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The temperature-frequency studies of dielectric susceptibility in SnyP>Sg,
SnyP,Seq, (Pb,Sni_,)2P2Ses and crystals at low temperatures are re-
ported. The freezing relaxation dynamics has been observed in a
temperature-frequency dependence of the dielectric properties in the crys-
tals which are in a polydomain ferroelectric state as well as in the crystals
(Pb,Sn;_,)2P2Ses with y > 0.4 which at low temperatures are in the in-
commensurate phase. The nature of the effect and its interrelation with
dynamics of ferroelectric domain walls and incommensurate structure is
discussed.
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1. Introduction

Much research was devoted to the investigation of low temperature properties in
the crystals of SnyPySg type. However, some phenomena observed at low tempera-
tures in these materials are not clearly understood. In particular, this is an effect of a
sharp decrease of the dielectric constant with lowering temperatures below a certain
value. It must be mentioned that a similar behavior is typical of many ferroelectrics:
KDP [1], PbTiO;3 [2], SBN [2]. In most cases it was attributed to a freezing of do-
main walls dynamics. This phenomenon was very intensively studied in the crystals
of KDP family (see references in the paper [1]). An analysis of the relaxation dis-
persion observed in polydomain TGS crystals far below T in the ferroelectric phase
[1] reveals that the domain freezing effect occurs in this material as well. Therefore,
it is obvious that the freezing of the domain walls motion is a rather characteristic
property for polydomain ferroelectrics.

Some anomalies on temperature dependence of the dielectric constant and the
pyroelectric response in SnaPsSg at 7' < 80 K were reported in the paper [3]. It was
interpreted as a “glass-like behavior”. Besides the pronounced dielectric dispersion
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was found in SnyPySg at temperatures around 60 K [4]. The origin of the dispersion
was related to the structural disorder.

A sharp decrease of the dielectric constant below approximately 50 K in the
incommensurate phase in (Pb,Sn;_,)2P2Ses solid solutions with y > 0.4 accompa-
nied with a pronounced dielectric dispersion with a broad spectrum of relaxation
times is related to the freezing of the relaxation dynamics of the incommensurate
modulation wave [5].

This paper presents the comparison analysis of dielectric properties of the crystals
with stable incommensurate and ferroelectric phases at low temperatures.

2. Experimental

The crystals investigated were grown using vapor transport technique [6].

The samples with the shape of platelets perpendicular to the polar [100] direction
were used in the experiment. The dielectric measurements were performed with E7—
14 and BM560 LCR-meters in the temperature range 4.2-300 K using a liquid helium
cryostat (UTREKS).

In order to get a single domain state, the samples were poled under the electric
field of 2 kV/cm on cooling from the temperatures above the ferroelectric phase
transition.

It seems likely that the dielectric measurements in the paper [4] were carried out
with polydomain sample of SnyPsS4. Besides, the sample used in the experiment was
oriented along [011] the non-polar direction. To some extent, this makes quantitative
comparison with the results obtained for the polar direction difficult.

3. Results and discussion

Figure 1 shows temperature dependence of the complex dielectric constant &’
and ¢” at various frequencies for a polydomain SnyP5Sg crystal in the temperature
range 80-260 K. In consistence with earlier report [4] we have also observed, in the
frequency range measured, the dielectric dispersion accompanied by the peaks of
e’(T) shifted to higher temperatures with the increasing frequency. It should be
pointed out that in the single domain sample, in these temperature and frequency
ranges, no anomalies were observed. In this case, both ¢’ and &” take much lower
values.

These facts unambiguously indicate that the dispersion observed is of the domain
nature. In the given temperature range, a pronounced relaxation of the dielectric
properties with time is observed. It should be stressed that £”(T") peaks become less
pronounced with the lowering of the measuring voltage and below certain field they
become quite indistinguishable (figure 1).

This is a demonstration of a strong nonlinear dielectric effect. However, the
dielectric responses in the given temperature range have a reversible character up
to the voltage of the measuring field of the order of 100 V/cm.
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Figure 1. Temperature dependence of €’
and ¢” for SnsPySg crystal at various
frequencies and measuring electric fields:
1,4 - 100 Hz, 2,5 — 1 kHz, 3,6 — 10 kHz;
1,2,3-10 V/cm, 3,4,5 -1 V/cm.
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Figure 2. Relaxation time as a function
of reciprocal temperature for the dielec-
tric dispersion observed in SnoPsSg in
the temperature range 150-250 K.

These facts indicate that the dielec-
tric dispersion observed is caused by
the relaxation dynamics of the domain
walls. The temperature dependence of
the leading relaxation time determined
from the temperature position of the
peaks of ¢” is well described by the Ar-
rhenius law (figure 2). The activation
energy obtained from the fitting of the
experimental data by the Arrhenius re-
lation:

E,
o kbi}>’

T = 19 exp(
is B, =0.12 eV.

As to the dielectric dispersion found
in [4] at lower temperatures (around
60 K), it is rather obvious that it also
has a domain nature, since in the single
domain samples it is not detected. The
real and imaginary part of the dielec-
tric constant in this temperature range
are frequency independent: both ¢ and
e” show a weak and smooth tempera-
ture behavior (¢”(T") dependence is not
presented in figure 3). The weak max-
imum on &”(7") with a peak tempera-
ture depending on the frequency is al-
so observed in polydomain samples of
SnyPoSeg at temperature around 40 K.
At the same time, the dielectric constant
in a single domain sample takes much
lower value and the dielectric dispersion
is not found.

In (Pb,Sn;_,)2P2Seq solid solutions
with y > 0.4, the incommensurate phase
is stable up to very low temperatures.
The sharp decrease of & below 50 K
in these crystals is accompanied by a
low frequency dielectric dispersion with
characteristic maximum on &”(7") shift-
ed up to higher temperatures with the
increasing frequency (figure 4). In the

paper [5] it was concluded that the temperature dependence of the leading relax-
ation time determined from the temperature of the £” peak obeys the Arrhenius
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law. However, when an analysis is per-
formed without taking into account the
e”(T) dependence measured at frequen-
cies below 50 Hz, at which the accuracy
of measurements is rather poor, then 7
shows a temperature behavior according
to the Fogel-Fulcher relation (figure 5),
as should be expected in the case of the
freezing effect:

Ea
T = Top €Xp (T—Tf) s

with a freezing temperature 7t = 15 K.
It is worth noting that the freezing ef-
fect occurs approximately in the same
temperature range in solid solutions with
various compositions. Moreover, the sol-
id solutions of (Pb,Sn;_,).P2Ses with
y < 0.4 which at low temperatures are
in the ferroelectric state exhibit a kink
on ¢'(T) and €”(T") with a more steep de-
crease of ¢’ and &” at the same tempera-
tures (figure 6). The curve 3 corresponds
to the single domain sample. It is obvi-
ous that the domain wall contribution to
the dielectric response decreases with the
lowering temperature.

It should be mentioned that at the
temperatures much as in the case of in-
commensurate phase, the temperature
hysteresis dies out and the ferroelectric
polarization becomes irreversible. These
facts indicate that at such temperatures
the freezing of the domain structure oc-
curs.

It is well known that the pinning of
the domain walls can substantially effect
the dielectric behavior of polydomain fer-
roelectrics. Thus to gain an insight into
the mechanism of the freezing effect the
pinning of the domain wall by the defects
should be taken into consideration.

:
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Figure 3. Temperature dependence of
the dielectric constant in single domain
SnyPsSg crystal at 1 kHz.
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Figure 4. Dielectric constant & and
dissipation €” for (Pbg4Sng¢)2P2Seq
mixed crystals versus temperature at
various frequencies.

In theory two types of pinning are distinguished: a weak collective pinning when
the domain walls are pinned on the fluctuations in the density of defects, and a
strong pinning when the domain walls are pinned by many separate defects.
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Figure 5. Relaxation time relat-
ed to the dielectric dispersion in

(Pbg.4Sng ¢)2P2Seg as a function of re-
ciprocal temperature. Insert: relaxation
time as a function of 1/(T — Tyr) with
Tyvr =15 K.

198 :""I'A"s'l""l""E
”'2 1,2 ;— —;
* C N
w 0,6 —

0,0ﬁllllllllllllllf

120 33 ]
v boE z

60 - -

L ) -

- 1 T :
0 RN EEEEE b

0 50 100 150 200

T, K

Figure 6. Dielectric constant &' and
dissipation &” for (Pbg 355n0.65)2P2Ses
mixed crystals versus temperature up-
on cooling (1) and heating (2) for poly-
domain sample. Curves 3 correspond to
single domain sample.

More distinctly the freezing effect is
observed in the dielectric behavior of the
crystals of (Pb,Sn;_,).P2Ses with y >
0.4 in the incommensurate phase (fig-
ure 6).

The incommensurate wave of mod-
ulation interacting with the defects has
many different metastable configuration
states between which at high tempera-
ture it fluctuates in activation way mov-
ing over the potential barriers. As tem-
perature decreases, the relaxation time
of the incommensurate modulation in-
creases and at a certain temperature be-
comes infinite. This temperature is de-
fined as a freezing temperature below
which the incommensurate modulation
is frozen in certain configuration states.
Temperature independence of the wave
vector of incommensurate modulation [7]
and hysteresisless temperature behavior
of the dielectric constant [5] observed
experimentally at low temperatures in
these crystals is a consequence of the
freezing effect.

The incommensurate modulation in
the crystal studied can be considered as a
consequence of broad domain walls. The
high defect density caused by the substi-
tutions in the cation sublattice at a large
width of walls provide the conditions for
the weak collective pinning. On the other
hand, the freezing effect can be consid-
ered as the relaxation of the incommen-
surate modulation when the pinning en-
ergy becomes so high that thermal fluc-
tuation of the walls becomes negligible.

The fact that the freezing tempera-
ture Ty is not changed markedly with the
change of the composition of the solid so-
lutions argues in favor of the suggestion
that the defects induced by substitutions
in the cation sublattice are involved in
the weak collective pinning.
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A more steep decrease in &’ and " at similar temperatures in polydomain sam-
ples of (Pb,Sn;_,)2P2Ses with such a content of Pb and Sn (y < 0.4) when the
ferroelectric phase is stable at low temperatures argues in favor of the freezing effect
in the system of the ferroelectric domain walls (figure 6). However, judging from the
temperature frequency dependence of ¢ and £” one can conclude that, in addition
to the domain wall contribution which is frozen out, there is also the contribution
given by the domain walls but which persists below the freezing temperature.

The dielectric response of the domain walls or the interfaces pinned by the defects
was thoroughly studied in the paper [8]. Having many metastable configurations, the
domain walls fluctuate under the effect of external electric field between their dif-
ferent energy minima separated by energy barriers giving relaxation contribution
to the dielectric constant. The relaxation spectra of the dielectric response of dis-
ordered ferroelectrics resembles the Debye relaxation with a broad distribution of
relaxation times [8]. Besides, it has been shown that for the domain walls pinned by
the defects there exists a length scale on which the domain wall is free. The dielectric
contribution coming from that length scale is frequency independent. However, the
characteristic length on which the domain wall is free depends on frequency and
temperature. This is reflected in a weak temperature dependence and in logarithmic
frequency dependence of ¢ in the low frequency range [8].

Comparing the temperature behavior of the dielectric response at various fre-
quencies in (Pb,Sn;_,)2P2Ses in the incommensurate and the in the ferroelectric
phase with the prediction of the theory [8] one can conclude that:

e the dominant contribution to the dielectric response in the incommensurate
phase at low temperatures comes from the relaxation dynamics of the incom-
mensurate modulation pinned by the defects. With the lowering temperature,
the relaxation dynamics is frozen out;

e sharp decrease of ¢ and &” below 50 K in (Pb,Sn;_,),P2Ses with y < 0.4 in
the ferroelectric phase is an indication of the freezing of ferroelectric domain
walls pinned by the defects. This is supported by the fact that below 50 K,
the domain becomes irreversible up to very high electric fields. The main con-
tribution of the domain walls to the dielectric constant comes from the length
scale on which the domain walls are free;

e the characteristic length scale for the incommensurate modulation and the
ferroelectric domain walls in (Pb,Sn;_,)2P2Seqs crystals seems to be of the
same order since the freezing effect is observed approximately at the same
temperatures both in the ferroelectric and in the incommensurate phases.

Since the phase transition into the ferroelectric phase in SnyPsSg and SnyPsoSeq
occurs at relatively high temperatures (335 K and 193 K, respectively) their domain
walls at low temperatures must be thinner comparing to the mixed crystals with
low temperature phase transition. Small width of domain walls at a low defect
density provides conditions for a strong pinning. Thus, a higher value of the freezing
temperature in these crystals as compared with the solid solutions very likely resulted
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from the change in the pinning character. It is well known that an increase in the
pinning force should shift the freezing temperature up to higher temperatures.
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AienekTpunyHa penakcauis i epekt 3aMmopoXXyBaHHSA B
KpucTtanax tuny Sn,P,Sg

M.M.Mawop, LW.6.MonHap, B.T.Bpatenb, M.1.I'yp3aH,
C.®.MoTps, On.M.BrucoyaHcbkni

Yxropoacbkuii HauioHanbHuin YHiBepcuTer, Yxropon

OTtpumaHo 24 xoBTHsa 2002 p., B OCTaTO4YHOMY BUMSAAI — 2 KBITHS
2003 p.

B poboTi npnBoaaTbCca TeEMMepaTypHO-4aCTOTHI OOCHiaXeHHs aienek-
TPWYHOI MPOHUKAMBOCTI MPU HU3bKUX TemMnepaTtypax B KpucTtanax B
SnyP3S¢, SnaP2Seq, (Pb,Sni—,)2P2Ses. Cnoctepiranocs samopoxysaH-
HSA penakcauinHoi AMHaMikn Ha TeMNepaTypHO-4aCTOTHUX 3aNIEXHOCTAX
LieNeKTPUYHMX BNacTUBOCTEN, K B KpUcTanax ki Npu HU3bKMUX TeMmre-
paTypax 3Haxo4aTbCS B CErHETOENEKTPUYHOMY MONIAOMEHHOMY CTaHi,
Tak i B kpuctanax ((Pb,Sni_,)2P2Ses 3 y > 0.4), aKi npu HN3bKNX TEMIMe-
paTypax 3HaxogaTbCs B HecniBMipHin ¢aszi. O6roBoploeTbcsa npmpoaa
edekTy y BBaEMO3B’A3KY 3 CErHEeTOENEKTPUYHUMMN OOMEHAMW i Hecni-
BMipHOIO CTPYKTYPOIO.

KniouoBi cnoBa: JOMEHHI CTiHKU, e(EKT 3aMOPOXYBaHHS,
AleNeKTPu4HI B1acTUBOCTI

PACS: 77.84.D, 77.80.Bh
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