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The investigation results of temperature dependences of dielectric constants (¢), dark and pyroelectric currents and also VAC and dark
current time evolutions of layered ferroelectric-semiconductor T1GaSe,, obtained at fixed temperatures in 77K+ 300K interval are presented
in the present work. The pronounced anomaly in the “pit” form with visually noticeable temperature boundaries ~150K and ~200K is firstly
revealed on ¢(7) curve measured in the direction which perpendicular to the layers in the region of low frequencies. Also the development of
electric instabilities revealing in the form of low-frequency current quasiperiodic vibrations on sample VAC in strongly limited temperature
interval 145K — 205K is firstly experimentally fixed. The time character of current instabilities is established. It is shown that it is important
for observance of the given instabilities that electric field should be given to the sample by the means of contact-free master potential
electrodes prepared in the form of thin mica separator. The instability nature and its influence on the different physical parameters of layered

crystal TlGaSe, are discussed.

1. Introduction

Thallium-gallium diselenide (TlGaSe,) relating to the
family of low-dimension (layered and open-chain) triple
chalcogenide semiconductor compounds with general
formula TI'(M*"X,)” where M = In, Ga; X = Se, S, Te is the
interest example of ferroelectric-semiconductor in the
scientific relation and important in the practical one the
properties of which are actively investigated during long
time. The significant volume of experimental material
dedicated to systematic study of structural properties and
physicochemical peculiarities TlGaSe,, synthesis condition
development of these compounds and preparation technology
of high-qualitative single crystals [1-7] has accumulated in
the scientific works in the result of long-term investigations.
Thus, for example, by rentgenodiffraction investigations it is
established that TIGaSe, layered crystals have the monoclinic

type of crystal structure with C26h symmetry space group and

a = 10,77A, b = 10,771A, ¢ = 15,636A and p = 100,06°
lattice spacings. The two-dimensional-periodic double layer
alternating parallel to crystallographic plane (001) (or
perpendicular to ¢ axis) is the main structural crystal unit.
Each “sublayer” consists of group consistency of GasSe;o-
pyramids being the main structural reason which are
constructed from combination of four elementary gallium-
selenium GaSe, tetrahedrons. Two layers access to each other
by vertexes of pyramids and are relatively shifted by such
way that trigonal spaces form in which Tl atoms locate. The
elementary cell contains 16 formula units (64 atoms) [1-7].
The interest to TlGaSe, is caused by the presence of
temperature phase transition (PhT) consistency at atmosphere
pressure in its structure. The three structural PhT: two in the
volume and the one on the surface are explicitly identificated
by the structural [5,8], heat [9-14], acoustic [15-18], optical
[19-22], dielectric [23-32], pyroelectric [33], NMR [34,35],
EPR [36] and other investigations in TlGaSe, crystals. PhT
realize in crystal volume: near 7~120K from high-
temperature paraelectric phase into incommensurable (INC)
phase and near 7. ~110K from INC-phase into improper,
modulated, commensurable (C) ferroelectric phase with the
spontaneous polarization vector lying in the layer plane. Note
that PhT temperatures for TlGaSe, samples chosen from
different technological sets can differ from above mentioned
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ones on few degrees up or down on temperature scale. PhT in
INC-phase is connected with stability loss of layered crystal
lattice with respect to some degree of freedom corresponding

to wave vector k, =(5;6;0.25), where §=0.02 is

incommensurability parameter [5,8]. The parameter ¢ at
transforms into zero by the jump at 7 = T, so ferroelectric
properties of low-temperature C-phase are connected with
“blocking” of modulation wave vector on rational value

/;,. =(0;0;0.25) (soft mode on the boundary of Brillouin

band). The symmetry space group of low-temperature polar
phase and also temperature behavior of 6 incommensurability
parameter haven’t been revealed yet in spite of many
attempts. PhT on the surface is observed near 7~135K
according to [33,37]. The significant improvement in the
understanding of surface PhT nature in TlGaSe, is absent in
the present scientific works.

Meanwhile, enough many experimental facts obtained on
the base of CSL and IR [19, 38-42] investigations and also by
the methods of micro-wave and submillimetric dielectric
spectroscopy [43, 44] which don’t agree with above
mentioned data and show on the T1GaSe, relation to the class
of eigen ferroelectrics with intermediate INC-phase on
temperature as the softening of some phonons in the middle
of Brillouin band in commensurable ferroelectric phase is
observed near PhT temperature. Nowadays the inconsistency
reasons of above mentioned results can’t be considered as
finally determined ones in spite of the fact that there are
several models [23-28, 45-47] in the scientific works which
explain them.

Note that TlGaSe, crystals usually have the composition
differing from stoichiometric one [48,49] because of the
difference in steam tension of initial components. The
stoichiometry failure in growing process or high-temperature
thermal annealing of TlGaSe, samples leads to appearance of
increased structural defect concentration in the form of Se
volume inclusions the concentration and charge state of
which significantly influence on semiconductor properties of
T1GaSe, (double carrier injection, residual photoconductivity
[48, 49] and etc.).

Besides regions close to temperatures of structural PhT,
T1GaSe; single crystals reveal the series of unusual properties
which don’t have the proper explanation. Firts of all, it is
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necessary to note the works [43,44] in which the dynamics
non-trivial behavior of TlGaSe, crystal lattice consisting in
splitting of soft ferroelectric mode on two components: low-
frequency branch behaves itself norlally and high-frequency
one behaves itself anomalously with temperature change.
Firstly its frequency monotonously decreases with
temperature decrease, goes through minimum near ~180K
and then it increases. The tractability of this singularity is
given in [50] on the base of model of toroidal PhT. In [20,21]
it is established that under study of temperature dependences
of transmission spectrums of TlGaSe, samples chosen from
different technologies sets and investigated in the direction
perpendicular to layers, the intensity oscillations of
monochromatic light (see fig.7, b) passing through the crystal
are observed in TlGaSe, some samples aren’t observed in the
white light and their period doesn’t depend on thickness of
T1GaSe, investigated plates, they are defined only by sample
temperature. With the help of control investigations authors
establish that oscillations observeable in the experiment
aren’t connected with multipath light interferention in
TlGaSe, parallel-sided plates and thermoluminescence of
crystal impurity centers. By authors opinion [20, 21, 51] the
above mentioned oscillations are connected with diffraction
of monochromatic light on soliton lattice presenting itself the
region alternation corresponding to commensurable
ferroelectric phase on the structure and narrow domain-like
walls which are phase solitons. By other words authors
suppose that PhT into INS-phase in TIGaSe, takes place near
~ T~247 K and into ferroelectric C-phase takes place near
T~140 K, i.e. near temperatures not designated by structural
investigations. It is need to note that theoretic estimations
carried out in refs [52-55] make the realization in the
experiment of above mentioned oscillation mechanism of
transmission intensity in T1GaSe, unclear.

Besides the above mentioned unusual peculiarities, the
one more is observed in the ref [22] at temperature
investigations of conoscopic figures of TlGaSe, thin plates
consisting in return of TlGaSe, optical axes beginning from
the temperatures ~180K. The authors of ref [22] specially
emphasize that observable phenomena can’t be explained by
even supposed PhT in TlGaSe, structure and is connected
with appearance the internal electric fields directed
perpendicular to T1GaSe; layers (the nature of which by the
opinion of ref [22] authors is still unclear) and their influence
on crystal refraction coefficients in the given temperature
region in the crystal.

Finally let’s mention the refs [10, 11, 16] in which the
unusual temperature behavior of thermal-expansion
coefficient and Yung module of TIGaSe, are observed in
temperature interval ~140K+~200K.

Taking into considration the above mentioned the detail
study of resistive and dielectric properties of TIGaSe, single
crystal samples in temperature interval 140K+200K with the
aim of search and establishing of correlations between above
represented unusual physical properties T1GaSe, in the given
temperature region and measurements of dielectric and
transport properties is the task of present paper. The
experimental evidences of the fact that the given pecularities
present themself the different forms of electric instability
revealing realizing in the form of nonequillibrium PhT in
TlGaSe, electronic subsystem are given in the work. Let’s
note that the data about similar investigations in the scientific
work are absent in the moment of present work carrying out.
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2. Sample preparation and measurement technique.

The specially chosed high-resistive samples TlGaSe,
cutted from grown single crystal ingots modified by method
Bridgmen-Stockbarger are used for investigations. X-ray
micro-analysis carried out by the means of EDX (energy
dispersive X-ray) attachment to scanning electron microscope
proves the sample formula composition. According to EDX-
analysis data the percent relation of initial components in the
investigated sample differs from stoichiometric one to the
side of tallium atom deficit and it is equal to (22,58 at %)T],
(26,58 at %)Ga and (50,84 at %)Se. Let’s also note that the
control tests on TlGaSe, samples sawed out from other
technological sets the stoichiometric composition of which
either almost corresponds to above mentioned one or
absolutely differs from it to the side of thallium atom excess
and selenium atom deficit are carried by us with the aim of
confirmation of obtained results.

The following electro-physical properties: VAC, dark
current in the dependence on constant electric voltage applied
to the sample and light intensity by the which the sample
radiation is carried out up to measurements; the frequency
dependence of complex dielectric constant; the current of
short circuit passing through the sample (pyroelectric current
near ferroelectric PhT) are studied in the prepared samples in
wide temperature interval.

The samples for electric measurements in constant
electric field present themselves the rectangular plates with
typical dimensions: thickness ~1,5mm and surface area
~8mm”. The two by two current-conducting contacts from
silver paste, to which the thin copper wires are applied, are
evaporated on basic mirror surfaces of TlGaSe, plates for the
obtaining of low-resistance electric contacts with the sample.
The width of interstice between contacts on each sample is
~2mm. Besides, the control measurements on the samples
with electrodes from aurum evaporated on sample surfaces
by the method of high-temperature thermal evaporation in
vacuum are carried by us. The results obtained by the using
of these electrodes are identical ones. From this it is followed
that TlGaSe, sample contacts with electrodes have the
resistance which is essentially less than the crystal volume
resistance.

The nitric cryostat with optical windows and automatic
regulation and temperature stabilization is wused for
investigations. The control of temperature and the rate of its
change is carried with the help of Lake Shore 340
Temperature Controller. The measurements are carried in
dynamic regime with different rates of linear temperature
change in interval from 0,1K/min up to 20K/min. The sample
temperature is measured by platinum resistance thermometer
Pt-100 at the temperature stabilization level not less 0,01K.
The sample radiation is carried by the light of quartz-halogen
bulb with power 100W.

The current measurements are carried out with the help
of peak-amperemeter Keithley 485 to the input of which the
sample is connected off in resistance mode. The sensitivity
lower limit of measured installation is 0,IpA with
measurement error of current through crystal not more than
+0,01pA.

The pyrocurrent measurements are carried out by the
common method of short-circuit sample at its uniform
heating. The peak-amperemeter Keithley-485 is used in the
capacity of registering device. The contacts from silver pasta
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are coated on mirror surfaces TlGaSe, sample layers as along
polar direction so perpendicular to one. The measurement
procedure contains the following operations: firstly the
sample is cooled up to melting point of liquid nitrogen in the
darkness at the presence of external polarized current electric
field the strength 400V/cm (which is essentially less than the
coercive field one). Further the sample is heated up to room
temperature in the dynamic regime with linear rate of
temperature change 20K/min. Parallel to it the short-circuit
current (i,(7)) passing through the sample (pyroelectric
current near ferroelectric PhT) is registered in the regime of
short-circuit sample.

VAC measurements are carried out with the help of
electrometer Keithley 614 in isothermal conditions in the test
current scanning regime. The current amplitude registered by
the electrometer is ~ 0,1pA, the voltage applied to the sample
is in interval — 100 V ++100 V.

The special investigations at which the electric contacts
are removed from sample surface and electric field is applied
by the means of non-contact, potential-retarding electrodes
carried out in the form of thin mica separator (by thickness
~300 um) hold on the sample surface with the help of vacuum
lubrication are carried out with the aim of exclusion of
electric contacts on TlGaSe, electrophysical properties. By
other words the cycle of electric measurements is repeated on
the sample putted between condensator armatures connected
to closed circuit consisting of the direct current source,
condensator and electrometer.

The investigations of complex dielectric constant are
carried out in quazi-static temperature regime by the method
of impedance spectroscopy in frequency range 50Hz —
I3MHz with the help of HP 4192A LCR-meter. The
measurements are carried out on TlGaSe, sample having the
form of rectangular parallelepiped with parallel-sided ends
with area 12mm’ and 10mm’ correspondingly in both
perpendicular to the layers and along polar direction one. The
sample surfaces which one perpendicular to polar direction
are mechanically polished and burnished up to optical
quality. The electric contact to the electrode formed by the
evaporation of gold films on sample surface is carried out
with the help of current contact devides. The sample during
measurements is in thermostatically controlled chamber
inside thin-walled glass Dewar. The temperature is controlled
by cuprum-constant thermocouple. The accuracy of
temperature maintenance is not less than 0,5K and sensitivity
of its measurement is not less than 0,1K.

3. Experimental results.

The temperature dependences of dielectric constant real
part (¢") of TlGaSe, measured in heating regime at different
fixed frequences (200 Hz + 13 MHz) of measurement field in
direction perpendicular to layers are presented on the fig.1.
As it is seen from fig.1 the spectrums of dielectric constant
real part show the significant frequency dispersion in the
frequency range 200Hz+10xHz (at frequencies bigger than
100kHz dielectric constant spectrum approbation and ac
conductivity of TIGaSe, significantly becomes worse and
corrsponding curves on the fig.1 and 2 aren’t shown in order
to not fill the figure). The visually seen anomalies of &'(7)
dependence in the form of small maximum near 7~120K and
superficial hole in temperature interval ~ 150K + ~ 200K
with enough sleep low-temperature and tail high-temperature
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slopes. The low-frequency anomalies in behavior &'(T) are
gradually suppressed and practically aren’t observed at
frequency of measurement field 10KHz with alternative field
frequency growth (see the inclusion on fig.1). The region of
enough intensive &'(7) increase close to exponential one on
the background of which the small bend is registered is
observed at 7>190K in whole investigated frequency range
200Hz+13 MHz.
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Temperature dependences of dielectric constant real
component of TIGaSe, measured in heating regime in
the direction perpendicular to layers at different
frequences. The anomalous behavior of ¢'(T) TIGaSe; in
temperature interval 150 K + 200 K is shown on the
attachment.

Fig.1.

The spectrum temperature dependences of ac
conductivity (o) of layered crystal TIGaSe, measured in the
regime of sample heating in the direction perpendicular to the
layers in frequency range 200Hz+13 MHz are presented on
the fig.2. From fig.2 it is seen that qualitatively temperature
step of whole o curves measured on different frequencies
coincides with data of fig.1, moreover, the clearly expressed
anomaly having “hole” form in temperature interval
~ 150K+ ~ 200K is also the main peculiarity of each from
curves o(7) in the investigated frequency range.
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Spectrum temperature dependences of ac conductivity
of TlGaSe, measured in the direction perpendicular to

layers at different frequences. The anomalous behavior

of ¢'(T) TIGaSe, in temperature interval 150 K + 200 K

is shown on the attachment.
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dielectric

typical temperature dependences of complex
constant real part of TlGaSe, measured in the
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direction parallel to layer plane in frequency range
200Hz+13MHz are shown on the fig.3. As it is seen from the
fig.3 the curves &'(T) are essentially differed from the
observable ones in the direction perpendicular to the layers.
The measurements of ¢'(7) at different frequencies show that
ferroelectric PhT in TlGaSe, takes place at 7,~110 K and has
all pecularities character for relaxation processes of Debye
type: the peak ¢'(T) connected with ferroelectric PhT washes
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Fig.3. Temperature dependences of real (a) and imaginary (b) components of dielectric constants of TIGaSe, measured in heating

the direction perpendicular to layers at different frequences.

As it has been mentioned, the layered crystals TlGaSe, at
normal conditions are semiconductors of p-type with width of
forbidden band varying in the limits AE~2.03+2.1eV (AE
values obtained by different authors can differ from each
other as they significantly depend on the conditions and the
method of sample growth, crude purity for growth, crystal
high-temperature annealing in other mediums and other
factors as other physical properties of TlGaSe, [23, 24, 56,
57]) and good sensitivity. TlGaSe, samples investigated in
the present work have the specific resistance ~1.5-10’Q cm
and higher at temperatures close to room ones in the
dependence on type and concentration of uncontrolled deep
impurity. Their VAC obtained with the help of metallic
contacts (silver pasta, aurum) are practically linear at room
temperature, the polarity change of applied voltage doesn’t
almost change the contact resistance, temporary delay
between applied voltage and electric current isn’t also
observed. Thus, the used electric contacts can be considered
as ohmic ones.

The temperature dependence of electric current (i)
passing through TIGaSe, sample perpendicular to the layers
at application to the crystal of constant external voltage 7V is
shown on the fig.4. The curve i(7) is obtained in the heating
regime at the rate of sample temperature scanning 1K/min.
As it seen from the fig.4 the dependence i(7) has
semiconductor character moreover, beginning from 7~180K
the current value strongly increases with temperature
increase. The plot region i(7) is well described by activation
law of arrenius type in temperature interval bigger than
~180K, moreover, activation energy of deep impurity defined
on inclination of /n i(T) dependence region on 10°/T is
0.31eV. The oscillating character of i(7) curve in temperature
interval 117+180K is shown in larger scale on the addition to
fig.4. It is seen that i(7) curve after small increase in
temperature interval 90K + 117K on law close to exponential
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out with decrease of dielectric constant maximum value and
insignificant increase of PhT temperature with increase of
frequency of alternative measurement field. Let’s note that
anomaly in the form of strong maximum character for
ferroelectric PhT which is also suppressed with measurement
field frequency increase (fig.3,b) is observed near 7.~110K
on temperature dependence ¢” (conductivity) studied in the
direction parallel to T1GaSe, layers.
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regime in

one “drops” in quasi-periodic oscillation process the
character of which changes at 138K and 168K at the
achievement of temperature point 117K. The oscillation isn’t
observed in i(7) behavior at temperature than higher
temperature 180K. The specially carried out investigations
i(T) in interval 117K + 180K in temperature stabilization
regime show that current oscillations have temporary
character with quasi-period ~lmin.
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Fig.4. Temperature dependence of dark current passing
through sample T1GaSe, perpendicular to layers
at the application of external potential 7V. The

curve i(7) is obtained in heating regime at

sample temperature scanning rate 1K/min.

The curves on the figures 5, 6 and 7 give the visual
illustration of i(7) dependence character changes of initial
T1GaSe, at variation of experiment external conditions: rate

change of sample temperature heating (d%t) and applied to

sample of constant voltage (U).
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Fig.5. The same as on fig.4. Experimental dependences i(7) are obtained under following experiment conditions: a is d%t =5 K/min,

U=5V; bis d%t=5K/min, U=7V; cis d%t=10K/min,U=4V.

The curve i(T) obtained at the rate of sample temperature
scanning 5K/min and external voltage 5V is presented on the
fig.5a. It is seen that i(T) dependence in temperature interval
77K + 200K has bell-shaped character with maximum
corresponding to ~117K moreover beginning from ~117K up
to ~200K the semiconductor sample resistance increases with
temperature increase. The similar experimental dependences
i(T) are obtained by us at other experiment conditions

2 dT/ = i = - dT/ = i
(fig.5, b: %z’t 5 K/min, U=17V, fig5 c: %ﬁ 10 K/min,

U=4YV). As it is seen from fig.5 the increase of temperature
heating rate is accompanied: by essential increase of current
value passing through the sample and expansion of bell form
temperature interval in i(7) behavior which takes place up to
~250K at heating rate 10K/min.
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Fig.6. The same as on fig.4. Experimental curves i(7) curves are obtained at slow heating of initial sample with rates 0.1 K/min (a) and
0.2 K/min (b) at application of constant external potential 10V to the crystal.

The given experimental fact evidences about the fact that
electro-transfer in TIlGaSe, in the given “sensitive”
temperature interval is defined not only by equillibrim
electronic component, i.e. by carriers thermally activated
from local levels in forbidden bands butr by nonequillibrium
component connected with formation of polarized state in
crystal volume.

The experimental curves i(7) given on the fig.6
demonstrate the existence of relaxation effects more visually
(of volume-charged polarization) in summary conductivity of
T1GaSe,. From data of this figure it is seen that temperature
dependences of current transfer in direction perpendicular to
layers measured at super slow heating of initial sample with
rates 0.1K/min and 0.2K/min endure the significant
modifications in comparing with early presented data. The
exponential growth of both curves of i(7) shown on the
fig.6,a,b replaces by strong decrease of current value at
achievement of temperature ~139K (fig.6,a) and ~148K
(fig.6,b) that probably is caused by polarization processes
(disappearance and/or formation of polarization charges) in
the sample and their application on corresponding
conductivity currents.

The current temperature dependence in the direction
perpendicular to layers measured at initial crystal heating
with rate 1K/min and application of small constant voltage

71

0,8V to the sample is presented on the fig.7,a. The intensity
temperature dependence of monochromatic light passing
through TlGaSe; crystal taken from publications [20, 21] is
shown on the fig.7,b in the capacity of illustrations. The
comparable analysis of these figures shows that i(7) curve up
to small details makes the temperature dependence of
transmission intensity. The detail consideration of fig.7,a
allows us to emphasize some consistent temperature regions
on i(T) curve: if current value in the interval ~ 80K + 165K
passing through the sample practically doesn’t depend on
temperature then interval ~ 165 K + 200 K is characterized by
the current value increase on the background of which the
specific oscillations in i(7) behavior with quasi-period which
is also equal to ~Imin, are observed. The oscillating character
i(T) is especially revealed in interval ~200K + 220K which is
characterized by the strong increase of amplitude of quasi-
periodic current oscillations. The oscillating process isn’t
observed at temperatures higher than ~220K. The curve i(7)
passes through maximum in this temperature interval,
moreover maximal temperature corresponds to the point
7~242K.

The typical low-temperature VAC of initial sample
obtained at direct (with increase of applied constant voltage)
and reverse steps (with voltage decrease) with application of
electric field along ¢ axis is presented on the fig.8. It is seen
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that the VAC ohmic region shifts to the region of lower
voltages (~10V) with temperature decrease, moreover VAC
curve is almost parallel to voltage axis in the region of critical
voltage ~ 10 V + 30 V, i.e it. has the form of N-shaped curve
with the region of negative differential resistance (NDR). The

i,nA
2 200K |
165K
14
0 '
<]
a
T L] T - »
160 200 20 T.K

N-shaped characteristics are reversible ones, however the
region of critical voltages at reverse step is less than at direct
one. The curent of VAC reverse branch is accompanied by
hysteresis. VAC extrapolation to value i = 0 gives the value
of residual voltage ~30V on the sample.

light intensity arbitrary units

b

196K

0 70

1
250 TK

Fig.7. a: the same as on fig.4. Experimental curve i(7) is obtained at heating of initial sample with rate 0.1 K/min at application
of small constant potential 8V to the crystal, b: intensity temperature dependence of monochromatic light passing through

T1GaSe; crystal taken from publications [20, 21]

Besides the current value have the tendency not to
transform into zero at reverse step in the region of small
voltages. VAC hysteretic peculiarity connected probably with
formation and kinetic changes of nonequilibrium processes
(internal electric fields connected with polarized state) in the
investigated sample reminds the ferroelectric hysteretic
curves of polarization dependence on applied voltage if the
net current passing through the sample is taken as the
displacement current.

i.pr\.

44

100 4

60 40 20 ©0 20 40 60V

Fig.8. VAC obtained on initial sample with metallic contacts at
temperature 113K. The change range of electric voltage
— 60V ++ 60V applied to the sample changing with the
step 1V for 1 second.

As it is known [58, 59] the relaxation effects in high-
ohmic semiconductors connected with the presence of
polarized charges in the crystal significantly depend on the
influence of external effects of different types on the sample,
sample pre-history before the measurements, temperature
boundaries of sample heating in the previous measurement,
cooling regime and etc. We carry out the investigation of
dark current of T1GaSe; initial sample previously cooled by
the lighting (the light of quartz-halogen bulb with power
100W) from room temperature up to 77K (see fig.9). As it is
seen from this figure, the form of i(7) curve endures the
significant modifications in “sensitive” temperature interval
~160K+220K that is also caused by the polarization processes
in the sample and their application on the corresponding
currents of equilibrium conductivity.
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| A

100

125 150 175 200 225 T.K

Fig.9. The same as on the fig.4. The curve i(7) is obtained in
heating regime with rate 7K/min of initial sample
T1GaSe;, prelimenary cooled under light (the light of
halogen bulb by power 100W) from room temperature

up to 77K at application of external constant potential 7V.

Let’s note that initial characteristics of the investigated
crystal are totally restored after its short temporary keeping at
room temperature during 10+20 min.

It is known that [60] transport properties of high-ohmic
semiconductors are defined not only by material volume, but
by its near-electrode regions. We try to reveal the connection
of above mentioned resistometric investigation results of
T1GaSe, processes with the ones on electrodes.

The curve form of dark current written in geometruy
which is perpendicular to the layers in the conditions when
the external electric field on the sample is applied through
block artificially created dielectric interstice carried out in the
form of thin mica separator is shown on the fig.10. The given
method allows us to avoid the undesirable surface and contact
phenomenon presenting at conductivity measurements on
usual technique with electrode application.

From the fig.10 it is seen that displacement current curve
(isis(T)) in the region of low temperatures reminds the
temperature dependence of static dielectric constant of
T1GaSe, given in [24-28]: the small anomaly is observed in
the bend form near ~98K and further the curve passes
through maximum moreover the biggest value iy(7) is
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achieved at temperature ~117K in PhT point into INC phase.
Besides, the anomaly on i,;(7) curve in the spiked peak form
is observed near 177K through “sandwich” mica - ample —
mica, monotonously increases with temperature increase
higher than ~180K that is probably caused by consistent
inclusion of carriers from the corresponding deep levels in
electric transition processes.
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Fig.10. Temperature dependence of displacement current
measured in the direction perpendicular to the layers of
T1GaSe, sample with application of blocking mica
separators. The data are obtained at temperature
heating rate 5SK/min and external potential 10V applied
to crystal.

VAC are investigated on initial sample T1GaSe, isolated
by mica separators in wide temperature interval (fig.11). We
show many experimental data obtained by us (in spite of their
variety) on the fig.11 as they are observed at first time.

Let’s mention that there are the evidences of the fact that
observable phenomena doesn’t connect with any instrument
phenomenon in measurement process.

VAC series obtained at two potential polarities in
temperature interval 80K + 140K is shown on the fig.11. It is
seen that linear VAC curve and symmetric in relation to
polarity of applied electric static voltage one measured at
T=80K (VAC saves the same form up to ~106K) deforms at
approximation to 7. and inside INC-phase. The position
significantly changes in temperature interval 145K+205K
(fig. 11 b, c, d): VAC has the form of specific oscillations
with multiple increase of current amplitude and becomes
even in respect to applied electric field (i.e. the polarity
change of external voltage isn’t accompanied by the change
current direction). The oscillation process isn’t observed
higher the temperature 205K and at too high level of sample
light (see fig.12,a).

Beginning from 210K the current amplitude values on
VAC curves strongly decrease; VAC form begins to take the
linearity contours; the reverse branch appears on VAC curve.
VAC at 220K practically doesn’t differ from VAC measured
at 80K. During experiments we reveal that current
oscillations observable in the given temperature interval have
the temporary character with quasi-period ~lmin. The
example of compatible record of current oscillations and time
is shown on the fig.12,b.

Finally, the temperature dependence of pyroelectric
current (i,) measured at in heating regime on investigated
sample TlGaSe, isolated by mica separators in the direction
perpendicular to layers.
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It is seen that there are two clearly expressed
maximums on (i,)T curve: the one near temperature ~98K,
the second one at temperature ~150K, moreover the extreme
value of (i,)T in the given points differ from each other in
more than 1,5 times that is probably evidences about their
different nature. The measurements (i,)7 carried out on
T1GaSe, crystals lead to the results which significantly differ
from data of figure 13 with application of usual electric
contacts in the directions both perpendicular to the layers
and along plane layers. In particular, only one clearly
experssed peak near 7T, [33] is observed on (7,)T curve.

4. The discussion of obtained results.

Thus, the obtained experimental facts during of present
investigations can be summed by the following way:

1. The current transfer differs by unique contribution
combinations from equilibrium conductivity component
(mobile carriers of band type) and nonequilibrium processes
connected with formation and change of polarized state (the
conductivity from nonmobile or localized charge carriers) in
the direction perpendicular to TlGaSe, sample layers in
temperature interval 120K + 205K. The higher/lower the rate
of sample temperature scanning or the less value of external
electric field applied to the sample the stronger the deposit of
volume-charged polarization in crystal sum electric
conductivity reveals. Probably, the balance of the given
contributions into kinetics electric charge transfer in TlGaSe,
samples chosen from technological sets is very delicate and
as the consequence the unusual form variety of temperature
dependence resistivity curve [61-63] and its high sensitivity
to the temperature change rate and value of external electric
field are observed in practices instead expected Drude
behavior.

2. The one more result obtained in the present work
and enough rarely observed among different known
semiconductor compounds [64] is connected with registration
in TIGaSe, of current oscillations appearing probably because
of electric instability taking place in crystal electron
subsystem in temperature region 140K + 205K. The direct
experimental evidence of the fact that the given oscillations
aren’t connected with carrier injections through contacts but
are caused by crystal volume properties is given by the
method of blocking electrode. The joint analysis of the
figures 1, 2, 5, 7, 11 and 13 and also data presented in [10,
11, 16, 20-22, 43, 44] allows us to make the conclusion that
observable peculiarities in temperature interval 140K + 205K
have the one and the same nature and evidence the sample
electric heterogeneity (conductivity heterogeneity in the
volume) moreover the heterogeneity formation micro-
mechanism and their topology are connected with nature of
these layered compounds.

3. The data comparison of figures 1, 2, 4 + 10 and 13
shows that direction of internal electric field of volume-
charged polarization appearing in TlGaSe, samples in the
direction perpendicular to layers is always reverse one to the
external electric field applied to the crystal in the
measurement process.

It is necessary to divide whole temperature interval of
observable effects on three character regions for perception
integrity of curent transfer kinetics physical picture in the
direction perpendicular to layers of layered crystals TlGaSe;:
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the region of low temperatures up to ~140K, transition region
~140K<7<~205K and high-temperature region 7>~205K.
The origin of current oscillations in temperature
interval ~117K + ~140K (see fig.4) can be connected with
electron-thermal switching, i.e. with reverse sample
switching from low-ohmic state into high-ohmic one the
mechanism of which is considered in detail in [65, 66].
According to this theoretical model, any process
accompanying by the conductivity decrease of semiconductor
material with temperature increase should lead to non-linear
VAC (of S- or N-type) and can cause the current instability.
Joule heating mechanism of semiconductor being near
PhT on conductivity is considered in works [65, 66],
however, it isn’t excluded that increase of volume-charged
polarization contribute into crystal electroconductivity (see
fig. 5 + 10) can be the alternative mechanism of NDR. The
presence of strong electric field applied to semiconductor is
the key point for realization of the given mechanism. Taking

into consideration the fact that current oscillations in the
given temperature interval are observed only on TlGaSe,
sample with electric contacts from metal, then one can
confirm that strong electric field concentrates in thin near-
contact layer of investigated material. Such volume near-
contact layer with significant distribution of near-electronic
potential (more clearly with non-linear dependence of voltage
drop along sample length) should influence on measurements
of crystal capacity and electroconductivity (see fig.4-8).

Nowadays the detail quantitative analysis of
instabilities (current oscillations on VAC) revealed by us in
paraelectric temperature region far from PhT points
~140K< T < ~ 205K is difficult to carry out. By our opinion
our results are the first experimental observation of such type
effect in TlGaSe, Thus, here we give only some initial
thoughts for future analysis of this phenomenon.
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Fig. 11. VAC series obtained on T1GaSe, sample isolated by mica separators in the direction perpendicular to the layers in temperature
interval 80 K + 140 K. The change range of electric voltage applied to the sample is 100 V ++ 100 V, thestepis 1 V for 1 s.
The dark circles are 0 V +~+100 V, light ones are +100 V = 0 V, dark squares are 0 V +—100 V, light ones are 100 V +0 V.
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Fig.12. "a) is VAC curve measured at sample light by the halogen bulb light by power 100W at temperature 190K;
b) is example of recording of current oscillations in time. The curve is obtained at temperature 180K at constant potential 20V

applied to sample.

The hypothesis of electronic PhT is the more logical one
for interpretation of experimental data obtained by us. The
investigated crystals TlGaSe,] are resistevely instable in the
above mentioned temperature interval, probably because of
change (or dominance) of one conductivity regime by other
one (or under other one). By this reason it is profitable that
the system transists into electrically heterogeneous state, i.e.
“splits” on macroscopic regions electric domains
periodically alternating in the direction perpendicular to
layers [64]. In our case, i.e. in the system having the layered
structure the domains present themself the plane condensators
on opposite plane of which (domain walls) the charge carriers
of oppposite signs concentrate. The voltage between domain
walls in such condesator domain model is defined by surface
charge density on domain walls and the current is defined by
charge quantity forming on walls in time unit. The bias
current registered by non-contact method through the sample
surface presents itself the algebraic sum of currents in
domains. It isn’t excluded that directions of displacement
currents in domains of different dimensions and geometries
can differ in external electric field by both the value and
direction. The displacement current dependence on voltage,
i.e. VAC (see fig.11) at change of external electric field
applied to the sample is caused by temporary bursts of
volume charge on microcondesator plates.
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Fig.13. Temperature dependence of pyroelectric current
measured in heating regime on ivestigated sample
T1GaSe; isolated by mica separators in the direction

perpenduicular to layers.

The singular “dielectrization” of semiconductor system
described above causes the many questions such as: the
question about heterogeneity dimensions and typology of
hetyerogeneous state; about nature and mechanisms leading
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to heterogeneous state formation; about the role and
interconnection of such state with low temperature structural
PhT. However, it is important to note that electrically
heterogeneous state or phase-splitted medium doesn’t lead to
sample trivial chemical dividing of sample on phases. Under
the phase we understand the homogeneous macroscopic
regions (clasters) differing by carrier concentrations in the
result of freezing (localization) of charge carrier par ont
distributed on impurity ions or defect accumulations. For
example, according to [48] the pecuilarity of technology of
TlGaSe, layered crystal growth is the fact that there are
always the defect accumulations in the form of volume
inclusions of Se in their structure. In the case of investgated
crystal the specific part of chargely enriched phase
(semiconductor) in the respect of chargely depleted
(dielectric )one depends on temperature and other external
influences, that’s why current oscillations on VAC (see
fig.11) have the strong temperature boundaries. It is obvious
that the behavior of frequency dependences of dielectric
constant and conductivity of TIGaSe, sample in temperature
interval ~ 140K<7< ~ 205K ( see fig. 1 and 2) is the
important argument for the benefit of the fact that the effect
obsderved on fig.11 is caused by especially such scenario of
electronic PhT semiconductor — dielectric type.

The consistent “switching” in electric transition
processes of corresponding deep levels at 7>~205K is
accompanied by destroy of electrically heterogenous state in
TlGaSe, In the given temperature interval the contribution
into sample electroconductivity gives only equillibrium
impurity component and consequently, sample conductivity
will have clear semiconductor behavior.

Let’s also note that similar fact on above mentioned
process of phase splitting in TlGaSe, layered crystal in
temperature interval ~150K>7< ~205K takes place in layered
metal-oxide high-temperature supersemiconductors. As it is
known, the superstructure and corresponding charge density
modulation which is named charge density wave (CDW) [67,
68] form in many quasi-one-dimension supersemiconductors
at temperature decrease in the result of Peierls instability in
initial lattice. It is established that CDW fix on impurities and
defects in real compounds, and conductivity in weak electric
field is defined by electron-hole excitations through Peierls
track. CDW influence on many thermodynamic parameters of
superconducting materials in particular on thermal-expansion
coefficient, heat capacity and etc because of strong electron-
phonone bond (anomaly). In the next chapter it is shown that
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temperature region ~ 140 K<7< ~ 205K also characterizes by
anomalous behavior of thermodynamic properties in TIGaSe,
layered crystal that is the evidence of -electrically
heterogeneous state deposit on crystal thermodynamic
parameters.

5. The anomalies of thermal-expansion coefficients
and elastic properties of TIGaSe, caused by
nonequillibrium PhT in electron subsystem.

The temperature dependences of thermal-expansion
coefficients in both directions perpendicular () and parallel
to layer plane (¢)) [10, 11] are investigated on crystals of
triple compounds TIGaSe, in wide temperature interval
including the points of structural PhT. The investigations are
carried out on optical interfetometer ( more detail see
[10,11]). The corrsponding curves o, (7) and oy(7T) are
presented on fig.14. As it is seen from fig.14 the both curves
have clearly expressed peculiarities in temperature interval ~
120 K + ~ 240 K. It is seen that monotonous step of «,(7)
curve destroys at temperature ~240K where the small
anomaly in the form of little step is observed in «,(7)
behavior (the jump-like cancellation of sample length at its
cooling takes place). Beginning from ~180K up to ~ 140K
ay(T) it anomalously increases with temperature decrease and
below ~140K endures the significant changes moreover
maximal value of ¢, (7) achieves in PhT point in INC-phase
at T;~120K. From the fig.14 it is seen that ¢;(T) dependence
has the anomalous behavior in temperature interval ~ 120K +
180K: beginning from ~ 180K ¢ (7) decreases with
temperature decrease and below ~ 140K ¢y(T)= (dL/dT)/L < 0
(the jump increase of sample length along layer plane rakes
place). The peak value of ¢;(7) curve also falls on PhT point
in INC-phase at T~120 K (as behavior of «(7) and o(7)
curves in the temperature region below 7;aren’t shown on the
fig.14, let’s note only the fact that ¢, (7) and ¢y(7) anomalies
near T; have A-shaped character).
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Fig.14. Temperature dependences of thermal-expansion
coefficients in directions perpendicular («;) and
parallel (¢) toT1GaSe, layer plane. The data of figure
corresponds to [10, 11, 16].

The temperature dependence of effective Young’s
module measured in ref [16] also endures the significant
changes in the above mentioned temperature interval
~ 140K + ~ 220K, i.e. in paraelectric phase far from structural
PhT points, moreover the points of structural PhT on
Young’s module curve reveal in the form of character
maximums at 7~120K and T7.~110K. The nontrivial
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character of temperature dependence of thermal-expansion
coefficients «,(7) and ¢ of TIGaSe, described above is
explained by the fact that PhT consistency exists in crystal
structure. But many questions don’t have the answers. For
example, why the anomalous behavior of ¢, (7) and ¢y(7) in
cooling process begins in paraelectric phase far from
structural PhT points or why the peak values of «,(7) and
ay(T) of investigated substance coincide with PhT point in
INC-phase in spite of conclusions of conventional
phenomenological theories [69, 70], though the given
anomalies should take place near 7, ? Finally, the main
question arises according to new experimental results above
mentioned: what is interconnection of electric instabilities
observed in temperature region ~ 140K+~205K with
described peculiarities of thermal expansion.

Let’s see on the fig.14. It is obvious that both curves
a,(T) and o(T) endure the critical behavior at approach to
~120K that isn’t expected in the experiment if point ~120K
were only PhT temperature in INC-phase [69, 70]. Let’s try
to explain the anomalous behavior of «,(T) and ¢(7) in
temperature interval ~ 120K + ~ 220 K on the base of other
model. Let’s base on quasi-harmonic model of crystal
thermal expansion of hexagonal symmetry (T1GaSe, structure
with good approximation can be considered as quasi-
hexagonal because of physical properties of TlGaSe, don’t
reveal the anisotropy in layer plane [15, 16]). Besides, let’s
suppose the weak anisotropy of phonone spectrum and
consider y ~ 7 (y are Grunaisen parameters) that is totally

acceptable from the point of view of having data about
phonon spectrums of these compounds [72, 73]. In this case
the formulas for o, and ¢ calculations [74] strongly simplify
and have the form:

C C, +C,-2C,;
ai z—y 2
V (C11+C12)-C33—2C13
and
C C33 _C13

“AEVT e TC.).C. -2
( ]]+ ]2) 33 13

Here, C is heat capacity, V' is molar volume, Cj are
elastic constants. It is obvious that thermal expansion
anomalies given on fig.14 can’t be caused by specific
behavior of heat capacity or y. We suppose the temperature
dependences of elastic modules TIGaSe, in particular the
nontrivial temperature behavior of elastic constant C;; are
responsible for special behavior of «,(7) and ¢ (7) in
temperature interval ~ 120 K + ~ 220 K. The joint analysis of
experimental results obtained by investigation of temperature
dependences of elastic constants C;;, C;5, Cj; and effective
Young’s modulus [15, 16] of TlGaSe, allows to authors of
the present work to make conclusion about unusual strong
temperature dependence of coefficient of elasticity Cj; in
temperature interval ~ 120K + ~ 220K, moreover the enough
strong increase with temperature decrease beginning from
~220K up to ~140K with small change of inclination ~180K
should be observed in behavior of C;; (7) constant. The
dependences of elastic compliances on value of coefficient of
elasticity C;; are given on the fig.15 (taking into
consideration the data [15, 16]).
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S = Cu +C12 _2C13
= (Cu +C12)'C33 _2C123
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As it is seen from this figure the behavior of elastic
compliances S, and S ., with increase of elastic constant C;;
with accuracy corresponds to anomalous temperature behavior
of a(T) and oy(T) curves in the interval ~120K + ~ 220K.
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Fig.15. The dependences of elastic compliances S,, and S.,
on the coefficient of elasticity value C;;. The
arrow on the figure corresponds to numerical value
C}; =4,744-10" Pa defining the boundary of
mechanical stability of TIGaSe, layered crystal.

As it is known [71] the mechanical stability of crystal
lattice meaning its stability in relation to small homogeneous
deformations is defined from generalized criterion of Born
stability. According to this criterion at the given temperature
all determinants of main matrix minors C; (ij=I,....,6) of
isothermal modules of crystal elasticity in the Fogt
designations should be positively defined. Born criterion of
mechanical stability for hexagonal crystal includes the
conditions: C44 > 0,' CU > ‘C12|,' (CU"‘ C]z)' C33 > 2C132,' C66
> (). The theoretical estimations carried out by the attraction
of experimental data [15, 16] show that the stability condition
(Cii+ Cpp) Csz3 > 2C,5 destroys at coefficient of elasticity
module C;; = 4,744-10' Pa, consequently, this value Cj;
defines the boundary of mechanical stability of layered
crystal TlGaSe, (the found boundary of crystal mechanical
stability by Born is shown on fig.15 by the arrow). As it is
seen from the fig.15 the numerical value of Cy;
corresponding to the boundary of crystal mechanical stability
is such one that allows us to describe all main oecuiliarities in
behavior of «,(7) and ¢(T). Thus, the given circumstance
shows on the fact that especially the increase of elastic
constant C;; (but not PhT in INC-phase at 7; ~ 120 K) with
temperature decrease causes the anomalous temperature
behavior of «,(T) and ¢(T) curves in paraelectric phase far
from structural PhT points. The closeness of C;; to critical
value at which the condition of crystal mechanical stability
destroys is the precursor of low-temperature PhT in these
compounds totally proving the earlier made conclusions [16]
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about importance of coefficient of elasticity modulus role C;;
in the nature of phase transformations in TIGaSe,

The effects of negative thermal expansion similar to
described above for T1GaSe, are observed in many layered
metal-oxide high-temperature supersemiconductors [75]. The
direct experiment evidence of the fact that anomalies of
thermal expansion of high-temperature semiconductors have
the electron nature and are connected with WCD (so-called
charge on bonds) is given in present scientific works.

Taking into consideration the fact that temperature
interval in which the peculiarities in the behavior of thermal-
expansion coefficients of layered crystal TlGaSe, are
observed, coincides with temperature region of electric
instability appearance in this compound and also the absence
of any macroscopic structural changes in this temperature
interval, one can conclude that the instability in electronic
subsystem of investigated crystal is the peculiarity of unusual
transport, heat, elastic, spectroscopic [43, 44], optical [20-22]
and other physical properties of TlGaSe, in temperature
interval ~ 140K < T < ~ 205K. The last one means that
anomalous increase of elastic constant C;; (7) and
peculiarities in «, (T) and ¢y(T) behaviors connected with it in
the given temperature interval is defined by the contribution
of electronic subsystem but not by crystal lattice
anharmonicity. Let’s note that as C;; is “interlayer elastic”
constant, then it is the more sensitive to internal electric fields
directed perpendicular to T1GaSe, crystal layers.

Thus, one can confirm that formation and dynamics of
electric domains appearing because of electric instability
considered as inequillibrium PhT in crystal electronic
subsystem of TlGaSe, in temperature interval ~140K<7<
~205K because of strong interaction by crystal electron and
elastic subsystem is accompanied by the appearance of
internal fields of elastic deformations in TIGaSe, structure,
moreover only such components of internal stress tensor are
not equal to zero, which have non-zero projections in the
direction perpendicular to plane of crystal layers. The long-
distance field of elastic determinations formed by these fields
are similar to electrostrictive fields in crystals. The
electrostriction overlapping on 7, phonon part of thermal-
expansion coefficient leads to anomalies in ¢, (7) and oy(7)
above described behaviors.

As the concurrence of two mechanisms of thermal-
expansion coefficients, which are “charge” component and
atomic anharmonicity, exists in real crystal TlGaSe, in
temperature interval ~ 140K < T < ~ 205K then the unique
possibility to strengthen or weaken “charge” component of
thermal expansion appears in this crystal because of external
influence on internal electric fields and to influence on lattice
stability of TIlGaSe, and anomaly form (suppress or
strengthen) on «,(7) and ¢(7) curves. From this point of
view, the layered crystal TIGaSe; is the fine model medium
not only for study of apearance mechanisms, development of
electric instabilities and their revealing in behavior of
different crystal physical parameters, but for control of such
crystal fundamental characteristics as thermal-expansion
coefficients, transport and optical properties.

6. Conclusion.

Thus, in the present work the unusual transport properties
of layered crystal of TlGaSe, in the direction perpendicular to
the layers in temperature interval ~140K<7<~205K are
discussed in effective medium model appearing as the
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consequence of PhT semiconductor — dielectric in crystal
electronic subsystem and presenting utself the crystal
inclusion regions with dielectric properties in semiconductor
matrix (phase splitting). The electric instability observable in
these samples because of strong electron-phonone bond
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TIGaSe, - PAYERLS DIELEKTRIKIi

Layli TlGaSe, seqnetoelektrik-yarimkecirici kristalda dielektrik niifuzlugunun (¢), qaranliq vo piroelektrik corsyanlarinin temperatur
asililiglar1 vo homginin 77-300K temperatur intervalinda stabil temperaturlarda volt-amper xarakteristikalar1 vo qaranliq corayaninin zamana
gora dayismosi todqiq edilmisdir. Kigik tezliklords laylara perpendikulyar istiqgamotdes dl¢iilon ¢(7) ayrisinds ilk defs olaraq 150K ve 200K
temperaturlarla sorhadlonon “¢okiik” formali anomaliya miisahido olunmusdur. Homginin ilk dofs tocriibi olaraq 145-205K temperatur
intervali ilo mahdudlanan niimunanin volt-amper xarakteristikasinda coroyanin algaq tezlikli kvaziperiodik ragslori soklindo miisahido olunan
elektrik qeyri-tarazliqlarinin tokamiilii qeyds alinmigdir. Caroyan qeyri-tarazliqlarinin zaman xarakteri miioyyon edilmisdir. Bu qeyri-
tarazliqlarin miisahide olunmast iigiin elektrik sahosinin niimunays verilmasi kontaktsiz, nazik 16vho sokilli slyiidadan hazirlanmisg
potesialétiiran elektrodlar vasitasilo verilmasinin vacibliyi gostorilmisdir. Qeyri-tarazliqlarin tobisti vo onun layli TlGaSe, kristalinin
miixtolif fiziki parametrloring tosiri dyronilmisdir.

ML.IO. Cennos, P.A. Cyaeiimanos, T.I'. Mamenos, P.A. Xamoen
TIGaSe, - MAHEPJICOBCKHUM TUIJIEKTPUK

B paborte mpeacTaBieHbl pe3yIbTaThl HCCIIEIOBAHMI TEMIIEPATYPHBIX 3aBHCUMOCTEH JHIICKTPUIECKOM TPOHUIIAEMOCTH (€), TEMHOBOTO
U TIHPO3TIEKTPUUECKOTO TOKOB, @ TaKXKe BOJBT-aMIIEPHBIE XApPAKTEPHUCTHKM U BPEMEHHBIE 3BOJIONUH TEMHOBOTO TOKA CIOHCTOTO
cerHerodekrpuka-nonynpooaarka T1GaSe,, monyuenHbie npu GUKCHPOBAaHHBIX TeMneparypax B unrepsaie 77K + 300K. Ha kpusoii (7),
HM3MEPEHHOH B HANPABICHUH MEPHEHANKYIAPHOM K CIOSIM, B 001aCTH HU3KHX YacTO BIIEPBBIE OOHApY’KeHa SIPKO BBIPAYKEHHAS] aHOMAITUS B
BHZC “SIMBI”, C BU3yaJIbHO 3aMETHBIMU TeMueparypHbiMu rpanuiamu ~ 150K u ~ 200K. Takxe BriepBbIe IKCIIEPUMEHTATBHO 3a)UKCHPOBAHO
pa3BHUTHE DJICKTPUUCCKUX HEYyCTOHYMBOCTEH, MPOSBILIIONIMXCS B BUAE HM3KOYACTOTHBIX KBAa3HUIIEPHOANYECKHUX KOJIEOaHWH TOKa HA BOJIBT-
aMIICpHBIX XapaKTePUCTHKAX 00pasiia B CTPOro OrpaHHYeHHOM TeMrieparypHoM uHTepBase 145K + 205K. YeranoBineH BpeMeHHOH XapakTep
TOKOBBIX HeycToiHuuBocTel. [loka3aHo, 4To 1yl HAOMIONEHHs yKa3aHHBIX HEYCTOHYMBOCTEH Ba)KHO, YTOOBI DIIEKTPUUECKOE 1MoJIe K 00pasiy
N0JIaBAJIOCH TIOCPEICTBOM OECKOHTAKTHBIX, MOTECHIMAJIO33JAIONINX DJIEKTPOJOB, BBHIIOJHEHHBIX B BHJE TOHKHX IPOKIAJOK W3 CIIOIBI.
OO6cyrxaaeTcst MpUpoa HeCTaOMIBHOCTH U e€ BIMSHUE Ha pa3nuHble QU3HYECKUe mapaMeTpsl ciaouctoro kpucramia T1GaSe,.
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