Design
SQUID magnetometer MPMS (XL). The wide acceptance of MPMS-SQUID is
mainly due to its high degree of user-friendly automation and reliability, as well
as the lack of commercial alternatives. SQUID magnetometer is one of the most
sensitive experimental techniques used for high-sensitivity magnetic characteriza-
tions. But in practice, especially for thin-film samples, the magnetic signal recorded
with a commercial MPMS-SQUID magnetometer is dominated by artifacts below
0.5 × 10−6 emu.

(a) Artifices due to improper sample handling

Normally, the precise magnetic measurements have been taken with an MPMS XL
(5T) MPMS (XL) by Quantum Design [78, 79]. For all measurements, the recipro-
cating sample option (RSO) of the MPMS was used which offers a higher sensitivity
than the standard DC transport. In Quantum Design SQUID magnetometer, we use
drinking straw as the sample holder. Most of the researchers exclusively use the unit
emu in their magnetic measurements. During low signal measurements, the absolute
size of the overall signal determines how close magnetic signals are to artifact-level
of the instruments.

In order to point out the magnetic anomalies due to improper sample, Ney et al.
[79] have studied the hysteresis measurements of sapphire after cleaving. The raw
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data show a clear discontinuity of the signal after passing the zero value. The step-
like behavior with saturation magnetization is obtained after the subtraction of the
diamagnetic background. The corresponding x-position of the measured magnetic
moment is plotted. A big step is correlatedwith the kinks in the hysteresis curves [79].
Finally, the same sample was measured after intensive cleaning which demonstrates
that the previous signal may from ferromagnetic contaminations due to improper
sample handling. The signature of x-position is typical for edge contamination. Dur-
ing a measurement, the sample is moved along the pickup coils while the respective
voltage is recorded. SQUIDmagnetometer uses fitting routine to correlate the ampli-
tude and position of the signal from the sample to overview the possible shifts due
to temperature or positional changes during the measurements.

Other kinds of artifacts occur when magnetic measurements on the non-
homogeneous ferromagnetic sample on diamagnetic substrates are performed, viz.
nanoparticles grown on substrate, magnetic ions implanted on thin films, or uneven
distribution in samples prepared by lithography. Due to cleaving of the samples
into suitable dimensions, the tendency of magnetic contamination at the edge also
increases. Normally, we use a diamond stencil for cleaving in which a tiny piece of
diamond attached to a stainless-steel rod. If this rod touches the edge of a very hard
substratematerial like sapphire or carbides, the chances of small particles of themetal
which get abraded are very high. So we need a thorough cleaning of the substrates
especially if sapphire or single crystals are used for thin-film deposition. In case of
softer substrates, the situation is less critical because the cleaving does not produce
any detectable ferromagnetic contaminations. It is better practice to use plastic or
non-contaminative tweezers for sample handling to avoid unintentional magnetic
contamination during film preparation and transferring it to SQUID system.

(b) Artifices from the SQUID system

SQUID itself will give artifacts which may lead to pick up wrong magnetic signals
from samples other due its improper handling. InMPMS-SQUID, the actualmagnetic
field is merely determined by the voltage drop over a shunt resistor. The magnetic
field of the magnetometer is measured by the voltage drop over two shunt resistors
which account for different field ranges. So this magnetic field control has to be well
calibrated on a regular basis using the manual from Quantum Design. In order to
operate in wide field range of the MPMS, the instruments have two shunt resistors
with respective amplifiers, both of which have to be calibrated to avoid discrepancies
in the appliedmagnetic field. But a very careful calibration of both detection channels
usually results more or less 1% of discrepancy between the actual magnetic fields
in the two modes. The second calibration concerns the zero-current offset of the
regulated power supply arrangement in the MPMS. Sometimes the FC/ZFC (field
cooled/zero field cooled) measurements exhibit a negative magnetization after the
diamagnetic background for the nominal field value of 10 mT has been subtracted
[78, 79]. The magnetic field control of the SQUID can cause offset fields which lead
to inverted hysteresis curves or FC/ZFC curves with negative magnetization values
(even though a positive measuring field is applied). A residual misfit of about 1%
remains typically and can cause artifacts at about 350 mT.
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During the small signal measurements of DMS, the diamagnetic signal of the
substrate dominates theweak ferromagnetic or superparamagneticmagnetic response
at high magnetic fields. Typical substrate sizes lead to a diamagnetic response of the
order of 104 emu at higher magnetic fields. Sometimes the real signal from the thin
film is very small, but the total signal becomes larger with increasing magnetic field
due to diamagnetic contributions from the substrate. Such a dynamic range can be
accessed ‘autoranging’ option where the sensitivity range is selected automatically.
In this mode, MPMS will adjust two different factors, which are termed ‘gain’ and
‘range’. ‘Gain’ simply changes the gain of the voltmeter card by a multiplication
factor. The ‘range’ refers the time constant of rf-amplifier integrator in the rf-SQUID.
When there is a clear change in slope of the measured data, then the shunt resistors
have to be re-calibrated for realistic data. So these kinds of artifacts are removed by
subtracting a different diamagnetic background which is account for the different
magnetic field scale.

(c) Residual magnetic signals

Normally, the magnetic measurement of crystals or thin films at different tempera-
tures shows hysteresis loop, but it reveals a paramagnetic signal at low temperatures
and high magnetic fields. The reduction of coercivity at low temperature is due to
superimposition of paramagnetic contribution from the sample. The absence of a
true ferromagnetic signal is inferred by the FC/ZFC curves which are not separated
at any temperature. The residual magnetic signals also create artifacts during mag-
netic measurement sequences. The residual hysteresis can be attributed to residual
magnetic flux trapped in the superconducting magnet. The residual magnetic flux is
independent of the charging state, and it adds to the magnetic field but aligns with
the direction of the overall field. So if one should use the magnet reset option during
a sequence, we can detect very small residual signals.

The artifacts and limitations of a commercial MPMS-SQUID magnetometer
demonstrate that the hysteresis measurements are only a necessary but not a suf-
ficient criterion to prove the existence of ferromagnetism if the size of the signal is
small. But the artifacts from contaminated cleave edges of the sample or misaligned
magnetic field controls are easily ruled out. Although MPMS is a very versatile and
convenient magnetometer but when a thin film on a substrate is inserted, imperfec-
tions of the sample mounting, size effects, possible contaminations, and especially
the overall diamagnetic background of any used substrate make reliable detection of
signals up to 0.5 × 10−6 emu.

5.2 Effect of Growth Parameters

Most of the reports and recent reviews are mainly focused on the enhancement of
magnetic behavior of II–VI oxides and its dependence on preparation conditions
such as the doping concentration, substrate temperature, and oxygen partial pressure
[6, 9, 23–25, 42, 59–61, 68, 80, 81]. A few of them have directly investigated the
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substrate-dependent magnetic behavior, substrate orientation and substrate tempera-
ture, deposition rate, etc. [6, 80–82]. In reality, most groups have focused on doping
concentrations below the solubility limit to obtain true DMS. The different groups
show distinct magnetic behaviors owing to the effects of the preparation method and
growth parameters. So it is worth to evaluate the effect of dopants’ concentrations
on magnetization from a series of experiments.

(a) Effect of substrates

The most commonly used substrates for ZnO:TM thin films depositions are quartz
[6, 72–74, 82, 83], Si [6, 84–88], Al2O3 [6, 42, 89–92], and ZnO [93–95]. The
local structure and magnetization of ZnO:TM have direct dependence on experi-
mental conditions, the preparation method, oxygen partial pressure, substrate tem-
perature, etc. However, ZnO:TM films deposited on different substrates with the
same deposition parameters show distinct magnetization. Sudakar et al. [96] showed
that Cu (6 at.%)-doped ZnO films on quartz and sapphire substrates exhibit 1.6 and
1.2 μB/Cu magnetization at 300 K. Similarly, RTFM with a magnetic moment of
1.5 μB/Co atom was observed for Zn0.95Co0.05O films deposited on ZnO substrate,
but only weak FM signals were detected for films grown on Al2O3 [97]. This dif-
ference can be explained by different structural properties, and defect densities in
the films arise due to difference in the crystalline nature of the substrates [6, 42, 68,
80, 81, 95–97]. Thus, it seems that the substrate most likely impacts the local ‘TM’
structure and magnetization of TM-doped ZnO due to defects in the film or at the
boundaries. The magnetic moment of ZnO:Co thin film varies as 0.62, 0.66, and 0.24
μB/Co for films deposited on Al2O3, Si, and NaCl single crystal, respectively. So
it is clear that crystalline nature of substrate has a direct influence on the magnetic
behavior of Co-dopedZnOfilms. ZnO:Co thin films deposited on glass substrate does
not exhibit any RTFM [82]. Normally, the diamagnetic background of the substrate
has been subtracted from all of the magnetization data, indicating that the difference
in moments in ZnO:Co films does not arise from the substrate. It is worth pointing
out that reorganization of the defects could partly occur due to the comparatively
weak polarization of the SiO2 piezoelectric substrate, leading to a lower moment per
Co atom in Co-doped ZnO film, e.g., 1.1 μB/Co. Although the Co dopant exists in
a ‘+2’ state when substituting for Zn2+, randomly distributed defects would lead to
very weak moments or no RTFM in Co-doped ZnO films on other single substrates
(e.g., Al2O3, Si, and NaCl) and glass substrate, respectively [82]. Zn0.962Co0.038O
films deposited on LiTaO3(1 1 0), (0 1 2) and (0 1 8) substrates by DC reactive mag-
netron co-sputtering exhibited different magnetization of 1.21, 2.42, 0.65 μB/Co,
respectively. It is likely that the magnetization differences for Co-doped ZnO films
on three oriented LiTaO3 substrates can be attributed to the film microstructure and
the Co–O bond length, which primarily depends on mismatch between the film and
the different oriented substrates [6, 95–98]. Some of the works on Co-doped ZnO
thin films show that the boundary between film and substrate is the defect formation
region which in turn affects the magnetization [6, 60, 68, 82, 95–98]. According to
a large volume of reviews and repots, we can easily conclude that the substrate, its
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crystalline nature, and orientation strongly affect the magnetization of TM-doped
ZnO films to certain extents.

(b) Influence of post-annealing and formation of secondary phases

Annealing has a direct impact on the microstructure of the thin films with reduction
or enhancement of defects with respect to the annealing atmosphere. Some of the
experimental results of ZnO:TM systems on annealing demonstrate that magnetism
have direct dependence on intrinsic defects like vacancy of oxygen VO and zinc
interstitial Zni. Normally, the magnetization of ZnO:TM thin films or nanocrystals
annealed in vacuum or a reducing atmosphere should be enhanced [6, 60, 68, 74, 77,
83, 86, 89, 92, 99–108]. It is mainly due to the introduction of VO [6, 68, 74, 83, 89,
92, 100, 103, 105] or Zni, which are critical for RTFM in TM-doped ZnO [6, 68, 86,
92, 101, 105, 107, 109]. The free electrons of the host are locally trapped by these
defects which occupy an orbital overlapping with the ‘d’ shells of TM neighbors to
form a boundmagnetic polaron(BMP), which in turn accounts for the intrinsic RTFM
in DMS. Annealing of Co-doped ZnO films in air and Zn vapor atmosphere, Kit-
tilstved et al. [107] demonstrated reversible cycling of saturated magnetic moments
in ZnO:Co thin films. The microstructure and magnetic properties of Zn0.92Co0.08O
films annealed at different temperatures (200, 400, and 600 °C) in vacuum and air
were systematically investigated by Liu et al. [105]. At same annealing temperature,
the magnetic moment increased at vacuum and decreased at ambient air conditions.
The vacuum-annealed film shows saturation magnetization (MS) of approximately
0.45 μB/Co, which is slightly greater than for the as-grown film (0.34 μB/Co),
whereas the value for the air-annealed film (0.21 μB/Co) is much lower than Ms
of the as-grown film. But annealing at higher temperature normally improves the
crystal quality and a corresponding decrease in structural defects in the film as a
result the defect mediated magnetism also reduces. On the other hand, annealing in
air at high temperature (≥600 °C) TM2+ ions may segregate from the crystal and
form secondary impurity phases or metal precipitates, which will reduce the RTFM.
So we can conclude that low temperature and reducing atmosphere favor the defects
formation and enhance FM ordering.

(c) Comparison of experimental works on ZnO doped with TMs

A large number of reports on TM-doped ZnO have been published in the last decade.
Most of the research groups mainly focus on Co- [6, 41, 68, 82, 83, 92, 98, 105,
107, 110] and Mn-doped ZnO films [6, 38–41, 72–75]. The dopants used to attain
room-temperature ferromagnetism in ZnO are shown in Fig. 9. Transition-metal ions
show different thermal solubility in ZnO host lattice. Co and Mn show much higher
thermal solubility limits than those of Ti, V, Cr, Fe, Ni, and Cu [6, 41–44, 68]. ZnO
films doped with 5 at.% TM commonly exhibit much stronger RTFM than ZnO
doped with other TM elements. This is consistent with results obtained by Ueda
et al. [41] and Venkatesan et al. [110] for ZnO doped with a series of TM elements;
such studies can exclude the influence of the preparation parameters on magnetic
ordering. It is evident that ZnO films doped with different TMs exhibit RTFM with
different MS values, as well as very small magnetic moments indicating negligible
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Fig. 9 Pie chart of ZnO-based DMS with different TM dopants [6, 41–44]

FM. Normally, the TM-doped ZnO films are either conducting or semiconducting, as
characterized by strong coupling between localized d-electrons of the TM ions and
the extended s and p carriers of ZnO. So we can spin-polarize the carriers as a result
FM ordering of magnetic moments of TM ions can maintained in the oxide lattice.
Some groups showed RTFM with an inverse correlation between magnetization and
electron density. So the intrinsic RTFM of TM-doped ZnO systems always remains
an open question for the research community.

(d) Effect of co-doping in magnetic properties

As per above discussions, earlier works show that the RTFM in ZnO:TM can be
enhanced by the increase of the carrier concentration by controlling the experi-
mental parameters like decrease of deposition pressure, low-temperature deposition,
post-annealing, etc. In contradiction to this, some researchers have reported that the
creation of free carriers is not a sufficient condition for RTFM [73, 76]. Some groups
also reported the RTFM in the absence of free carriers [6, 23, 80, 90, 111–115]. If
the carrier concentration can enhance RTFM or there is a relation between them,
researches use co-doping to generate additional electrons/holes. ZnO is intrinsically
n-type semiconductor [89, 93, 116–120], whereas N, Li, and Cu are used for hole
doping [119, 121–124]. So these studies show that the increase of carrier concen-
trations by additional dopants can enhance the RTEM. Ivill et al. [117] designed a
series of experiments on (Mn, Sn)-Co-doped ZnOwith varying Sn concentration (0–
0.1 at.%). But they found an inverse correlation between magnetization and electron
density, as a function of the Sn doping. This phenomenon is most consistent with the
bound magnetic polaron (BMP) model in which bound acceptors mediate FM dop-
ing. RTFM arises with increase of donor defects or electron carrier concentrations,
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but these two factors coexist in most doped ZnO systems and are hard to distinguish.
Similarly, Al doping in the Zn0.95Co0.05O thin film, implying a decrease in crys-
talline quality and an increase in structural defects on inclusion of a trace amount
of Al [119], in turn enhances the magnetic moment per Co ion of ZnO:Co films.
Normally, the co-dopants could trigger other defects, which in turn enhance the FM
but the concentration of the co-dopants plays crucial role. Ueda et al. [41] showed
that ZnO:Co system exhibits ferromagnetic nature above 280 K for 5–25% Co and
1% Al, without any secondary phases or clusters. After the theoretical predictions
[1–3, 5–7, 14, 15], most of experimental works have proved the existence of room
temperature ferromagnetism in Mn, Co, Ni, and Cu-doped ZnO, but the nature and
origin of room temperature ferromagnetism (RTFM) is still debatable.

5.3 Growth and Characterization of PLD-Grown ZnO:TM
Thin Films

Zn1−xTMxO thin films (TM: Mn/Co/Ni/Cu) were grown on fused silica substrates
by pulsed laser deposition (PLD) technique. The fourth harmonic of Nd:YAG laser
(266 nm) with repetition rate of 10 Hz and pulse width 6–7 ns was used for ablation.
The ablation was carried out at laser energy density of 1.1 J cm−2. Zn1−xTMxO thin
films with various TM concentrations were grown at different substrate temperature
(350–650 °C) and oxygen pressure 0.05–5× 10−4 mbar. The deposition durationwas
1 h resulting a film thickness ~200 nm.XRDpattern of TM-doped ZnO and pure ZnO
thin films deposited at 450 °C on fused silica substrate show the characteristic peak
of ZnO corresponding to the wurtzite structure of the ZnO. No trace of secondary
phases or binary zinc transition-metal phase is observed within the detection limit of
XRD.

The colors of Zn0.95Mn0.05O, Zn0.95Co0.05O, Zn0.95Ni0.05O, and Zn0.95Cu0.05O
film becomes, respectively, yellowish, greenish blue, light green, and light blue with
the incorporation of TMs. Ni- and Co-doped ZnO shows predominant visible d-d
transitions in the tetrahedral geometry (Fig. 10). TheCo have absorption around 1.89,
2.03 and 2.19 eV corresponding to 4A2(F) → 2A1(G), 4A2(F) → 4T1(P) and 4A2(F)
→ 2E1(G) d-d transitions respectively which are in agreement with the one observed
in Co2+. The Ni-doped ZnO thin films show absorptions around 2.10, 2.26, and
2.39 eV, the corresponding d-d transitions 3A2(G)→ 3T2 (G), 3A2(G)→ 3T1 (G), and
3A2(G) → 3T1 (P). The band gap of Zn1−xMnxO and Zn1−xCoxO thin films shows
blue shift, while Zn1−xCuxO and Zn1−xNixO shows red shift compared to pristine
ZnO. The Burstein–Moss effect and sp-d exchange interaction are responsible for
the observed blue and red shift in the TM-doped ZnO thin films. The s-d and p-
d exchange interactions will give negative and positive corrections to conduction
band and valence band of the host semiconductors, and it leads to band shrinking
[33]. In heavily doped semiconductors, the donor electrons occupy the bottom of the
conduction band, and it will in turn block the low energy transitions, which provide
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Fig. 10 Transmission
spectra of Zn1-xTMxO films
for x = 0.05

the band gap widening and is known as Burstein–Moss shift [125]. The character
of the band gap becomes more indirect with the addition of Co/Mn. The increase of
carrier concatenation in Mn- and Co-doped ZnO thin films was confirmed by Hall
measurements.

Raman scattering is one of the effective techniques to investigate the crystalliza-
tion, structure, and defects in the thin films. The non-polar E2 modes of ZnO have
two frequencies, namely Ehigh

2 and E low
2 , associated with the motion of oxygen atoms

along with zinc. The Raman spectra of the Zn0.95TM0.05O thin films (Fig. 11) show
three predominant modes at (99 cm−1), E low

2 , (435 cm−1) Ehigh
2 , and ELO

1 (585 cm−1).
All the Zn1-xTMxO films have spectra similar to ZnO, indicating that the wurtzite
structure is not changed with the TM doping [126–130]. The boarding of the Ehigh

2
modes and its red shift indicates the substitution of TM into the ZnO sublattice
[129–134].

Fig. 11 Room-temperature
Raman spectra of
Zn0.95TM0.05O films (TM =
Mn/Co/Ni/Cu)
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Fig. 12 Room-temperature M-H curve of a Zn0.97Ni0.03O, b Zn0.95Co0.05O and c Zn0.97Cu0.03O
films

M-H curve of the Zn0.97Ni0.03O (a), Zn0.95Co0.05O (b), and Zn0.97Cu0.03O (c)
thin films at 300 K (Fig. 12). The curve shows the room-temperature ferromag-
netism for the entire TM-doped ZnO thin films [18–20]. The saturation magnetic
moment of Zn0.95Co0.05O thin film is 0.42 μB/Co atom. Similarly, Zn0.97Ni0.03O
and Zn0.97Cu0.03O thin films show saturation magnetization of 0.28 μB/Ni atom
and 0.24 μB/Cu atoms, respectively. But the pristine ZnO thin films grown by PLD
show diamagnetic nature. The shape of the curve reveals that there is some trace
of paramagnetism in Zn0.95Co0.05O thin film also. According to Ruderman–Kittel–
Kasuya–Yoshida (RKKY) theory, the magnetism is due to the exchange interaction
between local spin-polarized electrons and conduction electrons. The spin polariza-
tion of the conduction electrons in ZnO films performs an exchange interaction with
spin-polarized electrons of other TM ions. The magnetization increases in the films,
when the oxygen partial pressure during the deposition of the films decreases, due
to the formation of defects or increased carrier concentrations [6, 9, 35, 41, 68, 73–
75, 83, 115, 117, 120, 135, 136]. Zn0.97TM0.03O thin films prepared at 450 °C and
0.05 mbar oxygen pressure show lower saturation magnetization than one prepared
at 5 × 10−4 mbar pressure. Higher oxygen pressure results in less oxygen vacancies
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and reduces the carrier concentration. This supports the assumption that magnetism
is due to the exchange interaction between local spin-polarized electrons and con-
duction electrons. At higher concentrations, the TM clusters and transition-metal
oxides suppress the room-temperature ferromagnetism in Zn1−xTMxO thin films
and paramagnetism is observed [6, 35, 73, 74, 83, 92, 115]. X-ray diffraction pat-
tern, Raman spectra, and XPS measurements overruled the formation of secondary
phases in Zn1−xTMxO films within the experimental detection limit.

5.4 Growth of ZnO:TM Nanostructures by Hydrothermal
Technique

ZnO nanoparticles can be prepared on a large scale by low-cost simple solution-
based methods, such as chemical precipitation [137, 138], sol-gel synthesis [139],
and solvothermal/hydrothermal reaction [140–142]. The advantages of low-cost
hydrothermal process are catalyst-free growth, large area production, and eco-
friendly. The existence of RTFM in Cu-/Ni-/Mn-doped ZnO is visualized by various
groups [6, 35, 73–75, 83, 120, 143–146]. But the origin of ferromagnetism is still
debatable whether it is due to the formation of impurity phases or clusters during
the growth process [6, 41, 68, 115, 147]. The hydrothermal synthesis of ZnO and
ZnO:TM nanostructures and the effect of TM concentration on the structural, opti-
cal, morphological, and magnetic properties have been reported from our laboratory
[148, 149].

(a) Growth parameters

Pristine ZnO and ZnO:TM nanostructures were grown by hydrothermal method. An
appropriate amount of ammoniumhydroxidewas added to themixture of zinc acetate
(0.3–1 M) and copper acetate or nickel acetate or manganese acetate (0.001–0.1 M)
solution to maintain the pH value around 11. ZnO:TM nanostructures were synthe-
sized hydrothermally at 150 °C for 3 hbykeeping the concentration ofZn(CH3COO)2
as 1 M in all reactions, while the concentration of TM(CH3COO)2 was varied from
0.001 M to 0.1 M. The molarity of TM in nanostructures is varied by adjusting the
concentrations of zinc acetate and TM acetate precursors. After the reaction was
complete, the resulting solid products were washed with methanol, filtered, and then
dried in air in a laboratory oven at 60 °C.

(b) Characterizations

Phase purity of hydrothermally grown pristine and TM-doped ZnO shows wurtzite
phase without any impurity phases within the experimental detection limit. All
samples show diffraction pattern match with the reported ICSD data [150]. SEM
images of pristine ZnO- and TM-doped ZnO nanostructures prepared using 0.05 M
TM(CH3COO)2 in the precursor solution at 150 °C for 6 h are shown in Fig. 13.
SEM images confirm the formation of ZnO nanostructures and are assembled like
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Fig. 13 SEM images of pristine ZnO and ZnO:TM nanostructures synthesized at 150 °C for 6 h
a pristine ZnO and ZnO doped with 0.05M, bCu(CH3COO)2, cMn(CH3COO)2, dNi(CH3COO)2
in the precursor solution

branched structures. The ‘TM’doping changes themorphology, andweget uniformly
elongated nanorods in the form of bunches.

The band gap of ZnO:TM nanostructures shows red shift with increase of TM
doping. The red shift shown by transition-metal-doped II–VI semiconductors is due
to ‘s-d’ and ‘p-d’ exchange interactions between the band electrons of the host lattice
and localized d-electrons of substituted magnetic impurities. Diouri et al. [151] and
Bylsma et al. [152] had theoretically explained themechanism behind ‘s-d’ and ‘p-d’
exchange interactions using second-order perturbation theory attributed to band gap
narrowing. The red shift of the band gap confirms the substitution of TM into the
ZnO lattice, and the band gap narrowing is due to the exchange interactions [152–
154]. Figure 14 shows the photoluminescence spectra of ZnO:TM nanostructures
(λexc = 325 nm). ZnO:Cu nanostructures have two emission bands, an ultraviolet
(UV) emission band at 370 nm and a broad orange-red emission centered at 630 nm
[155]. Other TM (Mn/Ni)-doped ZnO nanostructures have PL spectra similar to
pristine ZnO nanostructures. But the UV emission is attributed to the near-band-edge
free-exciton transition [156]. Green and yellow emissions are the most commonly
observed defect emissions in ZnO nanostructures [157, 158]. The green emission is
attributed to oxygen vacancies or zinc interstitials [159]. Yellow defect emission is
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Fig. 14 Room-temperature
PL spectra (λexc= 325 nm)
of ZnO:TM nanostructures
synthesized at 150 °C for 3 h
with 0.05 M TM
concentration

typically attributed to oxygen interstitials [160]. The intensity of the green–yellow-
related emission due to defect was found to be dependent also on the nanowire
diameter [157]. Cu impurities have been proposed as origin of the green emission in
Cu-doped ZnO materials [161]. According to Fan et al. [162], ZnO dendritic wires
and nanosheets show visible emission components centered at ~540 and ~610 nm.

Characteristics of Raman modes E2
low(100 cm−1), second phonon line-2

EM
2 (332 cm−1), ATO

1 (380 cm−1), E2
high (437 cm−1), and ALO

1 (580 cm−1) of TM-
doped ZnO nanostructures are shown in Fig. 15. The slight broadening of the E2

high
modes and its red shift from the bulk value indicates the substitution of TM ions into
the ZnO sublattice [126–134]. Structural disorders, crystal defects, and enhanced
residual stress are responsible for the observed peak broadening and mode shifts in
TM-doped ZnO nanostructures.

The field-dependent magnetization curve of ZnO:TM (TM = Cu, Mn, Ni) nanos-
tructures at 300 K is shown in Fig. 16. The noticeable coercivity of M-H loops

Fig. 15 Raman spectra of
ZnO:TM nanostructures
synthesized at 150 °C for 3 h
with 0.05 M TM
concentration
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Fig. 16 Room-temperature M-H loop of ZnO:TM nanostructures with various concentrations of
TM doping

could be attributed to strong ferromagnetism at room temperature. The ferromag-
netic behavior of nanostructures imputed to the presence of small magnetic dipoles
located at the surface of nanostructures. So the nearest-neighbor interactions can
make the magnetic dipoles of neighboring dipoles oriented along the direction of the
appliedmagnetic field. Surface-to-volume ratio is large for nanostructures; as a result,
the population of orientedmagnetic dipoles will increase at the surface. At higher TM
doping concentrations enhanced antiferromagnetic interaction between neighboring
TM-TM ions suppress the ferromagnetism. The hysteresis loop of ZnO:TM nanos-
tructures was not saturated, so we one can expect some traces of paramagnetism.
Origin of magnetism in DMSs is still controversial; the most common mechanism
for observed ferromagnetism in ZnO:TM nanostructures is the carrier-induced fer-
romagnetism (RKKY mechanism), often reported for DMSs [6, 35, 68, 74, 83, 92,
149]. Secondary phases or clusters are even responsible for the observed magnetic
nature. The broadening and the shift of (97) peaks in the XRD pattern confirm the
incorporation of TM ions into the ZnO lattice X-ray diffraction, and Raman spec-
tra analysis could not find any cluster or secondary phase formation in ZnO:TM
nanostructures.
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5.5 Origin of Ferromagnetism in ZnO-Based DMSs

Before elucidating the mechanisms of intrinsic RTFM, it must first be confirmed
whether the magnetic hysteresis loops measured are intrinsic or extrinsic. Magnetic
contamination [68], measurement errors [78, 79], and secondary phases [6, 68, 92]
are all possibilities for FM signals. Both metals and their oxides have been identified
as being responsible for FM behavior in TM-doped ZnO films, such as Co [6, 41,
68], Mn [6, 163], CoFe [6], CoO [6, 68], Co3O4 [6, 68, 92, 115], Fe3O4 [6], and
CuO [6]. These types of TM-doped ZnO films are not genuine DMS. However, these
non-magnetic semiconductors with embedded secondary FM phases may exhibit an
anomalous Hall effect (AHE) [6], which was previously considered an indicator of
whether a doped sample was a DMO or not. AHE was observed in FM ZnO and in
non-FM Cu-doped ZnO films, indicating that AHE does not uniquely demonstrate
FM behavior [6, 164]. Therefore, checking for basic experimental reproducibility, in
addition to carrying out careful characterizations, is highly warranted.

(a) Co-doped ZnO

It has been examined that ferromagnetic interactions may originate from Co3O4 like
secondary phases in ZnCoO system [165]. Sharma et al. [166] reported the carriers
mediated mechanism in Co-doped ZnO-based DMS material. ‘Double exchange’
[167] and ‘mean field Zener model’ [168] have also been reported as the possi-
ble mechanisms for ferromagnetism in this composition. In addition, it was also
detected that ferromagnetism in this system might arise because of simple substi-
tution of ‘Co’ at Zn sites [169] or oxygen vacancies [170]. More recently, Zhang
[169] expected that Al substitution played a crucial role to achieve the ferromagnetic
behavior through first principle calculations. Hence, the origin of RT ferromagnetic
interactions in ZnO-based DMSs has remained controversial among research com-
munity and still required further studies for its clarification. The controversies among
researchers suggest that ferromagnetic behavior and its origin in DMSs depend on
composition, synthesis conditions, annealing parameters, and additional dopants for
varying the concentration of carriers as well. Moreover, origin of room temperature
ferromagnetism can only be clarified when prepared materials will be free from any
impurity or secondary phases. So we need to synthesize phase pure DMSs to explore
its magnetic properties and mechanisms.

(b) Mn-doped ZnO

It has been observed that ferromagnetic behavior in ZnO:Mnmaterials may originate
from the Mn3O4 like secondary phases [163]. But recently, Yang and co-workers
[171] observed that origin of room temperature ferromagnetic interactions could not
be derived from any secondary or impurity phase. Mn substitution at Zn sites in ZnO
structure might be the main reason for existence of this ferromagnetism. According
to the RKKY theory [172], this ferromagnetism arises from the magnetic exchange
interactions between conduction electrons and local spin-polarized electrons (for
instance, the electrons ofMn2+). Free charge carriers, i.e., electrons, play crucial role
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in establishment of magnetic phase and consequently the ferromagnetic behavior in
magnetic element-doped ZnO [173–175].

(c) Ni-doped ZnO

According to RKKY theory [176], the presence of exchange interactions among con-
duction electrons and local spin-polarized carriers (as electrons of Ni2+ ions) is the
main reason of ferromagnetism in DMS materials. Secondary phases or interactions
among two magnetic atoms like Ni-Ni [177] might also be responsible for ferromag-
netism. Moreover, vacancy [178] and carrier’s induced magnetism [179–181] have
also been reported for Ni-doped ZnO. On the other hand, it was also observed that
ferromagnetism in these materials was independent of carrier concentration.

(d) Magnetic behavior of pure ZnO

Transition-metal-doped ZnO is one of the most studied systems due to its predicted
ferromagnetic transition temperature above room temperature [5, 15]. However, the
experimental findings from different groups are sometimes vastly contradictory.
While many groups report room temperature ferromagnetism of Co-doped ZnO [6,
41, 68, 83, 92], there are many other groups reporting the absence of ferromagnetism
or suppression of RTFM with Co-doping [6, 10–12, 115]. This suggests that the
properties of these materials are highly process-dependent and the origins of ferro-
magnetism in these materials are still under debate. It has been shown very recently
that intrinsic ferromagnetism is observed in pure TiO2 and ZnO thin films and nanos-
tructures. There is a lot of discussion going on about the extrinsic and the intrinsic
origins of ferromagnetism in TM-doped oxide semiconductors. Usingmagneticmea-
surements and magnetotransport studies, Sayak et al. [115] showed that the doping
with transition metal is not a prerequisite for observing magnetic moments in ZnO
thin films. Also they emphasize the fact that the doping of the transition metal in the
ZnO matrix in fact lowers the magnetic moment of the pure ZnO film [92]. They
tuned the intrinsicmagneticmoment in pure ZnOfilm by appropriate oxygenation. In
the magnetoresistance data for the undoped film, a clear change of sign is observed,
which clearly indicates that there is change in the intrinsic property of the sample
between before and after the oxygen treatment. Again magnetotransport results sup-
port the magnetization data which suggest that pristine ZnO is a better candidate for
room-temperature semiconductor spintronic devices than Co-doped ZnO.

6 Summary

Dilute magnetic semiconductors are useful materials for future spintronic applica-
tions due to semiconducting host lattice and half-metallicity. Butmost of DMS shows
low Curie temperatures. In this article, we have discussed the origin of ferromag-
netism and correlated it with ab initio calculations for the electronic and magnetic
properties of transition-metal-doped ZnO semiconductors. Most of the results point
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of the existence of DMS with different magnetic interactions. In systems with local-
ized majority d-states deep in the valence band, the ferromagnetism is induced by
Zener’s p-d exchange interaction, leading to holes in the majority p-valence band. At
higher TM concentrations, the Curie temperature is reduced due to enhanced anti-
ferromagnetic interactions via superexchange interactions. In systems with impu-
rity bands in the band gap (heavily doped systems), the ferromagnetism is driven
by Zener’s double-exchange, magnetic polarons, or RKKY interactions. Here the
magnetic coupling is strong, but it is short-ranged. A way to achieve higher Curie
temperatures might be to try to increase the impurity concentration without forming
secondary or binary compounds. Recently, A. Tiwari’s groups have realized a proto-
type spintronic device [182]. A lot of groups have produced contradictory results, and
all these lead to the conclusion that the realization of the spintronic device needed a
careful preparation and device formation technique. The future of spintronic device
is really big, so the technological revolution will be unfolded to mankind in a few
decades (Table 1).

Table 1 Summary of method of synthesis and properties of selected DMS

Obtained
morphology

Fabrication
method

Magnetic state Magnetization Proposed
theories

References

Nanoparticles Forced
hydrolysis

Weak RTFM 0.2 to
~1.5 memu/g

Zn interstitials
and O vacancies
induced by
annealing
enhanced
magnetization

[183]

Nanopowder Mechanical
milling and
annealing

RTFM 3 memu/g Zn vacancies at
grain surface

[184]

Nanoparticles Mechanical
milling

RTFM Zinc vacancies [185]

Nanorods Chemical
vapor
deposition
(high
temperature)

RTFM 0.031 emu/g Single-ionized
oxygen
vacancies for
BMPs (EPR and
PL analysis)

[186]

Chemical
bath
deposition
(low
temperature)

0.06 emu/g

Nanoparticle
pellet

Annealing in
oxygen

Diamagnetism – Zn vacancy +
OH bonding
complex results
in a net
magnetization

[187]

Annealing in
hydrogen

Weak RTFM 0.7 emu/g

(continued)
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Table 1 (continued)

Obtained
morphology

Fabrication
method

Magnetic state Magnetization Proposed
theories

References

Nanoparticle Solution
route and
annealing in
N2, Ar, and
O2

RTFM 1.5 memu/g Singly ionized
oxygen
vacancies

[188]

Nanowire Vapor
transport

RTFM 0.0076
μB/Vo

Oxygen
vacancies

[185]

Nanowire Hydrothermal
and annealing
in air and O2

RTFM 1 memu/g Singly ionized
oxygen
vacancies

[189]

Nanorod Wet chemical RTFM 1.5 memu/g Size effect;
singly ionized
oxygen
vacancies

[190]

Nanoparticles Wet chemical
method

RTFM 1.5 memu/g Singly ionized
oxygen
vacancies

[182]

Nanorod
array

Hydrothermal
and annealing
in H2 and O2

RTFM 0.15 emu/g Oxygen
vacancies

[191]

Nanowire Chemical
vapor
deposition

Weak RTFM 0.2 memu/g Surface defects
and dynamic
exchange
between O2
and O2

[192]

Pulsed laser
vaporization

Diamagnetism –

Nanoparticles
and nanorods

Chemical
method

RETM with
super
paramagnetism

1.75 emu/g Inhomogeneities
created due to
NPs

[193]
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