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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 based on the Landau-Ginsburg-Devonstir&D) phenom-
enological theory. Useful results on intrinsic properties of
The lead zirconate titanate solid-solution nanosized PZT have been obtained. However, we have ne-

Ph(zZr,_,Ti,)O4[PZT100(1-x)/100] system has a lot of glected the extrinsic contributions on properties, which are
applications, such as in the smart structlrasd memory caused by domain wall, defect motion, and/or surface charge,
device$ As the ferroelectric device elements becomeetc. The extrinsic properties are more or less affected by the
smaller and smaller with the dimension of a ferroelectric inmaterials processing technology and discussion of them is
the submicrometer range or even lower, the properties besut of the scope of the present study.

come size dependent and the grain size effect should be

taken into consideration in order to optimize the properties. Il. THEORY
The grain size dependence of the dielectric permittivity in _ ”
barium titanate cerami¢8 and thin films is known for many According to Huanget al,”* for a curved surface the sur-

years. The Curie temperature, polarization, coercive fieldface bond contraction induces a compressive strgsm the
switching speed, etc., all depend on the film thickness anénside grain
grain size* Several models have been proposed by different
authors, which take into account effects such as the internal n?sa
stresses, the domain-wall contribution to the dielectric o=~ N7 & @
responsé,and the shifts of the phase transition temperatures
with grain size> Theoretical approaches by using the trans-where n is the number of unit cell layers which perform
verse Ising modé'® and the Landau phenomenological surface bond contractiom&3), N is the total number of
theory''=?! have also been tried. The latter has been morainit cell layers along the radius direction of a spherical grain,
fruitful. The predicted critical size for ferroelectric such asa is the lattice constantya/a is the ratio of surface bond
BaTiO; was confirmed by experimem&?3However, due to  contraction, ancE is the Young’s modulus. The negative
the complexity of the phenomenon, the origin of the grainsign is used here for compressive stress.
size effect in fine-grained ferroelectric ceramics is still not In order to study the effect of this compressive stress on
well understood. the properties of ferroelectric PZT solid solution the LGD
Recently, the effect of surface bond contraction is intentheory is used since, up to now, it is still one of the most
sively studied. It is realized that the surface bond contractiopowerful methods to study the effects of external fields on
plays an important role in the oxygen chemisorptiéfcthe  properties® 3 For ferroelectric PZT solid solution system,
band-gap enlargeméfi£’ of nanoclusters and the photolu- since the low-temperature rhombohedral phase has a tilting
minescence of nanometric Si€ The surface bond contrac- or rotation of the oxygen octahedra about {He 1] axis,
tion is expected to affect the materials properties when thahich does not occur in the high-temperature phase, the oxy-
materials are in nanometer range, i.e., when the surfacegen octahedral tilt angle together with the ferroelectric polar-
volume ratio becomes very large. In this paper, the gain sizézation are usually treated as order paramet&rE For sim-
effect induced by the surface bond contraction is studiegblicity, the antiferroelectric polarization is omitted here since
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we are more interested in ferroelectric phase. The elastic Gibbs free energy density function can be expressed as a Taylor
series in powers of the order parameters and stress

AG=a;(P?+ P35+ P2+ ayy(PT+ P+ P3) + a1 P2P3+ P5P3+ PaP2) + aqq4( P+ PS5+ PS)
+ 114 P1(P5+P3) + P3(P3+ P2) + PY(PI+ PY)1+ apaPPoP5+ Baf 02+ 03+ 051+ Brd 01+ 03+ 03]

+ 1 P263+ P363+ P363]1+ v1d P3( 65+ 63) + P3( 63+ 62) + P3( 62+ 63)]

1
+ V4 P1P2010,+ P,P30,03+ P3P, 6360, ]— Esll[xi"" X5+ X351 514 X1 Xo+ X X3+ XaX4 ]

1
- 5544[)(421"‘ XE+X51— Qi X1 PI+ X,P5+ X3P3]1— Q1 X1(P5+ P%) + Xo( P5+ P%) + X3( P+ P3)]

—Qud X4P2P3+ X5P1P3+XeP1Po] = Ryd[ X1 05+ X, 05+ X305] = Rid X1( 05+ 63) + Xo( 05+ 69) + X3( 67+ 65) ]
— Ry X40,03+X50, 03+ Xg0,0,], 2

where P; (i=1,2,3) is the magnitude of the ferroelectric

polarization vector along the directioné; (i=1,2,3) is the szngr D(VP)ZJdV+f DAT'PAdS, 4
oxygen octahedral tilt angles§,, (m=1-6) is the stress;
ay, ajj (i,j=1,2) anda;ji (i,j,k=1,2,3) are the dielectric
stiffness and higher-order dielectric stiffness coefficients at
constant stresg3, and B4, are the octahedral torsion coeffi-
cients; y,n (Mn=1-6) is the coupling between the ferro-
electric polarization and tilt angles;; (i,j=1-6) are the
elastic compliance at constant polarizati@; (i,j=1-6)

where the energy densitgyhas the same form as E@), \ is

the extrapolation length describing the difference between
the surface and bulk, arid is connected with the correlation
length. However, even for a very simple case, the spontane-
ous polarization and Curie temperature cannot be derived
are thg electrostrictive coup_ling between the ferroele.ctr.ic po?enda;gsfarl]lzggrirgri;téﬂ\l/;iggeg;%“?g .fligc? rgjtr iﬁ: \{%grteq?
Iarlzayon and stress; ar“?h (i,j=1-6) are the rotostnpuve . effect of the surface bond contraction, it is assumed that the
cquplmg between the tiit angle and stress. The d'_elecm%urface and bulk have the same ferroelectric properties and
stiffness constant, is assumed to be a linear function of yho 4veraged value of polarization is used. The free energy
temperature near the Curie point density function of Eq(2) will then be used instead of the
total free energy.

T-T, The effect of the surface bond contraction can then be
1= ey (3 studied by substituting the following relation into EQ):
whereT is the temperaturel, is the Curie pointC is the X1=Xo=X3=0p, X4=X5=Xg=0. (5)

Curie constant, and, is the vacuum dielectric permittivity.
Amin et al. were among the first to determine the higher-The Gibbs free energy is reduced to a simpler form
order dielectric stiffness coefficients and calculate the dielec-
tric, piezoelectric and elastic properties of the tetragonal, and 500
high temperature rhombohedral phases at the morphotropic
phase boundaryMPB) region®* Later, including the tilt of
the oxygen octahedra in the LGD theory, the phase transition
in the low temperature rhombohedral phase of
Ph(Zr, gTip )O3 Was calculated®*®With the steady accumu-
lation of the experimental data, the coefficients in E).for &
the entire PZT solid solution range can be obtained by fitting 200+
the theory with the experiment results. The best-fitted
coefficientd*~38are used in this paper. It has been assumed
that all the coefficients in Eq2) excepta to be temperature
independent. % 10 20 30 20
It should be noted that when applying the LGD theory to
a finite-size and inhomogeneous ferroelectrics, the total free

energy instead of the energy density function is usually FiG, 1. Grain size dependent Curie temperature of tetragonal
used!®4 PR(Zry_Tix)Os.
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AG= (a1~ Qnop) (Pi+ P+ P3) + ayy(P1+ P35+ P3) + ay o PiP5+ P5P5+ P3P3) + argq4( P+ PS+ P3)
+ a1 PI(P3+ P%) + P3(P3+ P + PY(PI+ P31+ aipPiPiP5+ (81— Ryap)[ 02+ 05+ 03]+ Bail 01+ 63+ 03]

+ 1 P262+ P203+ P363]+ y1d P63+ 63)+ P3( 63+ 62)+ P3( 62+ 63)]

3
+Y4d P1P260160,+ PoP36,603+ P3P, 6360,]— 5(5114' 2s15) 0%, (6)
|
whereQ,=Q11+2Q, andR,=R;+ 2Ry,. reduction of the atomic coordination number, for example, it
The solutions which are of interest for ferroelectric PZT contracts by 4, 6, and 12 %, when the coordination number
system are as follows. reduced from 12 to 8, 6, and 4, respectivélyPauling has
(1) Paraelectric cubic phage., also noticed that the radius of a Cu atom contracts from
0.128 to 0.117 nm when its coordination number changes
P1=P;=P3=0, 0;=0,=03=0. (78 from 12 to 1*° For simplicity, it is assumed in this paper that

the surface bond contracts by an average of 10% within the

top three layers. The Young's modulus is chosen to be 200

P — 2 —p —p _ GPa. This value is reasonable for tetragonal PZT as com-
P1=P>=0, P570, 6,=6,=0,=0. (70) pared with the bulk modulus of 209 GPa for Pb}iGb-

(3) Ferroelectric rhombohedral high-temperature phaséined by first-principles calculatio'ﬁlt can be seen that the
Curie temperature drops slowly with the number of unit cell
layersN for N>15. ForN< 15, the Curie temperature drops

P2=P2=P3+#0, 6,=0,=0;=0. (7o  dramatically. The equivalent grain size fdr= 15 is about 12
nm since the lattice parameter is about 0.4 nm as determined

(4) Ferroelectric rhombohedral low-temperature phaseby Glazeret al>! A similar result for PbTiQ is confirmed in

(2) Ferroelectric tetragonal phasg,

FreHt) s

FruT experiment?
s 2 o s o It should be pointed out that below certain grain size
P1=P3=P3#0, 01=65=63%0. (7d)  (critical size the Curie temperature reaches 0 K which im-

. plies a lost of ferroelectricity. This critical size obtained by
The equilibrium values of the components of the ordery,o present model is about 4 niN£5). This value is com-
parameters can be determined by minimizing the free energyarable with the theoretical value of 4.2 nm obtained by
function of Eq.(6) with respect to the order parameters Zhonget al° They have used the total free energy of E.
IAG  IAG to study the size effect in PbTiOHowever, this critical size
—=——=0 (i=1,2,3 (8) is smaller than those obtained by various experiments, such
P 96, as 12.6 nm by Raman scatteritiy8.8 nm by specific heat

. . 2 .
and at the same time satisfy the stability conditions. Variougneasuremert, 7 nm by x-ray diffractior’” This could be _

based on the equilibrium values of the order parameters. tive measurement is needed to verify different theoretical
models since the existing results are too scattering.

The effect of surface bond contraction on the Curie tem-
perature for the entire composition range of the ferroelectric
A. Curie temperature PZT solid solution is depicted in Fig. 2. Here the composi-

The Curie temperature can be determined by equalizingon is restricted to the ferroelectric PZT with a mole fraction
the Gibbs free energy of the paraelectric and ferroelectri f PbTIO;, higher t_han 0‘.1 since the bulk _C_une temperature
can only be well fitted within this composition range. It can

phases. Compared with the calculation of the bulk Curi ¢ 0. 2 that the Curi q ith
temperature, it is easy to find out that the Curie temperaturege Seen from F[g. - that the Curie temperature decreases wit
ecreasing grain siz@.e., decreasing\) in the entire com-

is shifted to lower temperature due to the surface bond con=""* ) : :
traction position range. However, this decrease is not uniform. At a

composition range near the MPB, i.e= 0.5, the Curie tem-

2n2s8a perature is less affected by the grain size. This is due to the

Tc=Tcxt2CeoQnop=Tcx~ —yz; CeoQnE.  (9)  composition dependence of the Curie constant and the elec-

trostrictive constan@,, .

where T, is the Curie temperature of bulk materials with ~ The Curie constant and the electrostrictive constant are

large grains. both composition dependent. The Curie constant varies with
Figure 1 shows the grain size dependence of the Curiéncreasing amount of PbTiCfrom around 2<10° °C at the
temperature of the tetragonal PZT solid solution. Accordingoure PbZrQ side to about 1.510°°C at the pure PbTiQ
to Goldschmidt, ionic radius of an atom contracts with theside with a maximum of about 4.2510°°C at the MPB.

Ill. RESULTS AND DISCUSSION
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FIG. 2. Grain size effect on the Curie temperature for FIG. 3. Composition dependence of t8&Q;, value.

Ph(Zr, _,Ti,)O3(x=0.1). (In this figure and hereafter, “bulk” is

X . : maximum at this composition. It can also be concluded that
used to indicate very big grains.

the electrostrictive consta, is the dominant factor in the
multiplication value ofC* Q,, since this value is minimum at
However, the electrostrictive constant shows a slight increasthe MPB although the Curie constaDshows a maximum at
with increasing amount of PbTiQexcept a minimum is this composition. An implication of this finding is that, in the
found also at the MPB. As shown in Fig. 3, the multiplica- Materials engineering, it is possible to modify the size depen-
tion of the Curie constant by the electrostrictive constant islence behavior of the Curie temperature by adjustinghe
found to have a minimum at the MPB and a maximum neaiva@lue, i.e., the ratio 0Q,,/Q;,. It is obvious that when the
the MPB with about 0.6 mole fraction of PbTjOThis be-  ratio of Q;,/Q,, becomes-2, theQy is zero, and the Curie
havior of the multiplication explains the size dependence eftemperature is independent of the size at all.

fect of the Curie temperature shown in Fig. 2. According to o

Eq.(9), the PZT 50/50 is nonsensitive to the grain size effect B. Spontaneous polarization

since the multiplicatiorC* Q, is @ minimum at this compo- The spontaneous polarization can be obtained by mini-
sition. While the tetragonal PZT 40/60 is most effectively mizing the Gibbs free energy and at the same time satisfying
affected by the grain size since the multiplicaticiiQ;, is a  the stability of the ferroelectric state

2 112
,_ —oantlan;—3ay(a;—Qpop)]

Fr: = , (109
T 3 3agg
o, —(aptap)t V(a+ a1p)®= (a1 = Qnop) (Bt 6yt agpg)
Friur): P3= ’ (100
3agit 6agt ages
—b+b?—4&c
Frim: PiI=—————————, (100
2¢
Br—Rnop+ $P3
Pi=— — (100
3 2ﬁll
|
where For the tetragonal phase the spontaneous polariz&tipis
equal toP5, while for the rhombohedral phasBg is equal
§=3a111+Bagipt @13, = y11t2y10F Vs, to vV3Ps.
The room temperature spontaneous polarization of tetrag-
$? onal PZT is shown in Fig. 4. It decreases with decreasing
b= §§— ﬁn {=3(anta), grain size. Similar to the Curie temperature, the spontaneous

polarization decreases slowly with for N>15. WhenN

B~ Ry <15, it drops fast. Similar trend for PbTiQs experimen-

C=a1— Quop— Pi "% tally verified by Chattopadhyagt al>? as they found that the
2B11 lattice parametec decreases anaincreases when the grain
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FIG. 4. Room temperature spontaneous polarization of tetrago-
nal PZr,_,Ti,)O; (x=0.6, 0.7, 0.8, and 1)0 FIG. 6. Temperature dependence of the spontaneous polariza-

tion of PZT 80/20 with different grain sizes.

size decreases below 100 nm. The resulting reduction in the lated h i f hed d th
tetragonal distortiond/a) implies a decrease in spontaneousre ated to the coupling of oxygen octahedron and the stress

A . ~should be known. However, due to the lack of experimental
polarization. The room temperature spontaneous polarizati

08 . . . 41-43

S . ata, this value is not determined yet. @hal. have
.bec':om.es zero for grain size below 5.6 nNFW)'. Th|s ISaN  estimated this value by extrapolating the lattice constants
indication of room temperature phase transition from theobtained by Glazeet al> into the low temperature rhombo-
ferroelectric to paraelectric at this grain size. As the temper ’

ture increases. the arain size at which this ohase transitigﬁedral phase. The rotostrictive coefficient thus obtained for
€9 P BZT 90/10 is slightly temperature dependent. For simplicity
takes place also increases.

The temperature dependence of the spontaneous poIarizWEa assume the value to pe ind(_ependent of temperature and
tion of the tetragonal PZT ceramics under different grain size&mpoigﬂg’ Just as other investigators have dqng in the case
is shown in Fig. 5. In general, the spontaneous olarizatior?.f Ras.- The qveragfd yalue of the rotostrictive coeffi-

9. > 1 g ’ P P T cient, —1.553< 10 *deg ?, is chosen in the present calcu-
decreases with increasing temperature. When the grain si Shion

decreases, the spontaneous polarization is depressed. This .
T - ) The temperature dependence of the spontaneous polariza-
depression is more significant at higher temperatures. A de[.—

crease in the Curie temperature can thus be expected due %n of the rhombohedral PZT 80/20 is shown in Fig. 6. For
the reduction in the spontaneous polarization. For PZT 30/ T80/20 with very big grains, the spontaneous polarization

70, the spontaneous polarization vanishes at the Curie ten%-g (r)z\i/\{szrZTklnIiN";]\?Cthhe::an;;)s—i[E;t(Htﬁgphasitlgansmonh;irg—
perature showing a second-order phase transformation fro"?1ansition iRs’first order. With decreasiRrgLT) rainRéTzTé ICt)he spon-
the ferroelectric phase to the paraelectric one. However, th& ' 99 ' P

spontaneous polarization of PZT 20/80 does not go to zer pneous polarization of theg(r) phase decreases, while, on

when approaching the Curie temperature from the ferroelec- € contrary, that of thé g r) phase increases. With de-
tric side due to its first-order nature of tiie—P. phase creasing grain size, the temperature range at which the

transformation Frm Phase is stable also decreases. For very big grains,

For rhombohedral PZT, in order to calculate the sponta-tlhéz otgmlﬁ)%raturet rarl;ge to7foa:CstahU Eh(';g) phqse 1S gboug ¢
neous polarization the rotostrictive coefficidRy which is ' rops to abou when the grain siz€ 1S abou
12 nm N=15). TheFg1—Fgnr) phase transition tem-

perature is found to increase with decreasing grain size. The

0.8 size-dependent phase transition temperaifigecan be de-
0.7 rived as
&
=i
5 0.6 Ry
a” 0.5 Tr=Tret 2800( Qn— ﬁ) Op, (13)
= 11
S 04 _ L
5 whereTg., is the Fg 1)—Fg(1) phase transition tempera-
§ 0.3 ture of bulk materials with very big grains. Its best fitted
£ 0.2 value for the PZT solid solution can be found in Refs. 36—
, , 40.
0'10 100 200 300 400 500 The size dependence of th&y 1)-FrwT) Phase transi-

tion temperatur@  is shown in Fig. 7Tg increases slightly

with decreasing grain size until it reaches the Curie tempera-
FIG. 5. Temperature dependence of the spontaneous polarizédre. At this grain size thé& g1y phase is completely un-

tion of PZT 20/80 with different grain sizes. stable and will not appear in the whole temperature range.

Temperature (°C)
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The unstableness of tify 1) phase can also be anticipated polariza_ltion become; zero. 'I_'he dielectric constant inFthg
according to the Le Chatelier's principle. Since, as can b@hase increases while that in tie phase decreases with
seen from the thermal expansion curve of PZT 92/8 shown ifilecreasing grain size. Similar result is obtained by using the
Fig. 8, the volume of thé& 1) phase is larger than that of total free energy of Eq(4).” However, this resu5lg differs

the P¢ or the Fg. 1) phase” The surface bond contraction from the experimental work of Chattopadhyeyal.” They
induced compressive stress favors the stableness of the phdgeind the dielectric constant decreases with decreasing size

with smaller volume and thus decreases the stability of thén a size range of 26—100 nm. The reason is that our calcu-
Freum) Phase. lation has not taken the domain wall contribution into ac-

count so that the calculated relative permittivity is lower than
the experimental value. Actually the domain wall contribu-
tion has an opposite effect as compared with the surface
The dielectric constant can be determined from the recippnond contraction induced effect. When the grain size de-
rocal of the dielectric stiffness matrices xi(  creases to a value comparable to the width of domain walls,
=£0d°AG/9P;dP;) by using the following relation: pinning points would develop inside the grains and the do-
main wall motion would be inhibitet? The reduced wall
gy = Ay /4, (12 mobility will cause a decrease in the relative permittivity.
whereA;; andA are the cofactor and determinant of the The measured value is a competition between the increase of
matrix. relative permittivity by surface bond contraction and the de-
The size dependence of the room temperature dielectrigrease of the relative permittivity by domain wall pinning.
constant for tetragonal PZT is shown in Fig. 9. A dielectricFrom our model, in the size range of 26-100 nm <60
anomaly can be clearly seen which indicates a phase trans-240), the increase in the dielectric constant due to the
formation from a ferroelectric phase to a paraelectric onesurface bond contraction is negligible. The domain wall pin-
The size at which this phase transition takes place is abouting effect thus dominates in this size range and result in a
5.6 nm N=7). It is the same size at which the spontaneouglecrease in the measured dielectric constant.
The temperature dependence of the dielectric constant of
1.5 PZT 30/70 is shown in Fig. 10. The dielectric constant goes
to infinite when approaching the Curie temperature since the
F1 to P phase transition for PZT 30/70 is second order. The
Curie temperature also decreases with decreasing grain size.
The dielectric constant shows an opposite trend of grain size
dependence when across the phase transition temperature
Tc. Thatis, in theF+ phase the dielectric constant increases
with decreasing grain size while in thi- phase it decreases.
Similar behavior is found for PZT 20/80 except that the di-
electric constant shows a sharp peak at the Curie temperature
due to its first order kind oF— P phase transformation.
. , , ) The Curie temperature and the peak dielectric constant both
0 100 200 300 400 decrease with decreasing grain size.
Temperature (°C) The temperature dependence of the dielectric constant of
rhombohedral PZT 80/20 which has a continuous phase
FIG. 8. Thermal expansion curve of PZT 92/8 showing threetransformationF g r— Fgm— Pc Wwith increasing tem-
consecutive phase transitiortsg 1)— Frim— Pc - perature is shown in Fig. 11. The dielectric constant goes to

C. Dielectric constant

0.0
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infinite at the Curie temperature due to the second order na-
ture of the Fgiym)— Pc phase transformation. The Curie
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FIG. 12. Temperature dependence of the pyroelectric coefficient
of PZT 30/70.

temperature decreases with reducing grain size. Same as tftiarged in Fig. 1(b). The sudden jump in dielectric con-

of the tetragonal PZT, the paraelectric dielectric constant oftant at the phase transition temperafligds indicative of a

PZT 80/20 decreases with the grain size but the rhombohdirst order transition. The magnitude of the dielectric jump

dral high temperature dielectric constant increases with delcréases with decreasing size which means the phase tran-

creasing grain size. : -
The temperature dependence of the dielectric constant ¢féarly seen from the figure the transition temperaflige

PZT 80/20 near th& g 1— Frnm) phase transformation is
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FIG. 11. Temperature dependence of the dielectric constant of p=

PZT 80/20 in(a) 100-350 °C andb) 100—-200 °C.

sition becomes more and more of the first order kind. As

increases with the decreasing size. Once again the trend of
size dependence of the dielectric constant is changed across
the transition temperaturgg, i.e., the dielectric constant of

the Fryty phase increases with the decreasing size while
that of theFg( 1) phase decreases with size.

D. Pyroelectric properties

The pyroelectric coefficient can be calculated directly by
differentiating the spontaneous polarization with tempera-
ture. As shown in Fig. 12, in general, the pyroelectric coef-
ficient is negative since the spontaneous polarization de-
creases with temperature. The absolute value of the
pyroelectric coefficient increases with temperature and goes
to infinite when approaching the Curie temperature. For te-
tragonal PZT, the absolute value of pyroelectric coefficient is
found to increase with decreasing grain size. It seems prom-
ising for the infrared detection application. However, in real
application the figure of meritF\, = p/e, wherep is the py-
roelectric coefficient which characterizes the voltage
respons& is more important than the pyroelectric coefficient
itself. Higher F\, is always sought for. Unfortunately, it is
found that this figure of merit decreases with decreasing size
as shown in Fig. 13. Although the pyroelectric coefficient
goes to infinite at the Curie temperature, the figure of merit
F\ decreases with increasing temperature. This is due to the
fact that the dielectric constant increases much faster with
the temperature than the pyroelectric coefficient does. It can
be derived that for th& phase, the pyroelectric coefficient
pis

dPg 1
dT 880CP3\/0‘§1_301111(“1—Qh0p)

. (13
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e
~

The Curie temperaturd. decreases while th&g, ) to

Frm Phase transition temperatuiig; increases with in-
creasing bond contraction ratifa/a. The spontaneous po-
larization Pg, the dielectric constant, the pyroelectric co-
efficient p, and the figure of merit-,, have much more
complicated relations with the ratiéa/a than the phase
transition temperatures do. Generally, g, ¢ (of the P¢

or the Fg 1) phasg, andF, all decrease with increasing
ratio 6a/a while thee (of the Fgy1) phasg¢ and the absolute

<
o)

e
W

Figlre of merit (10'3pC/cm2K)

0.4 value ofp both increase with the ratiéa/a.
IV. CONCLUSION
0.3 1 1 1 1
0 100 200 300 400 The surface bond contraction induces a compressive

Temperature (°C) stress on the inner part of a grain and this effect should be
taken into account for ferroelectric materials in the nanom-
FIG. 13. Temperature dependence of the figure of nfgyiof eter size range. The induced stress causes decreases of the
PZT 30/70. Curie temperature and spontaneous polarizatetcept in
the Fr 1) phas¢ with decreasing grain size. A size driven
The figure of meritFy is only a function of spontaneous dielectric anomaly indicating a ferroelectric to paraelectric
polarization phase transition can be seen due to the surface bond contrac-
tion. The theoretical results correspond well with experi-
_ _ E ments done by other investigators. Our model predicts that
Fv=pr/ess - (14 - .
C the Frn—Frmnm Phase transition temperaturéz in-

For PZT 30/70 with a second order phase transformationC' €aS€sS with decreasing size andMig,r, phase is unstable

both the figure of meriE,, and the spontaneous polarization for Sm_f” t5|ze dfe:cr%electr(ljcs. Thendl[ﬁleecnr':incz’?zséagirzzzvﬁe
go to zero at the Curie temperature. opposite trend of dependence o 9

transition temperatureg: and Tg. The temperature depen-
dence of the pyroelectric coefficient is similar to that of the
spontaneous polarization. The figure of merit decreases with
The surface bond contraction ratfia/a assumed in this decreasing grain size. Linear relations exist between the
paper is 10%. This may be a little bit overestimated. Due tgphase transformation temperatuf@s and Tgr) and the sur-
the lack of experiment data, the exact value is not knownface bond contraction ratia/a. However, experimental in-
From Egs.(9) and(11), it can be seen that the phase transi-formation on the value of surface bond contraction ratio of
tion temperature3 . and Ty are both linear functions of the ferroelectric materials is still needed for a more precise de-
ratio da/a though they show different trends with this ratio. scription of the effect induced by surface bond contraction.

E. Surface bond contraction ratio éa/a
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