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Abstract. Cadmium arsenide (Cd3As2) is a Dirac semimetal intensively investigated in the last decade due to its
stability and high mobility. Cd3As2 shows large negative magnetoresistance (NMR) over a wide range of magnetic field.
Such NMR has been analysed in the framework of localized magnetic field and quantum interference theories. At low
magnetic fields, quantum interference theory is consistent with the experimental data which can be described by variable
range hopping (VRH) in the presence of a soft Coulomb gap (Efros–Shklovskii VRH). On the other hand, at moderate
magnetic fields, the data are well described by the localized magnetic moment theory and the NMR is well approximated
by the Langevin function.
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1.

Introduction

Graphene is the most famous Dirac semimetal in two
dimensions in which the valence and conduction bands
touch in discrete points at the Fermi level [1,2]. In three
dimensions, Cd3As2 is an alternate of graphene that exhibits
the same features. Topological materials and Dirac
semimetals, such as Cd3As2, Na3Bi and PbSnSe have
received considerable attention and was a subject of intensive investigation recently [3–5]. The negative magnetoresistance (NMR) is among the most studied properties in
Cd3As2. In this context, several papers regarding the magnetoresistance have been published [6–9]. Recently, magneto-transport in topological materials is widely
investigated [10,11]. Special attention has been paid to the
study of the NMR behaviour and its origin in these materials [6,12–14].
Magnetoresistance of Cd3As2 has been previously measured and NMR at low and moderate magnetic fields which
is explained by the chiral anomaly [8]. The observed NMR
in some topological materials, such as Dirac and Weyl
semimetals, is in most cases, attributed to the chiral
anomaly [15,16]. Chiral anomaly mechanism corresponds
to the transfer or the pumping of charges from a Weyl node
to its partner under application of a magnetic field collinear
with an electric field. Nevertheless, the origin of this NMR
remains controversial. In this context, the authors of

reference [17] claim that magnetoresistance in different
systems may have several origins and remains an open
question. Moreover, Spivak and Andreev report in reference
[18] that NMR can occur in systems without chiral anomaly, in agreement with the work in reference [19], where the
authors discuss the effect of orbital moment and Landé ‘g’
factor in the apparition of NMR.
Furthermore, it was found that the NMR of some materials that display Efros–Shklovskii variable range hopping
(VRH) have been negative in some cases [20,21] and positive in other cases [22].
In previous papers [23–29], we have studied transport
phenomenon and negative and positive magnetoresistance
behaviours on both sides of the metal–insulator transition
(MIT) in several 3D and 2D semiconductors, in amorphous
and granular alloys systems [30,31]. Magnetoresistance
analysis behaviour allows us to highlight different conduction mechanisms.
When the activated conduction is not possible in localized systems, the VRH mechanism takes place. There are
two VRH regimes: Mott VRH and Efros–Shklovskii (ES)
VRH. In the Mott VRH regime, the density of states (DOS)
is supposed to be constant as the electron–electron (e–e)
interactions are neglected, and under these conditions, the
 
1
resistivity (or conductivity) behaves as ln qq / TT0 dþ1 ,
0

where d is the dimensionality of the system, T0 and q0 are
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parameters that are temperature- and resistivity-dependents
[32,33].
When e–e interactions are important, the DOS near the
Fermi level is not constant anymore and takes a parabolic
1

form in 3D, following the universal law, N ðEÞ ¼ ajE  EF j2
 
1
in 3D, therefore: ln qq / TT0 2 [34,35].
0

In some materials, it was found that the Mott VRH
governs the conduction [36], whereas in other materials, ES
VRH conduction dominates [37]. In some cases, both Mott
and ES VRH coexist and a crossover between these two
regimes has been revealed [38–44].
Figure 1.

2.

Results

In the present paper, we re-analysed the experimental data
of measured NMR of sample Cd3As2 carried out by Li et al
[17] by digitizing data in figure 4a of reference [17]. The
sample is a 3D Dirac semimetal, and the experimental
details are shown in reference [17]. Recently, it was
intensively investigated [7,45–47].
Firstly, we began by analysing experimental data in the
framework of localized magnetic moments model. In the
second stage, we compare the observed NMR and its possible crossover with magnetic field with quantum interferences theory to deduce that which of the two theoretical
models is in agreement with these data of sample Cd3As2.

2.1

Model of localized magnetic moments

The model of localized magnetic moment was developed
for the first time by Toyozawa [48] in 1962. This model
takes into account the scattering of the conduction electrons
by the magnetic moments localized in centres of impurities.
Toyozawa’s model provides a good way of investigating
negative magnetoresistance. In connection with Toyozawa’s studies, the decrease in the magnetoresistance
came as a result of reducing scattering by the application of
an external magnetic field to the sample, ordering the
magnetic moments, thus, resulting in a decrease in
magnetoresistance.
In figure 1, NMR of the sample Cd2As3 is plotted as a
function of magnetic field B for low and moderate values in
the range of 0–4 T at different temperatures between 100
and 300 K.
Assuming the existence of magnetic moments, negative
magnetoresistance follows the Curie–Weiss law as a function of the field and temperature:


Dq 1=2
T þh
¼ K1
ð1Þ
þ K2 ;
q0
B
where B is the magnetic field and h represents the Curie
temperature of the paramagnetic systems. K1 and K2 are
constants. Moreover, Yosida [49] has shown that if

Negative magnetoresistance

 
Dq
q0

vs. magnetic field

up to 4 T at four different temperatures.

magnetic moments exist, the magnetoresistance is proportional to the average of the magnetization of the impurities:
 2
Dq
B
2
M 
:
ð2Þ
q0
T
The magnetization of paramagnetic systems is classically
described by the Brillouin function BJ as follows:
  
lB
M ¼ Nm gJlB BJ
ð3Þ
kB T
Here, lB is the Bohr magneton and l the effective
magnetic moment of scattering centres, which is proportional to the Landé factor ‘g’ and the Bohr magneton lB, kB
the Boltzmann constant and T the temperature.
Nm represents the concentration of the scattering centers
and J indicates the total moment of the localized electrons.
In this case, where Nm is very large, the magnetization
can be represented by the Langevin function rather than the
Brillouin law. Therefore,
1
LðxÞ ¼ cothðxÞ  ;
x

ð4Þ



l B
where x ¼ kðTþhÞ
in the case of a paramagnetic system
obeying the Curie–Weiss law.
Therefore, the negative magnetoresistance arising from
the spin diffusion takes the following form:
 


Dq
l B
2
¼ kL
:
ð5Þ
q0
k B ð T þ hÞ

As well as:
  1=2


Dq
l B
¼ dL
;
q0
k B ð T þ hÞ

ð6Þ

with d = k1/2 is a constant.
To verify if the localized magnetic moments model is in
  1=2
agreement with the experimental data, we plot Dq
q
0

as a function B/(T ? h) and check if all data collapse onto a
single curve in the range of the magnetic fields studied.

Bull. Mater. Sci. (2021)44:210
The slope of data representing
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Dq
q0
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1=2

as a function

of the temperature for each value of the magnetic field B
yields the Curie temperature h, as shown in figure 2.
Figure 3 displays slopes by linear fitting of data which, if
extended to the low temperature limit, are secant at a T = –h
  1=2
and Dq
¼ K2 ; thus, we evaluate Curie temperaq
0

ture to be equal to -11 K.
The description of the NMR by the Toyozawa model
implies an effective moment between 5 and 10lB , however,
in our case, we have l ¼ 23:4lB [ 10lB .
This large value of l is explained by the existence of a
large number of paramagnetic sites within the same region.
The large value of l is not consistent with that predicted
by Toyozawa [48], and this disagreement can be explained
by the high mobility [50,51] of the sample studied in this
paper. Apart from the large value of l , the experimental
data are well described by the model of localized magnetic
moment.

2.2

Model of quantum interference

The quantum interference model has been proposed to
explain the appearance of NMR, valid in the limit of low
magnetic fields and low disorder, when the elastic scattering
length is larger than Fermi wavelength [52]. This model has
analogies with the weak localization theory which gives
quantum correction to the classical Drude conductivity.
Bergmann [53] proposed that in weak localization regime,
the NMR came as a consequence dephasing by a magnetic
field of the quantum phase coherence of backscattered
trajectories.
Quantum interference was found to be responsible for
low field NMR observed in some materials [52].
Nguyen, Spivak and Shklovskii (NSS) were the first to
establish a model to explain NMR using quantum

Figure 3.
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1=2

vs. B/(T ? h) adjusted by the Langevin

function.

interference on percolation paths [54]. In this model, the
authors study the effect of the magnetic field on the probability of hopping between two sites separated by a characteristic distance Rh, this probability is determined by the
interference between the paths separating these two sites,
for more details, see reference [54]. According to this
model, the authors have shown that the probability of
hopping between two sites is influenced by the interference
between all the possible diffusion paths included in an
ellipsoidal volume ‘cigar-shaped domain’ of Rh length and
1

width ðRh nÞ2 . With n, the localization length.
According to references [55,56], the localization length
increases with the magnetic field, hence the observation of
the NMR. According to these authors, the magnetic field
influences the length of localization without changing the
density of the states at the Fermi level.
Sivan et al [57] have shown that for low intensities of the
magnetic field B, the NMR is proportional to the square of
the magnetic crossing an effective surface A as follows:
3=2
A ¼ RM n1=2 , thus:
 
Dq
½qðB; TÞ  qð0; TÞ
¼
¼ A2 B2 ¼ R3hop nB2 ;
ð7Þ
q0
q0
Rh the optimum hopping length temperature-dependent
[20], therefore, can be written as:
 
Dq
¼ f1 ðT ÞB2 ¼ R3hop B2 :
ð8Þ
q0

Figure 2.

 
Dq
q0

1=2

against temperature T for different fixed

values of magnetic field B. Deduction of Curie temperature h as
indicated by the arrow.

For three-dimensional systems, where conduction is
governed by Mott VRH: Rh & T-1/4, therefore, the NMR
dependence on temperature is given by:
 
Dq
/ T 3=4 B2 :
ð9Þ
q0
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When the density of states around the Fermi level has a
soft Coloumb gap due to the electron’s correlations, then we
have, Rh & T-1/2 thus, the NMR is given by:
 
Dq
/ T 3=2 B2 :
ð10Þ
q0
For moderate values of magnetic fields, when the quadratic variation of the NMR with the field is no longer
observed, Schirmacher [58] predicts a linear dependence of
the NMR with the field B:
 
Dq
¼ f2 ðTÞB2 ;
ð11Þ
q0
with f2(T) & T-7/8.
In figure 4, the NMR of sample is plotted as function of
the square of magnetic field B2 for different temperatures as
labelled. At low magnetic fields, the NMR is a quadratic
function of the magnetic field and the slopes of these
straight lines decrease by increasing the temperature as
shown in figure 5.
For the low values of the magnetic field B, we adjusted
the data 
representing
the NMR of the sample Cd3As2 by the

relation

Dq
q0



¼ f1 ðTÞB2 , f1(T) is yielded from the slope

in figure 5, therefore, one can deduces Rh as: f1(T) & Rh3 &
T-1.47. This value is very close to 3/2 as predicted by the
quantum interference model in the presence of a Coulomb
gap in the densities of states around the Fermi level and
thus, Rh & T-1/2, and the conduction mode is ES VRH and

Dq
q0



¼ T 3=2 B2 .

For moderate magnetic fields up to 4 T, figure 6 displays
NMR vs. B for various temperatures. We note that the above
characteristic value of the magnetic field B, which we
denote as Bc (see figure 6), the NMR is linear by fragment,
as a function of the field as predicted by NSS [52] and
Schirmacher [58].
On the other hand, Schirmacher [58] established a model
for the range of intermediate magnetic fields in which the
quadratic variation of the NMR is no longer observed with

Figure 4.

NMR

 
Dq
q0

Figure 5. The function f1(T) against temperature T on a log–log
scale.

the field. This model only involves a single diffusion site
during the hopping, under these conditions, the NMR varies
linearly with the field B as follows:
 
Dq
¼ f2 ðTÞB;
ð12Þ
q0
f2(T) is a temperature-dependent function. In figure 7, we
plot the variation of function f2(T) vs. temperature. By
fitting data, one can yield f2(T) & T-1.08, this value is
very close to -7/8 predicted by Schirmacher [58] in this
model.
At low value of magnetic field, NMR in the VRH regime
is quadratic. However, at high value, NMR becomes almost
linear in consistence with previous studies [59,60].
Analysis of NMR data in light of the Schirmacher [58]
model which considers hopping processes involving only
one intermediate site whose energy is located below the
Fermi level [58] is in agreement with the experiment taking
into account the errors made at depicting the measurements
and when analysing the data.

Figure 6.
2

vs. B at various temperatures.

NMR

temperatures.
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Figure 7.
scale.
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The function f2(T) against temperature T in logarithmic

Conclusion

In summary, negative magnetoresistance of a Dirac semimetal Cd3As2 is analysed at low and moderate magnetic
fields, in the light of two theories: namely localized magnetic field and quantum interferences theories. Within the
model of localized magnetic moment, NMR is well
approximated by the Langevin function and the magnetic
moment l* = 23.4lB. The large value of l* than that predicted by theatrical model can be explained by the high
mobility of the studied sample.
On the other hand, at low magnetic fields, experimental
data are well described by the model of quantum interference and quadratic dependence
  of NMR is observed. The
NMR follows the law,

Dq
q0



¼ f1 ðT ÞB2 ¼ R3hop B2 with

f1(T) & T-1.5 which is consistent with theoretical expectations for the effect of quantum interference in the hopping
regime in presence of Coulomb gap. In the range of moderate magnetic field, the model developed by Schirmacher
[58] seems to be in good agreement with the experimental
data.
Acknowledgements
Experimental data are reprinted from the reference (Li H,
He H, Lu H Z et al 2016 Nat. Commun. 7 10301. https://doi.
org/10.1038/ncomms10301).
We
acknowledge
the
‘SpringerNature’ manager for granting us the appropriate
permission.
References
[1] Chen J J, Wu H C, Yu D and Liao Z M 2014 Nanoscale 6
8814
[2] Zhou Y B, Han B H, Liao Z M, Wu H C and Yu D P 2011
Appl. Phys. Lett. 98 222502

210

[3] Goyal M, Salmani-Rezaie S, Pardue T N and Guo B 2020
APL Mater. 8 051106
[4] Hakl M, Tchoumakov S, Crassee I, Akrap A, Piot B A,
Faugeras C et al 2018 Phys. Rev. B 97 115206
[5] Yang B and Nagaosa N 2014 Nat. Commun. 5 4898
[6] Liang T, Gibson Q, Ali M N, Liu M, Cava R J and Ong N
P 2015 Nat. Mater. 14 280
[7] Jeon S, Zhou B B, Gyenis A, Feldman B E, Kimchi I, Potter
A C et al 2014 Nat. Mater. 13 851
[8] Li C Z, Wang L X, Liu H W, Wang J, Liao Z M and Yu D
P 2015 Nat. Commun. 6 10137
[9] Wang H W, He H, Wang J and Shen S Q 2018 Phys. Rev. B
97 201110
[10] Breunig O, Wang O and Taskin A 2017 Nat. Commun. 8
15545
[11] Zhang H, Li H, Wang H, Cheng G, He H and Wang J 2018
Appl. Phys. Lett. 113 13503
[12] Du Z Z and Lu H Z 2017 Phys. Rev. Lett. 119 166601
[13] Arnold F, Shekhar C, Wu S, Sun Y, Dos Reis R D, Kumar N
et al 2016 Nat. Commun. 7 11615
[14] Yang X, Li Y, Wang Z, Zhen Y and Xu A Z 2015 arXiv:
1506.02283
[15] Son D T and Spivak B Z 2013 Phys. Rev. B 88 104412
[16] Huang X, Zhao L, Long Y, Wang P, Chen D, Yang Z et al
2015 Phys. Rev. X 5 031023
[17] Li H, He H, Lu H Z, Zhang H, Liu H, Ma R et al 2016 Nat.
Commun. 7 10301
[18] Andreev A V and Spivak B Z 2018 Phys. Rev. Lett. 120
026601
[19] Dai X, Du Z Z and Lu H Z 2017 Phys. Rev. Lett. 119 166601
[20] Zhang Y and Sarachik M P 1989 Phys. Rev. B 39 8059
[21] Zhang Y, Dai P and Sarachik M P 1992 Phys. Rev. B 45 9473
[22] Dai P, Friedman J R and Sarachik M P 1993 Phys. Rev. B 48
4875
[23] Narjis A, El Kaaouachi A, Limouny L, Dlimi S, Sybous A,
Hemine J et al 2011 Phys. B Condens. Matter 406 4155
[24] Limouny L, El Kaaouachi A, Sybous A, Dlimi S, Narjis A,
Errai M et al 2013 JOAM 15 1303
[25] Dlimi S, El Kaaouachi A, Narjis A, Limouny L, Sybous A,
Errai M et al 2013 JOAM 15 1222
[26] Limouny L, El Kaaouachi A and Liang C T 2014 JKPS 64
424
[27] Limouny L, El Kaaouachi A, Tata O, El Idrissi H and Liang
C T 2014 Superlattices Microstruct. 75 287
[28] Limouny L, El Kaaouachi A, El Idrissi H, Zatni A, Tata O,
Daoudi E et al 2014 AIP Conf. Proc. 1574 309
[29] Narjis A, El Kaaouachi A, Limouny L, Dlimi S, Sybous A,
Errai M et al 2013 Phys. Scr. 87 045703
[30] Narjis A, El Kaaouachi A, Limouny L, Dlimi S, Errai M,
Sybous A et al 2013 JMMM 332 6
[31] Narjis A, El Kaaouachi A, Biskupski G, Daoudi E, Limouny
L, Dlimi S et al 2013 Mater. Sci. Semicond. Process. 16
1257
[32] Mott N F 1968 J. Non-Cryst. Solids 1 1
[33] Mott N F 1974 Metal-insulator transitions (London: Taylor
and Francis)
[34] Nguyen V L, Spivak B Z and Shklovskii B I 1985 Pis’ma Zh.
Eksp. Teor. Fiz. 41 35 [JETP Lett. 41 42 (1985)]; Zh. Eksp.
Teor. Fiz. S9 1770 (1985) [Sov. Phys. JETP 62 1021 (1985)]
[35] Liu H, Pourret A and Guyot-Sionnest P 2010 ACS Nano 4
5211

210

Page 6 of 6

[36] Xue J, Huang S, Wang J Y and Xu H Q 2019 RSC Adv. 9 17885
[37] Joung D and Khondaker S I 2012 Phys. Rev. B 86 235423
[38] Agrinskaya N V and Aleshin A N 1989 Sov. Phys. Solid
State 31 1996
[39] Limouny L, El Kaaouachi A, Abdia R, Narjis A, Biskupski
G, Hemine J et al 2012 AIP Conf. Proc. 1435 401
[40] Dlimi S, Limouny L, Hemine J, Echchelh A and El
Kaaouachi A 2020 Lith. J. Phys. 60 167
[41] Limouny L, El Kaaouachi A, Dlimi S, Sybous A, Narjis A,
Errai M et al 2013 Mod. Phys. Lett. B 27 1350146
[42] Dlimi S, El Kaaouachi A, Narjis A, Limouny L, Sybous A
and Errai M 2013 J. Phys. Chem. Solids 74 13491354
[43] Errai M, El Kaaouachi A, Narjis A, Liang C T, Limouny L,
Dlimi S et al 2015 Chin. J. Phys. 52 251
[44] Sybous A, El Kaaouachi A, Narjis A, Limouny L, Dlimi S,
Abdia R et al 2012 AIP Conf. Proc. 1435 377
[45] Weng D, Prabhakaran S K, Mo H, Peng P, Kim T, Hoesch M
et al 2014 Nat. Mater. 13 677
[46] Neupane M, Xu S Y, Sankar R, Alidoust N, Bian G, Liu C
et al 2014 Nat. Commun. 5 3786
[47] Wang Z, Weng H, Wu Q, Dai X and Fang Z 2013 Phys. Rev.
B 88 125427

Bull. Mater. Sci. (2021)44:210
[48] Toyozawa Y 1962 J. Phys. Soc. Jpn. 17 986
[49] Yosida K 1957 Phys. Rev. B 107 396
[50] Narayanan A, Watson M D, Blake S F, Chen Y L,
Prabhakaran D, Yan B et al 2015 Phys. Rev. Lett. 114
117201
[51] Zhao Y, Liu H, Zhang C, Wang H, Wang J, Lin Z et al 2015
Phys. Rev. B X5 031037
[52] Pusep Yu A, Arakaki H and Souza C A 2003 Phys. Rev. B 68
205321
[53] Bergmann G 1983 Phys. Rev. B 28 2914
[54] Nguyen V L, Spivak B Z and Shklovskii B I 1985 JETP Lett.
41 42
[55] Medina E, Kardar M, Shapir Y and Wang X R 1990 Phys.
Rev. Lett. 64 1816
[56] Lerner I V and Imry Y 1995 Europhys. Lett. 29 49
[57] Sivan U, Entin-Wohlman O and Imry Y 1989 Phys. Rev.
Lett. 60 1566
[58] Schirmacher W 1990 Phys. Rev. B 41 2461
[59] Shklovskii B I and Spivak B Z 1991 (eds) M Pollak and B I
Shklovskii (North Holland, Amsterdam)
[60] Entin-Wohlman O, Imry Y and Sivan Y 1989 Phys. Rev. B
40 8342

