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ABSTRACT

We study the conductivity and magnetoresistance of the o’ phase solid solution of (Cdi_xZny)3;As; (x = 0.45). Single crystals of
(Cdi-xZny)3As; are obtained by the modified Bridgman method. The space group and tetragonal lattice parameters of single crystals are
found to be I4;/amd and a = b = 8.56(5) A, ¢ = 24.16(6) A. The temperature dependence of the conductivity and magnetoresistance is studied
in the temperature range of 1.6-320 K and in the presence of a transverse magnetic field from 0 to 10 T. Mixed conductivity is analyzed using
Hall resistivity data and standard quantitative mobility spectrum analysis. The concentration and mobility of holes are determined at different
temperatures. The presence of two types of holes with different mobilities is demonstrated in the temperature range of 1.6-19 K, while with
increasing temperature, just one type of charge carrier is observed in the mobility spectrum.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0038477

I. INTRODUCTION

Cadmium and zinc pnictides (including both the semimetal
CdsAs; and the semiconductor ZnzAs;) belong to the class of II-V
semiconductor compounds and have a well-defined set of inter-
esting characteristics, including structural, optical, and transport
properties." These compounds have long been known as materi-
als with a variety of practical applications,”” and their properties
are the subject of considerable current research activity. Although
CdsAs; and ZnsAs; have similar crystal structures, the ordering of
deformed antifluorite cubes differs between them. After the discov-
ery of the topological properties of CdsAs;,"” considerable research
effort was focused on the topological properties of solid solutions
of (Cdi-xZny)3As,* and solid solutions of dilute magnetic semicon-
ductors based on Cd3As,.”!” On the other hand, composite mate-
rials based on Cd3As; have been investigated owing to their appli-
cations in spintronics.'! It is well known that (Cdi—Zny)3As; solid
solutions in the composition range 0 < x < 0.6 undergo structural

transformations (from the space group I4:/acd to P4,/nmc and then
back to I4,/acd) with increasing Zn content.® All the studied samples
of (Cdi—xZn,)3As; belong to the tetragonal system (a’’-Cd3 As;) and
space group P4,/nmc (ICSD Database, Version 2009-1, Ref. Code
23245).%10

In the quasi-binary system Cd3;As;-Zn3As;, there is a con-
tinuous series of solid solutions,'” and the state diagram of
CdsAs;-Zn3As; shows a region of existence of &’ solid solution
phases of (Cd;—xZny)3As; in the composition range 0.45 < x < 0.65;°
this region is a poorly studied area in condensed-matter systems.
In Ref. 13, single crystals of a"’-(Zn1_yCdy)3As2 (x = 0.26) were
obtained and studied by x-ray diffraction analysis, and the follow-
ing tetragonal lattice parameters were found: a = b = 8.5377(2) A,
¢ =24.0666(9) A, space group I4,/amd, and Z = 16.

Although properties such as the electrical conductivity and
magnetoresistance of the &/ phases of (Cd;—_Zny)3;As; have not
been studied in great detail, it is well known that an increase in the
Zn content of solid solutions leads to a transition from the Dirac
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semiconductor CdsAs; to the direct-gap semiconductor ZnzAs;. In
this case, not only does the type of the majority charge carriers
change from 7 to p but also the nature of the temperature depen-
dence of the electrical conductivity changes. It has been shown in
magnetoresistance studies of solid solutions that with increasing
Zn content, a transition from topological to ordinary semiconduc-
tor properties occurs.® Thus, the presence of Shubnikov-de Haas
(SdH) oscillations both in the narrow-gap semiconductor CdszAs;
with an inverted band structure and in (Cd;—,Zn,)3;As; solid solu-
tions makes it possible to analyze the evolution of the topological
properties as the composition changes.” Based on the Bodnar model
for the semiconductors CdsAs, and Zn3As,,'* it is also possible to
track the evolution of the band structure from 0.1 to 1.0eV,'>'% as
well as the changes in the contributions of different groups of charge
carriers to the magnetoresistance.

In single crystals of o' -(Cdi1_xZny)3As; (X = 0.45), the mag-
netic field dependence of the resistivity at different temperatures
does not exhibit SdH oscillations, in contrast to compositions with
x < 0.38.% For this reason, we have analyzed the mixed conductivity
using experimental data on changes in Hall resistivity in the pres-
ence of a magnetic field. In this work, we use standard quantitative
mobility spectrum analysis (QMSA)."” -

Il. EXPERIMENTAL

(Cdi-xZn,)3As; single crystals with X = 0.45 were grown by
the modified Bridgeman method from stoichiometric amounts of
CdzAs; and Zn3As;. The crystals under study were slow-cooled at
a rate of 5°C/h and in the presence of a temperature gradient near
the melting point (T = 853 °C). High degree stoichiometry of the
compounds CdsAs; and ZnzAs; is achieved by additional sublima-
tion in the vapor phase. The composition and homogeneity of the
samples were monitored by X-ray powder diffraction (XRD) analy-
sis using a SmartLab diffractometer (Rigaku, Japan) with an angular
range from 60° to 80°, step = 0.001, v = 0.5°/min, and a Cu anode
(A = 0.154059 290 nm). The (Cdi—xZny)3As; single crystals exhib-
ited high crystallinity with tetragonal lattice parameters a = b
=8.56(5) A, c = 24.16(6) A, space group I4;/amd, and Z = 16.

The XRD pattern of the (Cdi—Zny)3As, (x = 0.45) powder
measured in 6-20 mode is shown in Fig. 1. According to the
phase diagram of solid solutions of Cd3As;-Zn3As; in the compo-
sition range x ~ 0.4-0.8 at room temperature,’’ a solid solution of
(Cdi-xZny)3As; can crystallize into the o phase with a tetrago-
nal structure (space group I41/amd), which is related to a fluorite
structure.’” From the coordinates of the basis atoms, obtained in
Ref. 13 for a composition with a predominance of zinc arsenide
[(Zn1—xCdx)3As;, x = 0.26], and using the PowderCell program,”
it was possible to index the main crystallographic planes from which
the diffraction occurred.

The matched planes show very good agreement with the peak
positions shown in Fig. 1. Thus, a determination of the lattice param-
eters of the investigated sample (Cdi—xZny)3As; (X = 0.45) was car-
ried out for the &’’’ crystal structure, and these were found to be
a=>b=2856(5)A and ¢ = 24.16(6) A. These parameters are larger
than the values [a = 8.5377(2) A and ¢ = 24.0666(9) A] determined
in Ref. 13 from x-ray diffraction studies of a solid solution with a
lower content of cadmium arsenide, (Zn;—, Cdy)3As, (x = 0.26). Zn
and Cd ions are randomly distributed in the a” structure over three
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FIG. 1. XRD pattern of (Cds_xZny)3As; (X = 0.45).

independent positions with tetrahedral coordination (fourfold coor-
dination), for which the ionic radii are 0.6 and 0.78 A, respectively.”’
Therefore, an increase in the degree of substitution of Cd ions for
Zn ions leads to an increase in the lattice parameters, a phenomenon
that was observed earlier for other polymorphic modifications of
Cd3As;—Zn3As; solid solutions.?"%*

The (Cdi-xZny)3As, samples were 1 x 1 x 5 mm?® right-
rectangular prisms with soldered thin electrodes. Measurements of
the temperature dependence of the magnetoresistance were made
in the presence of a transverse magnetic field configuration 0-10 T
and over the temperature range of 1.6-320K using the six-probe
method. For measurements, the sample probe was inserted into a
He-exchange-gas Dewar, where the temperature could be adjusted
with an accuracy of 0.5%.

Figure 2 shows the magnetic field dependence of resistivity at
different temperatures for (Cd;—xZnx)3As; (x = 0.45).
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FIG. 2. Magnetic field dependence of the resistivity of (Cdj_,Zny)sAs; (x = 0.45).
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Ill. RESULTS AND DISCUSSION
For single-carrier materials, the Hall coefficient and resistivity
are defined as )
Ruy(B) = —, 1
H(B) = 7 1)

p(B) - — @
nqu’
respectively, where # is the carrier concentration, 4 is the mobility, g
is the carrier charge, and B is the magnetic field. When there is just
one type of carrier, the conductivity tensor is calculated as

nqu
XX = T 550 3
STy u>B? 3)
2
nqu”B @)

w2

When different types of carriers are present, the carrier mobility and
density calculated from Eqs. (1) and (2) are the values averaged over
all carriers. For such materials, the specific electrical conductivities
of individual carriers are additive, and the total conductivity tensor
(for systems with N carriers) is defined as

exp _ Wl ]
XX > 5
@ Z 1+ ysz (5)

N n.a.u’B
P ik o iy ©)
> ; 1 +y]232

The validity of Egs. (5) and (6) depends on two assumptions, which
do not always hold. First, it is assumed that the carrier concentra-
tion and mobility are independent of the magnetic field, but, strictly
speaking, this is not always true. For example, a magnetic-field-
dependent shift of the energy gap can lead to a significant change
in concentration of intrinsic carriers” or the effective mobility can
decrease strongly with increasing magnetic field owing to the phe-
nomenon of magnetic freezing.”® Second, Egs. (5) and (6) have been
obtained from a semiclassical approach, but the discreteness of the
Landau levels means that SdH oscillations (and sometimes the quan-
tum Hall effect) are superimposed on classical conductivity. Thus,
SdH oscillations often dominate in transport processes at high fields
and/or low temperatures and are insignificant at low fields or high
temperatures owing to an increased number of collisions and to
thermal expansion, respectively. Consequently, the data obtained
from the quantum Hall effect are not suitable for rigorous analy-
sis of mixed conductivity when it is not possible to remove SdH
oscillations. However, at the same time, SdH oscillations and the
quantum Hall effect themselves provide valuable information com-
plementary to that obtained from semiclassical analysis of mixed
conductivity.

Mobility spectrum analysis (MSA) considers the conductive
spectrum as a function of mobility from the relationship between
the conductivity tensor and the magnetic field strength. In this spec-
trum, each peak value corresponds to the contribution from one
of the carriers, and the sign of the mobility indicates the carrier

scitation.org/journal/adv

type.”” When applying MSA, it is first assumed that the mobilities
of electrons and holes in the samples are continuously distributed.
Equations (5) and (6) can then be replaced by integrals,

s (u) +5" () du

oux(B) = 1+ u?B?

0(B) = [ Oy, ®)

Dziuba and Gorska” proposed that Egs. (7) and (8) should be solved
by an iterative approximation method. In accordance with this, the
integrals in these equations are replaced by Riemann sums,

[ (i) + 5" (i) J0pi 5 ST A
0 (B) = Z 1+ 2B ; 1+ 2B 9)
S} uiBAu;

=" (i) JuiBAp; _ i (10)

[s” ()
X B b
o(B) = Z 1+ B = 1+uB?
where m is the number of discrete mobilities into which the mobility
spectrum is subdivided. The functions S;* and S;” are defined as

= () + 5" (i), (11

7 =" (wi) = 5" (). (12)

The Jacobi iterative method is used to solve Egs. (9) and (10) and
obtain the mobility spectrum. In this method, the range of mobil-
ity depends on the magnetic field used for the measurement. The
upper and lower bounds satisfy the conditions 1 /B, < p < 1/BoP.
In accordance with the Jacobi iterative procedure, Eqs. (9)-(12) are

transformed to the form

i—1 Sxx m SXX
252
S;cx:(1+yiB)|:gxxP(B) Z 2327j§311+;4232’ (13)
1+ 12B2 ex] ‘u i SXX 'Bi ]
e = LU I e W Y
@iBi T 1+wiBy S 1+ By |

At each point of the subregion, the carrier parameters are deter-
mined by the linear least squares method,

m

XZ = Z |:(Uxxp(Bz) ZO‘M(B, )

+ (nyp(B) Zoxy(B)) ] (15)

The subregion point with the minimum value is used as the initial
approximation, and the Goldstein-Armijo rule is used to select the
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step. Then, to accelerate convergence, the relaxation method is used
to solve the linear equations (13) and (14),

S+ 1) = (1 - ) ST (k) + wxe(1 +y?Bz)

) [geXP(B) ST

=1 1 .“J'ZB? feri .“fB?

ST (k) ] 6

1+ u’B?
~wg)S (k) + wxy(#f;i)
izl Sxy(k +1)y;Bi
p
8 |:ny (Bi) - ]ZI: 1+ yzBZ
- Sxy(k)llj
Z 1+ yj ’

Jj=itl

S (k+1)=(1

17)

where S7*(k) and S7(k) are the results from the kth iteration
step, and both w. and w,, give the convergence rate of the
iterative procedure (the relaxation rate). To determine the opti-
mal value of wy, the following estimation procedure is used.”

3.0
P,

2.5
P

2.04

Conductivity (1/Q-cm)

T T
1E+04 1E+05

Mobility (cm?/V-sec)

T
1E+03

Conductivity (1/Q-cm)
w
1

(c)

T T T
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Mobility (cm?/V-sec)
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If AS7™ = §7*(k + 1) — §7* (k) is the change during the kth iteration
performed without relaxation (i.e., with wy, = 1), then

2
1+/1 - (A8 (k+ p)/ase (i)

(wxx)opt ~ > (18)

where p is a positive integer [the value of (wsxy)
analogously].

Figure 3 shows the QMSA spectra of (Cdi—x Znx)3As; (x = 0.45)
at 1.6, 19, 40, and 120 K. In the spectra, the concentration of each
type of carrier j is

is determined
opt

nj ~ Z:((Ti - 01—1)/(6#1'))

i.e., the weighted sum of all carriers for the jth peak. The bulk con-
centrations of carriers and their mobilities are shown in Table I. It
can be seen that there are two types of holes with different mobili-
ties in the temperature range of 1.6-19 K; however, with increasing
temperature, just one type of carrier is observed. It can be assumed

Py P,
B
o
<
=
= 27
B
>
©
=
1
(@]
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FIG. 3. QMSA spectra of (Cd1_xZny)3As; (x = 0.45) at different temperatures: (a) 1.6 K, (b) 19K, (c) 40K, and (d) 120 K.
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TABLE I. Concentrations and mobilities of carriers for (Cds_yZnx)3As; (x = 0.45) at
different temperatures.

Concentration (cm™) Mobility (em?>Vv71is™h

Temperature (K) Heavy Light Heavy Light
1.6 1.8x10® 77x107 16x10° 1.6x10*
19 1.7x10"® 52x107 16x10° 8.6x10°
40 52 x 10" 1.2 x 10°

120 7.7 x 10'8 1.2 x 10°

that up to about 19K, (Cdi—xZny)3As; (x = 0.45) contains two types
of holes, namely, light and heavy holes.

The concentration of heavy carriers is almost constant between
16 and 19 K and then increases rapidly with increasing temperature
above 40 K, whereas their mobility decreases with increasing tem-
perature above 40 K. On the other hand, the concentration of light
carriers decreases with increasing temperature above 40 K, while
their contribution to conductivity decreases and is no longer visible
in the mobility spectrum. Our results are in qualitative agreement
with those of the Bodnar model. That model is a generalization of
the three-level Kane model for narrow-gap semiconductors with
a tetragonal crystal structure within the kp approximation and is
used to describe the band structure of many II3-V, semiconduc-
tors, such as CdsAs; and Zn3As;. According to the band struc-
ture model, the direct-gap p-type semiconductor ZnszAs, contains
bands of both light and heavy holes,'* which is consistent with our
results.

IV. CONCLUSIONS

Using the modified Bridgman method, we have obtained sin-
gle crystals of the (Cdi—xZn,)3As; (x = 0.45) solid solution. We
have found by powder x-ray analysis that the single crystals belong
to the /" phase with space group I4i/amd and lattice parame-
ters a = b = 8.56(5) A and ¢ = 24.16(6) A. We are the first to
study the temperature dependence of the electrical conductivity and
magnetoresistance of the o'’ phase of the (Cdi—xZn,)3As; solid
solution in the temperature range of 1.6-320K and in the pres-
ence of a magnetic field from 0 to 10 T. The spectrum of charge
carriers (Fig. 3) has been analyzed in the temperature range of
1.6-120K by the QMSA method. It has been found that at tem-
peratures of 1.6-19K, two types of holes with different mobilities
are present in the samples, while with increasing temperature, just
one type of carrier is observed in the spectrum. It can be assumed
that according to the Bodnar band model," two types of holes
are present in (Cdi—xZny)3As; (x = 0.45), namely, light and heavy
holes. The concentration of heavy carriers is almost constant (1.7
x 10-1.8 x 10'® cm™) between 1.6 and 19K and then increases
rapidly with increasing temperature above 40 K. On the other hand,
the contribution of light carriers to conductivity decreases and
is no longer visible in the mobility spectrum. The mobility of
heavy carriers decreases with increasing temperature above 40K
(Table I).
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