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Infrared and broadband dielectric spectroscopy of PZN-PMN-PSN relaxor ferroelectrics:
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Dielectric spectra of several solid solutions of PbMg;,3Nb,305-PbScy,,Nb;,,03-PbZn;;3Nb,505
(PMN-PSN-PZN) relaxor ferroelectrics were investigated in a broad frequency range from 20 Hz up to
100 THz by a combination of dielectric spectroscopy (20 Hz—53 GHz), time-domain terahertz spectroscopy
(0.1-0.9 THz), and infrared reflectivity (20-3000 cm™', 0.6—90 THz). The very strong and broad dielectric
relaxation observed below phonon frequencies was analyzed in terms of the distribution of relaxation times,
using the Tichonov regularization method. This revealed slowing down of the longest and mean relaxation
times obeying the Vogel-Fulcher law. The relaxation splits into two components near 7, and the origin of both
components is discussed. The formation of polar clusters below the Burns temperature (700—800 K) is mani-
fested by the appearance of dielectric relaxation in the terahertz range and by splitting of the polar modes in the
infrared spectra. On heating from low temperatures, the A; component of the strongly split TO; mode softens
toward the Burns temperature, but the softening ceases near 400 K, which could be a signature of a polar

cluster percolation temperature.
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I. INTRODUCTION

Relaxor ferroelectrics (RFEs) have attracted considerable
attention in recent years due to their unusual physical behav-
ior and excellent dielectric and electromechanical properties.
Many physical models have been proposed to explain the
unusual behavior of the RFEs, for example, the diffuse phase
transition model, the superparaelectric model, the dipolar
glass model, the order-disorder model, the random field
model, and the spherical random bond-random field
model;'2 however, quantitative understanding of the com-
plex dielectric behavior in RFEs is still not satisfactory.

Png1/3Nb2/303 (PMN), PbSCl/sz1/203 (PSN), and
PbZn,;;Nb,,;05 (PZN) are typical RFE crystals with perov-
skite structure. All these compounds exhibit a large, diffuse,
and frequency-dependent maximum in the temperature plot
of the complex permittivity. No breaking of cubic symmetry
was observed in PMN at any temperature without a bias
electric field;®> however, for PSN and PZN a ferroelectric
phase transition from the cubic to the rhombohedral phase
was reported near 360 (Refs. 4 and 5) and 410 K,%7 respec-
tively. Nevertheless, there are indications from various ex-
periments (the temperature dependence of the index of
refraction,? x-ray diffraction, quasielastic neutron at the
Burns temperature 7, scattering,”'” etc.) that the cubic crys-
tal structure in RFEs is locally broken already about 300 K
above the temperature of the permittivity maximum 7,,,. The
regions in which the cubic structure is broken are called po-
lar nanoclusters or nanoregions. Concerning their symmetry,
many authors assume that the nanoregions have the same
symmetry as the low-temperature ferroelectric phase, i.e.,
rhombohedral, although it was not confirmed experimentally.
An x-ray diffraction study'' of PMN revealed only spheri-
cally symmetric displacements of lead ions from the perov-
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skite A sites below T,;, which would mean nonpolar symme-
try. This is probably an unrealistic result, but the fact of
spherically symmetrical displacement of Pb ions was suc-
cessfully exploited in the spherical random bond-random
field model.!

Nowadays, it is generally accepted that the complex di-
electric properties are connected with the chemical disorder
of ions with different valency at the B perovskite sites. For
example, B sites of PSN contain 50% of Sc** and 50% of
Nb>* jons and, if these ions are statistically disordered, PSN
exhibits relaxor ferroelectric behavior above the ferroelectric
phase transition (380 K).* If the ions are 1:1 chemically or-
dered, which can be achieved by proper annealing, PSN
shows only a sharp ferroelectric transition and its tempera-
ture shifts to 340 K.* The PMN and PZN is more compli-
cated. Mg?* and Nb>* or Zn?>* and Nb>* have the ratio 1:2 at
the B sites and cannot be long-range ordered by any heat
treatment. Only a short-range 1:1 order on a length scale of
20-50 A is possible in the B sites. One site is occupied by
Nb>* and the other one by a random mixture of 1/3 Nb>* and
2/3 Mg?* (in PMN) or of 1/3 Nb°* and 2/3 Zn?* (in PZN).!?
Although PZN and PMN RFEs are chemically and structur-
ally similar, only the former exhibits a ferroelectric phase
transition. On the other hand, in the related compound
PbMg,/3Ta,305 (PMT), the B ions can be ordered by a
proper annealing,'® but it has insignificant influence on the
dielectric properties—the RFE properties do not disappear in
ordered PMT, in contrast to ordered PST or PSN.

Recent first-principle studies of PSN have shown that po-
lar nanoregions appear more likely in chemically ordered
nanoregions;14 however, this statement was not yet con-
firmed experimentally in any RFE. Nevertheless, it is worth
noting that, although the characteristic length scale for polar
nanoregions is the same as for chemical short-range order at
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B sites,'* the polarization of the nanoregions is predomi-
nantly caused by dynamical disorder of Pb ions at the A
perovskite sites.!®!! Hopping of the disordered Pb ions
among several closely spaced equivalent sites is mainly re-
sponsible for the huge permittivity in Pb-based perovskites.
Chemical disorder at the B sites produces random fields,
which cause smearing (i.e., distribution) of energy barriers
for hopping of Pb ions. This causes broadening of the strong
dielectric relaxation below the polar phonon frequencies,
which at low temperatures becomes anomalously broad
(from subhertz up to the terahertz range). Broadband dielec-
tric spectroscopy is needed for investigation of such wide
dielectric relaxations and since the microwave (MW) and
terahertz techniques are rather difficult, only a few RFE sys-
tems (PMN,!>16 PST,!7-19 and PLZT?%?!) have so far been
investigated in the MW and THz range simultaneously.

Dielectric and piezoelectric studies of solid solutions of
RFEs like PMN and PSN with normal ferroelectric PbTiO5
revealed giant piezoelectricity for compositions near the
morphotropic phase boundary?? (one order of magnitude
larger than in the best classical ferroelectrics like
PbZr,_,Ti,O3). The paper of Park and Shrout?’ turned the
attention of many physicists to the study of solid solutions of
RFEs with ferroelectrics. Close to the morphotrophic phase
boundary between the tetragonal and rhombohedral phases, a
monoclinic phase was revealed at lower temperatures” and it
was proposed that the easy rotation of polarization in the
monoclinic phase is responsible for the giant piezoelectric
coefficient in these systems.>*

Solid solutions of two relaxor ferroelectrics were also in-
vestigated, although it is intuitively expected that such solid
solutions will exhibit again relaxor behavior. The best inves-
tigated system is the PMN-PSN solid solution.?>-3! Relaxor
behavior was observed in both ordered and disordered forms
of (1-x)PMN-(x)PSN for x=<0.6.232° At higher levels of
substitution, the dielectric response was dependent on the
degree of order: disordered samples were relaxors and or-
dered samples exhibited normal ferroelectric behavior. A
NMR study of PMN-PSN revealed that the spherical model
of Pb displacements is unable to yield the observed distribu-
tion of the shortest Pb-O bond length.3®

Ternary solid solutions of PSN-PZN-PMN relaxor ferro-
electrics were first synthesized and investigated by
Dambekalne ef al.>> The system was very easily soluble and
the dielectric data showed high values of permittivity
(700030 000) with a diffuse peak typical for RFEs. Prelimi-
nary dielectric spectra of 0.2PMN-0.4PSN-0.4PZN and
0.4PSN-0.3PMN-0.3PZN ceramics were published by some
of us.3*3 It was shown that the dielectric relaxation is so
broad in these systems that it can be described by the Cole-
Cole model®* only above room temperature. At lower tem-
peratures, this model, as well as the Davidson-Cole,
Williams-Watts, Havriliak-Negami,’® Joncher, Kohlrausch-
Williams-Watt and Curie-von Schweidler models’” are not
longer suitable for ferroelectric relaxors. We will show in
this paper that the distribution of Debye relaxation times can
be calculated from the experimental dielectric spectra.
Broadband dielectric spectra (not only from the kilohertz and
megahertz but also from the microwave and terahertz range)
are needed for such a computation. Therefore we have per-
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TABLE I. Parameters of the Vogel-Fulcher fit of the mean re-
laxation time 7¢¢ for PZN-PMN-PSN ceramics.

Compound 7 (8) Ty (K) E/K (K)
0.4PZN-0.3PMN-0.3PSN 1Xx10714 200 1297.4
0.4PSN-0.3PMN-0.3PZN 1Xx10714 231.5 1077
0.2PSN-0.4PMN-0.4PZN 1Xx10714 250 829
0.4PMN-0.3PSN-0.3PZN  1.5x 1074 210 1150
0.2PMN-0.4PSN-0.4PZN 627X 10714 241 892

formed a detailed dielectric study of five different ceramics
(see Table I) in the range 20 Hz— 150 THz including the ex-
perimentally difficult MW and THz spectral range. The tem-
perature dependence of the distribution of relaxation times
will be discussed in detail. For dynamics study of polar clus-
ters near the Burns temperature we performed THz experi-
ments up to 900 K.

II. EXPERIMENT

The ternary PSN-PZN-PMN solid solution was synthe-
sized by solid state reaction from high-grade oxides PbOs,
Nb,0Os, MgO, ZnO, and Sc,053. The primary ingredients
were homogenized and milled in an agate ball mill for 8 h in
ethanol and dried at 250 °C for 24 h. The dried mixture was
fired in platinum crucibles. To obtain a sufficient homoge-
neous mixture of perovskite structure, the synthesis was re-
peated three times: first at 800 °C, the second at 900 °C, and
the third at 1000 °C, for 2 h each. After each synthesis the
mixture was milled in agate ball mill in ethanol, dried at
250 °C for 24 h, and the phase composition was analyzed by
x-ray diffraction. Detailed processing and sintering condi-
tions are given in Ref. 32.

The low-frequency dielectric response in the range of
20 Hz—1 MHz was measured using a HP 4284 LCR meter
with an ac field of 1 V/mm on a sintered 5-mm-diameter
cylinder. Dielectric measurements in the high-frequency
range of 10 MHz-1.25 GHz were performed using a
computer-controlled high frequency (HF) dielectric spec-
trometer. The dielectric parameters were calculated taking
into account the electromagnetic field distribution in the
sample.’® In the
frequency ranges 8—11 and 26—53 GHz an automatic wave-
guide dielectric spectrometer was used.* In these frequency
ranges cylindrical-shaped samples with diameter =~0.05 mm
and length 6—11 mm were used. For all measurements silver
paste was used for contacts.

Measurements at THz frequencies from 3 to 30 cm™
(90—-900 GHz) were performed in the transmission mode us-
ing a time-domain THz spectrometer based on an amplified
femtosecond laser system. The technique itself works up to
80 cm™!, but the samples were opaque above 30 cm™!. Two
ZnTe crystal plates were used to generate (by optic rectifica-
tion) and detect (by electro-optic sampling) the THz pulses.
Polished plane-parallel 40-um-thick disks with a diameter of
6 mm were prepared. An Optistat CF cryostat with thin
Mylar windows was used for measurements down to 20 K.
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FIG. 1. Temperature dependence of the complex dielectric per-
mittivity of various PZN-PMN-PSN ceramics measured at 1 kHz.

For sample heating, we used an adapted commercial high-
temperature cell (SPECAC P/N 5850) with 1-mm-thick sap-
phire windows.

Infrared (IR) reflectivity spectra were obtained using a
Fourier transform IR spectrometer Bruker IFS 113v in the
frequency range of 20-3300 cm™' (0.6—100 THz) above
room temperature; at lower temperature the reduced spectral
range up to 650 cm™! was investigated because this is the
transparency region of the polyethylene windows in the cry-
ostat (Oxford Instruments). Pyroelectric deuterated triglycine
sulfate detectors were used for the room- and higher-
temperature measurements, while a more sensitive helium-
cooled (1.5 K) Si bolometer was used for low-temperature
measurements. A home-made furnace was used for high-
temperature experiments up to 523 K. Polished disk-shaped
samples with a diameter of 6 mm and thickness of ~2 mm
were investigated.

III. RESULTS AND DISCUSSION
A. Broadband dielectric studies

The temperature dependence of the complex dielectric
permittivity ¢ =g’ —ie” of all five investigated ceramics ob-
tained at 1 kHz is shown in Fig. 1. Each composition shows
just one maximum in &'(T) and &”(T) in the range of
275-325 K. The temperature dependences of the complex
dielectric permittivity " at various frequencies show typical
relaxor behavior of all investigated ceramics, i.e., a shift of
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FIG. 2. Temperature dependence of the complex dielectric per-
mittivity of 0.4PZN-0.3PMN-0.3PSN  ceramics at several
frequencies.

T, with frequency. As an example, dielectric data of
0.4PZN-0.3PMN-0.3PSN ceramics are shown in Fig. 2.

For understanding the dielectric relaxation, it is more con-
venient to use a frequency plot of the complex permittivity at
various representative temperatures—see Fig. 3. One can see
a huge change of dielectric dispersion with temperature in
0.4PZN-0.3PMN-0.3PSN ceramics. At higher temperatures
(T=400 K), the dielectric loss dispersion is observed only at
higher frequencies (more than 1 GHz). On cooling, the re-
laxation slows down and broadens. At temperatures around
300 K the relaxation becomes strongly asymmetric and very
broad. On further cooling the dielectric dispersion becomes
so broad that we can see only a part of it in our whole
frequency range.

The symmetric dielectric dispersion at high temperatures
can be easily described by the Cole-Cole formula

Ae
1+ (incc) I-a?

£ (V)= g+ (1)
where Ag represents the dielectric strength of the relaxation,
Tcc 18 the mean Cole-Cole relaxation time, g, includes the
contribution of all polar phonons and electronic polarization
to the dielectric permittivity, and « is the Cole-Cole relax-
ation time distribution parameter; when a=0, Eq. (1) reduces
to the Debye formula. The results of Cole-Cole fits are
shown in Fig. 3 by solid lines. The temperature dependences
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FIG. 3. Frequency dependence of the complex dielectric permit-
tivity of 0.4PZN-0.3PMN-0.3PSN ceramics at several temperatures.
Solid lines are the best fits with the obtained distribution of the
relaxation times.

of the Cole-Cole parameters obtained from the fits of all five
investigated ceramics are presented in Fig. 4. One can see
qualitatively the same behavior for all ceramics. The param-
eter « is small (<0.2) only at higher temperatures. On cool-
ing this parameter increases, i.e., the distribution of relax-
ation times broadens. The mean Cole-Cole relaxation time
Tcc on cooling diverges according to the Vogel-Fulcher law

E

Tce = Tp €Xp WT—-Ty) (2)
=Ty

where T, is the Vogel-Fulcher or freezing temperature, and &
denotes the Boltzmann constant. The obtained parameters are
summarized in Table I. The maxima of the temperature de-
pendences of Ae correspond to the maxima of the dielectric
permittivity at lower frequencies, but the real temperature
dependences of the static dielectric permittivity cannot be
obtained below T,,, because the dielectric dispersion is too
broad and part of it appears below our low-frequency limit.
The Cole-Cole fit is not appropriate near 7,,, because the
absorption peak is not symmetric. Close to the freezing tem-
perature the loss &”(w) does not exhibit any clear maximum
so that the determination of the mean relaxation time 7¢ is
not unambiguous. Therefore the Cole-Cole fit was not used
below 220 or 250 K (depending on the composition). A more
general approach has to be used for determination of the
broad continuous distribution function of relaxation times
f(7) by solving the Fredholm integral equations’’
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FIG. 4. Temperature dependence of the Cole-Cole parameters of
the complex dielectric permittivity for the PZN-PMN-PSN ceram-
ics. The 7¢¢(T) lines in (c) were obtained from a Vogel-Fulcher fit.

f 7)d(In 7)
e(w) =epe+Ase 1+w7'2 , (3a)
" “ wrf(7)d(n 7)
e (w):Asf it (3b)
with the normalization condition
f(nd(ln7)=1. (4)

The solution of the integral equations (3) is known as the
solution of an ill-posed problem. The most general method
for the solution is Tikhonov regularization.**-*> Application
of this approach to relaxors was described in detail in Ref.
43.

The calculated distribution of relaxation times f(7) for
0.4PZN-0.3PMN-0.3PSN ceramics is presented in Fig. 5.
The temperature behavior of f(7) was qualitatively the same
in all investigated ceramics. A symmetric and narrow distri-
bution of relaxation times is seen at higher temperatures. On
cooling, the f(7) function becomes asymmetrically shaped
and a second maximum appears. The shortest and longest
limits of the f(7) function were calculated [level 0.1 of the
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FIG. 5. Relaxation time distribution for 0.4PZN-0.3PMN-
0.3PSN ceramics at various temperatures.

maximum f(7) was chosen for definition of the limits] at
various temperatures (Fig. 6). The shortest relaxation times
7,.i» have almost the same values 10712—10713 s in all inves-
tigated ceramics and are temperature independent within the
accuracy of our analysis. The longest relaxation times 7,,,,
diverge according to the Vogel-Fulcher law (Fig. 6) and the
obtained parameters are presented in Table II. The tempera-
ture dependences of both 7,,,, and 7,,, are very similar to the
results obtained for the relaxor PLZT ceramics.?’ The distri-
bution function f(7) was determined only at rather high tem-
peratures, when the relaxation time lies within our experi-
mental frequency range. Below 7,, at 1 kHz 7, appears
much below our frequency limit, so we could not determine
the static permittivity and therefore 7,,,, unambiguously.
The values of T, obtained from 7,,,(7) in Table II are
much higher than those from 7--(7T) in Table 1. Nevertheless,
we clearly see that some dispersion remains below both
freezing temperatures. One possible explanation is a distri-
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FIG. 6. Temperature dependences of the longest 7,,,, and short-
est 7,,;, relaxation times in PZN-PMN-PSN ceramics. Solid lines
are results of Vogel-Fulcher fit.
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TABLE II. Parameters of the Vogel-Fulcher fit of the
temperature dependences of the longest relaxation times 7, in
PZN-PMN-PSN ceramics.

Compound 7 (8) Ty (K)  E/k (K)
0.4PZN-0.3PMN-0.3PSN  1.87x 10712 272 518
0.4PSN-0.3PMN-0.3PZN 296X 10712 303 425
0.2PSN-0.4PMN-0.4PZN 192X 10712 311 384
0.4PMN-0.3PSN-0.3PZN  5.1x 10712 297 333
0.2PMN-0.4PSN-0.4PZN 1x10712 280 668

bution of Vogel-Fulcher temperatures T, where 0<T,
<Ty** In our case T§™ would correspond to a Vogel-
Fulcher temperature of 7,,,(7T). There is also another pos-
sible explanation of the anomalous broad dielectric disper-
sion of relaxors below the freezing temperature, if we
assume that 7,,,, does not diverge near T\, but has very large
but finite values near and below 7. The origin of the dielec-
tric dispersion below the freezing temperature 7T, is rather
nontrivial and will be discussed further below together with
an explanation of the MW dielectric relaxation above T,
Nevertheless, we see qualitatively similar behavior in all in-
vestigated samples: f(7) has one maximum at high tempera-
tures and it splits always near 7,, into two parts. The first one
follows the Vogel-Fulcher law, while the second one is only
slightly temperature dependent and remains in the range of
1078-10""" 5. This is in contrast to dipolar glass systems,
where only one f(7) maximum was observed.®

B. THz dielectric spectra

The broadband dielectric spectra were obtained only up to
400 K; therefore Fig. 6 shows f(7) only below this tempera-
ture. The answer to the question of how the relaxation be-
haves at higher temperatures can be given by THz dielectric
spectroscopy, because the relaxation hardens in the MW and
THz spectral range at high temperatures. Figure 7 shows the
results of a time-domain THz transmission experiment ob-
tained on 0.4PZN-0.3PMN-0.3PSN ceramics. The spectra of
other PZN-PMN-PSN solid solutions exhibit qualitatively
similar features: Above 80 K, the low-frequency THz per-
mittivity ¢’ and losses &” rise, showing a dielectric relaxation
contribution to the spectra. The relaxations do not contribute
in the THz spectra below 80 K within our experimental er-
rors; the dispersion in this THz range is determined only by
phonon contributions. THz &’ and &” continuously increase
on heating to 523 K due to the increase in the dielectric
relaxation contribution as a consequence of increase in the
mean relaxation frequency.

The relaxation stems from the dynamics of the polar clus-
ters and it is well known that the polar clusters start to appear
below the Burns temperature 7,,.% Notice that THz &’ and &”
values are highest at 523 K. This temperature is close to the
Burns temperature in pure PMN. Nevertheless, one can see
that the relaxation contributions gradually decrease on heat-
ing to 773 K and finally no dielectric relaxation is seen at
823 K (Fig. 7). The dielectric strength of the relaxation de-
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FIG. 7. (Color online) Complex THz dielectric spectra of
0.4PZN-0.3PMN-0.3PSN ceramics (a) below 473 K and (b) above
523 K. The arrow near 7 marks the direction of temperature rise.

creases on heating above 523 K as a consequence of de-
crease in the polar cluster concentration. It would mean that
some polar clusters persist at least up to 773 K, i.e., the
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Burns temperature lies higher than in pure PMN. Note that
similar behavior, i.e., an unusual decrease in dielectric losses
on heating above T, was also observed in a PMN thin film
~670 K.'° This phenomenon was also explained by disap-
pearance of the relaxation (central mode) and soft mode
hardening above T, (see the discussion below).'®

Let us discuss the origin and temperature dependence of
the distribution function f(7) (Fig. 5) together with the THz
spectra. One symmetric and relatively narrow maximum is
seen above 320 K in the THz and MW range. The dielectric
relaxation is caused predominantly by flipping, but also par-
tially by breathing (i.e., fluctuations of the cluster volume) of
polar clusters at high temperatures. At lower temperatures
the f(7) function broadens and splits into two parts. The part
at higher 7 (mainly due to cluster flipping) anomalously
slows down according to the Vogel-Fulcher law (see Fig. 6)
and disappears below the freezing temperature 7. The
higher-frequency part describes mainly breathing of the polar
clusters. The breathing is a temperature-activated process;
therefore it slows down on cooling according to the Arrhen-
ius law. Large chemical disorder at the B perovskite sites
causes random fields on disordered Pb atoms, which are
most likely responsible for the anomalous broadening of f(7)
on cooling. Finally, f(7) becomes almost flat between 7,,,,
and 7,,,. Below T, the 7,,,, shifts many orders of magnitude
below our frequency range; therefore it was not evaluated
from our spectra. Nevertheless, due to the expected increase
of 7,,,. on cooling and due to the normalization condition Eq.
(4), one can expect decrease of both &’ and &” at low tem-
peratures. The THz dielectric spectra show influence of the
dielectric relaxation down to 80 K. This means that 7,,, re-
mains almost constant in the THz region down to very low
temperatures. In other words, it means that there is a con-
tinuous distribution of activation energies for anharmonic
hopping of Pb atoms from some maximum energy E,,,, €S-
sentially to 0. The energy E,,,. could be in principle obtained
from the Arrhenius law

Tmax = To €XP ﬁ (5)

fit of 7,,,(7T) below Ty; however, such a fit was not possible
due to the lack of very-low-frequency dielectric data. From
the same reason f(7) in Fig. 5 was determined only above T,

The nature of the polar nanoclusters and two-component
dielectric relaxation is still under debate. Very recently Blinc
et al.*® suggested that 2’Pb NMR spectra give evidence for
the two-component nature of relaxors—a glassy matrix (cor-
responding to spherical displacements of Pb ions) and frozen
polar nanoclusters (due to the Pb displacements in the [111]
directions). These two components could be responsible, ac-
cording to Blinc et al., also for the two-component dielectric
relaxation.*> Xu et al.*® published recently some evidence
that the polar clusters have polarizations along the [110] di-
rections, and that these clusters persist even in poled ferro-
electric PZN with polarization along the [111] directions.
Our opinion' is that the two dielectric relaxation regions
have origin in the flipping and breathing of the polar clusters,
but the subject needs still further investigation.
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FIG. 8. Infrared reflectivity spectra of the investigated ceramic
systems at 20 and 300 K. Assignment of the samples is shortened;
only the first part of the composition is marked. The full composi-
tion of the samples is listed in Table I.

C. Infrared reflectivity studies

Experimental IR reflectivity spectra of all five investi-
gated ceramics, taken at 20 and 300 K, are shown in Fig. 8.
One can see that the spectra are similar, i.e., the frequencies
and strengths of all phonon modes are very similar to each
other in all samples. The spectral range above 800 cm™' is
not shown because the reflectivity is almost flat in this fre-
quency region.

Infrared and THz reflectivity spectra of 0.4PZN-0.3PMN-
0.3PSN ceramics taken at various temperatures are shown in
Fig. 9. THz reflectivity at the low-frequency end was calcu-
lated from the THz transmission spectra. Infrared and THz
spectra were fitted simultaneously using a generalized-
oscillator model with the factorized form of the complex
permittivity:

2 2,
Wi — W +lw'yL0'
8*((1)) = SOCH 2 - o . ! (6)
j wTO] - + lw'yToj

where wyp; and w;; mark the transverse and longitudinal
frequencie§ of the jth mpde, respf.:ctively, and Yroj and. Yeoj
denote their corresponding damping constants. & (w) is re-
lated to the reflectivity R(w) by

Ve'(w) - 1

Ve' (o) + 1

2

R(w) = (7)

The high-frequency permittivity &., resulting from the elec-
tronic absorption processes was obtained from the
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FIG. 9. Infrared and THz reflectivity spectra of 0.4PZN-
0.3PMN-0.3PSN ceramics at various temperatures. Solid lines are
results of the fits.

frequency-independent room-temperature reflectivity above
the phonon frequencies. The temperature dependence of &,
is usually very small and was neglected in our fits. Eight
polar phonons were resolved in the IR spectra below 150 K;
seven modes at higher temperatures. Similar behavior was
observed in other PZN-PMN-PSN ceramics. It is inconsis-
tent with the factor-group analysis for the cubic and rhom-
bohedral symmetry, where three and 16 active modes, re-
spectively, are allowed in the IR spectra. The coherence
length for the IR activity is quite short (determined by the
range of interatomic forces), which could enable us to see the
local polar distortions in polar clusters, i.e., polar modes
from the rhombohedral structure could be seen in our IR
spectra. We do not see all of them because some of them
could be weak and/or overlapped with others due to their
finite widths.

The real and imaginary parts of &"(w) obtained from the
fits of IR reflectivity and THz dielectric spectra in Fig. 9 are
shown in Fig. 10. The low-frequency part of the IR and THz
spectra was fitted with an overdamped oscillator. This model
cannot completely fit the MW relaxation and the static per-
mittivity (see Sec. III A), but it can roughly describe the
high-frequency wing of the MW relaxation seen in the THz
spectra. On heating, the dielectric contribution of this over-
damped oscillator increases with temperature (up to 500 K)
and its relaxation frequency (maximum of losses) hardens
and approaches the THz range.

Interesting phonon anomalies were observed in all the in-
vestigated ceramics. Most phonon frequencies show some
softening on heating, but the most remarkable softening is
displayed by the lowest-frequency TO; phonon. A similar
soft TO; mode was observed in pure PMN and PST. This
mode was explained as a ferroelectric soft mode within polar
clusters, which shows a tendency to soften toward the Burns
temperature.'>!619 Its frequency follows the Cochran law

wg‘M:A(Tcr_ T) (8)

where A is a constant and 7. means the critical softening
temperature and appears close to 7, The obtained param-
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TABLE IV. The parameters of Cochran’s fit of TO, modes in
PZN-PMN-PSN ceramics.

Compound A (cm?/K) T, (K)
0.4PZN-0.3PMN-0.3PSN 40.15 1641
0.4PSN-0.3PMN-0.3PZN 26.15 1975
0.2PSN-0.4PMN-0.4PZN 45.97 1231
0.4PMN-0.3PSN-0.3PZN 44.01 1526
0.2PMN-0.4PSN-0.4PZN 37.76 1922

10 100 _
Wavenumber (cm'’)

FIG. 10. (Color online) Complex dielectric permittivity obtained
from the fit of IR and THz spectra of 0.4PZN-0.3PMN-0.3PSN
ceramics. The points are experimental THz data.

eters of the fits according to Eq. (8) are listed in Tables IIT
and IV. T, of the TO; mode fluctuates between 600 and
860 K, and it is difficult to speculate that these temperatures
correspond to Burns temperatures, because the softening has
ceased already above 350 or 400 K. Nevertheless, it is worth
noting that in 0.4PZN-0.3PMN-0.3PSN ceramics the dielec-
tric relaxation (the polar clusters) vanishes above 773 K,
which is comparable to T,.,=747 K for the TO; mode.
Noncomplete softening of TO; mode was observed in all
previously studied RFEs.”° For example, in pure PMN,'° the
soft mode follows the Cochran law up to 450 K but levels
off at higher temperatures. Recently, Toulouse et al.*’ inves-
tigated PZN relaxor by means of Raman scattering and re-
ported a new characteristic temperature near 470 K, which
he called the temperature of the local phase transition or the
temperature of polar cluster formation. According to Tou-
louse et al. the Burns temperature is the temperature below
which the anharmonic vibrations of Pb atoms become slower
than the frequency of the F;, soft phonon mode. Dkhil

TABLE III. Parameters of the Cochran fit to TO; modes in
PZN-PMN-PSN ceramics.

Compound A (cm?/K) T, (K)
0.4PZN-0.3PMN-0.3PSN 9.82 830
0.4PSN-0.3PMN-0.3PZN 12.66 599
0.2PSN-0.4PMN-0.4PZN 11.1 820
0.4PMN-0.3PSN-0.3PZN 13.22 636
0.2PMN-0.4PSN-0.4PZN 10.05 849

et al.*® reported also a new temperature 7, located between
the Burns 7; and freezing 7 temperature. They observed an
increase of the diffuse scattering in PMN below 7,~400 K
as well as a plateau in the temperature-dependent lattice con-
stant between 7; and Ty Unfortunately, we could not study
the IR reflectivity spectra above 500 K due to the limitation
of our furnace. For the investigation of TO,(T) above T,
far-IR transmission spectroscopy of thin films deposited on a
transparent substrate like sapphire or MgO is more
suitable.'® We speculate that the T, temperature corresponds
to the temperature below which the polar clusters percolate;
namely, in the system of nonpercolated polar clusters the
effective soft-mode frequency cannot completely soften,*
being increased by the depolarization field at the boundary
between the clusters and the nonpolar matrix. Therefore the
leveling off (or even increase) of the soft-mode frequency
seen above 7,~400 K could be the result of breaking of the
percolated polar clusters.

Surprisingly, the TO, mode frequency also partially soft-
ens on heating following the Cochran dependence [see Fig.
11(b)]. This mode describes predominantly vibration of the B
atoms against the oxygen octahedra.®® The B sites exhibit
large chemical disorder (four different ions of different va-
lency) and the T.,, temperature may correspond to the tem-
perature above which the B-site atoms can diffuse (higher
than the sintering temperature of 1000 K).

The list of polar mode parameters in 0.4PZN-0.3PMN-
0.3PSN ceramics is summarized in Table V. The parameters
of the other investigated ceramics are very similar and com-
parison with pure PMN (Refs. 50 and 51) as well as with PS
(Ref. 52) or with PMN-PT (Refs. 50 and 53) shows that the
spectra of all perovskite RFEs have the same features: The
three F;, cubic perovskite modes are split due to a lower
symmetry in the polar (or chemical) nanoclusters. The most
remarkable splitting is seen in the soft mode at low tempera-
tures. Its A; component has frequency near 90 cm~!, while
the £ component is heavily damped with frequency near
20 cm™!. Detailed assignment of the polar modes in perov-
skite RFEs was recently thoroughly discussed:° The modes
below 100 cm™! in Pb-containing RFEs correspond predomi-
nantly to the vibration of rigid BO4 octahedra against Pb
atoms (the so-called Last mode). The two modes between
200 and 300 cm™! are A; and E components corresponding
to the vibration of the B atoms against the Og4 octahedra (so
called Slater mode) and the modes above 500 cm™! corre-
spond to bending of the Og octahedra (the so called Axe
mode). The mode near 350 cm™! is activated in the spectra
probably due to the local order in the B sites which would
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FIG. 11. Cochran fits to (a) TO; and (b) TO, modes in
PZN-PMN-PSN solid solutions.

correspond to mutual B-atom vibrations. Hlinka et al.>* re-
cently used the effective medium approximation for the
evaluation of room-temperature IR reflectivity spectra of
PMN and showed that this approach can be used for deter-
mination of the anisotropic dielectric function of the polar
clusters. From this analysis it follows that the mode near
400 cm™! (seen also in our spectra) is not a real polar pho-
non, but just an apparent mode which appears in the IR spec-
tra as a consequence of geometrical resonances between the
two longitudinal mode frequencies.>

Figure 10 shows a broad maximum of &”(w) near 30 cm™
which should correspond to the £ component of the soft
mode. This mode softens to =20 cm™" at 200 K; however, at
higher temperatures it becomes overlapped by the dielectric
relaxation which approaches this frequency range (the loss
peak below 10 cm™'). Above the Burns temperature, the E
mode should merge with the A; mode where only triply de-
generate F';, modes are expected and the dielectric relaxation
due to the polar clusters should vanish.

1

IV. CONCLUSIONS

Concluding, a broadband dielectric investigation of sev-
eral PZN-PMN-PSN ceramics revealed qualitatively similar

PHYSICAL REVIEW B 74, 104106 (2006)

TABLE V. Polar mode parameters of the 0.4PZN-0.3PMN-
0.3PSN ceramics obtained from the fit to the 20 K reflectivity. All
parameters are in cm™'; £,,=5.4.

70 Yro @ro YLo

17.5 17.5 23.2 56.9
91.7 29.5 119.1 27.4
266.6 170.4 404.7 19.2
296.2 340.6 294.2 4419
358.3 112.8 352 88.1
405.7 62.1 447.9 37.9
533.2 105.5 735.4 41.9
623.9 100.6 615.7 137

behavior, which seems to appear similarly for all perovskite
RFEs. In IR spectra additional polar phonon modes are acti-
vated (forbidden in the cubic structure) due to the broken
cubic symmetry in polar clusters. The TO, polar mode soft-
ens according to the Cochran law; this effect was not ob-
served in other relaxor ferroelectrics. The A; component of
the ferroelectric TO; soft mode in polar clusters follows the
Cochran law below 400 K. Above 400 K, it levels off, be-
cause the polar clusters cease percolating above this tempera-
ture. The E component of the soft mode is heavily damped at
a frequency near 20 cm™. It is overlapped with the dielectric
relaxation in the THz range which stems from flipping of
polar clusters. The THz relaxation appears gradually on cool-
ing below 800 K, giving evidence of a smeared Burns tem-
perature. The relaxation slows down on cooling and splits
into two parts. The lower-frequency part anomalously broad-
ens and follows the Vogel-Fulcher law above the freezing
temperature. The higher-frequency component of the relax-
ation softens much slower. We suggested an explanation of
the two-component relaxation, but further studies are needed
to confirm it.
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