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The paper is devoted to the research of the non-equilibrium properties of the incommensurate (INC) phase of the improper ferroelectric-
semiconductor TIGaSe,. The influence of the prehistory of the heat treating of the crystal, i. e. annealing at the fixed, stabilized temperature
in the region of INC- phase on the dielectric constant (&) behavior of the sample in the vicinity of the phase transition (PT) — INC phase —
the commensurate (C) ferroelectric phase studied. The peculiar case of the memory effect realization leading to the temperature range change

of the INC-phase existence is observed for the first time in TIGaSe,.

INTRODUCTION

The layered crystal TIlGaSe, belongs to the
ferroelectrics-semiconductors group and attracts attention by
its unusual dielectric [1], elastic [2, 3], thermodynamic [4-6],
optical [7, 8] and other properties near the structural PT. In
the paraelectric phase TIGaSe; is a monoclinic crystal with
the space group (SG) of the symmetry Cy,° [9]. The X-ray
investigations [10] have revealed the formation of the several
polytypes of the monoclinic modification (C;%, Cs*, Ca?) of
TIGaSe,. To the present time it has been experimentally
shown, that the TIGaSe, polytype with SG in the paraphase
Cy® suffers the consequence of the structural PT with
temperature decrease at the atmosphere pressure [11]. At
Ti~116K the second order PT realizes from the high-
temperature paraelectric phase into INC-phase, and the first
order PT from the INC-phase into the improper ferroelectric
C-phase, T.=106K, accompanied by the quadrupling of the
crystallographic axis €. In the polar phase the spontaneous
polarization vector is placed on the layer plane. The
modulated structure of the INC-phase is caused by the soft
mode condensation near the Brillouin zone edge with the

wave vector K =(5,5,025), where & is the

incommensurable parameter. In spite of numerous attempts
the symmetry of the low-temperature polar phase and the
temperature dependence of ¢ in the INC-phase region have
not been established up to the present time.

It was shown in [7, 8, 12-15], that the temperature
behavior of some physical parameters of TIGaSe,
demonstrates the strong sensitivity to the thermocyclization
due to which the physical properties of TIGaSe, are
ambiguous and depend on the sample prehistory. The
impurity and defect states in TIGaSe, and their influence on
PT and physical properties of this crystal have not yet been
revealed.

In the present work we describe for the first time the
anomalous memory effect in TIGaSe, demonstrated itself on
the curve &T) in the C-phase near T. as a result of the
annealing of the sample at the fixed temperature in the INC-
phase region.

SAMPLES AND EXPERIMENT METHODS

The TIGaSe, sample in the form of the plane-parallel
plate of the sizes 3,3x4x4 mm?, cut out from the monocrystal
ingot grown by the modified Bridgeman-Stockberger method
was used. Electrical contacts were provided by application of
Ag-paste to the working surfaces of the crystal.
Measurements of &T) have been conducted in a quasi-static
regime with the temperature change velocity 0,5 K/min far
from and 0,1 K/min near T, by the application of the
alternating current bridge at the frequency 50 KHz. The
sample has been in the thermostatic chamber of the cryostat
during the measurement. The temperature has been measured
by the platinum thermometer. The stabilization precision of
the temperature has not been worse than + 0,01K.

The following measurement procedure has been applied.
At first the sample has been cooled up to the liquid nitrogen
temperature and kept at this temperature during 30 min. This
condition provides the disappearance of the initial non-
equilibrium states in the C-phase. Then in the smooth
temperature change regime the sample has been heated up to
the given temperature in the region of the INC-phase and
kept (annealed) at this temperature during an hour and
cooled again up to the liquid nitrogen temperature. The &)
curve has been recorded during the subsequent sample
heating up to the thermostabilization temperature. The
subsequent &(T) measurement cycles have been conducted by
the analogous temperature conditions of the experiment.
Before the change of the annealing temperature of the
sample, the latter has been heated up to the room
temperature, then cooled and kept during an hour at the liquid
nitrogen temperature.

EXPERIMENTAL RESULTS AND THEIR
DISCUSSION

The temperature dependence of ¢ in TIGaSe; in wide
temperature range, including the structural PT points, has
been measured at the sample heating after its cooling from
the room temperature is shown in fig.1,a. As it is seen from
fig. 1a, the curve &(T) is characterized by anomalies in the
form of precise maxima at the PT point from the paraelectric
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phase to the INC- phase at 7;=114,9K and near PT point
from INC-phase to the C - phase at 7,=106,5K. It follows
from the measurements, that the &(T) dependence in the
high-temperature paraelectric phase follows the Curie-Weis
law. The Curie constant value and PT temperature values are
in good agreement with the existing data [16-18]. The
distinct anomaly on the &(T) curve from the C-phase side at
T=102 K has been revealed in TIGaSe, sample of the given
technological quality (see fig.1a). It has been shown on the

example of the layered TIInS, crystal, isostructural to
TIGaSe,, that the similar anomaly is also observed on the
&T) dependence below 7. and is connected with the
coexistence in the registered temperature range of the polar
regions of the C-phase and non-disintegrated parts of the
INC-phase modulation wave [19]. It is possible to suppose,
that the anomaly below T, in the &T) curve in TIGaSe, has
the same nature as in TIInS,.
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Fig.1. The temperature dependence ¢ of the layered crystal TIGaSe,, measured at the heating mode after: a) previous cooling of the
crystal from the room temperature, b) the four hours annealing of the crystal inside the INC-phase at T, =110K, c) the five hours
annealing of the sample inside the INC-phase at T,, =110K.

The &(T) dependences for TIGaSe, crystals, obtained at
heating process after the crystal annealing in the fourth and
fifth times in the INC-phase at 7,,=110K during an hour are
presented in figs. 1b and 1c, respectively. The fact of the
extra anomaly appearance on the £T), beginning with the
fourth measurement cycle, in the form of the low maximum
at T=105,9 K is clearly seen. At the same time temperature
stabilization of the sample at Ty, leads to the shifting of the
PT temperature from INC phase to the C phase to the lower
temperature side. This shifting for the fourth cycle of
annealing is about 0,3K. The fifth annealing cycle does not
practically change the T, but leads to the shifting of the
second maxima from 105,9K to 105,1K.

As it is known [20-23], the annealing of the crystal
during the long time within the incommensurate phase leads
to the formation of the long-live metastable states, connected
with the defects density wave (DDW) which is formed in the
crystal, as a resuet of the spatial redistribution of impurities
and structural defects in the periodic field of the INC phase.
Since the relaxation time of the mobile defects, determined
by their diffusion mobility, considerably exceeds the time,
required for the measurement of &(T) from the ferroelectric
phase to T, it is possible to assume the conservation of
DDW (and consequently solitons in the potential relief,
created by the impurities and mobile defects) out of the INC-
phase region. As it is shown in [24, 25] this peculiarity of
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INC phase leads to the shifting of the T, in TlInS, crystals to
the low temperature region.

To explain the appearance of the second peak in &(T)
dependence of TlGaSe, after annealing at T, within INC
phase one can suppose, that the structure of the real TIGaSe,
crystal is essentially heterogeneous. The fracture of the
investigated sample by cleaving has revealed the presence of
two qualitatively distinct by its dielectric properties
macroscopic parts: TlGaSe, —I and TIGaSe, —Il. The &(T)
curves for TIGaSe, I (fig. 2a) and TIGaSe, -l (fig. 2b),
obtained at sample heating after its cooling from the room
temperature, are presented in fig. 2.

As it is seen from fig.2a, the dependence &£(T) of the
smaller by the size sample TIGaSe, —I (3,3x1,6x4 mm°) is
qualitatively similar to the initial crystal &T) with 7;=112,8K
and T.=106K. The temperature dependence &(T) for the larger
by its size sample TIGaSe, -1l (3,3x2,3x4 mm®) distinguishes
essentially from &(T) for TIGaSe,—I. As it is seen from fig.
2b, the anomaly, connected with PT to INC — phase occurs at
7;=111,8K and becomes strongly diffused. The temperature
T., determined from the given experiment for the sample
TlGaSe, —Il makes 106,2 K. The fact of the sudden rise of the
¢ for the sample TIGaSe, —Il beginning from T=107K is
connected with the significant growth of the
electroconductivity of the indicated part of the sample. It
should be noticed, that the multiple annealing of the samples
TIGaSe, -l and TIGaSe; —Il during an hour inside the INC-
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phase has not been accompanied by the extra anomaly
appearance on the curve £T). At the same time the thermal
annealing of the samples within the INC phase leads to low
temperature shifting of T, in TIGaSe; -1l by 1,9K, and 0,4K
in TIGaSe, —I.

Taking into consideration the possible formation of
different polytypes of TIGaSe;, it is possible to assume, that
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Fig. 2. The temperature dependence & of the sample parts
TIGaSe,, obtained by the consequent spalling:
a- TIGaSe,-1; b- TIGaSe,-11. The measurements have
been conducted in the heating mode after the previous
cooling of both samples from the room temperature.

TIGaSe, -1 and TIGaSe, —Il belong to the various
polytypes. However, in this case, TIGaSe, polytype, whose
symmetry of the high-temperature phase is distinguished
from C,°, should be supposed. The structural research data
present in reference [9] testifies the presence of the INC-
phase only in polytypes TIGaSe, with the symmetry of the
high-temperature paraphase C,.°. In papers [18, 26-28]
attempts, made to reveal the INC-phase in other
modifications of TlGaSe, by the methods of the neuron
diffraction and X-rays, have not been successful.

We suppose, that the concentration of impurities and
mobile defects, essentially distinct in the various parts of the
sample, has existed in the initial real crystal TIGaSe, and the
part of the initial sample, i.e. TIGaSe; -, is characterized by
the higher concentration of impurities and structural defects
in comparison with TIGaSe, -l. Therefore, in the initial
sample TIGaSe, the phase transition from the INC-phase to
the commensurate ferroelectric phase after a long stay of the
sample inside the INC-phase will be realized in two
neighboring temperature points, in accordance with the
different values of shifting of T, in different parts of the
sample.

CONCLUSION

Thus, in the present paper the results of the qualitatively
new case of the memory effect realization- influence of the
sample prehistory on the temperature behavior of ¢, presented
by the extra anomaly appearance in &) in the neighborhood
of INC-C PT point have been for the first time represented in
the TIGaSe, crystal. It is suggested, that in the various parts
of the crystal the “frozen” states of defects and impurities
with the various concentration, occur after the annealing of
the sample in the INC-phase due to the irregular distribution
of the impurities and defects existed in the initial sample.
Therefore, PT to the commensurate ferroelectric phase in the
different parts of the initial sample TIGaSe,, subjected to the
thermal annealing in the INC-phase, occurs at various, but
close temperatures.

[1] K.R. Allahverdiyev, N.D. Ahmedzade, T.G. Mammadov,
T.S. Mammadov, M-H. Yu. Seyidov. FNT, 2000, 26, 1,
76.

[2] Y.V. [llisavskiy, V.M. Sternin, R.A. Suleymanov,
F.M.Salaev, M-H .Yu. Seyidov. FTT, 1991, 33, 1, 104.

[3] R.A. Suleymanov, M.-H. Yu. Seyidov, F.M. Salaev. FTT,
1991, 33, 6, 1797.

[4] N.A. Abdullayev, K.R. Allahverdiyev, G.L. Belenkiy,
T.G. Mammadov, R.A. Suleymanov, Y.N. Sharifov. DAN
Az. SSR, 1985, 41, 12, 21.

[51 N.A. Abdullayev, T.G. Mammadov, R.A. Suleymanov.
FNT, 2001, 27, 8, 676.

[6] E.S. Krupnikov, F.Y. Aliyev. FTT, 1988, 30, 10, 3158.

[71 K.R. Allakhverdiev, M.A. Aldzanov, T.G. Mammadov,
E.Yu. Salaev. Sol. St.Com., 1986, 58, 5, 295.

[8] K.R. Allakhverdiev, S.S. Huseynov, T.G. Mammadov,
M.M. Tagiyev, M.M.Shirinov. Izv. AN. SSR. Neorg.
Mat., 1986, 25, 11, 1858.

[9] D. Muller, H. Hahn. Z. Anorg. allg. chem., 1978, 438,

258.

S.G. Abdullayev, V.A. Aliyev. DAN Az.SSR, 1980, 36, 8,

34.

[10]

[11] D.F. McMorrow, R.A. Cowley, P.D. Hatton, J.Banys. J.
Phys: Condens. Matter, 1990, 2, 3699.

Y. P. Gololobov, S.A. Shilo, I.A. Yurchenko. UFJ 35,
1990, 11, 1721.

Y. P. Gololobov, V.M. Perga, I.N. Salivonov, E.E.
Shigol. FTT, 1992, 34, 1, 115.

N.A. Borovoy, Y. P. Gololobov. FTT, 1997, 39, 9, 1652,

Y. P. Gololobov, S.A. Shilo, I.A. Yurchenko. FTT, 1991,
33,9, 2781.

A.K. Abiyev, N.A. Bahishov, A.E. Bahishov, M.S.
Gajiyev. lzv. Vuzov Fizika, 1989, 12, 84.

R.M. Sardarly, O.A. Samedov, 1.Sh. Sadykov, E.l.
Mardukhaeva, T.A. Gabibov. Sol. St. Com., 1991, 77, 6,
453.

H.D. Hochheimer, E. Gmelin, W. Bauhofer, Ch. von.
Shnering— Schwarz, H.G. von. Shnering, J. lhringer, W.
Appel. Z. Phys. B. — Condens. Matter., 1988, 73, 2, 257.
R.A. Suleymanov, M-H .Yu. Seyidov, F.M.Salaev and
F.K.Mikailov, FTT, 1993, 35, 2, 348.

J.P. Janet, P. Lederer. J. Phys. Lett (Paris), 1983, 44,
257.

[12]
[13]

[14]
[15]

[16]

[17]

(18]

[19]

[20]

49



V.P. ALIYEV, S.S. BABAYEV, T.G. MAMMADOV, MIR-HASAN Yu. SEYIDOV, M.M. SHIRINOV

[21] L. Folcia, M.J. Tello and J.M. Perez-Mato, J.A.
Zubillaga. Solid State Comm.,1986, 66, 25.

[26] S.B Bahrushev, B.E. Kvyatkovskiy, N.M. Okuneva, K.R.
allahverdiyev, R.M. Sardarli. Preprint 886, FTI im, A.F.

[22] C.L. Folcia, M.J. Tello and J.M. Perez-Mato. Physical loffe, S.-Petersburg, 1984, 12.
Review B, 1987, 36, 13, 7181. [27] V.A. Aliyev Kristallografiya. 1990, 35, 2, 506.

[23] C.L. Folcia, J.M. Perez-Mato and M.J. Tello. Physical [28] O. Plyush, A.U. Shelet. Kristallografita, 1999, 44, 5,
Review B, 1988, 38, 7, 5055. 873.

[24] S. Ozdemir, R.A. Suleymanov, E. Civan and T. Firat. [29] B.S. Kulbishev, S.M. Zaytzev, A.Ch. Malsagov. Izv. AN.
Solid State Commun., 1996, 98. SSR. Neorg. Mater., 1987, 23, 3, 511.

[25] S. fOzdemir, R.A. Suleymanov, K.R. Allakhverdiev, F.A.

Mikailov and E. Civan. Solid State Commun., 1995, 96,
757.

V.P.Aliyev, S.S. Babayev, T.Q. Mammadov, Mir-Hasan Y.Seyidov, R.A. Silleymanov,
M.M. Sirinov

TIGaSe; KRISTALININ NiSBOTLIi SEQNETOELEKTRIK FAZASINDA TERMiK YADDAS EFFEKTI

Maqalada qeyri-maxsusi seqnetoelektrik TIGaSe, kristalinin nisbatsiz fazasinin (NF) qeyri-tarazliq xassaleri
tedqiq olunur. Gosterilmisdir ki, kristalin nisbatsiz fazada stabillesdiriimis, misyyan temperaturda saxlanmasi NF-
dan nisbatli segnetoelektrik fazaya kecidi atrafinda ilk dafe olaraq NF-nin temperatur intervalinin dayismasi vo
segnetofazada T, yaxinliginda «(7) asiiliginda slave anomaliyanin emals galmaesi kimi yaddas effekti misahide
olunur.

B.I1.AabieB, C.C. Babaes, T.I'. MamenoB, Mup-I'acan 10. Cennos, P.A. Cyneiimanos,
M.M. lllupuHoB

3®PEKT TEPMUYECKOM MAMATHA B COPASMEPHOM CETHETORJEKTPUYECKON
DA3E KPUCTAJLIA TIGaSe,.

PaGoTa MOCBSIICHA MCCIICAOBAHUIO HEPABHOBECHBIX CBOMCTB HecopasmepHoit (HC) (assl HecOOCTBEHHOTO CETHETORICKTPHKA
nosrynpoBosHuka T1GaSe; , a MIMEHHO, U3y4YEHHIO BIUSHHS IPEABICTOPUH — TEMIIEPATyPHOIl BBIICP)KKH KPHCTAIIA BO BpeMeHH (OTXKUT) IIpH
OTpeeeHHO’, CTabnM3npoBanHoil Temmneparype B obnacti HC — ¢a3bl — Ha noBeqeHHe ANDICKTPUYECKOl poHuaeMoctu (¢) obpasia B
okpectHocTH (hazoBoro nepexoxa (PIT) HC — copasmepras (C) cernerossexrpuyeckas ¢asza. Brepsbie 3apernctpiupoBaH cBoeoOpas3HbIi
cirydait peanmzanuu 3(Q¢GeKTa mamMsaTH, CBOAIIMHAIICS K U3MEHEHHIO TeMIepaTypHoro uHTepsana cymectBoBanust HC — ¢a3bl 1 k MOSBICHUIO
JOTIOJIHUTEIbHOM aHoManiu Ha KpuBoi &(7) B cernerodase B OKpecTHOCTH 7.
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