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Quasi-elastic light scattering in relaxor ferroelectrics

Sergey LUSHNIKOV

A.F. |offe Physical Technical Institute of RAS, 194021, S.Petersburg,
Russia
e-mail: sergey.lushnikov@mail.ioffe.ru

In my report results of studying of PbMgy3NbysO; (PMN),
Pngl/3TaQ/303 (PMT), PbSCl/zTa]_/zog, (PST), and Na]_/zBi]_/zTiOQ, (NBT)
and KNSBN:Cu crystals by micro—Brillouin light scattering are presented.
Need to note, that PMN, PMT, PST and NBT crystals are cubic relaxor
ferroelectrics while KNSBN is a uniaxia relaxor crystal with tungsten
bronze structure. It is clearly seen in temperature behavior of the
low-frequency vibration spectra: the velocity anomaly and corresponding
broad maximum of damping in relaxors well correlate with the main
dielectric maximum in the vicinity of a diffuse phase transition. The
anomalies are absent in BMT crystals where the acoustic response is
determined by anharmonicity. Unusua frequency dispersion of the
longitudinal acoustic phonons (LA) in PMN and PMT crystals was
observed in our experiments. Investigation of the Brillouin scattering by
Sandercock’s tandem system gives possibility for correct analysis of the
low frequency part of the vibration spectra of the crystals. We observed
guasi-elastic light scattering and separated this addition contribution from
the scattering spectra of the studied crystals vs temperature. It was found
that quasi-elastic light scattering in relaxors has a complicate structure and
temperature behaviour.

Presence of the quasi-elastic scattering with such properties
(relaxation mode) shows that despite previous expectations order-disorder
behaviour plays an important role in the dynamics of the diffuse phase
transition.

In present report | would like to discuss: (1) Our new results of
neutron and light scattering studies (2) Relation of our observation with
previously published neutron and light scattering data.



Non-er godic behavior of polar statein Li-doped KTaO; under

an electric field

Hiroko YOKOTA, Tacko OYAMA, and Y oshiaki UESU

Department of Physics, Waseda University

Incipient ferroelectric KTaOs; with off-center Li impurity of the
critical concentration of 2.8 mol% was investigated in order to clarify the
dipole state under electric field. Using optical second-harmonic generation
(SHG) microscope, we observed a marked history dependence of SHG
intensity through zero-field cooling (ZFC), zero-field heating (ZFH), field
heating after ZFC (FH/ZFC) and FH after field cooling (FH/FC). These
show different paths with respect to temperature: In the ZFC/ZFH process,
weak SHG was observed at low temperature, while in the FH/ZFC process,
relatively high SHG appears in a limited temperature range below Tg
depending on the field strength, and in the FC and FH/FC processes, the
SHG exhibits ferroelectric-like temperature dependence: it appears at the
freezing temperature of 50K, increases with decreasing temperature and
has a tendency of saturation. These experimental results strongly suggest
that dipole glass state or polar nano-clusters which gradually freezes with
decreasing temperature is transformed into semi-macroscopic polar state
under the electric field. However at sufficiently low temperature, the
freezing is so strong that the electric field cannot enlarge the polar clusters.
These experimental results show that the polar nano-cluster model similar
to relaxors would be more relevant in KTaO; doped with the critical
concentration of Li. Further experiments on the anisotropy of SHG
determine that the average symmetry of the field-induced polar phase is
tetragonal 4mm or 4. The tetragonality is also confirmed by the X-ray
diffraction measurement.
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Second-harmonic-generation microscopic observations of polar state in Li-doped KTaO;

under an electric field

Hiroko Yokota,* Tacko Oyama, and Yoshiaki Uesu
Department of Physics, Waseda University, 3-4-1 Okubo, Shinjuku-ku, Tokyo 169-8555, Japan
(Received 24 June 2005; revised manuscript received 5 August 2005; published 7 October 2005)

Incipient ferroelectric KTaO5; with off-center Li impurity of the critical concentration of 2.8 mol % was
investigated in order to clarify the dipole state under electric field. Using optical second-harmonic generation
(SHG) microscope, we observed a marked history dependence of SHG intensity through zero-field cooling
(ZFC), zero-field heating (ZFH), field heating after ZFC (FH/ZFC), and FH after field cooling (FH/FC). These
show different paths with respect to temperature: In the ZFC/ZFH process, weak SHG was observed at low
temperature, while in the FH/ZFC process, relatively high SHG appears in a limited temperature range below
Tr depending on the field strength, and in the FC and FH/FC processes, the SHG exhibits ferroelectriclike
temperature dependence: it appears at the freezing temperature of 50 K, increases with decreasing temperature,
and has a tendency of saturation. These experimental results strongly suggest that dipole glass state or polar
nanoclusters which gradually freezes with decreasing temperature is transformed into a semimacroscopic polar
state under the electric field. However at sufficiently low temperature, the freezing is so strong that the electric
field cannot enlarge the polar clusters. These experimental results show that the polar nanocluster model similar
to relaxors would be more relevant in KTaO3 doped with the critical concentration of Li. Further experiments
on the anisotropy of SHG determine that the average symmetry of the field-induced polar phase is tetragonal

4 mm or 4. The tetragonality is also confirmed by the x-ray diffraction measurement.

DOI: 10.1103/PhysRevB.72.144103

I. INTRODUCTION

KTaOj; is known to be one of the representatives of quan-
tum paraelectrics.!* The quantum paraelectricity is a char-
acteristic feature exhibited by several anharmonic optical
phonon systems.’> Due to self-energy, the frequency of the
lowest lying optical mode becomes strongly temperature de-
pendent with general tendency that the frequency becomes
remarkably reduced as T—0 K, which is called soft optic
mode. With the renormalization due to the quartic anharmo-
nicity, there exists a finite temperature 7,,, where the soft
phonon frequency equals to zero and the high temperature
phase becomes instable. Actually, however, at low tempera-
ture, the quantum fluctuations (zero point vibration) start to
play a role to tend to suppress the instability. When the
renormalization effect is sufficiently large, the lattice stays
on cubic down to 7=0 K. Such a system is called quantum
paraelectric. In this sense, quantum paraelectrics are gener-
ally considered incipient ferroelectrics. Therefore, only by
small perturbation of external conditions such as replacement
of atom, introduction of impurity, application of external
field, etc., the system realizes transition to dipole glass state
or sometimes to ferroelectric phase at a finite temperature.®’

In KTaOs, the introduction of Li impurity at the K site by
a few mol percent (expressed hereafter as KTL or
KTL:x%Li in the case where the concentration is signifi-
cantly important) induces dipole glass state as a result of
off-center nature of Li in the lattice.® A number of studies
have been directed to elucidate the structural property of the
system, in particular, whether the long-range ferroelectric
phase appears,”™'3 or the polar state induced by Li is local-
ized to remain in the dipole glass state.'*?! Now the problem
seems to be settled: When the Li concentration x exceeds
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5 mol %, the para and ferroelectric phase boundary is well
defined. In the region of 2<<x< 3, the phase boundary be-
comes obscured, and below the concentration, the dipole
glass state is main feature of KTL.'® As a disordered system
conceptually related with spin glass, KTL with x <3 is espe-
cially important and the peculiar phenomena are expected to
be observed. Among them the nonergodic behavior of the
order parameter under the external field, is an essential fea-
ture of the disordered system. The nonergodicity of the po-
larization in KTL containing 1.6 and 2.6 % Li was precisely
investigated by using the piezoelectric effect,’> and some
other papers also described the related property.'®?! In this
study we use the special nonlinear optical microscope (SHG
microscope) which provides two-dimensional (2D) images
of optical second-harmonic (SH) waves generated in
specimens,?3?* expecting a new feature of the problem, as
SHG is quite sensitive to the appearance and change in the
polarization, and the 2D images provide us the polarization
distribution inside a specimen, which would be important in
the history-dependent experiments. We chose KTL with the
critical concentration (2.8%) of Li, and observed the history
dependence of the polar state developed under the electric
field. SHG measurements of KTL with different concentra-
tion of Li have been performed so far. These experiments
measured the temperature dependence of SH intensity with
and without electric field, for the purpose of determining the
spatial correlation length from the k dependence of the scat-
tered SH waves,? or from the SHG coherence length.>! The
relaxation time and the activation energy were determined by
the kinetic behavior of SH intensity after switching-off the
electric field.?!?® The average symmetry of KTL under the
electric field is also discussed?! based on the result of polar-
ization dependence of the fundamental wave.

©2005 The American Physical Society
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FIG. 1. The orientation and dimension of the specimen used for
SHG microscopic observations. A pair of Au electrodes are evapo-
rated on the top surface of KTL. The laser illuminated area is lo-
cated between two electrodes to avoid the photocurrent effect. The
direction of electric field is parallel to [001] referred to the cubic
axes.

This paper describes results of the history dependence of
SH intensity under the electric field, i.e., zero-field cooling
(ZFC), zero-field heating (ZFH), field cooling (FC), and field
heating (FH) processes. Special care has been paid to erase
the memory effect of specimens. The average symmetry of
the polar state induced by the external electric field is deter-
mined not only from dependence of the anisotropy of funda-
mental waves as was previously reported but also from that
of SH waves. The result is compared with the x-ray powder
diffraction measurement performed down to 10 K on ZFH/
ZHC process.

II. EXPERIMENTAL
A. SHG microscopic observations

Specimens used in experiments are KTL:2.8%Li, which
were grown by the self-flux method with a slow-cooling
technique of Ta,0s, Li,CO5; and an excess of K,CO5 as a
flux.”’ Li concentration x was determined by the empirical
relation between x and the freezing temperature Tz: Tx(K)
=535(x/100)%%.19 T, was determined from the disappear-
ance temperature of SHG intensity in ZFH after FC process
as described later. The homogeneity of Li concentration in-
side specimens was checked by the distribution of T in dif-
ferent illuminated places of the specimen, which is discussed
later.

Specimen used in the SHG microscopic observation is a
(100) plate (hereafter the axes are referred to the cubic axes),
with edges parallel to the {100}, the area 9.4 X 5.0 mm? and
the thickness 0.854 mm. Both surfaces are optically finished
and two narrow rectangular electrodes apart by 3 mm are put
on the top surface by Au evaporation. The orientation and
dimension of the specimen are illustrated in Fig. 1. A special
care was paid for adjusting the illuminated place of the laser
beam so as to be between two electrodes and avoid an oc-
currence of photocurrent, as KTL exhibits marked photocur-
rent effect in the low-temperature region.?8-3

The optical system of SHG microscope is illustrated in
Fig. 2. Pulsed waves from Q switched Nd**: YAG (yttrium
aluminum garnet) laser with wavelength of 1064 nm, repeti-
tion frequency of 20 Hz, fluence of 15 mW/pulse, pass
through a half-wave plate and illuminate a specimen, and SH
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FIG. 2. Optical system of the SHG microscope. (1) CCD camera
with image intensifier, (2) 532-nm-pass filter, (3) and (5) infrared
absorption filter, (4) objective lens, (6) He cryostat, (7) half wave
plate, (8) reflective mirror.

waves with wavelength of 532 nm generated in a specimen
are collected by an objective followed by an infrared absorp-
tion filter, a multilayer interference filter for 532 nm and an
analyzer. Two-dimensional (2D) distribution of SH intensity
inside a specimen is obtained by a charge coupled device
(CCD) camera with image-intensifier, which is connected to
a computer.

The specimen is put in a liquid He cryostat for micros-
copy (CF2101, Oxford instruments) and the temperature of
the specimen is cooled down to 23 K with a speed of
3 K/min, while 1 K/min on heating. Shutter speed (from
5to 15 s) and gain of CCD camera are selected depending
on the SH intensity. Then the temperature change during the
exposure time is between 0.1 and 0.75 K.

When the history dependence of SH intensity is observed,
the polarizer and the analyzer are fixed along the [001] di-
rection parallel to the applied electric field, while they are
rotated along the optic axis when the anisotropy of SH in-
tensity is observed. Comparatively homogeneous areas of
0.075 % 0.075 mm? without a scratch are selected in the two-
dimensional SH images and the average intensity are ob-
tained by summing up photon numbers counted by a photo-
detector array.

B. X-ray-diffraction measurements

A specimen for the x-ray diffraction measurements was
prepared by crushing a single crystal of KTL:2.8%Li with
small force as possible. The sample powder is mounted on a
gilded Cu plate with a small amount of silicon grease.
The measurement is performed using a horizontal-type
goniometer for powder samples (Rigaku, RINT-TTR3C)
equipped with a He cryostat (Rigaku 4 K1) on heating from
10 K with heating speed of 0.5 K/min. Rotating Cu anode
(Ako=1.5418 A) is used under the condition of 50 kV and
300 mA. The 400 reflection with 26=100°—-103° is used to
determine the lattice constants using a bended graphite
monochromator, a divergence slit of 1/2 degree and a re-
ceiving slit of 0.15 mm.

III. EXPERIMENTAL RESULTS

A. Observation of the history dependence of SH intensity

The specimen is cooled down to 24 K, then the SH image
is observed on heating the specimen up to 100 K. No marked
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FIG. 3. (Color) SHG images of KTL:2.8%Li. (a) indicates those observed in the FH after ZFC process, (b) in the FH after FC. Brighter
parts produce stronger SH waves. In (a), SHG appears only in a limited temperature range below the freezing temperature 7 of 50 K, while

in (b), SHG is observed in whole temperature range below Tp.

SH intensity is observed in this process (ZFH/ZFC). Then
the specimen is cooled down again down to 24.8 K. The
electric field E is applied at the temperature and the speci-
men is heated up to 60 K under the same field strength. In
this process (FH/ZFC), weak SH intensity observed at low
temperature starts to increase abruptly at certain temperature
T,, shows a peak and decreases and finally vanishes at a
temperature T, as shown in Fig. 3(a). T} and T, depend on
the field strength in Fig. 4: The stronger is the field, the lower
T,, the higher T,, and the stronger the SH intensity. It should
be also noted that the SHG intensity is not homogeneously
distributed in the sample as shown in SH images (Fig. 3),
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FIG. 4. Temperature dependences of SH intensities of
KTL:2.8%Li measured in the FH after ZFC process under different
field strengths. In each process, the specimen was kept in room
temperature for 12 hours before starting the measurement.

where right spots and dark regions coexist. As the average
diameter of bright spots is 1 um, these are not nanopolar
clusters themselves, but the accumulated clusters or the scat-
tered SHG by polar nanoclusters. The dark regions corre-
spond to regions where macroscopic polarization does not
develop. Although we cannot perfectly eliminate the possi-
bility that SH intensity vanishes as a result of random distri-
bution of the phase of SH waves produced by polar regions,
the possibility would be small as the measurement is per-
formed under the electric field. However, near T, the differ-
ence of the Li concentration changes the characteristic tem-
peratures, and some parts remains bright but other parts dark.
In fact, we observed the T differs from place to place in the
sample, by 4.0 K. This enables us to estimate the distribution
of the Li concentration to be 0.33% in the sample. It is em-
phasized that the SHG microscopic observations enable us to
provide information on the inhomogeneity of materials,
while usual SHG measurements cannot do it. In the experi-
ment, we find that the specimen memorizes the previous ex-
perience of the field. To erase the memory effect, the speci-
men is kept at room temperature during 12 h for each run.
We also observed the SH images in FH after FC process.
The electric field of 80 V/mm is applied to the specimen at
room temperature, the specimen is cooled down to 23 K,
then heated up with same field strength. The strong SH in-
tensity is observed at low temperature and gradually de-
creases with the increase of temperature, and vanishes at
50 K, as shown in Fig. 3(b). In this process, a hump is ob-
served near 45 K, which coincides with the maximum tem-
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FIG. 5. Temperature dependences of SH intensity of
KTL:2.8%Li in ZFC, FH after ZFC and FH after FC processes. The
field strength of FC and FH processes is 80 V/mm.

perature in FH/ZFC process. The reason of the appearance of
the hump is not clear at present. It could be attributed to the
insufficient field strength, which is limited by the strong
photoinduced current in KTL, or it would be due to the in-
complete erasing of the memory effect. The ZFH after FC
process also takes almost same path. The vanishing tempera-
ture coincides with that observed in the FH/ZFC with same
field strength. Then the temperature (=50 K) can be defined
as the freezing temperature 7y of KTL:2.8%Li. Temperature
dependences of SH intensity of different paths are summa-
rized in Fig. 5.

B. Anisotropy of SH intensity at low temperature

In order to determine the average symmetry of the field-
induced polar state of KTL:2.8%Li, polarization depen-
dences of SH intensity were measured at 23 K after FC pro-
cess. The procedure of determining the SH intensity is same
as in the measurement of the history dependence.

Figure 6(a) shows the SHG intensity as a function of the
rotation angle of the polarizer measured with the analyzer
fixed parallel to the direction of the electric field (I[001])
(case I). A sinusoidal curve of the periodicity of 180° is
observed: The maximum is obtained when the polarization
direction of the fundamental wave is parallel to the electric
field. Similar measurement is made with the analyzer fixed
perpendicular to the field direction (case II). A sinusoidal
curve of the periodicity of 90° is obtained as shown in Fig.
6(b). Minima are obtained when the polarization direction of
the fundamental wave is parallel and perpendicular to the
field direction. Then the SH intensities are measured as a
function of the polarization direction of the SH wave with
the polarizer fixed parallel (case III) and perpendicular to the
field direction (case IV), and results are shown in Figs. 6(c)
and 6(d), respectively. These results are best fitted with the-
oretical curves assuming the point group of tetragonal 4 mm
as discussed in Sec. IV.

C. Temperature dependence of lattice constants

Powder diffraction profile of (400) reflection spectrum
was measured from 10 K with a step of 10 K up to 100 K in
ZFH/ZFC process. Examples of the result are indicated in
Fig. 7. At low temperature, a split of the profile is observed

PHYSICAL REVIEW B 72, 144103 (2005)

100+

FIG. 6. Polarization dependences of SH intensity of KTL:2.8%.
(a) indicates the case I of rotating the polarizer with the analyzer
fixed parallel to the electric field E(II[001]), (b) the case II of rotat-
ing the polarizer with the analyzer fixed perpendicular to E, (c) the
case III of rotating the analyzer with polarizer fixed parallel to E,
and (d) the case IV of rotating the analyzer with polarizer fixed
perpendicular to E. Solid lines indicate fitted curved calculated us-
ing Egs. (1)-(4).

as shown in Figs. 7(a) and 7(b). On the other hand, above T¥,
a split disappears and only a well defined peak is observed
[Fig. 7(c)]. Lattice constants determined from the analysis
are plotted as a function of temperature in Fig. 8. Results of
KTO, KTL:1.6%Li, and 5%Li determined by Andrews'? are

(a) (b)
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FIG. 7. X-ray powder diffraction profiles of KTL:2.8%. (a) in-
dicates the profile at 7=10 K, (b) at 7=30 K, and (c) 7=70 K,
where the Lorentz function is used for the analysis.
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FIG. 8. Temperature dependences of lattice constants of
KTL:2.8%. Results of x=0, 1.6, and 5 determined by Andrews
(Ref. 13) are also plotted for comparison.

also shown for comparison. Our data are located just be-
tween those of KTL:1.6%Li and KTL:5%Li. So it is natu-
rally concluded that the macroscopic symmetry of
KTL:2.8%L.i is tetragonal.

IV. DISCUSSIONS
A. A picture of the polar state of KTL:2.8%Li

Figure 5 obtained in this experiments is quite similar to
that in Fig. 4 measured by the piezoelectric effect,’> how-
ever, a difference is observed in the deviation temperature
between FH/FC and FH/ZFC. The reason would come from
the cooling/heating speed (v). In the present experiment, v is
1 to 3 K/min, while 0.18 K/min in Ref. 22. We managed the
experiments with v around the above value, but not with
smaller speed mainly due to the temperature-control limit of
the optical cryostat. The result confirms a strong evidence for
the fact that KTL below the critical concentration is disor-
dered polar state, and no long-range order develops. The di-
polar glass state or polar nanoclusters freezes gradually with
deceasing temperature below 7. The application of the ex-
ternal electric field aligns the direction of dipoles produced
by off-center Li approximately parallel to the field direction,
but it is localized only around Li impurities. At sufficiently
low temperature, the freezing of the dipole is so strong that
the application of the electric field cannot align the dipole at
all. However when the electric field is applied above T, a
number of dipoles are oriented to the field direction, and the
FC process keeps the state down to low temperature. Under
strong field, induced dipoles interact each other and ferro-
electriclike state is realized. This is a qualitative explanation
of the present experiment. It should be stressed that the his-
tory dependence shown in Fig. 5 is quite similar to that ob-
served in relaxor Pb(Mg,,5Nb,3)5.3> As for isothermal relax-
ation of the polarization, an important discussion has been
done on the aging effect of domain size.*®* SHG microscopic
observation can prove directly the model, provided that the
domain size be comparable or larger than the wavelength,
which is the next issue of the investigation.

The present experimental result indicates that the model
of polar nanocluster formation in cubic matrix is more rel-
evant in KTL with the critical concentration. The present
study did not determine nanocluster size or correlation length

PHYSICAL REVIEW B 72, 144103 (2005)

of dipole glass. However, several studies have already tack-
led the problem and obtained a consistent result of the size
around 20 nm.?

B. Average symmetry of the polar state induced
by electric field

To explain the results of Fig. 6, we first assume the point
group tetragonal 4 mm with the polar axis parallel to the
cubic [001]. Nonzero SHG tensor components d;; (the Voigt
notation is adopted here: i=1-3, j=1-6) are described as
follows:

dis
dis
dis dis ds;
Here Kleinman’s law on a transparent nonlinear optical crys-
tal is taken into account. There exist two independent com-
ponents d;5 and ds;.

SHG intensities I, I, I3, and I, corresponding to cases I,
IL, III, and IV are expressed as follows:

Iy = L[sin*(6 - 6,0) + p; cos™(0— 6) ], (1)
I = I%()[Pz cos(6— bag)sin(6— 6x9)]°, 2)
Iy = B[ ps cos(6— 65017, (3)

Ly= L[ pa cos(6— 6417 (4)

Here I;(i=1-4) means the intensity of fundamental laser
wave, 0, the direction of the electric field (I[001]), and p; is
expressed using SHG tensor components d;5 and ds; as

pr=dsyldyp=dsldis, pr,=2d;s,

pa=dxn=ds. (5)

Values determined by fitting experimental results in Fig. 6
are

p3=dss,

p1=282, p,=187, p;=2.63, p,=092. (6)

From these values, the following constant (in arbitrary unit)
are consistently obtained:

d33/d15=2.8610.18. (7)

These values are almost same as the previous reports as
shown in Table I.

We assumed that the point group is tetragonal 4mm, but
our results can be also explained by tetragonal 4, or lower
symmetry point group, e.g., orthorhombic mm?2. However
the result of x-ray diffraction experiments shows that the
most plausible crystal system is tetragonal. Then the present
experiment concludes that the average symmetry of field-
induced phase of KTL with Li critical concentration is 4mm
or 4.

V. CONCLUSIONS

Under the SHG microscope, we observed marked history
dependence of the polar phase induced by the electric field in

144103-5
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TABLE 1. Experimentally determined SHG tensor component
ratio ds3/d;5 of KTL:x%Li.

dy3/d,s Li concentration x%  E (V/mm) Reference
2.86+0.18 2.8 80 Present work
2.51+0.12 0 200 21
2.51+0.12 3.6 0, 80 21
2.45+0.2 1.6, 2.6,3.4, 6 0 25
2.70+4% 0 2050 37
3.03+4% 0 1530 37

KTL with critical concentration of Li (2.8 mol %). ZFH/
ZFC, FH/ZFC, FH/FC, or ZFH/FC processes follow different
paths. The result indicates that the ground state of KTL with
the critical concentration of Li is intrinsically inhomoge-
neous where the polar state is localized and the long-range
ferroelectric state is not developed. Two models would be
plausible: one is polar nanocluster model similar to relaxors,
and the other is a dipole glass model. The formation of polar
nanoclusters has already reported in pure KTO by using Ra-
man scattering measurements.>3

PHYSICAL REVIEW B 72, 144103 (2005)

The history dependence of the order parameter similar to
prototype relaxor PMN seems to support the polar nanoclus-
ter model. The marked photocurrent observed in low-
temperature region is also consistent with the model, by con-
sidering the percolative nature of nanoclusters: If the
nanocluster has semiconductive nature, they are connected
under the field to generate conductive nets on illumination.
For understanding the phenomenon more quantitatively, fur-
ther experiments are necessary, especially that for disclosing
semiconductive nature of the polar nanocluster, e.g., by using
scanning prove microscopes. The x-ray diffraction experi-
ments using a single crystal is also waited for.
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Spectroscopic Observation of Bipolaronic Point Defects in Ba;_ K, BiO;
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An infrared-absorption band centered at 0.85 eV, which is below the big optical absorption at the
charge-density-wave (CDW) gap energy of 1.85 eV, has been observed for semiconducting single
crystalline Ba;_,K,BiO;. With substituting K for Ba, the spectral weight of the new band increases
with x, while that of the CDW-gap excitation decreases. Since the impurity state with the K substitution is
known to be nonmagnetic at low temperatures, the Bi** state with 6s2 electrons surrounded by the six
Bi’* ions forms a small bipolaron by losing a pair of electrons in the Rice-Sneddon model. The new band
is assigned to a transition from the lower-Peierls band to a state of the bipolaronic point defect.

DOI: 10.1103/PhysRevLett.95.176403

For a three-dimensional Peierls semiconductor, BaBiO;
(BBO), a big optical response, has been found at 1.85 eV,
which corresponds to the Peierls gap formed by the pres-
ence of the short-range order of Bi charge disproportiona-
tion [1]. Band-structure calculations [2,3] indicate that
BBO, taking a cubic lattice symmetry, would potentially
be a high T, superconductor with high density of states at
the Fermi energy and presumable strong electron-phonon
interaction, as the band of the Bi 65—O 2 p antibonding state
is half filled. The energy gap in the real system possessing
monoclinic lattice symmetry arises from the breathing-
mode distortion of oxygen octahedra and also the tilting
one accompanied by a slight charge disproportionation of
Bi atoms. Theoretical calculation [4] by using an extended
Peierls-Hubbard model exhibits that direct-exciton ex-
citations on the W-L lines on the boundary surface of the
Brillouin zone reproduce the big optical response at
1.85 eV.

When holes are doped, the system should immediately
undergo the semiconductor-metal (SM) transition, but a
wide range of the semiconductive region is found for
BaPb,Bi;_,O; (BPBO) or Ba;_,K,BiO; (BKBO). For
BPBO, which is semiconductive for x <<0.65, the
electron-empty Pb*" band is centered in the upper-
Peierls band [1,5]. Because of the increased bandwidth
with the considerable Pb doping, the bottom of the Pb
band touches the lower-Peierls Bi** band, thereby induc-
ing the SM transition of the overlapping-band type. Rice
and Sneddon [6] have made a model in which Bi 6s
electrons couple with the breathing-mode distortion of
oxygen octahedra to form Bi’* and Bi** ions. Using a
magnetic analog, they have inferred that dilution by the
substitution of Pb for Bi causes the SM transition for
BPBO.

For BKBO, however, there is no definite interpretation
of the wide semiconducting region for x < 0.3, although
the reflection spectra have been found to exhibit behavior
similar to the one in the case of BPBO [7-9]. Recently,
using the Rice-Sneddon model in slightly hole-doped
BBO, Bischofs, Kostur, and Allen [10] have estimated
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energy of small polarons or bipolarons, which are self-
organized point defects and trap carriers in bound states
inside the Peierls gap. They have predicted the bipolaronic
point defect which is the state of missing pair of electrons
on the nominal Bi** sublattice. Formation of the small
bipolaron may be the mechanism of the insulating state
persisting over such a wide range in BKBO.

Here we note that, in optical absorption experiments for
BBO, a small indirect energy gap has been found to
correspond to the activation energy of the resistivity [11].
Narrowing of the indirect gap has been observed with
increase of the substitution in BPBO [12] and also in
BKBO [13].

In this Letter, we find a mid-infrared-absorption band
centered at 0.85 eV, the spectral weight of which increases
with x, while that of the direct transition between the
Peierls gap decreases. These indicate that the K-doping
destroys locally electron pairs to form the bipolaronic
defect states in the charge-density wave (CDW). The result
reported here supersedes previous interpretations in optical
studies for the semiconducting region of BKBO [7-9,14],
in which the new band at 0.85 eV has not been perceived.

For BBO, a single crystal was prepared by slow cooling
a stoichiometric mixture of BaO, and Bi,O; that was
melted in an Al,O5 crucible at 1333 K. For BKBO, single
crystals were synthesized by an electrochemical method
[15]. The K concentrations x of these single crystals were
determined by an electron-probe microanalysis (EPMA).
A calibration curve between x and the pseudocubic lattice
parameter, which is given in Ref. [16], differs from the one
for the ceramic samples [17]. All the samples were cut into
a form of a flat plate of dimensions 5 X 4 X 2 mm? with a
large (100) surface that was polished by using Al,O5
powder of 0.05 wm in size for the optical measurements.
The reflectivity spectra in a frequency range 0.005-0.7 eV
were measured on the large surface at ~11° incidence by
using a Fourier transform spectrometer and those in a
frequency range 0.7-4 eV were obtained by a grating
spectrometer. All the measurements were carried out at
room temperature. The absolute value of the reflectivity

© 2005 The American Physical Society
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was determined as compared with that of an evaporated Au
or Al film, which was measured with the same optical
alignment. The dielectric function was obtained by a
Kramers-Kronig (KK) transformation of the reflectivity.
The experimental data were extrapolated by a curve with
the frequency dependence of w~* from 4 to 17 eV, which
was effective for the compensation in the high-frequency
ranges.

In Fig. 1 we display the imaginary part of the dielectric
function €, from the KK analysis. For x = 0.13, and 0.16,
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FIG. 1. Imaginary part of dielectric function for semiconduc-

tive BKBO. The spectra are decomposed into two Lorentzians of
the peak A and B by fitting. The peak B corresponds to an
excitation from the lower-Peierls band to the bipolaron- defect
state, which increases the intensity with doping. The peak A
shifts the position to the lower energy with x.

we clearly find an additional new absorption band B below
a primary peak A. The new peak is more conspicuous in the
€, spectrum than in the conductivity one. The electronic
part of the spectrum can be discussed phenomenologically
in terms of a Lorentz-oscillator model in which the dielec-
tric function is given by

S;

. b
- la)'y]

(D

i
€(w) = € T sz 02
i

where w;, S;, and y; are the frequency, strength, and
damping factor of the jth Lorentz optical excitation, re-
spectively, and €, is the high-frequency ultraviolet dielec-
tric constant.

In fitting €, for x = 0.13 and 0.16, we find a sharp
feature centered at 1.71 eV, and 1.5 eV (peak A) and
another one at 0.85 eV and 0.85 eV (peak B), respectively.
For the spectrum of x = 0.05, the new band B, also located
at 0.85 eV, is weak and difficult to distinguish from the
intense peak A at 1.8 eV. In Fig. 2 we show the composi-
tional changes of w; and w, with previous results for
single crystals [8,9] or ceramic samples [7] where the
peaks A and B were not well resolved. Here, the x values
for the single crystals are recalculated by using the cali-
bration curve of the x versus the lattice parameters [16],
and the frequencies wyax for the optical conductivity
spectra are plotted. Since synthesis of ceramic samples in
a semiconductive region is known difficult [18], the fre-
quency in the metallic region is plotted. The position of the
peak A is found to decrease with x but remain finite in the
beginning of the metallic region, which indicates the pseu-
dogap as in the case of BPBO [1]. The peak A width does
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— 1
@ 1.0 F o, T
- E mm A _
0.5} : .
!
L i T
0.0 e
L R 1 . I s I " 1

0.0 0.1 0.2 0.3 04
K concentration x

FIG. 2. The peak positions w; for the peak A (full circles) and
B (full squares). Previous results for single crystals [8,9] (open
squares) and ceramic samples [7] (open triangles) are also
plotted for the spectra with an apparently single peak.
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not change significantly with increasing x (i.e., y; ~
1.0 eV). The peak B keeps a nearly constant position
of 0.85 eV with doping and has a nearly equal width to
the peak A, vy, ~ v;. With increasing x, we expect that
the peak B with a larger width overlaps the peak A with the
decreasing position, resulting in a single broad peak in the
spectrum.

In Fig. 3, we estimate and plot the effective number of
electrons per a Bi atom, Ny, involved in the optical
excitations for each absorption band by the following
integration,

_ mOVC
ff =555
¢ 272e?

f * o'ey(w)dw, )
0

where m and V, are the bare-electron mass and the crystal
volume per a Bi atom [19], respectively. For the upper limit
of the integral w,, the cutoff frequency should be used,
since the Lorentzian function is known to have a long tail.
We use the frequency giving the minimum of the optical
conductivity spectrum in accordance with the definition
of Ref. [9]. In Fig. 3, it is found that N at x = 0is 0.5 by a
factor of 1/2 smaller than 1 electron per Bi, which should
be involved in the excitation across the CDW gap assuming
no transition to the higher levels, as Puchkov et al. [9] have
pointed out as the missing spectral weight.

For the peak B component, we find that the N in-
creases with doping and approaches the substantial part of
the reported values for the overdamped midinfrared com-
ponent in the metallic region [9,20]. On the other hand, that
of the peak A increases once and decreases with x.

1.0 R e L B
\,\\\1‘_)6 : Ba K BiO,
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FIG. 3. Spectral weight for the peak A (open circles), B (full
circles), the sum (full diamonds), and the previous results
(full squares) [8,9]. The broken, dotted, and solid lines are fits
to the spectral weights of a(l — x)/4, b(1 — x)x/4, and the
sum, respectively, in which the expressions take account of the
bipolaron concentration with the doping. The chain line is
N =1—x.

In the Rice-Sneddon model, in which the strong inter-
action is taken into consideration between electrons and
the breathing-mode distortion in BKBO, the doped holes
are shown to be self-trapped to result in small polarons or
small bipolarons [10,21]. The small bipolaron is predicted
more stable than the small polarons and amounts to a point
defect. Absence of local-intrinsic-moment behavior in
doping systems [22,23] is consistent with the small-
bipolaron picture. The predicted energy level of the small
bipolaron in the Peierls gap of 2A is located at 0.7A =
0.7 eV above the lower-Peierls band compatible with the
experimental observation of 0.85 eV.

The number of the bipolaron states per a Bi atom is x/2,
and that of the lower band, i.e., Bi** states, decreases as a
function of (1 — x)/2. Thus, the weight of the transition
from the lower band to the small-bipolaron state changes as
bx(1 — x)/4; on the other hand, that from the lower to
higher Peierls band should decrease as a(1 — x)/4. We
note that a and b would be constants as long as x is small
and the transition matrix elements between the states re-
main constant with x. In Fig. 3, we plot the fits to the
spectral weights for the peaks A and B, where a = 2.13 and
b = 2.98. The total spectral weight of A and B is close to
the previous data even in the more concentrated region [9].
Therefore, the optical spectrum below 1.85 eV in the
metallic region seems to be comprised of the peaks A, B
and the Drude component from the free carriers, in accor-
dance with the experimental observation [20] that the
optical conductivity for x = 0.4 consists of two contribu-
tions; one is a Drude-like component (about 6% of the
midinfrared one) and another is an overdamped Lorentz
component centered at ~0 eV.

Since the electronic wave function compatible with the
CDW would be expressed as cosZ x cosTycosT z and the
wave function at the bipolaron point defect is the s state at
the origin, the optical transition is forbidden [10]. In the
realistic band calculation [3] for BBO, the top of the lower
band is predicted to be the W-point state, though the optical
transition to the bipolaronic point defect would still be
forbidden. In BBO, however, LO phonons are found both
infrared and Raman active, which indicates that BBO lacks
inversion symmetry [24]. Although a compatible local or
uniform crystal structure is unknown, the local structure
seems different from the mean crystal structure measured
by the neutron or x-ray diffraction method, and the ob-
served peak B transition is optically allowed, since the N
is close to the K content or the doped-hole one. For the
peak A, the reason for the first increase of N at x = 0.05
may possibly be due to the increase of the local distortion
around Bi’" ions adjacent to the bipolaron defects which
appear with the doping.

According to Bischofs, Kostur, and Allen [10], as a
result of the hole doping, the Bi’" bipolaron state occurs
at the Bi*™ site, and a single bipolaron distortion changes
six adjacent Bi>* states to six localized ones for electrons
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below the bottom of the unoccupied upper-Peierls band.
With increasing doping, these localized states will have
width just like the impurity band, since the electronic wave
functions become to overlap each other between the local-
ized states. Therefore, the width of the upper-Peierls band
increases and the peak position of the spectrum A de-
creases with the doping. Furthermore, two bipolarons ad-
jacent to a Bi>" upper-Peierls state will appear with doping
and make the localized state with further lowering its
energy. Since the peak B position keeps constant in the
semiconducting region, the system is inferred to undergo
the SM transition, when the bottom of the upper-Peierls
band crosses the top of the lower-Peierls band on lowering
the energy with the interaction between the Bi*" site and
the adjacent several bipolaron defects.

For the semiconducting sample near the SM transition,
the bipolaron transport is claimed from the optical con-
ductivity spectrum [14], which seems, however, to be
assigned as the merged feature of the peak A and B, as
has been discussed above for Figs. 2 and 3. Observed peak
of the bipolaron is due to the interband transition, not the
intraband one. Since the indirect gap was found in the
optical absorption spectrum [13], the electrons and holes
are thermally excited across the gap, so that small electron
polarons and hole ones rather than small bipolarons seem
to play important role in the transport phenomena as a
result of the strong electron-phonon interaction. The bipo-
laron which appears with the K substitution for Ba will
reside near the K site because of the Coulomb interaction.
At high temperatures up to 400 K, a new excitation [25,26]
appears below the peak B, and at low temperatures the
behavior of the finite optical conductivity was found at the
far-infrared region [27], which indicates the small-polaron
excitation.

In summary, in the system of BKBO, there are two
components in the optical spectra below 1.85 eV; one
corresponds to the CDW-gap excitation from the lower to
upper-Peierls band, and another to the transition from the
lower-Peierls band to the bipolaron local defects in the
semiconducting region, and both remain even in the me-
tallic region.
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*Present address: Kamerlingh  Onnes
University of Leiden, The Netherlands.
'On leave from Department of Physics, Bahauddin
Zakariya University, Multan, Pakistan.

[1] S. Tajima, S. Uchida, A. Masaki, H. Takagi, K. Kitazawa,
S. Tanaka, and A. Katsui, Phys. Rev. B 32, 6302
(1985).

[2] L.F. Mattheiss and D.R. Hamann, Phys. Rev. B 28, 4227
(1983).

Laboratory,

(3]

(4]
[51
(6]
[7]

(8]
(9]
[10]
[11]

[12]

[13]

[14]

[15]

[16]
[17]

[18]
[19]
(20]
(21]

[22]

(23]

[24]
[25]

(26]
(27]

176403-4

A.IL. Liechtenstein, I.I. Mazin, C.O. Rodriguez, O.
Jepsen, O.K. Andersen, and M. Methfessel, Phys. Rev.
B 44, R5388 (1991).

S.M. Hasanuzzaman, K. Iwano, and K. Nasu, J. Phys.
Soc. Jpn. 68, 1376 (1999).

H. Namatame, A. Fujimori, H. Takagi, S. Uchida, F. M. F.
de Groot, and J. C. Fuggle, Phys. Rev. B 48, 16917 (1993).
T.M. Rice and L. Sneddon, Phys. Rev. Lett. 47, 689
(1981).

S. H. Blanton, R. T. Collins, K. H. Kelleher, L. D. Rotter,
Z. Schlesinger, D. G. Hinks, and Y. Zheng, Phys. Rev. B
47, 996 (1993).

M. A. Karlow, S.L. Cooper, A.L. Kotz, M. V. Klein, P.D.
Han, and D. A. Payne, Phys. Rev. B 48, 6499 (1993).
A.V. Puchkov, T. Timusk, M. A. Karlow, S.L. Cooper,
P.D. Han, and D. A. Payne, Phys. Rev. B 54, 6686 (1996).
I. B. Bischofs, V.N. Kostur, and P. B. Allen, Phys. Rev. B
65, 115112 (2002).

H. Uwe and K. Tachibana, Advances in Supercond.
(Springer, New York, 1995), Vol. VII, p. 165.

H. Uwe and Y. Yamamoto, Proceedings of the 2lIst
International Conference on Low Temperature Physics,
edited by S. Danis, V. Gregor, and K. Zaveta (World
Scientific, Singapore, 1996), p. 2689.

M.E. Kozlov, X. Ji, H. Minami, and H. Uwe, Phys.
Rev. B 56, 12211 (1997).

A.V. Puchkov, T. Timusk, M. A. Karlow, S.L. Cooper,
P.D. Han, and D.A. Payne, Phys. Rev. B 52, R9855
(1995).

T. Nishio, H. Minami, and H. Uwe,
(Amsterdam) 357-360, 376 (2001).

T. Nishio and H. Uwe, J. Phys. Soc. Jpn. 72, 1274 (2003).
S. Pei, J.D. Jorgensen, B. Dabrowski, D. G. Hinks, D.R.
Richards, A.W. Mitchell, J.M. Newsam, S.K. Sinha,
D. Vaknin, and A.J. Jacobson, Phys. Rev. B 41, 4126
(1990).

A. Iyo, H. Uwe, and T. Sakudo, Advances in Supercond.
(Springer, New York, 1992), Vol. IV, p. 211.
Pseudocubic lattice parameters for estimating V. are
shown in Ref. [16].

A.V. Puchkov, T. Timusk, W.D. Mosley, and R.N.
Shelton, Phys. Rev. B 50, 4144 (1994).

J. Yu, X.Y. Chen, and W.P. Su, Phys. Rev. B 41, 344
(1990).

B. Batlogg, R.J. Cava, L. W. Rupp, Jr., A.M. Mujsce,
J.J. Krajewski, J. P. Remeika, W. F. Peck, Jr., A. S. Cooper,
and G.P. Espinosa, Phys. Rev. Lett. 61, 1670 (1988).

H. Uwe, X. Ji, and H. Minami, Proceedings of the 21st
International Conference on Low Temperature Physics,
edited by S. Danis, V. Gregor, and K. Zaveta (World
Scientific, Singapore, 1996), p. 2691.

S. Sugai, Phys. Rev. B 35, 3621 (1987).

J. Ahmad, T. Nishio, and H. Uwe, Physica C (Amsterdam)
388-389, 455 (2003).

J. Ahmad and H. Uwe, Phys. Rev. B 72, 125103 (2005).
J. Ahmad and H. Uwe, Physica C (Amsterdam) 412-414,
288 (2004).

Physica C



Phase Transition in Bi-layered perovskite and a model of

ultra-thin ferrodectric film

AkiraONODERA
Department of Physics, Hokkaido University, Sapporo 060-0810, Japan

Ferroelectricity in Bi-layered pseudo-perovskite SrBiTaOg (SBT)
was discovered at 608 K (T,) by Smolenski et al in 1961 [1]. SrBi,Ta,0q
has been much attracted as a promising material for ferroelectric
nonvolatile semiconductor memory (FeERAMS) [2,3] and optoelectronic
integrated devices. The crystal structure of SBT is highly anisotropic and is
composed from SrTa,0O; perovskite-like unit sandwiched by bismuth oxide
semiconductor layers. This structural character is just suitable for
fabrication of thin films and might be a key material of future
ferroelectric-device application. The spontaneous polarization (Pg) is
relatively large (5.8 uC/cm? along the a-axis at room temperature), while
Ps=26 nC/cm?” in a representative perovskite ferroelectric BaTiO; aong the
tetragonal c-axis. The dielectric constant (¢) and the specific heat (Cp) of
this crystal show very weak and broad temperature dependence with 100 K
temperature width. The peak value of e is only 300 at T, which is two
orders as small as that of BaTiOs. Although these two perovskite oxides
exhibit quite different nature, the dielectric behavior of BaTiOs thin filmis
rather similar to those in SBT. Based on this analogy, we will expect that
this bulk layered ferroelectric is a good example of ultra-thin ferroelectric
model with 2 monolayers of TaOs perovskite units, free from any misfit
lattice strain with substrate.

We studied thermal and structural behavior of SBT, and found
anomalies at 608 K (T¢) and 850 K (T*) in C, and lattice constants by X-ray
diffraction [4-5]. X-ray Rietveld analysis confirmed the tetragonal structure
over T* and antiparalel arrangements of TaOg octahedra in the
high-temperature paraelectric phase above 850 K. The TaOg octahedra are
distorted along the c-axis. In the ferroelectric phase, this crystal favors
canted octahedral arrangements below T, which result in the net
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spontaneous polarization along the a-axis. We suggest canted
ferroelectricity (weak ferroelectricity) for SBT.
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Recently, it is reported that (Na,K)NbO3-based |ead-free piezoelectric
ceramics with properties that closely match those of lead zirconium titanate
(PZT) have been created [1]. This result has established a firm position for
the (Na,K)NbOs-based solid solutions as the most prospective lead-free
piezoelectric aternatives for PZT. In order to study the mechanism
responsible for the doping-enhanced piezoelectricity in (Na,K)NbOs-based
solid solutions, the dielectric and the piezoelectric properties of the solid
solution (Na,K)NbOs-ATiOs (A = Ba, Sr, and Ca) have been studied [2-4].

Barium titanate (BaTiOs), strontium titanate (SrTiOs), and calcium
titanate (CaTi03) have the same perovskite structure as (Na,K)NbO; and a
complete solid solution can be formed between them. According to the
dielectric constant measurement results, a phase diagram is established for
each solid solution (Fig. 1). It is found that, for (1-x)(Na,K)NbOs-xATiOs
(A = Ba, Sr, and Ca) solid solution, piezoelectric properties, dielectric
properties and the phase diagrams show following universalities: (1) the
cubic-tetragonal (C-T), the tetragonal- orthorhombic (T-O), and the
orthorhombic-rhombohedra phase transition temperatures rapidly decrease
with increasing x. (2) the dielectric constant peaks become more and more
broadened with increasing x. (3) the T-O phase transition temperature (tc,)
decreases more sharply than the C-T phase transition temperature (t.;) does.
Moreover, te, isonly afunction of x and almost independent of A. (4) aT/O
morphotropic phase boundary (MPB) is formed a x ~ 0.05. (5) the
electromechanical coupling coefficients k, and the piezoelectric constant
ds3 maximize at around x ~ 0.05.

According to the above results, we suggest that the mechanism
responsible for the enhanced piezoelectric properties in the
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(Na,K)NbOs-based solid solutionsis the T/O MPB formation at x ~ 0.05.
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Fig. 1 Phase diagram summarized from the dielectric
constant measurements.
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Order-disorder Nature of New Ferroelectric BaTi,05
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L ead-based ferroelectric materials with perovskite structure, PZT and
PMN-PT, exhibit good ferroelectric and piezoelectric properties, and thus
are widely used as electromechanical devices. However, lead may affect
natural environment. The development of lead-free ferroelectric materials
is required from the viewpoint of environmental problems. Very recently,
Akishige et al. found ferroelectricity in BaTi,Os single crystal. The crystal
system of the ferroelectric phase is monoclinic with space group C2 and
has a spontaneous polarization of 7 uCem™ along the b-axis. However, in
our knowledge, minimal information is available regarding the physical
properties and dynamics of the ferroelectric phase transition of this material.
To clarify the origin of ferroelectricity, an important point is to know
whether this transition is primarily of displacive or of order-disorder type.
In present work, ferroelectric single crystals of BaTi,Os have been studied
in detail by Raman and high-resolution micro-Brillouin scattering with
focus on the centra component of the relaxation mode over a wide
temperature range (20 — 600°C). A relaxation mode has been clearly
observed in these single crystals for the first time. The temperature
dependence of the relaxation time and integrated intensity of the relaxation
mode are well reproduced by the extended semiclassical tunneling model.
The ferroelectric phase transition shows, at least near the vicinity of T, an
order-disorder nature. Our results indicating that the spontaneous
polarization mainly resulted from the dynamic disorder of the Ti ionsin the
octahedra along the polar b-axis of BaTi,0k.
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Ferroelectric single crystals of Bg0s have been studied in detail by Raman and high-resolution
micro-Brillouin scattering with a focus on the central component of the relaxation mode over a wide
temperature rang€20—600 °Q. A relaxation mode has been clearly observed in these single
crystals. The temperature dependences of the relaxation time and integrated intensity of the
relaxation mode are well reproduced by the extended semiclassical tunneling model. The
ferroelectric phase transition shows, at least near the viciniffj,0én order-disorder nature. Our
results indicate that the spontaneous polarization mainly resulted from the dynamic disorder of the
Ti ions in the octahedra along the polaaxis of BaTyOs. © 2005 American Institute of Physics

[DOI: 10.1063/1.1880442

Lead-based ferroelectric materials with perovskite struc-  To understand the phase transition mechanisit, and
ture, lead zirconium titanat¢PZT) and lead magnesium lattice dynamics, it is useful to apply an inelastic light scat-
niobate-lead titanat¢éPMN-PT), exhibit good ferroelectric tering technique. Since, frequency shifts and full width at
and piezoelectric properties, and thus are widely used asalf maximum(FWHM) of the optical and acoustical modes
electromechanical devices. However, lead may affect thare very sensitive to phase transitions and also low fre-
natural environment. The development of lead-free ferroelecquency, relaxation phenomena can be directly observed by
tric materials is required from the viewpoint of environmen- this method. Here, we report on the normal modes and cen-
tal problems. Barium titanatéBaTiOs) is a good candidate tral peak of BaTiOs single crystals by the Raman and Bril-
for a lead-free ferroelectric material. Usually A- and B-site louin light scattering technique.
dopants have been used to modify the electrical properties of Needlelike crystals of BajDs were grown by rapidly
BaTiO;. In this way, either or both the Curie temperatlige  cooling fine powders of BaTiQand TiO, as starting mate-
and the nature of a phase transition may be modified andals. The consequent mixing ratio is BaO:TB€B3:67.
sometimes lead to a diffuse phase transition-type behaviorCrystal growth was performed in air ambient. Details of the
Stattorf grew single crystals of barium dititanatBaTi,Os)  growth conditions have been reported elsewR&r&aman
together with BaTi2@, BaTi,Oq, and BaTiO, to investigate  scattering is excited using a diode-pumped solid-state laser at
the binary system of BaO—Ti{n the 1950s. Harrisohand  a wavelength of 532 nm and a power of about 100 mW. The
Tillmanns' determined that its crystal system is monoclinic signal was analyzed by a triple-grating spectrometer of addi-
with space group &, Very recently, Akishigeet al>®found tive dispersionJobin Yvon T64000 The spectral resolution
ferroelectricity in this single crystal. The crystal system ofwas about 2 crit. The Brillouin scattering spectra were
the ferroelectric phase is monoclinic with space group C2measured using €8+ 3) tandem Fabry—Perot interferometer
and has a spontaneous polarization gf@ cni? along theb  of high contrast, combined with an optical microscope
axis. The unit-cell parameters aae=16.91 A,b=3.94 A,c  (OLYMPUS BH-2). A conventional photon-counting system
=9.49 A, andB=103.0°. Dielectric measurements show thatand a multichannel analyzer were used to detect and average
the ferroelectric Ba%Os crystal grown in a reducing air the signal. A single-frequency Adon laser with a wave-
shows a diffuse phase transition at arouie-430 °C. The length of 514.5 nm and power of 100 mW was used to excite
crystal grown in air shows a sharp dielectric anomaly reachthe sample. In both methods, backward scattering geometry
ing 30 000 atT,~479 °C. Kimuraet al’ shows the dis- was employed. A cryostat cefTHMS 600 with tempera-
placement of Ti atoms in the one of the Ti sites is mainlytures varying from -190 °C to 600 °C and with a stability
responsible for the ferroelectricity. Furthermore, ferroelecof +0.1 °C was used for temperature variation.
tricity of this single crystal was confirmed and explained The temperature dependence of the Raman spectra of a
using first-principle calculatioﬁ.However, except dielectric BaTi,Os single crystal measured ia(b,b+c)a geometry
measurements, minimal information is available regardingrom 8 cni® to 120 cm is shown in Fig. 1. No soft mode
the physical properties and dynamics of the ferroelectriGyas observed. The lowest mode appeared at 8¢ ahroom
phase transition of this material. To clarify the origin of fer- temperature where indicated by arrows. Although, the mode
roelectricity, an important point is to know whether this tran- frequency of this lowest mode does not show clear softening,
sition is primarily of displacive or of order-disorder tyf)e. it shows broadening approachifig then disappears. A typi-
cal Brillouin spectra with a free spectral rangeSR of

aAuthor to whom correspondence should be addressed; electronic mait00 GHz and a scan range of 1-5 FS_R ofi@0 plane at .
anwar@ims.tsukuba.ac.jp selected temperatures are shown in Fig. 2. Both methods, in
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line is the fit of the relaxation times using the tunneling model, with,1/
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FIG. 1. Low-frequency Raman spectra in BgJ4 obtained between 8 crh fransition temperatur,
o

and 120 crm! at temperatures 500, 440, 380, 320, 260, 200, 140, 80, and
20 °C, from top to the bottom. The arrows indicate the lowest mode ob-

served at 80 cnt at room temperature. CP indicates central peak. we can still see the hypersonic damping. This observation
correlated with the appearance of a central peak, as shown in

addition to the usual phonon features, such as normal modédd- 2. Here, we will focus on the properties of the relaxation
determined by selection rules, a relaxation mode has begRode; The acoustic properties will be published separately.
clearly observed in BaJOs crystals. Upon heating, a central When the rela>§at|on occurs in the lonic motion, the spec-
peak appears around 300 °C and shows marked temperatdfal responseS(w) is usually well described by the Debye
dependence. The intensity of the central peak increasd§laxation in the high-temperature approximation.
markedly as the temperature approachgfom both above
and below. The spectral analysis on Brillouin spectra was
carried out using the convolution of a Lorentzian spectral
function with a Gaussian broadening function. The tempera- . . .
ture dependences of elastic stiffness constagtobtained Where S(w) is approximated by a Lorentzian centered at
from frequency shifts and FWHM for the transverse acousticzero-frequency shift with a half width at half maximum
(TA) mode are shown in the inset of Fig. 3. One anomaly isequal to the inverse of the relaxation tine

clearly observed af,=470 °C from bothcgg and FWHM of The obtained intensity of the central peak and the relax-
the TA mode. The transition temperature reported here is i@tion time are shown in Fig. 3. It can be noted that the
good agreement with those obtained by dielectric measur@.noma“es are observed in both intenSity and relaxation time
ments for BaTiOs of the same sampfeThe elastic stiffness at around 470 °C, which is the same temperature as the
Constan’[c66 shows a Softening upon approachimg from anomalies of the acoustic anomalies shown in Flg 2. The
below. However, abov@,, it does not show any clear tem- relaxation time slows down and the central peak intensity

perature dependence. The interesting part is aigvehere  increases markedly when temperature approadieom
above and below. However, the rate of slowing down is dif-

ferent above and below,. Point symmetry of BaTOs at

Frequency Shift (cm ™

Sto) = Y o)n(e) + 1] % T, (1)

Central peak 3 i s room temperature is monocliniczpa_(b,_b)Escqtter_ing ge-
| o . ometry relates to £&y)-symmetry excitation, which involves
Ghost La i~ :S: ionic motion parallel to the polar axis, aadb, c)a scattering
':? TA T oo relates to Bx,z)-symmetry excitations, which involve ionic
g §00°C motion in a plane perpendicular to the polar axis. Brillouin
ol T . . .
G | wma T scattering spectra observed in the above two scattering ge-
L [ NG ometries at 410 °C is shown in the inset of Fig. 2alb,b)a
- e aauusl e .
e ~ly scattering geometry, we can see the strong central compo-
210 nent. However, ira(b,c)a geometry, the strong broad central
— o component disappeared, indicating that the central peak has
, : . . e an Aly) symmetry connected to the dynamic disorder of the
-150 -100 -50 0 50 100 150 Ti ions in the octahedra along the polaraxis of BaTpOs.
Brillouin Shift (GHz) This kind of collective motion of Ti ions may be the origin of

ferroelectricity in BaT}Os.
FIG. 2. Brillouin spectra obtained with FSR of 100 GHz and scan range of The presence of the central peak is direct evidence that a

+1.5 FSR at temperatures 600, 570, 520, 470, 410, 350, 310, 200, 100, a . - . -
26 °C, respectively, from the top to the bottom. LA: longitudinal a(:ousticr}%laxatlon mechanism takes pIace in BAJg and that the

mode. TA: transverse acoustic mode. Inset: Polarization dependence of BrifElaxation modes Play a key _r0|e _in t_he lattice dynamics.
louin spectra of BaTOs at 410 °C. Concerning relaxation modes in Brillouin or Raman scatter-
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ing, there are different origins, static or dynamic. The moswidth broadens rapidly below the top of the barrier. There-
important distinction of the origin of the central peak, fore, small changes in the thermal energy of Ti ions give rise
whether static or dynamic, is the spectral width. The statido large changes in the size of the barrier width through
origin gives rise to a narrow and temperature-independenwhich it must tunnel. This model explains the strong tem-
central peak, while the dynamic origin results in a relativelyperature dependence of the relaxation time observed in the
broad and temperature-dependent central peak. The finer disigh-temperature phase. As noted in Fig. 3, the relaxation
tinctions among various dynamic mechanisms, such as enime also shows a rather strong temperature dependence be-
tropy and phonon density fluctuations, degenerate electroniow T, but slightly weaker than that aboVe. For ferroelec-
levels, phasons, ion hopping, precursor clusters, and tunnefFics, spontaneous polarization appears just belgvso that
ing, are its temperature, symmetry, and wave vectothe double-well potential along the polar axis shows a strong
dependencd®® asymmetric line shape. For a BaDk single crystal below
Similar central peak features that we observed inT;, the asymmetric line shape of the double-well potential
BaTi,Os have been reported in several classical pure andesulting from spontaneous polarization suppresses the tem-
mixed perovskite compounds, such as Kh%bBaTiO& and perature dependence behavior of the Ti ions under tunneling.
KTa;Nb,O3 in a Raman scattering stua@.7Their central In conclusion, a relaxation mode was observed in the
peaks have Lorentzian-type shapes centered at the zerBaman and Brillouin scattering spectra of ferroelectric
frequency shift that is indicative of a Debye relaxation. TheBaTi,Os single crystals. These central peaks have line shapes
width of the central peaks is temperature dependent, as pref Debye relaxation. The temperature dependence of the re-
dicted by the semiclassical model which was first used tdaxation time and integrated intensity of the central peak are
explain the dielectric properties and anomalous of Age consistent with the extended semiclassical tunneling model
[transverse opticalTO)] mode in BaTiQ.*® Later, it was in which the off-center Ti ion in the octahedra tunnels be-
extended to explain the relaxation modes in some relaxotween two sites of a double-well potential. The ferroelectric
ferroelectrics->% In this semiclassical model, the thermally phase transition shows, at least near the vicinityTgfan
excited B ions tunnel through the top of a barrier between th@rder-disorder nature. It seems that the spontaneous polariza-
two sites in the eight-site potential which describes a set ofion mainly resulted from the dynamic disorder of the Ti ions
off-center positions for the B ions in every perovskite unitin the octahedra along the polaraxis of BaTiOs.
cell. The average relaxation timein this set of sites can be

written as This work was supported in part by the 21st Century

COE program under the Japanese Ministry of Education,
AV -KkT Culture, Sports, Science, and Technology.
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Microheterogeneity and field-cooling effects were investigated on
Pb[(Zn3Nb,13)0.955T10,045]O3 (PZN-4.5%PT) single crystals by using a
high-resolution micro-Brillouin scattering. The temperature dependence of
Brillouin shift showed a typical relaxor behavior with marked softening on
approaching the diffuse phase transition, but also revealed a clear
microareal variation in a thombohedral phase below 150 °C which means a
heterogeneity exists over a length scale of at least a few microns in
PZN-4.5%PT. These two features seem to correlate with the coexistence of
both micronsized domains and irregular nanosized domains, recently
confirmed by high-resolution domain studies. This complex domain
structure may make each microdomain represent different relaxor
behaviors due to its own polar nanoregions and their dynamics. When the
crystal was cooled under the electric field along the [001] direction from a
cubic phase, two field-induced changes were observed in the Brillouin shift
at around 143 °C and 106 °C. This observation is in good agreement with
the dielectric measurements, meaning a medium-range ordered phase exists
between short-range ordered and long-range order phases.
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Microheterogeneity and field-cooling effects were investigated on Pb[(Zn;/3Nbs3)0.055Ti0 045103
(PZN-4.5%PT) single crystals by using a high-resolution micro-Brillouin scattering. The
temperature dependence of Brillouin shift showed a typical relaxor behavior with marked softening
on approaching the diffuse phase transition, but also revealed a clear microareal variation in a
rhombohedral phase below 150 °C which means a heterogeneity exists over a length scale of at
least a few microns in PZN-4.5%PT. These two features seem to correlate with the coexistence of
both micronsized domains and irregular nanosized domains, recently confirmed by high-resolution
domain studies. This complex domain structure may make each microdomain represent different
relaxor behaviors due to its own polar nanoregions and their dynamics. When the crystal was cooled
under the electric field along the [001] direction from a cubic phase, two field-induced changes were
observed in the Brillouin shift at around 143 °C and 106 °C. This observation is in good agreement
with the dielectric measurements, meaning a medium-range ordered phase exists between

short-range ordered and long-range order phases. © 2005 American Institute of Physics.
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Lead-based perovskite relaxor ferroelectrics are well-
known functional materials for industrial applications such
as high-permittivity capacitors, ultrasonic transducers and
actuators, etc." Physical properties of relaxor ferroelectrics
are closely related to their complex perovskite structures and
the existence of polar nanoregions (PNR). The dynamics of
PNR causes a diffuse and frequency-dependent broad dielec-
tric maximum, broad distribution of relaxation times and ag-
ing behaviors at low tempelratures..2 In spite of many experi-
mental and theoretical efforts on relaxors, such as random-
field model,’ dipolar glass mode,* and recent spherical
random bond-random field model,5 understanding of the mi-
croscopic origin of their complex behaviors is still not
enough up to the present.

Complex perovskite relaxor ferroelectric materials such
as Pb[(Zn,sNby3),_,Ti, O, (PZN-x%PT) and
Pb[(Mg,3Nb,3),_Ti JO3 (PMN-x%PT) single crystals are
excellent candidates for electromechanical applications due
to their huge piezoelectric properties. Concerning typical re-
laxors, Pb(Zn1/3Nb2/3)02 (PZN) and Pb(Mgl/3Nb2/3)O3
(PMN) crystals show a diffuse, frequency-dependent broad
dielectric peak, broad distribution of relaxation times with
divergent leading edge on cooling, and a formation of polar
nanoregions below the Burns temperature, Ty, far above the
temperature of dielectric maximum, Tm.6 On the other hand,
as the composition of Ti increases, PZN-x % PT and PMN
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-x%PT exhibit structural phase transitions from cubic to te-
tragonal or rhombohedral symmetries depending on the com-
position x.78

Recently, diffraction studies have clarified that the struc-
tures of PZN-x%PT and PMN-x%PT near the MPB are
more complicated than our knowledge, and monoclinic
and/or orthorhombic symmetries appear with and/or without
biasing electric field depending on the composition.9’10
Moreover, it was brought to light by high-energy x-ray and
neutron diffraction studies that the ground state of parent
PZN and PZN-x%PT with x<8% might be pseudo-cubic
with an unknown phase “X” accompanied by a rhombohedral
distortion limited to the outer surfaces of the crystals.“’12

Recently, Brillouin scattering has been performed on
PZN and PZN-9%PT near the MPB,">™" while there is no
systematic investigation on the PZN-4.5%PT crystals of
which the composition is located at around the middle be-
tween the PZN-9%PT and pure PZN. Brillouin spectra of
PZN showed typical relaxor behaviors such as a broad soft-
ening of the Brillouin shift of acoustic modes with an in-
crease of phonon damping over a wide temperature range,16
while PZN-9%PT exhibited clear two-step anomalies in both
frequency shift and damping corresponding to two succes-
sive phase transitions from cubic to tetragonal and tetragonal
to rhombohedral phases.l7 In this paper, we report our study
on PZN-4.5%PT by using micro-Brillouin scattering in order
to understand the field-cooling effects and spatial variation of
elastic properties of this composition.

The PZN-4.5%PT single crystals were grown by the
Bridgman method and cut for obtaining pseudo-cubic crystal

© 2005 American Institute of Physics
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FIG. 1. (a) Brillouin scattering spectra of a PZN-4.5%PT crystal at two
temperatures; (b) Brillouin peaks of longitudinal acoustic mode at 250 °C
and 30 °C in an extended frequency scale; (c) the microareal dependence of
the Brillouin peak at room temperature; (d) the dependence of the Brillouin
shift on the biasing electric field at 100 °C. Solid lines in (c) and (d) denote
fitting lines.

orientations of [100]/[010]/[001]. The crystal dimensions
were approximately 6.5 X 4.1 X 0.65 mm?®, and the two crys-
tal surfaces perpendicular to the pseudo-cubic [001] direction
were polished to the optical grade and coated by ITO. The
micro-Brillouin scattering system with a 3+3 pass
Sandercock-type tandem Fabry—Perot interferometer (FPI)
was used to investigate the elastic properties.17 A free spec-
tral range and a scan range were 75 and +60 GHz, respec-
tively. When different microareas were investigated, one mi-
cro area was measured and the sample was translated by
approximately 100~ 200 um by adjusting the X-Y transla-
tor. Since we used a backward scattering geometry, both the
phonon propagating direction and the biasing electric field
direction were along the [001] direction.

Typical Brillouin spectra of the PZN-4.5%PT crystal
composed of a longitudinal acoustic (LA) mode and a weak
central peak measured at 30 °C and 250 °C are shown in
Fig. 1(a). Figure 1(b) shows a clear change of frequency shift
and damping factor between 30 °C and 250 °C. Figure 1(c)
shows the variation of Brillouin peaks at three different mi-
croareas measured at room temperature. Figure 1(d) shows
the electric field dependence of the Brillouin peak at the
same microareas at 100 °C. As the field increases, the fre-
quency shift moves to higher position in the frequency win-
dow. At the field below about 3.0£0.5 kV/cm, Brillouin fre-
quency shift is nearly same as the value measured without
any bias field.

The temperature dependences of the Brillouin shift (Av)
measured at three different microareas on the same sample
are shown in the Fig. 2(a), where Av shows the same value
above 200 °C within experimental uncertainty. In contrast, it
starts to exhibit slight differences below 200 °C and a rela-
tively large microareal dependence below 150 °C near T,,.
As a result, the maximum change of Av in microareal depen-
dence at room temperature amounts to approximately
0.6 GHz within the investigated area. This means that rhom-
bohedral phase in the low-temperature range below the dif-
fuse phase transition temperature is characterized by a mi-
croheterogeneity. Each microregion probed by micro-
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(a) (b)
—— Microearea 1 —o— 0 kV/cm
41 o Microearea 2 - ——6.15kV/em
—<— Microearea 3 ——a—9.23 kV/cm

Frequency Shift (GHz)

1 " 1 L 1 t i 2 i 3. 1 n 1 i 1 " 1 1

0 S0 100 150 200 2500 50 100 150 200 250

Temperature ("C) Temperature ("C)

FIG. 2. Temperature dependences of the Brillouin shift of LA mode mea-
sured at three different microregions (a) and at three different biasing elec-
tric fields on the same microregion (b).

Brillouin scattering behaves as if it is an independent relaxor
with its own dynamics. This feature cannot be detected by
usual macroscopic measurements such as dielectric spectros-
copy, since they get the average response from the whole
surface of the sample.

In Fig. 2(b), one microregion was chosen for the inves-
tigation of field-cooling effects on PZN-4.5%PT using sev-
eral biasing electric fields. As the electric field increases,
Brillouin shift begins to become hardened below approxi-
mately 150 °C. In particular, Av exhibits a minimum just
near 143 °C and a change of slope near 106 °C under the
electric field of 6.15 and 9.23 kV/cm. Figure 2(b) points out
the field-induced changes in the PZN-4.5%PT crystals at two
distinct temperatures. Regarding the temperature dependence
of the damping factor (not shown in this paper), it did not
show any noticeable changes up to 10 kV/cm within the
experimental accuracy.

Figure 3 reveals the microheterogeneity of PZN-4.5%PT
in more details. The microregion for the Brillouin measure-
ment was scanned across the surface of the crystal at selected
temperatures. The spatial distance between neighboring mi-
croregions was approximately 100~200 um. It is found that
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FIG. 3. Microareal dependences of Brillouin shift and damping factor at
100 °C (a) and 350 °C (b).
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there is no microareal dependence in Av and damping factor
in the cubic phase at 350 °C. On the other hand, we can see
microheterogeneity clearly in Av and damping factor at
100 °C below the diffuse phase transition temperature of
150 °C, consistent with the temperature dependence of Av in
Fig. 2(a). When we compare these results with those of
PZN-9%PT,"® the Brillouin spectrum itself does not show
any noticeable signature for symmetry lowering. This result
is in contrast to PZN-9%PT which showed coexistence of
several phases such as tetragonal and rhombohedral symme-
tries depending on what microregion has been chosen.

Our major findings on PZN-4.5%PT single crystals can
be summarized as follows: (1) hypersonic frequency Aw
measured without poling field shows typical relaxor behav-
iors, but it clearly shows a microareal dependence below the
diffuse phase transition temperature; (2) two anomalies in Av
occur at ~143 °C and ~106 °C during field cooling under
the bias field of 5~9 kV/cm.

That is, the elastic properties of pure PZN showed a
difference between the cooling and heating prc>cesses.14’16
However, PZN-4.5%PT in the present study shows a clear
microareal dependence, i.e., the Brillouin shift becomes sen-
sitive to what microregion we choose when the temperature
is lower than the diffuse phase transition point. It is notewor-
thy that this kind of microareal dependence has been re-
ported in the Brillouin studies of other common relaxor
single crystals. PMN-35%PT"* and PZN-9%PT'® are excep-
tional because they are located at MPB, which is character-
ized by quasidegenerate energy states and prone to show
different symmetries depending on different microregions. In
case of PZN-4.5%PT, each microregion seems to show its
own relaxor behavior different from each other near and be-
low the diffuse phase transition temperature. The overall
shape of Av as a function of temperature is very similar to
that of PZN, reflecting relaxor nature of PZN-4.5%PT. Soft-
ening of Av accompanied by phonon damping over a wide
temperature range reveals the order parameter fluctuation
owing to the dynamics of PNRs, which is governed by
quenched random electric fields and random interactions.

Recent high-resolution domain studies revealed that the
domain structure of PZN-4.5%PT is composed of both nor-
mal micron-sized domains and irregular nano-sized
domains." Irregular domain patterns with the typical sizes
20-100 nm, mainly observed on the (001)-oriented surfaces
of unpoled PZN-4.5%PT, was interpreted to be related to the
relaxor nature of this composition. It is believed that the
coexistence of both the relaxor nature and microheterogene-
ity from our Brillouin study reflects the complex domain
structure in PZN-4.5%PT, where the significant softening in
Av is related to the dynamics of irregular nanosized domains
while the microareal dependence is due to the formation of
micronsized ferroelectric domains in which their own irregu-
lar nanodomains are incorporated. Therefore, each micro-
domain represents its own relaxor behavior that is slightly
different from one another at low temperatures.

Regarding the field cooling effects in Fig. 2(b), it is
worth comparing the present result with previous measure-
ments.”*?' Figure 2(b) revealed that field-induced successive
transitions occur at two critical temperatures around 143 °C
and 106 °C. Shen et al. observed two anomalies in the di-
electric constant under field-cooling and suggested these two
anomalies are related to field-induced changes from high-
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temperature short-range ordered phase to the medium-range
ordered phase and then to the long-range ordered ferroelec-
tric state at low temperatures. Two-step changes in the rem-
anent polarization were also observed at the same tempera-
tures. These two critical temperatures correlate well with
those of two anomalies in Av as can be confirmed from Fig.
2(b). These two temperature ranges are also in good agree-
ment with the phase diagram suggested by Lu et al.*' Shen et
al. reported that a small bias field of 0.65 kV/cm was
enough for inducing the above two phase transitions, since
the direction of the electric field was along the polar direc-
tion [111] of the rhombohedral phase. In our study, the bias-
ing field was applied along the [001] direction, and an elec-
tric field one order of magnitude higher than 0.65 kV/cm
was necessary to induce two clear anomalies in the acoustic
properties of PZN-4.5%PT crystal.

In summary, Brillouin spectrum of PZN-4.5%PT showed
both a typical relaxor behavior and a microheterogeneity.
This was ascribed to the coexistence of micron-sized do-
mains and irregular nano-sized domains.'? This complex do-
main structure may make each microdomain, which begins
to form near the diffuse phase transition temperature at
~150 °C, experiences its own freezing dynamics owing to
the interactions of PNRs in the environment of quenched
random fields and complex domain configurations in which
orthorhombic, monoclinic, or even triclinic symmetry might
be expected.22 Two anomalies were induced at ~143 °C and
~106 °C under the poling field along [001]. These two tem-
peratures are in good agreement with previous dielectric
studies and seem to indicate the medium-range ordered state
between the high-temperature short-range and low-
temperature long-range ordered phases.20
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Vibrational spectrum of Hen Egg White L ysozyme

AnnaSVANIDZE
A.F. loffe Physical Technical Institute of RAS Saint-Petersburg, Russia

The dynamics of globular proteins is of prime importance to the
understanding of their functions. It is especially important to investigate
low frequency vibrations in proteins, which presumably reveal collective
motions involving alarge part of the macromolecule.

As pointed out in papers [1], the features of the vibrational dynamics
in proteins are related to the fact that their structure and properties may
well described in the framework of fractal approach. The fractality of
proteins suggests that a fracton excitation in their vibrational spectrum
should exist, and it can be identified by analysis of density of states (DOS)
of protein. According to work Granek and Klafter [2] computer simulations
have shown that d varies from one protein to another covering the range
1.3<d <1.9, but there not exist experimental investigation of fracton
behavior in proteins. So the main purpose of our work is to identify and
distinguish phonon and fracton contributions into the low frequency
dynamics of hen egg white lysozyme (HEWL).

Thus we have determined and analyzed the generalized density of
states of HEWL using the results of inelastic incoherent neutron scattering.
Inelastic neutron scattering was measured by a KDSOG-M
inverse-geometry time-of-flight spectrometer placed at the 10" channel of a
pulsed high-flux IBR-2 reactor (FLNP, JNR, Dubna) at temperatures 200K,
280K, and 311K. As a result of our experiments, we were succeeded in
distinguishing the phonon and fracton regimes in the low-frequency part of
the DOS of HEWL and characterizing these excitations by corresponding
spectral dimensions at mentioned temperatures. Not great temperature
dependences of both spectral dimensions are also revealed [3].
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