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Low-temperature phases in PbZg 55115 4d03: A neutron powder diffraction study
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A neutron powder diffraction study has been carried out on pPBZiy 403 in order to resolve an ongoing
controversy about the nature of the low-temperature structure of this strongly piezoelectric and technologically
important material. The results of a detailed and systematic Rietveld analysis at 20 K are consistent with the
coexistence of two monoclinic phases having space gr@upsind Ic, respectively, in the approximate ratio
4:1, and thus support the findings of a recent electron diffraction study by Naesla[Phys. Rev. B66,
060103(2002]. The results are compared to those of two recent conflicting neutron powder diffraction studies
of materials of the same nominal composition by Hatlal.[Phys. Rev. B65, 212101(2002] and Franttiet
al. [Phys. Rev. B66, 064108(2002].
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[. INTRODUCTION since the presence of short-range order due to local displace-
_ _ ) ments has been clearly demonstrated by the appearance of
The strongly piezoelectric system PBZiTi,O; (PZT)  other types of superlattice peaks in electron diffraction

has long been known to have a perovskite-type structure witgtydie§-1* not observed in x-ray or neutron diffraction
regions of rhombohedral and tetragonal symmetry below th@atterns’:8 Significant deviations of the local atomic struc-
ferroelectric Curie point separated by an almost vertical lingyre from the crystallographic long-range structure have also
at x=0.5 in the temperature-composition phase diagrampeen found from pair-distribution functia®DF) analysis of
which is known as the morphotropic phase bOUﬂdarwme_of_ﬂight neutron dat&2-14
(MPB).* Following the recent discovery of a narrow region | the tetragonal region of the phase diagram, the space
with monoclinicCm symmetry in the vicinity of the MPB,  group isP4mmand the polar shifts lie along tH€01] axis
numerous experimental and theoretical studies of PZT anfy,~c,~a,,cr/a;>1). Nevertheless, the time-of-flight
related systems have been undertaken in order to clarify thgeytron data show that this too should be viewed as an “av-
relatlo_nsh|ps b_etween the_structur_al features and the PieZ@yage” long-range structure. In addition, Raman scattering
electric properties. As previously discussetie ferroelectric  syydies have revealed the presence of local displacements of
polarization in the phase is no longer constrained by symmegyer symmetry, which are also reflected in a broadening of
try to lie along a symmetry axis, but instead is free to rotatesome of the x-ray diffraction peak&1® The nature of the

within the symmetry plane. Furthermore, because of the neap | structure has been revealed in more detail from the PDF
degeneracy of the free energies of the various phases, rota-

tion of the polarization axis away from the polar axes of the PbZr, Ti O,
rhombohedral and tetragonal phases can be accomplished .
with an applied electric field, resulting in an induced mono- O Jaffeerdl.

clinic phase and a large electromechanical respbfse. 800+ C ® Nohedaeral |
The phase diagram of the PZT system around the MPB as
reported in a recent paper by Nohestaal® is shown in Fig.

1. Above the Curie temperature, the structure is cubic over

the entire range of composition, with space gréup3m and
lattice parametea,~4 A. The rhombohedral region is char- 400
acterized by high- and low-temperature pha$gs andR, 1)

in which there are polar shifts of the atoms along the
pseudocubid111] axis/® Ry has space group symmetry 200+
R3m, with lattice parameterag= a,, anda slightly less than

90° (hexagonal vaIueaHzaO\s"z,cHzaO\@). In R there

are additional displacements of the oxygen atoms superim-
posed on the ferroelectric shifts due to antiphase tilting of the
oxygen octahedra about th#l1] axis, corresponding to an
R-point instability. As a consequence, the unit cell is doubled FIG. 1. PZT phase diagram as originally proposed by Jztft.
and the mirror plane is destroyed, resulting in the appearande Ref. 1 (open circley with the modifications reported by Noheda
of superlattice peaks in the diffraction pattern. The newet al. in Ref. 6 (full circles). The various phases described in the
space group symmetry R?’Cg_With hexagonal lattice param-  text are denoted bg (cubic Pm8m), Ry (thombohedraR3m), R
etersa, =~ ay\2 andcy = 2a,\3. It should be emphasized that (rhombohedralR3c), T (tetragonalP4mm), and M, (monoclinic
these must be regarded as “average” long-range structuresm).
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analysis described in Ref. 14, which shows that there areo evidence for a rhombohedral phase, but instead the mono-
only gradual changes through the MPB, and suggests that tlefinic Cm phase coexisting with nanoregions of a minority
local environment of each element remains relatively invari-Cc phase ranging in size from 30 to 100 A. These conclu-
ant of composition. It is furthermore proposed that the popusions have been questioned by Fraattial, who comment
lation of local Pb displacements changes between théhat their neutron data provide no evidence ofaphase,
pseudocubid100 and (110 directions as a function of the and argue that since electron diffraction probes only small
Ti/Zr ratio. This model is supported by recent theoreticalvolumes of the sample, it is generally not suitable for the
calculations in which the Pb distortions are identified as thedetermination of average symmetry, and furthermore that the
determining factor for the average structure of the system. ion-milling technique used for sample thinning is a very vio-
In the original x-ray study by Nohedzat al? the unit cell  lent one which can easily generate significant defects.
of the low-temperature monoclinic phaggow usually des- In light of these different interpretations, we have under-
ignatedM 4)° was found to be doubled with respect to thetaken a detailed Rietveld analysis of the neutron data cited
primitive cell, with the monoclinica and b axes directed by Nohedaget al® in an attempt to discriminate between the
along the[110] and [110] axes of the latter(ayy ~by,  three models described above. Plausible results were ob-

~ay,2,cu=~ao, space groupCm). Based upon the atomic _taine_d in all three cases, iIIustrating how difficult it is to
positions determined from Rietveld analysis of the synchroidentify the correct structural model in complex systems of
tron x-ray data from PbZfs,Tig 4603, it was concludedithat th!s type simply on the basis of the standard gpodngss—of—ﬂt
at 20 K the polar axis was tilted about 24° from t@91] criteria. Neverthele_ss, we conclude that, taken in conjunction
axis towards the pseudoculjit11] axis. The structure can be with the electron cﬁffracnon data, the results point strongly
regarded as a condensation of either the local displacemerf@vards the coexistence model @m and minority Cc
present in the tetragon@4mmphase along one of th@10y ~ Phases.
directions, or alternatively those present in the rhombohedral
R3m phase along one of th@00 directions, as inferred by Il. EXPERIMENT
Corkeret al®

Shortly afterwards, however, it became clear that there is The sample consisted of about 4 g of sintered pellets
a missing ingredient in this simple picture. Based on electroioughly 1 cm in diameter and 1 mm thick from the same
diffraction patterns obtained below 200 K Ragini and co-batch of material used in the previous x-ray stédyong-
workers concluded that there was a cell-doubling transitiofange fluctuations in the composition of the x-ray sample,
in a sample withx=0.48 which was not observed in their AX, were estimated to be less than +0.003 based upon an
low-temperature x-ray patterd. Evidence of a cell- analysis of the peak widths. The pellets were loaded into a
doubling transition was also noted by Noheelaal, who thin-walled vanadium can and mounted in a closed-cycle he-
observed one very weak superlattice peak in neutron powdéitim cryostat. Data were collected at the NIST reactor on the
diffraction data collected from the same sample at 20 K, corpowder diffractometer BT1 with a Cu monochromator set for
responding to a doubling of the monoclinicaxis, but did @ wavelength of 1.54 A, collimation of 15 and '4Before
not identify the nature of this additional distortiéiRased on ~ and after the monochromator, and' 10 front of each of the
a subsequent Rietveld analysis of neutron powder data coB2 *He detectors. With this configuration, the best angular
lected at 10 K, the structure of this phase was reported byesolution attained is about 0.2° at#280° (Ad/d~2
Ranjanet al. to be monoclinic, with space groupc.l® The X 1073, yielding a diffraction pattern much better resolved
appearance of the weak superlattice reflections was attributétian those shown in Refs. 20 and 21.
to antiphase tilting of the oxygen octahedra about[0&dl] Extended data sets were collected &ts?ep intervals of
direction, corresponding to d@rpoint instability in the cubic  0.05° in the monoclinic region at 20 K, in the vicinity of the
Brillouin zone. It was later reported that the correct spacemonoclinic-tetragonal transition at 325 K, and in the tetrag-
group for this proposed model was in fa@t,?° and a modi- onal region at 550 K. Analysis of the data was carried out
fied set of refined structural parameters was presented.  with the FULLPROF program?® using the pseudo-\Voigt peak-

The x=0.48 composition has also been the subject of shape function with appropriate corrections for instrumental
recent low-temperature neutron powder study by Frantti an@symmetric broadenintf, and linear interpolation between
colleagueg! They, too, note the presence of similar super-background points. Particular attention was paid to the prob-
lattice reflections, but reach very different conclusions;lem of anisotropic peak broadening, which reflects the fact
namely that these reflections are attributable to a minoritghat closely adjacent peaks may have markedly different
rhombohedral phase witR3c symmetry coexisting with the widths arising from local strains or compositional fluctua-
monoclinic Cm phase, a model that was not considered bytions, for example, as previously noted for PZT and related
Ranjanet al1® or Hatchet al2° In a footnote to their paper, piezoelectric systents®16:25|n standard Rietveld analysis
Franttiet al. comment that the monocliniecandCcmodels  the peak widths are assumed to vary smoothly as a function
proposed by the latter authors predict peaks that are not olof scattering angle, and it is important to note that aniso-
served experimentally, and that the observed superlattic&opic peak broadening due to microstructural effects can be
peaks can be accounted for by tR8c phase. However, this mistakenly interpreted as a symmetry-lowering distortion of
conclusion was not supported by the results obtained by Nahe unit cell of the average long-range structure. With the
hedaet al?? in an electron diffraction study of the same rapidly increasing use of high-resolution x-ray and neutron
=0.48 sample used in the earlier x-ray stdavhich showed techniques, it is becoming clear that anisotropic peak broad-
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ening is a common feature of powder diffraction patterns, TABLE |I. Refined structural parameters for tetragonal

and should be allowed for as appropriate. One convenierftbZips:Tip.403 at 550 K, space group4mm lattice parameters

way to do this is provided by the phenomenological model2=4.05961), c=4.099491) A. The refinement was based on a

recently proposed by Stepheffsn which the broadening is model with the Pb atoms statistically distributed amortd) 4ites at

represented by a series of coefficiefis,, Sy hKKIL (H >|§,_x,0, cqrrespon?king to fcaltciispilacgmgnts al(mg?‘) dir%cttiontf]. ot
- ; ; igures in parentheses denote standard errors referred to the leas

+K+L=4), which take |nt9 acccount the Lage symmetry of 'gnificant (E)igit.RW , Rg, andy? are agreement factors as defined in

the space group and are incorporated as refinable paramet(%%f 23 P

in the Rietveld program. For tetragonahfnand monoclinic el e

2/m symmetry, there are, respectively, four and nine such

coefficients. X y z UA?)
The data analysis is now described in detail for the tetragpp 0.0331) 0.0331) 0.0 0.0281)
onal phase at 550 K, the monoclinic phase at 20 K, and thg, 05 0.5 0.45(2) 0.0051)
intermediate region at 325 K. o) 05 05 ~0.06(1) 0.0271)
0(2) 0.5 0.0 0.4271) 0.0271)

A. 550 K Rup 0.048

All the peaks could be unambiguously indexed in terms ofg_ 0.034

a tetragonal cell wittra=4.060,c=4.100 A, except for two > 1.20

very weak peaks attributable to the vanadium sample holdef,
which were excluded from the analysis. Rietveld refinement

was carried out with individual isotropic temperature factorsg o ant results based on this model are listed in Table | and
assigned and the atoms placed in the following positions of,e profile and difference plots are shown in Fig. 2. The total
space groupP4mm Zr/Ti and Q1) in 1(b) sites at number of refined parameteisp, was 48.

0.5,0.5z O(2) in 2(c) sites at 0.5,0z and Pb statistically The possibility that there was coexistence of tetragonal
distributed among the(d) sites atx,x,0. The Pb positions anq cubic phases was also checked. A highly constrained
correspond to random displacements in ¢h&0) directions  model was used in which the temperature factors and profile
away from the origin, as noted in the previous synchrotrorpefficients were held equal to those of the tetragonal phase,
x-ray study? The refinement converged rapidly and smoothlynecessitating two additional parameters, a scaling factor, and
to a goodness-of-fix* value of 1.30. However, as in the the cubic lattice parameter. The refinement yielded a small
x-ray study, an examination of the observed and calculateftaction of cubic phasé~3%), but only a marginal im-
peak profiles revealed a number of systematic discrepanciggovement iny? to 1.10. The possibility of coexisting tetrag-
indicative of anisotropic peak broadening, and additional repng| and minority monoclinic phases was ruled out, since
finements were carried out in which various combinations ofefinements based on this model failed to converge.

the four possible coefficients were allowed to vary. A definite
improvement was obtained whe®,, was varied alonéy?
=1.20, but the results obtained with additional coefficients
were judged to be of dubious significance, and these coeffi- A series of refinements was carried out for each of the
cients were accordingly set to zero. This result most likelythree models described in Sec. I, namely: single-plGse
reflects the sensitivity of the lattice parameter to the pres- two-phaseCnm/Cc, and two-phaseCm/R3c. However, in-
ence of long-range compositional fluctuations. The final restead ofCc, the nonconventional space group settiogvas

B. 20K

1 T ) ) ) 1 L]
550K
1500 4 .
P4mm
1000 + E
2 FIG. 2. (Color online Observed and calcu-
g lated diffraction profiles from the Rietveld refine-
s . ment of PbZgs,Tig4dO3 at 550 K, with space
§ 500 - i group PAmm The difference plot is shown be-
low, with short vertical markers denoting the cal-
culated peak positions.
.
0 'y # A "
2IO 4IO 6IO 8'0 l(I)O 150 140

26(deg)
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chosen, which has the distinct advantage of having a near- TABLE Il. Refined structural parameters for monoclinic
orthogonal unit cell closely related to ti@mcell, in which ~ PbZiys2Tio 4603 at 20 K, single-phase model with space grdop

the mirror plane is replaced bycaglide plane and the axis for the [001]-tilt and y-shift models described in the text. The Pb

is doubled. The unit-cell axes are related via the transformaatom was fixed at the origin, and theg2 and Q3) temperature

tion a,=—cc, b, =bc, ¢;=ac+cc, where the subscripts refer to factors were constrained to be equal. Also listed are the parameters
the unit cells of thdc andCc, space groups, respectively. In recently reported by Hatclkt al. (Ref. 20, but with the values

this setting, it is much easier to visualize the small displacelransformed fromCc to lc symmetry.Vy and co/a, represent, re- -
ments from the ideaCm atomic positions. In théc cell, the spectl\(ely, the volume and axial ratlo of the primitive pseudocubic
Pb atom was chosen to lie at the origin, with Zr/Ti and three€!l With Co=¢/2 anday=(a+b)/2,2.
inequivalent O atoms in fourfold general positionsxay,z
and x,-y,1/2+z, and at the related body-center sites. The
Zr/Ti and Q1) atoms are in positions similar to those in the
Cmstructure ak, 0,z, the main difference being that they are [001] tilt y shift y shift
no longer required to lie on a mirror planeyat0. The G2)

Present study Hatcét al.

and (3) atoms are in two sets of positions derived from thea(i) 5.71311) 5.71311) 5.73127)
X,Y,z sites and the symmetry-equivalent mirror plane sites a () 5.70001) 5.70011) 5.70936)
X,-Yy,Z in the Cm structure. c(A) 8.26792)  8.26833) 8.23637)
BC) 90.4782)  90.4732) 90.501)

1. Single-phase Ic model Vo(A3) 67.31 67.31 67.37

In the first series of refinements the atoms were intiallycy/ag 1.0245 1.0246 1.0181
assigned the positions found in our previous x-ray study pb: UA%d  0.0131) 0.0121) 0.0131)
with the exception of the @) and Q3) atoms, which were  z;/Ti: X 0.5242) 0.5242) 0.5195)
displaced from the ideaCm positions by small shifts corre- z  02191) 0.2181) 0.2162)
sponding to antiphase tilting of the oxygen octahedra about UR?2  0.0021) 0.0032) 0.0064)

the [001] axis, as assumed by Ranja all® The corre- ' ' '
sponding positions chosen for® and Q3) in the Ic struc- O): x  05421) 0.5431) 0.5483)
ture were x—3,y-5,z/2 and 1/2«+8,1/2+y+4,2/2, z -0.0461) -0.0461)  -0.0441)
whered is the shift in thex andy directions due to tilting. It U(A?%)  0.0112) 0.01%(1) 0.011(3)
is important to note that with such a constrained tilt, rigid- O(2): x 0.27%1) 0.2811) 0.2892)
octahedron model, the andy values assumed for the(2) y  0.2431) 0.2331) 0.2331)
and Q3) positions(in this case theCm values found in the z  0.1931) 0.1941) 0.1961)
previous x-ray studydo not change in the course of the UR2)  0.0101) 0.0111) 0.0091)
refinement. The resulting fit was reasonably goog o3): 0'801(1) 0'78_’(1) 0'789(2)
=1.97), but inspection of the individual peak profiles once ‘ X ' ' '

again revealed some significant discrepancies due to aniso- y 0768l 0.7671) 0.7671)
tropic peak broadening. As before, a distinct improvement z 0.1931 0.1941) 0.1961)
was obtained when the anisotropy coeffici€g, was re- UA%  0.0101) 0.0111) 0.0091)
fined (x?=1.78, but further refinements with various combi- Ry, 0.073 0.076 0.086
nations of the other eight anisotropy coefficients gave onlyRg 0.041 0.047 0.040
minimally improved fits, and the one-parameter anisotropy,?2 1.52 1.62 1.21

model was accordingly adopted for subsequent refinements
At this point, the constraints on the Zr/Ti and1Dy param-
eters were relaxed, but the shifts from the ideal positions atefinement was therefore carried out for the constrained
y=0 and the improvement in the overall fit were judged to be 001J-tilt model, but with thex andy values for @2) and
insignificant. A similar result was obtained when the Zr/Ti O(3) derived from the results for the unconstrained model.
compositional parameterwas varied. This refinement yielded a? value of 1.52(Np=53), with
Further refinements were performed, first with con-selected refined parameters as listed in Tablgdlumn J).
strained models corresponding to rigid-octahedron tiltingAlso shown are the values reported by Ha&thal? trans-
about thg 111] and[110] axes respectively, and finally, with formed fromCc to Ic symmetry(column 3. From a com-
all the constraints on the (@) and (3) positions removed. parison of the two sets of atomic positions, it appears that the
In the latter case, the refinement proceeded smoothly anebnstraints applied by Hatakt al. do not in fact correspond
converged rapidly to a set of positions which were muchto an [001]-tilt model, but instead to a simpler model in
closer to those of theD01]-tilt model than the other tilt mod- which only they parameters of the @) and 43) atoms are
els independent of which tilt model was used to provide thedisplaced from their ideaCmpositions. An additional refine-
initial values of the positions. However, in none of thesement based on suchyashift model yielded results which are
cases did the overall fit appear to be significantly improvedseen to be in excellent agreement with those of Hatcal.
and we therefore conclude that tf@01]-tilt model is a rea- (column 2 of Table I), although the fit is somewhat inferior
sonable choice, although it is clearly not possible to rule outo that given by th¢001-tilt model (x?=1.62 Np=54). It is
the other models on the basis of the present data. The finalso worth noting that the values of axial ratig/ay and the
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pseudocubic cell volum&, obtained by the latter authors TABLE lIl. Refined structural parameters for PRZgTig 4403 at
suggest a slightly higher Zr conte(#0.5%) relative to the 20 K, two-phase model with space groupsandR3c. The Pb and
present sampl&?! Zr/Ti atoms were fixed at the origin for th@m and R3c refine-
From the atomic positions listed in the first column of ments, respectively, and the temperature factors for the separate
Table Il the octahedral tilt angle is calculated as about 3°atoms were constrained to be the same in both structures. Also
The polar displacements of the Zr/Ti and Pb atoms withlisted are the 10 K parameters recently reported by Frantal.
respect to the respective polyhedra centers are —0.08 ari@ef. 23.
-0.22 A along monoclini¢100], and 0.18 and 0.44 A along

[001], corresponding to a rotation of the polar axis towards Present study Frantét al.

pseudocubi¢111] of roughly 25°. However, these values are

representative only of the average long-range structure, since cm R3¢ cm R3c

they do not allow for the local distortions revealed in the

PDF analysis cited earliéf. a(A) 5.712G1) 5.74156) 5.70977) 5.7442)
b(A) 5.69881) — 5.69847) —

2. Two-phase Cm/R3c model

The next set of refinements was performed for the two-C(A) 4.13531) 14.2083) 4.13613) 14.2128)

phaseCm/R3c model favored by Frantit al?! Significantly ~ A(°) 90.4792) — 90.4498) —
better peak profiles were obtained with an anisotropicVo(A®) 67.32 67.60 67.29 67.68
broadening model for th€m phase in whichSyg, was al-  ¢y/a, 1.0257 1.0 1.0256 1.0
lowed to vary, together with an isotropic particle-size broad-py. 7 _ 0.2834) _ 0.2875)
ening coefficient for theR3c phase. Attempts to refine a 2

separate broadening coefficient for t8en phase yielded a N UAY 00121 00121 00041  0.0046)
physically unrealistic negative value, so this term was acZ'/ 1" x 05312 - 0.5393) -
cordingly set to zero. The refinement converged rapidly to a z 0.4412) — 0.4413) —
x> value of 1.27(Np=62) with selected final parameters as U(A% 0.0041) 0.0041) 0.00%2) 0.0012)
listed in Table Ill. The latter are in close agreement witho(1): x 0.5431) — 0.5401) —
those reported by Frantet al, including the respective z -0.0901) — -0.0922) —
weight fractions of the two phases. Compared to the single- UGA?  0.0081) L 0.0112) .
phaselc model, the overall fit is considerably bettéy? ' '

=1.27 versus 1.52 but because several additional variable ©?" x 0.2881) 0.1373) 0.2831) 0.1483)
parameters are involved, it is difficult to judge the true sig- y 0.2541) 0.3473) 0.2531) 0.3543
nificance of this result. Inspection of the results listed in z 0.389100 0.0814) 0.3881) 0.0816)
Table 1ll reveals that in both samplég, for the rhombohe- UA% 0.0151) 0.0151) 0.0131) 0.0075)
dral phase is larger by about 0.3 Avhich would imply a  f(wt fraction) 0.891)  0.111) 0.87 0.13
significantly higher Zr content of some 3%—4% For the 0.067 0.058
present sample, at least, such a conclusion would be incorh— P 0039 0067 0.042
sistent with the previously estimated long-range composi;{ '23 ' 127 ' 2'28

tional fluctuations.

3. Two-phase Cm/lc model sults of an electron diffraction study.Since we did not an-

The final set of refinements was carried out for the two-ticipate that a meaningful result would be obtained for an
phaseCm/Ic model deduced by Noheds al. from the re-  unconstrained refinement of two such closely related struc-

1500 - 20K i
Cm+1Ic

FIG. 3. (Color online Observed and calcu-
1000 - i lated diffraction profiles from the two-phase Ri-
etveld refinement of Pbgg,Tip.d03 at 20 K,
with space group€mandiIc. The difference plot

is shown below, with upper and lower sets of
vertical markers denoting the calculated peak po-
sitions forCm and Ic, respectively. The position
of the weak superlattice peak atf236.8°
(pseudocubic 3/2 1/2 1)3s indicated with an
asterisk.

I(arb. units)

:
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TABLE IV. Refined structural parameters for monoclinic approximately 4:1 and thus consistent with the electron dif-
PbZi 55Ti0.4d03 at 20 K, two-phase model with space groups1  fraction results, but the estimated particle size derived from
andlc. The atomic positions folc symmetry were based upon the the broadening coefficient is much larger, about 1000 A
[001]-tilt model described in the text and constrained to be equivagompared to 100 A. As pointed out by Frargti al,?! this
lent to those forCm except for one additional parametércorre-  giscrepancy could arise because of the ion-milling tech-
spondlng to @) and A3) qllsplacgments in the andy directions niques used to thin the electron diffraction sample, which can
due to tilting. For comparison with thie structure, the @) and generate significant numbers of defects.

O(3) positions for theCm structure are shown separately, although Detailed comparison of the results in Tables I, I1l, and IV

in fact they are symmetry equivalent. The temperature factors foFﬁveals that a better fit is obtained with the two-ph@seIc

the separate atoms were constrained to be the same in boF‘nodeI (ngl 16 R,,=0.064 than with theCrvVR3c model
16 Ryp=0.

structures. (x¥*=1.27R,;=0.067 or the single-phasdc model (x*
cm I =1.52R,,=0.073, but it would nevertheless be premature
to conclude that the former must therefore be correct, since
a(A) 5.709711) 5.74017) there are no generally accepted statistical tests to judge the
b(A) 5.69881) 5.71888) true significance of the results. However, although the ex-
c(A) 4.13731) 8.209811) tended profile and difference plots for the two latter models
B°) 90.4732) 90.55(10) are hardly d_lstl_n_gwshak_)Ie by eye f_rom those showr_l in Fig. 3,
there are significant differences in some of the individual
Vo(A3) 67.31 67.37 , X . " e ;
peak profiles which provide additional insight, as shown in
Co/ 1.0257 1.0127 Figs. 4 and 5 respectively. Figure 4 shows the region around
Pb: UA%  0.0121) 0.0121) the strongest superlattice peak #=236.8°, from which it is
Zr/Ti: X 0.5302) 0.5302) evident that a much better fit is obtained with tlreand
z 0.43711) 0.2181) Cm/lc models than with theCm/R3c model. On the other
U(A2) 0.0031) 0.0031) hand, the fit shown in Fig. 5 in the pseudocut60) region
o(1): X 0.541(1) 0.541(1) reveals serious deficiencies for thiemodel compared to the
z  -0.0891) ~0.0451) Cm/R3c and particularly theCm/Ic model, v_vhlch accounts
U(A?) 0.0141) 0.0141) muph better for th_e asymmetry of the prof_lles in the central
region. We accordingly conclude that the single-phasand
o2 X 0.2861) 0.2571) two-phaseCm/R3c models can be ruled out in our case.
y 0.2541) 0.2251) We note also that further analysis of the synchrotron x-ray
z 0.3901) 0.1951) data reported in Ref. 3 shows that tlen/Ic coexistence
U(A?) 0.0151) 0.0151) model is superior to the two-pha&m/ Pm3m model previ-
0(3): X 0.7841) 0.8141) ously used, withy? values of 7.3 and 12.8, respectively
y 0.7541) 0.7831) (Np=59 and 54, and also to the two-phas&m/R3c model
7 0.3901) 0.1951) which was not previously considerég?=9.3 Np,=58). The
U(A2) 0.0151) 0.0151) resglts_are in_re?sonr?ble a_lgreferr?ent Witl‘rl] those_ OI thedneugon
. study; in particular, the ratio of the two phases is found to be
;(WM fraction) 0.782) 0.064 0.222) about 4:1, very similar to the value listed in Table IV. The
P ‘ failure to detect any superlattice peaks analogous to the one
Re 0.039 0.053 in the neutron pattern can be explained by the relatively
X 1.16 much weaker x-ray scattering power of oxygen compared to

Pb and Zr/Ti, resulting in calculated intensities that are in-
significant compared to the background signal.

tures, a highly constrained model was used; namely, the From the atomic positions listed in Table IV, the octahe-
atomic positions in th€mandIc phases were constrained to dral tilt angle about th¢001] axis is calculated as about 7°.

be equivalent except for one additional parameitéor the  The polar shifts of the Zr/Ti and Pb atoms with respect to
latter representing the displacement along xhendy axes  the polyhedra centers are essentially the same as those ob-
for the idealized 001J-tilt model described above. The peak- tained for the single-phade refinement. It is also seen that
shape model, including afy, anisotropy coefficient, was the values of the cell volumé, and the axial rati@y/a, for

also constrained to be equivalent for both phases, except fgke |c phase are, respectively, slightly larger and smaller than

an isotropic particle-size broadening coefficient which washose forCm, and thus suggestive of a slightly higher Zr
included for thelc phase. As in the case of the two-phasecontent(=~0.5%) for the former2!

Cm/R3c described above, attempts to refine a broadening
coefficient for theCm phase did not give meaningful results,
so this term was set to zero. The total number of refined
parameters for this model was 61. The refined values for the Refinement was first carried out based on a model similar
two phases are listed side by side in Table IV for easy comto that used for the 550 K data; namely, a single-phase te-
parison, and the profile fit and difference plot are shown intragonal structure wittP4mm symmetry, Pb atoms statisti-
Fig. 3. The relative proportions of tt@mandIc phases are cally distributed among the(d) sites atx,x,0, and a single

C. 325K
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Ic Cm + R3¢ Cm+Ic

:

FIG. 4. (Color online Observed and calcu-
lated diffraction profiles and difference plots in
the region around the strongest superlattice peak
from PbZg 5,5Tig 4405 at 20 K for single-phasé&

(left pane), two-phaseCm+R3c (center pang)
and two-phas€m-+Ic (right pane).
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anisotropy-broadening coefficieB§y, However, the overall the parameters reported by Ragatial 1 and Franttiet al2

fit was only mediocrex*=2.94 R,,=0.072Np=49), and a  In the latter case, it is rather surprising in light of the results
detailed inspection of the individual peak profiles revealedeported in Ref. 6 that the lattice straig/ ay was found to be
asymmetries consistent with the presence of a monoclinigignificantly larger for the monoclinic phase than for the te-

component. Such a coexistence model of monoclinic and tefagonal one, since one would not expect rotation of the po-
tragonal phases fox=0.48 at room temperature was pro- Iarl_zatlon dlreqtlon away frorh001] in the monoclinic phase
posed in an earlier neutron study by Fraettial,” and ina 0 increase this strain. Other than this, the three sets of pa-
more recent x-ray study by Ragieit al2® Further refine- rameters are in reasonable agreement except that the fraction

ments based on this model gave a markedly improved ﬁQf the Cm phase in the room temperature studies is consid-
(X?=1.76 R,,=0.056 No=61), but some residual diffuse erably larger than at 325 K, as would be %xpected.
scattering was clearly present between some of the peak§1 Further analysis of the earlier x-ray datevealed that

This scattering is probably associated with locally disordere hls thk:ee—pbha.se gnO(.j(hEI ﬁlves a r;otlcea:)r:/ypzz_tter prgﬂlle fit
regions in the vicinity of domain walls and can be modeledtNan that obtained with the two-phabdm m moade

. . ; e o previously used, with? values of 7.5 and 9.9, respectively.
in a simple, albeit rgther artificial, way by the addition of aThe weight fractions of the three phases were in the ratio

cubic phase witlPm3m symmetry, as assumed in our previ- g 55:0.40:0.05, comparable to the neutron values listed in
ous x-ray study.Such a three-phase model yielded a reasonTaple V. We emphasize, however, that these results should
ably satisfactory fit (x*=1.47 R,,2=0.051Np=64), with  pe regarded as representative only of an average long-range
weight fractions of tetragonal, monoclinic, and cubic phasestructure, since the true nature of the material in the transi-
in the ratio 0.61:0.33:0.06. tion region is surely far more complex than implied by a
The refined parameters are listed in Table V, and the prosimple three-phase model. It is more likely in this tempera-
file fit and difference plot are shown in Fig. 6. Also listed areture interval that small fluctuations in composition lead to the

20K

10004 Ic 1] cm+R3c || Cm+Ic

) FIG. 5. (Color online Observed and calcu-
g 500 1 lated diffraction profiles and difference plots in
-g' the region around the pseudoculi®00) reflec-
= tion from PbZps,Tig4d03 at 20 K for single-

phaselc (left pane), two-phaseCm+R3c (center
pane), and two-phas€m-+Ic (right pane).

[ n ! i o

42 43 4 45 2 43 4 45 42 43 4 45 46
26(deg) 20(deg) 26(deg)
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TABLE V. Refined structural parameters for t8enand P4mmphases in PbZs,Tig 4603 at 325 K with the three-phase model described
in text. The temperature factors for the separate atoms were constrained to be the same in both structures. Also listed are the room-
temperature parameters recently reported ix-aay study by Raginet al. (Ref. 28 and in a neutron study by Franét al. (Ref. 27). The

weight fraction of the cubi®m3m phase was determined to be 0.06.

Present study Ragimt al. Franttiet al.
Cm PAmm Cm Bmm Cm PBmm
a(A) 5.72683) 4.03931) 5.752Q1) 4.04292) 5.71293) 4.055@4)
b(A) 5.71873) — 5.74312) — 5.70733) —
c(R) 4.123@q2) 4.13881) 4.09124) 4.13183) 4.14361) 4.10976)
Be) 90.3935) — 90.441) — 90.1993) —
Vo(A3) 67.51 67.53 67.57 67.53 67.55 67.58
Col ag 1.0189 1.0246 1.0067 1.0219 1.0262 1.0135
Pb: z — 0.0352)2 — — — —
U(A?2) 0.0171) 0.0171) 0.107 0.03¢ 0.02¢ 0.0191)
Zr/Ti: X 0.5304) — 0.5783) — 0.5072)/0.4944)¢ —
z 0.4325) 0.4422) 0.4733) 0.4472) 0.4261)/0.4044)¢ 0.4314)
U(A? 0.0031) 0.00431) 0.0151) 0.0052) 0.0041) 0.0191)
o(1): X 0.5402) — 0.501) — 0.5221) —
z -0.08a3) -0.0852) -0.1Q1) -0.1096) -0.0901) -0.08G2)
UA? 0.0141) 0.0161) 0.001) 0.0291) 0.0131) 0.0191)
0o(2): X 0.28712) — 0.361) — 0.2701) —
y 0.2551) — 0.2198) — 0.2521) —
z 0.4002) 0.03951) 0.4048) 0.3893) 0.3911) 0.40Q1)
UA? 0.0212) 0.0212) 0.041) 0.0291) 0.0131) 0.0191)
f(wt fraction) 0.331) 0.61(2) 0.58 0.42 0.69 0.31
Rup 0.051 0.128 0.021
Rg 0.043 0.030 0.041 0.062 —
3 1.47 3.39 2.69

3Pb atoms statistically distributed amon¢d¥ sites atx, x, 0.

PEquivalent isotropidJ(U;;=0.221 U5,=0.027 U33=0.074 U;3=0.030 2).
Equivalent isotropidJ(U;;=U,,=0.031 U33=0.027 £).

dEquivalent isotropidJ(U;;=0.027 U,,=0.026 U33=0.011U;3=0.013 A).
€Zr and Ti parameters refined independently.

325K

1500 < E
P4mm + Cm + Pm3m

1000 i FIG. 6. (Color online Observed and calcu-
lated diffraction profiles from the three-phase Ri-
etveld refinement of Pbgg,Tip O3 at 325 K,
with space group$4mm Cm, and Pm3m. The
difference plot is shown below, with upper,

I(arb. units)

500 4 4
middle, and lower sets of vertical markers denot-
| ing theﬁalculated peak positions fBAmm Cm,
I & and Pm3m respectively.
0 e~ + + ‘ “
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coexistence of the tetragonal phase with locally orderedn which allowance must be made for the possible coexist-
monoclinic regions of widely varying sizes and possibly ence of closely related phases and the presence of anisotropic

some disordered regions. peak broadening. The choice of any particular model should
take into account not only the quality of the refinement as
IIl. DISCUSSION judged by the agreement factors and goodness of fit, but also

. ] the diffraction profiles of alternative models in selected key
In summary, the results obtained in the present neutroegions of the pattern and, if feasible, data from complimen-

investigation are consistent with the coexistence of majoritytary structural techniques such as electron diffraction.
Cmand minoritylc phases in PbZls;Tio.4O3, in agreement  Note addedRecently, a paper by Ranjan and co-workers
with the results of a recent electron diffraction study of thegpnearedt in which a neutron powder diffraction study of a
same sample. Thém (M,) phase, which plays a key role in pzT sample with the same nominal composition is de-
the piezoelectric and ferroelectric behavior of PZT and rescribed. The results of this study are qualitatively similar to
lated systems is the majority phgse at .Iow_temperature. Th8ur own in that coexistence oEc(ic) and Cm phases is
structure of the minorityc phase is readily visualized as the oynq at low temperature. However, Ranjenal. conclude
superposition of an antiphase octahedral-tilt system on thgy, he pasis of this analysis that the majority phas€ds
parentCm structure. Furthermore, the close agreement beyiin 4 “pseudotetragonal” structufe,/a,=1.0225 and the

tween the refinement results for the alternatie and ity phase iCmwith a “pseudorhombohedral” structure
Cm/R3c models and those in Refs. 20 and 21, respectwely(co/aoz1_0078, in the ratio~2:1. From consideration of

suggesits that the two-pha€en/lc model is worth consider- their profile fits to the superlattice reflections, they reject the

ation in those cases as well. It is possible that the CoeXiSten‘iﬁlo-phaseCm/RBJC model favored by Franttet al,? and
of Cmand Ic phases in the presert0.48 sample reflects also a two-phase model similar to ours in whigh :';dec

th.e existence of a narrow thermodynamically stable regio ave, respectively, “pseudotetragonal” and “pseudorhombo-
with Ic symmetry at low temperature somewhere betweerhedrél,, structures,

0.45<x<0.48. In this case, the coexistencelofand Cm In the case of the present data, we find that Rietveld

phases could plausibly be attributed to the presence of Ionga[nalysis based upon the model proposed by Rasjaal

range com_posmonal fluctuations, as suggested by the vaIu_ felds a profile fit for the fundamental peaks virtually iden-
of the lattice parameters for the two-phase refinement i

. S . tical to that shown for theCm/lc model in Fig. 3, with
Table V. In this context, it is interesting to note that recent d .5 idual I h listed i bl
neutron data obtained by Franét al. for a sample withx goodness-of-fit residuals very close to those listed in Table

~0.46 show clear evidence of a superlattice peak atZ K. IV. However, the profile fit to the superlattice reflection now

However, the authors interpret this as evidence for the Coexr_esembles the fit shown in the left panel of Fig. 4 for the

istence ofCmandR3c phases, and did not consider the pos-grr;gli'ggsssfg E:noorge:eigld, gf?z:;;;lk;nb%ﬁ}tg-elra:;[-ﬁim;?gg the
sibility of CmandIc phase coexistence. Alternatively, tlee P P y ' . 9

phase could be a metastable one resulting from the presenglaeCtron diffre}ctio_n results reported in Ref. 22, _which clearly
of local strains at domain-wall boundaries, for example. In_reveal the minority character of the superlattice phase, we

deed, it is noteworthy that first-principles calculations byaccordlngly feel justified in ruling out this alternative model

Fornari and Singh have shown that local stress fields ma?S far as the present sample is concerned.

lead to the coexistence of both ferroelectric and rotational

instabilities near the MPB‘? In any case, it is clear that a ACKNOWLEDGMENTS
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