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Grain-size effect on ferroelectric Pb„Zr 1ÀxTi x…O3 solid solutions induced
by surface bond contraction
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Bond contraction in the surface layers induces a compressive stress on the inner part of a grain and results
in a size effect for ferroelectric materials in the nanometer size range. By using the Landau-Ginsburg-
Devonshire free energy approach, the phase transitions and intrinsic ferroelectric properties of the lead zircon-
ate titanate solid solution system have been studied theoretically. It is found that, due to the surface bond
contraction, the phase stability is affected by grain size and the size-dependent properties show differences in
different phases.
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I. INTRODUCTION

The lead zirconate titanate solid-solutio
Pb~Zr12xTix)O3@PZT100(12x)/100x] system has a lot of
applications, such as in the smart structures1 and memory
devices.2 As the ferroelectric device elements becom
smaller and smaller with the dimension of a ferroelectric
the submicrometer range or even lower, the properties
come size dependent and the grain size effect should
taken into consideration in order to optimize the properti
The grain size dependence of the dielectric permittivity
barium titanate ceramics3,4 and thin films5 is known for many
years. The Curie temperature, polarization, coercive fi
switching speed, etc., all depend on the film thickness
grain size.2 Several models have been proposed by differ
authors, which take into account effects such as the inte
stresses,3 the domain-wall contribution to the dielectri
response,4 and the shifts of the phase transition temperatu
with grain size.5 Theoretical approaches by using the tran
verse Ising model6–10 and the Landau phenomenologic
theory11–21 have also been tried. The latter has been m
fruitful. The predicted critical size for ferroelectric such
BaTiO3 was confirmed by experiments.22,23 However, due to
the complexity of the phenomenon, the origin of the gra
size effect in fine-grained ferroelectric ceramics is still n
well understood.

Recently, the effect of surface bond contraction is inte
sively studied. It is realized that the surface bond contrac
plays an important role in the oxygen chemisorption,24,25 the
band-gap enlargement26,27 of nanoclusters and the photolu
minescence of nanometric SiO2.

28 The surface bond contrac
tion is expected to affect the materials properties when
materials are in nanometer range, i.e., when the surf
volume ratio becomes very large. In this paper, the gain
effect induced by the surface bond contraction is stud
0163-1829/2001/63~18!/184112~9!/$20.00 63 1841
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based on the Landau-Ginsburg-Devonshire~LGD! phenom-
enological theory. Useful results on intrinsic properties
nanosized PZT have been obtained. However, we have
glected the extrinsic contributions on properties, which
caused by domain wall, defect motion, and/or surface cha
etc. The extrinsic properties are more or less affected by
materials processing technology and discussion of them
out of the scope of the present study.

II. THEORY

According to Huanget al.,29 for a curved surface the sur
face bond contraction induces a compressive stresssp on the
inside grain

sp52
n2da

N2a
E, ~1!

where n is the number of unit cell layers which perform
surface bond contraction (n<3), N is the total number of
unit cell layers along the radius direction of a spherical gra
a is the lattice constant,da/a is the ratio of surface bond
contraction, andE is the Young’s modulus. The negativ
sign is used here for compressive stress.

In order to study the effect of this compressive stress
the properties of ferroelectric PZT solid solution the LG
theory is used since, up to now, it is still one of the mo
powerful methods to study the effects of external fields
properties.30–33 For ferroelectric PZT solid solution system
since the low-temperature rhombohedral phase has a ti
or rotation of the oxygen octahedra about the@111# axis,
which does not occur in the high-temperature phase, the o
gen octahedral tilt angle together with the ferroelectric pol
ization are usually treated as order parameters.34–43For sim-
plicity, the antiferroelectric polarization is omitted here sin
©2001 The American Physical Society12-1
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we are more interested in ferroelectric phase. The elastic Gibbs free energy density function can be expressed as
series in powers of the order parameters and stress
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where Pi ( i 51,2,3) is the magnitude of the ferroelectr
polarization vector along the directioni; u i ( i 51,2,3) is the
oxygen octahedral tilt angles;Xm (m51 – 6) is the stress
a1 , a i j ( i , j 51,2) anda i jk ( i , j ,k51,2,3) are the dielectric
stiffness and higher-order dielectric stiffness coefficients
constant stress;b1 andb11 are the octahedral torsion coeffi
cients;gmn (m,n51 – 6) is the coupling between the ferro
electric polarization and tilt angle;si j ( i , j 51 – 6) are the
elastic compliance at constant polarization;Qi j ( i , j 51 – 6)
are the electrostrictive coupling between the ferroelectric
larization and stress; andRi j ( i , j 51 – 6) are the rotostrictive
coupling between the tilt angle and stress. The dielec
stiffness constanta1 is assumed to be a linear function
temperature near the Curie point

a15
T2T0

2C«0
, ~3!

whereT is the temperature,T0 is the Curie point,C is the
Curie constant, and«0 is the vacuum dielectric permittivity
Amin et al. were among the first to determine the highe
order dielectric stiffness coefficients and calculate the die
tric, piezoelectric and elastic properties of the tetragonal,
high temperature rhombohedral phases at the morphotr
phase boundary~MPB! region.44 Later, including the tilt of
the oxygen octahedra in the LGD theory, the phase transi
in the low temperature rhombohedral phase
Pb~Zr0.8Ti0.2!O3 was calculated.45,46With the steady accumu
lation of the experimental data, the coefficients in Eq.~2! for
the entire PZT solid solution range can be obtained by fitt
the theory with the experiment results. The best-fit
coefficients34–38 are used in this paper. It has been assum
that all the coefficients in Eq.~2! excepta1 to be temperature
independent.

It should be noted that when applying the LGD theory
a finite-size and inhomogeneous ferroelectrics, the total
energy instead of the energy density function is usua
used,19,47
18411
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F5E bg1D~¹P!2cdn1E Dl21P2dS, ~4!

where the energy densityg has the same form as Eq.~2!, l is
the extrapolation length describing the difference betwe
the surface and bulk, andD is connected with the correlatio
length. However, even for a very simple case, the sponta
ous polarization and Curie temperature cannot be deri
analytically from the above integration. In order to avoid t
tedious numerical calculation and to find out the ‘‘pure
effect of the surface bond contraction, it is assumed that
surface and bulk have the same ferroelectric properties
the averaged value of polarization is used. The free ene
density function of Eq.~2! will then be used instead of th
total free energy.

The effect of the surface bond contraction can then
studied by substituting the following relation into Eq.~2!:

X15X25X35sp , X45X55X650. ~5!

The Gibbs free energy is reduced to a simpler form

FIG. 1. Grain size dependent Curie temperature of tetrago
Pb~Zr12xTix!O3.
2-2
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whereQh5Q1112Q12 andRh5R1112R12.
The solutions which are of interest for ferroelectric PZ

system are as follows.
~1! Paraelectric cubic phasePC ,

P15P25P350, u15u25u350. ~7a!

~2! Ferroelectric tetragonal phaseFT ,

P15P250, P3
2Þ0, u15u25u350. ~7b!

~3! Ferroelectric rhombohedral high-temperature ph
FR(HT) ,

P1
25P2

25P3
2Þ0, u15u25u350. ~7c!

~4! Ferroelectric rhombohedral low-temperature pha
FR(LT) ,

P1
25P2

25P3
2Þ0, u1

25u2
25u3

2Þ0. ~7d!

The equilibrium values of the components of the ord
parameters can be determined by minimizing the free ene
function of Eq.~6! with respect to the order parameters

]DG

]Pi
5

]DG

]u i
50 ~ i 51,2,3! ~8!

and at the same time satisfy the stability conditions. Vario
properties of the PZT in different phases can be obtai
based on the equilibrium values of the order parameters

III. RESULTS AND DISCUSSION

A. Curie temperature

The Curie temperature can be determined by equaliz
the Gibbs free energy of the paraelectric and ferroelec
phases. Compared with the calculation of the bulk Cu
temperature, it is easy to find out that the Curie tempera
is shifted to lower temperature due to the surface bond c
traction

TC5TC`12C«0Qhsp5TC`2
2n2da

N2a
C«0QhE, ~9!

whereTC` is the Curie temperature of bulk materials wi
large grains.

Figure 1 shows the grain size dependence of the C
temperature of the tetragonal PZT solid solution. Accord
to Goldschmidt, ionic radius of an atom contracts with t
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reduction of the atomic coordination number, for example
contracts by 4, 6, and 12 %, when the coordination num
reduced from 12 to 8, 6, and 4, respectively.48 Pauling has
also noticed that the radius of a Cu atom contracts fr
0.128 to 0.117 nm when its coordination number chan
from 12 to 1.49 For simplicity, it is assumed in this paper th
the surface bond contracts by an average of 10% within
top three layers. The Young’s modulus is chosen to be
GPa. This value is reasonable for tetragonal PZT as c
pared with the bulk modulus of 209 GPa for PbTiO3 ob-
tained by first-principles calculation.50 It can be seen that the
Curie temperature drops slowly with the number of unit c
layersN for N.15. ForN,15, the Curie temperature drop
dramatically. The equivalent grain size forN515 is about 12
nm since the lattice parameter is about 0.4 nm as determ
by Glazeret al.51 A similar result for PbTiO3 is confirmed in
experiment.52

It should be pointed out that below certain grain si
~critical size! the Curie temperature reaches 0 K which im
plies a lost of ferroelectricity. This critical size obtained b
the present model is about 4 nm (N55). This value is com-
parable with the theoretical value of 4.2 nm obtained
Zhonget al.19 They have used the total free energy of Eq.~4!
to study the size effect in PbTiO3. However, this critical size
is smaller than those obtained by various experiments, s
as 12.6 nm by Raman scattering,53 8.8 nm by specific hea
measurement,54 7 nm by x-ray diffraction.52 This could be
due to the oversimplification of our model but a more sen
tive measurement is needed to verify different theoreti
models since the existing results are too scattering.

The effect of surface bond contraction on the Curie te
perature for the entire composition range of the ferroelec
PZT solid solution is depicted in Fig. 2. Here the compo
tion is restricted to the ferroelectric PZT with a mole fractio
of PbTiO3 higher than 0.1 since the bulk Curie temperatu
can only be well fitted within this composition range. It ca
be seen from Fig. 2 that the Curie temperature decreases
decreasing grain size~i.e., decreasingN! in the entire com-
position range. However, this decrease is not uniform. A
composition range near the MPB, i.e.,x50.5, the Curie tem-
perature is less affected by the grain size. This is due to
composition dependence of the Curie constant and the e
trostrictive constantQh .

The Curie constant and the electrostrictive constant
both composition dependent. The Curie constant varies w
increasing amount of PbTiO3 from around 23105 °C at the
pure PbZrO3 side to about 1.53105 °C at the pure PbTiO3
side with a maximum of about 4.253105 °C at the MPB.
2-3
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However, the electrostrictive constant shows a slight incre
with increasing amount of PbTiO3 except a minimum is
found also at the MPB. As shown in Fig. 3, the multiplic
tion of the Curie constant by the electrostrictive constan
found to have a minimum at the MPB and a maximum n
the MPB with about 0.6 mole fraction of PbTiO3. This be-
havior of the multiplication explains the size dependence
fect of the Curie temperature shown in Fig. 2. According
Eq. ~9!, the PZT 50/50 is nonsensitive to the grain size eff
since the multiplicationC* Qh is a minimum at this compo
sition. While the tetragonal PZT 40/60 is most effective
affected by the grain size since the multiplicationC* Qh is a

FIG. 2. Grain size effect on the Curie temperature
Pb~Zr12xTix!O3(x>0.1). ~In this figure and hereafter, ‘‘bulk’’ is
used to indicate very big grains.!
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maximum at this composition. It can also be concluded t
the electrostrictive constantQh is the dominant factor in the
multiplication value ofC* Qh since this value is minimum a
the MPB although the Curie constantC shows a maximum a
this composition. An implication of this finding is that, in th
materials engineering, it is possible to modify the size dep
dence behavior of the Curie temperature by adjusting theQh
value, i.e., the ratio ofQ11/Q12. It is obvious that when the
ratio of Q11/Q12 becomes22, theQh is zero, and the Curie
temperature is independent of the size at all.

B. Spontaneous polarization

The spontaneous polarization can be obtained by m
mizing the Gibbs free energy and at the same time satisfy
the stability of the ferroelectric state

r FIG. 3. Composition dependence of theC* Qh value.
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25
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ous

n

where

j53a11116a1121a123, f5g1112g121g44,

b5
2

3
z2

f2

2b11
, z53~a111a12!,

c5a12Qhsp2
b12Rhsp

2b11
f.
For the tetragonal phase the spontaneous polarizationPS is
equal toP3 , while for the rhombohedral phase,PS is equal
to)P3 .

The room temperature spontaneous polarization of tet
onal PZT is shown in Fig. 4. It decreases with decreas
grain size. Similar to the Curie temperature, the spontane
polarization decreases slowly withN for N.15. WhenN
,15, it drops fast. Similar trend for PbTiO3 is experimen-
tally verified by Chattopadhyayet al.52 as they found that the
lattice parameterc decreases anda increases when the grai
2-4
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GRAIN-SIZE EFFECT ON FERROELECTRIC . . . PHYSICAL REVIEW B 63 184112
size decreases below 100 nm. The resulting reduction in
tetragonal distortion (c/a) implies a decrease in spontaneo
polarization. The room temperature spontaneous polariza
becomes zero for grain size below 5.6 nm (N57). This is an
indication of room temperature phase transition from
ferroelectric to paraelectric at this grain size. As the tempe
ture increases, the grain size at which this phase trans
takes place also increases.

The temperature dependence of the spontaneous pola
tion of the tetragonal PZT ceramics under different grain s
is shown in Fig. 5. In general, the spontaneous polariza
decreases with increasing temperature. When the grain
decreases, the spontaneous polarization is depressed.
depression is more significant at higher temperatures. A
crease in the Curie temperature can thus be expected d
the reduction in the spontaneous polarization. For PZT
70, the spontaneous polarization vanishes at the Curie
perature showing a second-order phase transformation
the ferroelectric phase to the paraelectric one. However,
spontaneous polarization of PZT 20/80 does not go to z
when approaching the Curie temperature from the ferroe
tric side due to its first-order nature of theFT→PC phase
transformation.

For rhombohedral PZT, in order to calculate the spon
neous polarization the rotostrictive coefficientRh which is

FIG. 4. Room temperature spontaneous polarization of tetra
nal Pb~Zr12xTix!O3 ~x50.6, 0.7, 0.8, and 1.0!.

FIG. 5. Temperature dependence of the spontaneous pola
tion of PZT 20/80 with different grain sizes.
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related to the coupling of oxygen octahedron and the st
should be known. However, due to the lack of experimen
data, this value is not determined yet. Ohet al.41–43 have
estimated this value by extrapolating the lattice consta
obtained by Glazeret al.51 into the low temperature rhombo
hedral phase. The rotostrictive coefficient thus obtained
PZT 90/10 is slightly temperature dependent. For simplic
we assume the value to be independent of temperature
composition, just as other investigators have done in the c
of R44.36–40 The averaged value of the rotostrictive coef
cient, 21.55331024 deg22, is chosen in the present calcu
lation.

The temperature dependence of the spontaneous pola
tion of the rhombohedral PZT 80/20 is shown in Fig. 6. F
PZT 80/20 with very big grains, the spontaneous polarizat
shows a kink at theFR(LT)→FR(HT) phase transition tem
peratureTR , which means that theFR(LT)→FR(HT) phase
transition is first order. With decreasing grain size, the sp
taneous polarization of theFR(HT) phase decreases, while, o
the contrary, that of theFR(LT) phase increases. With de
creasing grain size, the temperature range at which
FR(HT) phase is stable also decreases. For very big gra
this temperature range of a stableFR(HT) phase is about
165 °C. It drops to about 70 °C when the grain size is ab
12 nm (N515). TheFR(LT)→FR(HT) phase transition tem
perature is found to increase with decreasing grain size.
size-dependent phase transition temperatureTR can be de-
rived as

TR5TR`12«0CS Qh2
Rhf

2b11
Dsp , ~11!

whereTR` is the FR(LT)→FR(HT) phase transition tempera
ture of bulk materials with very big grains. Its best fitte
value for the PZT solid solution can be found in Refs. 3
40.

The size dependence of theFR(LT)-FR(HT) phase transi-
tion temperatureTR is shown in Fig. 7.TR increases slightly
with decreasing grain size until it reaches the Curie tempe
ture. At this grain size theFR(HT) phase is completely un
stable and will not appear in the whole temperature ran

o-

a-

FIG. 6. Temperature dependence of the spontaneous pola
tion of PZT 80/20 with different grain sizes.
2-5
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The unstableness of theFR(HT) phase can also be anticipate
according to the Le Chatelier’s principle. Since, as can
seen from the thermal expansion curve of PZT 92/8 show
Fig. 8, the volume of theFR(HT) phase is larger than that o
the PC or the FR(LT) phase.55 The surface bond contractio
induced compressive stress favors the stableness of the p
with smaller volume and thus decreases the stability of
FR(HT) phase.

C. Dielectric constant

The dielectric constant can be determined from the re
rocal of the dielectric stiffness matrices (x i j
5«0]2DG/]Pi]Pj ) by using the following relation:

« i j 5Ai j /D, ~12!

whereAi j andD are the cofactor and determinant of thex i j
matrix.

The size dependence of the room temperature diele
constant for tetragonal PZT is shown in Fig. 9. A dielect
anomaly can be clearly seen which indicates a phase tr
formation from a ferroelectric phase to a paraelectric o
The size at which this phase transition takes place is ab
5.6 nm (N57). It is the same size at which the spontaneo

FIG. 7. Size dependence ofTR of rhombohedral Pb~Zr12xTix!O3

~x50.1, 0.2, and 0.3!.

FIG. 8. Thermal expansion curve of PZT 92/8 showing th
consecutive phase transitions:FR(LT)→FR(HT)→PC .
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polarization becomes zero. The dielectric constant in theFT
phase increases while that in thePC phase decreases wit
decreasing grain size. Similar result is obtained by using
total free energy of Eq.~4!.47 However, this result differs
from the experimental work of Chattopadhyayet al.52 They
found the dielectric constant decreases with decreasing
in a size range of 26–100 nm. The reason is that our ca
lation has not taken the domain wall contribution into a
count so that the calculated relative permittivity is lower th
the experimental value. Actually the domain wall contrib
tion has an opposite effect as compared with the surf
bond contraction induced effect. When the grain size
creases to a value comparable to the width of domain wa
pinning points would develop inside the grains and the
main wall motion would be inhibited.52 The reduced wall
mobility will cause a decrease in the relative permittivit
The measured value is a competition between the increas
relative permittivity by surface bond contraction and the d
crease of the relative permittivity by domain wall pinnin
From our model, in the size range of 26–100 nm (60,N
,240), the increase in the dielectric constant due to
surface bond contraction is negligible. The domain wall p
ning effect thus dominates in this size range and result i
decrease in the measured dielectric constant.

The temperature dependence of the dielectric constan
PZT 30/70 is shown in Fig. 10. The dielectric constant go
to infinite when approaching the Curie temperature since
FT to PC phase transition for PZT 30/70 is second order. T
Curie temperature also decreases with decreasing grain
The dielectric constant shows an opposite trend of grain
dependence when across the phase transition temper
TC . That is, in theFT phase the dielectric constant increas
with decreasing grain size while in thePC phase it decreases
Similar behavior is found for PZT 20/80 except that the
electric constant shows a sharp peak at the Curie tempera
due to its first order kind ofFT→PC phase transformation
The Curie temperature and the peak dielectric constant b
decrease with decreasing grain size.

The temperature dependence of the dielectric constan
rhombohedral PZT 80/20 which has a continuous ph
transformationFR(LT)→FR(HT)→PC with increasing tem-
perature is shown in Fig. 11. The dielectric constant goe

e

FIG. 9. Room temperature dielectric constant of Pb~Zr12xTix!O3

~x50.7, 0.8, and 1.0! vs number of unit cell layers.
2-6



n
ie

t
t o
h
d

t
s

-

p
tran-
As

d of
ross
f
hile

by
ra-
ef-
de-
the
oes
te-
t is
om-
al

e
nt
s
size
nt
erit
the
ith

can
t

t

t

ient

GRAIN-SIZE EFFECT ON FERROELECTRIC . . . PHYSICAL REVIEW B 63 184112
infinite at the Curie temperature due to the second order
ture of the FR(HT)→PC phase transformation. The Cur
temperature decreases with reducing grain size. Same as
of the tetragonal PZT, the paraelectric dielectric constan
PZT 80/20 decreases with the grain size but the rhombo
dral high temperature dielectric constant increases with
creasing grain size.

The temperature dependence of the dielectric constan
PZT 80/20 near theFR(LT)→FR(HT) phase transformation i

FIG. 10. Temperature dependence of the dielectric constan
PZT 30/70.

FIG. 11. Temperature dependence of the dielectric constan
PZT 80/20 in~a! 100–350 °C and~b! 100–200 °C.
18411
a-

hat
f

e-
e-

of

enlarged in Fig. 11~b!. The sudden jump in dielectric con
stant at the phase transition temperatureTR is indicative of a
first order transition. The magnitude of the dielectric jum
increases with decreasing size which means the phase
sition becomes more and more of the first order kind.
clearly seen from the figure the transition temperatureTR
increases with the decreasing size. Once again the tren
size dependence of the dielectric constant is changed ac
the transition temperatureTR , i.e., the dielectric constant o
the FR(HT) phase increases with the decreasing size w
that of theFR(LT) phase decreases with size.

D. Pyroelectric properties

The pyroelectric coefficient can be calculated directly
differentiating the spontaneous polarization with tempe
ture. As shown in Fig. 12, in general, the pyroelectric co
ficient is negative since the spontaneous polarization
creases with temperature. The absolute value of
pyroelectric coefficient increases with temperature and g
to infinite when approaching the Curie temperature. For
tragonal PZT, the absolute value of pyroelectric coefficien
found to increase with decreasing grain size. It seems pr
ising for the infrared detection application. However, in re
application the figure of merit~FV5p/«, wherep is the py-
roelectric coefficient!, which characterizes the voltag
response56 is more important than the pyroelectric coefficie
itself. Higher FV is always sought for. Unfortunately, it i
found that this figure of merit decreases with decreasing
as shown in Fig. 13. Although the pyroelectric coefficie
goes to infinite at the Curie temperature, the figure of m
FV decreases with increasing temperature. This is due to
fact that the dielectric constant increases much faster w
the temperature than the pyroelectric coefficient does. It
be derived that for theFT phase, the pyroelectric coefficien
p is

p5
dP3

dT
52

1

8«0CP3Aa11
2 23a111~a12Qhsp!

. ~13!

of

of

FIG. 12. Temperature dependence of the pyroelectric coeffic
of PZT 30/70.
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The figure of meritFV is only a function of spontaneou
polarization

FV5pT /«3352
P3

C
. ~14!

For PZT 30/70 with a second order phase transformat
both the figure of meritFV and the spontaneous polarizatio
go to zero at the Curie temperature.

E. Surface bond contraction ratio daÕa

The surface bond contraction ratioda/a assumed in this
paper is 10%. This may be a little bit overestimated. Due
the lack of experiment data, the exact value is not know
From Eqs.~9! and ~11!, it can be seen that the phase tran
tion temperaturesTC andTR are both linear functions of the
ratio da/a though they show different trends with this rati

FIG. 13. Temperature dependence of the figure of meritFV of
PZT 30/70.
1841
n,

to
n.
i-

.

The Curie temperatureTC decreases while theFR(LT) to
FR(HT) phase transition temperatureTR increases with in-
creasing bond contraction ratioda/a. The spontaneous po
larization PS , the dielectric constant«, the pyroelectric co-
efficient p, and the figure of meritFV have much more
complicated relations with the ratioda/a than the phase
transition temperatures do. Generally, thePS , « ~of the PC
or the FR(LT) phase!, and FV all decrease with increasin
ratio da/a while the« ~of theFR(HT) phase! and the absolute
value ofp both increase with the ratioda/a.

IV. CONCLUSION

The surface bond contraction induces a compress
stress on the inner part of a grain and this effect should
taken into account for ferroelectric materials in the nano
eter size range. The induced stress causes decreases
Curie temperature and spontaneous polarization~except in
the FR(LT) phase! with decreasing grain size. A size drive
dielectric anomaly indicating a ferroelectric to paraelect
phase transition can be seen due to the surface bond con
tion. The theoretical results correspond well with expe
ments done by other investigators. Our model predicts
the FR(LT)→FR(HT) phase transition temperatureTR in-
creases with decreasing size and theFR(HT) phase is unstable
for small size ferroelectrics. The dielectric constant sho
opposite trend of dependence on the grain size across
transition temperaturesTC andTR . The temperature depen
dence of the pyroelectric coefficient is similar to that of t
spontaneous polarization. The figure of merit decreases
decreasing grain size. Linear relations exist between
phase transformation temperatures~TC andTR! and the sur-
face bond contraction ratioda/a. However, experimental in-
formation on the value of surface bond contraction ratio
ferroelectric materials is still needed for a more precise
scription of the effect induced by surface bond contractio
.
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