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For ferroelectric{semiconductor crystals Sn

2

P

2

S(Se)

6

the relaxation of electron subsystem de-

termines the Lifshitz point shift on the phase diagram and the pinning of order parameter wave

(memory e�ect) in the incommensurate phase. For these proper uniaxial ferroelectrics both e�ects

are agreeably described by the phenomenological model, which assumes: the renormalization of the

spatial dispersion of the sti�ness coe�cient for the order parameter 
uctuations due to the relax-

ational variation of the charge carriers concentration on the impurity energy level in the forbidden

band of the crystal; the local centres energy modulation, caused by the non-uniform static �eld of

the order parameter in the IC-phase leading to the appearance of concentration-wave of the charge

carriers.

Key words: Ferroelectric{semiconductor crystals, Lifshitz point, phase diagram, order param-

eter.

PACS number(s): 77.80 Rh, 77.80.Bh

I. INTRODUCTION

One of the most interesting non-equilibrium phenom-

ena, which characterises incommensurate (IC) systems,

is the memory e�ect. If crystal is kept in the IC phase

at a certain stable temperature T

st

for a su�ciently long

time, then, on passing this temperature again, anoma-

lies of various physical properties are observed. This is

caused by the formation of a phase with �xed wave vec-

tor within the IC phase, which becomes locked in a cer-

tain temperature region around T

st

due to the pinning

of the IC modulation. The memory e�ect has been ob-

served in various IC systems including proper and im-

proper ferroelectrics [1]. In all cases the e�ect has been

attributed to the coupling of mobile defects to the mod-

ulation order parameter [2], forcing the defects to dif-

fuse in the IC modulated potential. However, the nature

of the defects and their interaction with local order pa-

rameter remain unknown. Mobile charged defects also

play a special role in the critical behaviour of crystals.

For instance, in ferroelectric semiconductors the instabil-

ity of the crystalline structure is related to the kinetics

of the electronic subsystem. The variation of the elec-

tron concentration on the attachment levels can change

the Lifshitz point (LP) and tricritical point (TCP) posi-

tions on the phase diagram and considerably modify the

critical anomalies of the crystal's thermodynamic char-

acteristics [3]. One can expect e�ects of prolonged re-

laxation of crystal properties to manifest themselves in

both the IC phase (anomalous temperature hysteresis,

the memory e�ect) and the vicinity of the transition di-

rectly from the initial high-symmetry phase to the com-

mensurate low-symmetry phase. The aim of this work

is to study the relaxation phenomenon in ferroelectric{

semiconductor Sn

2

P

2

S

6

and Sn

2

P

2

Se

6

. On the phase dia-

gram of the Sn

2

P

2

(Se

x

S

1�x

)

6

solid solution at x

LP

�0.28

the Lifshitz point exists [4]. Sn

2

P

2

S

6

crystal is proper fer-

roelectric and undergoes second order phase transition

(PT) from the paraelectric (P2

1

/c) to the ferroelectric

(Pc) phase at T

0

� 337 K. For the Sn

2

P

2

Se

6

crystal the

intermediate IC phase exists between T

i

� 221 K and

T

c

� 193 K. The dielectric [5] and optic [6] methods

were used for non-equilibrium processes studying.

Part 2 compares the data on the investigations of the

memory e�ect in the IC-phase for the Sn

2

P

2

Se

6

crystals

by measuring the temperature dependence of the bire-

fringence and the low-temperature dielectric constant for

the samples with di�erent resistivity and depending on

the illumination e�ect. The results of studies of the long-

term relaxation e�ect of the dielectric parameters in the

paraelectric phase and the appearance of an intermediate

state between the paraelectric and ferroelectric phases

for the Sn

2

P

2

S

6

crystals are given in Part 3. The phe-

nomenological analysis and a comparison between the

relaxation e�ects in the IC- and paraelectric phases for

the ferroelectrics{semiconductors studied are presented

in Part 4.

II. THE MEMORY EFFECT AND

RELAXATIONS IN INCOMMENSURATE PHASE

IN Sn

2

P

2

Se

6

CRYSTALS

The non-equilibrium of the IC phase in the Sn

2

P

2

Se

6

crystals was studied by measuring the temperature de-

pendence of optical birefringence �n(T ). The Senar-

mon method was used for the study of vapour{transport

grown Sn

2

P

2

Se

6

crystals [6].

The results of birefringence studies of the Sn

2

P

2

Se

6

crystals in case of the light beam oriented along [001]

crystallographic direction are presented in �g. 1. The

�n(T ) dependence has a break at T

i

� 221 K, while

at T

c

� 193 K a leap is observed. The behaviour of that

type corresponds to the second order PT at T

i

and �rst
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order PT at T

c

. The studies were carried out in a cooling

mode with pre-annealing for 2 hours at 370 K to elimi-

nate the in
uence of inner �elds.

Fig. 1. Temperature dependence of the Sn

2

P

2

Se

6

crystal

birefringence (a), hysteresis in the vicinity of T

c

(b) and

anomalous hysteresis loops in the incommensurate phase (c)

[6].

Fig. 2. Temperature dependence of birefringence of

Sn

2

P

2

Se

6

incommensurate phase at the temperature change

rate 0.4 K/hours [6].

Fig. 3. The memory e�ect in birefringence of Sn

2

P

2

Se

6

incommensurate phase at various times of temperature sta-

bilization: a | 8h, b | 3h, c | consecutive three-hour sta-

bilization at temperatures T

0

st

and T

00

st

[6].

The �n(T ) data obtained in cooling and heating

modes are compared in �g. 1, b. The temperature hys-

teresis for PT from the IC-phase to the ferroelectric

phase is observed (�T

c

� 1 K). The amplitude of the

hysteresis decreases smoothly within the IC-phase and

vanishes at T

i

. The hysteresis value depends on the spon-

taneous birefringence value, �T

h

(�n

s

) almost linearly

[6]. This con�rms the fact that the value of hysteresis is

proportional to the mean-square value of the order pa-

rameter. When the temperature within the IC-phase is

cycled, speci�c loops are observed (see �g. 1, c) similar

to those found in the dielectric studies (�g. 5). No rela-

tion between hysteresis and temperature variation rate

has been found. This rate was varied from 3 K per hour

to 0.4 K per hour. However, when the rate reached 0.4 K

per hour, a crossover from the continuous behaviour of

�n(T ) to the stepwise behaviour was observed (�g. 2).

In [6] we have also studied in detail the thermal mem-

ory e�ect in Sn

2

P

2

Se

6

. Being annealed at T = 370 K,

the crystal was then cooled and kept in the IC-phase at

T

st

for 3 hours. Temperature stabilization was not worse

than 0.02 K. After cooling to the ferroelectric phase, the

specimen was heated at low rate. It is seen (�g. 3, b) that

at T

st

+ �T

h

a slight deviation of �n(T ) from smooth

dependence occurs on the heating curve. Here �T

h

is

an anomalous hysteresis value. In the cooling mode, the

deviation occurs at T

st

. This deviation remains even af-

ter the crystal was kept in the ferroelectric phase for

15 hours and after a brief exposure in the paraelectric

phase. It vanishes, however, after annealing with light o�

at T

i

+1 K for 1 hour. These results were obtained with

the laser on during the temperature stabilization. In or-

der to reach the same situation when the laser is o�, one

should stabilize the temperature at T

st

for 8 hours. At

the same time, stabilization for 8 hours with the laser on

results in the variation of anomalous deviation of �n(T ),

i.e. a bend point appears (�g. 3). In case of heating, this

point is shifted upwards by the hysteresis value, while in

case of cooling, its position coincides with the stabiliza-

tion temperature. Similarly to a 3-hour experiment, the

deviation remains after a protracted exposure in the fer-

roelectric phase (for 15 hours) and vanishes during the

specimen exposure in the paraelectric phase (for 1 hour).

In case of a brief exposure of specimen in the paraelectric

phase, the record is not cleared. Note that illumination

upon stabilization promotes memory e�ect appearance,

while that in the ferroelectric phase reduces its ampli-

tude. Fig. 3, c illustrates the result of sequential stabi-

lization for 3 hours at two temperature values with the

laser on. It is seen that two memory e�ect anomalies are

clearly observed upon heating and cooling. Note that the

memory e�ect record does not a�ect both the behaviour

of the �n(T ) dependence in the vicinity of the PT from

the IC-phase to the ferroelectric phase and the value of

T

i

[6].

The dielectric measurements were made at the fre-

quency of 10 kHz [5]. The system of thermostating and

measuring the dielectric response of the sample was com-

puter controlled. The measuring �eld was 0.05 V/cm.

The relative error in measuring "' was 0.1% and that in
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measuring "" was 0.5%. The temperature was stabilized

to within �0.002 K, and the rate of temperature change

was varied within 0.3{0.01 K/min. The experiments have

been carried out on [100] oriented samples with the typ-

ical size of 2�2�1 mm

3

cut from the Sn

2

P

2

Se

6

crys-

tals grown using vapour transport and Bridgeman tech-

niques. Gold electrodes were evaporated on the (100)

faces. The Sn

2

P

2

Se

6

crystals grown by these two meth-

ods di�er essentially in electroconductivity. In particular,

the Bridgeman-type sample used in the experiment had

a speci�c conductivity at the room temperature of about

10

�10




�1

�cm

�1

, while the conductivity of the vapour{

transport type sample was about 10

�7




�1

�cm

�1

.

It should be noted that these two kinds of crystals

di�er noticeably also in other properties. For instance,

the crystals of the Bridgeman type exhibit a very large

domain wall contribution to the dielectric constant be-

low the lock-in phase transition, typical of proper fer-

roelectrics with an incommensurate phase. The domain

wall contribution in vapour{transport-type crystals is

much smaller.

In �g. 4 the temperature dependence of the dielectric

constant for the Bridgeman-type (B) and the vapour{

transport-type (V) Sn

2

P

2

Se

6

crystals are shown at the

cooling mode in a wide temperature region. We can see

the Curie{Weiss-type "

0

(T ) dependence in the paraelec-

tric phase of sample B. In the case of V-sample elec-

troconductivity has a very strong in
uence on "

0

(T ) be-

haviour. Some di�erence also appears for "

0

(T ) in the

incommensurate phase of these two samples. In the fer-

roelectric phase for B crystal we observe a very strong

dielectric response from the domain wall. For B crystal

the memory e�ect does not appear at temperature sta-

bilization in darkness till 12 hours (�g. 5). At the same

time temperature stabilization at white light illumina-

tion gives us the memory e�ect appearance with small

amplitude (�g. 5). In this case after memory recording

the stepwise "

0

(T ) behaviour appear at T < T

st

like the

birefringence temperature dependence at small rate of

temperature changes (�g. 2).

Fig. 4. Temperature dependence of dielectric constant in

the vicinity of paraelectric{incommensurate phase transition

for the Bridgeman type (a) and the vapour transport type

(b) Sn

2

P

2

Se

6

crystals.

Fig. 5. Results of the memory e�ect recording in the IC

phases of the Bridgeman type Sn

2

P

2

Se

6

crystal at stabiliza-

tion time 12 h and temperature T

st

= 199 K in darkness (4.1)

and at white light illumination (4.2). On inserts: the step-like

"(T ) behaviour at T < T

st

after memory e�ect recording (a);

the reduced anomalous part of dielectric constant which re-

lated to memory e�ect (b).

Fig. 6. Shape of dielectric constant temperature depen-

dence anomaly at phase transition from the paraelectric to

the IC phase (T

i

= 221 K) before (4.1) and after (4.2) the

memory e�ect recording at 2 hours and T

st

= 197.5 K for the

vapour transport type Sn

2

P

2

Se

6

crystal.

Fig. 7. Memory e�ect in the vapour{transport type

Sn

2

P

2

Se

6

crystals on cooling "(T ) curve recorded at stabi-

lization time 2 h and temperature T

st

= 197.5 K in darkness

(a) and under white light illumination at temperature sta-

bilization (b). The solid and dashed lines are demonstrating

the results of the polynomial extrapolation.
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Fig. 8. Memory e�ect for the condition on Figure 6 at dif-

ferent wavelengths of light.

Fig. 9. Temperature dependence of the reduced anomalous

part of the dielectric constant associated with the memory ef-

fect (from Figure 6) at heating and cooling regimes.

Fig. 10. a | temperature dependence of the dielectric con-

stant reduced anomalous part associated with the memory

e�ect at varying stabilization times (T

st

= 196.4 K): 1 | 15

min, 2 | 45 min, 3 | 120 min, 4 | 230 min; b | depen-

dence of the temperature interval �T between the maximum

and minimum of the �"=" on the stabilization time (T

st

=

196.5 K). The solid line | the result of �tting by exponen-

tial law [7]; c | dependence of the temperature interval �T

between the maximum and minimum of �"=" on the sta-

bilization temperature. The stabilization time was 120 min.

The solid line is a �t obtained with equation (4.11); d |

the variation of the width of the locked phase on heating the

sample above the stabilization temperature.

The memory e�ect is very distinctly pronounced for a

V-type crystal already after a 2 hours exposure in dark-

ness (�g. 6). We must point out that after \memory"

recording we do not see any change in the "

0

(T ) anomaly

at the vicinity of PT from the paraelectric to the in-

commensurate phase (�g. 6). The amplitude and tem-

perature interval of memory e�ect both increase if we

illuminate the sample with a white light at the process

of temperature stabilization (�g. 7). It is important that

the spectral sensitivity of memory recording has been ob-

served (�g. 8). This e�ect is the strongest at crystal being

illumined by the monochromatic light with �=1 �m. It

is important that the shape of the memory e�ect anoma-

lies in "

0

(T ) is nonsymmetric (�g. 7). The asymmetry we

have observed for birefringence (�g. 3, b). The asymme-

try changes were observed after the transition from the

cooling of the sample to its heating (�g. 9). After two

successive temperature stabilizations two anomalies ap-

pear. The location of the anomalies on the cooling and

heating curves are shifted in temperature by the magni-

tude of the global temperature hysteresis. The cooling of

the sample down into the ferroelectric phase leaves the

induced anomalies unaltered. So, the peculiarities of the

memory e�ect in dielectric susceptibility coincide with

those in birefringence data (�g. 3).

In �g. 10 the temperature dependence of the relative

anomalous parts of the dielectric susceptibility associ-

ated with the memory e�ect are presented for several

stabilization times. It is obvious that the amplitude and

the width of the anomaly grow with an increase in sta-

bilization time. Further, upon an increase in the stabi-

lization temperature, the temperature interval �T be-

tween the minimum and maximum of �"="(T ) shows an

increase. It should be mentioned that, because of high

dielectric losses at T � 212 K, it was impossible to trace

this temperature variation up to the IC phase transition

(T

i

) [7].

Heating the sample within the IC phase up to T

i

leaves

the memory e�ect anomaly almost unaltered. However

an increase in temperature above T

i

is accompanied by

a gradual suppression of the memory e�ect anomaly. Fi-

nally, heating the crystal above approximately 245 K re-

sults in a complete disappearance of the memory e�ect

(�g. 10).

III. THE RELAXATIONAL APPEARANCE OF

INCOMMENSURATE PHASE IN Sn

2

P

2

S

6

CRYSTALS

Now we shall analyse the experimental data on the

long time relaxation process in the paraelectric phase

for the Sn

2

P

2

S

6

compound which has the second order

ferroelectric phase transition directly from para- to ferro-

electric phase. Our investigations were carried out with

a 6�6�3 mm

3

samples fabricated from a Sn

2

P

2

S

6

single

crystals grown by the Bridgeman and vapour{transport

methods. The electric contacts were formed by the ther-

mal deposition of gold on the (100) polar cuts. Here we

shall discuss the experimental data for the Bridgeman
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type crystals.

The temperature dependence of "

0

for the Sn

2

P

2

S

6

was

measured during cooling after annealing for three hours

in the paraelectric phase at 373 K. At a cooling rate of 0.1

K/min the "

0

vs T dependence obeys the Curie{Weiss law

within a broad temperature range (for the vapour type

Sn

2

P

2

S

6

crystal we have observed clearly the logarithmic

deviation from Curie{Weiss law in the paraelectric phase

at T �T

0

+ 10 K (�g. 11) [8]). The "

�1

vs T dependence

is extrapolated to a zero value at T

0

� 335.2 K, while

the temperature corresponding to the maximum in the

"

0

vs. T dependence is 335.95 K. When the cooling rate

of the sample was reduced, a departure from the above-

mentioned law was observed. The value of "

0

decreased

in the temperature interval from T

0

to T

0

+ 2 K. The

temperature of the maximum in the "

0

vs. T dependence

lowers in the process.

Prolonged temperature stabilization in the paraelec-

tric phase at T > T

0

+ 2 K does not (to within 1%)

cause a change in "

0

. However, the temporal relaxation

of "

0

was noticeable in the T

0

to T

0

+2 K range and also

in the ferroelectric phase. The temporal variation of the

dielectric constant is described by the exponential law

Fig. 11. Temperature dependence of dielectric constant in-

verse value for vapour transport grown (4.1) and Bridgeman

method grown (4.2) Sn

2

P

2

S

6

crystals. The solid line (4.3)

obeys the Curie{Weiss law.

Fig. 12. The temperature dependence of relaxation time

� for Sn

2

P

2

S

6

crystal in the vicinity of ferroelectric phase

transition.

Fig. 13. The temperature dependence of the dielectric con-

stant of the Sn

2

P

2

S

6

crystal after exposure at T=336.2K. The

insert depicts the temporal dependence of the temperature in-

terval T

i

� T

c

at the same exposure temperature (the points

stand for the experimental data, and the curve represents the

calculated results by relation (4.5)) [5].

Fig. 14. The temperature hysteresis of "0(T ) and "

00

(T )

after the Sn

2

P

2

S

6

sample stabilization at temperature T =

336.2 K for six hours.

"0

t

= "0

0

+�"0e

�

t

�

:

We established that there is a di�erence between the

relaxation mechanisms of the dielectric constant in the

paraelectric phase and the ferroelectric phase. For T <

T

0

the value of � is practically temperature independent,

with the relaxation of "

0

caused by the transformation

(coarsening) of the domain structure. It is characteris-

tic of the mechanism for temporal relaxation of "

0

in the

paraelectric phase in the vicinity of T

0

that the temper-

ature dependence of � is close to linear (�g. 12) [5].

These facts point to the complex kinetics of the ferro-

electric PT in the Sn

2

P

2

S

6

: the PT changes its nature
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as the system approaches equilibrium. A graphic proof

of this is provided by the experimental data obtained in

the following circumstances. After annealing in the para-

electric phase the sample was cooled at the rate of 0.1 K

min

�1

to T

0

+1 K. As noted earlier, at this rate of tem-

perature decrease in the paraelectric phase no departure

from the Curie{Weiss law can be observed. At that tem-

perature the sample was maintained for a certain time t

(e.g., for two hours). After that the sample temperature

was raised somewhat (to T

0

+ 4 K), and at the rate of

0.1 K min

�1

the sample underwent a "cooling{heating"

cycle in the T

0

- 2 K to T

0

+ 4 K range. As the sta-

bilization time t increases, two peaks on the "

0

vs. T

curve clearly manifest themselves (�g. 13). In the cool-

ing regime the temperature distance between the peaks,

T

i

�T

c

, increases with time but becomes practically con-

stant for t > 17 hours (insert in �g. 13). The position

of the low-temperature peak typically exhibits tempera-

ture hysteresis. The shape of the temperature anomalies

in "

0

remain practically unchanged when frequency varies

from 10 Hz to 100 kHz. In equilibrium two peaks are also

observed in the "

00

vs T dependence (�g. 14), with the

low-temperature peak on the "

00

vs T lying below the

respective peak on the "

0

vs T curve.

The intermediate state in Sn

2

P

2

S

6

disappears after the

sample is heated to a state in which it is in the para-

electric phase and also after prolonged exposure of the

crystal in the ferroelectric phase. It is noteworthy that

illuminating the sample with the temperature stabilized

in the paraelectric phase near T

0

facilitates the formation

of an intermediate state. For instance, keeping the sam-

ple in the dark at T

0

+1 K for six hours causes two peaks

to appear on the "

0

vs. T curve, with the temperature in-

terval T

i

� T

c

between the peaks of 1.5 K, illuminating

the sample with 2 mW power white light for the same

time increases the interval to T

i

� T

c

= 2.3 K.

A constant electric �eld applied parallel to the [100]

polar axis narrows the interval T

i

� T

c

in which the in-

termediate state exists. Here T

c

grows linearly (T

c

(E) =

T

c

(0) + kE) and T

i

decreases quadratically (T

i

(E) =

T

i

(0) � fE

2

) as the electric �eld gets stronger. The in-

termediate state obtained by keeping the sample in the

dark at T

0

+ 1 K for six hours vanishes in the �elds

E > 450 V cm

�1

[5]. The data prompt the conclu-

sion that the ferroelectric second-order PT with T

0

=

335.2 K observed when the temperature varies at the rate

dT=dt > 0:1 K min

�1

, commonly used in experiments, is

transformed into a sequence of two transitions when the

cooling rate is changed or the temperature in the critical

region is stabilized: a second-order transition (T

i

) and a

�rst-order transition (T

c

). The general shape of the "

0

(T )

dependence and the presence of temperature hysteresis

in the vicinity of T

c

resemble the observed behaviour of

the dielectric constant in the consecutive phase transi-

tions, from the paraelectric phase to the IC phase (T

i

)

and from the IC phase to the ferroelectric phase (T

c

),

in the Sn

2

P

2

(Se

x

S

1�x

)

6

crystals with selenium content

x > x

LP

= 0:28 [4]. The shape of the �eld E vs T dia-

grams for the intermediate state also coincides with the

shape of such diagrams for the IC phases in proper fer-

roelectrics [9]. These facts suggest that the intermediate

state that appears when the temperature of the Sn

2

P

2

S

6

crystal is stabilized near T

0

is an IC phase.

IV. THE PHENOMENOLOGICAL ANALYSIS OF

THE RELAXATION PHENOMENON IN Sn

2

P

2

S

6

AND Sn

2

P

2

Se

6

CRYSTALS

Crystals of the Sn

2

P

2

S

6

family are ferroelectric semi-

conductors. The relation between the PT order param-

eter (spontaneous polarisation) and the charge carriers

plays an important role in such crystals. This is con-

�rmed by the strong in
uence of light on the memory

e�ect in the IC phase of the Sn

2

P

2

Se

6

crystal, with a

characteristic writing time of about few hours. A pos-

sible reason for the prolonged kinetics of the Sn

2

P

2

S

6

ferroelectrics in the critical region may be the relaxation

of the electronic subsystem with an exponential tempo-

ral variation of the charge carrier concentrationm on the

trapping level in the forbidden band at �xed temperature

m = m

o

+ �(1� exp(�t=�)): (4.1)

For uniaxial ferroelectrics the thermodynamic poten-

tial density is given by the following series:

� = �

0

+

�

2

�

2

+

�

2

�

4

+

�

2

(

@�

@Z

)

2

+

g

2

(

@

2

�

@Z

2

)

2

+ ::::; (4.2)

where �=�

T

(T � T

0

). The second order PT in

Sn

2

P

2

S

6

is described by a potential speci�ed by

(4.2) with the following coe�cients: �

T

=1.6�10

6

Jm�C

�2

K

�1

; �=7.4�10

8

J�m

5

C

�4

; �=1.4�10

�10

J�m

3

C

�2

,

and g=2.2�10

�27

J�m

5

C

�2

[10].

For Sn

2

P

2

(Se

x

S

1�x

)

6

we have � � (x

LP

� x), � �

(x

TCP

� x), and g > 0. For � < 0 the IC phase appears

with the temperature width

T

i

� T

c

�

�

2

4g�

T

: (4.3)

Following [11] we assume that �

T

and � are linear func-

tions of m, i.e.,

�

T

(m) = �

T

+ am; �(m) = � + bm: (4.4)

(4.1) and (4.3) yield

T

i

� T

c

�

[� + bm

0

+ b�(1� exp(�

t

�

))]

2

4g[�

T

+ am

0

+ a�(1� exp(�

t

�

))]

: (4.5)

Thus, for b <0 the Sn

2

P

2

S

6

crystal acquires an IC

phase, and the phase grows with time. In the experiment
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the sample was cooled from the annealing temperature

T

0

+ 40 K to T

0

+ 1 K at a rate of 0.1 K�min

�1

. Under

such temperature variations the electronic subsystem of

the crystal remains \overheated" and at T

0

+1 K tends to

equilibrium as the stabilization time grows. Fig. 13 shows

that the temperature interval between the two anoma-

lies in the temperature dependence of "' for Sn

2

P

2

S

6

does

increase with time.

We estimate how a non equilibrium electronic subsys-

tem a�ects the kinetics of the phase transition in the fer-

roelectric semiconductor Sn

2

P

2

S

6

. The relaxation time

�

m

of the electron concentration in the attachment lev-

els is given by the following relation:

�

m

= f
[n

0

+N

c

� exp(�U

0

=kT )]g; (4.6)

and the equilibrium concentration of such electrons is

m

0

=

n

0

M

n

0

+N

c

� exp(�U

0

=kT )

: (4.7)

According to [3], we can assume that Sn

2

P

2

S

6

is

characterized by the following parameters: n

0

�10

8

-

10

10

cm

�3

, the conduction electron concentration;

N

c

�10

19

cm

�3

, the density of states in the conduction

band; M �10

18

cm

�3

, the attachment level concentra-

tion; U

0

�0.7 eV , the distance on the energy scale from

the bottom of the conduction band to the attachment

levels; and 
 �10

�13

cm

3

�s

�1

, a rate coe�cient. For

T = 335 K we have �

m

= 5{300 min and m

0

� 5� 10

14

cm

�3

[5].

The coe�cient a in (4.4) is determined by the electron{

phonon interaction and its value can be found from

the data on the variation, induced by spontaneous po-

larization, of the band gap in the ferroelectric phase:

Eg = Eg

0

+a0�

2

. According to the data of [5], a0=10

�18

J�m�C

�1

for Sn

2

P

2

S

6

.

The insert in �g. 13 shows the time dependence, calcu-

lated by (4.5), of the temperature interval T

i

�T

c

for the

intermediate state, which emerges if the Sn

2

P

2

S

6

crystal

is kept in the critical region for a long time.

Charge carriers play a dominant role in the memory

e�ect in the crystal studied. Indeed, spatial modulation

of impurity level energy which is determined by a sponta-

neous polarization square distribution results in the mod-

ulation of excitation probability for charge carriers and,

hence, in incommensurate distribution of carriers over

the traps. The results [7] from the thermally stimulated

current strongly favour the idea of an electronic nature of

the memory e�ect in Sn

2

P

2

Se

6

. The peak of temperature

dependence of the current at approximately 230 K cor-

responds to the temperature, heating above which leads

to an abrupt suppression of the memory e�ect anomaly

(�g. 10). Moreover the thermally stimulated current dis-

appears completely at around 240 K, which coincides

with the temperature heating above which the anomaly

vanishes.

The theory of the memory e�ect caused by these

trapped charge carriers has been elaborated in [3]. The

principle of this model is based on the appearance of an

inhomogeneous density of carriers on the trap levels due

to the modulation of the energy of the local centre in

the band gap. The density of electrons at the trap levels

is de�ned by a homogeneous m

0

and an inhomogeneous

components: m = m

0

+m

l

(z). The inhomogeneous den-

sity is described by

m

l

�

N

c

� exp(�U

0

=kT )eam

0

=kT

n

0

+N

c

� exp(�U

o

=kT )

P

2

q

; (4.8)

where ea is the coe�cient in the expression U = U

0

+eaP

2

q

,

which describes the dependence of the interval between

the bottom of the conduction band and trap levels on

the order parameter P

q

.

We will assume the coupling potential between the

modulation order parameter (P

q

) and the electronic in-

duced polarisation (P

in

) to be linear. Let us present P

in

in the form P

in

= m

l

(z)P

0

, where m

l

(z) is the density of

the electrons trapped by the local centres given by (4.8)

and P

0

is the e�ective dipole moment of the recharged

centres. Following [2] the coupling potential can be writ-

ten as

V = V

0

m(z)P

0

P

q

�(qq

�

); (4.9)

where q

�

= q(T

�

) corresponds to the wave number of the

sinusoidal modulation of the induced electronic polariza-

tion. The temperature interval within which the wave

number q

�

is locked is given by [2]

�T =

p

2

�

�

(V P

�2

q

)

1=2

�

1=2

&

; (4.10)

where & = (dq=dT )j

q=q

�

and � is the coe�cient in

(4.2). Inserting the expressions for the coupling poten-

tial (Equation (4.9)) and the density of charge carriers

on the trap level (Equation (4.8)) into Equation (4.10)

�T is expressed by

�T =

p

2

��

1=2

&

�

(V

0

N

c

exp(�U

0

=kT )eam

0

P

q

=kT )

1=2

n

0

+N

c

exp(�U

0

=kT )

: (4.11)

In this formula the time dependence of the density of

the recharged centres has not been taken into account. It

is assumed that P

q

� (T

i

�T )

1=2

. A �t of (4.11) to the ex-

perimental temperature dependence of �T (�g. 10) gives

U

0

=0.42�0.01 eV, N

c

=10

19

cm

�3

and n

0

�9�10

9

cm

�3

as parameters [7].

As can be seen from �g. 10, b, �T tends to saturation

with an increase in the temperature stabilization time

interval. The solid line in �g. 10, b is a �t to an exponen-

tial variation of �T = 0:49 + 0:79(1� exp(�t=�)) with

� � 100 min. According to model [3], in which the mem-
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ory e�ect is related to the inhomogeneous distribution

of charge carriers on the trap levels the time � constant

can be attributed to the charge carrier relaxation on the

trap levels. This time relaxation is determined by Equa-

tion (4.6).

Using for Sn

2

P

2

Se

6

n

0

�9�10

9

cm

�3

, N

c

=10

19

cm

�3

and U

0

= 0.4 eV, T = 196 K and 
 �10

�13

cm

3

�s

�1

(typ-

ical for wide-band-gap semiconductors [3]), � is found to

be equal to about 140 min. This value is in reasonably

good agreement with that obtained from the dependence

of �T on writing time.

It should be noted that, in the case of a defect mecha-

nism of the memory e�ect, the defect concentration pro-

viding the pinning of the incommensurate modulation

with a wavelength of 12{15 elementary cells should be

very large: of the order of 10

20

-10

21

cm

�3

. Such concen-

trations are only tolerable for "proper defects" of the

crystal lattice. The recharging of the ions may be one of

the mechanisms in creating this kind of defects. In the

case of the Sn

2

P

2

Se

6

crystals one can assume the follow-

ing mechanism. Through the electron{phonon coupling

the free charge carriers are localised near the (P

2

Se

6

)

4�

anion quasimolecular groups, creating quasiparticles sim-

ilar to the polaron. However, this is only one of the possi-

ble con�gurations which can be generated in the crystal

by the recharging e�ect.

V. CONCLUSIONS

The observation of the thermal memory e�ect for the

IC-phase Sn

2

P

2

Se

6

ferroelectric{semiconductor allowed

to establish the following regularities. The manifestation

of the e�ect in the low-frequency dielectric properties and

optical birefringence is similar. The state of the electron

subsystem of Sn

2

P

2

Se

6

crystals determines conditions for

the memory e�ect recording: the e�ect has been observed

in the low-resistant samples and it was not noticed for

the high-resistant ones, the e�ectiveness of recording de-

pending on the light wave-length. Thermal memory in

the IC-phase of Sn

2

P

2

S

6

within described in the frame-

work of the phenomenological model assuming spatial

redistribution in the wave-�eld of spontaneous polariza-

tion of the charge carriers concentration on the impurity

energy level in the forbidden band of the crystal.

The observed long term relaxation of the dielectric pa-

rameters in the paraelectric phase of the Sn

2

P

2

S

6

crys-

tals and the appearance of a state intermediate between

the paraelectric and ferroelectric phases (apparently, an

IC phase) is also described within the framework of the

phenomenological model, assuming renormalization of

the thermodynamic potential constant with a variation

in the concentration of charge carriers on the impurity

energy level in the forbidden band. It should be no-

ticed that the thermal memory e�ect in the IC phase

of Sn

2

P

2

Se

6

and the relaxational appearance of the in-

termediate state in Sn

2

P

2

S

6

are agreeably described with

account of the previously determined data of the ther-

modynamic potential constants for these crystals and the

adequate values of the semiconductor parameters.

Thus, using Sn

2

P

2

S

6

and Sn

2

P

2

Se

6

proper ferro-

electrics with semiconducting properties as examples, we

have investigated and compared two types of relaxation

phenomena caused by a interrelation between the phase

transition order parameter and mobile defects{charge

carriers. The renormalization of spatial dispersion of the

sti�ness coe�cient for the order parameter 
uctuations,

caused by the change in the charge carriers concentra-

tion on the impurity energy level, shifts the position of

the Lifshitz point on the state diagram and leads to the

IC phase appearance in the Sn

2

P

2

S

6

crystal. At the same

time the local centres energy modulation in the forbid-

den band of the Sn

2

P

2

Se

6

semiconductor, caused by the

non-uniform static �eld of the order parameter in the IC

phase, leads to the appearance of the charge carriers con-

centration wave, which is displayed through the thermal

memory e�ect.
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RELAKSAC��N� �VIWA V KRISTALAH VLASNIH ODNOV�SNIH

SE�NETOELEKTRIK�V{NAP�VPROV�DNIK�V Sn

2

P

2

S(Se)

6

Z NESP�VVIM�RNO� FAZO�

�. Visoqans~ki�, A. Molnar

U�gorods~ki� der�avni� un�versitet, �nstitut f�ziki � h�m�Ý tverdogo t�la

UkraÝna, UA{294000, U�gorod, vul. P�dg�rna, 46

Dl� kristal�v se�netoelektrik�v{nap�vprov�dnik�v Sn

2

P

2

S(Se)

6

relaksac�� elektronnoÝ p�dsistemi zu-

movl�
 zsuv toqki L�fxic� na fazov�� d��gram� � p�n�n� hvil� parametra por�dku \efekt pam'�t�" v

nesp�vvim�rn�� faz�. Dl� cih vlasnih odnov�snih se�netoelektrik�v obidva efekti zadov�l~no opisu�t~s�

fenomenolog�qno� modell�, �ka pripuska
: perenormuvann� prostorovoÝ dispers�Ý koef�c�
nta �orstko-

sti dl� fl�ktuac�� parametra vpor�dkuvann� vnasl�lok relaksac��noÝ zm�ni koncentrac�Ý nos�Ýv zar�du

na dom�xkovomu energetiqnomu r�vn� v zaboronen�� zon� kristalu; zumovlenu neodnor�dnim statiqnim po-

lem parametra por�dku v nesp�vvim�rn�� faz� modul�c�� energ�Ý lokal~nih centr�v, �ka vede do po�vi

koncentrac��noÝ hvil� nos�Ýv zar�du.
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