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ABSTRACT

Artificial extrinsic and intrinsic multiferroic structures were developed in the

form of yttrium-iron garnet/barium-strontium titanate bi-layers and man-

ganese-doped barium-strontium titanate films with a relatively high doping rate

in the range of 10–20 mol%. For the experimental investigations, the planar

capacitors were formed on the surfaces of the structures and the capacitance–

voltage characteristics were measured. Structural characterization of the sam-

ples under study was based on X-ray diffraction analysis and film–substrate

interfaces were investigated by X-ray photoelectron spectroscopy. The relative

dielectric permittivity, dielectric loss tangent, and electric field tunability of the

samples were measured in a temperature range from 77 to 300 R. The additional
6 and 3 % tuning of the dielectric permittivity by external magnetic field of 2000

Oe was demonstrated for the extrinsic and intrinsic structures, respectively.

Introduction

Multiferroics, i.e., materials or heterostructures, that

possess more than one ferroic parameter have been

intensively studied during the last two decades both

theoretically and experimentally. A revival of interest

in them has been mainly driven by such important

potential applications as data storage devices in

which advantage is taken of new functionalities

originating from coupling of two constituent ferroic

phases [1–9]. Typically, these are ferroelectric and

ferromagnetic ones and effective magnetoelectric

coupling is made possible via direct or indirect

interaction between them. Magnetic-based devices,

the most promising candidates for data storage and

information processing, though possessing numerous

indubitable advantages, are characterized by signifi-

cant energy dissipation in the form of heat, which has

become a major impediment in the pursuit of speed

and storage density for the microelectronics industry.

It has turned out that the problem can be solved by

switching from magnetic to electric field in the con-

trol of the magnetic element, typically used as infor-

mation structure. This is where multiferroics appear
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to be of inestimable value. Another branch of

research activity in this field is driven by important

applications to the microwave devices of multiferroic

materials [5–9]. The latter fall into two major cate-

gories, namely the intrinsic/natural materials and

extrinsic/artificial ones. In the media belonging to the

first group, such as BiFeO3, both phases, the ferro-

electric and ferromagnetic, coexist simultaneously in

one natural material, which can be very useful.

Artificial structures made of separate ferromagnetic

and ferroelectric phases mixed together in different

forms are referred to in the literature as extrinsic

multiferroics. They have demonstrated much more

pronounced magnetoelectric features, which makes

them especially promising for major applications.

Typically, their properties can be independently

controlled by two fields of different physical nature.

The magnetic control is straightforward and is

implemented through the explicit dependence of the

Polder tensor elements on the applied external mag-

netic field [10].

At the same time, there exist two completely dif-

ferent physical mechanisms to realize the electric

control. Ferroelectrics exist either in the high-sym-

metry high-temperature paraelectric phase or in the

low-symmetry low-temperature ferroelectric phase.

In the first case, the control of the effective parame-

ters is implemented via direct nonlinear modulation

of the dielectric permittivity by an electric field. In the

latter case, it is a two-step process within which

advantage is taken of pronounced piezoelectricity,

typical of the ferroelectric phase and equally pro-

nounced magnetoelastic coupling typical of the fer-

romagnetic phase. Thus at the first stage, the control

electric field induces a static stress in the piezoelec-

tric/ferroelectric component. It is transferred to the

magnetoelastic/ferromagnetic layer, in which it

induces a static magnetic field via the inverse mag-

netostrictive effect [10]. In the case of microwave

applications, typically, the ferromagnetic layer is in

the saturated state, and the above-mentioned effect

consists in generation of an additional anisotropic

magnetic field leading to variation of the effective

magnetic magnetization due to displacement of

magnetic dipoles in the crystalline lattice as a result

of mechanical deformation. Since the ferroelectric

phase in this configuration plays the role of a piezo-

electric transducer, it can be hence replaced with any

material with piezoelectric properties, not necessarily

ferroelectric, like quartz.

It should be noted that each ‘‘scenario’’ of electric

control has its undeniable advantages for a specific

application. For example, the paramagnetic phase,

having very low, with respect to the ferromagnetic

one, microwave losses is ideally suited for high-fre-

quency signal treatment.

As mentioned previously, the artificial extrinsic

multiferroics are typically characterized by much

stronger (several orders of magnitude) magnetoelec-

tric coupling than their intrinsic analogues. In this

paper, we investigate multiferroic behavior of two

alternative structures, both based on barium-stron-

tium titanate solid solutions BaxSr1-xTiO3 (BSTO).

Interestingly, intrinsic multiferroic materials obtained

via doping with Mn, demonstrate magnetoelectric

coupling practically as strong as that of a classical

extrinsic BSTO/YIG bi-layer.

Samples preparation

In what concerns microwave applications, the most

promising candidates for fabrication of multiferroic

structures are materials with low insertion losses at

microwaves. They are well known. On the ferro-

magnetic side, these are single-crystal yttrium-iron

garnet Y3Fe5O12 (YIG) films typically grown on gal-

lium-gadolinium garnet (GGG) substrates [11], while

among ferroelectrics especially attractive are thin

films of perovskite-type materials and, in particular,

barium-strontium titanate solid solutions BSTO

[9, 12, 13]. The x parameter describing their stoi-

chiometry can be regarded as an additional degree of

freedom, making possible customizing their proper-

ties for a given application. Microwave devices

require minimization of insertion losses that are

defined by tand and maximization of electric tun-

ability n that is defined as the ratio of the relative

permittivity in the absence of an electric field to that

at the maximum electric field strength, which is

possible only in the paraelectric state near Curie

temperature Tc. At room temperature, these condi-

tions are realized for compounds with 0.45\ x\0.65.

Another major degree of freedom is the mechanical

state of the BSTO film. It influences film’s electro-

magnetic properties both directly and indirectly

through shifting the Curie temperature Tc of the

ferroelectric–paraelectric phase transition. This

emphasizes the importance of the choice of the sub-

strate inducing mechanical stress in the BSTO layer.
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That is why we have grown BSTO films on various

substrates including YIG/GGG (the basic one,

unavoidable for implementation of the bi-layer

extrinsic BSTO/YIG configuration), sapphire (a-Al2O3),

lanthanum aluminate LaAlO3 (LAO), and alumina,

with thicknesses in the range 300–500 lm. BSTO films

with x in the range from 0.45 to 0.65 were deposited

by RF magnetron sputtering and had thicknesses

h = 0.5–1.5 lm.

That is why, at the first stage we had to choose the

optimal substrate for ameliorating performance of the

investigated structures, especially in terms of the

above-mentioned electric tunability n. The results of

the preliminary analysis (see Table 1), discussed in

more detail in the following two sections, have

shown that the sapphire (a-Al2O3) substrate, corre-

sponding to a higher Curie temperature, is better

suited for microwave applications and thus it was

chosen for fabrication of the Mn-doped BSTO single

layers representing the principal intrinsic configuration

under study. For these experiments, we have chosen

the BSTO films with x = 0.5. This well-balanced

symmetric stoichiometry has proved optimal for

microwave applications. The content of manganese

(doping rate) in the BSTO films was varied for two

sets of samples within the range from 0 to 2 mol% for

the first one and from 10 to 20 mol% for the second

one. It should be noted that the sputtering technique

employed in the fabrication of Mn-doped BSTO sin-

gle layers makes it much easier to incorporate these

films into hybrid integrated structures, than in the

case of single-crystal dielectric ferrites prepared by

liquid-phase epitaxy. In other words, technologically,

the intrinsic configuration, not requiring costly liq-

uid-phase epitaxy, is far more attractive.

For experimental investigation of dielectric proper-

ties, planar capacitorswere formed on the structures of

both configurations (seeFig. 1) by thermal evaporation

followed by wet photolithography. They are made of

copper with a chromium sublayer (Cu–Cr). The gap

width d in the planar capacitors was in the range of

3–7 lmand the gap length l varied from 250 to 850 lm.

Structural characterization

Structural characterization of the samples under

study was based on X-ray diffraction analysis (XRD)

[14]. As the first step, we have undertaken a study of

the influence of the substrate on the major structural

and dielectric properties of the BSTO film in order to

optimize sample preparation procedure for both

configurations, namely the Mn-doped BSTO

Table 1 Lattice parameter, Ba/Sr ratio, film thickness, temperature of e maximum, dielectric permittivity, dielectric losses, tunability

Substrate LAO a-Al2O3 Alumina YIG

a (Å) 3.982 3.954 3.966 3.962

x 0.55 0.55 0.6 0.6

h (lm) 0.950 0.75 0.4 0.4

Tm (K) 220 280 260 265

e [300 K, 0 V] 2200 1545 820 1910

tand [300 K, 0 V] 0.005 0.011 0.009 0.017

n [295 K, 30 V/lm] 1.4 2.1 1.74 1.43

Figure 1 Planar capacitors based on artificial multiferroic structures: a extrinsic BSTO/YIG bi-layer and b intrinsic Mn-doped BSTO

single layer.
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monolayer on a sapphire substrate (a-Al2O3) and

BSTO/YIG bi-layer. In order to describe the influence

of the YIG film on the properties of the bi-layers, the

following substrates were chosen LAO, a-Al2O3,

alumina, and YIG.

The data from X-ray diffraction analysis, namely

values of the lattice constants a, are summarized in

the upper part of Table 1. It is known that a-Al2O3

has a hexagonal crystal structure, alumina substrates

are polycrystalline, LAO substrates have the per-

ovskite structure, and YIG is cubic. The BSTO films

on all substrates are polycrystalline with preferred

orientation (100). The Ba/Sr ratios in the table corre-

spond to the compositions having the best possible

combination of major dielectric characteristics,

namely low dielectric loss tangent tand, high values

of the relative permittivity e, and electric tunability

n for operation at room temperature that are given for

reference in the lower part of Table 1.

Some interesting specific features of the process of

film formation at the film–substrate interface have

also been revealed by analysis of X-ray Photoelectron

Spectroscopy (XPS) spectra of a BSTO/YIG/GGG bi-

layer structure (see Fig. 2), which is of particular

importance in the context of this research.

Thus, it was shown that within the 0.4-lm BSTO

film there exists a 0.035-lm-thin inhomogeneous

layer at the BSTO/YIG interface characterized by

oxygen deficiency and the nonstoichiometric ratio

between the cation components of the BSTO. This

border layer is of intermediate nature and hardly has

ferroelectric properties. The distribution of all the

main components in the rest of the BSTO film can be

regarded as homogeneous. As for the interdiffusion,

residual traces of Y were found in BSTO. On the other

hand, Ba, Sr, and Ti are observed to penetrate into the

YIG film but only to a depth not exceeding 0.1 lm.

An interfacial layer of this thickness in a 8-lm YIG

film has practically no effect on its magnetic proper-

ties. This was confirmed by measurements of the

magnetic dissipation parameter DH (half-width of the

ferromagnetic resonance line) which did not change

after deposition of the BSTO on a YIG film.

As the second step, XRD analysis was used to

study the Ba0.5Sr0.5TiO3/a-Al2O3 structures with rel-

atively low Mn doping rate in the range of 0–2 mol%.

The results obtained from XRD allow for concluding

that with the Mn concentration increasing up to

2 mol%, the lattice parameter grows from 3.947 up to

3.951 Å. The results obtained at these two steps for

BSTO on various substrates and BSTO/a-Al2O3 with

low Mn doping rate are typical and will be used like

reference for further investigation and analysis of the

influence of higher Mn doping rates on structural

properties.

Finally, XRD analysis was used for investigation of

Ba0.5Sr0.5TiO3/a-Al2O3 structures with relatively high

Mn concentration from 10 to 20 mol%. All the sam-

ples belonging to this series have been XRD charac-

terized. A typical XRD spectrum for the BSTO film

with 15 mol% Mn doping, which as it will be shown

below to have the highest magnetic tunability, is

shown in Fig. 3. As can be seen, the investigated

structure contains several contributions with differ-

ent Ba/Sr ratios. The main one is Ba/Sr = 0.5/0.5

with a lattice constant a = 3.947 Å. Furthermore,

additional manganese-containing phases Ba(Ti0.5-
Mn0.5)O3 with a = 5.689 Å and MnO2 with a = 4.327

Å were observed in the X-ray diffraction pattern in

Fig. 3. The concentration of these phases increases

Figure 2 XPS spectrum of the BSTO/YIG bi-layer.

Figure 3 X-ray diffraction pattern of a BSTO film with 15 mol%

of Mn.
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proportionally with variation of the Mn doping rate.

The X-ray diffraction patterns of samples with

20 mol% Mn demonstrated an increase in the number

of phases, with Ba/Sr ratios different from the initial

and a substantial rise in the content of MnO2.

Dielectric properties and dual tunability:
experimental results

It is common knowledge that BSTO solid solutions do

not exhibit any dispersion of the relative permittivity

e in a vast frequency range from 102 to 1011 Hz

[15, 16]. Thus, capacitance–voltage (C–V) character-

istics, dielectric loss tangent tand, and their temper-

ature dependences were taken at a frequency of

1 MHz. An automated digital bridge (with a relative

capacitance measurement error of 0.01 %) was used

to measure the impedance of the planar capacitors

created on experimental structures. The amplitude of

the probing signal of the bridge was about 0.5 V, and

the bias voltage was varied within V = ± 200 V. The

relative permittivity was calculated from the capaci-

tance of the planar structure measured for tempera-

tures in the interval from 77 to 300 K [13, 17]. DC

conduction currents were registered with an elec-

trometer in the range from 10-13 to 10-5 A. The

confidence interval in these measurements did not

exceed 5 %.

Temperature dependences C(T) of the capacitance

of the planar structures based on the BSTO films on

various substrates are given in Fig. 4. All the curves

demonstrate a characteristic maximum at a

temperature Tm in the vicinity of the phase transition.

The parameter Tm in BSTO films is affected by several

factors that fall into two major categories [18] related

either to the stoichiometry composition, such as Ba/

Sr cation component ratio (value of x) and oxygen

content (concentration of oxygen vacancies), or to

their mechanical state, namely the lattice mismatch

between the substrate and film materials and differ-

ence in the thermal expansion coefficients of these

materials.

Both the lattice mismatch between the substrate

and film and the difference in their thermal expan-

sion coefficients give rise to deformation in BSTO

films, estimated in this study by the relative change g
in the lattice parameter in a given film material (a)

with respect to its unstressed single-crystal value

(aref):

g ¼ ða � arefÞ=aref : ð1Þ

It is known that the lattice constant aref grows lin-

early with increasing x in BSTO solid solutions. In

particular, an increase in x from 0.5 to 0.65 induces a

growth in the lattice constant aref from 3.947 to

3.990 Å
´
. Thus, it follows from comparison of the lat-

tice constants obtained by XRD in Table 1 and the

corresponding reference unstressed single-crystal

values that, for example, the strain in BSTO films

grown on LAO substrates, varies accordingly

g = (4.2–6.2) 10-3, being of tensile nature. At the

same time, for the BSTO films grown on a-Al2O3

substrates, a compressive strain estimated at

g = -(4.2–3.1) 10-3 is observed. Most of BSTO films

grown on alumina substrates exhibit almost a negli-

gible deformation compared to the case of the a-
Al2O3 substrate. Similar behavior, a weak compres-

sive strain, was observed in the case of YIG/GGG

substrates. Importantly, the shift in Tm on the tem-

perature dependence of the capacitance for each

particular sample scales with the mechanical strain

(see Fig. 4) within it.

For example, the temperature dependence for the

sample on the alumina substrate, in which the strain

is nearly zero has the maximum at Tm = 260 K. For

the BSTO/LAO samples in which tensile deforma-

tions were observed, Tm is shifted to lower tempera-

tures. Correspondingly, for the BSTO/a-Al2O3

samples with compressive deformations, this tem-

perature is pushed by 20–40 K to higher temperatures.

Not surprisingly, the C(T) dependence for the BSTO/

YIG/GGG multilayer structure has a maximum at

Figure 4 Temperature dependences of the capacitance of layered

structures grown on various substrates: LAO, a-Al2O3, alumna,

and YIG.
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Tm = 265 K, which is close to a nearly unstrained

BSTO/alumina structure.

Preliminary characterization accomplished, we

proceed to the principle part of this paper, namely

study of the magnetodielectric effect, i.e., the influ-

ence of the magnetic field on the dielectric per-

mittivity in intrinsic multiferroic monolayers syn-

thesized via doping of a BSTO paraelectric matrix

with paramagnetic ions of manganese in concentra-

tions sufficient for appearance of magnetic

properties.

As it was shown earlier in Ref. [19–21], addition of

MnO2 to BSTO films at a rate of 1–2 mol% leads to a

significant change in their dielectric characteristics.

Although the principal physical mechanism behind

these changes, compensation of positively charged

oxygen vacancies, has already been identified, there

are still questions to be answered. Thus, it has turned

out that this effect is very technology dependent and

differs considerably in bulk single-crystal samples,

ceramic layers, and thin films (grown by different

deposition techniques and on different substrates).

That is why two batches of Mn-doped BSTO films

were prepared, namely a low doping rate series with

manganese concentration in the range of 0–2 mol%

(the reference series) and a high concentration in the

range of 10–20 mol%. We have chosen the sapphire

substrate as the best suited for microwave applica-

tions (excellent tunability, high permittivity, and

satisfactory tand).
As shown in the previous section, with the Mn

content increasing up to 2 mol%, the lattice parame-

ter grows up, which pushes the characteristic tem-

perature Tm down by 30–40 K with respect to pure

samples (see Table 2; Fig. 5). This means that the film

shifts away from the phase transition, thus becoming

‘‘more paraelectric.’’ The latter statement can be for-

mulated otherwise. Any dielectric material in the

ferroelectric phase is characterized by high values of

dielectric permittivity and microwave losses with

respect to its paraelectric phase. That is why para-

electric properties at room temperature are more

pronounced (relatively low values of the dielectric

permittivity and microwave losses) in a material with

a low temperature of para-ferroelectric phase transi-

tion Tm. In this case, the investigated dielectric is

‘‘far’’ from its ferroelectric ‘‘incarnation.’’ That is why

the dielectric loss tangent becomes substantially

smaller (tand B 0.002), and the relative permittivity e
and electric tunability n decrease (see Table 2).

Note that another feature observed is the inversion

of the tand(V) dependence: an electrical bias leads to

a slight increase in tand from 0.001 to 0.002, rather

than to a sharp decrease from 0.01 to 0.002 as in pure

BSTO films [21]. The fact that tand grows with

increasing voltage V indicates that there is no loss

mechanism due to charged defects in these samples

[22]. No effect of a magnetic field H = 2000 Oe on the

dielectric characteristics of structures with the Mn

doping rate in the range of 0–2 mol% was found.

To conclude, our investigation of the reference low

concentration series, on the one hand, confirms some

previously reported general tendencies and, on the

other hand, provides us with important numerical

parameters essential for understanding of the results

obtained on samples with high Mn concentration.

These are summarized in Table 3. More specifically,

it shows the results of a study of BSTO/a-Al2O3

structures with the Mn content increasing from 10 to

20 mol%. As shown in the previous section, the lat-

tice constants of the manganese-containing compo-

sitions substantially exceed the parameters of the

Figure 5 Temperature dependences of the capacitance of the

BSTO/a-Al2O3 samples with various Mn concentrations: 0, 2, and

15 mol%.

Table 2 Film thickness, temperature of e maximum, tunability,

dielectric permittivity, dielectric losses

Mn content (mol%) 0 1 2

h (lm) 0.5 0.65 0.65

Tm (K) 260 250 230

n [295 K, 30 V/lm] 1.74 1.67 1.3

e [295 K, 0 V] 1500 2000 900

tand [295 K, 0 V] 0.01 0.012 0.001–0.002
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BSTO lattice, which makes it possible to convert the

already existing due to the BSTO/substrate lattice

parameter mismatch compressive deformation into a

pronounced tensile deformation. As a result, the

maximum Tm in the temperature dependence of the

capacitance of the BSTO:Mn samples is shifted to

lower temperatures by more than 50 K in comparison

with purely BSTO samples (see Table 3; Fig. 5). Note

that the difference in the capacitance values in Fig. 5

is due to the planar capacitor form factor.

The study of the dielectric characteristics of the

BSTO:Mn sample shows that high concentration of

Mn comes at a price: dielectric permittivity drops

dramatically, typically 4–5 times (Table 3). At the

same time, microwave losses, described by tand, are
noticeably improved. This is not surprising, since

with lower temperatures of the phase transition in

highly compressed films, the actual state of the film at

room temperature ‘‘shifts away’’ from the ferroelec-

tric phase, characterized by extra-high values of

epsilon, including both its real and imaginary parts.

Neither major dielectric parameter has shown

monotonous growth/decrease as a function of the

Mn concentration and it is the 15 mol% sample that

has demonstrated by far the best dielectric behavior,

i.e., the largest relative permittivity e = 650–670,

unmatched electric tunability n = 1.9–2.0, and the

lowest losses tand = 0.001.

The last part of this experimental study was dedi-

cated to the investigation of the magnetic tunability of

the BSTO samples with high Mn doping rate. By

magnetic tunability we mean the influence of the

magnetic field on the dielectric properties of the

structure under investigation described by the fol-

lowing formula:

m ¼ ðeðHÞ � eð0ÞÞ=eð0Þ � 100%: ð2Þ

Typical C–V characteristics, obtained on the

15 mol% Mn sample grown on a a-Al2O3 substrate, in

the absence of external magnetic field (solid line) and

with a magnetic field H = 2000 Oe applied (dash

line) are presented in Fig. 6. This figure shows the

influence of a magnetic field H = 2000 Oe. It should

be stressed that the 15 % Mn concentration has

proved optimal not only for dielectric behavior but

also in terms of magnetic tunability m = 3 %. Thus, no

effect of the magnetic field on the C–V characteristics

of the structures was observed for lower concentra-

tions and, surprisingly, with Mn content of 20 mol%,

the effect of the magnetic field on C–V characteristics

decreased, although still being noticeable.

The 15 mol% Mn concentration proved to be spe-

cial also in terms of conductivity of the Mn-doped

samples. The latter decreases with the Mn content

reaching its lowest value for 15 mol%, and then starts

to rise steeply (see Fig. 7).

Table 3 lists the sample resistances estimated from

the ohmic portions of the current–voltage characteris-

tics. The sharp increase in conductivity for samples

containing 20 mol% Mn impurity is due to the

appearance of conducting Mn and MnO2 phases, con-

firmed by X-ray data. Comparison of the C–V charac-

teristics and current–voltage characteristics of samples

with different contents of magnetic ions has confirmed

that theoptimumcontent ofMn inBa0.5Sr0.5TiO3films is

15 mol%. The increase of Mn concentration up to

15 mol% induces a decrease of the conductivity,

whereas in contrast magnetic tunability is increased,

which confirms stronger magnetoelectric coupling.

The second type of multiferroic materials investi-

gated in this paper is a BSTO/YIG bi-layer on a GGG

Table 3 Film thickness, temperature of e maximum, tunability,

dielectric permittivity, dielectric losses, resistance

Mn content (mol%) 10 15 20

h (lm) 0.82 0.98 1.0

Tm (K) 166 190 200

n [295 K, 30 V/lm] 1.33 2.05 1.33

e [295 K, 0 V] 340 650 413

tand [295 K, 0 V] 0.003 0.001 0.002

R (Ohm) 2 9 1010 1011 2 9 109

Figure 6 C–V characteristics of the capacitor based on BSTO/a-
Al2O3 with 15 mol% of Mn dopant in the absence of external

magnetic field (solid line) and with a magnetic field H = 2000 Oe

(dash line).
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substrate. Correspondingly, C–V characteristics were

measured (see Fig. 8) both in the absence of external

magnetic field (solid line in Fig. 8) and with a mag-

netic field H = 2000 Oe applied (dash line in Fig. 8).

Application of a magnetic field shifts the character-

istic maximum on the temperature dependence

C(T) to lower temperatures which corresponds to the

appearance of tensile deformations. Note that prior to

application of an external magnetic field to the

BSTO/YIG/GGG structure, no mechanical stress has

been detected in it (see Fig. 4). The maximal value of

magnetic tunability m is equal to 6 %, and decreases

with an increase of electric voltage down to 0.5 % at

V = 200 V.

To finalize this particular analysis, it would be

worthwhile to outline the major physical mechanisms

that are involved in the magnetodielectric coupling in

both configurations, intrinsic and extrinsic. Let us

begin with the Mn-doped BSTO single layers char-

acterized by natural magnetodielectricity.

The magnetoelectric effects in multiferroic struc-

tures are traditionally described [3] in Landau theory

by writing the free energy F of the system in terms of

the applied magnetic H and electric E fields. While

the more discussed magnetoelectric coupling is

described by the bilinear in H and E terms, higher

order terms in this expansion correspond to magne-

todielectric effect [23, 24]. The biquadratic seems to be

the most relevant candidate since it produces a scalar

contribution to the free energy for all systems,

regardless of the symmetry of the underlying lattice

or magnetic structure. Since E is a polar vector and

M is an axial vector terms, linear in M will typically

not yield a scalar and so vanish from the free energy

expansion [23]. Theoretically, this is possible for some

low-symmetry crystals. However, all our measure-

ments of the magnetodielectric properties for inves-

tigated structures were made at room temperature in

which case the samples are in the paraelectric phase

characterized by the highest symmetry possible in the

crystal under investigation, namely cubic.

Now let us proceed to the second YIG/BSTO bi-

layer configuration, demonstrating artificial extrinsic

magnetodielectric coupling. In such structures, it is a

two-step process as always is the case with extrinsic

ferroics. Thus at the first stage, the external magnetic

field induces a static stress in the ferromagnetic YIG

film via magnetostriction. This deformation is trans-

ferred to the paraelectric BSTO layer, in which it

induces a change of the dielectric permittivity. In the

particular context of this paper, the modulation of

permittivity by stress should be regarded in the fol-

lowing way. As shown earlier in this paper,

mechanical stress shifts the Curie temperature, which

in turn results in a corresponding shift in the value of

the permittivity. More specifically, compressive

deformations increase the Curie temperature and

thus lead to higher values of the dielectric permit-

tivity. Conversely, tensile deformations decrease the

latter.

To conclude this experimental section, we would

like especially to emphasize the importance of the

results obtained in its second part where we have

revealed the most significant feature common to both

configurations, namely the dual tunability. This novel

functionality consists in a possibility of ‘‘tuning’’ the

dielectric characteristics both by means of the electric

and magnetic fields.

Discussion

The pivotal parameter in this discussion is the char-

acteristic temperature Tm, corresponding to maxima

in temperature dependences, which is very close to

the Curie point TC. The latter separates the ferro-

electric and paraelectric states and is effectively

controlled by the stoichiometry of the BSTO solid

solutions. Since we are interested in microwave

applications, the Ba/Sr ratio has been chosen

accordingly x = 0.5. At the same time, closeness to

the ferromagnetic state intensifies sensitivity of the

paramagnetic material to external fields which means

better tunability. Moreover, absolute values of the

Figure 7 Current–voltage characteristics of the BSTO/a-Al2O3

samples with various Mn concentrations: 10, 15, and 20 mol%.

7810 J Mater Sci (2016) 51:7803–7813



dielectric permittivity also increase. Unfortunately,

this concerns its imaginary part as well, which means

a nonnegligible deterioration of tand, describing

microwave losses.

It is known that mechanical stresses may notice-

ably affect the temperature dependence of the rela-

tive permittivity e(T). The latter scales with the

experimentally observed C(T) functions and thus can

be extracted directly from the experimental data.

Typically, this mechanism leads to a temperature

shift on the order of several tens of degrees in either

direction. Given the proximity of the Curie point, this

relatively modest shift can lead to considerable

changes to microwave dielectric properties of BSTO

solid solutions. In other words, mechanical stress can

be considered as an additional effective instrument

for ‘‘fine tuning’’ of BSTO-based functional materials

with a given stoichiometry parameter x.

Our theoretical analysis is based on the Ginsburg–

Devonshire expansion of the free energy in powers of

polarization and mechanical stress at low electric

field strengths. We can restrict our consideration to

the first two terms and, having differentiated with

respect to the degree of polarization, obtain the fol-

lowing dependence of the inverse relative permit-

tivity on temperature and mechanical stresses [25]:

ðe0 � eÞ�1 ¼ ðe0 � CCÞ�1ðT � TC þ e0 � CC � G �UÞ: ð3Þ

Here CC is the Curie–Weiss constant, and G and

U are components of the electrostriction and

mechanical stress tensors, respectively. The last two

terms in this expression can be regarded as an

effective value of the Curie temperature T* = TC - -

e0CCGU. Then, the effective Curie temperature

T*\TC in the case of tensile deformations (U[ 0)

and T*[TC for compressive deformations (U\ 0).

The experimentally observed evolution of the maxi-

mum temperature Tm in the C(T) dependences for

samples with different mechanical stress signs is

correlated with the behavior of T*. Thus, we can

conclude that there always are tensile deformations

in the BSTO films on LAO substrates, and compres-

sive deformations are the most probable in the BSTO

films on a-Al2O3 substrates. The lowest stresses occur

in the BSTO films grown on alumina substrates and

YIG films (see Fig. 2; Table 1). Unstrained films or

films with weak tensile deformations are more

preferable as regards the values of e and tand (see

Table 1).

It is well known that dopants such Mn typically

occupy the B site of the ABO3 perovskite structure

[26] that was also confirmed in our work. It is also

known that titanium mostly has a valence (?4) in

solid solutions but may also exhibit a valence (?3)

[27]. In barium titanate films, a modified phase

Ba(Ti0.48
?3 Ti0.52

?4 )O3 with an imperfect tetragonal struc-

ture is formed. Manganese is also a variable-valence

element: Mn?4, Mn?3, Mn?2. At the same time, with

decreasing valence of manganese ions, their ionic

radius grows from 0.052 to 0.083 nm. For titanium

ions, the tendency for variation of the ionic radius

with decreasing valence is the same: Ti?4 has an ionic

radius of 0.062 nm and that of Ti?3 is 0.066 nm [21]. If

Mn?2 occupies the position of Ti?4, this gives rise to a

tensile deformation in the crystal lattice and to an

additional shift of the maximum (Tm) in the temper-

ature dependence of the capacitance to lower tem-

peratures, with respect to undoped films (see Fig. 5).

In addition, the charge model of compounds of this

kind can be represented as (BaxSr1-x)
?2Ti1-y

?4 [-

MnTi]y
-2O3-z

-2[Vo]z
?2 ([Vo] are oxygen vacancies). In this

case, the oxygen vacancies, which are always present

in BSTO compounds, give rise to charged defects

responsible for the large values of tand (samples with

0 and 1 mol% in Table 2) [21, 28]. Due to compen-

sation of oxygen vacancies [Vo] by [MnTi]
-2, values of

the dielectric loss tangent decrease (samples with

2 mol% in Table 2 and 10–20 mol% in Table 3).

It should also be noted that, leaving the BSTO lat-

tice, Sr?2 whose ionic radius is 0.118 nm (which

always somewhat exceeds the ionic radius of Mn in

Figure 8 C–V characteristics of the capacitor based on BSTO/

YIG bi-layers measured in the absence of external magnetic field

(solid line) and with a magnetic field H = 2000 Oe (dash line).
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any valence state), might give rise to compressive

deformations. However, this is not the case. The

additional manganese-containing phase Ba((Ti0.5-
Mn0.5)O3) and the MnO2 phase, both detected by

X-ray analysis, have lattice constants a = 5.689 Å and

a = 4.327 Å, respectively. This also shifts the tem-

perature maxima Tm to lower temperatures, com-

pared with undoped samples. At the same time, these

weak compressive deformations at the BSTO/a-
Al2O3 interface are excessively compensated for by

tensile deformations of varied nature.

Structural analysis of heavily Mn-doped BSTO has

revealed an increasingly multiphase character of the

structure. This allows explaining certain features

experimentally observed. Thus, it was demonstrated

in the study of the C–V characteristics of multiferroic

structures that raising the Mn content to 20 mol%

leads to a sharp rise in the conductivity of the sam-

ples due to the large amount of conducting MnO2

and Mn phases. This, in turn, reduces the relative

permittivity and makes tand larger. The optimal

content of the Mn additive, as regards the dielectric

properties (values of e, tand, tunability n, and resis-

tance R in Table 3), is 15 mol%.

Both methods for obtaining materials with multi-

ferroic properties enable an additional control over

the relative permittivity and tunability by the mag-

netic field. The effect of the magnetic field on these

structures is not strong (see Figs. 6, 8), because BSTO

and YIG films exhibit a weak electrostrictive effect. If

other films, e.g., PZT, are used as a ferroelectric and a

ferromagnetic, then the effect of the magnetic field on

the dielectric properties of the structures can be

considerably enhanced. At the same time, application

of the structures we studied at microwaves does not

require multifold changes in dielectric properties

under the influence of the magnetic field. The latter

can be used to fine-tune by 3–5 % the microwave

elements. The characteristics shown in Fig. 6

demonstrate that the multiferroic structures can be

100 % controlled by an electric field and 3 % tuned by

a magnetic field.

Conclusions

Thus, in this paper we have experimentally con-

firmed the feasibility of BSTO-based functional mul-

tiferroic materials, both intrinsic, in the form of Mn-

doped BST films, and extrinsic, in the form of BST/

YIG bi-layers. More specifically, in the latter case a

new functionality of BST/YIG structures has been

revealed. In addition to previously investigated

electrodynamic coupling between spin-waves in the

YIG film and slow modes in the BST layer, another

type of interaction referred to as magnetodielectric

effect, i.e., influence of the magnetic field on the

dielectric permittivity, has been discovered. While

the electrodynamic coupling is efficient only if phase

synchronism between the interacting modes is

observed, the magnetodielectric interaction is of more

general nature. Given the fact that BST is naturally

electrically nonlinear, the structures considered can

boast dual tunability. The latter applies also to the

intrinsically double-ferroic Mn-doped BSTO single

layers. It is experimentally shown that while low Mn

doping rate (1–2 mol%) in BSTO improve dielectric

properties, increase of the doping rate up to 15 mol%

enables an additional 3 % tuning of the dielectric

permittivity by an external magnetic field. Both

structures are promising for microwave devices, the

attractiveness of each one depending on the speci-

ficity of the particular application.
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