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High-pressure Raman scattering and x-ray diffraction of lead zinc niobate-lead ti(@aie4 %P7 solid
solution were measured from ambient pressure to 13 GPa. All of the Raman peaks are broad due to the disorder
of Zn?* and NIB* on the B site of the perovskite structure. The pressure shifts of the Raman bands are
reversible, and no pressure-induced soft phonon modes were found. X-ray diffraction as a function of pressure
revealed diffuse scattering near the Bragg peaks, and gave a bulk modulus of 111 GPa assuming
Allowing K’ to vary gave a large valu€’ =12 andKy,=90 GPa. Changes in both the Raman spectra and the
diffuse scattering reflect suppression of the local distortions in the material on compression.
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[. INTRODUCTION high-pressure dielectric measurements on compositionally
) ) . disorderedABO; oxides indicating that the pressure-induced
Lead-based relaxor materials with complex perovskitéergelectric-to-relaxor crossover is a common phenomenon
structures  such —as  PbjgNbys05-PbTiO;  and  ang can be explained by a decrease in the correlation length
PbZny5Nb,/s05-PbTIO; are characterized by broad and fre- petween dipole momenté.High-pressure Raman studies of
quency dispersive dielectric maxima. They are of great interhe relaxor PMN reveal broad features typical for relaxors.
est not only from the standpoint of applications but also bex; 4 5 GPa, a new peak splits from a broader band centered
cause of the fundamental questions that they present. Thegg 270 cmt suggesting a displacive transition to a high-
materials have very high electromechanical coupling coeffi—pressure phasé. High-pressure x-ray diffuse scattering of
cients (k;3>90%) and very high piezoelectric constants p\N reveals butterfly-shaped diffuse scattering that de-
(d33>2000 pC/N.*=® These values are much larger than creases under pressure and gradually disappeaise au-
those of PZfTi;,O3, for example, and are therefore very thors suggested the existence of a high-pressure long-range
promising for applications as transducers, high performancgrdered antiferroelectric phase with a doubled unit cell.
solid-state actuators, and for use in ultrasonic imaging de- \We have combined high-pressure Raman scattering and
vices. A variety of theoretical approaches have been used tray diffraction to study compressional effects on single
explain the intriguing properties of relaxor ferroelectrics, in- Crysta|s of PZN-4%PT. The same pressure-transmitting me-
cluding superparaelectricdipolar glass, spherical random-  dium and diamond anvil cells were used for the Raman and
bond-random field, domain-type dynamic$,and random-  x.ray studies to facilitate comparison. This material is of
field-induced domain stat€s models. The ease of interest due its simple structufthombohedraR3m symme-
polarization rotatioft in relaxors underlies their complex be- try at ambient conditionswhen compared to the MPB
havior. The presence of polar nanoscale regi®$R) up to  phases which may contain multiple coexisting phaes.,
the Burns temperaturB; (Ref. 12 and their interactions are  monoclinic, orthorhombic, and tetragohalt also displays
generally believed to be responsible for relaxor behavior, bugxcellent electromechanical coupling coefficients. The com-
their microscopic nature of these regions remains unclear. osition with the largest value of electromechanical coupling
fundamental understanding of the lattice dynamics of relaxoggefficient is located near the MPB. Raman scattering of
systems has not yet been established. High-pressure studigsyeral compositions of PMXPT were reported previ-
will help elucidate the origins of relaxor properties. ously; different compositions show similar spectra, so we do
In these systems, two different cations randomly occupyhot expect major differences in spectra betw&erb%PT.
the B site of the perovskite structure. There is both chemicaUnpo|ed crystals show typical broad, relaxorlike dispersive
and polarization disorder. The phase diagram of thejielectric maxima. On cooling in an applied electric field,

solid solution PZNxPT contains a rhombohedral phase for however, they show a sharp ferroelectric phase trand®ion
0<x<8%, an intermediate phase associated with the MOI'and are expected to have a Comp|ex behavior.

photropic boundaryMPB) for 8% <x<11%, and a tetrag-
onal phase forx>11% at ambient pressure and room
temperaturé® Furthermore, one end membé@PZN) is a
typical relaxor and the other end memi®iT) is a conven- We employed two different setups for the Raman spec-
tional ferroelectric material. troscopy. The first was axY Dilor triple grating system with
There have been few studies of the high-pressure behavithe CCD to measure the spectrum from 1000 down to
of relaxor ferroelectricd?~*® Studies done to date include 20 cni'. The second was a Jobin Yvon HR-460 single grat-

II. EXPERIMENTAL TECHNIQUES
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ing system with double notch filters with higher throughout
but a higher low-frequency cutoff of 80 ¢m Diamond-
anvil cells(DACs) were used with a 4:1 mixture of methanol
and ethanol as the pressure-transmitting medium. Additional
experimental details are described elsewRérghe single
crystals of PZN-4%PT were grown by the flux method. The
unpoled sample was(@01) plane parallel plate and the mul-
tidomain structures were visible by polarized light micros-
copy. Polished single crystals of PZN-4% RWith a thick-
ness of 30um and lateral dimensions of 70—120n) were
loaded into stainless steel gaskets with small ruby chips for
pressure determination. An Ar-ion laser was used as the light
source, operating at the 514.5 nm wavelength with the aver-
age incident power 0£0.2 W. The scattering geometry was 200 400 600 800 1000
135°. All spectra were measured at 300Kl) and the av- Wavenumber (cm”)

erage acquisition time was between 30 and 120 s. High-
pressure x-ray powder diffraction was measured at Sector 16
(HPCAT) of the Advanced Photon Sour¢dPS), Argonne
National Laboratory. The ground powder samples of
PZN-4%PT and a 4:1 mixture of methanol and ethanol were
loaded into the same cell as the pressure medium. The beam
wave length wa$.=0.4028 A. The average acquisition time
for x-ray diffraction was 10 s. Note that the same DAC and
pressure media were used in both experiments in order to
maintain a uniform sample environment.

12.93 GPa

8.39 GPa

Intensity (arb. units)

9.14 GPa

5.40 GPa

Intensity (arb. units)

3.95 GPa
Ill. RESULTS

Figure 1 shows the Raman spectra of single-crystal ! !
PZN-4%PT at selected pressures. The bands are broad in 200 400 600
comparison to the first-order scattering of conventional end- Wavenumber (cm™)
member ferroelectrics, such as PbJj@vhich show sharp
peaks in their polar phasé&The frequency of the strong .
band at 50 cm' has a slight pressure dependence, hardening g (c)
on compression. The sharp peak near the 350 imereases
its intensity with pressure after 5 GPa. The linewidth of the
band at 550 ciit also increases with pressure. To obtain
additional information we normalized the measured spectra
with the Bose-Einstein factorn(w)+1 where n(w)
=[(exp(hw/ksgT)-1]"%, w is frequency,# is Planck’s con-
stant kg is the Boltzmann constant, afids the temperature.
We then decomposed the measured profiles using a multi-
peak fitting proceduréFig. 1). Reasonable results could be
achieved with the assumption that peaks are described by
spectral functions of damped harmonic oscillators to deter- . L
mine the pressure dependence of each Raman fifagle2). 200 400 600 y 800
The fitted linewidths of the Raman peaks are shown in Fig. Wavenumber (cm )

3.
. . FIG. 1. Raman spectra of PZN-4% Rincorrecteglat selected
der-l:g)?l;tr);ee r\;ﬁgtBI;;?\lg_Arﬁ/f!Tﬁpc;rgjso;;h:nxgﬁgr%iafﬁé%giwgressure(a) Spectral range of 80—100 ¢h(HR-460 single grating

AN . ysten. (b) Spectral range of 20—1000 ct(XY Dilor triple grat-
dral R3m structure which is slightly distorted from the parent ing systen. (c) Example of a Raman spectrum normalized by the

cubic perovskite structur¢Pm3m, Oy, Fig. 4). Butterfly-  Bose-Einstein factor and fitted with multiple symmetric peaks.
shaped diffuse scattering appears near the fundamental

Bragg peakdqFig. 5. We use a simple Lorentzian function diffuse scattering drastically decreases and the linewidth in-
lgiruse=l ol / (0?+T°?), to describe the average diffuse scatter-creasegFig. 8, insets

ing, wherel, is the integrated intensity of the diffuse scatter- Thed spacings shift monotonically with pressufég. 6).

ing around the ringw is the scattering angle, arddis the  Figure 7 shows the pressure dependence ofltegagonal
half width at half maxima(Fig. 8. Average was performed unit cell volumes, along with fits to a Vinet equatférof
around the diffraction ring. With pressure, the intensity of thestate P=3[Kq(1-x)/x?exd 3(K,-1)(1-x)], where x

|
800

0.80 GPa

Intensity (arb. units)
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' ' ' ' ' ' ' ovskite relaxors may be ascribed to local chemically ordered
800 d regions or to relaxation of Raman selection rules due to dis-
order. Experimental evidence for locally ordered regions has
been obtained from transmission electron microsddpsM)
which indicates chemical short-range order. Specifically, 1:1
ordered domains of dimensions 50 A are formed in these
relaxors?* The main features of the Raman spectrum of

PMN reflectFm3m symmetry® are consistent with rock salt
ordering. From the similarity of our material to PMN, we
assume that if ordered regions in the sample have 1:1 order-
ing on the octahedral sites, the local structure would have

Fm3m symmetry. The classification of the normal modes of

0 2 4 6 8 10 12 1:1 ordered=m3m structure is £, +Ey+A;,. Based on pre-
Pressure (GPa) viously established systematics for perovskites, we assign
. the band at 780 cm to the A;, mode and the broad band at
FIG. 2. The pressure dependencies of the Raman bands. T ~1 9 - _
solid lines are linear fits. They are 50 ¢ »=48.4%0.5 500600 e to the &, mOde_' The intense band at 50 cm
Y and the broad band at 272 thran be assigned to tHe,
+0.93+0.09P; 130 cnTt: v=115.0+3.8)+ 1.48+0.39 P; o 9
modes. The remaining Raman features are more complex

183 cm'®: v=183.2+0.53.3+1.45+0.69P; 270 cmk . . . . .
= 2700+0.8)+ 1.3840.09 P: 323 el 1=323.1£0.9) and cannot be explained simply using this picture. Indeed,

+3.94+0.09P; 422 cml: y=422.7+0.7)+1.24+0.07)P; this is evidence for lowering of symmetry frofm3m selec-

513 cnml: »=513.4+1.0+8.7+0.1)P; 595 cntl; »=595+1.1)  tion rules. The polarization and chemical disorder cause Vvi-

-4.58+0.12)P; 553 cnT: »=553.2+0.8) +3.38+0.09 P; brational modes to have coherence lengths that are small

780 cml: »=779.8+1.1)+4.19+0.13 P. compared with their wavelengths. Such modes are not char-
acterized by a single wave vector and will not obey momen-

=(V/Vo)3, V, is the volume at ambient pressutg, is the ~ tUm selection rules; all wave vectors contribute to the scat-

bulk modulus, and}, is bulk modulus derivative. We used t€fiNg process, causing broad featuied _

the V, of 199.2 & at ambient pressure which is obtained by e assign the Raman bands we observe in PZN-PT by
extrapolating the measuretispacings to 0.1 MPa. We per- comparison with first-principles I_attlce dynamics for PMN
formed two fits; in the first fit we assumet)=4 (Ref. 23 (Ref. 28. The rgsults of the polarlzed. Raman measurements
and obtained<,=111(+5) GPa&fit A). Because the pressure- of PZN-4%PT inVV andVH geometries at room tempera-
volume data show some curvature, we also fit the data witf' ¢ '€ similar to the results of previous wéPkyhich show

: / : _ / that the intensity of theA;, 780 cni'mode is higher by
=90(+ g
222?%;]5(:%[)5)'(0' and obtainedk,=90(+5) GPa, andKq about 30% inVV scattering geometry below the Curie tem-

perature. TheA,q band at 780 crt is a fully symmetrical
breathing vibration of oxygen octahedra. This mode slightly
hardens with pressure and its linewidth decreases only
slightly (Figs. 2 and R It is insensitive to both temperature

Cubic perovskites exhibit no first-order Raman scattering@nd pressur& The Ey band at 550 cnt corresponds to an-

The origin of the observed strong Raman scattering in pertibhase breathing of oxygen octahedra. 'Hyenode of PMN
splits into two peaks with decreasing temperature, due to

, T tetragonal or monoclinic distortiorf§ This band shows split-

Wavenumber (cm™)

IV. DISCUSSION

1501 O/'o ° i ting with decreasing temperature, giving two distinct peaks
. o A s at low temperaturé77 K),1%30 perhaps due to greater polar
v’E‘ 00 M 2700'“:: distortions with deceasing temperatdfeAs expected, we
S 100 o O 550am find that pressure suppresses the local polar distortions. The
s 2 ® 780cm . . .
T N E, band broadens with pressure; it becomes a diffuse peak at
s 50 D@ﬁ"ﬁ n “’.“\% 0o e a2 5 GPa(Figs. 2 and 3 This effect reflects reduced ferroelec-
s s o oYy o tric behavior with pressure and the formation of a paraelec-
e triclike phase. Thé,, bands at 50 and 272 cthall slightly
03 é "‘ é ;3 1'0 1-2 = harden with pressure. Also, a peak at 350 §rwhich over-

laps with the broad band at 272 thincreases its intensity
on compression. This effect can be explained by pressure-

FIG. 3. The pressure dependencies of the linew{gilvHM) of  induced tilting of octahedra or by the appearancé gfvi-
the Raman bands. The linewidths of the Raman bands 4Egp  Drations at high pressure due to lowering of the potential
mode and 780 cm® (A;q mode decrease slightly with pressure, barriers between multiple wells. The appearance offthe
and the linewidth of the Raman band at 270°&niF,; mode vibration at high pressure is consistent with our explanation
shows no drastic change. In contrast, the linewidth of the Ramafior the E; mode. The pressure dependencies of the Raman
band at 550 cnt (Eg) increases rapidly with pressure. The solid spectrum indicate that polar correlations decrease with in-
lines are the guides to the eye. creasing pressure. This general conclusion is in good agree-

Pressure (GPa)
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(@)

FIG. 5. (Color) Butterfly-shaped diffuse scattering near a 100
reflection at selected pressuif@) is an enlargement of the white
box region of Fig. 4a), P=0.3 GPa(b) is an enlargement of the
white box region of Fig. ), P=1 GPa/c) is an enlargement of
the white box region of Fig. @), P=4 GPa(d) is an enlargement
of the white box region of Fig. @), P=7.7 GPa. By 7.7 GPa, the
diffuse scattering is gone.

ment with the observations of Samaghall*

The diffuse scattering can be due to either dynamical or
static disordef! Dynamic diffuse scattering is due to thermal
excitations, whereas static diffuse scattering is due to struc-
tural and/or chemical disorder. The temperature dependence

FIG. 4. X-ray diffraction patterns at selected pressures. Thef the diffuse scattering**of PMN indicates that the diffuse
rings represent the Bragg reflections and the bright spots near trcattering goes away above the Burns Temperdiiye and
Bragg reflections are the diffuse scattering patterns. The whiténcreases in intensity with decreasing temperature bélgw
boxes show regions expanded in Fig. 5 near the 100 Bragg refle@ased on this result, and we propose that thermal excitations
tions for each image(a) 0.3 GPa,(b) 1 GPa, (c) 4 GPa, (d) do not represent the dominant contribution to the diffuse
7.7 GPa. The diffuse scattering decreases markedly with pressurescattering in relaxor ferroelectric materials. If thermal exci-
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| L — : T T ] mation, resulting in Huang scatterif$y The experimental
and calculated intensity magassuming the distortion is te-
tragonal are in good agreement in Ref. 34 and are similar to
3.5 - those observed in our measurement. This gives evidence for
a Huang scattering origin of the anisotropic diffuse compo-
nent. Huang scattering is produced by static elastic microde-
30 1 formation in the crystal and defectTherefore, the diffuse
— scattering in relaxor ferroelectrics is most likely due to local
o5k _ ferroelectric polarizations accompanied with local micro-
deformation around PNE&34 and the butterfly-shaped dif-
fuse scattering pattern is evidence for tetragonal distortfons
201 —o %0 in local areas. It seems that local tetragonal distortions in
= = I ——— PZN-PT must be due to the PT component, which is strongly
—s S—— 8 oy _A o0 tetragonal, except that similar diffuse scattering is observed
—x —x —x—3x _ld,, in pure PMN. Thus it seems there must be local polar regions
—S with (002) polarization and strain, or those regions are large
' L L L L ds10 enough to contain multiplét1+11) type polarizations that
0 2 4 6 8 sum to a tetragonal polarization with attendant tetragonal
Pressure (GPa) strain.
, , The decrease in intensity of the x-ray diffuse scattering
. FIG. 6.d spacings measured and used in the volume calculayith pressure is consistent with the results of earlier obser-
tions. The solid lines are the linear fits. vations on PMNRef. 18. The disappearance of diffuse scat-
tations were dominant, then the diffuse scattering would intgrmg at 5 GPa is further evidence of loss of polarization at
' high pressure. The reciprocal lattice points near which the

crease in intensity at higher temperatures, but this was NGl ,se scattering is observed provide information about the
observed. Since chemical order does not change at the BUriS..nal structure of the regions. The widthof the diffuse

temperature, it seems that the diffuse scattering must be dlé%attering gives us an idea about the spatial extension of

to static porllanz_atlclJr:j_dlsgrder _b(_alo_\'A?B.hFurther ewdgnce these regions in different directions and their orientatfon.
against a chemical disorder origin is that pressure does N@{aseq on the experimental results, we can qualitatively esti-

induce mcreased composmpnal quctuatlpns and _d|sorder 'Mhate that the polarization and the distortions in local regions
samples .Of fixed composmons.'There is no evidence 1E.ijecreased by about 70% with press(fiy. 8) from ambient
pressure-induced heterogeneity in the sample on pressurizg; 7 7 Gpa. On compression, the tetragonal distortion is sup-

tion. Chemical segregation would also produce x-ray diﬁusepressed and disa
. S T ppears at 5 GPa. The results are fully con-
scattering around the incident be#which is not observed istent with the Raman data, which also indicate a suppres-

(see Fig. 4. We conclude that pressure mainly changes IocaEiOn of the tetragonal distortion on compression.

pol{?lrr]izaéi.?fns and ‘heif coupling. he B K Polarization rotation from(111) in the rhombohedral
e diffuse scattering patterns near the Bragg peaks argvase ta(002) in the tetragonal phase in an applied electric

asymmetric, and are evidence as discussed above for loc Id has b ted lanation for the giant pi
deformations of the crystal lattié The anisotropic compo- c'0 Nas DEEN suggested as an explanation for the giant pi-

nent of the diffuse scattering has been observed in man ZOelectric response in S”?g'e crystals of P.ZN'PT. and
experiments?>33 In a recent study the anisotropic diffuse . MN-PT(Ref. 11. Our experimental results provide insight
scattering in relaxors was suggested to be due to local ferrdt@ this proposition. _As.summg.the ferroelectric mode poten-
electric polarization accompanied with the local microdefor-t'al.s are randomly distributed in r'elaxor ferrloelectncs, egch
cation (or rather local modeoccupies a certain ferroelectric

d-spacing (A)

1.5

gF T T T . T | O potential well. The polarization associated with the ferroelec-
tric potential dynamically and spatially rotates under ambient
ol — FitA conditions. If an electric field is applied, most polarizations

---- FitB tend to align along the external field, and at certain field

strength they change their directions from rhombohedral to
tetragonal directions. On compression, however, the potential
barriers between the wells are lowered. At the same time the

Pressure (GPa)
-y
)

2 . magnitude of the local polarizations decreases, leading to

decreased polarization correlations. The rotational character

ok | . . - of the polar modes becomes vibrational and finally an anhar-
188 190 192 194 196 198 200 monic vibrational character with increasing pressure. At

Volume (A% pressures above 5 GPa, the local potentials become ran-
domly distributed anharmonic single well potentials.
FIG. 7. The pressure dependence of hexagonal unit cell volume
of PZN-4%PT. The lines are the Vinet equation of state fits. Fit A V. CONCLUSION
is Vp=199.2 &, Ky=111(+5) GPa, and assumet}=4 and fit B is We have presented observations of diffuse scattering vs
Vp=199.2 B, Ky=90(x5)GPa, andK,=12(+)3. pressure in PZN-4%PT and measuneditu Raman scatter-
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' ' ' N S ' ferroelectric PZN-4%PT reveals broad bands due to disorder

ge""' 7 in the lattice. The results can be understood from the group
3 theoretical analysis of the spectrum assuming averaged point
1 GPa g‘“’"‘ T group of Fm3m. A peak with Fp; symmetry at 350 cit
3 increases its intensity with pressure and overlaps with a
© _Bor o N\ broad band at 272 ¢th No obvious soft-phonon-mode fea-
1234567 ture was observed. High-pressure x-ray diffraction reveals
Pressure (GPa)

that the diffuse x-ray scattering decreases on compression
and disappears at 5 GPa.

Changes in the Raman spectrum and the diffuse x-ray
scattering reflect suppression of the local distortions in the
material. We observeda) changes in th&; mode due to the
L suppression of local microdeformations on compression,
Pressure (GPa) a new peak at 350 cth above 5 GPa possibly induced by
tilting of oxygen octahedrac) that the diffuse scattering in
relaxors are static and due to the local ferroelectric polariza-
tions associated with the local microdeformatiofd), the
reduction in the intensity of the diffuse scattering with pres-
sure indicating that pressure suppresses the local ferroelectric
polarizations. The results are consistent with previous work
on PMN (Refs. 18 and 34
| | | | | | | | In conclusion, the results can be understood in terms of
76 78 80 82 84 86 88 90 the effect of pressure on the local ferroelectric effective

20 double well potentials in which the barriers between the
wells are lowered on compression, and the reduction of the

FIG. 8. The 110 reflection at 1 GPa. The wings represent theorrelations between the local polarizations.
diffuse scattering integrated around the powder diffraction ring
(Bragg reflection The integrated Bragg reflections with the wings
are fitted by one Gaussian and one Lorentzian functions. The upper ACKNOWLEDGMENTS
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