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Abstract

The influence of the surface, film thickness, temperature and ion doping effects on the magnetic
and electric properties in multiferroic thin films is studied by a combination of modified
Heisenberg and transverse Ising models using a Green’s function technique. It is demonstrated
that the magnetization M, the polarization P, the critical temperatures Tx and T¢, the spin-wave
energies E,, and E., and their damping are very sensitive to the exchange interaction constants
on the surface (A5 and Ji) and in the defect layers (A4 and J3). It has been found that the
damping is enhanced compared to the case with no defect layers. We have obtained that M, P,

T, Tc and the spin-wave energies could be increased or decreased by using different kinds of
doping ions. The concurrent interaction mechanisms of the magnetic and electric subsystems
are shown. The results are in qualitative accordance with the experimental data.

1. Introduction

In recent years multiferroics, defined as materials with
the coexistence of at least two of the electric, elastic
and magnetic orders in a single phase, have attracted
considerable research interest.  Ferroelectromagnets, also
called magnetoelectric multiferroics, could be regarded
as a subsystem of multiferroics, which possesses both
electric and magnetic orders [1]. One of the well-known
ferroelectromagnets is BiFeO3; (BFO), which exhibits both
ferroelectricity and antiferromagnetism (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 compared to many standard
ferroelectrics and ferromagnets.  Recently, Wang et al
[2] reported an enhancement of the polarization (almost
an order of magnitude higher than that of the bulk) and
related properties in heteroepitaxially constrained thin films
of BFO. The films also exhibit enhanced thickness-dependent
magnetization compared to the bulk. This increase was
attributed either to the formation of Fe*t jons [3], to
a homogenization of the magnetic spins [4] or to an
increased canting angle [3]. Enhanced ferroelectric and
magnetic properties in multiferroic thin films are obtained
experimentally by many authors [5-7]. The values of the
remanent polarization P, and coercive field E. are also
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greatly enhanced [6, 7]. Nechache et al [8] have observed
in BiFeCrOg¢ multiferroic thin films an increase in the
macroscopic magnetization with decreasing thickness which
could possibly be due to the increase of the canting angle
and/or a re-ordering of the Cr and Fe cations. The dependence
of the dielectric response on temperature in BFO thin films
studied by Palkar et al [5] indicates an anomaly in dielectric
constant €(7') in the vicinity of the Néel temperature. This
anomaly in €(7T) is explained as an influence of vanishing
magnetic ordering on electric ordering of the BFO sample. The
electric and magnetic properties of thin films could be affected
by doping the sample with different ions. As shown in [9-17]
the ferroelectric polarization and the saturation magnetization
are greatly enhanced by doping with La, Ti, Sc, Nb and Cr
ions. Doping with Mn ions does not lead to improvement of
these properties [15], while doping with Ce ions reduces [18]
the ferroelectric polarization of the thin film.

The deposition of a thin film on a substrate leads to the
existence of considerable strain, resulting from differences in
crystal lattice parameters, thermal expansion behavior between
the film and the underlying substrate or defects formed during
deposition. Consequently, the properties of thin films can
be considerably different than the intrinsic properties of the
corresponding bulk materials. The importance of substrate
effects on phase transitions can be seen, for example, in
STO thin films. STO is an incipient ferroelectric, remaining
paraelectric down to 0 K. However, chemical substitution,

© 2009 IOP Publishing Ltd  Printed in the UK
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such as Ba,Sr;_,TiOs, or stress by substrate effects can
disturb this state, resulting in ferroelectricity. ~The most
impressive experimental observation of biaxial strain coupling
is that of Haeni et al [19]. STO thin films were grown
coherently onto DyScOj; in-plane tensile strain sufficient to
not only raise the Curie temperature, but also to change
an incipient ferroelectric into a genuine ferroelectric. A
phenomenological thermodynamic theory of ferroelectric thin
films epitaxially grown on cubic substrates is developed by
Pertsev et al [20] using a new form of the thermodynamic
potential, which is a function of polarization and strain. These
two works on strain-induced ferroelectricity in STO is a clear
and powerful demonstration as to how important substrate—
film strain interactions can be. Liu ef al [21] have considered
the influence of the three-dimensional residual strain in
multiferroic films. The authors have studied magnetically
induced polarization using the Landau—Ginsburg—Devonshire
thermodynamic theory. In the framework of a general Landau
free energy function Jiang and Qiu [22] have investigated
the ferroelectric and magnetic properties of BFO thin films.
It was shown that the properties, such as lattice parameters,
polarization and magnetization are functions of misfit strains.
Based on the thermodynamic model, Lu et al [23] have studied
the critical phase transition temperatures of the ferroelectric
and ferromagnetic phases in multiferroic thin films. They
are significantly affected by the induced elastic stresses
arising from the ferroelectric/magnetic and the film/substrate
interfaces. Using the Landau—Devonshire theory Ma et al [24]
have investigated strain effects and the thickness dependence
of the ferroelectric properties in epitaxial BFO thin films.
Recently, density functional theory modeling of BFO and
Bi,FeMnOg epitaxial thin films was carried out by applying
the generalized gradient approximation by Bi et al [25].
The electronic structure calculations are consistent with the
electronic and optical properties of these films. The influence
of the substrates on the properties of MF thin films will be
studied in a future paper.

Most of the theoretical works [21-24] are based on the
phenomenological Landau theory. In our previous papers we
have proposed an alternative approach, investigating different
static and dynamic properties of hexagonal multiferroic
RMnO; compounds using a combination of the transverse
Ising and Heisenberg models, taking into account the
magnetoelectric coupling term [26, 27].  The coupling
term between the ferroelectric and magnetic subsystems is
considered to be biquadratic. The aim of the present paper is to
study the magnetic and ferroelectric properties in multiferroic
thin films based on the same microscopic model which is
modified to describe thin film properties.

2. The model

The Hamiltonian of the multiferroic system can be presented
as
H=H*+H"+ H"™. (1)

H*¢ denotes the Hamiltonian for the electrical subsystem within
the framework of the transverse Ising model (TIM). Thus H*®

can be written as
He=-Q) 8§ =13 J;S:se, )
i ij

where S, S7 are the spin-1/2 operators of the pseudo-spins,
J;j denotes the nearest-neighbor pseudo-spin interaction and
2 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 (S°) # 0, and it is appropriate
to choose a new coordinate system, rotating the original one
used in (2) by the angle 0 in the xz plane [26]. The rotation
angle 6 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™=—3Y A, )Bi-B; — 1> As(i. )BiB;,  (3)
(i) ij1

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. H is the external
magnetic field parallel to the z axis. (ij) and [ij] denote
the summation over the nearest neighbors and the next-nearest
neighbors, respectively.

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

H™ =—g) > SiSiBi-B;. )
(ij) ki
Here g is the coupling constant between the magnetic and the
electric order parameters.

3. The Green’s functions

The retarded Green’s functions to be calculated are defined as
the Green’s function for the ferroelectric subsystem:

Gij(1) = (S (1); S;(0))). (&)

where ST and S are the spin-% operators in the rotated system,
and the retarded Green’s function for the magnetic subsystem:

8ij (1) = ((B{" (1); B; (0))), (6)

where BT and B~ are the Heisenberg spin operators.
On introducing the two-dimensional Fourier transform
Gun; (Ky, E) (and analogously for g, (Ky, £)), one has the
following form:
G* = (S ST )e
2(5%)
= N/

> " exp(iky(r; = 1)) G, (k). E). (7)
k)

where N’ is the number of sites in any of the lattice planes.
P(T) = 2(SZ/) is the relative polarization in the direction of
the mean field. r; represents the position vectors of site i and
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n = 1,..., N denotes the layer ordering number beginning
with one surface (n = 1) and terminating with the other surface
(n = N). kj = (ky, ky) is a two-dimensional wavevector

parallel to the surface. The summation is taken over the
Brillouin zone. For the approximate calculation of the Green’s
functions we use a method proposed by Tserkovnikov [28],
which is appropriate for spin problems. After a formal
integration of the equation of motion for the Green’s function,
for example in (5), one obtains

Gij(1) = =i0()([S;"; S} 1) exp(—ie;j ()1) ®)

where
i s )
0 =ej - ?/o art (qu(t); ST
(Ljn(0); TS 0); jj(r/)]))
- (1) ST (+)1)2 ®)
(IS7 ;ST @)

with the notation j; () = ([Si+ , Hine]). The time-independent
term

(IS, H1: S71)

UETSTS (10

is the soft mode energy in the generalized Hartree—
Fock approximation (GHFA). The time-dependent term in
equation (9) includes damping effects.

We have considered the ferroelectric subsystem with a
simple cubic lattice. The pseudo-spin-wave energy is in the
generalized Hartree—Fock approximation:

E.(kj) = 2Qsin6 + 1 P cos® 0 Jetr — 1 P sin” 0 Jer (k)

NP
qll

X (S;H S;))

with

1.
(COS2 0 Jerr(ky — qp) — > sin® @ Jegr(q))
(11)

Jx, = 3 Jij(cos(kya) + cos(kya)). (12)

The quantity P(T) is the relative polarization in the direction
of the mean field and is equal to 2(S%). M(T) = (B%) is the
relative magnetization and must be calculated from the Green’s
function (6). It can be seen that the pseudo-spin exchange
interaction constant J; is renormalized due to the interaction
constant between the electric and magnetic subsystems g to
Jefr:

(13)

The following two solutions have been obtained for the rotation
angle 6:

Jeit = Jij +2¢((B] B)) + (B[ B})).

b4
(1) cosf =0, i.e. 9:5, ifT > T¢;

. 4Q P.
(2) sinf = = —,
Pl P

if T < Te.

The relative polarization is given by

E.(ky)
2kgT '

1
P=— tanh (14)
N 2

For the magnetic subsystem the spin-wave energy from
equation (6) in the generalized Hartree—Fock approximation is
calculated to be

11
En(k)) = 2BIN Y (A (ap — Ak — ap)
q|
x (2(BjuBqu) - (BIEH*‘IH B/;;*QH))
1 1
*SETN > (Ax(ay) — A2k — qp)

q|

X (Z(BguBiw) a (Blfu—qu Ba—q\\>)' (15)

The spin exchange interaction constant between next-nearest

neighbors A is also renormalized to A", due to the coupling

between the electric and magnetic subsystems g:

AT = A, +2gP?cos? 6. (16)

The relative magnetization M for arbitrary spin value S is
given by

1
M = N Z[(S +0.5) coth[(S + 0.5) B Em (k)]
Ky

— 0.5coth(0.58 En(k)))]. (17

4. Numerical results and discussion

This section presents results from the numerical calculations
for the following model parameters: A;p, = 158 K, Ay =
—-60K, Q2 =2K,J, =910K, g =50K,S =2
for the magnetic spins and S = 0.5 for the pseudo-spins.
They are appropriate for the description of BFO with critical
temperatures Ty = 640 K and 7c = 1100 K. Due to the
changed number of next-nearest neighbors on the surface and
to the reduced symmetry, the exchange interaction constants
A; and J can take values on the surface A and J; different
from those of the bulk A, and J,. First of all, we have
studied the surface effects by calculating the magnetization,
the critical temperature, the spin-wave energy and the damping
for different values of the surface exchange interaction Ajs,
constant film thickness N and wavevector k = 0. The results
for a thin film with N = 5 layers are presented in figures 1
and 2. It can be seen that the magnetization, spin-wave energy
and phase transition temperature are highly sensitive to the
strength of Ajs. For the case where the exchange interaction
on the surface layer is smaller than the bulk one, A;; < Ay,
for example A;; = 70 K (figures 1 and 2, curve 1), the
magnetization M, the spin-wave energy E, and the critical
temperature 7y are reduced compared to the case Ajs = Ay
(curve 2). For Aj; = 230 K (figures 1 and 2, curve 3),
ie. Ajg > Ajp, an opposite behavior is observed; M, Ey, and
Tn are enhanced compared to the bulk (curve 2). The results
obtained for the dependences of the ferroelectric properties,
polarization P, energy E. and the phase transition temperature
Tc, on the exchange interaction on the surface Js (figures 3
and 4) clearly illustrate the coupling between the two order
parameters below 7n. 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
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Figure 1. Temperature dependence of the magnetization M of a

multiferroic thin film for N = 5, J; = J, and different A |-values:
1— A]s = 045A]b, 2— A]s = A]b; 3— A]s = 1-5Alb‘
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Figure 2. Temperature dependence of the spin-wave energy Ep, of a
multiferroic thin film for N = 5, J; = J,, and different A-values:
1— Als = 0.45A1b; 2— Als = Alb; 3— Als = 1.5A1b.

vanishing magnetic ordering on electric ordering in the system.
The dielectric response study with temperature in BFO thin
films of Palkar et al [5] indicates an anomaly in the dielectric
constant €(7") in the vicinity of the Néel temperature. Lu et al
[29] have also obtained a kink in the temperature dependence
of the dielectric function € in a magnetic field of multiferroic
BigFe,Ti3 O3 thin films. The pseudo-spin-wave energies of the
thin films could be larger or smaller compared to the bulk in
dependence of J (figure 4), whereas the damping is greater
than that of the bulk for both cases J; < J, and J; > J. The
damping of the pseudo-spin waves is at low temperatures 7'
very small, but with increasing 7 it increases very strongly.

In order to show the influence of the magnetic subsystem
on the electric one we have studied the temperature dependence
of the polarization for different values of the magnetic surface
exchange interaction constants. The results are shown in
figure 5. In the case of A;; > Aj, (curve 2) the Néel
temperature Ty increases with increasing A5 and comes near
to the critical temperature of the electric subsystem 7¢c. When
Ajg is large enough, ie. A;g > Ay (curve 3), the kink
disappears and T¢ slowly increases.

Polarization P

0.0

v T T T T T T T T
0 200 400 600 800 1000

TK)

1200

Figure 3. Temperature dependence of the polarization P of a
multiferroic thin film for N = 5, A;; = Ay, and different J,-values:
1— Js = 04500 2— Jy = Jp; 3— Js = 1.5,
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Figure 4. Temperature dependence of the pseudo-spin-wave energy
E. of a multiferroic thin film for N = 5, A, = A, and different J
values: 1— J, = 0.45Jy; 2— Jy = Jy; 3— J, = 1.5J,.

0.5 1

0.4 2

0.3

0.2 4
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0.1 1
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T T T T
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Figure 5. Temperature dependence of the polarization P of a
multiferroic thin film for N = 5, J; = J;, and different A, values:
I— A=A 2— Ay =2A1,: 3— Ay = 3Ay,.

Furthermore, we have investigated the dependence of the
magnetization M, the polarization P, the phase transition
temperatures, the spin-wave energies and their damping on the
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N

Figure 6. Thickness dependence of the magnetization M /M, of a
multiferroic thin film for 7 = 500 K, J; = J,, and different A
values: 1— A[S = 0.6A1b; 2— Als = ZAlb; 3— Als = 3A1b.

film thickness N. The physical properties of multiferroic thin
films can be controlled by changing their thickness. The results
are shown in figures 6-8. The magnetization M, figure 6,
the spin-wave energy Ey,, figure 7, as well as the critical
temperature 7y could be decreased or increased by controlling
N for both cases Ajs < Ajp (curve 1) or A3 > Ajp (curves 2
and 3), respectively. The first case, where the surface exchange
interaction constants are smaller compared to the bulk value,
could be responsible for the experimentally observed decrease
from Nechache er al [8] of the magnetization with decreasing
film thickness in Bi;FeCrOg (BFCO) thin films. The authors
noted that this could be due to the increase of the canting
angle and/or a re-ordering of the Cr and Fe cations. Neutron
diffraction study of hexagonal manganite YMnO3; and ErMnO3
epitaxial films shows that the Néel temperature for the Mn3+
ions ordering is smaller compared to the bulk case [30] which
corresponds to the case A;s; < Ajp. The second case,
where the surface exchange interaction constants are larger
compared to the bulk value, could explain the experimentally
observed enhanced magnetic and ferroelectric properties in
BFO [2—4, 31] and BisFe,TiOq, [32] thin films. This increase
was attributed either to the formation of Fe?T ions [3], to a
homogenization of the magnetic spins [4] or to an increased
canting angle [3]. Depending on the value of A the spin-wave
energies of the thin film, figure 7, could be larger or smaller
compared to the bulk, while the damping in the thin film is
always greater than that of the bulk due to the influence of the
surface and size effects.

We have also studied the thickness dependence of the
polarization P, the phase transition temperature 7¢, the energy
E. and its damping of the ferroelectric subsystem for different
values of the surface exchange interaction constants. For
the case J; > Jy, where the surface exchange interaction
constant of the electric subsystem is larger compared to the
bulk value, we have obtained that the polarization increases
with decreasing film thickness (figure 8, curve 1), whereas for
the case J; < Jy, (curve 4, for the same value of A as in curve
1) it decreases. It is interesting to investigate the influence
of the surface exchange interaction constant of the magnetic
subsystem A on the polarization P. In the case of J; > J,

mb
N
.
1

m

-
(9]
1

00
DO0O0000000 8080 0ees

Spin-wave energy E /E

o
©
1

0.3 T T T T T T T

Figure 7. Thickness dependence of the spin-wave energy E\,/E, of
a multiferroic thin film for T = 500 K, J; = J, and different A
values: 1— Alg = 0.6A]b; 2— Alg = 2A]b; 3— Alg = 3A]b‘
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p
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o
c
S
© 3
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Figure 8. Thickness dependence of the polarization P/ P, of a
multiferroic thin film for 7 = 500 K and different A and J; values:
1— Als = 4A1b and JS = 3]1]; 2— Als = 0.6A1b and JS = 5Jb; 3—
Alg = 0.6A]b and Js = 3Jba 4*A1; = 4A]b and Jg = 06.Ib, 5
Als = 0.6A1b and JS = 06Jb

different values of A;s can lead to different film thickness
behavior of P. For J; > J, and A|s > A, we have obtained
an increase of P with decreasing N (curve 1), whereas for
Js > Jpand A < A P decreases with decreasing N (curve
3). This behavior could be reversed for large enough values of
Js, Js > Jp, which is shown on curve 2. This demonstrates
the complexity of the interactions between the magnetic and
the electric subsystems which leads to various interesting, from
an applications point of view, properties of these multiferroic
thin films. In the other case J; < J, we have obtained a
decrease of the polarization with decreasing film thickness N
for all values of A5, Ay > Ajp (curve 4), and A|; < A
(curve 5), and we notice that the last curve is steeper. In
that case the influence of the magnetic system is not strong
enough to change the behavior of the polarization. Generally,
the absolute change of P with film thickness is stronger when
Js < Jp than the case J; > J,. The Curie temperature 7¢ and
the pseudo-spin-wave energy E. have an analogous behavior.
For J; > Jy and A > Ajp we have obtained larger T¢ and
E. values compared to the bulk ones. This could explain the



J. Phys.: Condens. Matter 21 (2009) 225007

St Kovachev and ] M Wesselinowa

Polarization P
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Figure 9. Temperature dependence of the polarization P of a

multiferroic thin film for N = 7, A;; = Ay, and different J4 values:
1— Jd = 06.Ib, 2— Jd = Jb; 3 Jd = 2Jb

experimentally observed enhanced ferroelectric properties in
BFO thin films [2, 6, 7]. Recently Chu ef al [33] have studied
the size effects in multiferroic BFO thin films and obtained
ferroelectricity down to at least 2 nm film thickness. Using
x-ray photoelectron spectroscopy (XPS) in BisFe,TiOy; thin
films Lu er al [27] have reported that the XPS peaks of the film
are shifted to the lower-energy end by 1.4 eV in comparison
with that of BisFe,TiO;, ceramics and that the peaks are
broader, i.e. the damping which corresponds to the full width
of the half-maximum (FWHM) of the peaks is greater in thin
films. The FWHM of the peaks in thin films usually comes
from various additively factors, e.g. crystalline size, surface
effects, strain, defects, substrates, film/substrate interface, etc.
Singh et al [34] have obtained that the FWHM in multiferroic
LCMO/BTO superlattices decreases at higher film thicknesses
of BTO due to strains in the film. The x-ray diffraction
peaks studied by Hu et al [35] in Gd-doped BFO thin films
are broadened even for a low Gd content. For temperatures
above Ty where only the electric phase exists we have obtained
that the polarization increases for J; > J, or decreases for
Js < Jy, for all values of As. This shows that above the Néel
temperature the magnetic system cannot influence the electric
one. It must be noted here that different kinds of substrates
could also influence the properties of multiferroic thin films.
This will be discussed in a separate paper.

In order to study the effects of doping on the ferroelectric
and magnetic properties of multiferroic thin films we assume
that one or more of the layers can be regarded as a defect.
The interaction strength of these defect layers is described by
Ja(ri —rj) (or Ag(r; — rj)) which depends on the distance
between the neighboring spins. For example, such a defect
could originate from localized vacancies or impurities, doping
ions with larger radii and respectively larger distances between
them compared to that of the host material. In this case it is
reasonable to assume that the exchange interaction Jg in one or
more defect layers is smaller than the value of the interaction
when there are no defects Jy, i.e. Jy < Jp. In that case we
have obtained that the polarization P (figure 9), the pseudo-
spin-wave energy E. and the Curie temperature 7¢ are smaller
than the case without defects, Jq4 = J,. While for Jq4 > J,

0.50

0.45

0.40

Polarization P

0.35

0.30 T T T T T
0 1 2 3 4 5 6 7

Number of defect layers n,

Figure 10. Dependence of the polarization P of a multiferroic thin
film for N = 7 on the number of defect layers nq, T = 550 K,

Js =200K, J, =910K, Ay, = Ay, and different Jy4 values: 1—500;
2—1500 K.

i.e. Jq is larger than the value without defects J;, (for example,
when the impurities have a smaller radius compared with the
constituent ions), the opposite behavior is observed, i.e. P,
E. and T¢ are larger than the case Jg = J,. The electric
properties of the thin films are enhanced in comparison to those
without defects due to the presence of larger values of the
exchange interaction constant J4. The changes of the exchange
interaction constants due to defects, ion doping or strain effects
reflect on the magnetoelectric coupling constant g (because
J or AT equations (13) and (16), are depending on g) and
the interaction constants influence each other. For example,
Bi ions of multiferroic BiMnO; were substituted with La by
Yang et al [36] in order to induce an overlap of the ferroelectric
and ferromagnetic transitions in temperature. The authors have
obtained a dynamically enhanced magnetoelectric effect in La-
doped BiMnOj; thin films. Magnetoelectric coupling enhanced
by two orders of magnitude is reported by Nugroho et al [37]
in Ga-doped YMnOs single crystals.

The next figures 10-12 show the dependence of the
polarization, the critical temperature, the pseudo-spin-wave
energy and its damping on the number of defect layers, i.e. on
the concentration of defects. The polarization (figure 10)
and analogously the Curie temperature could be increased or
decreased depending on the value of J4. For the case J3 =
1500 K (curve 2), i.e. Jy is larger than the value without
defects J,, the polarization and the critical temperature are
larger than the case when there are no defects, Jy = J,. The
electric properties of the films are enhanced in comparison to
those without defects due to the presence of larger J4 values.
An opposite behavior is observed in the case J3 = 400 K,
Ja < Jy (curve 1). The first case, Jg > Jp, could explain the
experimentally obtained increase of the ferroelectric properties
by doping of BFO films with ions, such as Ti [13], Sc [14],
Nb [9, 15], Cr [16, 17] and Tb [38, 39]. In this case the
doping ions (for example, Sc, Ti, Nb and Cr) have smaller radii
in comparison to the host material ions (Fe) or, for example,
Tb in comparison to Bi, i.e. J3 > J,, and the properties
are increased. In the case of Mn the radius of the doping
ion Mn and the host ion Fe are nearly the same and the
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Figure 11. Dependence of the pseudo-spin-wave energy E. of a
multiferroic thin film for N = 7 on the number of defect layers nq,
T =550K, J; =200K, J, =910K, A, = Ay, and different J4
values: 1—500; 2—1500 K.

doping with Mn does not lead to improvement of the electric
properties [15]. This corresponds to the case Jq = Jp and the
properties are the same as in the undoped thin films. Hu et al
[35] have studied the effects of Gd substitution on structure
and ferroelectric properties of BFO thin films. The results
show that the remanent polarization P, and the coercive field
E. decrease monotonically with the increase of Gd content.
It is well known that the ionic radius of Gd*>* (0.938 A) is
much smaller than that of Bi*t (1.03 A). Therefore, we would
expect higher values of the remanent polarization P, induced
by larger structure distortions in BFO films doped with Gd.
This phenomenon can be ascribed to a decrease of the Curie
temperature as observed in BFO thin films doped with La
and Nd [40], to a decrease of grain size and, hence, more
defects formed at the grain boundaries may deteriorate the
ferroelectric properties. Naganuma et al [41] have observed
an enhancement of the ferroelectric properties in BFO thin
films by a small amount of cobalt addition. The saturation
magnetization decreased when the cobalt content exceeded
15 at.%, whereas the ferroelectricity degraded when the cobalt
concentration exceeded 9 at.% due to the formation of the
secondary phases of BiyPt. In the case of doping with La
there is some discrepancy in the experimental data. In some
papers [9—12] there is reported an increase of the polarization
in multiferroic BFO thin films, but a decrease of the critical
temperature 7¢ [40, 42, 43]. Some authors obtained an increase
of the magnetization M [9—12], but others a decrease of M [44]
and the Néel temperature 7y [42] as the La concentration
increases. Our hypothesis about the influence of the doping
ion radius cannot be applied here, because the ionic radii of
Bi** (1.02 A) and La’* (1.04 A) are nearly equal, so the
difference in ion size does not have an effect on the phase
transition temperature. There must be another reason which
leads to the changes of the polarization or magnetization in
BFO thin films doped with La and this will be considered in
a future publication. The properties are depending also on
the substrates, on the valence of the Fe ion (it can be Fe*t or
Fe’™), etc. The saturation magnetization was enhanced about
two times due to the Fe** ions in the BFO thin films [10].
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Figure 12. Dependence of the pseudo-spin-wave damping y of a
multiferroic thin film for N = 7 on the number of defect layers nq,
T =550K, J,=200K, J, =910K, A; = Ay, and different J4
values: 1—500; 2—1500 K.

In figures 11 and 12 there is demonstrated the dependence
of the ferroelectric pseudo-spin-wave energies E. and their
damping y on the number of defect layers, i.e. on the
concentration of doping ions. It can be seen that E. can be
increased or decreased depending on the value of the exchange
interaction constant Jy in the defect layer(s) (figure 11),
whereas the damping is increased in thin films for all values
of Jy (figure 12). The damping increases with temperature 7'
and exchange interaction constant Jg. Unfortunately, there are
not many experimental data about the spin-wave energies and
their damping in multiferroic thin films. Nechache er al [8]
have observed that the FWHM of the O 1s peak in the XPS
spectra of BFCO thin films is slightly larger than that of BFO
thin films, which could denote the presence of some atomic
disorder in the BFCO layer (for instance, caused by disorder
in the Fe—Cr sequence along (111) or by a slight deviation of
the nominal Fe/Cr atomic ratio), possibly due to the surface
proximity. The broadening of the diffraction peaks studied by
Hu et al [35] in Gd-doped BFO thin films increases with the
increase in Gd concentration.

5. Conclusion

Using a microscopic model and the Green’s function technique
we have calculated different static and dynamic properties
of multiferroic thin films in the generalized Hartree—Fock
approximation. The influence of the surface, film thickness,
temperature and doping effects on the magnetic and electric
properties of multiferroic thin films is studied. It is shown
that the magnetization M, the polarization P, the critical
temperatures Ty and T¢, the spin-wave energies FE,, and
E., and their damping are very sensitive to the exchange
interaction constants on the surface. The physical properties
of multiferroic thin films can be controlled by changing their
thickness. We have obtained that M, P, Ty, Tc and the
spin-wave energies could be increased or decreased by using
different kinds of doping ions. The results show that the
damping of the thin film is enhanced compared to that of the
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bulk and furthermore enhanced compared to the case without
defects.
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