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Impedance and dielectric spectra under alternating excitation
of quasi-binary system of intercalated phases (Ag,Cu)—HfSe,
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Relaxation processes during charge transfer and dipole polarization change under alternating excitation in hafnium

diselenide when it is intercalated with atoms of two varieties CuxAgyHfSe, at (X +y) < 0.2 have been studied by
impedance spectroscopy. Based on the results of studies by impedance spectroscopy, relaxation processes in the
system of mobile charge carriers were analyzed depending on the total content of intercalated atoms and the ratio
of the number of atoms of different grades.

The dielectric characteristics of this system were analyzed for the first time. It is shown that at significant growth
of dielectric permittivity in the region of low frequencies more informative for the analysis of dielectric relaxation
is the use of the dielectric modulus formalism, on the basis of which the dielectric relaxation times are estimated.
These times turned out to be smaller in comparison with the values determined from the frequency dependences

of the imaginary part of the complex impedance.
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1. Introduction

Layered transition metal dichalcogenides (LTMD) with
general formula MX, have been recently of high interest
for research in field of functional materials science because
they can be used for a wide range of applications [1-3].
Depending on the nature of transition metal and chalcogen,
MX; compounds exhibit various electrical properties from
metallic to semiconductor ones. Owing to this, many of
these materials may be used as electroactive components in
electrical devices, as active contacts and electrode materials
in electrochemical cells [4,5]. Electrical, magnetic and
other properties of these materials are in direct relation
to the concentration of interstitial atoms and the pattern
of interaction with each other and with matric compound
atoms. Weak Van der Waals interaction between layers
allows various methods for three-layer packing in a crystal
along the axis perpendicular to the layers. Therefore,
many LTMDs exist in several modifications and demonstrate
various polytypes. In particular, hafnium diselenide as a
chemical and structural equivalent of titanium diselenide
has the 1T modification, where its lattice cell consists
of one HfSe, layer, and metal atoms occupy octahedral
sites [6,7). Materials intercalated by copper and silver
atoms are distinguished from intercalated 3-d transition
elements. This is due to the fact that these ions in a
wide range of binary and ternary compounds have high
mobility owing to structural disorder [8]. Intercalated
CuxTiS, compounds were used as example to show that
copper ions are weakly connected to the matrix layers due
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to spherical distribution of electron density [9]. There-
fore, charge transfer processes may be related not only
to the contribution of electron carriers to conductivity,
but also to ion motion. Electrochemical EMF method
first used by the authors of [10] for examination of
Ag,HfSe, samples also supported the conclusion con-
cerning silver ion mobility in these compounds made
earlier according to polarization phenomena observation
data [11].

Employment of an impedance spectroscopy technique
served as the advancement of kinetic property investigations
of intercalated materials [10,12,13]. Such experiments can
determine various complex quantities, including impedance,
permittivity, electrical module, electric capacity. Various
representations of AC material analysis data open new
aspects for investigating the properties of such materi-
als. Thus, according to such investigations for AgyHfSe,
(x =0.1, 0.2), the presence of mixed electronic—ionic con-
ductivity was confirmed and electronic and ionic transfer
numbers were evaluated for these compounds [13].

Examination of impedance properties on the AgyHfSe,
and CuyHfSe, samples in a wide frequency range has
shown that in both cases relaxation processes characterizing
the charge transfer run more intensively when the copper
or silver concentration in the samples increases [10,12].
However, relaxation times in silver-intercalated samples
turn out to be several times as short as those in copper-
intercalated ones, which confirms a higher silver ion
mobility in these compounds. These differences also
relate to the permittivity of copper-containing and silver-
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containing intercalated compounds on the basis of hafnium
dichalcogenides [14,13].

According to the existing literature, further investigations
of chalcogenide transition metal compounds containing
Group 1 elements are of real interest. For the purpose of
advancement of the previous investigations using variable
electric excitation, this work was focused not only on
the charge transfer aspects, but also on previously unex-
plored dielectric properties of hafnium diselenide with joint
(mixed) intercalation by copper and silver atoms in different
ratios.

2. Experiment

Samples with mixed intercalation AgyCuyHfSe,
(x =0.025, 0.05,0.1; y = 0.025, 0.05, 0.1) were prepared
from the preliminary synthesized and qualified series of
AgyHfSe; and CuyHfSe, materials according to previously
described techniques [12-14]. Mole fractions of each
of the compounds in mixed phases were determined by
accurately weighed feedstock using the known ratios of
mass and molar amounts of the mixture components.
The prepared mixtures were compacted and subjected to
repeated annealing in quartz tubes at T = 850°C until
the desired composition homogeneity was achieved and
confirmed by radiographic data on at least three different
fragments from the prepared materials. For cooling after
final annealing, the tubes with samples were quenched in
ice water. The materials thus prepared were solid solutions
in a quasi-binary system with static distribution of different
grades of intercalated atoms between the HfSe, layers.
Impedance analyses were carried out at room temperature
(T =296 £2)K in the linear frequency range (f) from
10Hz to 5SMHz using the Solartron 1260A analyzer. The
excitation signal amplitude in all cases was 0.05V. The
measurement data was analyzed within an equivalent
circuit with paralleled resistor and capacitor whose capacity
was mainly defined by the dielectric properties of the test
samples.

The measurement samples had a form of tablets 10.5 mm
in diameter and from 2.1 to 2.5mm in thickness. The
samples were placed between contacts in the form of plane-
parallel plates. To reduce the edge effects, the diameter of
contacts was twice as large as that of the samples. The space
between the contacts may be represented in the form of
two parallel capacitors, one of which is filled with dielectric
and the other is empty. Further calculations of dielectric
properties based on the complex impedance data used the
electric capacities of the empty cell corresponding to the
specified dimensions of the samples.

3. Research Results
Impedance spectra were measured for the AgyCuyHfSe;

samples with different ratios of different grades of atoms
as shown in Figure 1. It can be seen that numerical
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Figure 1. Complex impedance spectra
Ago.025Cu.02sHfSes (1), Ago.025Cuo.0sHfSe, (2),
Ago.05sCug.0sHfSe; (3), Ago.osCuo.02sHfSe; (4),
Ago.lcuO]HfSCz (5)

value of the active electrical resistance (R, =Z' at f — 0)
depends on the total intercalated atoms as well as on the
ratio of atoms. Being typical of the parallel equivalent
circuit, the represented spectra have the form of arcs
of circles. Within this circuit, the real and imaginary
components of the complex impedance and cyclic frequency
w = 2xf are interconnected as —Z"” = wR,CpZ" where Ry
and C, are the equivalent circuit elements [16]. When the
impedance godograf is a full semicircle, then, at a frequency
corresponding to the vertex of arc, Z' =| —Z"| and the
time constant RC of the circuit (relaxation time) has some
certain value equal to 1/(RaCp).

As shown in Figure 1, the AgxCuyHfSe, spectra are
shifted down along the imaginary axis and the centers of the
arcs of circles lie below the real axis. This is the evidence
of the fact that the provided results can not be interpreted
within the Debye relaxation process model with frequency-
independent resistances and capacities, and system-unique
relaxation time. Possible participation in the charge transfer
of electrons together with different types of ions [10,12,13]
implies that there are processes with different relaxation
properties. Since these contributions cannot be explicitly
identified on the impedance spectra with the required cer-
tainty, this gives reason to consider continuous distribution
of the equivalent RC-circuit parameters near some most
probable (effective) value, instead of discrete contributions
to the charge transfer. Width of the parameter distribution
region and, therefore, of the relaxation time region may be
evaluated by the angle 75/2 between the Z' axis and the
circle radius from the left end of the spectrum (at f — o0)
to the center of these circles as illustrated in Figure 1 for one
of the spectra. In accordance with these representations, &
quantitatively characterizes the degree of relaxation process
deviation from the Debye model [17]. Such evaluation has
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Figure 2. Frequency dependences of the complex impedance

imaginaly part Ago_()zsCuO_()stfSez (1), Ago_()zsCquostSez (2),
Ago.0sCug.osHfSes (3), Ago.osCuo.02sHfSes (4), Ago.1Cuo.1HfSe; (5).

shown that § decreased by a factor of 2 as the copper and
silver concentration in the samples increased (Table).
Frequencies 2, , at which the imaginary component of
the impedance in Figure 1 has the maximum values, were
more accurately determined by the frequency dependences
of the imaginary component as shown in Figure 2.
According to the obtained data, above-mentioned ratio
and actual real and imaginary components of impedance
at fZ ., effective relaxation times 7; were calculated for
each composition as 7z = | — Z"(wm)|/®m - Z' (wm), where
wm = 27 fZ, .. The results are shown in the table.
Analyzing the obtained parameters for different com-
pounds, a conclusion may be made that 7, in the given
compounds with mixed intercalation vary not only when the
total content of copper and silver varies, but also when the
quantitative ratio between them varies. In addition, these
relaxation times for the jointly intercalated AgyCuyHfSe,
compounds turn out to be shorter than those found be-
fore for copper-containing and silver-containing compounds
individually with concentrations of intercalated atoms that
are comparable with those for joint intercalation [10,12].
The highest § for the compound with the lowest silver and

copper concentrations may be explained by the fact that in

Linear frequencies corresponding to the maximum imaginary parts
of impedance (fZ,,) and electrical module (f™,,), relaxation times
(1z) and (7m) and relaxation time distribution region index (§) for

the AgxCuyHfSe; compounds

Compound fZuo kHz| 7, us | 6 | M., kHz|7m, us

Ag04025 CuO.()stfSez 55.8 1.94 0.24 315 0.51
Ago_()zsCquost’Sez 250.2 0415]0.16 790 0.22
Ag0405 CuO‘()s HfSez 446 0.26 0.17 995 0.16
Ago‘()s CuO‘()zs HfSez 398 0.32 0.19 926 0.17
Ago.1Cug 1 HfSe, 1982 0.08 (0.09| 2810 0.06

this case these ions in electric field may move independently
of each other, thus, providing different contributions to the
width of the circuit parameter frequency distribution region.
As the concentration of intercalated elements in interlayer
spaces increases, motion of the intercalated elements in the
external field shielding process may become more correlated
due to the interaction between the intercalated elements,
which leads to a decrease in the numerical value of 6.

The features and characteristics of the dielectric response
are usually determined by the frequency dependences of
the real and imaginary parts of complex permittivity, which
exhibit a typical maximum (¢”) or a step (¢). Data
obtained for the complex impedance taking into account
a geometrical cell capacity for each of the samples were
used to determine real and imaginary parts of permit-
tivity [16]. The calculations found significant frequency
dispersion of real (¢’) and imaginary (¢”) parts of the
complex permittivity. As shown in Figure 3, curves &”
don’t exhibit a maximum typical for dielectric loss, but
decrease monotonously as the frequency grows. Complex-
plane permittivity spectra in the studied frequency range as
shown in Figure 4 don’t exhibit any maximum typical of the
Cole-Cole diagrams either. Similar diagrams without such
maximum in the dielectric spectrum were also observed
before for other materials [18-20].

The form of curves shown in Figures 3 and 4 can
not allow them to be used for quantitative determination
of dielectric relaxation properties, which may be due, in
particular, to prevalence of the energy loss by charge transfer
(conductivity) over the relaxation loss. Representation of
results in the form of electrical module whose value is the
reciprocal for complex permittivity.

M* =1/e* =M’ +i-M".

Electrical module formalism makes it possible to iden-
tify the intrinsic dielectric behavior of the given mate-
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Figure 3. Frequency dependences of the real part of permittivity
for Ago.02sCuo.02sHfSe, (see the inset) and of the imaginary parts
of permittivity. Ago.025Cuo.025sHfSe; (1), Ago.05Cug.025HfSe, (2),
Ago.025Cug.0sHfSe; (3), Ago.1Cuo1HfSez (4).
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Figure 4. Permittivity spectra  Ago.025Cuo.02sHfSez> (1),

Ago.025Cuo.0sHfSez (2), Ago.osCug.o2sHfSez (3),
Ago.05Cug.osHfSe; (4), Ago.1Cuo.1HfSe; (5).
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Figure 5. Frequency dependences of the imaginary parts
of the complex electrical module of Agp.025Cuo.02sHfSe, (1),
Ago.025Cug.0sHfSez (2), Ago.osCuo.osHfSez (3), Ago.1Cuo.1 HiSe; (4).

rials through conversion of the monotonic permittivity
variation into a relaxation peak, whose position on the
frequency axis may be used to determine the dielectric
relaxation time () [21,22]. These conversions showed
that M” = &” /("% + &'?) really exhibits its maximum at
a particular frequency as demonstrated in Figure 5. Typical
dielectric relaxation times were found as 7, = (27 fM )1
from fM . at which M” = M/ . When the composition
of AgyCuyHfSe; varies, the frequency values as listed in
the table vary in the same way as 7, though remain 1.5
to 3 times as low as the latter. A difference between
them decreases considerably as the total copper and silver
concentration grows. These differences may be caused by
the fact that the frequency dependences of the electrical
module characterize bulk properties of crystallites to a
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greater extent, but the influence of near-electrode processes
and intercrystalline regions is reduced compared with the
bulk properties. This is particularly typical of ion-conducting
materials [10,13,23], and the compounds discussed in this
work may be also classified as such.

4. Conclusion

The study jointly investigates kinetic and dielectric prop-
erties of materials simultaneously intercalated by silver
and copper atoms. It is shown that the relaxation
processes during charge transfer don’t comply with the
Debye model. Effective relaxation times characterizing
the response of charge carriers to the excitation by a
variable external electric field were determined taking into
account specific location of the impedance spectra on
the complex plane. In the given system, against the
background of the general trend to decreasing the relaxation
times with the growth of the total content of copper
and silver, the ratio of the concentrations of intercalated
atoms also affects their values. Taking into account that
different grades of particles can participate in the charge
transfer, the width of the equivalent circuit parameter
distribution region was evaluated. Variations of the width
are associated with the change of site population between
the HfSe, layers. At low concentrations, each grade of
the intercalated atoms makes its independent contribution
to the charge transfer with relaxation time typical for each
of them, and as the content of copper and silver atoms
increases, motion of the atoms in the external electric
field becomes more coordinated due to the interaction
between them.

The findings demonstrate considerable frequency disper-
sion of the permittivity of AgyCuyHfSe, with monotonic
frequency dependence of its real and imaginary parts. This
prevents from using permittivity as a means for determining
the dynamic response of dipole systems to external action
of a variable electric field. This issue was overcome in this
work by a calculation using the electrical module option that
made it possible to convert the observed frequency growth
of the permittivity into a relaxation peak. These conversions
provided frequency dependences of the imaginary parts
of the complex electrical module that pass through the
maximum values at certain frequencies. Relaxation times
determined using this data turned out to be lower for all
studied compounds than those determined from the analysis
of the frequency dependence of the complex impedance
components.
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