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The equilibrium polarization states and physical properties of single-domain PRTZy)O; (PZT) thin
films epitaxially grown on dissimilar cubic substrates have been examined by a nonlinear thermodynamic
theory. In contrast to the former theoretical studies of PZT films, the two-dimensional straining and clamping
of a film by a thick substrate is correctly taken into account in the reported calculations. The “misfit strain-
temperature” phase diagrams are developed for PZT films of several different compositio@9( 0.8, 0.7,
0.6, 0.5, and 0.4 The characteristic feature of these diagrams is the presence of a “monoclinic gap” separating
the stability ranges of the tetragonal out-of-plane and the orthorhombic in-plane polarization states. It is found
that this gap widens with the increase of Zr content, and its center shifts from positive values of the misfit strain
towards zero. The dependences of the polarization components on the misfit strain and composition at the room
temperature are calculated and compared with the available experimental data. The small-signal dielectric and
piezoelectric responses of single-domain PZT films are also determined, and their misfit-strain dependence is
discussed.
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[. INTRODUCTION since the properties of ferroelectric films often differ mark-
edly from those of bulk ferroelectrics. Oh and Jhgug-
Ferroelectric Pb(Z4r_,Ti,)O; (PZT) solid solutions are gested that the MPB in epitaxial PZT films may be shifted
currently attracting great interest for both practical and funtowards a higher Zr content due to internal mechanical
damental reasons. On the one hand, PZT ceramics and thitresses existing in thin films grown on a dissimilar thick
films have a wide range of implemented and potential devicsubstrate. They attempted to describe the mechanical sub-
applications:=3 On the other hand, an unusuahorphotro-  strate effect via the introduction of a biaxial in-plane stress
pic) boundary exists in the phase diagram of bulk PZT, neamnto the thermodynamic theory of bulk PZT developed by
which this ferroelectric material exhibits anomalous piezo-Haun et al.” This stress was assumed to be independent of
electric and dielectric propertiésThe morphotropic phase the polarization state of a ferroelectric film and regarded as a
boundary (MPB) is situated aroundk=0.45—0.50 in the constant parameter during the minimization of the film free
composition-temperature plane, and separates the stabilignergy. However, it is known that this simple assumption
range of the tetragonal ground state from that of the rhomeoes not hold for epitaxial thin films.In reality, the in-plane
bohedral one. The recent discovery by Noheda andattice strainsappear to be fixed parameters of the film at a
co-workers® of an intermediate monoclinic phase in the given temperaturé! so that the associated biaxitressis a
PZT ceramic with a composition close to the MPR ( function of the orientation and magnitude of the polarization
=0.48) demonstrates that PZT solid solutions still representector in the epitaxial layefsee Sec. )l Therefore, the in-
an object of high fundamental interest. fluence of mechanical film/substrate interaction on the ferro-
For bulk PZT, the physical and structural properties wereelectricity in PZT films still requires a rigorous theoretical
investigated theoretically in many papers. Important resultslescription similar to that developed in Refs. 11-14 for
were obtained by Hauet al.” with the aid of a Landau- BaTiO;, PbTiO;, and SrTiQ epitaxial thin films. The cor-
Ginsburg-Devonshire-type phenomenological theory. Usingect solution of this problem is especially desirable in view
an expansion of the free energy up to the sixth order in thef the successful fabrication of epitaxial PZT films on vari-
polar order parameter, these authors were able to explain thris substrates in many laboratories worldw/tié* Remark-
observed phase states and physical properties of PZT cerambly, the single-crystal PZT films covering the full composi-
ics over the entire range of compositions. Though the develtional range have been already prepared and charactéfized.
oped sixth-order theory cannot support a monoclinic phase, In this paper, we report the thermodynamic calculations of
an extension of the thermodynamic calculations to the eightlthe polarization states and physical properties of single-
order makes it possible to describe the newly discoveredrystalline PZT films, which correctly take into account the
monoclinic phase in a natural wiyThe existence of a low- actual stress-strain conditions existing in an epitaxial over-
temperature monoclinic phase is also confirmed by the simuayer. Thin films are supposed to be grown in a paraelectric
lations based on a first-principles effective Hamiltonianphase on thick001)-oriented cubic substrates. In accordance
approach?. Moreover, these theoretical calculations providewith the experimental resulfS,we assume that a cube-on-
an explanation for the high piezoelectric response of PZTcube epitaxial relationship is established between the grow-
ceramics near the MPB. ing film and the substrate for all compositions. In this situa-
Thin films of PZT require a separate theoretical analysidion, the mechanical substrate effect on the film properties is
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governed by a scalar parameter, i.e., bynfisfit strain §, in grown on a much thicker substrate, however, the in-plane
the epitaxial systenisee Sec. )l The misfit strain plays the lattice strains remain constant due to the mechanical film/
role of an external parameter in our thermodynamic theorysubstrate interaction, whereas the related stresses are variable
instead of biaxial internal stress used in Ref. 10. Accordinglyguantities depending on the film polarization statdvi-
the equilibrium polarization state of @hort-circuitedl epi-  dently, the elastic energy associated with these internal
taxial PZT film is predicted to depend on the misfit strainstresses should give @ositive contribution to the total free
S, temperaturdl, and Ti contenx. The stability ranges of energy of a thin film. The elastic-energy term in the Gibbs
various possible polarization states may be conveniently ddunction G, on the contrary, is itself negati?é.Therefore,
scribed with the aid of the “misfit strain-temperature” the calculations of Oh and Jafwhich were performed for
phase diagram$ computed for PZT films of different PZT films using the functiors, in fact lead to a physically
compositions. unacceptable result, predicting that an increase in the biaxial
Our calculations are based on the sixth-order thermodym-plane stress reduces the film energy via the elastic contri-
namic theory developed for bulk PZT by Haenal” The  bution.
introduction of the eighth-order polarization terms into this For single-domain ferroelectric films, the energetically
theory is not possible at present, because numerical values ofost favorable polarization states can be found by minimiz-

the corresponding coefficients are not known. Howevering the modified thermodynamic potenti@l introduced in
since the free-energy expansion up to sixth order is sufficierﬁef' 11. This potential is defined by the relati@~=G

for the prediction of stable polarization states with a mono- —
- ; ) o +S,01+Sy0,+ Sgog, Whereo, andS,, (n=1,2,3,...6) are
14 101 2 6 n
c[|n|c symmetry in strglned ferroelectric  filn5; the the stresses and strains in the Voigt matrix notation, and we
e|ghth—o_rder terms, wh|ch are necessary to%descrlbe thﬁse the rectangular reference framg ,k,,x3) with the x5
newly d|§covergd m°”°°"T"C phase n pulk PZTmay be axis perpendicular to the film/substrate interface. In the case
ignored in the first approximatioThe eighth-order terms of (001)-oriented perovskite-type films grown on cubic sub-

will only change positions of the boundaries of a monoclinic : ;
gap on the misfit strain-temperature phase diagram. We b s{;a:]tgst\;]vg hbgtijg:;aggn%%ilrlg gi)\éﬁf)é)ziré:tglrll%gsr?grgc
lieve that these changes will be small because the sixth-ord O th,e lattice strains in the film plarfé. Here S,,= (b*

theory does not explain the prqperties of bulk PZT only in a —ag)/ag is the misfit strain in an epitaxial system, which is
VEry narrow range of compositions near the MPB, where th%efined by the substrate effective lattice parantétet and
fr:fen; grlgngsspggz‘fegpvﬁ? t}]ﬂ\é etiﬁ!io gigrl]eect))t(heedneg;ﬁse%fr the equivalent cubic cell constaat of the free standing

. X g ortr Y9 ®CTiim. If there are no tractions acting on the free surface of the
and the antiferroelectric-type polarization, which manlfestﬁlm we also havers=o,= o5=0 owing to the boundary

i i ' 3= 04=05=
t:t:)iq:asn?;/?asrg;re]rt?hear?%aéi .I(.jf ggaorg)% ?.l(';lke:;zu-:eogléoztd Zrconditions. The remaining three internal stresses, (o,
accuracy of this approximation, we restrict our thermody-and%) and three lattice strains, S,, andS;) depend on

namic calculations by compositions= 0.4 and temperatures the pola_rlzano_rP |n_the film. They can be calculated using
aboveT =0 °C. the relationships,= — dG/da,, which describe the elastic

In Sec. I, the thermodynamics of single-domain epitaxialequatlon of state of a ferroelectric crysfarhe calculation

ferroelectric films is briefly discussed. The formation of fer- gives

roelastic domaingtwins), which may occur in strained PZT _ 2 _ 2

films,*2! is not taken into account on the present stage of . — Sm (51Qu~$1Q12) P21+(§11Q12 512010 P2

calculations(Nonlinear thermodynamic description of poly- S11t S12 S11~S12

domain states in PZT films is in progress and will be re-

ported in a separate papeffhe misfit strain-temperature _ Qi pg, (1)

phase diagrams calculated for short-circuited single-domain S11F S12

PZT films with compositionx=0.9, 0.8, 0.7, 0.6, 0.5, and

O:4 are re_ported in_Sec. Il. .Section.IV describgs the dielec- Sy (511Q12—512Q11) Pf+(sllQ11— $15Q12) P§

tric and piezoelectric properties of single-domain PZT films. 02_511+ S1 22

Finally, we discuss the most important theoretical predictions 1o

and compare them with the experimental data available for Qu

PZT thin films (Sec. V). RN @
Il. THERMODYNAMICS OF SINGLE-DOMAIN e — %P p 3

PZT FILMS 67 gy, U
As shown in Ref. 11, the standard elastic Gibbs energy

function G, which is employed in the thermodynamic theory _ 251 Sm+[Q _ S1Qu1t le)}(P2+ P2)

of bulk ferroelectric crystal§? cannot be used to determine S11t+S12 2 S11tS12 v

the equilibrium polarization states in epitaxial thin films. In- g

deed, the minima of5 correspond to the stable thermody- +| Q- 12Q12) P2, (4)

namic states at fixed mechanicstresse® In a thin film St S12
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S;=Qu4P,P3, (5) TABLE I. Elastic compliances), of the paraelectric phasén
units of 102 Pa 1) used in the thermodynamic calculations per-
Ss=QuPP3, (6) formed for PZT solid solutions.

whereP; (i=1,2,3) are the polarization components in theTi contentx 0.9 0.8 0.7 0.6 0.5 0.4
crystallographic reference frame of the paraelectric phase;
s, are the elastic compliances at constant polarization, angi 8.1 8.2 8.4 8.6 105 8.8
Q,, are the electrostrictive constants in polarization notationS2 —-25 -26 -27 -28 -37 -29
Equations (1)—(3) show that the assumption of Oh and S 12 144 175 212 287 246
Jang!® who regarded the stresses, o, andog as constant
external parameters, does not hold for epitaxial ferroelectri¢,ost favorable polarization state of a single-domain film.
films. Moreover, in the polarization states with#0 and  gjnce the renormalized dielectric stiffnessds and a¥ are
P,#0, the shear stress; differs from zero, which was not jinear functions of the misfit strais,, [see Eqs(8) and(9)],
taken into account in Ref. 10. the magnitude and spatial orientation of the polarization vec-
The substitution of Eqs1)—~(3) into the general expres- o p in the equilibrium thermodynamic state should vary
sion for the modified thermodynamic potent@@l makes it with the misfit strain in the film/substrate system. The tem-
possible to preser in the convenient forrt perature dependence of ferroelectricity in PZT films is
mainly governed by that of the dielectric stiffneag=(T

= Sm S S D S S —0)/2¢4C since the higher-order stiffness coefficiers;
G= Syt 512+a1(P1+ P2)+az P3+ay(Pi+P) and a;; may be taken as temperature-independentmgaram-
eters(6 andC are the Curie-Weiss temperature and constant,
+aj,PiP5+aly P+ P3)P5+akPs ande, is the permittivity of the vacuui
The above minimization procedure opens a way for the
+au(PI+ P+ Py +ay{ P(PS+P3) detailed theoretical description of single-domain polarization
+P4(P2+ P2) + P4(P2+ P2)]+a,P2P2P32 states, which may form in PZT films grown on dissimilar
substrates. In the absence of electric field in an epitaxial
-P,E;—PyE,—P3E3, (7) layer (E=0), the stability ranges of the equilibrium states
may be defined with the aid of the misfit strain-temperature
where phase diagrams developed in the next section. Using these
Qu1+ Q1o diagrams, the small-signal dielectric and piezoelectric re-
af=a;—S,————, (8) sponses of PZT films can be calculated from E@s-(13) as
S11t S12 functions of the misfit strain and temperatysee Sec. V.
at=a,— 2Q1, (9) I1l. PHASE DIAGRAMS OF SINGLE-DOMAIN PZT FILMS
s S11+S12”
L For PZT solid solutions, the dielectric stiffnessas a; ,
* 2 2 a;, and the electrostrictive constang, have been deter-
an=ant 2 sH— 352[(Q11+ Q12)$11~ 2Qu1Qu:S12], mJined by Hauret al. for a set of nine compositions between
(10 x=1 and 0’ The elastic compliances;,, which are also
involved in Eqgs.(7)—(13), may be evaluated using the ex-
Qiz perimental data on the elastic properties of PZT ceramics and
az=ant S s (1) PDBTIO; crystals?” By averaging the room-temperature com-
1=z pliances measured at constant electric displaceftemom-
1 Q§4 ply with_ the cubic symmetry of paraele_ctric ph}asm_d in-
a¥,=a;— W[(Qgﬁ ng)slz_ 2Q11Q1,8:1]+ ™ terpqlatlng between avgllablg experimental points, we
117 512 44 obtained the values &, given in Table I.
12 Performing necessary numerical calculations with the aid
of Egs. (7)—(13), we determined equilibrium polarization
af—a Q1Q11+ Q1) (13  states of single-domain PZT films with compositions
18712 SitS1; =0.9,0.8,0.7, 0.6, 0.5, and 0.4. Since films were assumed to

be sandwiched between two extended electrodes under the

a;, &, anday are the dielectric stiffness and higher-order o 1 i jited condition, the electric fiell in Eq. (7) was

,[S;Zfrleosri c(;)ﬁ;‘frl]?en;tcs at c?nsttgn;_s%e_ss,thEncg_ll—1,2h3)ha_re set to zero[The depolarization field in thin films of perov-

P S 9 an e ec. rc fiekdin ) € 'm’ WHIENIS  skite ferroelectrics is expected to be negligible due to their
assumed to be uniform. Using E(), which definess as a finjte conductivity(see Ref. 28 and references theydihe
function of the polarization componenis, P;, andPs in  cajculations showed that only four different phases may be
an epitaxial layer, it is possible to find all minima of the film giapie in the studied range of misfit straiig and tempera-
thermodynamic potentiaG(P). The comparison of these turesT. This set of stable phases, which is also characteristic
minima then enables the determination of the energeticallpf PbTiO; epitaxial films! involves the paraelectric phase
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misfit strain. For PZT 10/90 and 20/8@£ 0.9 and 0.8 the

(a) behavior of an epitaxial film differs from that of a bulk ma-
terial, where the ferroelectric phase transition is of fingt
[001] order.” This distinction is caused by the substrate-induced
renormalization of the fourth-order polarization terms in the
A free-energy expansion, which makes the coefficiefifsand

PS [010] a3, positive even though the factar; is negative.

The most characteristic feature of the ferroelectric part of
(S,,,T) diagram is the presence of stability range of the
monoclinic r phase, which is located between the fields of
the tetragonal cphase and therthorhombic aaphase(Fig.

2). However, the direct transformation of the paraelectric
phase into the phase occurs during cooling only$t=0 in

®) PZT films with the Ti contenk less than about 0.7. At non-
- zero values of the misfit strain, the paraelectric phase trans-
S L forms either into the phase(at S,,<0) or into theaa phase

[001] / (at S,>0) for all compositionsx. At x>0.7, the stability

[100]

ranges of these phases have a common boundary at high
P temperatures, where the first-ordea- phase¢-phase transi-
s tion should take place.
/ — In the (S,,,T) diagrams of all studied PZT films, the
SCVS)_ - - r-phase field is separated from the stability range of ¢he
== phase by the first-order transition line. On the contrary, the
[100] boundary between the fields of thendaaphases is defined
by the second-order transition. The driving order parameters
of these structural transitions are the in-plane polarization
© componentsd;=P, and the out-of-plane polarization com-
ponentP3, respectively. Figure 3 shows how the polariza-
[001] tion componentd; vary with the misfit strainS,, at room
temperature. It can be seen that thghaser-phase trans-
formation results in the abrupt appearance of finite in-plane
polarizationsP,=P,, which is accompanied by a step-like
[010] reduction of the out-of-plane polarizatio®;. At the
P/s'« - r-phaseda-phase transition, on the other hari®y goes to
- zero in a continuous manner, whereas the dependence
[100] P.(Sy) =P,(S,) only changes its slope.
Inside the “monoclinic gap,” the orientation of the polar-
FIG. 1. Orientation of the spontaneous polarizatrarin stable  1Zation vectorP with respect to the substrate normal changes
ferroelectric phases forming in single-domain PR(ZiTi,) O, thin ~ gradually with the misfit strain. At some intermediate value
films grown on(001)-oriented cubic substrates: tetragongthase  Shr of this strain, the out-of-plane and in-plane polarization
(@), monoclinicr phase(b), and orthorhombi@a phase(c). Polar-  components become equal to each other so that fitease
ization orientations are shown relative to the prototypic cubic cell.appears to be similar to the bulk rhombohedral pha@se
Fig. 2). However, the out-of-planee) and in-planga) lattice
(P,=P,=P3=0), thec phase P,=P,=0, P;#0), theaa  parameters of the epitaxial layer generally differ from each
phase P,=P,#0, P;=0), and ther phase P,=P,#0, other atS}"'. This feature of thin films follows from Eq4),
P5;#0) (see Fig. 1 For the investigated compositiorsthe ~ which can be used to calculate the “tetragonality” str&n
stability ranges of these phases in th®,(T) plane are =c/a—1=S;—S,, of the film lattice atS,,<1. Besides, the
shown in Fig. 2. in-plane face of the unit cell does not experience shear
Discussing the develope®(,,T) phase diagrams of PZT strains in ther phase due to the mechanical film/substrate
films, we first note that the temperaturg of the paraelectric interaction §=0). The crystal lattice of single-domain
to ferroelectric transformation varies nonmonotonically withfilms only tilts relative to the substrate normal in the mono-
the misfit strainS,,. The minimum value ofT.(S,) coin-  clinic gap. This tilt is caused by the appearance of nonzero
cides with the Curie-Weiss temperatuféx) of bulk PZT.  shear strains$, and Ss in the r phase, which, according to
This minimum is located &,,= 0, where the in-plane lattice Egs. (5) and (6), are proportional to the product of the in-
parametea=b* of a strained epitaxial layer becomes equalplane and out-of-plane polarization components.
to the prototypic cell constarat, of a free standing film. The As can be seen from Fig. 2, the size and position of the
ferroelectric phase transition was found to be of $eeond r-phase field in the §,,,T) plane change with the variation
order for all of the studied compositions irrespective of the of Ti contentx in a PZT film. Whenx is larger than about
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FIG. 2. Phase diagrams ¢001)-oriented single-domain Pb(Zr,Ti,)O; films epitaxially grown on dissimilar cubic substrates. The
compositionx of the solid solution equals 0@&), 0.8 (b), 0.7 (c), 0.6 (d), 0.5(e), and 0.4(f). The second- and first-order phase transitions
are shown by thin and thick lines, respectively. The triple or quadruple poBa0 corresponds to the Curie-Weiss temperati(pe) of
the stress-free bulk material. The dashed line indicates $heT) conditions, at which the polarization in tlephase becomes oriented
along the cube diagonal of the prototypic unit cdt & P,=P3).
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FIG. 4. Stability range of the monoclinicphase in epitaxial
single-domain PZT films as a function of Zr content. Squares show
PZT 40/60 ) the calculated positions of two boundaries of the monoclinic gap on
the misfit-strain axis af =25 °C. The dashed line is a guide for the
eye.
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P3 0.7, the monoclinic gap does not exist at high temperatures
A close to the Curie-Weiss temperatie) of a bulk material.

— | For these compositions, two triple points are present in the
phase diagram in similarity with the case of PbJi8} At
x=<0.7, the stability range of the phase extends up t® so
that the triple points merge into a quadruple one.

The effect of composition on the location of the mono-
clinic gap on the misfit-strain axis at room temperature is

. . . . shown in Fig. 4. With the increase of Zr content, the left

6 12 8 4 0 4 8 12 16 boundary of this gap shifts from positive to negative misfit
Misfit strain S_ (10‘3) strains. The maximum shift towards negative valuesSgqf
occurs neax=0.5, i.e., close to the MPB of bulk PZT. The
position of the right boundary varies nonmonotonically with

PZT 60/40  i(©) the composition, changing the trend»at0.5 and 0.7. Re-
\ markably, the stability range of thephasewidenswith the
P
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increase of Zr content in a PZT filfsee Fig. 4.
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IV. DIELECTRIC AND PIEZOELECTRIC RESPONSES
OF SINGLE-DOMAIN PZT FILMS

Consider now the responses of epitaxial PZT films to the
application of a uniform electric field. The dependence of the
polarization component®; in a single-domain film on the
field intensityE can be found using Eq7) and the condition

0 N dGl9P;=0. The reversible field-induced variations R de-
16 12 8 4 0 4 8 12 16 termine the dielectric susceptibilitieg;;=JP;/JE; of a
. . 3 ferroelectric film. Owing to the electrostriction, these varia-
Misfit strain S (107) tions also give rise to changes of the lattice str&psn an
o ) o epitaxial layer. The resulting converse piezoelectric effect
FIG. 3. Misfit-strain dependence of the polarization componentsmay be described by the coefficients = S, / IE;
P1=P; andP; in single-domain epitaxial Pb(£rTi,) O; films at By differentiating the modified thermodynamic potential

the room temperatur€= 25 °C. The Ti contenk equals 0.8a), 0.6 ~ . lici . for th . | di
(b), and 0.4(c). The diamond symbols show the theoretical poIar-G' we can derive explicit expressions for the reciprocal di-

izations of bulk PZT single-crystals, which were calculated electric susceptibilitieazij=&26/¢9Pian. The matrix inver-
in Ref. 7. sion then enables us to find the dielectric susceptibilities

S
U

aa-phase

c-phase r-phase

Polarization components (uC/cm?)
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7ij zxﬁl and permittivitiese;; = £o+ #;; of a thin film. The
calculated dielectric constantg depend on the polarization
P(E) existing in a ferroelectric film. Restricting our analysis
to the small-signal dielectric responses(E—0), we can
find the film permittivitiese;; using the equilibrium polariza-
tion componentd;(E=0) determined in Sec. Ill. It should
be noted that the stability ranges of thye, andaa phases in
the (S, T) plane must be taken into account in the calcula-
tions of the film dielectric constants and their misfit-strain
and temperature dependences.

The most important dielectric characteristic of a ferroelec-
tric thin film is the out-of-plane permittivitye 33, which is
measured in a conventional plate-capacitor setup, where the
applied electric fielE is orthogonal to the film surfaces. We
calculated numerically the dependence of this permittivity on
the misfit strainS,, at room temperature. Figure 5 shows the
theoretical results obtained for PZT films with three repre-
sentative compositions. It can be seen that the film permit-
tivity varies nonmonotonically with the misfit strain existing
in the epitaxial system. The strain-induced structural trans-
formations between different polarization states manifest
themselves in the dielectric anomalies. The first-order
c-phaser-phase transition is accompanied by a step-like in-
crease of the out-of-plane permittivigss. A small peak of
£33, Which appears at misfit strains slightly exceeding the
threshold value in PZT films with a large Zr contdisee
Figs. 3b) and 3c)], may be explained by the relatiomg;
= (x11+ x12/[ xas(x11+ x12) — 2x25]. This relation deter-
mines the out-of-plane response of thghase, and shows
that 543 increases due to the presence of a nonzero reciprocal
susceptibility x5 in this phase. In turn, at the second-order
r-phaseda-phase transition the theoretical permittivitys
of PZT films diverges so that an anomalous increase of the
out-of-plane dielectric response may be expected near the
corresponding critical misfit strain.

Consider next the small-signal piezoelectric responses of
epitaxial PZT films, which can measured in a conventional
plate-capacitor setup. The coefficiets, which determine
the converse piezoelectric effect, are calculated dgs
=0S,/9E;=by,ni, Wwhereby,=3dS,/dP,. Since the mea-
suring electric fielck is applied along thes axis orthogonal
to the film surfaces, we restrict our analysis to the coeffi-
cientsds, . However, the in-plane sizes and shape of the film
are governed by a much thicker substrate so that the piezo-
electric responseds;, ds,, andd;g are equal to zero in our
approximation. The remaining coefficierdg;, ds,, anddss
characterize the field-induced change of the film thickness
and a tilt of the ferroelectric overlayer relative to the sub-
strate normal. To find these coefficients, we first calculated
the relevant piezoelectric constatg,= ¢S, /JP, by differ-
entiating Eqs(4)—(6) for the film strainsS;, S,, andS; and
using the equilibrium polarization componegE=0) re-
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ported in Sec. lll. The coefficientdss, ds4, anddss were FIG. 5. Out-of-plane dielectric response; of epitaxial single-
then evaluated numerically as functions of the misfit strainrdomain Pb(Zs_,Ti,)O; films calculated as a function of the misfit
S, and temperatur@ with the account of the known dielec- strain atT=25°C. The film compositiox equals 0.8a), 0.6 (b),
tric susceptibilitiesn,; of PZT films. and 0.4(c).
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The variation of the longitudinal piezoelectric coefficient
ds3 with the misfit strainS,, at room temperature is shown in
Fig. 6 for PZT films with three representative compositions.
In the tetragonat phase, the piezoelectric respordg in-
creases as the misfit strain tends to a critical value, at which
this phase is replaced by the monoclinicphase in the
(Sy,T) diagram. The jump oflz; at this structural transfor-
mation is followed by a nonmonotonic variation of the pi-
ezoelectric response in films containing thghase. This
behavior is partly caused by specific dependence of the film
out-of-plane permittivitye 33 on the misfit-strair(see Fig. 5.

In particular, the divergence @fs; at ther-phaseaa-phase
transition leads to abnormal increase of the piezoelectric co-
efficientdss in close vicinity to the critical misfit strain. Fi-
nally, the piezoelectric response vanishes at large posiive
due to the absence of the out-of-plane polarizakgrin the
orthorhombicaa phase(see Fig. 6.

V. CONCLUDING REMARKS

The nonlinear thermodynamic theory shows that the equi-
librium polarization states of single-domain PZT films are
sensitive to both the misfit strai§,, in an epitaxial system
and the composition of the solid solution. The most interest-
ing theoretical prediction is concerned with the formation of
the strain-inducednonoclinicphase in PZT films. In this
phase, the polarizatioR is oriented in thduuv] crystallo-
graphic direction so that it is confined to a mirror plasee
Fig. 1). Accordingly, ther phase is similar to the monoclinic
phase(space groumBm), which was observed in the bulk
PZT 52/48 ceramic:® However, the existence of the “mono-
clinic field” in the (S,,,T) phase diagrams of PZT films is
not restricted to compositions close to the MABg. 2). At
room temperature, the monoclinic gap on the misfit-strain
axis is present for all of the studied compositions. The bulk
MPB manifests itself only in the position of the center of this
gap, which becomes close 8,=0 atx~0.5 (see Fig. 4.

The predicted formation of the phase in strained PZT
thin films is supported by the recent experimental observa-
tions of Kelmanet al?® These authors investigated the struc-
tural properties of{001)-oriented polycrystalline PZT 35/65
fims deposited onto Si wafers aly=570°C. High-
resolution x-ray diffraction showed that in films thinner than
150 nm, which consist of single-domain columnar grains, the
crystal structure becomes similar to a rhombohedral(one
stead of tetragonal structure observed in bulk PZT 35/65 ce-
ramics and in thicker films with polydomain grajnshis
phase transformation may be successfully explained by the
two-dimensional straining of a thin PZT film grown on the Si
substrate. Indeed, the calculation gives the valu§gef 1
X102 for the misfit strain in the discussed film/substrate
systent® As can be seen from Fig. 4, this value falls into the
monoclinic gap predicted for epitaxial PZT 35/65 films.
Moreover, the tetragonality strain of PZT 35/65 film &,
~1x10 3 is estimated to be of the order 0&&L0 2, which
is much smaller than the tetragonality str&ip=4x 102 of
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bulk PZT 35/65 The small lattice tetragonality of the mono- 70
clinic r phase, which is expected to form in single-domain ) —,
PZT 35/65 films grown on Si, makes it similar to a rhombo- 60} ™~

hedral phaséwith respect to the x-ray-diffraction datalhis
feature explains why Kelmaet al?® regarded the crystal
structure of their thinnest PZT 35/65 films as a rhombohedral
one.

Consider now the effect of composition on the remanent

o N
i N

polarization in epitaxial PZT films. Fostet al. reported the 30
systematic compositional variation of the ferroelectric prop- [
erties of (00))-oriented single-crystalline PZT films grown 20r
on SrRuQ buffered SrTiQ crystals'® It was found that the 10’

remanent polarization measured in a plate-capacitor setup
varies nonmonotonically with Zr content and has a minimum
near the bulk MPB. To compare theoretical predictions with
this experimental result, we calculated the out-of-plane po-
larization P of a single-domain PZT film as a function of Zr
content, assuming that the misfit strain in the PZT/SETIO  FIG. 7. Out-of-plane polarizatioR; of Pb(Zr, _Ti,) O; films at
epitaxial system is equal t8,= —3x 103, irrespective of T=25°C as a function of Zr content. The misfit strag in the
the compositiort> The theoretical dependen&g(x) is pre-  epitaxial system is taken to be equal 8% 10 3, which corre-
sented in Fig. 7, which shows that the film out-of-plane po-sponds to thick PZT films grown on SrTiO Squares show the
larization becomes minimum near=0.5, where it has a calculated values, and the line is a guide for the eye.

value of about 35uC/cn?. These results of thermodynamic

calculations are in good agreement with the observations qf,nerimental study of the ferroelectric properties of very thin
Fosteret al, who found the minimum remanent polarization (thickness~ 10— 16 nm) epitaxial PZT 52/48 films depos-
of 34 pClent in submicron-thick PZT 56/44 films. _ ited on SrRu@-covered SrTiQ crystals®® The measure-
Fl_nally, we would like _to emphasize that, according to Fhements of ferroelectric hysteresis loops showed that the rem-
nonlinear thermodynamic theory, the out-of-plane polarizaznent polarization in these films is about 526/cn?, which

tion P of an epitaxial PZT film may exceed the bulk spon- ;o larger than the spontaneous polarizatRg=50 xClcn?
taneous polarizatiorPg. Such polarization superiority is expected in the bulk PZT 52/48 single crystal.
characteristic of PZT films grown on “compressive” sub-

strates, which create a large negative misfit strain in the ep-
itaxial system §,<—12x10 3; see Fig. 3 This condition
could be fulfilled only in the film/substrate systems with
b(Tg)<ao(Ty), provided the film is sufficiently thin to The research described in this paper was supported in part
avoid complete relaxation d&,,(Ty) via the generation of by the HGF-Strategiefond “Piccolo” and the Volkswagen-
misfit dislocations at the growth temperatdrg. The above  Stiftung Project “Nano-sized ferroelectric hybrids” under
theoretical prediction seems to be confirmed by our recen€ontract No. I/77737.
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