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We report a highly anisotropic magnetoresistance of (Cdy 99321 (g7)3AS, single crystals, which have been
synthesized by the vapor-phase growth. Scanning electron microscopy and electron diffraction data confirm
the high crystalline quality of obtained samples. Studied samples exhibit specific features such as octahedral
nuclei growth and step-like morphology of the surface formed by {112} planes. The giant anisotropic magne-
toresistance and Shubnikov—de Haas oscillations have been observed at low temperatures. The results suggest
the existence of the Dirac semimetal phase in (Cd; _ ,Zn,);As, solid solution with low zinc content. Thus,

the observed magnetoresistance anisotropy is partially attributed to the chiral anomaly.
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Further advancement of modern technologies in
many respects depends on the materials with funda-
mentally new properties. The Dirac and Weyl semi-
metals (DSM and WSM) are considered as such mate-
rials, having a tremendous potential for applications
[1]. A key feature of these semimetals is their inverted
band structure, which yield a set of isolated points
within the Brillouin zone, where conduction and
valence bands contact each other. The gapless elec-
tronic states near these symmetry-protected Dirac
points have linear dispersion and rigidly coupled spin
and momentum directions. The exact spin structure of
such states is characterized by their chirality (C = %1).
A DSM system have even number of Dirac points and
doubly degenerate bands (chiral degeneracy). These
systems are considered as a 3D graphene analogue,
and therefore they are of considerable interest for both
fundamental science and applications.

Among numerous materials that were theoretically
predicted to manifest DSM phase, only few ones actu-
ally exhibit nontrivial properties characteristic of
DSM systems. Cd;As, single crystal is one of such sys-
tems. Various effects were experimentally discovered
for Cd,;As,, including the Shubnikov—de Haas (SdH)
oscillations with nontrivial phase [2], giant linear

! The article is published in the original.

magnetoresistance [3, 4], photovoltaic effect from
Cd;As, nanoplate/metal contacts [5], and nontrivial
photoelectromagnetic effect [6]. An extremely high
mobility of charge carriers in Cd;As, and ultrafast
photocurrent response (6.9 ps) [7] make this material
to be highly promising for the usage in electronic
devices, including those operating within the terahertz
range [7, 8].

Although the number of papers dealing with DSMs
is rapidly increasing, such studies are currently only at
an early stage. In this field of research, one encounters
with certain difficulties. One of them is a high defect
formation rate during the growth of Cd,;As, crystals.
Defects create crystal structure distortions and lead to
an increase in the charge carrier density. The specific
features of DSM are most pronounced if the Fermi
level is located near the Dirac point. The doping can
compensate some negative features introduced by
defects and even give rise to new useful characteristics.
Therefore, the studies of Cd;As,-based solid solutions
in the form of single crystals provide a deeper insight
into the topological phases in similar materials and
help in finding out the conditions for their applica-
tions. In this work, we describe the peculiarities of
magnetotransport properties and analyze the struc-
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tural characteristics of (Cd, 99321, 497)3AS, single crys-
tal grown by vapor-phase method.

Polymorphism is a characteristic feature of the
Cd;As, compound, which may crystallize in four
modifications: a (space group /4,cd ), o' (space group
P4,/nbc), o (space group P4,/nmc), and 3 (space
group P4,32). The oo modification occurs at the lowest
temperatures, whereas [ is the modification arising at
the highest temperatures. The sequence of structural
phase transitions occurring in Cd;As, corresponds to

the following scheme: a-Cd;As, — 503 K — o'-
Cd;As, — 738 K — o"-Cd;As, — 868 K — B-Cd;As,
[9]. In (Cd, _,Zn,);As, with 0.45 < x < 0.74, an addi-

tional o' (space group [/4,/amd) appears near the
room temperature [9, 10].

Conventional melt crystallization (Bridgman—
Stockbarger, Czochralski, and high thermal gradient
directional solidification) techniques are not suitable
for the growth of high-quality (Cd, _,Zn,);As, single
crystals due to the B — o phase transition, which
leads to the formation of structural defects and to the
increase in the charge carrier density up to 107—
10" cm—3. Fortunately, electron density in Cd;As, can

be diminished down to 10°—10'® cm—3 by a compensa-
tion doping [ 11, 12]. At the same time, Cd;As, crystals
grown from the vapor phase at deposition tempera-
tures below the [ — o" transition temperature
demonstrate higher crystalline quality and high
mobility of charge carriers (9 X 10 cm?/(Vs) at T =
5K [13]). Thus, we decided to use vapor-phase
method [14] to grow (Cd,_,Zn,);As, single crystals
studied in this work.

The Cd,;As, powder, pre-cleaned by the vacuum
sublimation, and Zn powder were loaded into long
borosilicate glass vial. Then, the vial was pumped out
to the pressure of 10~> mm Hg, sealed, and placed into
the two-zone furnace with temperatures of the evapo-
ration and deposition zones being within ranges of
520—600°C and 450—500°C, respectively. The Cd;As,
powder was located within the evaporation zone and
the zinc — within the deposition zone. The growth of
(Cd, _,Zn,);As, single crystals occurs in the deposi-
tion zone.

The microstructure of the samples was studied
using a scanning electron microscope (SEM) (JSM-
6610LV, Jeol, Japan) equipped with a microanalyzer
(X-Max", Oxford Instruments, United Kingdom,
0.1% surface elemental analysis precision) for energy-
dispersive X-ray spectroscopy (EDXS). The chemical
composition of the samples was calculated based on
the X-ray emission spectra. Secondary and backscat-
tered electron detectors were used. The transmission
electron microscope (JEM-2100, Jeol, Japan) was
used for obtaining the electrographic images. Raman
spectra were measured at room temperature with
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a confocal microscope (OmegaScope™, AIST-NT
Inc., United States, excitation wavelength 532 nm,
power 50 mW, focused light spot size about 500 nm,
0.8 cm™! spectral resolution). Transport properties
were studied by the four-point probe method employ-
ing an automated measurement system (PPMS-9,
Quantum Design, United States). The measurements
were carried out by the ac method using rectangular
current pulses with the repetition rate of 8 Hz at mag-
netic fields up to 9 T. Two magnetic field orientations
were used: (i) perpendicular to the sample holder,
denoted as B, and (ii) parallel to the sample holder

and hence to the current direction, denoted as B;.

Crystals (Cd,_,Zn,);As, form a continuous range
(0 £ x £1) of solid solutions. In these solid solutions,
the bandgap (at liquid helium temperatures) gradually
changes from about —0.1eV (x =0)to 1.07eV (x =1)
with a linear law [15]. The DSM-semimetal transition
occurs at some doping level x,. However, the data
concerning the value of x, are quite ambiguous. For
the samples grown from the vapor phase, the study of
photoelectromagnetic effect suggests that the transi-
tion occurs at 0.045 < x < 0.25 [6]. Nevertheless,
magnetotransport measurements for crystals pro-
duced by melt crystallization techniques demon-

strated that x, = 0.38 [16]. This discrepancy stimu-
lates further investigations of the DSM-semimetal
transition in (Cd, _,Zn,);As, compound. The struc-
ture of the crystals with low Zn content should
demonstrate higher quality than that of undoped
Cd,As, crystals, while they should also maintain the
DSM properties as well. We have chosen the sample
with the lowest Zn content. For it, the EDXS gives the
composition around x = 0.007 (Fig. 1): 0.42 at % Zn,
59.38 at % Cd, and 40.2 at % As.

The electron diffraction pattern shown in Fig. 1a
demonstrated high crystalline quality of the sample
and the absence of defects related to the Zn doping.
The crystal lattice was found to be tetragonal with
parameters a = 12.7 A and ¢ = 25.4 A (which agrees
well with @ =12.6461 A and ¢ =25.4378 A for
o-Cd;As, [9]). We have found signatures of nucleation
process at the sample surface. The nuclei had the octa-
hedron shape with the sizes of about 1 um (Fig. 1b). It
was shown earlier [5], that such octahedra are formed
in the nanostructures of Cd;As, during the synthesis
from the vapor phase. In this case, the [001] lattice
direction turns out to be along the main octahedron
diagonal, whereas the side faces are formed by {112}
planes. The [112] direction is the most favorable in the
growth of Cd;As, single crystals since the surface free
energy of the (112) face has the minimum value as
compared to the energies of the other faces, whereas
the average distance between the atomic layers along
the [112] direction is higher (7.3 A) [17]. Therefore, the
{112} plane is the natural chip plane for o.-Cd;As, sin-
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Fig. 1. Scanning electron microscopy image of a
(Cdy 993Zny 7)3As, sample. Inset (a) shows the electron
diffraction image. Insets (b, c) show the magnified parts of
its surface containing (b) growth nuclei and (c) cleavage
planes.

gle crystals [5, 18], and we observed corresponding
cleavage planes on the surface of studied
(Cdy 99321 o97)3AS, single crystal as shown in Fig. 1c.

In the Raman spectrum of the sample plotted in
Fig. 2, we observed two clearly pronounced peaks at
194 and 249 cm™', and a weak peak at 292 cm~!. Sim-
ilar patterns were observed for micro- and nanocrys-
tals, as well as for single crystalline thin films of
Cd;As, at room temperature [19—22]. In o-Cd;As,,
the Raman vibrational spectrum is described by irre-
ducible representations of the [4,cd space group,

namely, by I'y = 264, + 278, + 278, + 65F . Thus, the
Raman spectrum must contain 145 active modes.
Only 44 of them have been observed so far, with the
maximum wavenumber of 221.8 cm~! [23]. A detailed
study of the Cd;As, Raman spectra at different tem-
peratures demonstrated that six strongest oscillators
(B, modes) have wavenumbers within the 197.5—
206.3 cm~! range, and at high temperatures they may
merge into one broad peak at about 190 cm~! [23]. The
249 and 292 cm™! peaks, which we observed, do not
correspond to the main oscillations of the lattice, but
they are characteristic of the Cd;As,. The nature of the
peaks is still not quite clear. It is usually associated
with the presence of the defects (Cd vacancies) and
with the scattering of individual phonons and collec-
tive plasmon modes by the Dirac electron system [23].
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Fig. 2. Raman spectrum of the (Cdg 99371 97)3AS, sam-
ple measured at room temperature.

Magnetoresistance (MR) was measured at tem-
perature 7" = 4.2 K for different magnetic field orien-
tations and shown in Fig. 3. We observed clear SAH
oscillations. The background part of the transverse
MR (R(B))) is linear for B >1 T and rather huge
(more than 150%/T). The planar MR is nonlinear and
is about a half of the transverse MR (see Fig. 3a).

In a trivial case, linear MR (LMR) can be
explained in three different ways: (i) by the existence
of the open Fermi surface (Kapitza model); (ii) by the
transition to the ultraquantum limit (Abrikosov model
[24]); and (iii) due to strong crystal inhomogeneity
(Parish—Littlewood model [25]). Calculations and the
experimental data show that in the undoped Cd;As,

with low carrier concentrations (less than 10'® cm~—3)
the Fermi surface consists from two nearly spherical
closed ellipsoids [26]. In our case, the Abrikosov
model seems to be also irrelevant, because the
observed LMR appears in magnetic fields substan-
tially lower than the onset of SdH oscillations, while
the number of observed oscillations suggest that LMR
develops well below the ultraquantum limit. As shown
previously, crystals under study demonstrate high
crystalline quality, thus, confirming the absence of
strong crystal inhomogeneity. From the other hand,
LMR in Cds;As, crystals can appear due to weak inho-
mogeneities (e.g., As vacancies) leading to the fluctu-
ations of carrier mobilities [27]. This model is qualita-
tively similar to the Parish—Littlewood model, sug-
gesting that such LMR should demonstrate only weak
anisotropy. Thus, the observed substantial anisotropy
of MR is, most probably, due to a chiral anomaly,
resulting in negative MR contribution [28].

The SdH oscillations also reveal pronounced

anisotropy. Corresponding oscillations for the B,
demonstrate only a single frequency (Fig. 3b), while

oscillations for B reveal more complicated behavior
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Fig. 3. (Color online) (a) Magnetoresistance curves for the (Cd 993Zn gp7)3As, sample measured at 4.2 K for different magnetic
field orientations. (b, ¢) Shubnikov—de Haas oscillations observed for (b) B, and (c) B. (d) Corresponding Fourier spectra.
(e) Ratio of SdH oscillation amplitudes measured for B, at 4.2 and 8 K; points show experimental data, the line shows the

approximation by Eq. (1).

(Fig. 3c). The latter is related to the presence of two
oscillation frequencies as it is suggested by corre-
sponding Fourier spectra (Fig. 3d). A similar anisot-
ropy of the SdH oscillations was observed for undoped
Cd,As, single crystals [26]. In [26], this behavior was
attributed to a possible nesting of the Fermi-surface
ellipsoids at some crystallographic directions.

The effective mass m* of charge carriers in the
investigated (Cd, 99321, 407)3AS, single crystal was
determined from the temperature dependence of the
SdH oscillation amplitudes. Corresponding ampli-
tudes increase when the temperature decreases. The
relation between oscillation amplitudes Ap(7;) and
Ap(T,) measured at temperatures 7; and 7, (7, > T)
for the same value of the magnetic field B = B, (in the
case of Dingle temperature being independent of tem-
perature) is equal to [29]:

2
sinh 21 kgl kBT])
Ap(Ty) _ Ty ho, 0
2 b
Ap() T Smh[zn kBsz
ho,

where ®, = eB/m* is the cyclotron frequency. Using
Eq. (1) for T; =8 K and 7, = 4.2 K (see Fig. 3e), we
evaluated m* = 0.033m, (m, is the free electron mass).
This value is in good agreement with m* =

(0.023-0.043)m, found for undoped Cd;As, crystals
[27].

The Fermi surface volume, V5, determined from
the SdH oscillations can be recalculated into carrier
density according to the relation

Ngqy = (2)

Ve
Y——=>
2nh)
where 7 is the degeneracy factor. Usually only a spin
degeneracy is taken into account, that is y = 2. In the
case of Cd;As, it is assumed that there are two ellip-
soids of the Fermi surface. Each of them is chiral-
degenerate, that is Y = 4. Our experimental data sug-
gest that the frequency of the SdH oscillations does
not depend on the magnetic field orientation apart
from the splitting (see Fig. 3d). This suggests that
Fermi surfaces are nearly spherical. Thus, using

Eq. (2) withy = 4 we get ngqy = 1.6 X 10"® cm=3. Corre-
sponding carrier mobility is about 5.5 X 10* cm?/(V s).

The obtained results demonstrate the stability of
the DSM phase in the Zn-doped Cd;As, crystal.
However, a substitution of Cd atoms by Zn (with lower
atomic mass) may result in the modification of spin—
orbit interaction amplitude, which affects the proper-
ties of DSM system. This motivates further studies of
(Cd, _,Zn,);As, compound.

Needle-like (Cd, _,Zn,);As, single crystals were
grown by the vapor-phase synthesis route. Structural
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properties and low-temperature magnetoresistance of
the (Cdgg93Zng07)3AS, single crystal were investi-
gated. Electron microscopy, electron diffraction, and
Raman spectroscopy data confirm high crystalline
perfection of the synthesized single crystal. Giant
anisotropic magnetoresistance and Shubnikov—de
Haas oscillations were observed at low temperatures.
The experimental results indicate the presence of
Dirac semimetal phase in (Cd, _ ,Zn,);As, with low
zinc content.
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