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Abstract

The influence of substrate effects on the ferroelectric and magnetic properties in multiferroic
thin films is studied based on the Heisenberg and transverse Ising model. Green’s function
technique allows the calculation of static and dynamic properties in the dependence on
temperature, film thickness and different substrates. It is demonstrated that the polarization, the
magnetization, the critical temperatures and the spin-wave energies are very sensitive to the
exchange interaction constants between the surface and the substrate and could be increased or
decreased by using different kinds of substrates. The dependence on the film thickness is also
discussed. The results are in qualitative accordance with the experimental data.

1. Introduction

One of the known ferroelectromagnets is BiFeO; (BFO),
which exhibits both ferroelectricity and ferromagnetism
(i.e. multiferroism), an intrinsic multifunctionality that would
ostensibly make it a strong candidate for nanoscale electronics
applications. Both its spontaneous polarization and saturation
magnetization, however, are disappointingly low when
compared to many standard ferroelectrics and ferromagnets.
Recently, Wang et al [1] reported an enhancement of
polarization (almost an order of magnitude higher than that
of the bulk) and related properties in epitaxially constrained
thin films of BFO on SrTiO3 (STO). The films also exhibit
an enhanced thickness-dependent magnetism compared to the
bulk. Enormous strains can exist in thin films when one
material is deposited on another, resulting from differences
in crystal lattice parameters and thermal expansion behavior
between the film and the underlying substrate, or arising
from defects formed during deposition. As a result, the
properties of thin films can be markedly different than the
intrinsic properties of the corresponding unstrained bulk
materials. The importance of substrate effects on phase
transitions can be seen for example in multiferroic (MF)
HoszFes04, thin films. HosFesOp, crystallizes in a body-
centered cubic lattice and shows no ferroelectricity because
of its highly symmetric (centrosymmetric) crystal structure.
However in heteroepitaxially grown thin films, Fukumura ez al
[2] have shown, using Raman scattering, that HosFes O, may
exhibit ferroelectricity because of lattice strains induced by
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the substrate. Another example is STO thin films. STO is
an incipient ferroelectric, remaining paraelectric down to 0 K.
However, chemical substitution, such as Ba,Sr;_,TiOs3, or
stress due to substrate effects can disturb this state, resulting
in ferroelectricity [3].

There are many studies of BFO thin films using different
substrates [4-9] in order to enhance the polarization. Jang
et al [10] have grown epitaxial (001) BFO films on (001)
STO substrates which are subjected to a compressive strain
due to the lattice mismatch of —1.4%. In contrast, epitaxial
(001) BFO films grown on (001) Si substrates [10] are under
biaxial tensile strain due to the difference in thermal expansion
between the film and the substrate. Strain-induced effects on
phase transitions in BFO thin films deposited on (001) STO
and (001) yttria-stabilized zirconia oxide ZrO,(Y,03) (YSZ)
substrates are studied by Kartavtseva et al [11]. A saturation
magnetization much higher than that reported for the bulk is
obtained by Thery et al [12] in BFO thin films on STO.

Thermodynamically YMnO3 (YMO) can only exist with a
hexagonal structure at ambient conditions. Hsieh et al [13]
have demonstrated that the strain between the film and the
substrate, for example LaAlO; (LAO), can play an important
role in forming orthorhombic YMO films. Dho et al [14]
have studied the crystal growth behavior of MF YMO films
synthesized by pulsed laser deposition on several different
substrates.  The (0001) oriented hexagonal YMO phase
was a stable one under tensile stress by the (0001) Al,Os;
(ALO) substrate, while it competed with the (011)-oriented
orthorhombic YMO phase under compressive stress by the

© 2009 IOP Publishing Ltd  Printed in the UK
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(111) STO substrate. Son et al observed that the remanent
magnetic moment of epitaxial BiMnOj thin films on the STO
substrate [15] (or on the LAO substrate [16]) is larger than a
BiMnOs thin film on the Pt/Ti/SiO,/Si substrate. Lee et al
[17] have fabricated epitaxial thin films of hexagonal DyMnO3
via deposition on Pt(111)/ALO(0001) and YSZ(111) substrates
and have observed a polarization enhancement by a factor of
10 compared to that of the bulk material. The magnetic and
ferroelectric properties of hexagonally grown HoMnOj3 thin
films on Pt(111)/A1,03 (0001) and YSZ(111) substrates were
investigated by Murugavel et al [18]. The HoMnOj; films
differ from the bulk material in a significantly lower Neel
temperature. Magnetization measurements of HoMnOs films
on YSZ(111) also reveal some differences in comparison with
a single crystal [19]. These differences are possibly related
to the larger a and c lattice parameters of the film, which are
likely to alter the bond lengths, and, thus, the magnetic super-
exchange interactions.

It must be mentioned that the substrate can provide
magnetic field controlled strain to the film [30]. It is desirable
to construct multiferroic structures using a carefully selected
substrate that is magnetically and elastically functional by
itself. Then a ferroelectric film can be epitaxially grown on the
substrate, which results in a heterostructure with an efficient
in-plane elastic coupling. Such a substrate must satisfy
several conditions: (1) a giant anisotropic magnetostriction;
(2) a good in-plane lattice match to the ferroelectric film;
(3) a reasonably good conductivity that eliminates the need
for a separate electrode at the interface. A very attractive
material family that may meet these criteria are the naturally
layered manganites. Mixed-valent (Mn®**—Mn**) manganites
have captured much attention in condensed matter science
recently due to their exotic electronic and magnetic properties,
including complex insulator—metal transitions and colossal
magnetoresistance. In some mixed-valent manganites, the
strong coupling between the magnetic field and the lattice
results in giant anisotropic magnetostriction, especially if
the structural transition temperature (7s) is close to the
ferromagnetic ordering temperature (7¢) [31]. It is important
to note that unlike in conventional ferromagnets, the giant
magnetostriction in layered manganites is a result of a field-
induced change in the orbital-state occupancy [32].

The influence of the substrates on the properties of MF
thin films has not been so intensively studied theoretically.
Ederer and Spaldin [20] have used first principles calculations
to calculate the effect of epitaxial strain on the spontaneous
polarization of the ferroelectrics BaTiO3;, PbTiOs;, and
LiNbOs3, and the MF material BFO. They have shown that
the epitaxial strain dependence varies considerably for the
different systems, but in the case of BFO it is very small.
The strain effects and thickness dependence of ferroelectric
and magnetic properties in epitaxial BFO thin films using
the Landau—Devonshire theory are investigated by Liu et al
[21], Jiang and Qiu [22] and Ma er al [23]. Lu et al
[24], based on the thermodynamic model, have studied the
critical phase transition temperatures of the ferroelectric and
ferromagnetic phase in MF composite thin films. A single-
domain thermodynamic theory is employed by Zhang et al [25]

to predict the spontaneous polarizations of epitaxial BFO thin
films grown on dissimilar substrates.

Most of the theoretical studies are performed using the
phenomenological Landau theory. The aim of the present paper
is to study the influence of substrates on the properties of MF
thin films based on the Heisenberg and the transverse Ising
models using Green’s function technique beyond the random
phase approximation (RPA), taking into account the transverse
correlation functions.

2. The model

We consider a thin MF film deposited on different substrates
and composed of N atomic layers in the z-direction. The
layers are numbered by n = 1,..., N, where the layers
n = 1 and n = N represent the free surface and the surface
on the substrate, respectively. The thickness of each layer
is nearly 10 A or 1 nm. The proposed Hamiltonian (1) can
be applied to MF hexagonal RMnO3; and perovskite BFO
with 7c > Tn. Moreover, it can be used for description
of other composite nanostructures, such as BaTiO3—CoFe;04
composite films [33-35], and for the study of their magnetic
and dielectric properties as a function of a continuously varied
composition. The Hamiltonian is presented as:

H=H®+H"+ H™. (1

H° is the Hamiltonian of the transverse Ising model (TIM) for
the electrical subsystem:

He:_gzsf—%z:]ijsizs;, 2
i v

where S, S7 are the spin-1/2 operators of the pseudo-spins,
Jij denotes the nearest-neighbor pseudo-spin interaction, and
Q2 is the tunneling frequency. In this system the mean electric
polarization is proportional to the z component of the pseudo-
spins introduced in the TIM. In the ordered phase we have the
mean values (S*) # 0 and (§°) # 0, and it is appropriate
to choose a new coordinate system by rotating the original
one used in (2) by the angle 6 in the xz plane. The rotation
angle @ is determined by the requirement (S*') = 0 in the new
coordinate system.

H™ is the Hamiltonian for the magnetic subsystem, which
is given by the Heisenberg Hamiltonian:

H™=—1> A )BB; — 5 ) Axi. )Bi -Bj,  (3)
(if) [&/1

where B; is the Heisenberg spin at the site i, and the exchange
integrals A and A, represent the coupling between the nearest
and next-nearest neighbors, respectively. (ij) and [ij] denote
the once summation over the nearest neighbors and the next-
nearest neighbors, respectively.

The most important term is H™® which describes the
coupling between the magnetic and the electric subsystems in
the MF compound:

Hme:_g

Z S{S/B; - B;. )
{ij) ki
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Here g is the coupling constant between the magnetic and the
electric order parameters.

Because our numerical calculations are done with the
model parameters of BFO we will discuss the above proposed
model for this substance. BFO is one of the most studied
multiferroics due both to its strong ferroelectric polarization
below Tc = 1100 K and its antiferromagnetic order at
room temperature, below Ty = 640 K. In BFO, the
magnetic and polarization orders are driven by different causes.
The magnetization is due to a small canting of the mainly
antiferromagnetically coupled magnetic moments of the Fe
cations. Hill [36] has shown that a Bi A-site cation is favorable
for ferroelectricity in perovskite oxides, regardless of whether
the mechanism for ferroelectricity is electronic or soft-mode.
For the calculation of the magnetic and ferroelectric order
parameters we have used the Heisenberg (2) and transverse
Ising model (3), respectively, and a linear coupling between
them (4). The last magnetoelectric coupling influences and
renormalizes all the properties of the multiferroic substances—
magnetic, ferroelectric, elastic, lattice etc. There are
investigations of the interplay between lattice vibrations and
magnetic excitations which appear very useful because lattice
distortions strongly affect the ferroelectric polarization and
therefore their coupling to magnetic order [37]. This problem
will be considered in our next paper.

3. Numerical results and discussion

The properties of MF thin films are strongly affected by lattice
parameter changes induced by the stress, but the mechanism of
this effect has not been completely clarified. In our previous
paper [26], using Green’s function method, we have calculated
the polarization, the magnetization, the critical temperatures,
the spin-wave energies, and the damping, and have studied the
influence of surface and size effects on these properties. Now
we will discuss the influence of different substrates in order
to explain the experimentally observed electric and magnetic
properties of a MF thin film. We are taking the following model
parameters which are appropriate for BFO with Ty = 640 K
and Tc = 1100 K: Aj, = 158 K, Ay, = —60 K, 2, = 2 K,
Jy =910 K, g = 50 K, § = 2 for the magnetic spins and
S = 0.5 for the pseudo-spins. The numerical calculations are
done for a cubic lattice and wavevector k = 0. Due to the
changed number of next neighbors on the surface and to the
reduced symmetry, the exchange interaction constants J and
A can take different values on the free surface (n = 1) Jg
and A;s compared to the bulk values J, and Aj,. Moreover,
due to the different lattice parameters of the thin film and the
substrate the exchange interaction constants in the surface layer
deposited on the substrate (n = N) are changed and denoted
as Jg and Ajg. It is important to mention that J;; = J (r; —r;)
and Ay;; = A((r; — r;) depend on the distance between the
spins, i.e. on the lattice parameter, on the lattice symmetry
and on the number of next neighbors. Therefore, for a greater
lattice constant and a respectively greater distance between the
spins, the exchange interaction is weaker, whereas for a smaller
lattice constant it is greater. So we can discuss the properties
on a microscopic level.

0.99 4

Polarization P/P,

0.98 +

0.97 T T T T T T
5 10 15 20 25 30 35 40

Number of layers N

Figure 1. Thickness dependence of the polarization P of a BFO thin
film for 7 = 500 K, J, = 910 K, A, = 158 K and different
exchange interaction constants on the substrates: (1) Jg = 0.16Jy,
Jg = O.SJb, A];S = 0.16A]b, Alg = 0-5Alb; (2) J;S = O.S.Ib,

Js = O.SJb, Alss = O.SAlb, Als = O.SAlb; (3) Jss = 3Jb, JS = 2]1],
Alss = 3Alb’ A= 2A]b; (4) Jss = 6Jba Jy= 2be A]ss = 6A]by

A =2Am:.

The results for the film thickness dependence of the
polarization of a MF BFO thin film for 7 = 500 K and
different exchange interaction parameters in the surface layer
deposited on the substrate Jg and A4 are presented in figure 1.
For the case where Jg and A are smaller than the bulk values
Jp and Ajp, and smaller than the surface interaction constants
Js and A, the polarization (figure 1, curves 1 and 2) is reduced
compared to the bulk case without strain. The polarization P
decreases with decreasing film thickness. For Ji > Jg > Jp
and A > Ajs > Ajp the polarization is enhanced (figure 1,
curves 3 and 4) compared to the strain free bulk sample. The
differences between the polarization curves are smaller for
the second case because for 7 = 500 K the polarization
is nearly saturated and can not be further enhanced. For
higher temperatures we obtain a stronger increase of P with
decreasing film thickness. The increase or decrease of the
polarization with decreasing film thickness is due to the lattice
matching between the thin film and substrate. The bulk
pseudo-cubic lattice constants of BFO, STO, LAO and MgO
are 3.95, 3.905, 3.79 and 4.22 A, and lattice mismatch with
BFO is 1.1, 4.1, —6.4%, respectively [27]. The bulk lattice
parameter of BFO is lower than that of MgO, i.e. agp > ap
or Ji < Jp and A3 < Ay, and hence we would expect the
film to be under a tensile in-plane strain where P decreases
with decreasing film thickness (figure 1, curves 1 and 2). This
case could explain the experimentally obtained decrease of the
polarization for tensile substrates MgO and Si [4, 10]. The
effect of the tensile stress is generated by the large mismatch
of the in-plane lattice constants between the film and the
substrate. In the other case, the bulk lattice parameter of
BFO is larger than that of STO and LAO, ie. agwp < ap
or Jgy > Jp and Ajis > Ajp, and hence we would expect
the film to be under a compressive in-plane strain where P
increases with decreasing film thickness (figure 1, curves 3
and 4). This case could explain the experimentally obtained
increase of the polarization for compressive substrates STO
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Figure 2. Thickness dependence of the Curie temperature 7¢ of a
BFO thin film for J, = 910 K, A, = 158 K and different exchange
interaction constants on the substrates: (1) Ji = 0.16Jy, J; = 0.5/,
Alss = 0.16A]b, Alg = O.SAlb; (2) J;S = 6Jb, JS = 2Jba

Alss = 6Albv Als = 2Alb~

and LAO [1, 4, 10]. Earlier we have obtained an enhancement
of polarization even in the absence of substrate effects, due to
surface and size effects [26]. But in the present paper we have
shown that the compressive substrate effects lead to additive
enhancement of P, contrary to the theoretical results reported
by Ederer and Spaldin [20].

In the case of a BFO film on STO and LAO substrates
the relatively smaller substrate lattice parameter compressively
strains the film and causes enhanced polarization, whereas for
Si and MgO substrates the strain is tensile and the polarization
is reduced. This indicates that the substrate-induced strain has
an influence on the crystal structures and on the properties
of the thin films. But due to the lattice matching, different
substrates have different strain effects on different thin films.
For example the bulk in-plane hexagonal lattice parameters of
YMO, ALO, Si and STO are 3.533, 4.758, 3.840 and 2.758 A,
respectively [14]. The surface morphology of the YMO films
are clearly dependent on the lattice matching between the
substrate and the YMO. As seen, the in-plane lattice constant
of YMO is smaller that of ALO and Si, so the YMO layer on
the ALO and Si substrates is under in-plane tensile stress. This
would correspond in our model to the case Jis < Jp, and A <
A1p. The STO substrate gives a strong compressive strain to the
YMO layer (ag, < ap, i.e. Jis > Jp and Ajs > Ajp). This
indicates that the compressive strain of the YMO layer should
be fully relaxed to produce a good ferroelectric property.

Figure 2 shows the dependence of the ferroelectric phase
transition temperature 7¢ on the film thickness and different
Js- and Ai-values. It can be seen that for J, < J, and
Als < Ajp, with increasing film thickness T¢ increases and
for N = 40 layers it reaches the critical temperature of the
bulk without strain, whereas for Ji, > J, and A > Ap We
obtain the opposite behavior, T¢ decreases with increasing film
thickness N. The first case describes a tensile stress whereas
the second case describes a compressive stress.

We have shown that stress affects the polarization P of
MF films. Strain shifts also the ferroelectric phase transition

0.5

0.4+

0.3+

0.2+

Polarization P

0.1

0.0

T T T T T T T T
600 800 1000 1200 1400

Temperature (K)

——
0 200 400

Figure 3. Temperature dependence of the polarization P of a BFO
thin film for J, = 910 K, A}, = 158 K, N = 5 and different
exchange interaction constants on the substrates: (1) J = Jp = Js,
Alss = A]b = Als; (2) Jss = 0-3Jb7 Js = 0-5Jb7 A]SS = 0-3A]b7

Als = O.SAlb; (3) JSS = 2.2]]], Js = ZJb, Alss = 2.2A1b,

Alg = 2A]b~
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e

1200+

800

400 +

Pseudo-spin-wave energy E (cm‘1)

o

T T T T T
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Temperature (K)

T
0 200 1400

Figure 4. Temperature dependence of the pseudo-spin-wave energy
E, of a BFO thin film for J, = 910K, A}, = 158 K, N =5 and
different exchange interaction constants on the substrates:

(1) Jss = Jb = Jsv Alss = Alb = Als; (2) Jss = 0-3Jbs Js = O-S‘Ibs
Alss = 0-3Alb’ Alg = O.SA]b; (3) Jss = 2.2.Ib, Jg = 2Jb7

Alss - 2.2A1b, Als - ZAlb.

temperature 7c. The polarization decreases with increasing
temperature to vanish at the critical temperature 7¢ of the
thin film (figure 3). In the dependence of the exchange
interactions on the substrate Ji; and Ay the ferroelectric
properties, polarization P and the pseudo-spin-wave energy
E, can be smaller (for J < J, and Ajs < Ajp) or larger
(for Jis > Jp and A3 > Ajp) in comparison to the strain
free thin film (figures 3 and 4). The obtained temperature
dependence clearly illustrates the coupling between the two
order parameters below Ty. This coupling is observed as a kink
at the magnetic phase transition temperature in the P(7") and
E.(T) plots. This anomaly can be explained as an influence
of vanishing magnetic ordering on electric ordering in the
system. The dielectric response study with temperature in BFO
thin films on a Pt/Ti0,/Si0,/Si substrate of Palkar et al [28]
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Figure 5. Thickness dependence of the magnetization M of a BFO
thin film for 7 = 500 K, J, = 910 K, A, = 158 K and different
exchange interaction constants on the substrates: (1) A = 0.16A 1y,
Alg == O.SA]b, Jss == 016.Ib, JS == OSJb, (2) A]Sg == 6A]b,
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Figure 6. Temperature dependence of the magnetization M of a BFO
thin film for J, = 910 K, A}, = 158 K, N = 5 and different
exchange interaction constants on the substrates: (1) Js = Jp = Js,
Alss = A]b = Ay (2) Jss = 0-3~]b7 Js = O-Sbe A]SS = O-SA]by

Als = O.SAlb; (3) Jo = 2.2]]], Js = ZJb, Alss = 2.2A1b,

Ay = 2A.

indicates an anomaly in the dielectric constant €(7") in the
vicinity of the Neel temperature 7.

The substrate effects on the magnetization M of a MF
BFO thin film are demonstrated in figures 5 and 6. It can be
seen that M increases with decreasing film thickness for A g >
Ay, 1.e. for compressive substrates (STO or LAO), whereas for
the opposite case A > Ay, i.€. for tensile substrates (MgO
or Si) it decreases with decreasing N (figure 5). This is in
qualitative agreement with the experimental data of BFO [12]
and BiMnOs thin films [15, 16]. We have obtained a similar
behavior for the Neel temperature in the dependence of the
film thickness. In figure 6 are shown the substrate effects on
the temperature dependence of M with N = 5 layers. The
magnetization decreases with increasing temperature to vanish
at the magnetic critical temperature Ty of the thin film. This

1750
_ ./
< 1500 ; /

z
= |}

3
'_

@ 1250 /

E .

®©

o} -/

£ 1000 /_./ 2
£ —
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£ 7504 m"
O /l

|}
| ]
500 — : T .
0 1000 2000 3000 4000 5000
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1ss

Figure 7. Dependence of the critical temperatures on the exchange
interaction constants on the substrate of a BFO thin film for N = 5,
Jy =910K = J,, Ajp, = 158 K: (1) T¢ for different Jg-values;

(2) Ty for different A,-values.

vanishing of the magnetic order causes the kink in the electric
properties at Ty (see figures 3 and 4). In the dependence of
the exchange interactions on the substrate’s Ji and Ajg the
magnetization M and the phase transition temperature 7y can
be smaller (curve 2, for Ji < Jp and A < Ajp) or larger
(curve 3, for Ji > Jp and Ajs > Ajp) in comparison to the
strain free thin film (curve 1).

In figure 7 we have compared the influence of the substrate
exchange interaction constants on the critical temperatures ¢
and Ty. Above the bulk values (J, = 910 K and A, = 158 K)
the critical temperatures 7¢ and Ty increase with an increase
of the interaction constants Jg or Aig, respectively, i.e. with
increasing compressive strain. With decreasing Jg or Ajg
below the bulk values, i.e. with an increase of tensile strain,
the critical temperatures decrease. The Curie temperature for
Js = 9100 K reaches saturation with 7 = 1885 K, whereas
Tx is already saturated at A = 1200 K with Ty = 815 K. It
can be seen that the Neel temperature Ty is not so sensitive
to the strain in comparison with the Curie temperature 7¢.
Similar results are observed experimentally [18, 29]. We obtain
that the Curie temperatures for the substrates STO and LAO
are very close, that of STO is a little bit larger than 7¢ of
LAO. The reason is the nearly identical changes of the lattice
parameters of the BFO thin film. The critical temperatures due
to the compressive substrates STO and LAO are significantly
larger compared to the Curie temperature 7¢ due to the tensile
substrate MgO. This is in agreement with the experimental
data of Kartavtseva et al [11]. The possibility of a significant
decrease in the ferroelectric ordering temperature in BFO films
by epitaxial stresses is of interest for practical use. The direct
measurement of the optical properties at high temperatures is
not possible [9], since it was found that the effect of a laser on
a sample in combination with heating up to 800 °C leads to the
bismuth loss from the film surface.

4. Conclusions

In conclusion, the physical properties of MF thin films can be
adjusted by using different substrates due to lattice mismatch.
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However, there are some controversial arguments about
the origin of the enhanced magnetization and polarization
observed in epitaxial constrained MF thin films. To clarify
this fact we have investigated the surface, size and substrate
effects on the properties of MF BFO thin films. We have
shown that P and M could be increased or decreased, first
due to surface and doping effects [26], and further due to
compressive or tensile substrate effects, respectively. This
strongly depends on the lattice mismatch between the film
and the substrate. For example for BFO thin films STO
and LAO are compressive substrates (dgp < ap, Jss > Jb)
whereas MgO is a tensile substrate (agy, > ap, Jss < Jb).
For YMO thin films the STO substrate causes compressive
strain, whereas ALO causes tensile strain. Our results show
that the critical temperatures are also significantly affected
by the substrate-induced stresses. The obtained results are
in qualitative accordance with the experimental data. It must
be mentioned that our method and approximation can be also
applied in order to obtain quantitative comparison with the
experimental data [38], because by the analytical calculations
we go beyond the random phase approximation (RPA) and take
into account the correlation functions [26]. But for quantitative
comparison the structure of the thin film and the substrate must
be considered in more detail. This will be done in the next

paper.
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