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Anomalous dispersion of the elastic constants at the phase transformation of the PbMg;,3Nb,,303
relaxor ferroelectric
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Results of the Brillouin light scattering studies of elastic properties of a relaxor ferroelectric lead magnesium
niobate, PbMg;3Nb,/;303, crystals in the temperature range from 870 to 30 K are presented. By using the
experimental results, temperature dependences of elastic C;;, C;,, and Cy4 constants have been built. Analysis
of the temperature dependences of elastic constants has revealed anomalies in the vicinity of the Burns
temperature (T~620 K) and a suppressed ferroelectric phase transition (7.~210 K) that occurs when an
external electric field is applied. A comparative analysis of the behaviors of elastic constants at different probe
frequencies derived from our Brillouin scattering results and ultrasonic [G. A. Smolenskii et al., Sov. Phys.
Solid State 27, 801 (1985)] measurements has been carried out. The remarkable dispersion in the relative
variations of elastic Cy; and Cy44 constants with decreasing temperature below the transition temperature into a
cubic anisotropic phase (7);~370 K) has been found. These anomalous elastic behaviors related to three
typical transition temperatures are discussed as the peculiar natures of relaxor ferroelectrics.
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Relaxor ferroelectrics belonging to the family of complex
perovskites are promising materials for piezoelectric and
electro-optic devices, condensers, etc.! From the point of
view of basic research, cubic relaxor ferroelectrics are model
objects for investigations of the effect of disordering on the
lattice dynamics. Indeed, the introduction of B’ and B” ions
with different valencies into a B sublattice of a perovskite
ABOj structure gives rise to a diffuse frequency-dependent
maximum in the dielectric response and broad anomalies in
the temperature behavior and many unique physical charac-
teristics of relaxors.2 However, in spite of the fact that re-
laxor ferroelectrics have been intensively studied by
dielectric,®> optical, neutron’ spectroscopy, and other
techniques,® no complete self-consistent picture of the crys-
talline lattice dynamics in these compounds has been ob-
tained so far.

A lead magnesium niobate crystal
[PbMg, sNb,,305(PMN)] is a typical representative of re-
laxor ferroelectrics which were synthesized in the 1950s.
Now, this material is among the most thoroughly studied
compounds of the family of complex perovskites with the
common formula AB’'B"O;. A characteristic feature of PMN
is the absence of a structural phase transition down to 5 K.”
A ferroelectric phase transition can be induced in the vicinity
of T.=210 K under an applied electric field that exceeds a
threshold value.® The dielectric response demonstrates a
frequency-dependent anomaly spreading for several hun-
dreds of degrees with a maximum in the vicinity of 270 K at
10 kHz.? The anomalous behavior of many physical proper-
ties of PMN is believed to be due to polar nanoregions
(PNRs) that appear in the vicinity of the Burns temperature
(T=620 K).” The elastic properties of PMN have been ex-
tensively studied by the Brillouin light scattering!®-'¢ and
ultrasonic techniques.'”! Wide minima in the temperature
dependences of C;; and C,, elastic constants and a maxi-
mum in that of Cj, in the vicinity of 270 K were revealed. It
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was found later that these anomalies are frequency dependent
and shift toward higher temperatures with increasing measur-
ing frequencies,'"!? but the attempts to invoke fluctuation
mechanisms or relaxation time distribution to explain these
anomalies were not successful.'? In recent inelastic neutron
scattering investigations of the low-frequency vibrational
spectra of PMN, 0.68PMN-0.32PT, and related crystals of
PMT, the quasielastic scattering originated from a relaxation
mode was found.'>?° It is observed that the damping of the
phonons increases in the temperature range where the sus-
ceptibility of the quasielastic scattering associated with the
relaxation mode is significant. These findings necessitate fur-
ther studies of the behavior of acoustic phonons in PMN.
The present paper describes the results obtained in the ex-
perimental investigations of elastic properties of PMN crys-
tals by the Brillouin light scattering and presents a compara-
tive analysis of these results with literature data. Such an
approach can give an insight into the behavior of elastic
constants of PMN at frequencies ranging from
30 MHz to 50 GHz.

In the Brillouin light scattering experiments, a 3+ 3-pass
Fabry—Perot interferometer (J. Sandercock tandem) equipped
with an optical microscope was used. A source of scattered
light excitation was an Ar" ion laser with a wavelength X\
=514.5 nm. The radiation power did not exceed 100 mW. In
this case, a 180° experimental geometry was used, and the
samples were mounted in a cell (THMS 6000) where tem-
perature was smoothly decreased from 870 to 80 K, with a
stabilization of 0.1 K. The 90° experimental geometry in-
volved the use of a home-made furnace and an optical cry-
ostat where temperature variations were controlled with a
digital temperature controller (SI9650/Lakeshore331) and
closed-cycle helium refrigerator (RMC LTS-22), respec-
tively.

Measurements were carried out on three types of sample
in two scattering geometries (examples of experimental spec-
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FIG. 1. (Color online) Experimental spectrum of the Brillouin
light scattering at room temperature in the [(a) and (b)] 180° scat-
tering geometry and (c) 90 A geometry of scattering.

tra are shown in Fig. 1). The PMN samples in the form of
parallelepipeds of ~7X5X5 mm?® in size with the facets
oriented along the [001], [010], and [001] directions were
studied in the 180° geometry of scattering. In this geometry
[see the inset of Fig. 1(a)], light scattering from acoustic
phonons with wave vector qy;,I[001] was investigated. The
incident and scattered light were polarized along [010]. Ac-
cording to selection rules,?! the light scattering spectra in this
case have one longitudinal acoustic (LA) phonon whose fre-
quency shift Av{, is given by

_ )\0AV[111
1= M

. p(ViDP=Cy, (1)

where VY, is the sound velocity, and n, p, and C{, are the
refractive index, density, and elastic constant of the crystal
studied, respectively. The a index (and also the b and c in-
dices in the subsequent discussion) denotes the experimental
geometry.

The samples in the form of rectangular PMN plates cut

perpendicularly to the [111], [110], and [001] directions
were studied in the 180° geometry of scattering. In this ge-
ometry, a temperature behavior of a LA phonon with
qpnlI[110] was investigated. The incident and scattered light
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were polarized along [001] [geometry b, see the inset of Fig.

1(b)]. The frequency shift Av” of this phonon was defined,

according to Ref. 21, as

NoAr”
2n

VP =

. p(V)P=Cl=5(Ch+Ch) + Cly. (2)

For the experiments in the 90 A scattering geometry [ge-
ometry ¢, Fig. 1(c)], samples in the form of ~1-mm-thick
plane-parallel plates with the plane normal to the [001] di-
rection were used. In this geometry, scattering from acoustic
phonons with qy;,I[100] was examined [Fig. 1(c)]. The inci-
dent and scattered light were polarized along [010]. In this
geometry, the light scattering spectra of a PMN crystal ex-
hibit a longitudinal (LA) and transverse (TA) phonons. The
frequency shifts of these modes, Av{, and Avy,, are defined
by expressions (3) and (4), which do not include a refractive

index,??
) )\0AV€ ¢
V=St A= G G)
. )\0AVZ4 . ¢
Vig= VE . p(Ve)*=Cy, (4)

where V9, and Vj, are the velocities of the longitudinal and
transverse phonons, respectively, and C{, and Cj, are the
corresponding elastic constants.

A free spectral interval of the Fabry—Perot tandem inter-
ferometer was 30 GHz or 75 GHz, depending on the experi-
mental geometry. The experimental room-temperature spec-
tra whose examples are shown in Fig. 1 were processed by
the least squares method. The fitting functions in calculations
of phonon line shapes and scattering at an unshifted fre-
quency were the Lorentz and Gauss functions, respectively.
It is well seen from Fig. 1(c) that there is an additional con-
tribution at the unshifted frequency, i.e., the quasielastic scat-
tering described by the Lorentz function. (The behavior of
the quasielastic scattering with varying temperature will be
discussed elsewhere.)

By using the obtained frequency shifts, the mass density
p=8.12 g/cm?,? and the temperature dependence of the re-
fractive index for PMN taken from Ref. 9, we calculated
temperature dependences of C{, at the frequency of measure-
ments f~45.5 GHz, C{, at f~12.5 GHz, Cy, at f~8 GHz,
C’=0.5(Ct,+Cb)+Ch, at f~48.5 GHz (see Fig. 2, curves
1-3, respectively), and Cy, at f~8 GHz (see Fig. 3, curve
1). The elastic constants of the PMN crystal at room tem-
perature (see Table I and their temperature behaviors were
found to be consistent with the literature data.'®!” However,
it should be noted that the magnitude of C;; depends on the
probe frequency (and consequently on the wave vector) (see
Fig. 2 and Table I). It can be seen from Fig. 2 that C|,
monotonically grows with increasing frequency in the tem-
perature range of 800—200 K. A more complicated picture is
observed in the temperature region below 200 K: Cy; exhib-
its frequency dependence at ~45 and ~12 GHz and does not
vary with frequency between 12 GHz and 30 MHz. For the
Cy, elastic constant, the differences between the ultrasonic
and the Brillouin measurements are observed in the tempera-
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FIG. 2. Temperature dependences of the C;; (curves 1 and 2)
and of the CP(T)=0.5[C%(T)+Co,(T)]+C5,(T) (curve 3) elastic
constants obtained at different scattering geometries in the Brillouin
experiments (see text in detail). Curve 4 shows the temperature
behavior of the Cy; elastic constant taken from ultrasonic measure-
ments at the frequency f=30 MHz. (Ref. 17). A solid square 5 is
taken at room temperature by the Brillouin light scattering (Ref.
16).

ture regions from 750 to 400 K and below 200 K (Fig. 3).
Unlike the case of the C;; elastic constant, outside the range
of the dielectric anomaly, the higher values of the Cy, elastic
modulus are observed at the lower frequency.

Figure 4 (curve 1) shows the temperature dependence of
Cy, for PMN calculated from C{(T), C,(T), and C(T)
—O.S[Cbl(T)+Cbz(T)]+C44(T) under the condition that the
dispersions of elastic moduli are neglected, or, in other
words, it is assumed that C¢, = C% (T) and C%,=C5,.

Analysis of the temperature dependences of C;; obtained
in our investigations has revealed two characteristic anoma-
lies in the vicinity of T~ 620 K and T,~ 210 K (Figs. 2-4).
Let us consider the behaviors of C;; and Cyy. It can be seen
from Fig. 2 that the temperature dependence of Cy; exhibits,
in addition to a broad minimum at 7=270 K, weak anoma-
lies in the form of “bends” in the vicinity of the Burns tem-
perature, and 7, that manifest themselves at all frequencies
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FIG. 3. (Color online) Temperature dependences of C,4 elastic
constants at hypersonic (curve 1) and ultrasonic (curve 2 from Ref.
17) frequencies. A solid square 3 is taken at room temperature by
the Brillouin light scattering (Ref. 16).
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and are most pronounced at 12 GHz. The anomaly in the
temperature dependences of C|; in the vicinity of T} is likely
to be attributable to the formation of PNRs, and the anomaly
at 7.=210 K can be due to a suppressed structural phase
transition.

In the temperature dependence of C,4 obtained in the Bril-
louin measurements, three characteristic portions can be
separated out. At T>Tp, C4y decreases with increasing tem-
perature, which is typically attributed to the crystalline lattice
anharmonicity. In the region 380 K<7<Tp, the Cyy is
nearly temperature independent. Probably, this is due to a
strong interaction between the transverse acoustic mode re-
sponsible for the behavior of the C,, elastic modulus and
low-lying transverse optical mode discussed for the wave
vectors away from the zone center in Ref. 19. Starting from
T<370 K a 7% softening of Cy, is observed; it has a mini-
mum in the vicinity of 280 K, after which it begins to grow
monotonically with decreasing temperature and experiences
a weak anomaly in the vicinity of T, (see the inset of Fig. 3).
It can be seen from Fig. 4 that the temperature dependence of
C,, also has anomalies in the vicinity of 7. and Tp.

As a whole, the behaviors of the C; 7 in PMN are similar to
expected behavior for the elastic constant in the vicinity of a
phase transition if the strain is a secondary order parameter.
However, a very unusual feature in case of PMN is that these
anomalies are extended over much broader temperature
range.

We consider now in more detail the behaviors of C;; and
Cy, at different probe frequencies. To this end, we plot the
dependence of relative variations in these elastic constants
8C,(T)=[C((T)=C\\(Tp)J/ C11(Ty) and  SC4u(T)=[Cyy(T)
—Cy4(Ty))/ Cau(Ty). The zero points (T;) are chosen to be the
values of C}; and Cy4 at T=690 K (Fig. 5), where we assume
that the acoustic phonons seem to show conventional behav-
ior typical for a weakly anharmonic crystal. It is well seen
from Fig. 5(a) that 6C,, behaves in a similar manner at all
frequencies above 370 K (within the measuring accuracy). A
decrease of temperature below 370 K leads to differences in
the behavior of 8C,,(T) at different frequencies. It is inter-
esting to note that in the region of low temperatures (around
120 K), the behaviors of 8C;(T) in the low- (30 MHz) and
high-frequency (~45 GHz) limits again coincide. The inter-
mediate dependence (at frequencies of the order of 12 GHz)
exhibits a difference from the high-frequency data up to
50 K. Of interest is the fact that the temperature at which the
dispersion in the behavior of 8C;,(T) arises coincides with
the temperature at which a growth in the neutron elastic cen-
tral peak intensity, a change in the behavior of inverse cor-
relation length of the neutron quasielastic scattering, and a
maximum in the dielectric susceptibility measured at fre-
quency 10 GHz are observed.'? In Ref. 19, such behaviors of
the central peak, susceptibility, and correlation length were
explained by a transition at 7,,=370 K into a phase where
the cubic anisotropy starts to play a role. It is likely that this
transition manifests itself in the dynamic behavior of PMN
elastic properties as well. The temperature dependencies of
8Cyy [Fig. 5(b)] become different at the Burns temperature,
again coincide in the vicinity of 400 K, and at 7<370 K,
they again diverge. The dispersion is more pronounced with
decreasing temperature below 7<<370 K and reaches a
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TABLE 1. Elastic constants for PMN crystal at room temperature.

Geometry of Probe ck ck, ct, 0.5(CE +CE)+CE,
experiment frequency (GPa) (GPa) (GPa) (GPa) Source
Ultrasound 30 MHz 148.3 67.8 72.3 Ref. 17
study
32° geometry ~12.1 GHz 149 67.6 Ref. 14
qpnlI[100] ~8.1 GHz
90 A geometry ~11 GHz 156.2+34 685%3.1 76.0*+3.9 Ref. 16
Qpn in (ab) plane ~7 GHz
90 A geometry ~125 GHz 1553*23 68.3*2.1 This
qpnlI[100] ~8 GHz study
180° geometry ~45.5 GHz 162 Ref. 14
qphll[IOO]
180° geometry This
qpn /I [100] ~455GHz  164.8+2.0 study
qpnI[100] ~48.5 GHz 188.9+2.0

~8 GHz 784432

maximum in the vicinity of 260 K. Thus, the behavior of
8C,4(T) at T<370 K exhibits a considerable dispersion,
similar to that observed for 6C,;(T). A plausible hypothesis
of the origin of the dispersion effects is frequency-dependent
anharmonic contribution to the elastic constants of PMN.
The relative magnitude of the effect in PMN is comparable
with the difference of the elastic constants of alkali halides
taken in the region of the first and the zero sound at 300 K.**
In order to quantitatively analyze possible mechanisms of
dispersion of the elastic moduli in the PMN crystals, acoustic
measurements should be carried out in a wide frequency
range and more information on the phonon dispersion curves
to be obtained.

To summarize, temperature dependences of all elastic
constants of PMN crystals have been investigated. The
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FIG. 4. Temperature dependences of C;, elastic constants at
hypersonic (calculated curve 1, see text) and ultrasonic (curve 2
from Ref. 17) frequencies. A solid square 3 is taken at room tem-
perature by the Brillouin light scattering (Ref. 16).

results obtained suggest that the elastic subsystem of PMN
crystals is sensitive to minor changes in the crystalline lattice
dynamics: anomalies below the Burns temperature (T
~620 K) and in the vicinity of the suppressed structural
phase transition (7.~210 K) and transition into a cubic
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FIG. 5. Temperature evolution of relative changes in the elastic
constants (a) Cy; and (b) Cyy has been obtained at different probing
frequencies.
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anisotropic phase (7),,~370 K) are observed. The magni-
tudes and behaviors of elastic 5C;,(T) and 5C,4(T) constants
were found to depend on the probe frequency.
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