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The pressure dependencies of the elastic constants and bulk modulus of single crystal Pb(Mg;,3Nby/3)O03
(PMN) have been measured up to 10 GPa at room temperature by Brillouin spectroscopy. The elastic moduli
and elastic anisotropy undergo an abrupt change at 4.5 GPa, indicative of a phase transition and consistent with
earlier Raman and x-ray diffraction studies. We suggest that PMN undergoes a structural change from a cubic

Pm3m to rhombohedral R3¢ phase at 4.5 GPa.
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Pb(Mg,5Nb,,3)O5 (PMN) is a prototypical relaxor and an
end member of the relaxor ferroelectric solid solution (1
—x)Pb(Mg, 5Nb,,3)O5-xPbTiO3 (PMN-xPT). These materials
have generated a great deal of interest due to their superior
electromechanical properties! compared to the conventional
PbZr,Ti(;_)O3 ceramics that have dominated piezoelectric
applications for more than 40 years. While extensive theo-
retical and experimental studies'~* have greatly advanced our
understanding of relaxors, many of the properties of relaxors
still remain unclear.* These difficulties stem from the com-
plexity of these materials, which have a high degree of com-
positional and structural disorder.

PMN has the perovskite structure with cubic m3m mac-
roscopic symmetry,’ with Mg?* and Nb>* ions disordered on
the B sites. Measurements of the dielectric constants show
that the PMN crystals do not undergo a sharp transition to a
ferroelectric phase. Instead, the dielectric constant exhibits a
broad maximum at T,,,,~270 K.°® Below T~620 K, the
dielectric constant deviates from the Curie-Weiss law and
exhibits strong frequency dispersion below 350 K. Relaxors
also show x-ray and neutron diffuse scatterings’® along with
broad Raman spectra. Brillouin scattering has been used to
investigate the temperature dependencies of the longitudinal
(L) and transverse (T) modes of PMN in backscattering
geometry,'%!! which showed a minimum in the temperature
dependence of the sound velocity near 7~240 K for L and
T modes.

Knowledge of elastic, piezoelectric, and dielectric con-
stants is fundamental for describing the electromechanical
response of a material to applied strains and fields so a com-
plete set of single-crystal tensor properties as a function of
composition is desirable. Recently, a complete set of elastic
and piezoelectric constants has been reported for multido-
main and single domain Pb(Zn;;Nb,,;)05-xPbTiO; and
PMN-xPT at several different compositions.!>"'® High-
pressure x-ray diffraction and Raman-scattering experiments
revealed that PMN undergoes a structural change around 4
GPa at room temperature.”? In this paper, we study the elas-
tic properties of single-crystal PMN under pressure and in-
vestigate above phase transition using micro-Brillouin scat-
tering techniques.

Single crystals of PMN with cubic morphology were
grown by the high-temperature solution technique.'” We
have confirmed by x-ray analysis that the material has point-
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group symmetry m3m. A sample polished normal to the ab
plane with a thickness of about 30 um was loaded into a
diamond-anvil cell (DAC). We used a 4:1 mixture of metha-
nol and ethanol as the pressure medium. Neither birefrin-
gence nor domains were visible by polarized microscope be-
fore or after experiments, observations which are consistent
with cubic symmetry.

A full description of the Brillouin scattering apparatus
used in this study can be found elsewhere.!® A single-mode
argon-ion laser (A=514.5 nm) was used as the excitation
source with the average power less than 100 mW. The
sample was placed symmetrically with respect to the incom-
ing and collected light such that the difference vector of the
two beams was in the plane of the sample. By rotating the
sample around the [001] direction, the scattering vector is
rotated in the ab plane of the sample. The scattered light was
analyzed by a 3+3 tandem Fabry-Perot interferometer, de-
tected by a photon counting photomultiplier, and output to a
multichannel scalar. Spectra were taken every 10° over half a
full rotation of the sample and collected for an average of 2
h at each orientation.

Representative high-pressure Brillouin spectra of PMN
are shown in Fig. 1. There are two pairs of peaks in each
spectrum and an additional Rayleigh peak due to elastic scat-
tering at zero frequency. One of the two pairs corresponds to
the longitudinal-acoustic mode (L mode) and the other pair
corresponds to the transverse-acoustic modes (T modes).
Brillouin scattering due to the inelastic interaction of light
with an acoustic phonon in the crystal results in a frequency
shift Av of the incident light. The magnitude of the shift is
related to the velocity of the acoustic phonon v propagating
with the wave vector ¢, the refractive indices of the material,
and the scattering angle 6. In these measurements, the
sample was placed symmetrically with respect to the incom-
ing and collected light. For this geometry, the frequency shift
of the incident light is independent of the refractive index n
of the sample (a detailed derivation can be found in Ref. 18).
The Brillouin shifts Av, are given by

Avy= (2uN\)sin(612), (1)

where v is the sound velocity and N is the incident wave-
length.
The velocity of a plane acoustic wave propagating in a
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FIG. 1. (Color online) A typical set of Brillouin spectra at se-
lected angles at 7.6 GPa. The longitudinal (L) and transverse (T)
modes are clearly visible.

direction ¢ is related to the elastic properties of the crystal
via the Christoffel equation:

[Ty — Supv?| =0, (2)
with
Ui ={Cijia + [(€ijqn) (€ni@n) (& 15q,9) 1amantaq, - (3)

where 9 is the Kronecker delta with 5, =1 for i=k and
5,=0 for i#k, and p=8.12 g/cm?, the density of PMN.
Cijii> emij» and €, are components of the elastic, piezoelectric
stress, and dielectric permittivity tensors, respectively, and g;
are the directional cosines of the acoustic wave. There are
four independent nonvanishing elastic constants for cubic
(m3m) symmetry, which in Voigt matrix notation are C,,
C1,, Cyy, and dielectric constant g;;. There is no piezoelectric
response in PMN and thus no contribution from the second
part of Eq. (3) to the Brillouin shifts. Equation (2) is a cubic
equation with three roots, pvl.z, i=1,2,3, associated with one
longitudinal and two transverse waves propagating in a given
direction. The explicit expressions of Eq. (2) in the ab plane
of a cubic crystal can be found in Ref. 15. The measured
Brillouin shifts were inverted for a best-fit set of elastic con-
stants by minimizing the sum of squares of residuals between
the measured Brillouin shifts and those calculated from a
trial set of constants using Egs. (7)—(9) in Ref. 15 by the
method described in Ref. 16. The nonlinear minimization
procedure'® was used. The comparison of measured Brillouin
shifts with those generated from our best-fit parameters is
shown in Fig. 2. The fitted curves are in good agreement
with the experimental data. The transverse mode related to
C44 was not observed in measurements due to our experi-
mental setup.'>!¢ It should be noted that we treated the PMN
sample as a pseudocubic crystal between ambient and 10
GPa, and therefore there are only three elastic constants to be
fitted.

Figure 3 shows the pressure dependencies of elastic con-
stants Cy, Cy, and C44 obtained with a best fit at each pres-
sure: C;, increases approximately linearly with pressure,
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FIG. 2. (Color online) Plot of the experimental (marks) and
model (lines) Brillouin shifts (GHz) of the longitudinal and trans-
verse modes with angle for the a-b plane of the PMN crystal at 1.4
GPa.

whereas Cy, exhibits a jump above 4.5 GPa, and C4, remains
nearly constant. We also calculated the averaged elastic
moduli such as the bulk modulus [1/3(C;;+2C;,)] and shear
modulus,  with  the shear modulus given in
Voigt-Reuss-Hills'® terms (inset of Fig. 3). Figure 4 displays
the pressure dependence of the elastic anisotropy: A
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FIG. 3. (Color online) Pressure dependencies of the second-
order elastic moduli. The marks are experimental data and dashed
lines are guides to the eye. The inset shows the pressure dependen-
cies of the bulk and shear moduli. The shear modulus was given as
the Voigt-Reuss-Hills average.
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FIG. 4. (Color online) Pressure dependence of the elastic aniso-
tropy of PMN. The marks are the data and the dashed line is a guide
to the eye. It is obvious that there is an abrupt change in the elastic
anisotropy of PMN at 4.5 GPa.

=2Cy4/(Cy—=Cy); A is about 1.7 below 4 GPa and 2.5 above
5 GPa, indicating a structural change above 4 GPa, consis-
tent with previous high-pressure x-ray’ and Raman
measurements.® The error in the measurement of Brillouin
shifts is less than 0.1 GHz, which introduces an error in the
calculation of elastic modulus of less than 0.05 GPa. How-
ever, we obtained the elastic constants via fitting the angular
dependence of the Brillouin shifts, and therefore the errors in
the elastic constants are larger than 0.05 GPa. For example,
we obtained C|;=170£3 GPa at 1.4 GPa.

We suggest that PMN undergoes a structural transforms
from the cubic Pm3m to rhombohedral R3c structure at 4.5
GPa. First-principles calculations predict that the prototype
ferroelectric lead titanate undergoes a series of structural
phase transitions with increasing pressure according to the
following sequence: P4mm— Cm— R3m— R3c— R-3¢.%°
For other perovskite ferroelectrics, although the detailed
phase-transition sequence will depend on the ground state
and chemical composition, the computational results can be
generalized as seen from the results for PbZrgs,Tig4303
(PZT).?! It has been proposed that PZT undergoes a phase
transition under pressure according to the following se-
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quence: Cm— R3m(2 GPa)— R3c¢(5 GPa)—R-3¢(7 GPa)
at 300 K.2! The proposed rhombohedral R3¢ phases in PT
and PZT under pressure have both polar distortions and an-
tiphase oxygen octahedral rotations. The calculations, how-
ever, suggest that the R3¢ structure in perovskite ferroelectric
PT could have a nonpolar state with antiphase oxygen octa-
hedral rotations and still be stable at high pressure.?’ Since
PMN has an averaged cubic structure with rhombohedral
(R3m) local distortions,?? the high-pressure phase of PMN
could have the nonpolar R3¢ structure.?? Thus, the measured
angular dependence of sound velocity will be in pseudocubic
a-b plane in R3c. The pseudocubic a-b plane is very close to
the original cubic a-b plane, and the polarization properties
or the acoustic modes would be very similar so that it is
difficult to observe the third peak in the spectra (Fig. 1), (cf.
Ref. 15). Additional evidence comes from high-pressure
Raman-scattering measurements of PMN (Ref. 8) and PZT,?!
which show a new sharp Raman band around 380 cm™! un-
der pressure. This band is attributed to an antiphase oxygen
octahedral rotation in the rhombohedral R3¢ structure.?! One
explanation for such a change is that pressure suppresses the
B-site displacement disorder of the perovskite structure; this
can be seen from the disappearance of diffuse scattering with
pressure.” Consequently the local competition between A and
B site displacements changes with pressure. It is therefore
possible that pressure induces antiphase tilts of octahedra in
the perovskite structure to balance the competition between
A and B sites as observed in several materials such as PZT.?!

The pressure dependencies of elastic constants of PMN
single crystal have been derived from micro-Brillouin scat-
tering spectroscopy. We also obtained the pressure depen-
dence of the elastic anisotropy. The changes in elastic moduli
and anisotropy at 4.5 GPa indicate that PMN single crystal
undergoes a structural transition from a cubic Pm3m to a
rhombohedral R3¢ phase at 4.5 GPa, a result that is in good
agreement with the previous high-pressure x-ray and Raman
studies.
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