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Abstract

The peculiarities of dielectric behavior caused by off-center Cu®" ions relaxation
dynamics in PbsGe;0¢; crystals are presented. The relaxation frequency
(1" ~ 10" sec™”) and activation energy (AW = 0.24 eV) of Cu®* thermal hopping
between off-center positions are coincided with results of ESR experiment.
Observed additional dielectric loss peaks may be attributed to OH™ groups located

in structural tunnels along polar axis.
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Introduction

The results of Cu®>" ESR spectra studies in
PbsGe;0,; (PGO) crystals were reported earlier
[1, 2]. The measurements of the orientation and
temperature dependencies of ESR spectra show
that Cu*" centers replace Pb>" ions in positions
with trigonal symmetry [3]. The anisotropy and
of ESR
interpreted as the result of the off-center

motional averaging spectra  are
localization and thermally activated dynamics of
Cu®" centers [4, 5]. Shifting of Cu*" in (ab)
plane, perpendicular to polar ¢ axis, should
obviously lead to appearance of the local dipole
moments. In this case the dielectric properties of
PGO:Cu*" would demonstrate the characteristic
peculiarities of the temperature and frequency
behavior [6, 7].

In this paper the results of the temperature-
frequency studies of dielectric permittivity € and
tangent of dielectric losses tgd in PGO:Cu”"
(0.5% wt.) are reported.

Experimental results

The PGO:Cu®’ crystals were grown by
Czochralski method. Samples of a- and ¢- cuts
with Pt electrodes were used. The measurements
were carried out by bridge method in the
temperature interval 80+300 K at the fixed
frequencies 1, 4, 15 kHz.

The results obtained along a direction are
shown in figure 1. As can be seen the
temperature dependencies clearly show two
peaks of tgd(T) and correspondent step-like
changes of &(T) (insert), which shift to high
temperatures when the frequency increases.
Temperature  dependencies of  dielectric
parameters measured along polar ¢ direction are
presented in figure 2. Those show two peaks of
tgd(T) and anomalies of ¢, shifted to high

temperatures with increase of frequency.

*This article is published as an exception as it doesn't suit to the demands of the UJPO but it corresponds
to the materials of the First Ukrainian Workshop of Ferroelectrics and Related Materials
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Fig.1. Temperature dependencies of tgd and ¢ (insert) for E|| a and frequencies
1 kHz (a), 4 kHz (b), 15 kHz (c). Circles - experiment, solid lines are calculated
with the help of (I).

It should be noted that observed
temperature-frequency behaviour for all three

Discussion

Analysis of the data presented in figures 1,
2 leads to the conclusion that in PGO:Cu®*
crystals three different relaxation processes

processes is typical for Debye-like model and
may be described by the following relation [8, 9]
e¥ =g,1 (€9- €)/(1 - 1®T). @)

(shown as 1, 2, 3) are presented. The low
In the expression (1) the relaxation time t

temperature maximum of tgd(T) in figure 1

. demonstrate Arrenius like behavior
corresponds to relaxation process 1 observed

only in the directions perpendicular to polar axis. ~ * ~ 0 ®XP (AW/kgT) whereas static permittivity

The tgd(T) maximum in figure 2, when € changes in accordance with Curie law

correspond to the processes denoted as 2 and 3, €0 = &4(T)+C/T. Frequency — temperature depen-

are due to relaxation motions oriented mainly dencies allow to determine the activation

: 7] ” . -1
along ¢ direction. The residual contributions of ~ energies AW and “attempt” frequencies 7o~ of
2, 3 processes to the dielectric parameters in a relaxing species for all three processes. Using
direction (figure 1) may be related to the the following parameters:

structural anisotropy or/and experimental error.

1 process: 0 "=310"sec, AWDP=0.24+0.01eV, cP=170K";
2 process: 1?=810"sec, AW?=0.38+00lev, C?=850K"; 2)
3 process: 1P~ 107 sec, AW®=0.77£0.01eV, C®=950K™";
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Fig.2. Temperature dependencies tg3(T) and &(T) for E || c. Measured frequencies -
1 kHz (a), 15 kHz (b). Circles - experiment, solid lines - theory (1).

linear dependence &.(T),
relationship  (1). The

experimental data were fitted. The results are

and assuming
according to the

shown by solid lines in figures 1, 2. It should be
noted that for process 3 it was impossible to
describe the experimental dependencies at
different frequencies using the same value of
parameter C*).

When analyzing the obtained data one has
to take into account that according to ESR
results Cu”*" ions equiprobably occupy one of the
three off-center positions, displaced from the
trigonal lattice points in (ab) crystallographic
plane [2]. The dielectric experiment directly
shows that process 1 corresponds to relaxation
dynamics in (ab) plane. It has to be noted that the
relaxation dynamics parameters Ty and AW,
from ESR [2]

measurements, exhibit exact coincidence. Thus

derived and dielectric
one can conclude that dielectric relaxation
related to the process 1 (figure 1) can be
attributed to hopping of Cu®" centers between
three off-center positions.
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We suppose that relaxation process 3 is due
to reorientation of OH" dipoles, which penetrate
in empty structural tunnels along polar c-axis.
The possibilities of incorporation of these
species in crystalline lattice of PGO were
reported earlier [11]. The high value of the
thermal vibration amplitude of OH™ groups in c-
direction reported for the hydroxyl apatite [12]
may be also observed in PGO crystals, which
posses apatite-like structure. Note that process 3
cannot be described exactly by Debye model.
There are two main evidences for this. The first
one is connected with extremely high value for
“attempt” frequency (t")' ~ 10 Hz. The
second one is concerned with classical Debye-
Langeven response which requires that the
should
decrease linearly with the logarithm of the loss

logarithm of loss peak amplitude
peak frequency. Last fact means that Curie
constant is to be of the same value in all
temperature- frequency “window”, where this
process is detected. Nevertheless it has been
above that @)

mentioned Curie constant C
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decreases with increase of measured frequency.
Classical Debye theory deals with polar non-
interacting molecules freely floating in
dielectrically inert non-polar fluid. There are at
least three reasons which may cause discussed
discrepancies
1) the polar species in our case are
additionally charged particles, i.e. OH
ions may contribute to polarization due
to hopping charge carriers;
i1) in the case of high concentration of
OH" species in tunnels it is very
important to take into consideration
interaction which, as
[13], is the
mechanism of OH™ dipole rotation in

their mutual
supposed in main

hydroxyl apatite inside structural
tunnels;

iii)surrounding media is not non-polar but
due to ferroelectric nature is strongly
polarized, which may influence

through spontaneous polarization field

on ordering and/or freezing of

permanent dipoles.

The experimental study of physical nature
of discussed process 3 is now in progress and
results will be reported soon.

Also it should be emphasized that the
relaxation process II is strongly c-directed and
may be related to OH ions incorporated in
structural tunnels. We suppose that this may be
caused by proton transferred between two

neighboring OH" dipoles.

Conclusions

The investigations of PGO:Cu®" dielectric
properties, performed here, deals with relaxation
phenomena, caused by thermally activated
dynamics of Cu”" centers. The data obtained give
evidence that Cu®” in PGO structure induce local
dipole moments, oriented perpendicular to the
polar ferroelectric axis. The results presented
here confirm the assumption about off-center
copper ions localization reported earlier in [1, 2].

Two other relaxation processes detected in
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polar direction may be attributed to the OH
groups, incorporated in structural tunnels.
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