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Dielectric permittivity and AC electrical conductivity of FeGaoslni2Ses crystal were investigated over wide
frequency and temperature ranges. It was determined that the real and imaginary parts of the dielectric permittivity
exhibit significant dispersion of relaxation character. In the temperature range of 295-358 K and the frequency
range of 2 x 10*-10° Hz, the electrical conductivity follows a power-law dependence o(m) < ®* (0.1 <s<1.0).
The observed frequency and temperature dependences are consistent with a thermally activated hopping conduction
mechanism. The activation energy of charge carriers in the FeGaoslni2Ses crystal was determined from the

temperature dependence on the electrical conductivity.
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Introduction

In recent years, ternary chalcogenide compounds,
which include elements that do not completely fill the d-
and f- layers, belong to the class of multicomponent
semiconductors and have been intensively studied because
of their unusual physical properties and practical
applications. Magnetic semiconductors with the general
formula AB2Xa4 (A = Mn, Fe, Co, Ni; B=Ga, In; X =18,
Se, Te), for which the physical processes are not yet
comprehensively investigated, have attracted considerable
attention owing to their potential to extend the
functionality of new-generation optoelectronic [1-5],
magnetic [4,5, 6-8], and photovoltaic devices [9—11].
Based on these connections, lasers, light modulators,
photodetectors, thermoresistors, rectifiers, etc. it is
promising to create functional devices. Changing the
composition of these compounds via alloying and
obtaining solid solutions based on them can be used to
optimize their functional properties-such as magnetic [12—
15], thermoelectric [16], and dielectric [17,18]. It should
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be noted that some compounds of the above type and
heterojunctions based on them demonstrate high
photocatalytic activity in water splitting [19-22], and
wastewater treatment processes [23,24]. On the other
hand, recent research has shown that some of these spinel
structure compounds are good candidates for use as a new
type of anode materials for stable ion storage in lithium
(sodium) ion batteries [25-27].

The above shows that research in the field of these
compounds and obtaining new phases based on them, and
studying their properties is relevant. In the current work,
the electrical properties of the FeGagslni»Ses crystal
belonging to the mentioned class of compounds were
studied in an alternating electric field.

I. Experimental

FeGaopsIni»Ses  crystal was  obtained from
stoichiometric amount of high purity elements (99.99).
The crystal was synthesized at a temperature of 1250 K
and then homogenized at a temperature of 1000 K. Then
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the powder diffraction pattern of the synthesized alloy was
recorded on a D2 Phaser diffractometer and analyzed in
the TOPAS-4.2 program from Bruker. As a result of X-ray
analysis, it was determined that FeGagsln; Ses
crystallizes into trigonal syngonium (Sp. Gr. R-3m) with
crystal lattice parameters a = 3.983 A and ¢ = 38.811 A
[28]. A typical diffractogram of the FeGao sIni »Ses crystal
at room temperature is shown in Fig. 1. To measure
capacitance and resistance, capacitors were prepared by
applying silver paste to FeGao sln;»Ses crystal plates with
a thickness of ~ 1 mm, and measurements were made
using a digital impedance meter E7-20 (25 + 10° Hz). The
cryostat in which the crystals are placed is regulated in the
temperature range of 293 + 400K. The voltage applied to
the samples is 1V.

The real part of the dielectric permittivity was
calculated from the expressions &= Cd/goS, and the
imaginary part £"= tgd-¢€'.

II. Results and discussion

Fig. 2a shows the graph of the frequency dependence

of the real part of the dielectric permittivity (¢') for the
FeGaoslni2Ses crystal at a temperature of 295 K. It was
determined that at frequencies of 2-10* -+ 10° Hz, the value
of &' varies in the range of 23 + 161 and significant
dispersion occurs. At the studied temperature, €' first
decreases slowly as the frequency increases, and starting
from the frequency of 2-10* Hz, €' decreases more rapidly.

Fig. 2b shows the dependence of FeGagsln;,Ses
crystal temperature €' on T at a frequency of 10° Hz. At
temperatures of 295+358 K, the value of &’ varies between
23+63. As the temperature rises, the increase in the value
of ¢’ is due to the increase in the concentration of defects
[29, 30].

Fig. 3 shows the graph of dependence of the
imaginary part of the dielectric permittivity (¢") on the
electric field frequency in the temperature range of
295 + 358K for the FeGagsIni »Ses crystal. At frequencies
2-10*+ 10° Hz, as the frequency increases, the dependence
has the character of a monotonous decrease, as the
frequency increases, €" undergoes significant dispersion.
The monotonous decrease of €" observed in the
experiment as a function of frequency indicates the
occurrence of relaxation dispersion in the FeGagsln; »Ses
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Fig. 1. X-ray diffraction pattern of a FeGagsIn;2Ses crystal at room temperature.
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Fig. 2. Dependence of (a) Ige'~ Igf and (b) £'~T (f= 10°Hz) for FeGaosIn, »Ses crystal.
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crystal [31].

The frequency and temperature dependences of the
dielectric permittivity indicate that the dielectric response
of FeGagsln; »Ses crystals is governed by defect-related
polarization mechanisms. Structural disorder and partial
nonstoichiometry lead to the formation of localized states,
which act as dipolar centers and give rise to dielectric
relaxation. At low frequencies, the strong dispersion of the
dielectric permittivity is associated with the inability of
these dipoles to follow the rapidly alternating electric
field.

Igf (Hz)

Fig. 3. Dependence of &" ~ Igf of FeGagsln; »Ses crystal at
different temperatures. T, K:
1-295,2-313,3-333,4-343,5-358.

In addition to dipolar polarization, interfacial
(Maxwell-Wagner) polarization contributes to the
dielectric response due to electrical inhomogeneities
within the crystal. Such polarization effects are typical for
layered and disordered chalcogenide semiconductors and
become more pronounced with increasing temperature.

Fig. 4 shows the graph of the dependence of the
electric conductivity (o) of the FeGagsln; »Ses crystal on
the electric field frequency (f) at different temperatures. It
can be seen from the dependence of o(f) that an increase
of ¢ is observed in the studied frequency interval. For the
FeGagslni2Ses crystal in the frequency range of
2-10*+10° Hz Hz

o~f* Q)

the regularity shows itself. At temperatures of 295 + 358 K
and frequencies of 2-10*+10° Hz, the quantity S assumes
values of 0.02 + 0.38.
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Fig. 4. Dependence of 1go ~ Igf of FeGao sIn; 2Ses crystal
at different temperatures. T, K:
1-295,2-313,3-333,4-343,5-358.

The AC electrical conductivity of FeGaggln;2Ses
crystals follows a power-law dependence o(®) « 3,
where the exponent s remains smaller than unity,
indicating non-Drude-type charge transport. To further
clarify the conduction mechanism, the temperature
dependence of s was analyzed at a fixed frequency of
f=10° Hz, as shown in fig. 5.
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Fig. 5. Temperature dependence of the exponent s for
FeGay.gln,.,Se, crystal at 10° Hz.

As seen from the s(7) curve, the exponent s decreases
with increasing temperature at lower temperatures,
reaches a minimum around 320 K, and then increases at
higher temperatures. This non-monotonic behavior cannot
be explained by band-type conduction and is characteristic
of thermally activated hopping of charge carriers between
localized states. Such behavior is consistent with the
Mott-Davis [32] and correlated barrier hopping (CBH)
models [33-34].

The AC electrical conductivity of FeGagglni,Ses
crystals follows a power-law dependence o(®) « ®° with
0.01 <s < 1.0, which is characteristic of hopping-type
charge transport in disordered semiconductors [32]. To
further verify the hopping mechanism, the temperature
dependence of In(c-T) was analyzed at a fixed frequency
of f=10° Hz.

As shown in Fig. 6, the dependence of In(c'T) on
temperature exhibits linear behavior within a limited
temperature interval, indicating thermally activated
charge transport. This observation is consistent with
theoretical models of hopping conduction in disordered
systems, such as the Mott—Davis and correlated barrier
hopping models.
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Fig. 6. In(c'T) ~ f(T) dependence for FeGagslni»Ses
crystal (f=10°Hz).
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The presence of structural disorder and defect-related
localized states in FeGagslnj»Ses crystals leads to
charging carrier hopping between energetically near
states. Therefore, Fig. 6 confirms that the hopping
mechanism contributes to electrical conductivity in the
studied temperature and frequency ranges.

It should be noted that AB,Xs-type compounds
exhibit properties characteristic of disordered and
compensated semiconductors [35], for which hopping-
type charge transport is typical [36—37]. Therefore, the
observed frequency-dependent increase in the AC
electrical conductivity of the FeGao sIn; »Se4 crystal can be
attributed to thermally activated hopping of charge
carriers between localized states with close energies.

Charge transfer in the studied crystal is a thermally
activated process, the temperature dependence of the
specific conductivity for different frequencies follows the
Arrhenius law:

_AE
0 = 0ge kT. %)

Here £ is the Bolsman constant. Fig. 7 shows the graph
of the temperature dependence of the electrical
conductivity of the FeGagslnioSes crystal at different
frequencies of the alternating electric field. At the studied
frequencies, the dependence of lgo ~ 103/T consists of a
straight line with the same trends. From these straight line
dependences the activation energies were determined. At
frequencies of 2-10*+10° Hz, the value of AE is ~ 0.11eV.
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Fig. 7. Dependence on Igo ~ 10%/T of the FeGaggln; 2Seq

crystal at different frequencies of the electric field. f, Hz:
1-2-1042-2-10° 3 -10°.

The temperature dependence of the AC electrical
conductivity exhibits Arrhenius-type behavior only within
a limited temperature range, where a linear dependence of
lgo on 10%/T is observed. The extracted activation energy
(~0.11 eV) is relatively small and therefore cannot be

attributed to intrinsic band conduction. Instead, it is
associated with thermally activated hopping of charge
carriers between defect-related localized states near the
Fermi level.

The Arrhenius approximation was applied exclusively
in the temperature interval exhibiting linear behavior, and
the uncertainty of the activation energy was estimated
from the linear fitting procedure. This analysis indicates
that charge transport in FeGagslnioSes crystals is
governed by defect-mediated hopping processes rather
than intrinsic carrier excitation.

Conclusions

The real and imaginary parts of the dielectric
permittivity and the AC electrical conductivity of
FeGagslni»Ses crystals were investigated in the
temperature range of 295-358 K and at frequencies from
2-10* to 10° Hz. An increase in the real part of the
dielectric permittivity with temperature is observed, which
is attributed to thermally activated polarization processes
involving defect-related localized states. Both &' and &"
exhibit relaxation-type dispersion within the studied
frequency range, indicating the contribution of dipolar and
interfacial (Maxwell-Wagner) polarization mechanisms.

The AC electrical conductivity follows a power-law
dependence o(m) x ®° with 0.1 <s < 1.0. The temperature
dependence on the exponent s supports a thermally
activated hopping conduction mechanism. This behavior
is associated with charge carrier hopping between
localized states formed by structural defects and disorder
in the crystal lattice. The relatively low activation energies
extracted from the temperature dependence of the
conductivity further confirm that charge transport is
dominated by hopping processes rather than intrinsic band
conduction. The obtained results clarify the dielectric
response and charge transport mechanisms in
FeGagslni»Ses  crystals within  the investigated
temperature and frequency ranges.
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H.H. Hidries!, ®.M. Mammazos'.2, A.H. Azizosa®, X.X. I'amumos*, M.b. babannu?

JieJJeKTPUYHI BJACTHBOCTI TA eJIEKTPONPOBiAHICTH KpUCTAJTIB FeGao.sIni.2Seq
HA 3MIHHOMY CTPYyMi

1A3ep6aﬁdofcaHCmeZ Oeporcagrutl nedazociynull ynieepcumem, baxy, Asepbaiioscan, f.m.mammadov2017@gmail.coms
2Incmumym kamanizy ma neopaaniunoi ximii, baxy, Azepbatioscar;
3Azepbaiioscancoruii meduunuii ynisepcumem, baxy, Asepbationcan,
*Azepbatioscanceruil depacasnuil yrieepcumem nagmu i npomuciosocmi, baxy, Azepbaiioscan

JlociimKeHo ieIeKTpUYHY NPOHUKHICTE 1 eIEKTPOINIPOBIJHICTh 3MiHHOTO CcTpyMy Kpuctana FeGao.sIni2Ses y
HIMPOKUX Jliara3oHax 4acToT 1 TemIeparyp. BcraHoBieHo, 110 [JilicHa Ta ysABHA YacTHHM Mi€NEKTPUYHOT
TIPOHUKHOCTI IEMOHCTPYIOTh 3HAUHY AUCIIEPCIIO PeaKCaIifHOTO XapakTepy. Y TeMnepaTypHoOMy iHTepBaii 295—
358 K ta yactoTHOMYy niama3oHi 2 x 10*~10° 'y eeKkTponpoBiHICTh MiAIOPSIKOBYETHCS CTEIIEHEBI I 3aIeKHOCTI
o(w) < o (0.1 < s < 1.0). BusBneHi 4acTOTHI Ta TeMIEPATypHI 3aJEKHOCTI Y3TOIKYIOTbCA 3 TEPMIUHO
aKTHBOBAaHMUM CTPHOKOBHM MeXaHi3MOM IpoBigHOCTI. EHeprito akTuBanii HociiB 3apsny B kpuctaii FeGao.sIni.2Seq
BU3HAYEHO 3 TEMIIEPATYPHOI 3aJIeXKHOCTI eJIEKTPONPOBIJHOCTI.

KurouoBi ciioBa: xpuctan, OieleKTpUYHA HPOHUKHICTH, EIEKTPONPOBIAHICTh, PO3CIIOBAaHHSI, YacTOTa,
TeMIieparypa, CTpHOKOBHUI MeXaHi3M, CHEepTis akTHBAIii.

157


https://doi.org/10.1016/j.mtsust.2022.100278
https://doi.org/10.3390/nano14080716
https://doi.org/10.1002/aenm.202102137
https://doi.org/10.1007/s11669-019-00768-2
https://doi.org/10.15407/spqeo27.02.189
https://doi.org/10.1134/S1063783411080269
https://doi.org/10.3103/S1068375523050137
https://www.google.az/search?hl=ru&tbo=p&tbm=bks&q=inauthor:%22Sir+Nevill+Francis+Mott%22
https://www.google.az/search?hl=ru&tbo=p&tbm=bks&q=inauthor:%22Edward+A+Davis%22
https://books.google.com/books/about/Electronic_Processes_in_Non_Crystalline.html?id=Pl1b_yhKH-YC
https://doi.org/10.1080/00018738700101971
https://www.sciencedirect.com/journal/solid-state-communications
https://doi.org/10.1016/j.ssc.2025.116134
http://archive.ujp.bitp.kiev.ua/files/journals/47/11/47_11_09.pdf
https://doi.org/10.1002/pssb.2221130102
https://link.springer.com/book/10.1007/978-3-662-02403-4
mailto:f.m.mammadov2017@gmail.com

