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Abstract: Features in the transverse magnetoresistance of single-crystalline diluted magnetic
semiconductors of a (Cd1−x−yZnxMny)3As2 system with x + y = 0.3 have been found and analyzed in
detail. Two groups of samples have been examined. The samples of the first group were thermally
annealed for a long time, whereas the samples of the second group were not thermally annealed.
The Shubnikov–de Haas (SdH) oscillations were observed for both groups of the samples within
a 4.2 ÷ 30 K temperature range and under transverse magnetic field sweeping from 0 up to 11 T.
The value of a phase shift, according to the SdH oscillations, was found to be a characteristic of the
Berry phase existing in all the samples, except the unannealed sample with y = 0.08. Thickness of
2D surface topological nanolayers for all the samples was estimated. The thickness substantially
depended on Mn concentration. The experimental dependence of reduced cyclotron mass on the
Fermi wave vector, extracted from the SdH oscillations for the samples with different doping levels,
is in satisfactory agreement with the predicted theoretical linear dependence. The existence of the
Dirac fermions in all the samples studied (except the unannealed sample with y = 0.08) can be
concluded from this result.

Keywords: diluted magnetic semiconductor; Shubnikov–de Haas effect; cadmium arsenide;
three-dimensional topological Dirac semimetals; 2D topological nanolayers

1. Introduction

Cadmium arsenide is a narrow gap material with an inverted structure of energy bands. It was
discovered a long time ago that charge carriers (electrons) in it have very high mobility [1], reaching
according to modern data 900 m2/(Vs) at the temperature T = 5 K [2]. This is realized by topological
states, which make 3D cadmium arsenide an analogue of a graphene and to be related to the group
of Dirac semimetals, which are materials having a linear dispersion law in all three directions of the
momentum space. Relatively small effective mass of the electrons and their super high mobility have

Crystals 2020, 10, 988; doi:10.3390/cryst10110988 www.mdpi.com/journal/crystals

http://www.mdpi.com/journal/crystals
http://www.mdpi.com
https://orcid.org/0000-0001-7055-8243
https://orcid.org/0000-0002-1596-2849
http://dx.doi.org/10.3390/cryst10110988
http://www.mdpi.com/journal/crystals
https://www.mdpi.com/2073-4352/10/11/988?type=check_update&version=3


Crystals 2020, 10, 988 2 of 13

recently been allowed to realize on the base of cadmium arsenide the series of promising prototypes
for electronics: the high responsivity and ultrafast wide range photodetector [3], Seebeck-effect-based
thermoelectric devices [4], a solid-state demultiplexer or a digital magnetic field direction sensor [5],
a high-temperature thermionic generator [6], terahertz plasmonic devices [7], and a multifunctional
nanosized p-n junction [8]. There is an interesting and helpful opportunity to form continuous series of
solid solutions in the Cd3As2—Zn3As2 system, which can, in turn, allow one to successively change
physical properties of the Cd3As2—Zn3As2 (CZA) solid solutions via varying in the ratio of end
members, including changing in both the type of conductivity (from n- to p-conductivity) and the band
gap (from ~0.1 eV to ~1.0 eV) [9]. It is important to note that topological properties for Cd3As2 and solid
solutions based on Cd3As2 were theoretically predicted, too [10]. These properties were experimentally
confirmed using photo-electromagnetic effect under terahertz radiation [11], the range of angle-resolved
photoemission spectroscopy [12] and transport measurements [13]. In particularly, the Dirac semimetal
phase was observed in Cd3As2 [13–15]. The state of 3D Dirac topological semimetal, which was found
in Cd3As2, were further examined in the carrier transport and the energy band structure calculated
from optical measurements [1,16–19]. Some of the main tasks are to search 3D Dirac cones positions
in the Brillouin zone and a correct determination of the band structure of Cd3As2 [20–22]. As a way
to build the new materials with topological properties is the synthesis of Cd3As2 solid solutions
may be used. The best candidates are CZA and (Cd1−x−yZnxMny)3As2 (CZMA) due to an ability
to form continuous series of solid solutions near Cd3As2 [23]. Experiments to study Shubnikov–de
Haas (SdH) oscillations and magnetoresistance in CZA monocrystals depending on a composition
and a temperature showed the existence of Dirac semimetal—trivial semiconductor transition at
increasing x near x = 0.38 [24], while investigating terahertz photoconductivity the forming of the
surface high-mobility electron states with spin polarizations as a sign of Dirac states was not observed
for CZA composition x = 0.25 [11]. The magnetoresistance in transverse geometry was examined in
the CZMA system with x + y = 0.4, when y = 0.04 and 0.08 [25] and the Mn content influence on the
topological properties of CZMA was found. The cyclotron effective mass depends on magnetic field
strongly at y = 0.04. Moreover, a phase shift, β, close to 0.5, was found for the single-crystalline CZMA
sample with y = 0.08, which is a characteristic of the Berry phase and 3D Dirac fermions. Nevertheless,
an anomalous behavior of cyclotron effective mass was not observed for this composition. In [26],
the magnetoresistance of the CZMA single crystal with y = 0.04 was found to be an odd function of

magnetic field, ρ(+
→

B)=−ρ(−
→

B). This feature was attributed to the topological properties of the sample
studied. Other compositions of CZMA quaternary solid solutions also showed unusual properties.
In particular, nonordinary dependence of the cyclotron effective mass on magnetic field in CZMA
(x + y = 0.3) was observed for samples with a high Mn content [27,28].

It is necessary to clarify the principal differences between this paper and [26]. The paper [26] is
devoted to the study of topological properties of CZMA diluted magnetic semiconductor (x + y = 0.4)
in a boundary region between Dirac–Weyl semimetals and semiconductors. On the other hand,
topological properties manifested themselves only with increasing the Mn concentration (x = 0.04 and
x = 0.08), while solid solutions of the diluted magnetic semiconductor CZMA (x + y = 0.3) are far from
the phase transition between Dirac–Weyl semimetals and semiconductors, also the Berry phase was
determined for all studied samples from the analysis of Shubnikov de Haas oscillations.

The purpose of this study is to investigate the topological properties of CZMA with x + y = 0.3.
Two groups of the samples were investigated. The samples of the first group with y = 0.02, 0.04 and
0.08 were annealed at low temperatures for a long time. The samples of the second group with y = 0.04,
0.06 and 0.08 were not thermally annealed.

2. Experimental Details

For growing the monocrystals, the modified Bridgeman method was used. Stoichiometric amounts
of Cd3As2, Zn3As2 and Mn3As2 were slowly cooled down from a melt (the melting point is 840 ◦C) at a
rate of 5 ◦C/h and under temperature gradient. The samples of the first group were thermally annealed
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in vacuum during four months at 100 ◦C. Mn content was equal to y = 0.02, 0.04, 0.08, and y = 0.04,
0.06, 0.08 for the unannealed and annealed samples, respectively. To analyze the composition of the
samples and their homogeneity, X-ray powder diffraction and energy-dispersive X-ray spectroscopy
(EDX) methods were used. The X-ray experiment was carried out on a DRON-UM diffractometer
(FeKα-radiation, λ = 1.93604 Å, Θ- 2Θ - method). The investigated samples had tetragonal crystal
structure with space P42/nmc group (ICDO Card№ 03-065-857) [29]. These samples had a prism-like
form with sizes 1 × 1 × 5 mm3. The electrical contacts were prepared with the help of soldering.
Magnetoresistance measurements were made in transverse magnetic field geometry up to 11 T by
six-probe method at temperatures 4.2 ÷ 30 K.

3. Results and Discussion

SdH oscillations are observed in transverse magnetoresistance. They are well-resolved and have a
single period. These oscillations, observed at 4.2 K for the unannealed and annealed samples with
different compositions, are presented in Figure 1. The inverse magnetic field, 1/Bmax, of SdH oscillations
maxima depended on their quantum number linearly, while the SdH period, PSdH, did not depend on
magnetic field (Figure 2). A linear dependence of B−1 on Landau number was plotted according to the
results above. As is shown in Figure 2, for the unannealed (a) and annealed (b) samples, the point
of intersection with the x-axis, i.e., the phase shift β, differently depends on the series of samples
(annealed or unannealed) and Mn content for CZMA monocrystals (x + y = 0.3).
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Figure 2. Landau number plot N for annealed (a) and unannealed (b) single crystals of CZMA with
y = 0.02, 0.04, 0.08 and y = 0.04, 0.06, 0.08, respectively.

Fast Furrier Transform (FFT) analysis of the SdH oscillations for annealed or unannealed samples
are presented in Figure 3. Three well-defined peaks are observed at frequencies of F1 = 13 T, F2 = 23 T,
and F3 = 25 T. The resolution of the FFT analysis allowed us to find out the number of the oscillations.
It is known that, for materials with the topological states, the Berry phase should be π, whereas,
for materials with classical electronic states, which are characterized by spin-orbital interaction,
the Berry phase is zero [30]. The magnitude of the Berry phase can be found with the help of transport
measurements. A geometry of an experiment to observe SdH oscillations is significant for it [15].
The Berry phase can be observed in any orientation of magnetic field, so it can be observed studying
transverse magnetoresistance oscillations. The phase shift β for Dirac fermions is equal to 0.5 but can
be slightly different, such as β ≈ 0.45 and 0.7 in topologic Bi2-xCuxSe3 insulators [31].
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group (B) of CZMA monocrystals with y = (a) 0.02, (b) 0.04, (c) 0.08 and y = (a) 0.04, (b) 0.06,
(c) 0.08, respectively.

According to the published data of the SdH oscillations study, the longitudinal conductivity is
a periodic function of the inverse magnetic field. The Lifshitz–Onsager relation [32] connects the
frequency of the magnetoresistance oscillations to the external cross-sectional area, Ak, of the Fermi
surface in the momentum space F = (}/2πe)AK. So, three clearly defined peaks observed at the FFT
analysis for the annealed sample with y = 0.06 can be related to three cross sections of the Fermi
surface perpendicular to magnetic field B, which is due to a complex Fermi surface. It should be
emphasized that, in the case of bulk (3D) topological materials, the analysis is complicated because of
the contribution of bulk charge carriers to the magnetoresistance. Based on the results of the analysis
of the SdH oscillations, a linear function of 1/Bmax versus the Landau number N was plotted (Figure 4).
Taking into account the fan diagrams of 2D Landau bands for various angles of sample inclination with
respect to the magnetic field direction, the authors [31] conclude that the Berry phase in 2D conducting
channels can be observed for different magnetic field directions. For example, according to [33], in weak
magnetic fields, the value of the Berry phase is π (at large N), while, in strong magnetic fields (with
decreasing N), the Berry phase vanished. To study the Berry phase, we used the field dependence
of the transverse magnetoresistance for the annealed and unannealed samples. Our results are in
good agreement with experiments of transport properties in single crystals of the Dirac semimetal
Cd3As2 [34]. Studies of magnetoresistance oscillations based on the SdH effect allows us to investigate
the features of the electronic structure in 3D Topological insulators (TIs). It is known that the quantum
oscillations are related to the degeneracy of charge carrier systems and the formation of discrete
Landau levels [35] in strong magnetic fields (uBH>>kBT, where uB is the Bohr magneton and kB is the
Boltzmann constant). Moreover, there have been attempts to separate the 2D surface contribution from
3D conductivity [36]. The phase of the SdH oscillations allows us to obtain the Berry phase value, 2πβ,
as predicted by the theory of linear Dirac spectrum, should have a value of π. Based on the theory
developed by Lifshitz and Kosevich [37,38], the temperature dependences of the oscillation amplitudes
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can be analyzed and the main kinetic parameters of the system, such as cyclotron effective mass and
mobility can be extracted.
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However, real charge transfer experiments devoted to surface non-trivial states are problematic
for 3D TIs, since the conduction related to the bulk carriers always dominates over the contribution of
the surface conduction. To observe the 2D transport in bulk TIs, it is necessary that the Fermi level
cross only the surface states, being closed to the Dirac point, e.g., the fullest possible compensation of
excess «bulk» holes and electrons is necessary [39,40]. Furthermore, the Berry phase can be estimated
in magnetic fields, when a semi-classical description of magnetic oscillations takes place [12,14]:

ρ ∝ cos
[
2π

(BF

B
+

1
2
+ β

)]
,

where BF is frequency of the SdH oscillations, β is the Berry phase shift, 0 < β < 1. A phase shift
β = 0 (or equivalently, β = 1) corresponds to a trivial case. All other values point out more complex
physical process. For instance, when β is close to 0.5, that indicates the presence of Dirac fermions.
Experimentally, this phase shift in a semi-classical mode can be obtained from the SdH fan diagram,
where the sequence of the nth minimum 1/Bn in ρ(B, T) depends on Landau number N (Figure 4).

The resulting β is very close to 0.5 (Figure 4) that can indicate the existence of the Dirac fermions
in the samples being studied. The presence of the Berry phase in Cd3As2 was not discussed in previous
works [27,28] devoted to CZMA (x + y = 0.3), since the topological states in it were not found. It is
mentioned in [28] that the solid solution CZMA has a unique anomalous magnetic field dependence
of the effective cyclotron mass of charge carriers, which was previously observed in another dilute
magnetic Hg1−xMnxTe. These two DMSs are related by the presence of an inverted band structure and
Mn atoms in their composition, as well as the dependence of the effective cyclotron mass of charge
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carriers on the Mn concentration when the magnetic field is turned on. The results of the study of
CZMA as a diluted magnetic topological semiconductor should be added to the unique properties of
DMSs under the investigation.

For parameter β, no clear dependence on the Mn concentration was found. The absence of the β(Mn)
dependence may be due to a number of unknown factors. Since the unit cell of the α -phase of Cd3As2

contains 32 crystallographic Cd-vacancies, and Mn/Zn can be located in vacancies VCd, statistically
substituting Cd- sites, this violates the observed dependence. In addition, it is possible that the influence
of uncontrolled ordering of crystallographic vacancies VCd and, consequently, the influence of Mn/Zn
atoms which replace them. In solid solutions of the diluted magnetic semiconductor (Zn1−x Mnx)3As2

with a similar structure α-phase Cd3As2 [41] was observed an order–disorder transition for some DMS
compositions associated with the arrangement of vacancies and affecting the formation of complex
centers with large magnetic moment and number of internal degrees of freedom. It can be assumed that
similar centers can affect the behavior of the magnetoresistance in CZMA. For studying the dependence,
much more CZMA single crystals (with different Mn concentrations and crystallographic orientations
in the magnetic field and current through the sample) are required.

The Berry phase can be determined by the so-called fan diagram, which is a function of Landau
number N versus 1/Bmax. Furthermore, either minima or maxima in the SdH oscillations can be used to
plot the fan diagram. The Berry phase shift observed in the SdH fan diagrams (Figures 3 and 4), which is
different from zero, can be explained by existing massless Dirac fermions. The values of cyclotron
masses for the first group of single crystals determined in [27,28] are also close to those obtained
in [25] at zero magnetic field, for CZMA (x + y = 0.4) with y = 0.04 and 0.08 (Table 1). To analyze
the topological properties of CZMA (x + y = 0.3), the experimental data and analysis of the carrier
transport experiments that was reported earlier in [27,28] have been used. The parameters found from
the SdH oscillations of CZMA (x + y = 0.3) for “as growth” and annealed CZMA crystals [27,28] are
given in Table 1.

Table 1. Parameters found from SdH oscillations for “as growth” and annealed (labeled by asterisk)
CZMA crystals of (x + y = 0.3): the Hall concentration (nH), the Hall mobility (µH), the cyclotron effective
mass (mc), the electron mass (m0), mc(0) and α are coefficients of the linear law mc(B) = mc(0) + αB.

y nH × 1018

(cm−3)
µH × 104

(cm2 V−1 s−1)
mc(0)/m0

α/m0 × 103

(1/T)

0.02 1.0 3.5 0.032 -

0.04 3.0 3.4 0.040 12

0.06 4.0 1.3 0.028 8.1

0.08 5.5 0.5 0.042 9.4

0.04 * 2.4 1.2 0.032 16

0.06 * 2.1 1.5 0.023 5

0.08 * 2.8 0.8 0.036 15

* annealed samples.

In [28], the composition of the harmonics of the SdH oscillations was analyzed, and an existence
of different types of harmonics was established. Furthermore, the magnitude of the first A1, and the
second A2 harmonics depended on temperature and magnetic field. In addition, the behavior of the
amplitudes was different for both annealed and unannealed samples with the same composition,
and within the series of both groups of samples. A detailed analysis of such SdH oscillations for both
series of annealed and unannealed samples indicates that many parameters changed. The annealing of
the samples led to a decrease in the values of TD, TDµ, nH and mc(0). At the same time, there was no
regular change in the value of the coefficient α, which characterizes the mc(B) function for annealed
samples. Thus, as a result of annealing, α is decreased about 1.5 times at y = 0.06, at y = 0.08 it is
increased 1.5 times, and for y = 0.04 it remains practically stabled. The most important and interesting
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feature is the anomalous dependence of mc observed in grown single crystals [27], which is preserved
after annealing [28].

A further study of solid solutions such as diluted magnetic semiconductors CZMA (x + y = 0.3)
was carried out in this work, and is concentrated on the examenated of their topological properties and
study of the effect of long-time annealing and Mn content on properties of the samples.

Fan diagrams were plotted for all CZMA samples after the fast Fourier transform (Figure 4).
For “as growth” samples (Figure 4B), the phase shift β point out on the existence of the Berry phase,
which is observed in CZMA (x + y = 0.3) with y = 0.02 and y = 0.04. However, at y = 0.08, it was found
that β = 0. In samples subjected to long-term annealing (Figure 4A), the phase shift β which indicated
the existence of the Berry phase was detected in CZMA (x + y = 0.3) for all studied compositions
y = 0.04; 0.06 and 0.08. In samples with several BF values, the linear dependences of BF/B on the
Landau level index N converged at the point with a same phase shift β. However, some of the samples
demonstrated the presence of a single frequency BF during the FFA analysis. To determine the thickness
of the topological layer, the main frequencies BF were used in the samples studied.

The carrier concentration n2D in the 2D-surface layer can be calculated from the SdH oscillations
by the Lifshitz–Onsager relation [36,37]. To study the main frequencies were selected from the Fourier
analysis (Figure 3). Note that the frequency BF is directly related with the cross-sectional area of the 2D
Fermi surface: n2D = 2eBF/h = 1.9× 1012cm−2, where e is the elementary charge of an electron and h is
the Planck constant. The main frequencies for samples of the annealed CZMA crystals at y = 0.04, 0.06
and 0.08 were 26, 44 and 28 T, respectively. On the other hand, the main frequencies for samples of the
second group of CZMA crystals at y = 0.02, 0.04 and 0.08 were 19, 13 and 13 T, respectively. The results
of determining the thickness of the topological layer D and surface concentration of charge carriers n2D
for unannealed and annealed samples of CZMA (x + y = 0.3) are shown in Table 2.

Table 2. The thickness of the topological layer (D), the surface carrier concentration (n2D), the phase
shift (β), the main frequency (BF), and the relaxation time (τD), for unannealed and annealed (labeled
by asterisk) CZMA samples (x + y = 0.3).

y n2D·1016 (cm−2) D (nm) β BF (T) τD·10−14 (s)

0.02 1.33 13.30 0.42 19 10.1

0.04 2.25 7.50 0.45 13 7.4

0.08 1.48 2.70 0.26 13 7.6

0.04 * 0.97 4.05 0.72 26 13.5

0.06 * 0.66 3.16 0.20 44 13.5

0.08 * 0.66 2.37 0.00 28 11.0

* annealed samples.

As can be seen from Table 2, the thickness D of the 2D layer in single crystals of CZMA (x + y = 0.3)
decreases as the Mn concentration in the quaternary solid solution increases.

The wave vector kF can be estimated from the density of charge carriers n2D, in accordance with
a ration: n2D = gk2

F/4π, where g is the Landau bands degeneration factor. In our case, we can use g
to be equal to 2 [42]. Finally, the values of kF were found for annealed and “as growth” samples of
CZMA (Figure 5). SdH magnitude as a function of temperature within Lifshitz–Kosevich theory can
be expressed as [37]:

∆R(B, T) ∝
2π2kBT/∆EN(B)

sinh[2π2kBT/∆EN(B)]
exp

[
2π2kBTD/∆EN(B)

]
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where TD and ∆EN are fitting factors, B is magnetic field at the longitudinal magnetoresistance minima
(or maxima). The parameter ∆EN is the energy gap between N and (N + 1) Landau bands expressed as:

∆EN =
heB

2πmc
,

where mc is the effective cyclotron mass. The parameter TD is the Dingle temperature:

TD =
h

2π2τDkB
,

where τD is the relaxation time of charge carriers caused by diffraction, and τD values for annealed
and unannealed CZMA samples are given in Table 2.

From the calculated values of kF, mc and τD for the CZMA samples, the velocity on the Fermi
surface vF = }kF/mc and the mean free path lF = vFτD were determined (see Table 3).

Table 3. Results of the velocity on the Fermi surface vF, the mean free path lF, and the 2D effective
mobility u2D for unannealed and annealed (labeled by asterisk) CZMA samples (x + y = 0.3).

y vF, 105(m/s) lF(nm) u2D·104
(
cm2V−1s−1

)
0.02 10.0 100.8 0.6

0.04 10.6 77.8 0.3

0.08 8.0 60.9 0.3

0.04 * 8.7 117.3 0.7

0.06 * 10.0 135.3 1.0

0.08 * 6.4 70.7 0.5

* annealed samples.

The 2D effective mobility µ2D = elF/}kF presented in Table 3 is smaller than the 3D-mobility
determined from Hall measurements (Table 1).

Quantum transport is characterized by the linear dispersion law E = }vFk (Figure 5).
Such dependence was found earlier in graphene and is explained by appearing Dirac fermions [43,44].
It can correlate with the effective mass by a relation mc = E/(vF)

2 =}k/vF. It can be seen (Figure 5)
that the experimental data reported in [31,45–47] and the data presented in this work for the annealed
and unannealed samples (labeled by different symbols) are in agreement with the theoretical linear
dependence (solid lines), which indicated the existence of massless Dirac fermions.

As mentioned above, an increase in Mn content remarkably changes the transport properties of
the CZMA samples with x + y = 0.3 [27,28]. As resulted from our experiments, this increase can also
affect the topological properties of this Dirac semimetal.
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4. Conclusions

Thus, the influence of Mn concentration on the topological properties of the single-crystalline
diluted magnetic semiconductors the CZMA with x + y = 0.3 have been studied. The analysis of the
SdH oscillations, reported before in [27,28], was taken into account to discuss the results. It was shown
that the nontrivial Berry phase exists in the CZMA samples. The magnitude of the SdH oscillations’
phase shift was different for the samples with different compositions. Our results of the quantum
transport investigations of Cd3As2 based compounds complement the previous experiments [23].

The dependence of BF/BN on N for unannealed crystals of CZMA with y = 0.02, 0.04 and 0.08 shows
a phase shift β ≈ 0 ÷ 0.72. Also, the dependence of the phase shift β ≈ 0.27–0.45 on Mn concentration
for annealed crystals was found. Moreover, the presence of β , 0 indicates the existence of Berry phase
in most of the studied CZMA samples. Obtained linear dispersion law is in good agreement with the
theoretical linear dependence, which describes massless Dirac fermions.

In this paper it is shown that the mobility u2B of charge carriers in the surface nanolayers of CZMA
single crystals (x + y = 0.3) is about 104 (cm2V−1s−1) at low temperatures. These results correspond to a
Dirac or Weyl semimetal, but not to a topological insulator. Furthermore, there was a good agreement
between the experimental dependence of the reduced cyclotron mass mc(0)/m0 on the Fermi wave
vector kF, obtained from SdH oscillations, and the theoretical linear dependence demonstrating the
presence of Dirac fermions in the diluted magnetic semiconductor CZMA (x + y = 0.3). Since chirality
effects were observed in our previous work ([27]) at some reciprocal orientation of the magnetic field
and the current through the sample of CZMA (x + y = 0.4), the existence of Weyl fermions cannot be
excluded. Thus, based on our experimental results and literature data, we can say that the surface
layers in solid solutions are Dirac or Weyl semimetals.

It was found that the thickness of the 2D surface layer in single crystals of the diluted magnetic
semiconductors CZMA differs in both annealed and unannealed samples and decreases in both series
of samples with increasing Mn content.
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