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We report measurements of the neutron diffuse scattering from a single crystal of the relaxor ferroelectric
PbZn;;5Nb,;505; doped with 8% PbTi@ (PZN-8%PT) for temperatures 100 & T<530 K and electric fields
0 kV/cm=E=<10 kV/cm. The field-cooled diffuse scattering measured transverse {@@3eBragg peak is
strongly suppressed in the tetragonal phase at 400 KEfo2 kV/cm applied along thg001] direction.
However, no change is observed in the diffuse scattering measured transu@®@,teven for field strengths
up to 10 kV/cm. Thus the application of an external electric field in the tetragdeabelectrig phase of
PZN-8%PT does not produce a uniformly polarized state. This unusal behavior can be understood within the
context of the model of Hirotat al. of phase-shifted polar nanoregions in relaxors, since an electric field
applied along001] below T, would reduce the shifts of the nanoregions al$0@1] while preserving those
along the orthogondl10Q] direction.
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l. INTRODUCTION PZN!2 and the high-resolution neutron study by Gehréig
al. on PMN-10%PT* Both of these studies revealed a low-

The shape, size, density, and orientation of the polar nartemperature bulk phase that is not rhombohedral, but rather
oregions(PNR) that form below the Burns temperatufg  consistent with the phase X observed by Ohwatlal. in
(Ref. 1) in the lead-oxide class of relaxors @n,sNb,;5)O;  PZN-8%PT. It has been suggested that the phase-shifted
(PZN) and PIMg;sNb,2)O5 (PMN) and their solid solu- Model of the PNR could provide a plausible explanation for
tions with PbTiQ (PZNxPT and PMNxPT, respectively thg presence of phase X at low temperatures, as a unlfprm
are key parameters of interest to many researchers attemptifgilt ©f the PNR would present a natural energy barrier
to clarify the various mechanisms responsible for the excepduainst the formation of a uniform polée.g., rhombohedral
tional piezoelectric properties exhibited by these mate?ials.State'

. S . To shed more light on this idea, we have performed a
The existence of these P_NR was first mfe_rred through optic tudy of the PNR in PZN-8%PT by measuring the response
measurements of the index of refraction by Burns an

. . f the neutron diffuse scattering to external electric fidids
Dacoll and has since been correlated with the onset o g

! inqin PM . pplied along th¢001] direction. As is well known, a classic
strong neutron diffuse scattering in PMM, saturation of the  fgrrgelectric system will break into domains in zero field
PMN unit cell volume? and the overdamping of long-

g when cooled belowT,. The subsequent application of an
wavelength phonon modes in PMN, PZN and PZN-8%PTg|ectric field can produce a nearly uniform polar state

nearT,.>"" More recently an important model concerning the giffuse scatteringby aligning all of the domains via domain
relationship between the PNR and the surrounding cubic latwall motion. In the case of the relaxor ferroelectric PZN-
tice was presented by Hirokt al® Based on neutron time- 8%PT, we have examined the diffuse scattering below the
of-flight measurements of the diffuse scattering in PMN atcubic-to-tetragonal phase transition temperaftiye 470 K
300 K performed by Vakhrushest al.® Hirota et al. noticed  near the two orthogonal reflectio®00) and(003) for which
that the corresponding ionic displacements could be deconthe diffuse scattering is known to be strong. Our data show
posed into a scalar shiftlisplacementcommon to all atoms, that the diffuse scattering ne&03), which measures the
and a pattern of shifts that preserves the unit cell center-ofprojections of ionic displacements alof@1], decreases un-
mass. It was further shown that the center-of-mass consergler an external001] field as expected. By contrast, the dif-
ing shifts are consistent with neutron inelastic measurementsise scattering near the orthogortabo) reflection is unarf-
of the soft TO phonon intensity in PMN abovg,'° thus  fected, even for field strengths up to 10 kV/cm. Thus a
providing compelling evidence that the polar nanoregionsuniform polar state is not achieved. The model of phase-
result from the condensation of a soft mode at the Burnshifted PNR provides one possible explanation for this un-
temperaturé?! usual behavior if one assumes that an electric field applied
Subsequent measurements on PZN-8%PT using neutraiong[001] decreases or removes the PNR shifts alil]
diffraction techniques by Ohwad al. suggest that the zero- while preserving those alonfl0(]. The diffuse scattering
field cooled structure at low temperature is not rhombohewould then decrease anisotropically, as is observed.
dral, as had been previously believédnstead, surprising
evidence of a new phase, termed phase X, was found that II. EXPERIMENTAL DETAILS
exhibits an average cubic unit cell structure. These findings The neutron scattering data presented here were obtained
motivated the high-energy x-ray study by Xt al. on pure  on the BT9 triple-axis spectrometer located at the NIST Cen-
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ter for Neutron Research. The diffuse scattering near the two PZN-8%PT

orthogonal reciprocal lattice point6300) and (003) was

measured at a fixed neutron energy=E;=14.7 meV (A 300 400 500 600

=2.36 A) using the(002) reflection of highly-oriented pyro- ' . .

lytic graphite (HOPG) crystals as monochromator and 10f (a) ield Looling,

analyzer. Horizontal beam collimations were '44'-S- E //1001]

40'-80' (S=sample
The high-quality single crystal of PZN-8%PT used in this [ - T

study was grown by the flux solution metiédt the Penn- MC

sylvania State University. It is a sister crystal to the one used

by Ohwadaet al. in an earlier study? some results from < g - C

which are presented in this paper, and grown using the same

technique. The crystal weighs 1g1(0.15 cn?), and is a

rectangular block with{100} faces and dimensions 7.2

X 6.9% 3.0 mn?. Gold electrodes were plated onto the two

largest surfaces of the crystal to which thin gauge copper

wires were attached using a fired-on silver conductive adhe-

sive epoxy cured at 100 °C for 2 h. In this geometry the field

is always applied along a cubjf01] axis. These wires were

twisted and soldered onto leads connected to a high voltage

power supply. A voltmeter was used to measure the voltage

difference across the two gold-plated surfaces of the crystal

directly. This test was performed both before and after the

experiment to verify that the voltage set by the power supply 5

appeared across the sample, and that the wires had not be-

come detached from the sample during the measurements.

The difference between the set and measured voltage drop

was always less than 1%. 0
The crystal was mounted onto an electrically insulating

boron nitride post using boron nitride paste to provide a

strain-free environment for the sample. The cryq@ilQ

axis was oriented vertically, giving access to reflections of FIG. 1. TheE-T phase diagram of PZN-8%PT as determined by

the form (hOl). The sample holder assembly was thenOhwadaet al. (Ref. 12. The notations C, T, M, and R refer to

mounted inside the vacuum space of a high-temperaturgpic, tetragonal, monoclinic, and rhombohedral phases, respec-

closed-cycle’He refrigerator, which was subsequently POSi-tively. The arrows point in the scan direction, while the length of

tioned and fixed onto the goniometer of the BT9 spectromthe arrows correspond to the scan range. The circles denote the

eter. The sample has a cubic lattice spacing of 4.04 A aransition temperatures determined from each scan.
500 K, so 1 rlu(reciprocal lattice unjtequals 1.56 AL
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neutron scattering measurements made by Ohweadd on
a sister PZN-8%PT single crystal near t#t¥3) reciprocal
lattice position, for which the diffuse scattering structure fac-
The PZN-8%PT phask-T diagram has been mapped out tor is known to be stron&’ The diffuse scattering intensity
by Ohwadaet al,, and is shown in Fig. ¥ The data pre- measured at the scattering vec®r(0.04,0,3) is shown as
sented in the top panel were taken while cooling in a cona function of temperature &=0 kV/cm (closed circlesand
stant electric field applied alor{§01], whereas those shown 3 kV/cm (open circles The 3 kV/cm data were taken while
in the bottom panel were taken with increasing fiéddso  cooling from high temperature, with the field applied along
along[001]) at a fixed temperature after first cooling in zero the [00]] direction. In the cubic phas@ =520 K) the dif-
field. The electric field acts to stabilize the tetragonal phaséuse scattering intensities are equal, indicating no field de-
as can be seen from the slopes of the tetrag@hatio cubic  pendence. However at lower temperature, in the tetragonal
(C) and monoclinidM) phase boundaries shown in Figaf, = phase, the diffuse scattering intensity is strongly suppressed
where the T-C(M-T) transition temperature increas@de- by the field while the zero-field diffuse scattering intensity
creasepwith field. The transition temperatures, representedemains strong and even increases with cooling. For pur-
by the circles in Fig. 1, were determined from measurementposes of comparison, the integrated Bragg peak intensity
of the lattice constants. While this relaxor compound clearlymeasured a002) in zero-field is shown(note the scale on
exhibits a tetragonally-distorted structure, the precise naturthe right-hand side of Fig.)2The Bragg intensity increases
of the polar order is still unknown. sharply below~500 K, which is consistent with the phase
Important information can be obtained about the polardiagram in Fig. 1.
order in the tetragonal phase of PZN-8%PT through mea- The data in Fig. 2 were taken at a fixed scattering vector
surements of the neutron diffuse scattering. Figure 2 show® at two different field values. Information about the geom-

IIl. DIFFUSE SCATTERING
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20 30.5 Ei 30-30'-8-30"-30' (2PG) PZN-8%PT . [00]] through the diffuse scattering cross section dependence

I + 004 0.3) 0.0 kV/ 1 ol on |Q-ul?, and decrease upon cooling in field in agreement
—0—50'04’0,3; 3‘0 szz ] ) with the data of Fig. 2. However the striking behavior re-
[ A 11exe g vealed in this figure is that the diffuse intensities measured
—4—(©002) 0.0kV/cm ] 5 . . ;
5 15F : 3 around(300), for which Q is orthogonal to the external field,
2 A 114x10° Y do notdecrease with cooling, but instead increase, much like
2 \ ] ; the zero-field data shown in Fig. 2. The vertical arrows in
§ 1ol \. . 4 1.210° E this figure indicate the phase transition temperaturgs;
L I e ./ e ] i3] andTt_c between the monoclinic and tetragonal, and tetrag-
gx : ,&O&) 1 1.0x10° A= onal and cubic phases, respectively.
a [ ? :?3 To clarify this behavior wide scans were made of the scat-
g 5| / 1 s.0x10* E, tered neutron intensity as a function of the reduced momen-
[ o ] i) tum transferq transverse to both thg800) and (003) Bragg
0O-0-0- s a ] 6.0x10" = positions as a function of field and temperature. The resulting
0 . . . . . ] data are plotted on a log-intensity scale in Fig. 4. The top two
300 350 400 450 500 550 600 panels displays transvergescans in zero field, and the bot-
tom two panels show the same scans taken after cooling the
Temperature (K) sample in a 2 kV/cm field. In the cubic phase at 500 K

FIG. 2. Temperature dependence of the neutron diffuse scattegljpper right panglwe observe diffuse scattering of roughly
ing at 0=(0.040,3 in zero field (closed circles and E equal intensity in zero field along directions transverse to

=3 kV/cm // [00]] (open circles The zero-field Bragg intensity both Q=(300 and (003)j T_hls scattering dqes not_ change
measured af002) is shown as a function of temperature by the When an external electric field of 2 kV/cm is applied along
closed triangles. These data were taken by Ohveadd on a sister  the [001] direction at the same temperatu@i@wer right
crystal of PZN-8%PT. pane). In the tetragonal phase at 400(#pper left panglthe
zero-field diffuse scattering changes slightly, becoming a
etry of the diffuse scattering is presented in Fig. 3, whichlittle stronger around003) compared to(300). When the
compares the diffuse scattering intensity measured at tweample is field cooled, the diffuse scattering transverse to
pairs of orthogonal reciprocal lattice points at a fixed field(003) decreases substantiallipwer left pane), as expected
strength of 2 kV/cm oriented along tH@01] axis. These from the data shown in Fig. 2 and Fig. 3. What is remark-
measurements were also made while field cooling from temable, however, is that the diffuse scattering transverse to
peratures well abov&. In addition, waiting times between (300) (orthogonal to the field directigris unaffected. These
successive data points ranged from 30 min to 1 h, dependtata reveal the very unexpected result that the application of
ing on the temperature step siz& h for a step size of an external 2 kV/cm field is insufficient to produce a uni-
100 K) to ensure proper thermal equilibrium was attained.form polarization in the tetragonal phase of the relaxor PZN-
The diffuse intensities measured ng@03) (open circles  8%PT. The dotted line in the lower left panel of Fig. 4 indi-
reflect the size of the ionic displacementprojected along cates the measured instrument@baussian transverse
g-resolution. Although data are not shown, we observed the

PZN-8%PT Ei=14.7 meV same behavior in the monoclinic phase of PZN-8%PT at
2500 E =21I<V/cn} | 40.-47_8-.40-80 300 K as in the tetragonal phase at 400 K.
—o— (3.0.0.06) An effort was made to determine the field strengthat
e s ;6';-;( ;;K which the diffuse scattering intensity ne¢800) begins to
g 2000 - (00803 T decrease. Figure 5 shows the diffuse scattering intensity
g measured a®=(3,0,-0.06 at 450 K, still in the tetragonal
g 1500 | i phase, from zero to 10 kV/cm. All of these data were taken
2 as a function of increasing electric field strength after first
i field cooling from 520 K in a field of 2 kV/cm, except for
£ 1000 | \./ ! i the zero field data point, which was obtained after zero-field
g : cooling. The total time for this measurement was slightly
& s /\Q’i!g . more than 1 h. The closed and open circles are successive
SIZIZZIZIZZIZZE::;--.E;:'E" measurements at the same temperature @ndhe closed
o . . v E . triangles show the corresponding diffuse scattering intensi-
0 100 200 300 400 500 600 ties measured &) =(0.06,0, 3), which clearly decrease with
Temperature (K) increasing field. These data demonstrate the inability of even

a strong external electric field to diminish the diffuse scatter-

FIG. 3. Comparison of the diffuse scattering intensities meaiNg orthogonal to the field direction. Hence the underlying

sured near the orthogonal reciprocal lattice vect®@0) (closed ~mechanism responsible for the diffuse scattering in PZN-

symbolg and(003) (open symbolsas a function of temperature in  8%PT must have an energy barrier that is sufficiently large to
a field of 2 kV/cm applied along001]. stabilize it against external fields of at least 10 kV/cm.
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PZN-8%PT Ei=14.7 meV
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IV. DISCUSSION rather because the diffuse scattering measured transverse to

(300) is not. Independent of any model, our data provide
The results on PZN-8%PT presented here are significaninambiguous evidence that the polar state in this important
not because the diffuse scattering transvers@®@®8) is sup-  relaxor material is not uniform, even in the presence of elec-

pressed by an external electric field, which is expected, butic fields as strong as 10 kV/cm. This finding would appear
to contradict those of Fujishiret al, who have reported the

establishment of a homogeneous polar phase in Rifid
PMN-10%PT by application of an electric field of
|40'47'SI'40'80 1.73 kV/cm along 111].*6 However this study was based on
measurements of the optical birefrigence using light with a
Q=(3,0,-0.06) wavelengthA=6,330 A, which is insensitive to disorder on
5 / the nanometer scale such as that observed here in PZN-
s 8%PT using neutron techniqués=2.36 A). As shown by
1000 gremmmeemees Foododo gty Xu et al, the correlation length associated with the PNR in
t-., PMN is of order 60 A at low temperatuté The persistence
A of this nanoscale disorder against electric field must therefore

PZN-8%PT Fi=14.7 meV
. T=450K

be explained by any model that purports to address the fun-
500 | 1 . damental properties of these lead-oxide relaxor compounds.
/ We note further that two recent neutron diffuse scattering
T studies of PZN-8%PTRef. 18§ and PMN(Ref. 17 demon-
strate that the diffuse scattering in these relaxors is predomi-
0 . . , . nantly elastic in nature below,. Thus the reduction in dif-
0 5 4 6 8 10 fuse scattering that we observe by applying an electric field
E (kV/cm) does not simply result from a change in phonon linewidths.
While not unique, we believe that the concept of the

FIG. 5. Plot of the diffuse scattering intensity measured in thePhase-shifted polar nanoregions can provide a natural expla-
tetragonal phase 48,0,-0.06 at 450 K as a function of increasing nation for the field an@)-dependence of the diffuse scatter-
field strength applied along tj801] direction. The open and closed iNg we observe in PZN-8%PT. This is illustrated by the
circles represent independent measurements. The closed triangléywee-panel schematic diagram shown in Fig. 6. In the top
correspond to the diffuse scattering intensity measur¢d.@6,0,3 panel, the system is shown in the cubic phase, but below the
for comparison. The lines are guides to the eye. Burns temperature. The white squares represent non-polar

Intensity (counts/min)

Q=(0.06,0,3)
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T>T,,E=0 hence the corresponding diffuse scattering is uncharsgel
. lower left panel of Fig. 4

Non-polar cubic lattice It is difficult to quantify precisely how much of the dif-

fuse scattering near th@00) reciprocal lattice position re-

mains. Thus we can only speculate that shifts parallet to

are affected lesg@f at all) than those antiparallel t&. This

would seem a reasonable idea in that it should be harder to

0 Uniform PNR shift increase the shift than it is to remove it. In this context, it is
interesting to note that recent NMR work by Blirat al.
shows that~-50% of the PMN crystal they studied remained
in the “glassy matrix state” in the presence of an applied field

, E=3 kV/cm>E,=1.7 kV/cm belowT,=210 K2° This re-

Polar tetragonal lattice sult is consistent with our findings on PZN-8%PT, but in

direct contradiction with those of Fujishiret al.

The lower right panel of Fig. 4 indicates that the diffuse
scattering nea(003) is unaffected by an external field at
500 K. This is because there is no energetic incentive for the
PNR to move in the cubic phase, at least not for moderate
field strengths, which can be understood if one assumes that
the PNR are strongly pinned to the underlying chemical
short-range order. It has been argued that specific local cation
configurations generate local fields,. that make the Pb
ions they surround unstable with respect to a specific dis-
placement. In such regiorg,. tends to be small and homo-
E _ __ geneous. In a disordered mattiy. varies more from Pb site

. to Pb site, interfering with correlated Pb-displaceméhts.
Below T, this situation changes because the polar tetragonal
lattice produces an extremely large internal dipole field that
can affect the PNR, making them more susceptible to the

FIG. 6. (Color) Top panel: Phase-shifted PNR embedded in ajnfluence of an external field.
non-polar cubic lattice fofy>T>T.. Middle panel: BelowT the Two high g-resolution studies in zero field have since
lattice achieves a polarization of its own, but the phase shift reyaap performed by Gehrirgt al. on PMN-10%PT, and Xu
mains. Bottom panel: An applied electric field removes shifts alonget al. on PMN-20%PT and PMN-27%P%:22 These studies
E, while preserving those that are orthogonal. have examined the low-temperature phase in the P®AR-

system, and document the existence of phase X up to RbTiO
regions of the latticénote that these are not individual unit concentrations as high as 20%, whereas the 27% sample fi-
cells), while the PNR are shown as hatched red regions comally exhibits the expected rhombohedral phase. These re-
responding to something of the order of 10 unit cells, and arsults are noteworthy because the stability of this new phase
slightly displaced in different directions relative to the cubic X against the formation of a global rhombohedral polar
lattice. The arrows represent the direction and size of thghase at temperatures beldly can also be understood in
uniform shift, which occurs in the direction of the PNR po- terms of the phase-shifted PNR model. The latter study by
larization. In the tetragonal pha3e< T, the lattice develops Xu et al. in particular demonstrates that phase X is both
its own polarization, which is indicated by the dotted redundistorted and rhombohedrally polarized.
shading, while the uniform shift of the PNR remains intact
(see the upper left panel of Fig).4In fact, a very recent ACKNOWLEDGMENTS
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