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Intermediate monoclinic phase and elastic matching in perovskite-type solid solutions
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This paper is devoted to the study of elastic matching of phases coexisting in systems of perovskite-type
solid solutions close to morphotropic phase boundaries. Determined are different interfaces that separate
single-domain or polydomain phases in-{%)PbZn,sNb,,;0;—xPbTiO; single crystals and PbZr,Ti, O3
ceramic grains. These interfaces are parallel to so-called zero net strain planes. Some results of recent experi-
mental studies of the crystal structure and electromechanical properties are analyzed in connection with the
revealed simplification of the domain structure in the intermediate monoclinic phase of (1
—X)PbZn;3Nb,,s0;—XxPbTiO; single crystals. The important role of the monoclinic phase in relieving stress at
the phase coexistence in both the systems is considered. Links between optimal domain volume concentrations
derived from unit-cell parameters’ behavior are discussed on the basis of concepts of the polarization rotation
path proposed by Fu and Cohpdature (London 403 281 (2000].
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[. INTRODUCTION phases. Different variants of the elastic matching of two
polydomain or twinned phases were considered by using
In the last decade, heterogeneous ferroelectrics and reoncept§21?2of the zero net strain plaf@NSP. The inter-
lated materials attracted attention due to the presence of ifaces lying along the ZNSP’s obey conditions for complete
termediate phases. These phases appear, for example, Stiess relieving and the vanishing of an excessive elastic en-
single crystals of PbZr@(ferroelectric 3n phase over a nar- €rdy associated with the interaction of the coexisting phases.

row temperature rangé? KCN (ferroelastic 2h phase in- AS for the PZT system, a line of the ZNSP's at the coexist-
duced by hydrostatic pressure or thermal cyolfhig ©€Nce of the above-mentionétmm phase and the interme-

. . . . —= diate Cm one is practically parallél to the PAmm-Cm
CraB;0,,Cl (unique intermediate antiferroelectric 2¢h boundary in the, T diagram from Ref. 14. Such a novel and

phase in boracite-type single crystals and “seagull” shapg,iqina| example of the elastic matching as well as recent
domains of the ferroelectrimm? phase induced ephemer- experimental datd~27*°prompt us to describe some effects

ally at 43m-42m interfaces,*™® etc. Of particular interest at the phase coexistence in PZN-PT single crystals where the
are perovskite-type piezoelectric PhZgTi,O; (PZT) ce- intermediate monoclini®m phase is observed under the ap-
ramics and relaxor-based €Ix)PbZnsNb,s0;—xPbTiO;  plied electric fieldE at room temperature. In this connection
(PZN-PT), and (1—x)PbMgsNb,sO;—xPbTiO; single the present paper is aimed at the study of the peculiarities of
crystals. The three last systems of solid solutions are interthe elastic matching of the above-mentioned phases in the
sively studied not only because of their remarkable ferroelecvicinity of the morphotropic phase boundary in PZN-PT
tric and piezoelectric propertigsee, e.g., Refs. 7—11but  single crystals X~0.08) and at the generalization of results
also as materials in which intermediate monoclinic phaseén elastic matching in perovskite-type solid solutions.
have been recently discover&d!® Close to the well-known
morphotropic phase boundafihe monoclinic phase can co- [l. POLYDOMAIN PHASES AND THEIR ELASTIC
exist with either the rhombohedrB3m phase or the tetrag- MATCHING
onal P4mm one over certain ranges of temperattiyanolar
concentrationx (that occurs in PZT ceramic graitfs or
electric field E (as follows from resultS~17 of structural In order to analyze elastic effects at the phase coexistence
studies of PZN-PT single crystalsThe electric fieldE ap- let us consider a stress-free PZN-PT single crystal undergo-
plied to crystal samples of the above-mentioned perovskiteing a structural phase transition over some rangesawfd/or
type solid solutions influences their behavior and crystalloE. Orientations of individual ferroelectric domains as com-
graphic features. For example, a ferroelectricponents of mechanical twins in each phase are given by unit-
incommensurate pha$e is observed at cooling the cell vectors &,b,c) in a rectangular coordinate system
PbZl 9sTig 003 Samples from the paraelecti®m3m phase (X X,X3), and axes of this system are assumed to be paral-
under the fieldE. The ferroelectric monoclini€m phasé® lel to the perovskite unit-cell vectors in the paraelectric cubic
appears in 0.65 PbMgNb,,;0;—0.35 PbTiQ single crys- Pm3m phase. These domains are separated by stress-free
tals previously poled under the fiekd applied along a per- planar walls whose orientations are determined in accor-
ovskite unit-cell axid001]. dance with results of works by Fousek and Jandveeour

Our recent analysis of elastic matching and features ofypes of 71°(109°9 domains of the rhombohedral phase are
relieving stress in PZT solid solutions reveals a fhke-  characterized by unit-cell vectors,{(, b, ¢;) and volume
tween phase boundaries in thd diagram, proposed by No- concentrationsn,;, wherei=1, 2, 3, and 4. The vectors
hedaet al,* and interfaces, which separate the coexisting(a;, by, ¢;) are arranged by taking into account unit-cell

A. Distortion matrices and zero net strain planes
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shear angl€é'* approximately along the following
directions?®® ([100], [010], [001]) (i=1), ([100], [010],
[001]) (i=2), ((010], [100], [001]) (i=3), and([010],
[100], [001]) (i=4). The volume concentrations of these

domain types are described by two parametedssu, <1
and 0<g,=1, in accordance with formulas,;=(1—u,)(1

—91), N=(1-u)g,, Niz=u(1—g,), andn,=u,g,. In
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—ny). The monoclinic phase induced by the electric field
E[|OX,][001] is divided into four types of domaifswith
unit-cell vectors @y, bmk, Cmk), Wherec,/|[001] and k
=1, 2, 3, and 4(Fig. 1). Volume concentrations of these
domain types in the monoclinic phase are expressed
terms of two parameters,<0f ;<1 and C<v =<1, as fol-

lows: N=fmm, Nme=(1-f)vm, Nme=fu(l-vm),

the tetragonal phase one can distinguish two types of 90andny,=(1—f.)(1—vp). According to definitions for dis-

domains with unit-cell vectorsaf, b, ¢;) lying along
([100], [010], [001)) (j=1, volume concentration®n,<1)
and ([010], [001], [100Q]) (j=2, volume concentration 1

tortions of the single-domain and polydomain regi6h%
distortion matrices of the rhombohedral, tetragonal, and
monoclinic phases are written as

Ma 1(2g,—1) p(2u,—1)(29,—1)
INJI=| m(29,—1) Ma m(2u,—1) : (1)
m(2u,—-1)(29,~1) p(2u—1) u,
e 0 O cosp; 0 —sing;\ /e 0 O
INd[=n¢f O &a O J+(1-np| O 1 0 0 ey O], 2
0 0 & sing; 0  cosp 0 0 g4
and
7a 0 7(2fy—1) COSap —SiN@ay, O\ (7, O 0
INml[=vm| O 7 0 +(1-vy)| SiNgay COSpap O || O 7a 7(2f,—1) |, (3)
0 e 0 0 1/\0 o0 e

respectively. The unit-cell distortions from Eq4)—(3) are
expressed in terms of the unit-cell parametersw, of the
rhombohedral phasey,c, of the tetragonal phase,,, b,
Cm, and w,, of the monoclinic phase, ana, of the cubic
phase as follows:u,=a, cosw,/ag, n=a,sinw,/ay, €,
=a;/ag, e.=C/ay, Ma=amnCoSwylag. np=bmlag, 7
=cyp/ay, and mn=a,sihoy/ag. The angles ¢
=arccofe,e./(e2+ed)]  and  @qp=arcco§2n.my /(7,7
+7,2)] from Egs.(2) and(3) are introduced in order to take
into consideration a rotation of crystallographic 8@ of

whereN(.) andN{2) are elements of the distortion matrices
from Egs.(1)—(3). Orientations of the interfaces separating
the phases are described by normal vectors
ni(hkql1)L ny(hoksls), where the Miller indices represent
ratios

h1,=D11/D15, kyo=(D1p=Dj,)/Dy5,

l12=(D13=D13)/Dy,. (7)

adjacent domains in the tetragonal phase or domain pairs ihhe ratios given by formula&’) depend on the matrix ele-

the monoclinic phase becausg#e. or n,# n,, respec-
tively.

ments from Eq(6) as well as on their combinations, such as
D;, from formula (5 and D;,=[D};+(D1,*Dj,)?

The elastic matching of the coexisting polydomain phasest (D13* D15)%]"% If at least one of the conditiong) and

along ZNSP’s obeys conditiofis’
defD|=0 4
and

©)

Matrix elements used in formulgd) and (5) are written in
the general form as

12_R12
qu— qu— DppDgq=0 (p#q).

3
Dpg= 2, (NGaNG—NGNGa), ®)

(5) is not satisfied, the interfaces become strained and may
be approximated by second-degree surfateis a series of
cases.

B. Results of calculations

Some interesting features of the elastic matching of the
ferroelectric phases along the ZNSP’s in PZN-PT single
crystals are listed in Table | and below. Our calculations were
made by using the room-temperature unit-cell data from pa-
pers by Nohedaet al'® (rhombohedral and monoclinic
phasesx=0.08 and by Kuwata, Uchino, and Nomdfate-
tragonal phasex~0.09.2” Calculated field dependencies of

094207-2



INTERMEDIATE MONOCLINIC PHASE AND ELASTIC. .. PHYSICAL REVIEW B65 094207

e— 8m wm Cin (1,2 or (3,4 (see Fig. 1, and no displacements @010
domain walls separating these pairs are expected. Due to the
X i ® §@ simplification of the domain structure the unit-cell vectors
L)'_ _________ 75_ _)_ Y b are arranged to be parallel to either &, (k=3,4) or
, < 2 the OX, (k=1,2) axis all over the crystal sample. The
M \\ \ above-mentioned domain-wall displacementsEatE, are
CRSNSINSTYSINSSSrS SNE accompanied by strairgg,, induced because of an inequality
" Xa I= pa of unit-cell parameters,,#b,,. Estimations based on for-
0 K L X4 mulas from Ref. 29, where the displacements of 90° domain

walls in grains of ceramic BaTipwere studied, result in
FIG. 1. Schematic arrangement of domains of the monocliniGnduced straing gipq|S(am_bm)/bm' Taking into account

phase induced by the electric fieldEI[001] in (1 experi 18 :
v -~ L A perimental dependenctésa,(E) and b,(E) we finally
X)PbZn;;5Nb,,40;— xPbTiO; single crystals. The directions of the have| §'pq(Eo) | <0.6% that is comparable with the piezoelec-

unit-cell vectors a, and c,, are marked by arrows.f . ) 0 Jd .
=|OK|/|OL| andvy,=|LS|/|LV| are parameters determining the rC Strain £33~0.5% measured on PZN-PT single crystals

volume concentrations of the domain palts3) and(1,2), respec- with x=0.08.

tively. The(010) domain wall is shown as a shaded plane separating In our opinion, specific jump8 in the piezoelectric coef-

the domain pair¢1,2) and(3,4). ficient d31(E) and elastic compliancefl(E) at E~E, are
also caused by the simplification of the domain structure in

the optimal domain volume concentrations are characterizethe monoclinic phase. The relative changes in the values of

by slight sensitivity to changes in the above-mentioned conthese constants are several times less than at the field-

centration parametens, andg, in the rhombohedral phase induced phase transition which was obseffedt E

andf, in the monoclinic one. Any variations of these param-~ (20 --25) kV/cm. At the same time, no jump in the dielec-

eters over a rangf0, 1] lead to changes in the calculated tric permittivity sJ,(E) was experimentally registered Bt

values 0fv m opt: Um,opt Nt,0pt: @NAN{ o UP 10 1% only. This  ~E  and it may be explained in terms of the unit-cell vec-

circumstance is caused by a negligible influence of the shegprs. The above-mentioned simplification does not affect the

unit-cell distortions of several domains on the elastic matCharrangement of the unit-cell vectocs, : in all the domains

ing of the polydomain phases. Such influence is expressed i the monoclinic phase it remaires,||E|| [001]. The spon-

fairly small off-diagonal elements depending op, g,, or taneous ot :

. i i . polarization vecté, of the domain of theth type
fm and maklng the distortion ma”'ce(ﬁ) and (3). whose rotates from the[101] to [001] unit-cell direction so that an
elements are finally compared in accordance with formulas le b d ; f— q
(4)—(6). angle betweeRg, andE remains constant fdt=1, 2, 3, an

Table | contains two sets of values of the volume concen-4 andE=const. As a consequence, the dielectric response of

trations that range from O to 1. Their values were found®@ch domain will be equal along t@X; axis atE~E,. -
without taking into account energy of the electrostatic !t Should be pointed out that appreciable changes in the
interaction “domain field.” However, this interaction Strain-field loopéss(E) (Ref. 17 and the unit-cell parameter
becomes very important in the tetragonal phase split intém(E) (Ref. 13 are also observed in a vicinity &=E,. At

90° domains with spontaneous polarization vecRy$OX,  E=Eo and increasing the magnitude of the field, thg(E)
and PJOX;. It implies that increasing the magnitude of dependence is characterized by a co_nS|_derabIe decrease in
the electric fieldE at the phase transition monoclinic the slope that leads to a nonmonotonic field dependence of
— tetragonal gives rise to a wide propagation of the domainghe piezoelectric coefficiertsy(E) =dés3(E)/dE.” The co-
with Pgj|OX5, and such behavior corresponds to the Cak:u_exstence'of the rhombohedral anq monoclinic phases in
lated n, o,(E) dependence only. Contrary @ o,(E), the _PZN-I?T single crystals is to be Con5|dere.d together Wlth the
n{,opz(E) dependence is to be omitted becamﬁgpﬁo as Jumpincy(E) (Ref. 15 because of drastic changes in the

the magnitude of the electric field increases. matrix elementN, 33 from Eq. (3). This matrix element in-
fluences a set of elemeni,, from Eq. (6) and, therefore,

leads to a redistribution of the stress field in the crystal
Ill. ROLE OF THE INTERMEDIATE MONOCLINIC sample. It is believed that such behavior of the unit-cell dis-
PHASE IN HETEROPHASE STATES tortions and internal stress fields is consistent with results by
Viehland™ on the jump in the unit-cell parametey, .
The coexistence of the monoclinic and tetragonal phases
The results of our calculations of the optimal domain vol-at E=0 was earlier postulated by Durbét al1® According
ume concentrations at the coexistence of the rhombohedrg our current evaluations f&=0 (see Table), the ZNSP’s
and monoclinic phases shed light on peculiarfie§*®of  are realized in both cases, i.e., when the new tetragonal or
behavior of PZN-PT single crystals in the vicinity &  monoclinic phase appears. The ZNSP’s corresponding to the
=Ep=15kV/cm. As shown in Table I, optimal values phase transition tetragonalmonoclinic at E~20 kV/cm
Um,opr=1 @ndvp, o, ~0 correspond to a simplification of the can take place if the optimal values of the parameters of the
domain structure in the monoclinic phase. ApparentlyEat domain volume concentration in the monoclinic phase obey
=15kV/cm crystal samples contain either domain pairsa condition

A. PZN-PT single crystals under the electric field B[001]
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TABLE I. Elastic matching of phases in {1x) PbZn;3Nb,,;0;—xPbTiO; and Pbzy_,Ti, O3 solid solutions. The electric-field vect&r
is parallel to the perovskite unit-cell directi¢@01].

(1_ X) PbZQ/3Nb2/303_XPbT|Q3 szr]_,XTixo:g, Ref 20
Optimal Optimal
domain volume domain volume
concentrations concentrations
Coexi- corresponding to corresponding to
sting E elastic matching elastic matching
phases X (kV/cm) along ZNSp's X T (K) along ZNSP’s
Rhom- 0.09 0 Ny, op=0.620 orn{ ;.= 0.38C" 0.45 550  ngop=0.691 ornt’vop[:O.SOé’
bohedral
and tetra- 500 Ny op=0.698 0rN; op=0.302
gonal
Rhom- 0.08 0 Um,opt=0.775 Orv, o= 0.225 0.45 300 Ny p=0.700 orng, o= 0.300'
bohedral 5 Um,op=0.801 0rv, o,=0.199 20 Ny op=0.724 orn/, ,,=0.276
and mono- 10 Upm,op=0.873 orn, ,,=0.127 0.46
clinic 15 U m.opr=0-980 0Fv}; oo=0.020
20 Umopt>1 Or vy 0 <0, i.€., NO
ZNSP’s are possible
Mono- Monoclinic—tetragonal
clinic ,
and tetra- 0.08 0 N, op=0.438 orn; ,,=0.56Z 0.46 400 nt/c’pti 1 andncn‘omi 1for
gonal N{ op=0 andng, =0
5 N,op=0.461 orn{ ,,=0.539
0.09 10 N¢,opr= 0.519 orn{ ,,=0.481
15 N,0p=0.588 orn{ o, =0.412
20 N 0p=0.762 orn{ ,,=0.238

30...35 nygpr=1 orn{ o, =0
Tetragonal- monoclinic

20 Upop=0.429 01}y o= 0.57F
15 Um,opt=0.274 Orv g, o, =0.726
10 Upyop=0.245 01}y o= 0.755
5 U mopi=0.224 0TV o0=0.776
0 Urmopi=0.217 OFv/y o= 0.783

8Results of calculations fan,=g,=0 oru,=g,=1 before the discovery of the field-induced monoclinic phase, see Ref. 26.
PResults of calculations fan, =g, =0.
°Results of calculations fan, =g, =% and f,= 3.
9In the monoclinic phase there are domains with the unit-cell ve¢agis bk, Cni) having approximate orientatiortgl10], [110], [001])
and ([011], [011], [100]) and volume concentrations, and 1-n,,, respectively. The orientation of the unit-cell vectors in the rhombo-
hedral phase correspondsup=g,=0.
Results of calculations far,,=1 andf = %
fOnly single-domain phases are elastically matched along the ZNSP's.
9Results of calculations fan,=1 andf,= 3.

i (8) parison and generalization. Unit-cell parameters’ behavior
) ) ) .. over thex and T ranges close to the morphotropic phase
It is more likely that the domain arrangement, shown in Fig.noundary does not give rise to considerable differences be-
1 and satisfying Eq(8) and conditionfy, op~1/2, corre-  yyeen the optimal domain volume concentrations at the
sponds tolspseudotetragonal symmetry as mentioned by Nopompohedral-tetragonal phase coexistence and the optimal
hedaet al. domain volume concentrations at the rhombohedral-
monoclinic phase coexistence. This fact is in agreement with
conceptd on the polarization rotation path linking th&11]
and[001] perovskite unit-cell directions by the shortest way,
Our earlier resulf® on the optimal domain volume con- i.e., when the spontaneous polarization vector of the interme-
centrations in the PZT system are listed in Table | for com-diate monoclinic phase in PZT is parallel fbh1]. Appar-

!
Um,opt™Um,opt™

B. Comparison of heterophase states in PZN-PT and PZT
solid solutions
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ently, the fairly simple “transition” hh1]—[001] does not

PHYSICAL REVIEW B65 094207

induced in the two-phase sample along @, axis whereas

result in striking differences between the related linear unitconditions (10) and (12) correspond to the like reduction
cell distortions of the monoclinic and tetragonal phases, anddlong theOX, axis.

as a consequence, a conditiofy,,~ Nm op¢ holds true.

To our best knowledge, links similar 0, op¢=v m opt

The rhombohedral-tetragonal phase coexistence in PZWere not mentioned in earlier papers on the elastic matching

and PZN-PT(Ref. 26 solid solutions aE=0 is character-

of phases in ferroelectrics and related materials. The change

ized by approximately equak oy andnt”optvalues. The elas- in the vy oy andvr’n,opt values implies mechanical switching
tic matching of these phases in both the systems is associatefl domain regions withb,, [ 100] and b, [010] or with

with the similar anisotropy of the unit-cell spontaneousspontaneous polarization vectors lying in ti®0 and(010
strainsé; 1 s=e,— 1 andézss=¢.—1 in the tetragonal phase planes, respectively. A rotation of the spontaneous polariza-
and with the slight effect of the rhombohedral shear unit-celttion vector P, of the domain of thekth type occurs in

spontaneous straing,, s=u [see Eqgs(1) and(2)] on the
internal stress field. The electric fielH||[001] applied to
unit-cell skite unit-cell distortions really corresponds to the pass of

monoclinic PZN-PT samples affects their

PZN-PT along the rhombohedral-tetragonal path111]
—[101]—[x0z]—[001]. The last sequence of the perov-

parameters and, undoubtedly, the anisotropy of the unit-cell Py, from the (100 into the (010 plane and testifies to the

spontaneous straing;; ps=n,—1, &oms=mp—1, and

correlation between the elastic matching of phases and the

£33 ms= .~ 1 [see Eq.3)]. The effect of the electric field polarization rotation path of the individual domain.

on the coexistence of the monoclinic and adjacent phases in Finally, the Miller indices(7) of the interfaces were evalu-
PZN-PT consists of changes in domain structures and interated for both systems of solid solutions in the vicinity of the
nal electric and elastic fields, and these changes promote teorphotropic phase boundary. Despite different orientations

formation of ZNSP’s.

of the unit-cell vectors &,y .bmk,Cnk) iN the monoclinic

At E—0, revealed is an interesting link between the op-phases of PZTRefs. 13, 14 and 20and PZN-PT(Ref. 19
timal volume concentrations of domain pairs of the mono-as well as the specifics of domain structures in these phases,

clinic phase of PZN-PT. As shown in Table I, thg, ,,; and

the ZNSP’s orientations are approximated by the Miller in-

Ur’n,opt values at the rhombohedral-monoclinic phase coexistdices{Okl} in the perovskite axes. This result is true for all

ence are practically equal tq’mpt andvy, opt, respectively,

the optimal domain volume concentrations provided that

where the two last values are related to the monoclinictheir values belong to the ranf@1] (see Table)l A detailed
tetragonal phase coexistence. In both cases the phase coégscription of the evolution of the interfaces in polydomain
isting with the monoclinic phase is assumed to be singld®ZN-PT single crystals under the electric field is of indepen-
domain. The above-mentioned values of the optimal volumélent interest and may be carried out in the future.

concentrations are solutions of E4) and obey the follow-
ing conditions written in terms of elements of the distortion

matrices(1)—(3):

Nim11(Umop) =Nr 11, Np1g—0,
Nm1g(Vmopd—0 (d=1,3) €)
or
Nm220m op? =Nr 22,  Np2q—0,
Nin2g(Vim,opd =0 (4=2,3) (10)

for the rhombohedral-monoclinic phase coexistence or

Nim11(Vmop) =Ng11,  Nig—0,
Nmiq(Vm,opd =0, (=13 11
or
N2V m opd =Nr 22, Ni2g—0,
Nim2g(Vim,opd =0 (4=2,3) (12)

IV. CONCLUSION

The present study of the elastic matching of phases in
ferroelectric perovskite-type solid solutions has provided a
better understanding of the features of various heterophase
states in the vicinity of the morphotropic phase boundary.
The current results of prognostication of different ZNSP’s at
the two-phase coexistence over certafE) or (x,T) ranges
suggest the following.

First, unit-cell parameters’ behavior predetermines the
outcome of the formation of various domain and heterophase
structures. Information about these structures is very impor-
tant for the interpretation of experimental results by Noheda
et al,’® Durbin et al,*®!" and Paiket al?® In particular, the
effect of the simplification of the domain structure in the
monoclinic phase of PZN-PT single crystals on their electro-
mechanical behavior &~15 kV/cm as well as the possi-
bilities of completely relieving stress in two-phase states at
0<E=<20 kV/cm have no analogy with other known ferro-
electrics. The link between the optimal domain volume con-
centrations of the monoclinic phase at the phase coexistence
in PZN-PT and the slight differences between the optimal
domain volume concentrations at the phase coexistence in
PZT are successfully explained on the basis of concepts by
Fu and Cohenfl.

Second, proposed are different versions of the elastic

for the monoclinic-tetragonal phase coexistence. Conditionmatching of the single-domain and/or polydomain phases in
(9) and (12) correspond to a significant reduction in strains PZN-PT single crystals under the electric fiétte Table),
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