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Abstract

Pressure-induced structural transformations in relaxor-based perovskite-type (ABOs)
0.9PbZn,;3Nb,;303-0.1PbTiOs5 single crystals which have a very high piezoelectric
response were studied by single-crystal x-ray diffraction and Raman spectroscopy at
room temperature and pressures up to 18.1 GPa. Changes in state of long-range order
were observed near 1.0 GPa, 2.1 GPa, and 5.9 GPa. Initially, upon pressure increase the
ferroic deviation of the atomic positions from the cubic structure is reduced but the
ferroelectric twinning is enhanced and near 1.0 GPa the intrinsic ferroelectric multiphase
domain pattern formed in the as-synthesized crystals is changed. At 2.1 GPa the system
undergoes a phase transition from a ferroelectric to a relaxor state, which exhibits an
average cubic structure but still contains polar nanoregions. At 5.9 GPa a reversible phase
transition typical of Pb-based perovskite-type relaxors occurs, namely a cubic-to-
antiferrodistortive phase transition resulting in a long-range order of antiphase octahedral
tilts. On decompression the ferroelectric state reappears below 2.1 GPa and the local
atomic structure is fully recovered at ambient pressure but the final domain texture differs
from the initial one. Ruthenium doping on the B-site does not influence the pressure-

induced structural transformations.

PACS: 77.80.Jk, 64.70.Nd, 61.05.C-, 78.30.-j



Introduction

Lead-based relaxor ferroelectrics with the perovskite-type structure (ABO3) show a broad
and frequency-dispersive maximum of the dielectric permittivity. These materials have
been extensively studied over the last decade due to their superb dielectric, electro-
elastic, and electro-optical properties.' Particular interest has been directed towards solid
solutions between relaxor and normal ferroelectrics such as (1-x)PbZn;/3Nb,303-xPbTiO;
(PZN-xPT) and (1-x)PbMg;/3Nb/303-xPbTiO3 (PMN-xPT) which show an extremely
high piezoelectric response close to the morphotropic phase boundary (MPB). > * For
PZN-xPT the MPB corresponds to x ~ 0.08-0.10.* For x-values smaller than 0.08 the
symmetry of the ferroelectric phase is rhombohedral whereas compounds with x > 0.10
exhibit tetragonal symmetry below the para-to-ferroelectric phase-transition temperature.
The room-temperature structure of PZN-xPT on the MPB is still a matter of controversy,
proposals including it being of monoclinic® or orthorhombic symmetry,” or a coexistence
of tetragonal and non-tetragonal ferroelectric long-range order. * 7 Similar to other
perovskite-type (ABOs3) relaxors, at temperatures higher than the dielectric-permittivity
maximum T},, PZN-xPT undergoes two nanoscale structural transformations on cooling:®
9101112 3 nucleation of dynamic polar clusters at the Burns temperature 7 ~ 730 K via
coupling of incoherent atomic displacements from their positions in the ideal perovskite
structure and, at the intermediate temperature 7* ~525 K, merging of the already-formed
polar clusters into larger polar nanoregions which results in slower flipping dynamics. On

further cooling, PZN-xPT crystals with x-values near the MPB undergo two phase



" 4,5,10
transitions:” ™~

cubic to polar tetragonal at 7¢; ~ 450 K and polar tetragonal to polar
monoclinic (or orthorhombic) at 7, ~ 340 K. However, the development of ferroelectric
long-range order is incomplete and even below 7, a fraction of polar nanoregions still
persist.'> * The high structural complexity on the mesoscopic scale makes it difficult to
understand the structure-property relations in PZN-xPT and PMN-xPT, and in particular
to clarify whether the high piezoelectric effect is mainly due to the coexistence of two
ferroelectric phases, or due to the multiple domain walls associated with monoclinic

domains, or due to the co-existence of polar nanoregions with long-range-ordered

ferroelectric domains.

Studying the response of the structure to external pressure can help in the understanding
of the structural peculiarities of relaxor-based piezoelectrics. Dielectric experiments at
low pressures (below 1.5 GPa) showed that pressure enhances the relaxor behavior in
relaxor-based piezoelectrics,'* '° but the pressure-induced relaxor state is different from
the low-temperature non-ergodic relaxor state, which consists of frozen polar
nanoregions.” Also, it has been demonstrated that the application of low pressures
(below 1 GPa) on [001]-poled PbB';3B",303-xPT of a composition that is near the MPB
considerably decreases the transverse piezoelectric and electromechanical response, but

only slightly lowers the corresponding longitudinal responses.'® !’

High-pressure
structural studies of solid solutions between relaxors and normal ferroelectrics are
however rare'® ' and in particular the high-pressure structure of PZN-xPT at the MPB

has not been analyzed yet. In-situ high-pressure diffraction and Raman scattering analysis

of relaxors of the type PbB' 1/3B”2/3O320’ 2122 and PbB' 12B"1203 23,2435 revealed that



pressure suppresses the mesoscopic polar order (i.e. reduces the length of coherence of
polar cation shifts), which facilitates the occurrence of at least two pressure-induced
phase transitions below 30 GPa. The first pressure-induced phase transition involves the
development of long-range antiphase octahedral tilt order, whilst the second one consists
of a symmetry reduction of the tilt configuration and may also involve the development
of long-range order of antiferroelectric off-centered displacements of the Pb cations.”
The pressure-dependence of the Raman scattering for relaxor-based piezoelectric solid

18, 19

solutions suggests that pressures up to 10 GPa induce structural transformations

similar to those observed in pure relaxor compounds.

The objective of this study was to elucidate the pressure-induced structural phenomena in
relaxor-based piezoelectrics close to the MPB on the basis of combined in-situ single-
crystal x-ray diffraction and Raman spectroscopy of PZN-0.1PT in the pressure range up
to 18.1 GPa. In addition, Ru-doped PZN-0.1PT has been studied by high-pressure Raman
spectroscopy, as it has been recently shown that a small amount of ruthenium
significantly hardens the hysteresis loops of polarization- and strain-electric field” and

extends the temperature range in which the tetragonal structure is preferred.'

Experimental details

Optically and chemically homogenous single crystals of PZN-0.1PT and PZN-0.1PT:Ru
with the ratio Ru/Ti ~ 0.02 were synthesized by the high-temperature solution growth

method.” The chemical composition of the as-grown single crystals was determined by



electron microprobe analysis (Cameca Microbeam SX100) averaging over 50 points from
each specimen. The relative error in the x-value was 0.3% as determined from the
standard deviation of Ti content, whereas the standard deviation of the Ru content was ~
35%. The Ru doping changed the appearance of PZN-0.1PT from transparent and yellow

in color to opaque with a metallic luster.

The in-situ high-pressure x-ray diffraction (XRD) and Raman spectroscopic experiments
were conducted in diamond anvil cells (DACs). Stainless steel gaskets and 4:1 methanol-
ethanol or 16:3:1 methanol-ethanol-water mixtures as pressure-transmitting media were
used for the experiments up to 9.8 GPa, which is the hydrostatic limit of alcohol
mixtures. 2° To obtain hydrostatic conditions above 9.8 GPa and better stability of the
sample chamber formed by the drilled gasket, He was used as a pressure medium and
rhenium was used for the gasket. The measurements were conducted on plates oriented
parallel to the cubic {100} planes. The size of the samples measured in alcohol mixtures
from ambient pressure up to 9.8 GPa was approximately 135 X 100 X 40 um, whereas
that of the sample measured in He between 6.9 and 18.1 GPa was 70 x 50 X 30 um. Three
different designs of DACs were used in the experiments. For Raman spectroscopy up to
9.8 GPa a gas-membrane-driven easyLab Diacell® pScopeDAC-RT(G) was used. For
single-crystal synchrotron XRD as well as Raman spectroscopy between 6.9 and 18.1
GPa DACs of the Boehler-Almax design®’ were used. For in-house single-crystal
diffraction measurements an ETH DAC?® was used. The pressure values in the
synchrotron XRD and Raman scattering experiments were determined by the ruby-

fluorescence method with an accuracy of 0.1 GPa.”



The pressure dependence of the pseudo-cubic unit-cell parameters was measured with a
Huber four-circle single-crystal diffractometer, using the method of eight-position
diffraction beam centering, which ensures a precision in the relative volume V(p)/Vy
~0.0001.% In these experiments the pressure values were determined with a precision of
0.01 GPa from the measured volume and the previously-determined equation of state of a

quartz crystal loaded next to the sample.”’

Synchrotron single-crystal XRD was performed at the F1 beamline at HASYLAB/DESY
using a MarCCD 165 detector. Data were collected with a radiation wavelength of 1 =
0.5000 A, a sample-to-detector distance of 100 mm, a step width of 0.5° per frame, 80
frames per measurement and an exposure time of 120 s per frame. Reciprocal-space
sections were reconstructed from the raw data frames using the CRYSALIS™ Oxford

Diffraction software.

Unpolarized Raman spectra were collected using a Horiba Jobin-Yvon T64000 triple-
grating spectrometer equipped with an Olympus BH41 microscope and a 50x long-
working-distance objective. The measurements were conducted in a backscattering
geometry using the 514.5-nm line of an Ar” laser and a spectral resolution of 2 cm™. The
laser power surface density delivered to the DAC was 1.6 kW/mm?®. Pure PZN-0.1PT was
measured with an acquisition time of 15 s or 20 s, whereas the acquisition time for the
Ru-doped compound was 30 s. The as-measured spectra were reduced by the Bose-

Einstein phonon occupation factor to eliminate the effect of temperature on the peak



intensities and were fitted with Lorentzian functions to determine the peak positions, full
widths at half maximum (FWHMs) and integrated intensities, using the software package

Origin 8.5.

Results and Discussion

At ambient pressure and room temperature coexisting tetragonal and non-tetragonal
ferroelectric domains have been detected by piezoresponse force microscopy’ performed
on pure and Ru-doped PZN-0.1PT crystals from the same synthesis batches as the
crystals studied here. Further, the majority of diffraction studies of PZN-xPT at the MPB
indicate that the monoclinic domains are dominant at ambient conditions. > ** Our
polarized Raman scattering analysis on PZN-0.1PT also suggests an abundance of
monoclinic domains at ambient conditions.'? Therefore, a structure in which different
types of ferroelectric domains, but with a predominance of monoclinic domains was the

starting point in the interpretation of the new high-pressure data presented here.

3.1 XRD analysis of PZN-0.1 PT

The FWHM of representative Bragg peaks recorded in high-precision in-house single-
crystal XRD experiments as well as the unit-cell parameters and interaxial angles
obtained from symmetry-unconstrained unit-cell refinements to the diffracted beam
positions are shown in Fig. 1. Due to the small structural deviation of the ferroelectric
phases from the cubic phase, an apparent splitting of the cubic Bragg peaks was not

resolved at ambient pressure, only a slight broadening of these peaks. Note that in single-



crystal XRD experiments on pseudocubic multidomain samples a broadening of the
diffraction peaks plotted against the two-theta angle (d-spacing) results from the ferroic
distortion of the atomic structure, while a peak broadening versus the angle of rotation
about the perpendicular axis (rocking curves) results from the mutual misorientation of
the domains. ** In Fig. 1 we show the FWHM:s from the rocking curves of the
corresponding Bragg reflections and therefore the pressure dependences of these FWHMs
represent purely the pressure-induced change in the degree of domain misorinetation. At
the same time, the deviation of unit-cell parameters from cubic is sensitive to the overall
ferroic distortion of the atomic structure, regardless of the degree of ferroic twinning. For
PZN-0.1PT the measured unit-cell parameters at ambient conditions correspond to a
monoclinic metric but this fact does not mean that other types of ferroic domains are
absent from the structure. The pressure dependences of the Bragg-peak widths and the
unit cell parameters (Fig. 1) reveal four distinguishable ranges of pressure-induced
structural states. Between ambient pressure and 1.0 GPa the ferroelectric distortion of the
atomic structure is reduced because the unit-cell parameters evolve towards cubic, but the
distribution of domain orientations is enhanced, as seen from the strong broadening of the
diffraction peaks. This is not the usual pattern of behavior for a ferroic multidomain
sample in which one would expect a decrease in the mutual misorientation between
domains when the ferroic distortion of the atomic structure is reduced. Hence, the
pressure evolution of both the unit cell parameters and FWHMs indicates an
enhancement of the ferroic twinning (more and smaller domains with smaller ferroic
distortion) in the pressure range up to 1 GPa. We suggest that this process occurs due to

the competitive coexistence of different types of ferroelectric domains as one of these



phases is being suppressed as pressure increases to 1.0 GPa. This is consistent with the
abrupt change in the pressure dependencies of the diffraction-peak widths and unit-cell
parameters at 1 GPa. On further pressure increase up to 2.1 GPa the peak broadening
strongly decreases and the deviation of the unit-cell parameters from cubic decreases,
consistent with the evolution of a ferroic single-phase multidomain sample towards cubic
symmetry. Between 2.1 and 5.2 GPa, neither broadening of the diffraction peaks nor
deviation of the unit-cell parameters from cubic were detected, indicating that the average
structure is cubic. Above 5.2 GPa the Bragg peaks again start broadening with pressure
increase and the unit-cell parameters slightly deviate from cubic, which indicates the

development of a new ferroic state. The dependence of the normalized pressure
F=p/[3f(1+2f)”] on the Eulerian strain f =[(V, —V)*"* —1]/2 calculated from the

measured dependence of the unit-cell volume V on the pressure p (see Fig. 2) also
indicates the existence of three pressure-induced structural transformations near 1.0, 2.1

and 5.9 GPa.

To shed light on the structural state above 2.1 GPa we have conducted synchrotron
single-crystal XRD. Figure 3 shows representative sections of (£k0) and (4k1) reciprocal-
space layers of PZN-0.1PT under pressure. The Miller indices throughout the whole
paper are given with respect to Fm3m , which is the symmetry of the cubic double-
perovskite structure. It is well known that polar nanoregions in Pb-based relaxors give

rise to diffuse scattering streaks along the cubic reciprocal-space (110)* directions. '*-**

3% Weak x-ray diffuse scattering along (110)* can be seen up to 4.0 GPa, revealing the

existence of polar nanoregions. Therefore, at 2.1 GPa PZN-0.1PT reaches a relaxor cubic



state with no ferroelectric long-range order, which is consistent with dielectric

. . . . . 14, 15
experiments indicating a ferroelectric-relaxor crossover at moderate pressures.

X-ray
diffuse streaks were not observed at 5.0 GPa and above, indicating that the relaxor state
of PZN-0.1PT persists up to 4 GPa, but at 5 GPa the polar order is destroyed even on the
mesoscopic scale. At 5.9 GPa a new class of sharp Bragg peaks with 4, £, [, all odd,
appear (see Fig. 3). Previously we have shown for other Pb-based perovskite-type

24, 36, 37,38

relaxors that such pressure-induced Bragg reflections are associated with the

development of antiphase octahedral tilts of type a'a'a” (Glazer’s notation ) and a

consequent change of the symmetry from primitive cubic Pm3m to thombohedral R3c,

in the case of absence of long-range chemical B-site order of NaCl type, or from face-

centered cubic Fm3m to thombohedral R3 , if a long-range chemical B-site order is
presented. At ambient pressure PZN-0.1PT does not exhibit any superlattice Bragg peaks
indicative of long-range chemical B-site order.'? Hence, the synchrotron XRD data in
PZN-0.1PT clearly reveal the occurrence of a continuous phase transition from primitive
cubic to rhombohedral R3¢ symmetry comprising a long-range order of antiphase tilts of
equal magnitude typical of Pb-based perovskite-type relaxors.”” ***° No other pressure-
induced Bragg peaks or d-space-splitting of the existing diffraction peaks were detected
up to 18.1 GPa, indicating that no further phase transitions occur in this pressure range.
Figure 4 depicts the pressure dependences of the integrated intensities of representative
Bragg peaks with A+k+/ = 4n+2 and h,k,/ all equal to 2n+1 calculated from the
synchrotron XRD data. The third class of observed Bragg peaks, having h+k+/ = 4n, were
oversaturated in the whole pressure range. As can be seen in Figure 4, the intensities of

the pressure-induced odd-odd-odd peaks generated from antiphase octahedral tilts



increase from 5.9 to ~11 GPa and then become saturated. The intensities of the peaks
with A+k+/ = 4n+2 initially decrease with the pressure increase, then remain nearly
constant in the range 3 — 5 GPa and above 5.9 GPa show the same trend as the odd-odd-
odd Bragg peaks. All atoms of the perovskite structure contribute to the Bragg peaks with
h+k+l = 4n+2, with the more heavily-scattering A- and B-site cations contributing to the
scattering factor with opposite signs. Thus the pressure evolution of the intensities of
these peaks reflects the suppression of long-range polar order of the cations at moderate
pressures and the subsequent development of antiferrodistortive order of the oxygen
atoms above 5.9 GPa. The saturation in the intensities above 11 GPa indicates that the
fraction of ferroic domains with long-range octahedral tilting as well as the octahedral tilt

angle then becomes essentially constant at higher pressures.

3.2. Raman scattering of PZN-0.1PT

Raman spectra of PZN-0.1PT collected at different pressures up to 18.1 GPa are shown in
Figure 5. As for all Pb-based relaxor ferroelectrics, the Raman scattering of PZN-0.1PT
can be understood only in terms of a double-perovskite structure, regardless of the

- Y 12, 40, 41, 42, 43 :
presence or absence of long-range chemical B-site disorder.” ™ ™™ "™ The I'-point

optical modes of the prototype cubic structure Fm3m are A, ¢(R) + E4(R) + Fyy(ina)+
2F»,(R) + 4F(IR) + Fig(ina), where R, IR, and ina stand for Raman-active, infrared-
active and inactive, respectively.* We have analyzed in detail the Raman scattering near
55,260 and 350 cm™, which has been proven to be highly sensitive to pressure-induced

structural transformations in other Pb-based relaxor materials.'® 2! 2% 23 24,25, 38,42, 45



The band near 55 cm’™ originates from Pb-localized modes related to a Raman-active F,
mode of the prototype structure. For compounds of the type PbB';3B",/303-xPT with x
varying between zero and the value corresponding to the MPB, this band is a doublet at
high temperatures due to the existence of two cubic local states of the Pb ions having
distinct local chemical environments formed by the nearest B-site cations.'> However, at
temperatures below the para-to-ferroelectric phase transition, the two Pb states related to
the chemical environment become dynamically indistinguishable and hence the doubling
of the peak near 55 cm™ results from the lowering of the symmetry of the average
structure.'” Our in-situ high-pressure experiments on PZN-0.1PT were conducted at room

1912 and therefore the lower-wavenumber component at

temperature, which is below Ty,
~45 cm' reflects the presence of ferroelectric long-range order. This Raman signal
considerably softens and broadens when pressure is increased from ambient to ~4.5 GPa
(see Fig.6) due to the pressure-induced suppression of the polar order. At the critical
pressure p. = 5.9 GPa of the cubic-to-rhombohedral phase transition, the lower-
wavenumber component of the band at 55 cm™ starts hardening and narrowing (see
Fig.6), following the behavior of a soft mode. Indeed, for Pb-based relaxors the
occurrence of a pressure-induced cubic-to-rhombohedral phase transition is accompanied

by the appearance of a soft mode. > 2+ 42

Thus, the origin of the Raman scattering near 45
cm’! above 5.9 GPa is different from that below 4.5 GPa, i.e., two different phonon
modes generate the lowest-wavenumber Raman signal at low pressures and at high

pressures. While at low pressures this Raman signal arises from the long-range

ferroelectric order, above 5.9 GPa it is associated with the development of long-range



antiferrodistortive order, namely antiphase octahedral tilting. Between 4.5 and 5.9 GPa
the lowest-wavenumber Raman signal does not disappear (see Fig.6), meaning that the
corresponding vibrational modes are still underdamped. This indicates that order-disorder
structural processes contribute considerably to the pressure-induced structural
transformations in PZN-0.1PT,*® which is most probably related to the complex
chemistry on the B-site.

The Raman scattering near 260 cm™ arises from off-center-displaced B-site cations***’
and at ambient pressure it is sensitive to the development of polar order, in particular to
the coupling processes at 7*, where large polar nanoregions with slower dynamics are
formed.'****® Similar to other relaxor and relaxor-related materials,'® ' 21,22,23, 40,45
pressure reduces the intensity of the Raman scattering at 260 cm™ observed for PZN-
0.1PT (see Fig. 5), indicating a reduction of the polar shifts of the B-site cations.

However, the effect is less pronounced for PbB';3B",305-type systemslg’ 19,2122 55

23,35 and relaxor-related materials with

compared to PbB';»B";,0s-type relaxors
homovalent ions on the B—site,zl’ > and PZN-0.1PT shows the same trend. Aliovalent A-
site doping of PbB';2,B" 1,03 relaxors also results in the persistence of the Raman signal
near 260 cm™ under pressure.”® These findings indicate that local electric fields
associated with charge imbalance on the A- or B-site of the perovskite structure oppose
the tendency of external pressure to move the off-centered B-site-cations back to the
corresponding octahedral centers. For PZN-0.1PT the wavenumber of the 260-cm™ -peak

rapidly increases at 4.5 GPa and the FWHM versus pressure shows a broad maximum in

the range 4.5 — 8 GPa. Synchrotron XRD data indicates that the polar nanoregions vanish



above 4.0 GPa (see Fig. 3). Therefore, the polar B-cation shifts existing above 4.0 GPa
are uncorrelated even on the mesoscopic scale. However, their existence apparently
opposes the formation of long-range antiferrodistortive octahedral-tilt order and enhances

the order-disorder structural phenomena in the pressure-induced phase transition at 5.9

GPa.

The Raman peak at 350 cm™ (see Fig. 5) is related to the silent F», mode of the prototype
cubic structure and is generated by Pb-O bond stretching within the cubic {111}
planes.42’ " This type of vibration can also be considered as antiphase octahedral tilting40’
47 a5 it changes the Pb-O bond lengths and hence the peak is enhanced with pressure
due to the development of static long-range ordered tilts. This peak is resolved in the
cross-polarized Raman spectra of PZN-0.1PT measured at ambient pressure in air but in
the unpolarized spectra collected in the DAC it was resolved only above 1.8 GPa. The
position of the peak near 350 cm™ strongly increases between 4.5 and ~7.0 GPa, while
the FWHM strongly decreases and become nearly constant above 7 GPa (see Fig.8).
Similar pressure dependence has been observed for PMN-xPT."” Also, similar to other
PbB’3B’’,303-based materials'® > 2% the peak at 350 cm’ of PZN-0.1PT is less
enhanced with pressure as compared to Pb-based perovskites with a B-site stoichiometry

23,35,45 .0 ST o
1.7>°>™" This again indicates a competition between

equal or approximately equal to 1:
uncoupled B-site off-centered displacements and antiphase tilt order in the vicinity of the

pressure-induced phase transition at 5.9 GPa. The nearly constant FWHM above 7 GPa

and the absence of any pressure-induced splitting of the peak at 350 cm™, as previously



23,25

observed for other relaxors, shows that between 7 and 18.1 GPa the oxygen

. + . .
environment of the Pb>" cations remain the same even on the local scale.

It should be emphasized that according to Raman spectroscopy, after decompression the
atomic structure is fully recovered at ambient pressure. The increase in the FWHMs of
the Bragg peaks (see Fig. 1) also indicates that the long-range ferroelectric order
reappears below 2.1 GPa. However, the peak widths are different in detail from those
measured prior to compression, and the deviation of the unit-cell parameters from cubic
is considerably less than that of the initial structure. This indicates that the domain texture
is different and the overall ferroic distortion of the average structure is smaller as
compared to the initial state. From this point of view the phase transition at 1 GPa might
be thought as being irreversible. However, the complete reversibility of the Raman
scattering indicates that the predominant monoclinic atomic arrangements are recovered
on decompression. Most probably, the correlation length of ferroic distortion in the final
state is shorter than in the initial state, which results in smaller domains and a smaller
deviation of the measured unit-cell parameters from the cubic values. It should be
mentioned that based only on the data presented here, one cannot state whether a second

type of ferroelectric domains reappears or not on decompression.

3.3. Raman scattering of Ru-doped PZN-0.1PT

At ambient pressure, the addition even of a small amount of Ru (Ru/(Zn+Nb+Ti) ~

0.002) leads to a substantial hardening of the polarization-field and strain-field hysteresis



loops of PZN-0.1PT’ and favors the tetragonal state in a wider temperature range
compared to the undoped compound.'? These effects are attributed to the fact that Ru
substitutes for Ti and at room temperature the average valence of the ruthenium cations is
between 4+ and 3+.” To check whether Ru doping influences the structural state at high
pressures, we have conducted Raman scattering in the pressure range up to 8.4 GPa.
According to the Raman spectra (see Fig. 9) Ru-doped PZN-0.1PT exhibits the same
structural changes with pressure that have been observed for the pure compound
(compare Figs. 5 and 9). The Raman scattering near 260 cm™ is moderately suppressed
with pressure increase, while that near 350 cm™ is enhanced. The ratio between the
integrated intensities of the peaks at 350 and 260 cm™ (not shown) for pure and Ru-doped
PZN-0.1PT is the same. This indicates that Ru doping does not influence the pressure-
induced local structural changes, although at ambient pressure Ru-doping decreases the
characteristic and critical temperatures.'> Ru-doping leads to overall broadening and
larger overlaps of the Raman peaks, which results in larger uncertainties in the peak
parameters derived from the fitting of the spectral profiles. The pressure dependencies of
the two components of the band near 55 cm™ for Ru-doped PZN-0.1PT are shown in
Figure 10. Similar to the pure compound, the FWHM of the peak near 45 cm™ observed
for Ru-doped PZN-0.1PT exhibits a maximum between 4.5 and 5.9 GPa. This peak also
softens when pressure approaches 4.5 GPa and hardens at higher pressures, indicating the
occurrence of the same cubic-to-rhombohedral phase transition as for pure PZN-0.1PT.
Due to the large uncertainties, the exact value of the critical pressure cannot be
determined from the pressure dependence of the position of the peak near 45 cm™.

However, for both undoped and Ru-doped PZN-0.1PT the wavenumber of the peak near



60 cm™ is constant until 5.9 GPa and then begins to harden. This indicates that Ru-doping
does not change the critical pressure, which is in accordance with the pressure

dependence of the FWHM of the peak at 45 cm™.

3.4. Pressure- vs temperature-induced structural changes

Multistep structural transformations occur in PZN-01PT on both pressure increase and
temperature decrease and both thermodynamic parameters drive the system to a ferroic
state. However, the high-pressure structural state significantly differs from the low-
temperature structural state. At room temperature and pressures above 5.9 GPa, an
antiferrodistortive long-range order is developed and only uncoupled polar displacements
of B-site cations exist. By contrast, at ambient pressure and temperatures below 7¢, two
types of long-range polar order (ferroelectric domains), along with mesoscopic polar
order (polar nanoregions), coexist, i.e. the structure is much more flexible and
heterogeneous as compared to the high-pressure state. This most probably is the reason
why low-level of B-site doping with Ru influences the ferroelectric state below Tc; ' but
has a negligible effect on the pressure-induced cubic-to-antiferrodistortive phase

transition.

Although there is a lack of high-pressure XRD studies on PbMg;/3Nb,303-xPbTi0O;
(PMN-xPT) close to the MPB, the similarities between PZN-0.1PT and PMT-xPT in the
pressure evolution of the Raman scattering suggest that upon pressure increase PMN-xPT

also reaches a cubic relaxor state and then develops antiferrodistortive order.



3.5. A note about the structure-property relation in PbB’;3B’’,,303-PbTiO; binary

systems

The origin of the giant piezolectric effect in ferroelectric solid solutions is still obscure. **
In general, it can be related to the chemically-induced complex domain structure in the
vicinity of the MPB or to intrinsic structural inhomogeneities on the mesoscopic scale.
The former case can be further subdivided into two cases: (i) coexistence of ferroelectric
domains of different symmetry, i.e. competition between different types of long-range
polar order, or (ii) existence of one type of low-symmetry domains, e.g. monoclinic or
triclinic, which allows for a high density of domain walls. In both cases the domain
texture should play an important role for the giant response functions in this class of
materials and we should expect higher piezoelectric and electromechanical coefficients if
the ferroelectric twinning is enhanced, i.e. the number of domains increases and the mean
domain size of the domains decreases. Our results indicate that in the low pressure range
(from ambient pressure to 1.0 GPa) the twinning is strongly enhanced, while the ferroic
deviation of the atomic structure is reduced. On the other hand, it has been shown that the
application of pressure up to 0.5 GPa decreases the piezoelectric and electromechanical
coefficients of PZN-0.09PT and the effect is particularly strong for the shear coefficients
ds1 and k31.17 Pressure has the same effect on the shear coefficients of PMN-0.32PT.!®
This suggests that at least the large shear piezoelectric and electromechanical responses
are related with the intrinsic structural complexity on the local scale, rather than with the

domain texture. This result is in full agreement with model calculations on single-domain



and multidomain states of PNM-0.33PT, ** demonstrating that the multidomain

configuration has minor effect on both the uniaxial and shear piezoelectric responses.

Conclusions

PbZn,;3Nb;305-0.1PbTiO; as representative of relaxor-based perovskite-type solid
solutions at the MPB exhibits a sequence of structural changes under high pressure. First,
when pressure increases from ambient to 1 GPa, the ferroelectric structural distortion is
reduced but the twinning is enhanced (the number of domains increases and the average
domain size decreases), which increases in the overall strain of the average structure.
This process induces a structural transformation near 1 GPa, involving a change of the
preexisting multiphase (monoclinic + tetragonal) multidomain state to another, most
probably, single-phase multidomain state. As a result, between 1 and 2 GPa the ferroic
structural distortion continues to be reduced and the overall strain also decreases. Near 2
GPa the system reaches a cubic relaxor state, in which the polar order exists only on the
mesoscopic scale, as polar nanoregions. The polar nanoregions persist up to 4 GPa,
whereas uncoupled polar displacements of B-site cations are abundant even at 18.1 GPa.
At 5.9 GPa PZN-0.1PT undergoes a reversible pressure-induced phase transition from a
cubic to an antiferrodistortive phase comprising long-range ordered antiphase octahedral
tilts. Such a phase transition is typical of Pb-based perovskite-type relaxors. The
contribution of order-disorder structural phenomena involved in this phase transition of
PZN-0.1PT is considerable due to the persistence of uncoupled B-site-cation off-centered

shifts, which in turn is a result of the complex chemistry on the B-site and the associated



local electric fields. At 11 GPa the average structure reaches a saturation in the pressure-
induced ferroic distortion. Up to 18.1 GPa no further change in the tilt pattern was
detected even on the local scale. The predominant polar atomic arrangements recover on
decompression but the correlation length of ferroic distortion in the final state is shorter
than in the initial state. Low levels of Ru doping on the B-site (Ru/(Zn+Nb+Ti1) ~ 0.002)
does not influence the reversible phase transition near 5.9 GPa, although the same level
of doping affects the temperature-driven structural transformations at ambient pressure.
The comparison between the pressure dependence of the structure and properties up to 1
GPa suggests that the remarkable piezoelectric and electromechanical responses in PZN-
xPT result from intrinsic ferroic structural inhomogeneities on the mesoscopic scale

rather than from the complex multidomain texture.
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Figure Captions:

Fig.1. (color on-line) Pressure dependence of the FWHM of two representative Bragg

peaks (Miller indices refer to Fm3m ) (upper plot), unit-cell parameters (middle plot) and
angles (bottom plot) obtained from symmetry-unconstrained unit-cell refinements to
single-crystal XRD data. The filled and open symbols correspond to data collected on
pressure increase and on decompression, respectively. The error bars for the unit-cell
parameters are within the size of the symbols. The horizontal line in the upper plot marks

the instrumental resolution.

Fig.2. Unit-cell volume V' versus pressure p measured in high-precision single-crystal

XRD experiments (upper plot) and the corresponding F(f)-dependence (bottom plot),

5/2

where F'is the normalized pressure F' = p/[3f(1+2 /)] and f'is the Eulerian strain
f=[(V,=V)** =1]/2. The filled and open symbols correspond to data collected on

pressure increase and on decompression, respectively. The error bars for the unit-cell

volume are within the size of the symbols.



Fig.3. Reciprocal-space layers reconstructed from synchrotron single-crystal XRD on
PZN-0.1PT. The Miller indices refer to a cubic double-perovskite Fm3m unit cell. The
arrows in the sector around the 060 Bragg peak mark the diffuse scattering along

(110) *. The sectors of (hk1)-layers demonstrate that pressure-induced odd-odd-odd
Bragg peaks appear at 5.9 GPa; the reflections in the upper-left and bottom-right corner

are 131 and 151, respectively.

Fig.4. Integrated intensities of Bragg peaks measured in single-crystal synchrotron
experiments. The intensities are averaged over the peaks symmetry equivalent in the
prototype cubic structure. The filled and open symbols correspond to measurements in

methanol-ethanol and in He as pressure-transmitting media, respectively; the intensities

were normalized to volume of the corresponding sample. Miller indices refer to Fm3m .

Fig.5. (color on-line) Raman spectra of PZN-0.1PT measured up to 18.1 GPa.

Fig.6. (color on-line) Pressure dependence of the wavenumber and FWHM of the two
components of the Raman-scattering band near 55 cm™ observed for PZN-0.1PT, which

arises from Pb-localized modes.

Fig.7. Pressure dependence of the wavenumber and FWHM of the Raman peak near 260
cm’' observed for PZN-0. 1PT, which arises from vibrations of off-centered B-site

cations.



Fig.8. Pressure dependence of the wavenumber and FWHM of the Raman peak near 350
cm’' observed for PZN-0.1PT, which arises from Pb-O bond stretching within cubic

{111} planes and can be considered also as octahedral tilting.

Fig.9. (color on-line) Raman spectra of Ru-doped PZN-0.1PT measured up to 8.4 GPa.

Fig.10. (color on-line) Pressure dependence of the wavenumber and FWHM of the two
components of the Raman-scattering band near 55 cm-1 observed for Ru-doped PZN-
0.1PT, which arises from Pb-localized modes. Note the difference between the X-axis

scales in this figure and in Fig. 6.
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