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By modifying the interchange interactions and the transverse fields on the epitaxy surface layer, this paper studies

the phase transition properties of an n-layer ferroelectric thin film by the Fermi-type Green’s function technique based

on the transverse Ising model with a four-spin interaction. The special attention is given to the effect of the epitaxy

surface layer on the first-order phase transition properties in the parameter space constructed by the ratios of the

bulk transverse field and the bulk four-spin interaction to the bulk two-spin interaction with the framework of the

higher-order decoupling approximation to the Fermi-type Green’s function. The results show that the first-order phase

transition properties will be changed significantly due to the modification of interchange interaction and transverse field

parameters on the epitaxy surface layer. The dependence of the first-order phase transition properties on the thickness

of ferroelectric thin films is also discussed.
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1. Introduction

Surface and size effects on phase transitions in fer-
roelectric thin films have been the subject of growing
interest in recent years with the rapid development in
the preparation technology and practical application
of ferroelectric materials.l') Depending on the sample
size and the surface preparation, the Curie tempera-
ture and the polarization can be significantly altered
in finite size ferroelectric materials. On the theoretical
treatment, the Landau phenomenological theory2—7!

(8=15] have been ma-

and the transverse Ising model
turely developed for the investigation of the second-
order phase transition properties in ferroelectric thin
films due to the surface modification. However, the
researches on the first-order phase transition proper-
ties in ferroelectric thin films are relatively much less
than those on the second-order phase transition. Scott
et al.'% as well as Tan et al.'" and Lin et al.l'®
had studied the ferroelectric thin film with a first-
order phase transition by the phenomenological the-
ory. Many researchers had used the transverse Ising
model with a four-spin interaction to study the first-

order phase transition properties in ferroelectric thin
films. With the usual mean-field approximation to the
transverse Ising model with a four-spin interaction,
the first-order phase transition in ferroelectric thin
films[19:29] or ferroelectric superlattices':22 was sys-
tematically studied. Using the Green’s function tech-
nique, Wang et al.[>*! and Wesselinowal?*! investigated
the first-order phase transition properties in order—
disorder ferroelectrics and ferroelectric thin films re-
spectively. Adopting the higher-order approximation
to the Fermi-type Green’s function, Teng and Sy
studied the first-order phase transition properties in
the parameter space with respect to the ratios of the
transverse field and the four-spin interaction to the
two-spin interaction for ferroelectric thin films with
the uniform surface and bulk parameters. However,
the effect of interchange interactions and transverse
fields on the epitaxy surface layer on the first-order
phase transition properties has not been calculated
numerically.

In the present work, interchange interactions and

transverse fields on the epitaxy surface layer for an
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n-layer ferroelectric thin film are assumed to be dif-
The effect of
various interaction parameters on the epitaxy surface

ferent from those in the bulk layers.

layer on the first-order phase transition properties of
the system will be studied in the parameter space with
respect to the ratios of the bulk transverse field and
the bulk four-spin interaction to the bulk two-spin in-
teraction as the function of thickness parameter n by a
higher-order decoupling approximation to the Fermi-
type Green’s function. The dependence of the first-
order phase transition properties on the interchange
interaction and the transverse field on the epitaxy
surface layer as well as the thickness of the ferroelec-
tric thin film is obtained. Simultaneously, the second-
order and the paraelectric phase transition properties

are also discussed.

2. The model and the Green’s

function

The Hamiltonian of the transverse field Ising

model with a four-spin interchange interaction term
i5(25,26]

S osr -3 g szsz
i (,7)
4
DA NCECE (1)
(4,5,k,1)

where (2; is the transverse field, S¥ and S? are the z
and z components of pseudospin-1/2 operator at site

s Jij ) and J; ( 121 are the two-spin and four-spin inter-
change interaction, > » and 3, .\ ) run over only
the nearest-neighbouring pairs and round-a-plaquette
spins, respectively. In order to distinguish the sur-

face layers from the bulk layers, transverse fields and

(i) for the film with one layer,

J&
wi = “Qs2+4‘]s(2) a4

2
+ 474 { i

(ii) for the film with two layers,

interaction parameters are defined as

(25, i on the surface,

(2, 1 in the bulk,

(2)
J& )7

JP i, j in the bulk,

1,j on the surface,

(4)
J(4) _ 5

RN i Gk, in the bulk.

1,7, k,l on the surface,

According to the Hamiltonian of the transverse
Ising model with a four-spin interchange interaction,
the higher-order equations of motion for the Fermi-
type Green’s function can be obtained, and conse-
quently the polarization (S%) and the transverse com-
ponent (S*) for an n-layer ferroelectric thin film can
be given byl2]

(SE) = (0/2wny) tanh(wpk/2kpT),
<S;€E> = (Qk/ank) tanh(wnk/2kBT), (5)
where
o= Z T3 (S5) + 30 T (S5) (S0 (SD). - (6)

jkl

Obviously, equation (5) is a transcendental equation
for the polarization (S*) and the transverse compo-
nent (S®) with respect to the interchange interaction,
transverse field, thickness, and temperature. For sim-
plicity, we assume that the thin film has a simple
cubic symmetrical structure, therefore S = S7. ;| ,,
SE = Sh i1k Wnk = Wnntl—k, 1 = 2, = (), and
Q2 =, (2<k<n-—1). Here the epitaxy surface is
taken into account, therefore the eigenfrequencies are
obviously different from those of the uniform ferroelec-
tric thin film.[25] In this way, the eigenfrequencies for
an n-layer ferroelectric thin film can be given out in
terms of general expressions:

1
+3IO(SHP + 5502 + 250 A0 + rzss%}

(517 + 252(S7)" + | g7 + 55D+ (59 J£4)+395(Sf)25f}; )

(2)
J 1
w2 = 22 +4J§2>{ 1 +3J2(57)2 + P (87)% + [2(55)2 +2(Sf)4} J&
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(2)
1 JL
+[4(Sf)2+3(52)]J(4 +QSl} <2){ b+ I (ST + A4S I + ()7 4)+QSI}

1

- 1 z\4 z\6 (4)

(2)
+4J<4>{‘]2 (87)% +202(85)" + JP(S5)" + [
+ [1(5) +2(5%) ] T 4 304(57) SI}
2 1 1 1

(2)

1
+4J<4>{ (ST)% +3J2(SP)* + = (8)* + [2(51) +2(Sz)] J
1 z xr z T
+ [64 S (57) } TV + 02.(87)2S; +2(ZS(51)251}; (8)
iii) for the film with n layers (n > 3),
for the fil hnl
I (2) 1
way = 02+ 4IPS 43I (S7)7 + A7 8785 + {2(55)2 +2(Sf)4} J
1 z\2 2\2(Qz)2 (4) T
+ 1(52) +3(S)7(S3)7| Iy~ + £25%
(2) J(Q) (2) J@ (4) z
+ 7 i 4 S7S% +4(S7)2S5TW + SiS; Y + 2,83
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+4J§4){ (517 + 252(57)" + PS03 + | g + 550+ (57)°] 40
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JS z z z J; z Qz 1 z z z
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1 z\2 (4) 2\2 Qx zZ QzZ QX
+ 64 (51) (S3)7| Sy~ + 2(53)°ST + 202,57 5555 ¢, 9)
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3. Numerical results and discus-
sion

The polarizations <S,§71>, (S5, <S,'§+1> and
(Sg_1), (S§), (Sf,,) can be solved out by recur-
rence algorithms in accordance with the transcenden-
tal equations (5)—(10). First, the curves of the tem-
perature 7' vs. the polarization (S*) for different pa-
rameters can be calculated numerically.[?”) According

to Refs. [23] and [25], when (62T/3<SZ)2)<S .

0 and (82T/8<Sz>2) < 0, the system
(52)70
will be in a first-order phase transition;

(o°7/0(5%)?) -

second-order phase transition. Therefore, the phase

when
< 0, the system will be in a

transition properties undergone in a thin film can be
determined. In the following we will investigate the
phase transition properties of an n-layer ferroelectric
thin film and inspect the internal relations among the
interaction parameters. In order to facilitate our dis-
cussion, the parameter space with the ratios of the
bulk transverse field and the bulk four-spin interaction
to the bulk two-spin interaction will be constructed.
The parameter space is divided into three different re-
gions, namely, the first-order ferroelectric phase region
(FE(1st)), the second-order ferroelectric phase region
(FE(2nd)) and the paraelectric phase region (PE). For
simplicity, the thickness n of the ferroelectric thin film
varies from 3 to 5.

Figure 1 shows the effect of the two-spin interac-
tion of the epitaxy surface JS(Z) / JéQ) on various phase
transition regions in the parameter space ({2;,/ Jt(>2) vs.
Jé4) / JéQ)) for the ferroelectric thin film with a certain

(10)

\
thickness n, i.e., the curves of Qb/Jt(f) VS. Jé4)/Jé2)

for different JS(Q) / JéQ). It can be found that the first-
order ferroelectric phase region (FE(1st)) is below the
circle line, the second-order ferroelectric phase region
(FE(2nd)) is on the left of the circle line and below
the solid line, and the paraelectric phase transition re-
gion (PE) is above the solid and circle lines. Figure 1
indicates how various phase transition regions depend
sensitively on the two-spin interaction of the epitaxy
surface JS(Q) / Jt()z). For a group of fixed parameters
on the epitaxy surface Js(z)/.]éz), 3(4)/Jé2), QS/J]SQ),
the features of the three different phase transition re-
gions are distinct from those of the uniform surface
and bulk parameter space.??! The larger the two-spin
interaction on the epitaxy surface JS(Q)/JS) is, the
larger the range of the ferroelectric phase transition re-
gion (FE) is. The ferroelectric phase transition region
(FE) includes the first-order ferroelectric phase region
(FE(1st)) and the second-order ferroelectric phase re-
gion (FE(2nd)). Therefore, the range of the first-order
ferroelectric phase transition region (FE(1st)) is in-
creasing with the increase of the two-spin interaction
on the epitaxy surface JS(Z)/JIEQ). Meanwhile, figure 1
shows how the range of the second-order ferroelectric
phase transition region (FE(2nd)) relies on the two-
spin interaction of the epitaxy surface JS(2) / Jéz). In
addition, it indicates that a larger J[()4) / JéZ) may result
in a system undergoing a first-order phase transition
while changing temperature, but a much larger ratio
will result in the system being always paraelectric. It
shows that such a much larger round-a-plaquette in-
teraction Jé4) than pair interaction J1(>2) could result
in the disappearance of a long-range order.
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Fig. 1. Effect of the epitaxy surface JS(Q)/J](f) on various
phase transition regions. All curves are for Js(4)/J](32) =
1.0, 25/ = 1.5,n=3.

Figure 2 shows the effect of the transverse field
of the epitaxy surface {2/ Jt()2) on various phase tran-
sition regions in the parameter space ({2,/ JéZ) vs.
Jé4) / Jéz)) for the ferroelectric thin film with a certain
thickness n, i.e., the curves of Qb/JéQ) vs. Jl(f)/Jéz)
for different 2,/ Jl()z). It indicates how various phase
transition regions depend sensitively on the transverse
field of the epitaxy surface 2/ JéQ). The larger the
transverse field of the epitaxy surface {25/ Jt()Q) is, the
smaller the range of the ferroelectric phase transition
region (FE). The range of the first-order ferroelectric
phase transition region (FE(1st)) is decreasing with
the increase of the transverse field of the epitaxy sur-
face 25/ JéQ). Similar to the results for the two-spin
interaction of the epitaxy surface JS(Q) / J,?), figure 2
also illustrates how the range of the second-order fer-
roelectric phase transition region (FE(2nd)) relies on
the transverse field of the epitaxy surface {2/ Jéz). It
implies that the effect of increasing transverse field
on the epitaxy surface 25/ Jéz) is the same as that
of decreasing the two-spin interaction on the epitaxy
surface JS(2)/J1§2).

| 2772 =12 PE

FE
(Ist) } N !

0 2 4 6
4 2
oy

Fig. 2. Effect of the epitaxy surface QS/J1<>2> on various
phase transition regions. All curves are for JS(Q)/Jk()Q) =
1.0, SV /7P = 1.0,n =3.

Figure 3 shows the dependence of various phase
transition regions on the thickness n of the ferroelec-
tric thin film. The larger the thickness n is, the larger
range of the ferroelectric phase transition region (FE).
The smaller the thickness n is, the larger range of the
This is
similar to the situation for the uniform surface and

paraelectric phase transition region (PE) is.

bulk parameter space.!?®! However, by considering the
epitaxy surface effects of interchange interaction and
the transverse field, the common value of the demar-
cation line intersecting with the horizontal coordinate
axis Jé4) / Jé2) does not exist for the different thickness
n. The larger the thickness n is, the larger the inter-
secting value of the demarcation line with the hori-
zontal coordinate axis Jé4) / Jl(f) is. It indicates that
the ranges of the first-order ferroelectric phase transi-
tion region (FE(1st)) enlarges with the increase of the
thickness n of a ferroelectric thin film.

PE

FE
(1st)
0 f T T T T

0 2 4 6

B 1R

Fig. 3. The dependence of various phase transition regions
on the thickness n. All curves are for JS(Q)/Jt()Q) = 1.0,

TP /5P =10, 252 = 2.0.

4. Conclusions

In conclusion, based on the transverse Ising model
with a four-spin interaction, the phase transition prop-
erties of the n-layer ferroelectric thin film with an epi-
taxy surface layer have been studied under the Fermi-
type Green’s function technique. Taking into account
the interchange interaction and the transverse field on
the epitaxy surface layer, we have investigated sys-
tematically the first-order phase transition properties
in the parameter space with respect to the ratios of
the bulk transverse field and the bulk four-spin inter-
action to the bulk two-spin interaction. The results in-
dicate that the first-order phase transition properties
depend sensitively on the spin interchange interaction
and the transverse field on the epitaxy surface layer
as well as the thickness of the ferroelectric thin film.
Meanwhile, it has also been studied how the epitaxy
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surface parameters and the thickness of a ferroelectric

thin film affect ranges of the second-order ferroelectric

phase transition (FE(2nd)) and the paraelectric phase
transition (PE).
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