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Hypersonic and dielectric anomalies of„Pb„Zn1/3Nb2/3…O3…0.905„PbTiO3…0.095 single crystal
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Both the longitudinal~LA ! Brillouin backscattering spectra and dielectric permittivities along the@001#
direction have been measured as a function of temperature for relaxor-ferroelectric single-crystal
~Pb~Zn1/3Nb2/3!O3!0.905~PbTiO3!0.095 ~PZN-9.5%PT!. A sharp ferroelectric phase transition~which is associated
with a sharp Landau-Khalatnikov-like phonon damping maximum! was observed near 460 K. As the tempera-
ture decreases, a diffuse phase transition~which is associated with a broad acoustic phonon damping maxi-
mum! was detected near 340 K. This broad damping evolution is attributed to dynamic order-parameter
fluctuations. In addition, the nature of the thermal hysteresis for the dielectric permittivity confirms that these
transitions~near 340 and 460 K! are diffuse first order and first order, respectively. The frequency-dependent
dielectric data«c9( f ,T) prove the existence of an electric dipolar relaxation process below 360 K. The activa-
tion energy, the Vogel-Fulcher temperature, and attempt frequency corresponding to this relaxation process are
also calculated.@S0163-1829~99!03030-1#
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I. INTRODUCTION

In contrast to typical ferroelectric~FE! crystals such as
PbTiO3 ~PT!, relaxor ferroelectrics exhibit a broad an
frequency-dependent phase transition~diffuse phase
transition!.1–9 Lead zinc niobate, Pb~Zn1/3Nb2/3!O3 ~PZN!, is
an example of a relaxor ferroelectric material which ha
disordered complex structure in which the Zn21 and Nb51

cations exhibit only short-range order on theB site. PZN
undergoes a diffuse phase transition around 410 K in
dielectric permittivity and has rhombohedral symmetry
room temperature with space groupR3m.1 The normal
ferroelectric PbTiO3 has tetragonal symmetry with spac
groupP4mm at room temperature and has a FE phase tr
sition taking place atTc5760 K.1

The mixed solid solution (12x)Pb~Zn1/3Nb2/3!O3-
(x)PbTiO3 (PZN-xPT) naturally has a morphotropic pha
boundary~tetragonal FE ordering↔rhombohedral FE order
ing! near room temperature in the range from 9 to 9.5 mo
of PT content, where huge dielectric and piezoelectric c
stants appear, as is similar to the case in the PbZrO3-PbTiO3
~PZT! system.1–3 For the PZN-PT system, the morphotrop
phase boundary exits only forx,15%. The values of the
piezoelectric constants and the electromechanical coup
factors so far reported for the PZN-xPT single crystals are
larger than those in the PZT family of ceramics. Seve
papers have reported the large piezoelectric constantsd33
'1500310212C/N) and electromechanical coupling param
eters (k33'92%) of PZN-PT based single crystals.1,5 More-
over, single-crystal growth of PZN-PT by the flux techniq
is also considerably easier than for PZT, which mak
PZN-PT a promising material for high-performance tran
ducers. However, as far as we know, there is no study
relating the properties of acoustic phonons as a function
temperature for PZN-PT-type crystals. Especially, the und
standing of dielectric anomalies near the morphotropic ph
PRB 600163-1829/99/60~9!/6348~4!/$15.00
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boundary ~tetragonal symmetry↔rhombohedral symmetry!
is still lacking. This motivated us to carry out measureme
of both Brillouin scattering and dielectric permittivity o
PZN-9.5%PT to look for both hypersonic and dielectr
anomalies. Especially, direct evidence for an acoustic p
non soft mode near the phase transition~cubic paraelectric
phase↔tetragonal FE phase! in PZN-9.5%PT is presented.

II. EXPERIMENTAL PROCEDURE

The lead zinc niobate-lead titanate single crystal PZ
9.5%PT was grown by the high-temperature flux soluti
method without electric poling. The sample was cut out
the crystals along thec axis, and the size is about 535
32 mm3. The Brillouin spectra were obtained from th
backscattering geometry with configurationz(yu) z̄. ‘‘ u’’
means that the collection was not polarization discriminat
Herey andz correspond to the crystalb andc axes, respec-
tively. The sample was illuminated along@001# with an In-
nova 90 plus-A3 argon laser with wavelengthl
5514.5 nm, so the longitudinal phonons with wave vec
along @001# were studied. The laser line half-width~for l
5514.5 nm) is about 0.02 GHz determined by the spectro
eter. Scattered light was analyzed by a Burleigh five-p
Fabry-Pe´rot ~FP! interferometer. The free spectral rang
~FSR! of the FP interferometer was determined from me
suring the longitudinal acoustic phonon shift of fused qua
with the S/N ratio greater than 70. The Brillouin scatterin
data were taken during a step heating process. To a
sample heating, the laser power incident on the sample
kept less than 120 mW. For measurements~including both
heating and cooling runs! of dielectric permittivities, the
sample surfaces were coated with silver paste electrodes
a Wayne-Kerr Precision Analyzer model PMA3260A wi
four-lead connections was used for the frequency range f
6348 ©1999 The American Physical Society
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PRB 60 6349HYPERSONIC AND DIELECTRIC ANOMALIES OF . . .
300 Hz to 2.5 MHz. A Janis model CCS-450 closed-cy
refrigerator~which is designed for the temperature range 1
475 K! was used with a Lakeshore model 340 temperat
controller for both of the above temperature-dependent m
surements.

III. RESULTS AND DISCUSSION

Actual temperature-dependent LA@001# phonon spectra o
the Stokes Brillouin component are shown in Fig. 1. T
solid lines are fits to the damped harmonic oscilla
model,10 from which the frequency shift and half-widt
~damping! were obtained. The phonon frequency exhibits
strong negative coupling~softening! near 460 K. Figure
2~a!–2~c! show the temperature dependences~heating run! of
the phonon frequency shift, half-width, and the real part«c8
of dielectric permittivity, respectively. Due to the weak i
tensity factor~theS/N ratio of Brillouin scattering spectra i
about 2 for PZN-9.5%PT! and the uncertainty of the collec
tion angle which can appreciably broaden and distort
Brillouin line shape, the frequency shift and half-width da
@Figs. 2~a! and 2~b!# show scatter. The phonon frequen
shows two successive minimum dips near 340 and 46
~which is more pronounced with a reduction about 5%!, as-
sociated with a strong broad damping peak and a sh
damping peak, respectively.

Figures 3~a! and 3~b! show the temperature dependenc
of both the real and imaginary parts («c8 and «c9) of the di-
electric permittivity for the frequency range from 300 Hz
2.5 MHz upon cooling. The insets of Fig. 3 are enlargeme
of both «c8 and «c9 for temperatures below 450 K to clarif
the dispersion behavior. Compared with the prototypical
laxor ferroelectric crystal Pb~Zn1/3Nb2/3!O3, which has a dif-

FIG. 1. Stokes components of the LA@001# Brillouin scattering
spectra for PZN-9.5%PT. The solid lines are fits to the dam
harmonic oscillator model.
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fuse phase transition near 410 K, PZN-9.5%PT exhibit
much narrower frequency dispersion and weaker maxim
of dielectric constant near 460 K due to the PT content.
temperature below 360 K, a broad dispersion anomaly~with
much weaker dielectric constant! appears in both«c8 and«c9 .
Figure 4 shows the temperature-dependent data of«c8 from
both cooling and heating runs at measuring frequencf
550 kHz. Two clear thermal hystereses were observed n
300640 and 45565 K, respectively. The inset of Fig. 4
shows the reciprocal of«c8 in which a typical first-order-type
FE phase transition appears near 460 K.11

What are the origins of the temperature-dependent B
louin spectra and dielectric phenomena shown in Figs. 2
for PZN-9.5%PT near 460 K? For a typical FE phase tran
tion, the transition temperature occurs where the freque
shift curve of acoustic phonon has an abrupt change.11,12 In
PZN-9.5%PT, the acoustic phonon frequency@Fig. 2~a!#
reaches a sharp turning point near 460 K. The real part«c8 of
dielectric permittivity @Fig. 2~c!# exhibits a steep chang
~with narrow frequency dispersion! and an obvious therma
hysteresis near 460 K. In addition, a sharp damping ma
mum @Fig. 2~b!#, which is associated with a Landau
Khalatnikov-like maximum, was detected near 460 K. Su
a damping anomaly is usually attributed to a rapid growth
long-range electric ordering. Thus we conclude that
PZN-9.5%PT single crystal possesses a sharp first-o
ferroelectric phase transition atTc'460 K. This value is
consistent with the transition temperature 46065 K ~cubic
paraelectric phase↔tetragonal FE phase! predicated from the

d

FIG. 2. ~a! Brillouin frequency shift~open circles!, ~b! half-
width ~solid circles!, and~c! the real part«c8 of dielectric permittiv-
ity ~heating run! vs temperature for PZN-9.5%PT. The dashed lin
are guides for the eye.
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morphotropic phase boundary~MPB! in Ref. 1.
Ferroelectric transitions are known to be associated wi

soft mode of lattice motion. Lines and Glass pointed out t
if the transition is strongly first order, mode softening m
not be detectable.11 Thus, with the temperature-depende
dielectric results, the phase transition near 460 K~paraelec-
tric phase↔FE phase! for PZN-9.5%PT should be weakl
first order. We note that a zone-center (q50) acoustic soft
mode in the reduced Brillouin zone of the reciprocal sub
tice always has, for a second-order transition, a zero
quency on approachingTc from the ordered phase, i.e.,T
˜Tc

2 . Therefore, the nonzero minimum of phonon fr
quency shift at'460 K implies either a first-order transitio
or that the structural instabilities~as T˜Tc

1) in PZN-
9.5%PT must be associated with a more complicated mo

In the lower-temperature region~below 360 K!, the
acoustic phonon frequency@Fig. 2~a!# reaches a weak turnin
point near 340 K. The real part«c8 of dielectric permittivity
@Figs. 2~c! and 3# exhibits a gradual change with a notab
extensive frequency dispersion~or diffuse phase transition!
and an obvious thermal hysteresis near 340 K. Correspo
ingly, the imaginary part«c9 of dielectric permittivity also
shows a relatively pronounced frequency dispersion. Inst
of a sharp maximum~near 460 K!, the acoustic phonon
damping @Fig. 2~b!# of PZN-9.5%PT exhibits a gradua
growth with a maximum located near 340 K. Such a slow

FIG. 3. Temperature dependences of~a! the real part«c8 and~b!
the imaginary part«c9 of the dielectric permittivity for PZN-
9.5%PT, taken from frequencies from 300 Hz to 2.5 MHz up
cooling (cooling rate51.5 K/min). The insets are enlargements f
both ~a! «c8 and ~b! «c9 below 450 K.
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rising damping anomaly reveals that order-parameter fl
tuations are the dominant dynamic mechanism. Qualita
estimates of this fluctuation contribution are given by t
dashed curve in Fig. 2~b!. The dynamic fluctuation contribu
tion is a characteristic of anh2 m-type electrostrictive cou-
pling, squared in order parameter and linear in strain.12 A
similar acoustic damping anomaly was also seen in ot
mixed systems such as Pb~Mg1/3Nb2/3!O3 ~PMN! and
Rb12x(ND4)xD2AsO4 (DRADA-x) in which a local short-
range order or a coexistence of two different phases
found.12,13 According to previous x-ray diffraction~XRD!
data, the PZN-10%PT crystal possesses a mixed phas
rhombohedral and tetragonal symmetries around the m
photropic phase boundary.1 Thus one can conclude that th
PZN-9.5%PT composition has a diffuse transition near 3
K which is triggered by the local structural fluctuation b
tween rhombohedral and tetragonal symmetries. We call
a first-order transition only because the thermal hysteresi
the permittivity shows that the system is metastable in t
temperature region. The usual distinctions between first-
second-order transitions, such as discontinuity indP/dT, do
not apply for diffuse transitions.

In addition to the acoustic anomalies near 340 K, there
another similar frequency shift dip near 410 K with a corr
sponding damping maximum~Fig. 2!. The imaginary part«c9
of dielectric permittivity also shows a frequency dispersi
which is relatively weaker than that which appears bel
360 K @inset of Fig. 3~b!#. These occur close to the diffuse
phase transition temperature of pure PZN.1 These anomalies
~near 410 K! could be due to unmixed regions of pure PZ
within the sample.

Precise measurements at temperatures below 360
proved the existence of frequency dispersion in both the
«c8( f ,T) and imaginary«c9( f ,T) parts of the dielectric per-
mittivity, which are illustrated in the insets of Figs. 3~a! and
3~b!, respectively. These dispersion phenomena of both«c8
and«c9 confirm that the relaxation process begins to be e
denced below 360 K. As shown in Fig. 5, it was found th

FIG. 4. Thermal hysteresis of the real part«c8( f ,T) of the di-
electric permittivity taken at measuring frequencyf 550 kHz. The
inset is the reciprocal of«c8 .
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the relaxation occurring in the temperature region~100–360
K! obeys the exponential Vogel-Fulcher equation that
been used to describe other relaxation process, especiall
mixed systems:

f 5 f 0e2Ea /k
B
~Tg2T0!, ~1!

where f is the measured frequency,f 0 is the attempt fre-
quency, andEa is the activation energy for orientation o
electric dipoles.T0 is the Vogel-Fulcher temperature, andTg

is the temperature where the imaginary part«c9 of the dielec-
tric permittivity reaches its maximum value. The results
the activation energy, attempt frequency, and Vogel-Fulc
temperature for PZN-9.5%PT areEa'125 meV(1446 K),
f 0'1.431013Hz, andT0'191 K. What is the significance
of these parameters? First, the attempt frequency is in

FIG. 5. ln(f ) vs 1000/T. f is the measuring frequency andT is
the temperature corresponding to the maximum value of«c9 below
360 K. The solid line is the fit of Eq.~1! with the parameters
mentioned in the text.
.

rt

J.
s
for

f
r

he

usual range for lattice vibration frequency. Second,Ea is an
average activation energy for various clusters in this pa
disordered system to reorient, perhaps between rhomb
dral and tetragonal local symmetries. Third,T0 is the tem-
perature at which, based on an unjustified extrapolation
the Vogel-Fulcher formula beyond the range of the data,
reorientation would cease. The fact that the Vogel-Fulc
formula fits better than the Arrhenius formula for many d
ordered systems reflects the fact that, as temperature
creases, a greater number of cooperative steps must occ
the course of a typical reorientation event.

IV. CONCLUSIONS

From the temperature-dependent Brillouin scatter
LA @001# spectra and dielectric permittivities («c8 and«c9) of
PZN-9.5%PT, two successive phase transitions are
denced near 460 K~cubic paraelectric phase↔tetragonal
ferroelectric phase! and 340 K~a diffuse phase transition!,
respectively. A broad acoustic phonon damping evolut
and a sharp Landau-Khalatnikov-like damping maximu
were observed correspondingly. These two hyperso
damping anomalies imply that a diffuse phase transit
~which is associated with a coexistence of both tetrago
and rhombohedral symmetries! and a rapid growth of FE
ordering take place near 340 and 460 K, respectively. T
behaviors of dielectric permittivity thermal hysteresis co
firm that both phase transitions are first order. T
frequency-dependent dielectric data«c9( f ,T) of PZN-
9.5%PT proved the existence of an electric dipolar relaxat
process below 360 K. The activation energy, Vogel-Fulc
temperature, and attempt frequency corresponding to this
laxation process are also calculated.
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