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In this work, we present first AC conductivity measurements of both amorphous and polycrystalline Cd;As,
thin films ( ~ 50 nm) in the frequency range 25-10° Hz and temperature range 10-300 K. Cd;As, thin films
were grown by non-reactive AC magnetron sputtering. Both samples show a strong frequency dependence of
the total conductivity in the order of 10* Q' ecm™!. It was found that the DC conductivity, deduced from
the total conductivity of Cd;As, thin films, increases with increasing temperature. The experimental results

indicate exponent values s> 1 and s>2, which contradicts the universal dynamic response. In Cd;As, films is
observed a crossover of metal-semiconductor type at low temperatures, which is characteristic of topological
materials. The results show a clearly frequency dependence of the mechanism of AC conductivity of Cd;As,
films in a wide range of temperatures.

1. Introduction

During the last decades, the well know topological Cd;As, and
Cd3As,-based compounds became one of the most intensively studied
materials of condensed matter physics, and have presented a large field
of research both experimentally and theoretically. Indeed, this great
interest in this type of materials was due to their potential applications
in electronics, spintronics and functional devices. CdsAs, is identified
as an ideal Dirac semimetal showing chemical stability in air [1],
with a declared mobility well above 10® cm?/(V s) [2]. To understand
the electronic properties of Cd;As,, and extraordinarily large mobility
of electrons in particular, theoretical models have been proposed in
the standard framework of DC theory. However, there are not reports
available on AC conductivity properties of Cd;As, and narrow-gap
semiconductors. As both the DC and AC conductivity can be due to
different independent processes, analysis of AC conductivity of CdzAs,
provides important information related to charge transfer by carriers,
which dominate the conduction process, and their response to changes
in temperature and frequency. A convenient formalism to investigate
the frequency dependence of conductivity in a variety of materials is
based on the power law relation proposed by Jonscher and is used
to describe the electrical conductivity of many types of disordered
solids [3]. In order to correlate the nature of frequency exponent
values as a function of temperature s(T') with a proposed conduction
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mechanism, several theoretical models have been developed [3] with
frequency exponent values s in the range 0 < s < 1. However, the liter-
ature endorsed that the exponent values s is not limited to values below
1 [4] and experimentally obtained values for s > 1 have been reported
in a lot of cases concerning dielectric measurements for different types
of disordered materials at a frequency range below 1 MHz [5].

It is well known that the AC conductivity study of glassy sys-
tems in a wide range of temperatures and frequencies is essential for
material researchers not only for practical applications but also for
academic interest especially due to their amorphous semiconducting
nature and technological applications in wide fields [6-11]. However,
the topological Cd;As, bellows to another class of materials. Recent
experimental data for the topological Cd;As, demonstrate Shubnikov—
de Haas oscillations, colossal linear magnetoresistance, photovoltage
generation across a metal/CdzAs, nano crystal contact, and an uncon-
ventional photoelectromagnetic effect [12]. Although at first Cd;As,
amorphous films were considered as new amorphous semiconductor
materials with unusual properties especially at low temperatures and
high magnetic fields, where clear Shubnikov—de Haas oscillations have
been observed, there were some fundamental differences [13] that
make these amorphous materials a special class of materials and there-
fore cannot be treated as usual amorphous solids. A clear example is
that the values of the Hall mobility for these films are one to four

E-mail addresses: alxndral@outlook.com (A.A. Morocho), pilyuk@bsu.edu.ru (E.A. Pilyuk), zakhvalinskii@bsu.edu.ru (V.S. Zakhvalinskii),
nikulicheva@bsu.edu.ru (T.B. Nikulicheva), yaprintsev@bsu.edu.ru (M.N. Yapryntsev).

https://doi.org/10.1016/j.physb.2022.413927

Received 12 December 2021; Received in revised form 17 March 2022; Accepted 10 April 2022

Available online 14 April 2022
0921-4526/© 2022 Elsevier B.V. All rights reserved.


http://www.elsevier.com/locate/physb
http://www.elsevier.com/locate/physb
mailto:alxndral@outlook.com
mailto:pilyuk@bsu.edu.ru
mailto:zakhvalinskii@bsu.edu.ru
mailto:nikulicheva@bsu.edu.ru
mailto:yaprintsev@bsu.edu.ru
https://doi.org/10.1016/j.physb.2022.413927
https://doi.org/10.1016/j.physb.2022.413927
http://crossmark.crossref.org/dialog/?doi=10.1016/j.physb.2022.413927&domain=pdf

A.A. Morocho et al.

target |

amorphous film |
(Tsub =25 OC)

Intensivity

(112)

annealed film 1
(Tsub =25 OC)_

T T T T T e T T T i T . T T T

10 20 30 40 50 60 70 80
26, deg

Fig. 2. X-ray diffraction patterns of Cd;As, films and target.

orders in magnitude higher than those of other amorphous materi-
als [13]. In addition to both transport and optical properties polycrys-
talline Cd3As, films reported in [13-15], experimental observations
of superconductivity were reported [16,17] for polycrystalline CdzAs,
thin films without application of any external factors, which makes
polycrystalline CdzAs, thin films a promising platform for studies of
topological superconductivity state and other related phenomena.

The main objective of the present work is to study the AC conduc-
tivity response of the topological semimetal Cd;As, in a wide range
of temperatures. AC conductivity measurements have been carried out
in two different Cd;As, systems (amorphous and polycrystalline thin
films) to acquire a better understanding of the structure contribution
to AC conductivity response at various temperatures. Although the
modern theory of AC conductivity can explain many transport phenom-
ena of materials such as amorphous semiconductors, disordered and
ionic solids, the AC mechanisms which are present in both narrow-gap
semiconductors and topological materials are not clear at the present
time due to the complexity of AC conductivity phenomena that can
exist in these materials at different temperatures.

2. Experimental

Cd3As, thin films were grown by non-reactive AC magnetron sput-
tering in argon atmosphere on oriented (0001) a—Al,O5 single crystal
substrates. Since (0001) a-Al,03 and (224) a—Cd;As, have a similar
structure and their average interatomic (interstitial) distances differ by
only 6%, well-oriented film growth can be achieved [12]. Substrate
heating was not carried out, the substrate temperature T, was equal
to room temperature and did not change during deposition. Thus,
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Fig. 3. Frequency dependences of the total conductivity ¢ at different temperatures:
(a) for the amorphous Cd,As, film; (b) for the polycrystalline Cd;As, film.

two types of films were obtained: (1) amorphous thin films without
heating the substrates at room temperature and (2) polycrystalline thin
films in Ar atmosphere at a temperature of 573 K for 5 min after
deposition without heating the substrates. The thickness of the films
was determined by deposition time and was 50 nm. Films with a
thickness of 50 nm can be considered as a two-dimensional system,
and the manifestation of quantum effects is possible [18]. Furthermore,
the resistivity increases with decreasing film thickness [19]. The phase
composition of the grown films was almost stoichiometric, which was
confirmed by Energy-Dispersive X-ray Analysis (Nova NanoSem 450,
FEI Company), which demonstrates that the actual elemental compo-
sition is close to the stoichiometric Cd;As,, with ratio Cd/As = 1.59.
The crystal structure of the films under study was determined using a
Rigaku SmartLab X-ray diffractometer (CuKa radiation, A = 1.5401 [o\)
at room temperature. Frequency dependencies of the conductivity of
CdsAs, thin films were measured using an AKTAKOM AM-3026 high
frequency RLC meter in the medium frequency range from 25 Hz to 1
MHz and temperatures from 10 to 300 K using a setup based on a Janis
CCS-350S closed cycle helium cryostat and a temperature regulator
model Lakeshore 331. Shielded 4-wire Kelvin probes were used in the
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Fig. 4. Temperature dependences of DC conductivity, average hopping distance (R) and average hopping energy (W): (a, b) for the amorphous Cd;As, film; (¢, d) for the

polycrystalline Cd;As, film. Insets describe the linear Ino,. vs T~'/*

plots.

measurements, which were connected directly to the output connector
of the helium cryostat. The wires from the sample to the connector
inside the chamber were twisted. The noise did not exceed 1%. The
data were recorded using a PC system under isothermal conditions,
and the temperature was stabilized with an accuracy better than 0.005
K. The measurements were carried out by a two-contact method in
coplanar geometry (Fig. 1). Indium contacts were deposited on the
sample surface by magnetron sputtering in a VN-2000 vacuum system.

3. Results and discussion

Fig. 2 shows X-ray diffraction patterns of CdsAs, films on Al,O5
single crystal substrates. X-ray diffraction patterns of Cd;As, films
deposited on cold substrates show broad peaks (amorphous halo peaks)
usually attributed to amorphous materials. Annealing of the films leads
to partial crystallization with three pronounced peaks at 20 ~ 12°,
24.5° and 40.3°, corresponding to the o modification of Cd;As, with
a tetragonal lattice (space group I4,/acd) [20]. The fact that the
ratios between intensities of the observed peaks are close to relative
intensities of the target material (1 mm CdsAs, single crystals placed
in a round copper cell with diameter 40 mm and deep 4 mm) indicates
the absence of any pronounced orientation of Cd;As, crystallites in the
films under study. Using the standard Debye-Scherrer equation:

094
" Peos(0)

@

where 1 = 1.5401 A, g is the peak width at half height, 6 is the
diffraction angle, we estimated the mean crystallite size to be 6-8 nm.
It is well know that the AC conductivity analysis provides significant
information related to transport of charge carriers, i.e., electron/holes
or cations/anions that predominate the conduction process and their
response as a function of temperature and frequency [21]. Thus, the
transport phenomena and charge carrier dynamics within the material
can be well understood by the analysis of the frequency dependence of
AC conductivity [22]. Frequency dependencies of the total conductivity
o at different temperatures are shown in Fig. 3 for both amorphous and

polycrystalline Cd;As, films. The total conductivity ¢ [21] over a wide
range of frequencies f and temperatures T can be written as:

(2

O'=GAC+GDC

where o4 is the AC conductivity and o is the DC conductivity. In
general, frequency dependencies of ¢ usually show two distinct regions:
(1) the low-frequency region (almost frequency independent conductiv-
ity) and (2) the high-frequency region (dispersion region). The presence
of these regions and the increase of total conductivity with increasing
frequency is characteristic for disordered solids, oxides, and nanocom-
posites [3]. The dispersion region, corresponding, in most cases, to the
high frequency region of the total conductivity, obeys the Jonscher’s
power law o4 = Aw*, where A is a constant depending on temperature,
w is the angular frequency (w = 2z f where f is the frequency) and s is
the frequency exponent which is frequently applied to comprehend the
mechanism of electrical conduction in disordered matter [3] such as
amorphous semiconductors, disorder and ionic glasses [8]. Both A and
opc are regarded as thermally activated quantities [23]. The quantity
o 4c(w) is frequency dependent conductivity which is used to analyze
and understand the dynamics of the charges [22].

In Fig. 3, the curves show a strong frequency dependence of to-
tal conductivity in the order of 10* Q 'em~!. For both samples, the
total conductivity decreases with decreasing frequency and becomes
almost independent at frequencies below ~ 10* Hz. Thus, regions
where total conductivity is almost constant, reveal a main contribution
of DC conductivity, while AC conductivity contribution begins to be
the dominant in different frequency regions for each temperature. On
the other hand, the amorphous Cd3As, film is also characterized by
a decrease in total conductivity values with increasing temperature
while the polycrystalline CdsAs, film shows higher values of total
conductivity at high temperatures. According to [24], at lower fre-
quencies, grain boundaries are effective with high resistance giving a
constant conductivity, whereas at higher frequencies, the increase in
conductivity is due to grains with much higher conductivity and also
due to increase in hopping of charge carriers, which is accompanied by
the increase of temperature. Moreover, the frequency dependence of
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Fig. 5. Ino(,c) vs In(w) at different temperatures of (a) amorphous and (b)
polycrystalline Cd;As, films.

conductivity does not follow the simple power relation as given above
but follows a double power law, which is demonstrated later:

6 =opc + Aw’! + Aw*? 3

In Fig. 4, the temperature dependence of DC conductivity is pre-
sented for both amorphous and polycrystalline samples. According to
the universal expression (2), the DC conductivity is estimated from
total conductivity vs. frequency measurements. Therefore, the DC con-
ductivity part should be less informative than the real part of the AC
conductivity [25]. As one can see, the DC conductivity increases with
increasing temperature, confirming a thermally activated transport
process in the conduction mechanism. Since the conduction mechanism
satisfies the Arrhenius law, the activation energy can be given by
equation as follows:

Inope = Inoy — f_B% )
where o, is the pre-exponential term, E, is the activation energy for
conduction, kp is the Boltzmann constant and 7' is the measurement
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temperature. It can be seen that the fit (blue solid line in Fig. 4) matches
well with the experimental values of the amorphous Cd3As, film, while
in the case of polycrystalline film we observe that the theoretical fit of
opc does not match up well with experimental values at low tempera-
tures. This discrepancy between theoretical fit and experimental values
at low temperatures may be due to a change of conduction mechanism
in the polycrystalline film. The values of activation energy E, deduced
from the linear fit are E,= 0.030 and 0.049 eV for the amorphous and
polycrystalline samples, respectively.

From the slope Ino - vs T~!/# (Fig. 4, insets), we can determine the
value of the parameter T, — a constant proportional to the density of
states near the Fermi level N(E) which is nearly equal to T, ~ 39 and
43 K for the amorphous and polycrystalline sample, respectively. The
density of localized states near the Fermi level was calculated by the
formula [26]:

A
Tokgr3
where 1 is a dimensionless constant equal to 18-49 [26]. The main
values of N(E) of the amorphous and polycrystalline film obtained
from (5) are 0.727-10% and 0.66-10%¢V -cm?, respectively. Ambegaokar
et al. showed that the lower limit of the value of A is about 16 [27].
The carrier localization radius was taken equal to r = 41.8 nm [28]. The
average hopping distance R and the average hopping energy W were
estimated using the following equations [29,30].

9 1/4
k= <8nKBTN(EF>> ©

3

- [47:R3N(EF)] @

As shown for both samples in Fig. 4(b) and (d), with decreasing
temperature, the hopping distance increase and hopping activation
energy decreases. Thus, there will be an optimum hopping distance (R),
which maximizes the hopping probability [31]. A hopping electron will
always try to find the lowest activation energy and the shortest hopping
distance. However, usually the two conditions cannot be satisfied at the
same time [31]. From the slope In(c4¢) vs In(w) in Fig. 5, it is possible
to determine the values of frequency exponent s (see Fig. 6), which
for the amorphous sample are in the range (1<s<2.2) and increases
slightly with increasing temperature. For the polycrystalline sample,
dependences of In(c,4¢) Vs In(w) show the presence of two different
regions I and II that correspond to the regimens (1.6<s,<2.3) and
(0.2<s,< 1.2), respectively. Different models such as the quantum
mechanical tunneling (QMT), the correlated barrier hopping (CBH), the
overlapping large-polaron tunneling (OLPT), and the non-overlapping
small polaron tunneling (NSPT), have been considered to account for
the AC conduction mechanism [32]. All the above-mentioned models
show s values only in the range O<s<1, i.e., the classical AC theory
with O<s<1 is not applicable to our samples. On the other hand, it
was confirmed in [4] that the exponent s is not limited to values
below 1. In general, the frequency dependence of the conductivity
does not obey a simple power law. As far as we know, there are not
rigorous published studies that can explain the universal meaning for
s> 1 in materials which are not disordered or ionic solids. However,
there are studies [33-35] which give an explanation of s values 1<s<2,
based on the jump relaxation model (JRM) introduced by Funke (1993)
for ionic conduction in solids [36]. As is mentioned in [36], values
in the range 1<s<2 are a significant aspect of low temperature/high
frequency process. On the other hand, it was demonstrated in [37]
that in the limit of low frequencies, the exponent of the frequency-
dependent term must be 2 instead of s<1, and at high frequencies, the
Jonscher’s power law cannot hold either, since an unlimited increase
of the conductivity is unphysical. The Jonscher’s universal law, where
s is a fractional exponent roughly treated as constant less than 1, is
often used to describe the AC component contributing to the dispersive
region. Although such behavior is observed in entirely different types

N(Ep) = ()
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of materials, such as disordered semiconductors, polymers, conducting been also reported for different types of disordered materials at a

frequency range below 1MHz [5]. Although, several models on the

hopping or tunneling of polarons between equilibrium sites have been

polymer compound ceramics, ion conducting glasses, heavily doped

ionic crystals, etc. [4], experimentally obtained values of s> 1 have



A.A. Morocho et al.

a)

Physica B: Physics of Condensed Matter 638 (2022) 413927

% ® 500Hz
. ® 1000 Hz
o ® 2000 Hz

® 3000 Hz
L]
L]
.‘ L]
.. °
.. L]
L]
L)
l.' L] .
° .
o T TTITY

50 100 150 200 250 300
TK

Fig. 8. Temperature dependence of ¢, of the polycrystalline Cd;As, film in the frequency range (a) 7-10° —10° Hz and (b) 10*— 10> Hz. The inset shows temperature dependence

of o,c at frequencies < 3 kHz.

established to explain the frequency and temperature dependence of
the AC conductivity within different limited temperature ranges, but
it still needs more insight [38]. At the present time, the universal
frequency dependence of electric and dielectric properties of disordered
ionic materials is described by different authors in different ways. The
power-law treatment is still very popular, but it has also been realized
that the power-law frequency dependence is not necessarily a law of
nature [37].

Both Figs. 7 and 8 show temperature dependencies of AC conduc-
tivity in a medium frequency range for both types of samples. It can
be immediately seen that the temperature behavior of AC conductivity
changes over a wide frequency range. However, at low frequencies the
curves show a similar behavior, although in the case of the amorphous
film the AC conductivity values are much higher than the polycrys-
talline one. Figs. 7 and 8 indicate a change in the AC conduction
mechanism. For deeper analysis, we plotted temperature dependences
of AC resistivity, p,c = 1/0 ¢, at different frequencies for both samples
(Figs. 9 and 10). For the amorphous sample, below the temperature
T*, psc changes from its linear T-behavior at high temperatures and
exhibits a pronounced minimum 7,,;, at low temperatures. A deviation
of p4c(T) indicates a metal-semiconductor crossover; p . saturates at
low temperature.

This indicates that the ground state is metallic, and therefore T*
marks the beginning of the transition from the metallic state to another
state. T* is identified as the onset of the pseudogap phase, following the
standard definition: the temperature below which the AC conductivity

(or AC resistivity) begins to deviate from its linear T-behavior at high
temperatures [39,40]. The deviation of p can be either upward, as
in LSCO, or downward, as in Y Ba,Cu;0, [39], depending on the
relative magnitude of inelastic and elastic (disorder) scattering at T*;
in Y Ba,Cu;0,, the copper oxide material with the least random scat-
tering, the loss of inelastic scattering below T* is a much larger relative
effect than in LSCO, hence the drop in p [39]. As one can see, a signifi-
cant change in p 4 emerges around T),;,, where the AC resistivity shows
a transition to semiconductor behavior in a wide range of frequencies.
This transition behavior becomes notable even at lower frequencies,
and the transition temperature also changes depending on the fre-
quency. After crossover, the resistivity soon becomes saturated, forming
a stable resistivity plateau in the low temperature region. A similar low-
temperature resistivity plateau is observed in topological semimetals
and does not depend on the quality of the sample [41-45]. Therefore,
such a low-temperature resistivity saturation is an intrinsic property
of topological semimetals [46], Although, the metal-semiconductor
transition, induced by a magnetic field, is often described as the result
of opening a gap at the points of contact between bands in topological
semimetals [41-45], in our case, the reason for this behavior has not
yet been settled.

On the other hand, for the polycrystalline sample, Fig. 10 shows a
metal-semiconductor transition at temperatures below ~ 100 K (tran-
sition observed in the amorphous Cd;As, film), which is an intrinsic
property of topological semimetals [46]. However, with decreasing
frequency, an increase in AC resistivity is also observed at temperatures
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> 150 K and below the critical frequency of ~ 730 kHz, the behavior
of p,c(T) changes significantly at higher temperatures; p,o(T) curve
begins to deviate upward showing a transition of metal-semiconductor
type. In presence of magnetic field, this behavior of resistivity is only
observed at low temperatures in several topological semimetals [41,42,
471].

One reasonable explanation for the increase of p, is scattering at
grain boundaries formed during annealing. At frequencies < 730 kHz,
pac of the polycrystalline Cd;As, film begins to increase, which in-
dicates strong scattering at grain boundaries and, therefore, a lower
carrier mobility in the polycrystalline Cd;As, film at temperatures >
150 K. In Fig. 11 (left) we plotted In(p,c) as a function of T~!, which
can be used to estimate the energy gap Eg according to the relation
pac &« exp(E,/2kgT) as in the case of narrow-gap semiconductors
and topological materials [42,46,48]. The resulting gap values are
plotted as a function of frequency in Fig. 11 (right). As the curves are

linear over a very small temperature range, the calculated energy gap
depends on the region of linear fitting and hence becomes a function
of T. Furthermore, the calculated energy gap clearly exhibits a strong
frequency dependence for the polycrystalline film of Cd3As,, which has
never been observed before.

It is well know that Cd;As, is among the most explored materials
in solid-state physics [2] and has been well-studied in the past [49].
Among a number of Dirac semimetal materials, Cd3As, has its own
advantages and unique properties [50] and possesses many of the same
interesting optoelectronic properties as graphene with the additional
benefit of possessing a strong light-matter interaction conferred by its
3D nature [51]. However, at the present time, there are not current
studies with AC measurements in this material. Thus, the present work
not only shows an important experimental contribution in the area of
AC conductivity measurements but also represent a step toward the
manipulation of the topological semimetal Cd;As, via changing the AC
frequency.

4. Conclusion

The analysis of the frequency dependence of the total AC conduc-
tivity of both amorphous and polycrystalline films showed different
temperature response. In both samples, the DC conductivity increased
with the increase of temperature. Both amorphous and polycrystalline
samples showed exponent values of s>1. However, in the polycrys-
talline film was a observed the presence of two regions denoted as I
and II in curves In(c4¢) Vs In(w) with exponent values s> 1 and s>2,
respectively. These results completely contradict the universal dynamic
response for all the models suggested for the AC theory. In both Cd;As,
films, a metal-semiconductor crossover was found at low temperatures,
which is an intrinsic characteristic of topological semimetals. A change
in the behavior of the conduction mechanism in the high temperature
region was found in the polycrystalline Cd;As, film, suggesting strong
scattering at grain boundaries and, therefore, a lower carrier mobility
film at high temperatures. Furthermore, the calculated energy gap
clearly showed a strong frequency dependence for the polycrystalline
CdsAs, film. Our results not only provide a new research direction
of topological semimetals, but also bring insights to AC conductivity
measurements of non-disordered materials.
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