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Size effects of ferroelectric particles described by the transverse Ising model
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The size effects of ferroelectric particles described by the transverse Ising model have been studied taking
into account the long-range interactions. The size dependence of the mean polarization, Curie temperature, and
the mean susceptibility, as well as the critical size of the particle, have been obtained. The profile of the
polarization is given. The size effects of the ferroelectric particle show a strong dependence on the interaction
range.

I. INTRODUCTION model, Wanget al!® first studied the phase transition prop-
erties of ferroelectric thin films by modifying the exchange
Size effects of ferroelectrics were first reported instrength at the surface. Later this model was applied to ferro-
1950st? and have become a subject of experimental anelectric particles of a cubic shapé? In this article, we
theoretical studies in recent years. Ferroelectric thin filmsstudy the size effects of a spherical ferroelectric particle us-
and particles are two main types of finite-size ferroelectricsng this model with the long-range interactions between the
that show size effects. Experimentally, Scetttal>* discov-  pseudospins taken into account. The size dependence of the
ered that the ferroelectricity of KNOthin films exists in a  mean polarization, the Curie temperature, and the mean sus-
much wider temperature range than that of the bulk crystalceptibility of the particle are presented. The radial profile of
Funakubaet al® measured the/a ratio and the dielectric the polarization is given.
constant of PbTi@films. Both thec/a ratio and the dielec-
tric constant decrease with decreasing film thickness. Ha- Il. METHODOLOGY
yashiet al® observed the same feature in Baifdms. The o )
thickness dependence of the Curie temperature of ferroelec- The Hamiltonian of the transverse Ising model has the
tric films was also studiel® Works on the size effects of form
ferroelectric particles 9are mainly focused on Bajiénd 1
PbTiO;. Ishikawaet al” investigated the phase transition in _ x_ = QZcz_ z
PbTiO, particles and obtained a critical size of around 12.6 H= Qz.: S 2 %“ JijSiS| ZMEZ S @
nm. Zhonget al1° measured the phase transition temperature
of PbTiO; particles of various sizes by specific heat andwhere( is the transverse field, ar§f' and S are compo-
Raman scattering. They obtained a critical size of about 9.Dents of a spirg operator at sité. HereJ;; is the exchange
nm. Quet al!! studied the size dependence of the dielectricstrength between sitésand]. Also, u is the effective dipole
constant of PbTiQ particles at room temperature and ob- moment of sitei and E is the external electric field. We
served a dielectric peak at about 40 nm. Schiagll?>!®  assume the exchange strength betweeritthend jth sites
made an intensive study of the size dependence of the phataking the form®2*
transition temperature of BaTiJarticles and found a criti-
cal size of about 49 nm. Frey and Palfheeported that there _J
is no electric hysteresis at room temperature and there is no Jij _ﬁ &)
Curie peak of the dielectric constant when the grain size of
BaTiO; is 25 nm. Zhonget al!® obtained the dielectric con- whereo is a measure of the interaction range= corre-
stant of BaTiQ particles and found no dielectric anomaly sponds to the nearest-neighbor model, ar€l0 corresponds
when the particle size is below 105 nm. to an infinite-range interaction. In ferroelectrics, the interac-
Theoretically, Landau-type phenomenological theory andion consists of a long-range Coulomb interactiarsmallo)
the transverse Ising model are frequently used in studyingnd a short-range repulsio@ larger o). If the former is
the size effects in ferroelectrics. Tilley andk& first stud-  treated as a dipole-dipole interaction, the smalshould be
ied ferroelectric films with a second-order phase transitior8. The o for the whole interaction in Eq(2) is therefore
using a Landau-type theory. Scettal?® extended the theory greater than 3.
to films of a first-order phase transition. This theory was then We consider a spherical particle composed of spherical
applied to ferroelectric particles by Zhong and layers, as shown in Fig. 1 schematically. Without loss of
co-workerst’*8They noted that the extrapolation length of a generality, we assume that the pseudospins in the same
particle should be size dependent. Using the transverse Isirgpherical layer have the same value, &hib the total num-
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whereM is the number of the total pseudospins in the par-
ticle, u is the dipole moment of the pseudospin, anis the
volume a dipole possessead, is the number of pseudospins
A in the nth layer of the particle: in our calculations, we as-
sume thaim, is proportional to the volume of theth layer.
Near the Curie temperaturB,, is very small, thez com-
ponent ofH,, is approximately zero, and E¢4) can be re-

z duced to
R 2R Q g
=20 @M T ®

and this equation can be rewritten as

=z

E CniRI= 9

FIG. 1. Model of the ferroelectric particle in our calculations. where c¢,=J/, for (n#l), c,n=J,,—X%, and x
=20/tanhV/2kg T). Equation(9) represents a set of linear-
ber of spherical layers in the particle. Under a mean-fieldzed equations from which the Curie temperature can be de-
approximation, the single-particle Hamiltonian of the systemtermined by its coefficient determinant.
can be expressed as To obtain the dielectric susceptibility of the particle, we
assume that onlyR,, is dependent on the electric field, and
" define a reduced local susceptibility at ttik site:
Hi=- 08 -5 J<SZ>/ ri=-08-5% Ji(s)
=0
()

where(S/) is the thermal average &, J==;.,J/r]7,
runs over all the sites in thigh layer of the particle, and,
represents the summation of the exchange strength between a N

pseudospin in théth site and all the other pseudospins in the > yak=0 (12)
Ith layer of the spherd.,j=0 represents the central site of =

the particle, and,j=N represents the surface sites of the
particle. Therefore the average valueSjfat thenth layer,

v v Jb; aR

TXi T 2u 9E  9E’ (10

which satisfies the equation

where y,=J;, for (n#l), yam=3,,—1b,, and b,
=9R,/d|H,|. Equation(11) stands for a set of simultaneous

. n :
Le.(S)=Ry, is equations, andt,, can be obtained by numerical calculations.
(H2) IH,| The mean susceptibility of the particle is defined as
_ n n
o= am, anh(ZkBT> @ g op

Where Xe=™ 1 2 man__ 2 (12
<Hz>_EN J'R For a ferroelectric material, its bulk Curie temperature is

/=0T already known; thereforeQ)/J, can be obtained. Herd,
IH,| = JOZT (H2)2 () =37, is the summation of the exchange strength be-

n 1

tween the central site and all the other pseudospins in a par-
kg is the Boltzman constant, aridis the absolute tempera- ticle with infinite size. In our calculations, we will fiR/J,,
ture. Equation4) can be rewritten as and take different values far in order to analyze the influ-

ence of different interaction ranges.
N

2 anR =0, (6) Il RESULTS AND DISCUSSION

_ 1 o Figure 2 shows the size dependence of the Curie tempera-
h =3/, f I =3\~ Ap. H
where aq=Jn for (n#1), and an,=Jpy=Xn. Here Ay ture of the particle with differentr at fixed()/J,=0.35. The

:XzLHrr‘l/tan?r{F:]”VtzhkgTz\;v anr:d Jnn 1S ;he s;ﬁrrn::ﬁggn ?f rt%e Curie temperature is reduced By, , whereT., is the Curie
exchange strengtn between a pseudosp yera temperature of the bulk material with=5. The Curie tem-

all the other pseudospins in the same layer of the particle. ABerature of the particle decreases with decreasing size
grigggzsﬂg?dg t?énEg'e(Ggafliﬂ;S: dntr?uarlnsee;cc;flls 'm#rl]teanrﬁggﬁ sharply to zero at the critical size. The feature has been ob-
q n Y. served experimentally in PbTiOparticles! It is obvious

polarization of the particle is that the critical size of the particle varies withat the same
N value of /J,. In the case ofr=5, the Curie temperature

P= _'“ 2 ) increases with increasing size slowly when the particle size

Mu = is larger than 20 layers and approaches the bulk value when
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. . FIG. 4. The size dependence of the ground-state polarization of
F.IG' 2. The size dependenc_e of the (?une temperature of thf‘he particle at(2/J;=0.38 ando=4. The dashed line is for the
Ealrlt(lcle ;at(_l/qur=ho.35.|_clj-|tl?reT_cw f's ti% c5:u{|r? tsmp;}ergtrre cf)f the central site of the particle, the solid line is for the midlayer between
_u4 mz ?t:laa it edslpl flne_lg 00=3.5, the dasned fine Tor the central site and the surface layer of the particle, and the dotted
=% and he dotted fine foor=>5. line is for the surface layer.

the size becomes infinite, while far=3.5 the Curie tem- o .
perature increases much faster than thosersf4 and o tween the pseudospins increases quickly, so the mean polar-

=5. This means that the interaction range has a notable iﬂzatipn of the particle alsp increases quickly.
Figure 4 shows the size dependence of the ground-state

fluence on the Curie temperature of a particle with finite size. LA ) .
From Fig. 2 we can also see that the smallerdhthe larger (@t & temperature of 0 Kpolarization in the particle witlr

the critical size. This can be ascribed to the fact that d_ % andQ/Jo_:0.38. In the figure we present polarlza'uon at
smallero corresponds to a longer interaction range, with thet€ central site, the surface layer, and the midlayer halfway
decreasing of the particle size, the amount of the pseudospiftétween the central site and the surface layer. All three po-
contributing to the ferroelectricity of the particle decreasedarizations decrease to zero simultaneously at the critical size

quickly. While a largero implies a shorter interaction range, ©f the particle. The polarization of the central site of the
article is larger than those of the other two layers. It is easy

only a small amount of pseudospins dominates in contribut? _ '
ing to the ferroelectricity of the particle, so the ferroelectric-1© understand because the central site has stronger interac-
ity can persist down to a smaller size. tions with the surrounding pseudospins due to its special
Figure 3 shows the size dependence of the mean polarizROsition. _ o , _
The radial profiles of the polarization in the particle, with

tion of the particle at a temperature®K with different o at

0/J,=0.35. The mean polarization of the particle decreaselPt@ number of layer of 40, 60, and 80, at temperature of
are shown in Fig. 5, wher€&.,, is the Curie tempera-

to zero at the critical size, which is in accordance with Fig. 2. Sl k

The mean polarization of the particle with=3.5 increases ture of the bulk material. It can be seen that near the center,

with increasing size faster than thosesof 4 ando=5; this the polarization reaches a maximum platform. The polariza-

is reasonable because the stronger the interactions betwel} Of the surface layer is greatly depressed in comparison
with those of the other layers. This is easy to understand

the pseudospins, the larger the polarization. As a smaller h di bor f dosDi h
corresponds to a longer interaction range, with the increasinjecause the coordinate number for a pseudospin on the sur-
of the particle size, the summation of the interactions be-
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FIG. 5. The radial profile of the polarization in the particle at

FIG. 3. The size dependence of the mean polarization of th®.5T.,. . HereT.. is the Curie temperature of the bulk material. The
particle at ground state witft/J,= 0.35. HereN is the total number line with circles is for a particle with 80 layers, the line with squares

of spherical layers in the particle. The solid line is to~=3.5, the s for a particle with 60 layers, and the line with triangles is for a
dashed line folr=4, and the dotted line fosr=>5. particle with 40 layers. The model parameters are same as Fig. 4.
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FIG. 6. The size dependence of the mean susceptibility of the FIG. 7. The temperature dependence of the mean susceptibility
particle at different temperatures. The reduced susceptibility of th@f the particle with different sizes. The reduced mean susceptibility
particle is in natural logarithm scale. The solid lines are for is in natural logarithm scale. The solid line is fd= 10, the dashed
:O_Srcw, the dashed lines are fdr= 0-8Tcoc, and the dotted lines line is for N=230, and the dotted line is foN=50. The model
are forT=0.9T,.. The model parameters are same as Fig. 4. parameters are same as Fig. 4.

. o ~_ PDbTIiG; for a comparison since they are typical ferroelectrics
face is lower than that for the pseudospins in the interiorand their bulk properties and size effects are well studied.
Figure 5 also shows that the polarization of each layer in an  The bulk Curie temperature of BaTiQ393K) is above
80-layer particle is larger than that of the corresponding layepalf that of PbTiQ (763 K), but the critical size of BaTiQ
in the 60-layer or 40-layer particle, which obviously results around 50 nm (Ref. 12 is an order of magnitude larger
from the strengthening of the interactions in the larger parthan that of PbTi@ (around 5 nfh?® From this comparison,

ticle§. . we might say that long-range interactions play a more im-
_ Figure 6 shows the size dependence of the mean suscegortant role in BaTiQ than that in PbTiQ The relatively
tibility of the particle at different temperatures beloW... |arge critical size of BaTi@could be mainly attributed to the

Each curve shows a peak implying a size-driven phase trangng-range interactiorfor a smallero) if it is not the only
sition. This type of peak was observed in PbJi@rticles:*  contribution. To estimate the value of we may compare
With the increasing of the temperature, the phase transitiofhe calculated size dependence of the Curie temperéFige
size becomes larger. At a temperature oflQ.5 the phase  2) or polarization(Fig. 3) with the experimental results. For
transition size occurs aN=15, and at a temperature of ppTiQ, the experimental size dependence of the Curie tem-
0.8T... the phase transition happens at a sizBlef25, while  perature can be found in Ref. 9 or 10. For BaZ;i@imilar
at a temperature of 012, the phase transition size 8 results can be found in Ref. 26. A comparison of them with
=46. This is understandable because at a lower temperaturge curves in Fig. 2 may give an estimationef
the polarization is larger and it can persist down to a smaller
size. IV. SUMMARY

The temperature dependence of the dielectric susceptibil- ) . . .
ity of the particle with different sizes is shown in Fig. 7. The 1 ne size effects of ferroelectric particles described by the
particle with 50 spherical layers shows a susceptibility peagransverse .Ismg m.odel are studied taking into account the
at a higher temperature than that with 30 layers. As for théong—ran.ge interactions. Qur resu'lts reproduce. many features
particle with 10 layers, which is smaller than the critical size,Cf €xPerimental observations. With a decreasing of the par-

the mean susceptibility decreases with increasing temperdi®l€ Size, the mean polarization and the Curie temperature of

ture monotonically with no peak, which means that there idhe particle decrease to zero at the critical size of the particle,

no phase transition. This kind of feature has been alreadyNich implies a size-driven phase transition from the

observed experimentally in the study of PbIi(Ref. 1 paraelectric phase to the ferroelectric phase. This is indica-
and BaTiQ (Ref. 14 particles. tive of the fact that long-range interactions are dominant in

Our calculations show that. as a measure of the inter- contributing to the ferroelectricity. A longer interaction

action range, significantly influences the size effects. As wdange may lead to a I_arger c_r|t|cal SIze. For_a ferroelectric
mentioned in a previous context, in real ferroelectrics, bepartlcle with a shorter interaction range, the size dependence

cause of the long-range Coulomb interactionshould be of the ferroelectricity becomes weaker when the size of the

greater than 3. For a fixed/J,, which means a fixed Curie partic!e. s large. From our calcu_lation_, 'the IO.SS qf the fgrro-
temperature of its corresponding bulk system, a smatler electricity of a partlcle_ below its crltlca! size is mainly
corresponds to a larger critical size. In other words, in acaused by th? wgakemng (.)f long-range interactions among
system with long-range interactions, it needs a large size t§'€ PSeudospins in the particle.

establish ferroelectricity; therefore, the critical size increases
with increasing interaction range. Because we cannot find
two ferroelectrics with the same or close bulk Curie tempera- This work was supported by a grant for State Key Pro-

ture, we choose the experimental results of BaT#ld gram for Basic Research of China.
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