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Influence of excitation conditions in an alternating field on kinetic and
dielectric characteristics intercalated compounds Ag,MoSe,
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Using the technique of impedance spectroscopy, data on the effect of the magnitude of the variable signal and
the constant bias on the kinetic characteristics of the AgxMoSe, samples were obtained. The effect of temperature
on the parameters of the impedance spectra of the studied compounds and on their dielectric characteristics, which
were analyzed within the framework of the electrical modulus formalism, is also shown.
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1. Introduction

Transition metal dichalcogenides with general for-
mula MX, feature a lamellar structure where structural
fragments (sandwiches) MX, are weakly bonded via weak
Van der Waals interaction [1-3]. Structural features of
such materials enable their properties to be modified by
intercalation of atoms between layers MX, of atoms in other
element atoms.

Kinetic and magnetic properties of such materials have
been investigated earlier using dichalcogenides of group 4
and 5 of the periodic table intercalated with 3d-transition
metals [4-7] and group 1 atoms (copper and silver) [8-11].
Important difference of the second group intercalants is in
that ions of group 1 elements having a closed electron shell
do not tend to establish covalent bonds with molecular
orbitals MX, and, as a result, are weakly bound in the
interlayer space [12].

Molybdenum dichalcogenides also have these structural
features and being low-dimensional structure materials are
used as the basis for microelectronics devices [13,14].
Unlike titanium diselenide, molybdenum diselenide may
have various structural modifications (polytypes) such as
2H-MoSe, and 3R-MoSe; which differ in atom positions
and number of MoSe; layers in the lattice cell. 2H-MoSe,
modification is described within a hexagonal structure
(SG: P63/mmc). 2H-MoSe; lattice cell contains two MoSe,
layers with trigonal prismatic environment of molybdenum
atoms.

Another difference is in that materials based on titanium
dichalcogenides usually had metallic type conduction, and
for materials based on hafnium or molybdenum dichalco-
genides, conduction dependence is of activation type [8,10].
The existing experimental data obtained using AC and
DC current showed that hopping conduction mechanism
can be implemented in such compounds and described
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in accordance with the Mott model with variable hop
length [9,15]. The activation type conduction shall depend
on charge carrier excitation conditions, including excitation
from AC signal amplitude, DC field presence and strength,
experiment temperature conditions and other environmental
factors. Detected polarization phenomena in Ag-HfSe; [16]
compounds provide the basis for investigation of dielectric
behavior of intercalated silver-containing materials like in a
set of earlier studies [17-19).

This study is devoted to the investigation of kinetic and
dielectric properties of molybdenum diselenide intercalated
with silver atoms.

2. Experiment

Polycrystalline AgyMoSe, (x =0.1;0.2) samples were
synthesized by solid-state reaction method in evacuated
quartz vessels made from preliminary prepared molybde-
num diselenide and required calculated amount of metallic
silver. Such process has been used multiple times before
for synthesis of intercalated materials [5-8]. From our
experience, this allowed to avoid direct interaction between
free selenium and silver which is enabled when the samples
are synthesized from initial elements. After a set of homog-
enizing annealing, X-ray qualification of the initial MoSe;
matrix and intercalated samples was carried out using
Bruker D8 Advance diffractometer in CuK,-radiation, and
formation of 2H-structural modification in them was proved.

AC measurements were carried out at various temper-
atures (296—333 K) using Solartron 1260A multi-purpose
frequency response analyzer in linear frequency range (f)
10Hz—5MHz. AC signal U,. varied from 0.1 to 0.5V.
Difference of DC potential Uy, varied from zero to 0.5V.
Real and imaginary parts of permittivity were determined
from impedance data and geometrical capacity of the
utilized cell [20]. The analysis was carried out within an
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equivalent scheme with resistor and capacitor connected in
parallel.

3. Results

Figure 1,a and 2,a shows low-frequency fragments
of complex impedance spectra for Agp;MoSe, and
AgpoMoSe, samples obtained at various AC signals
Uy = 0.1V and U, = 0.5V (curves 1, 2) and additionally
applied DC voltage Uge = 0.5V (curve3). It can be seen
that with increase in U, right portions of the spectra
move to the left and exhibit reduced active resistance Rj.
Additional spectrum shift also occurs when additional DC
voltage is applied. The behavior of real Z' and imaginary Z”
impedance components depending on frequency with varied
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Figure 1. a — low frequency spectrum portions of Agy1MoSe
complex impedance at different excitation levels: U,e = 0.1V (1),
U = 0.5V (2), Upe = 0.5V + Uge = 0.5V (3); b, ¢ — frequency
dependences of the difference of real (b) and imaginary (c)
complex impedance components between curves 2 and / (1) and
curves 3 and 2 (2) as shown in Figure 1,a.
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Figure 2. ¢ — low frequency spectrum portions of AgpMoSe
complex impedance at different excitation levels: U, = 0.1V (1),
U = 0.5V (2), Upe = 0.5V + Uy = 0.5V (3); b c — frequency
dependences of the difference of real (b) and imaginary (c)
complex impedance components between curves 2 and / (1) and
curves 3 and 2 (2) as shown in Figure 2, a.

excitation level is also shown in more detail in Figure 1,5
and 1,c for Agp1MoSe; and in Figure 2,b and 2,c for
Ago.,MoSe; in the form of differences AZ' and AZ”. Curves
AZ'(f) show the behavior of spectra positions on the com-
plex plane on the x axis. According to the data, all difference
within the high frequency limit are reduced to zero.
Dependences AZ” () shown in Figure 1, ¢ and Figure 2, ¢
exhibit a minimum indicating the decrease in spectra
maximum Z . with the increase in the excitation level.
At the same time, Z/ . position on the frequency scale
for each of the samples is almost unchanged, which is
indicative of permanent relaxation times during charge
transfer at various excitation signal characteristics. However,
it can be seen that with the increase in silver content,
minimum AZ” value moves to a higher frequency region
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Figure 3. a — Ago1MoSe; impedance spectra at T = 333K and
Uae = 0.1V (1) and U,e = 0.5V (2); b — frequency dependences
of variation of real and imaginary impedance components.

reflecting the acceleration of relaxation processes. The
conducted investigations suggest that variation of charge
carrier excitation level in these compounds does not change
the charge transfer mechanism itself, but only increases the
probability of overcoming potential barriers when charge
carriers are activated.

The provided data shows that conduction increase with
silver content growth in samples occurs due to charge carrier
concentration growth, on the one hand, and increase in
carrier mobility, on the other hand, which is indicated by
the reduced relaxation time. Thanks to the activation nature
of conduction, kinetic properties of the studied compounds
may be also influenced, besides excitation variation, by
temperature variation.  This influence is illustrated in
Figure 3 showing the results obtained for Agy;MoSe;
at T=333K and at Uy, =0.1V and U, = 0.5V. Figu-
re 3,a shows complex impedance spectra which clearly
demonstrate their difference at different excitation levels.
Temperature rise causes reduction of active resistance of
the sample and movement of maximum Z” to the higher
frequency region, which defines reduction of relaxation
time. When comparing data for Agy;MoSe, obtained at
two temperatures, it may be noted that, taking into account

considerable reduction of Z' and Z” with temperature rise,
increase in the AC amplitude results in relatively high
variation of these values compared with similar variations at
T =296 K. In this case, increase in probability of thermal
fluctuations also facilitates the increase in charge carrier
mobility.

To investigate dielectric response of the studied com-
pounds on the basis of the impedance data, real (&)
and imaginary (¢”) components of the complex dielectric
constant were calculated [20].

The calculations has shown that significant frequency
dispersion of the complex dielectric constant components
is present. Figures 4 and 5 show that ¢’ values cha-
racterizing the energy loss in AC field decrease steadily
for both samples with frequency growth. Such behavior
of dependences was also detected in hafnium diselenide
intercalated with copper atoms [17] and in silver-containing
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Figure 4. Frequency dependences of imaginary permittivity

components Ago;MoSe, at different temperatures: 296 (1),

313 (2), 333K (3).
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Figure 5. Frequency dependences of imaginary permittivity

components Agp,MoSe, at different temperatures:
313 (2), 333K (3).
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Figure 6. Complex electrical modulus spectra Ago.1MoSe; (1)
and Ago,MoSe; (2) at T =296 K.
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hafnium disulphide [18]. High ¢” at low frequencies may
be caused by polarization effects which may be specific to
ion-conducting materials [16,21]. The observed behavior
of the dependences shows that there is dielectric relax-
ation in AgyMoSe,. However, no dielectric loss maxima
associated with this relaxation have been detected in the
measurement frequency range. The absence of maximum
on frequency dependences ¢” indicates that conduction loss
prevails among the energy loss mechanism in the studied
samples. In this case, the inherent dielectric behavior
of the studied materials may be hidden and the obtained
data may not be used to assess the dielectric relaxation
characteristics. Such problem, according to literature, can
be solved when the results are represented in the form of
electrical modulus [22-24] whose complex value is inverse
to complex permittivity M* = 1/¢* = M’ +iM”. Each of
the components is calculated as M’ = &’/(&'? 4 ¢”?) and
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Figure 7. Frequency dependences of real (a) and imaginary (b) components of the electrical modulus of AgyMoSe, at different
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Figure 8. Frequency dependences of real (a) and imaginary (b) components of the electrical modulus of Agp,MoSe, at different

temperatures: 296, 313 and 333 K.
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High frequency permittivity (¢~) and dielectric relaxation times
(1e) Ago.1MoSe; and Agp>MoSe; at various temperatures

Ago_lMOSez AgoAzMOSez
T
Eoo Te, MS Eoo Te, US
296 12.3 0.64 213 0.58
313 12.8 0.36 28.6 048
323 13.15 023 289 0.46
333 13.75 0.16 303 023

M = ¢&" /(&2 + €"?) [20]. In this case the imaginary part
of electrical modulus transforms the low-frequency growth
of permittivity into a relaxation peak whose position allows
to determine the dielectric relaxation time.

Actually, such transformations gave the complex-plane
electrical modulus spectra in the form of the arc of a
circle (Figure 6). Frequency dependences of the real and
imaginary components of the electrical modulus as shown
in Figures 7 and 8 at different temperatures provide more
detailed information. Figures 7,a and 8,a show that M’ at
f — oo asymptotically approach to their maximum values.
This allows to derive high frequency permittivity at different
temperatures as €., = 1/M/,,, (see the Table).

Figure 7,b and 8, b show dependences M” on frequency
having their maxima at certain frequencies fmax. It can
be seen that temperature rise causes movement of position
M/ . to the higher frequency region which indicates that
the dielectric relaxation time is reduced as may be defined
as 7. = (27 nax) L. The obtained data is also given in the
Table.

4. Conclusion

The study demonstrates the influence of AC field ampli-
tude on the shape and characteristics of Agyp1MoSe, and
Agp,MoSe, impedance spectra. It is shown that increasing
AC filed amplitudes causes the impedance spectrum shift on
the complex plane. At the same time, active resistance Ra
decreased. Additionally applied DC field caused further
reduction of R,. Detailed analysis of frequency dependences
of those changes in the real and imaginary components
of the complex impedance that accompany the excitation
level variation. It has been noted that maximum of
the imaginary impedance component for both samples
decreases with increase in the excitation level, though,
the position of this maximum on the frequency scale
remains almost unchanged. These data shows that the
relaxation times during charge transfer are unchanged, and
the active resistance reduction is caused by the increased
probability of activation processes during charge transfer
with increasing AC and DC fields. Temperature rise causes
further reduction of active resistance and relatively more
significant changes in the complex impedance components.

The use of impedance data for the investigation of
dielectric characteristics of AgxMoSe; is the new result

of the study. Since the imaginary component of the
complex permittivity did not exhibit a typical maximum on
its frequency curve, a prevailing energy loss mechanism
associated with charge transfer (conduction) in the AC
field was suggested. Therefore, the analysis of dielectric
characteristics was carried out in term of the electrical
modulus which allowed to represent the dielectric response
as a characteristic spectrum on the complex plane. Fre-
quency dependences of real and imaginary components of
the electrical module allowed to determine the dielectric
relaxation times and assess high frequency permittivity of
Ago.1MoSe; and Agp,MoSe, at different temperatures.
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