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Measuring the magneto-conductivity induced from impurities may help determine the impurity distribution and reveal
the structure of a Weyl semimetal sample. To verify this, we utilize the Gaussian random disorder to simulate charged
impurities in a two-node Weyl semimetal model and investigate the impact of charged impurities on magneto-conductivity
in Weyl semimetals. We first compute the longitudinal magnetic conductivity and find that it is positive and increases
proportionally with the parameter governing the Gaussian distribution of charged impurities, suggesting the presence of
negative longitudinal magneto-resistivity. Then we consider both the intra-valley and inter-valley scattering processes to
calculate the induced transverse magneto-conductivity in the model. Our findings indicate that both inter-valley and intra-
valley scattering processes play important roles in the transverse magneto-conductivity. The locations of Weyl nodes can
also be determined by magneto-conductivity measurements. This is possible if the magnetic field strength and the density
of charged impurities are known. Alternatively, the measurement of magnetic conductivity may reveal the distribution of
charged impurities in a given sample once the locations of the Weyl nodes have been determined. These findings can aid
in detecting the structure of a Weyl semimetal sample, enhancing comprehension of magnetotransport in Weyl semimetals

and promoting the development of valley electronics.

Keywords: Weyl semimetal, inter-valley scattering, magneto-conductivity
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1. Introduction

Weyl fermions were first introduced by Hermann Weyl
in 1928. These fermions are characterized by their chiral-
ity and lack of mass. Up to now, no candidates have been
found within the standard model of particle. However, it has
been discovered that low energy excitations in certain con-
densed matter systems, known as Weyl semimetals, can re-
alize Weyl fermions. The initial theoretical proposal for the
Weyl semimetal occurred in 2011.[!1 Subsequently, in 2015,
the first authentic Weyl semimetals were achieved within the
TaAs family.”>-%] These findings encourage the search for ad-
ditional candidates of the Weyl semimetal. Other materials,
such as YbMnBi», (type-I),m Mo, W, _,Te, (type-II),[S‘lo] and
(TaSey )1 (type-TID), '] have been demonstrated as viable can-
didates for Weyl semimetals.

Weyl fermions possess chirality and always appear in
pairs. The Weyl fermions in the Weyl semimetal can mani-
fest negative longitudinal magneto-resistance (NLMR).[!>-14]
This is done by applying an electric field parallel to the di-
rection of a magnetic field in the Weyl semimetal, the Weyl
fermions of one specific chirality are pumped to their partner
of opposite chirality, according to the no-go theorem.!!> The
NLMR, an anomalous transport due to chiral anomalies, has

16-18,20-28

been observed in several experiments.! ! However,

positive longitudinal magneto-resistance and NLMR were
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observed in some experiments,!!®! indicating that magneto-
conductivity measurements are sample-dependent, especially
disorder-dependent.!'”! Additionally, in weak magnetic fields,
some experiments have shown a peak-like nonparabolic neg-

(18,191 Theoretical explanations are

ative magneto-resistance.
needed for these experimental phenomena.

Theoretically, conductivity can be viewed as the col-
lision process between impurity electrons and system elec-
trons near the Fermi energy level. For the undoped case
of Weyl semimetal, the Fermi energy level is situated at the
Weyl nodes.!!?>30] The charged impurities introduce addi-
tional charges to the energy bands, causing a shift in the Fermi
level away from the Weyl nodes. Thus, the Fermi energy levels
exhibit extensive variation among the diverse samples evalu-
ated in experiments and are highly responsive to alterations
in sample properties. To accurately reproduce and predict ex-
perimental results in theoretical calculations, one must con-
sider the diverse distributions of impurities present. There are
a large number of theoretical studies!!*31=*3 and several stud-
ies have examined the impact of distant disorder on the density
of states in a weak magnetic field,?!! as well as the density of
the states, Landau level broadening, and magneto-resistivity
in a transverse magnetic field with short-range or charged
impurities.’>) However, most of these studies are based on

the one-node model, which assumes the existence of only a
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single Weyl fermion.*!=33! A one-node model cannot present
the chiral anomaly because the chiral anomaly requires at least
one pair of Weyl fermions. Therefore, studying NLMR in one-
node models is not enough.

The two-node model for a Weyl semimetal is the sim-
plest extension of the one-node model. It consists of two Weyl
fermions with opposite chirality, allowing for the study of the
chiral anomaly. Additionally, two-node model naturally in-
troduces the valley degree of freedom of the Weyl fermion,
allowing for the simultaneous study of inter-valley and intra-
valley scattering processes. As pointed out in Refs. [44-47],
the inter-valley scattering processes contribute significantly to
the magneto-conductivity in the presence of an impurity dis-
tribution that obeys a screened Coulomb potential or a Dirac
0 potential. Furthermore, the magneto-conductivities of the
Weyl semimetal are found to be influenced by the distribution
of the impurity, which allows for a more precise understand-
ing of the sample dependence of the NLMR.!*#+3] However,
the screened Coulomb disorder and the Dirac § potential may
not accurately replicate the charged impurities in practical sce-
narios. Therefore, we propose that the impurities follow a
Gaussian distribution. This distribution may provide a more
accurate representation of the distribution of charged impuri-
ties and model a more realistic Weyl semimetal sample, which
is used in experiments. In Ref. [41], the authors studied the
longitudinal magneto-resistance induced by charged impuri-
ties in a two-node model Weyl semimetal. They modeled the
potential of the charged impurities as a random Gaussian po-
tential. They studied the longitudinal magneto-resistance in a
two-node model Weyl semimetal using a random Gaussian po-
tential to simulate charged impurities. However, they did not
provide details on transverse magneto-conductivity or address
inter-valley scattering.

With all of the backgrounds mentioned above, In this
work, we utilized a random Gaussian potential, which is more
appropriate for the general case, to model the distribution
of charged impurities in a two-node Weyl semimetal model.
Taking into account the contributions from inter-valley scat-
tering processes, we studied both longitudinal and transverse
magneto-conductivity. Based on the calculation of the longitu-
dinal conductivity, it is evident that the conductivity is positive
definite and increases with magnetic flux density, indicating
the presence of NLMR, supporting the theoretical prediction
of chiral anomalies. The results of the transverse magneto-
conductivity show that the inter-valley scattering process has
nonnegligible contributions to the magneto-conductivity. Fur-
thermore, we carefully analyzed the impact of the length scale
of the Gaussian distribution, magnetic field strength, and the
position of Weyl nodes on transverse magneto-conductivity.
We find that the transverse magneto-conductivity is inversely
proportional to the magnetic flux density. In addition, by ad-

justing the magnetic flux density and the length scale of the
Gaussian distribution in our model, we can obtain the cusp-
like behavior of the transverse magneto-conductivity of the
Weyl semimetal. This differs from the peak caused by the
weak localization. The difference between these two mech-
anisms requires further investigation and will be addressed in
a future study. Our results indicate that the peaks are located
near the Weyl nodes, so it is possible to infer the structure
of a Weyl semimetal sample just by measuring its magneto-
conductivity, which may be verified in future experiments.

This paper is organized as follows. In Section 2, we re-
view a two-node model of the Weyl semimetal and present
the eigenenergy as well as the eigenstates. In Subsection 3.1,
we interpret a mechanism for shifting Fermi energies. Then,
we derive the formulas and show the numerical results for the
longitudinal and transverse magneto-conductivity in Subsec-
tions 3.2 and 3.3. Possible applications of magnetic conduc-
tivity measurement are discussed in Subsection 3.4. Section 4
is devoted to conclusions and discussions.

2. A two-node model of the Weyl semimetal

In this section, we will review a two-nodes model for
the Weyl semimetal raised in Refs. [44,45], in the absence of
an external magnetic field, the Hamiltonian of the two-nodes
model can be written as

H = vhvg[(k + vk.) - o). (1

The energy spectrum of Eq. (1) spreads in momentum space
with two valleys corresponding to two Weyl nodes with oppo-
site chiralities, we use V to indicate this with v =1 for K valley
and v = —1 for K’ valley. £ is reduce Planck constant, v is
Fermi velocity. k. = (0,0, +k.) in momentum space represent
the positions of the two nodes. In the following, we will write
Eqg. (1) into two parts, each part corresponds to one valley:

Hg = Hi —hveke - o, 2
ﬁ](l ZHK/—hVFkC-U. (3)

These two Hamiltonians allow for a more intuitive study of
intra-valley and inter-valley scattering processes. We will give
their eigenstates and eigenenergies in the following.

For the K valley, the eigenenergies are

Eig = thvpy/ k2 + k2 + k2, )

with eigenstates

6 .9
cos g sin
K sm%e”” ’ K —cos%e”” ’ )

where =+ represent the conduction and valence bands, respec-
tively. 6 and ¢ are determined as

kx
tang = —. 6)
ky

k
cos = |TZ

E|’
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When a magnetic field B = (0,0, B) is applied along the
z-direction, Landau bands form and disperse with k.. Here we
(yB,0,0) and we have

k— (k -, —iay,kz) ™

To obtain the eigenstates, we need to rewrite the Hamiltonian

choose the Landau gauge A =

with the ladder operators

a=—[(y—1sk) /I +189] / V2, ®)
a" = —[(y=15"ke) /Is — 189y] / V2, )
where [p = \/hi/(eB) is the magnetic length. Then Eq. (2)
becomes
. k; —liBza
Hyx = hvg B (10)
I z

Then, the eigenenergies for the original Hamiltonian are
Eilg = Elg +hveke, (an

Elg = +hvey /K2 +2n/13. (12)

Here,n=0,1,2,...
corresponding to different Landau levels.

is the eigenvalue of the operator N = a'a,

Similarly, the corresponding eigenenergies for the K’ val-
ley are obtained as

E;l:Kl = thK’ + hVFkC, (13)

E" = Fhvey k2 +2n/13. (14)

More details of calculations can be found in the supplementary
material.

3. Formalism and results

In this section, we present our main results. In Subsec-
tion 3.1, we show how the Fermi energy moves away from the
Weyl nodes by adding impurities. We then show the numerical
results for longitudinal and transverse and transverse magneto-
conductivity in Subsections 3.2 and 3.3. Our main results are
presented in Subsection 3.4, where we explain how to deter-
mine the structure of a Weyl semimetal sample by measuring
its magnetic conductivity.

3.1. The shift of the Fermi energy

In an undoped Weyl semimetal, the Fermi level is located
precisely at the Weyl nodes. The addition of donor and accep-
tor impurities introduces extra charges into the energy bands,
shifting the Fermi level away from the Weyl nodes. To illus-
trate this physical scenario, we define ng and n, as the densities
of the donor and acceptor, respectively, to calculate the density

of excess electrons. With the definition[*!

nimp(.uaT) =nq —Na, (15)

the excess electron density is calculated via

=g ) Y [fo(vivek,— p) — fo(vivek,)]. (16)

V== k,

nlmp w,T)

Here, g = 2 X go represents the spin and Landau level degen-
eracy, where go = eB/(27h) is the degeneracy of every per
unit area. By combine the Fermi-Dirac distribution fy(x) =

m, we obtain the excess electron density as
H/kBT+1
kgTIn(< )
nimp (1, T) =28 2 a7

In experiments, the value of njy, remains constant for each
sample containing both donors and acceptors. Hence, by tak-
ing u = Ef, we obtain the new location of the Fermi energy as
(In this paper, we did not consider the effect of temperature.
Therefore, in the following calculations, we will fix T =3 K
without loss of generality)

imp vg

Ep=kpTln(2e 27 ). (18)

3.2. Longitudinal magneto-conductivity

As the Fermi level leaves the Weyl nodes but does
not reach the first Landau level, the transport is essen-
tially involved with the O-th Landau band. The semiclas-
sical conductivity of this case can be simply figured out
by using the Einstein relation o, = e>NgD, where Np =

(1/(2xi3))(2/(mhvg)), D = vFTf " is the diffusion coefficient.

‘C,?F’" is the transport time and kg is the Fermi wave number.

According to semiclassical Boltzmann transport theory, under
the first-order Born approximation, for the scattering among
the states on the Fermi surface of the 0-th band, we obtain the
relaxation time by

h 0,0
‘L'O’tr =27n Z <|ng,kz,k;,k§ |2>A6(EF - El(c)i)
x (1 —1/(1)7,%/1)1:)7 (19)

where Ef is the Fermi energy, and Eg’, is the eigenenergy of

the 0-th Landau level. Uk T
trix, it can take place in the scattering process between eigen-
state |0,k,,k.) and eigenstate |0,k,k.). (|U>° K, k,| ) here

X0 vZ
is the corresponding scattering matrix elements. A is intro-

represent the scattering ma-

duced to correct the unphysical van Hove singularity near the
[44] |z

0.k,
of an electron along the z-direction with the wave number &’

band edge, which always takes as 1. is the velocity
in the O-th Landau band. For z-axis magnetic field, we note
that only the diagonal elements of the velocity matrix with re-
spect to the z-direction contribute to the longitudinal magneto-
conductivity. On the other hand, only the off-diagonal ele-

ments of the velocity matrix with respect to the x-direction

097502-3
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contribute to the transverse magneto-conductivity. The longi-
tudinal conductivity o;, can be found from the formula

e2

o.. m’;kzk‘, T Gl %, G, (Q0)
both v and G are diagonal matrixes in the valley space, the
subscript O represents the n = 0 Landau subspace.

We defined the véf,i as the z-direction velocity of an elec-
tron in the O-th band, ;md 1767[,57 is the dressed velocity after
taking into account the vertex correction. Here we have

vg’j% = 0E /ndk; = —vE. (1)

In this case, we fixed the Fermi energy at the O-th Landau band,
and all the Landau bands in the K’ cone are fully occupied.
Hence, we have

e2h

~ R A
O = 5= k%(vg,kzvakz Go1.Go.)- (22)

4

The retarded/advanced Green’s function for the 0-th band is
GORI/? =1/(Er— E,?ZK:I: in/(27)), where 7 is the corresponding
momentum relaxation time, which is related to the transition
probability (induced by the impurities) in K valley at n = 0
band. In addition, V = LLyL, here is the volume of a system.

In the diffusive regime, one can replace GORKﬁ6§7GOAK by

(Zﬂ/h)fng’trVg;"Aa(Ep — EJX), then we get

€
) (52T A S (B — EQF). (23)
ke ky

To calculate the transport time ’L’,?_K’Lr, we need to do the
Fourier transform of the Gaussian random potential f(r) =
ce "/ 2”12, which can be written as

2
U(q) =upe 2, (24)
where u( measures the strength, and the parameter d is defined
as the range of the scattering potential. After calculating the

0K tr

transport time T at the Fermi surface, we obtain the final

expression for o, as

_2e* (he)*(d*+15°)
C b BVippe (Gheke?d?

(25)

where Vipp = nimpuoz, Nimp represents the doping degree. The
calculation details can be found in the supplementary material.

In Fig. 1, we present the variation of longitudinal
magneto-resistance in the two-node model with different
Gaussian distribution length scales, described by the parame-
ter d, under the influence of random Gaussian potential doping
at low temperature (7' = 3 K, unless otherwise specified). Con-
sistent with previous studies, we obtained the positive longitu-
dinal magneto-conductivity. Here, we explore the influence

of doping on o, by varying the parameter d in the impurity
potential. The results show that the variation of ¢,, with mag-
netic induction intensity B is linear, which is consistent with
the results in Refs. [41,44-46].

x10~1 X101t
7 5.0 4

d=1.0 nm d=10 nm

X103

d =20 nm

0. [(he2v$/272) /nm]

0 PR |
0 50 100 0 50 100 0 50 100

5.I.I PR T |

o

B (T) B (T) B (T)

Fig. 1. The longitudinal magneto-conductivity versus the magnetic flux

density for different d values. Here vg = 10° m/s, ke = 0.1 nm™*,

Nimp = 1.0 x 1015 cm 3.

We further investigate the effect of the length scale of
the Gaussian distributions by fixing the value of 4 at 1.0 nm,
10 nm, and 20 nm, respectively. We find that the longitu-
dinal magneto-resistance increases with increasing d, for d
in the range of 0.1 nm to 10 nm the o, increases slowly,
while for d greater than 10 nm the o, increases faster. This
phenomenon can be explained by the Heisenberg uncertainty
principle, which states that larger impurities with a larger d
have a wider distribution, resulting in a smaller change in
position (Ax) and a larger change in momentum (Ap). This
leads to more intense collision processes and a larger longi-
tudinal magneto-resistance (or smaller longitudinal magneto-
conductivity).

3.3. Transverse magneto-conductivity

Similarly, we study in this subsection the transverse
magneto-conductivity (0,,). For consistency, the Fermi en-
ergy is assumed to be near the Weyl nodes, and the conductiv-
ity along the x-direction can be written as

e’n
2TvE

GX)C

Y Tr(GRv G vp). (26)
k

As in the previous section, both G' and v are matrixes, the
derivation of Eq. (28) is given in supplementary material, we
have
2
eh R A
271'\1]: kxz iV 0i,i+1 1+ V141,01

Pl
ok

Gxx

After taking both the intra-valley and inter-valley scatterings
into account, we get the total transverse magneto-conductivity

I ¢ K K K
Oxx = GxxA,imer + Gxx,imra + Gxx,inter + Gxx,intra' (28)

097502-4
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The relaxation time (7) corresponding to different scattering
processes (two kinds of intra-valley scattering and two kinds
of inter-valley scattering) can be listed in supplementary ma-
terial, and we can get the o, by

oK. — e? Vimpefdz(zhjfkc)2 Ff (k)
xx,ntra 471:211 (d2+llzg/2)2 4 )
21 2
X - 62 Vimpeid ke FK
Oy inter — 4n2hm i (k)
n N2
GK/_ _ e? Vimpe A (2hr ko) FK’(k)
xx,intra 47T2h 1 z)s

(d>+13/2)
2 7
K’ _ e? Vimp e ke FZK (k)
Ouxinter = 173 (d>+13/2)> 4 7

(29)

we call Fs form factors, and derive them in supplementary ma-
terial.

In Fig. 2, we show the variation of the transverse
magneto-conductivity as a function of the magnetic induc-
tion intensity B for different Gaussian potentials (different
parameter ds). To investigate this phenomenon, two char-
acteristic lengths are identified: the potential range, denoted
by d, and the magnetic length, designated by /p. Two dis-
tinct regimes can be discerned based on the comparative re-
lationship between these two lengths: the long-range poten-
tial regime, where d >> g, and the short-range potential limit,

where d < lp. The magnetic length is /p = \/W ~
25.6/+/B nm; thus, by altering the magnetic field strength,
the system may traverse these two distinct regimes.[*!] We
find that the important change characteristics of the trans-
verse magneto-conductivity are different from those of the lon-
gitudinal magneto-conductivity, and the transverse magneto-
conductivity decreases with the increase of d, which is just the
opposite of the longitudinal magneto-conductivity that will be
inhibited with the increase of d. Figures 2(a) and 2(b) demon-
strate a minor change in transverse magneto-conductivity
when the parameter d is small, whereas Figs. 2(c) and 2(d) ex-
hibit a significant change in transverse magneto-conductivity,
This is consistent with results in Ref. [41]. Another important
feature is clearly shown in the image, under the lower intensity
of the magnetic field (0-2 T), the decline trend of the curve is
steeper. The appearance of the threshold can be understood
as follows: the /p corresponds to the Landau level degener-
acy. When the magnetic field is weak, /p is large enough to
be comparable with the scale of impurity distribution, result-
ing in more collisions between electrons and charged impuri-
ties. When the magnetic field flux exceeds 2 T, the value of I
rapidly decreases, causing the electrons to become highly de-
generate in a small region. Thus, collisions between electrons
and impurities become localized, leading to a slow change in
transverse conductivity.

T
(a) (b) 1.4 |(©) (d)
3oL @d=01nml 5,1 d=1.0 nm d=10 nm L4=10—90 am
E
g - =
. : =
< )
> =
) | 4 4 = _
= 0.7 | &
L o15 1.5 L 07
< Z
~
= 7
- =)
o L =
8 - L -
N &
8
S
0 1 I 1 O 1 I 1 O 1 I 1 O 1 I 1
0 2.5 5.0 0 2.5 5.0 0 2.5 5.0 0 2.5 5.0
B (T) B (T) B (T) B (T)
Fig. 2. The transverse magneto-conductivity, Oy, as a function of B at different d values: (a) d = 0.1 nm, (b) d = 1.0 nm, (¢) d = 10 nm, and

(d) d =20 nm. Here k. = 0.1 nm™—", Nimp = 1.0 X 1015 em—3.

In Fig. 3, we further demonstrate the influence of inter-
valley scattering on the weight of intra-valley scattering. As
shown in Fig. 3(a), the proportion of intra-valley scattering in-
creases with the increase of d value, and when the value of d
is large and the magnetic field is weak, intra-valley scattering
dominates. In Fig. 3(b), it is observed that as the strength of the
magnetic field rises, the value of R, which represents the ratio
between the conductivity of the inter-valley scattering process
and that of intravally scattering, increases rapidly. This sug-
gests that in order to obtain a more accurate representation of

the experiment, the contributions of the inter-valley scattering
process on total conductivity must be considered. The pro-
portion of inter-valley scattering reaches a steady state as the
magnetic field is increased up to a certain threshold (this corre-
sponds to the case where /p is almost equal to d). In summary,
at weak magnetic fields and small values of d, the intra-valley
scattering process dominates. However, under strong magnetic
fields and small d, the contributions of the inter-valley scatter-

ing process become significant (although the total transverse
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https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ad59fc
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ad59fc
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ad59fc
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ad59fc

Chin. Phys. B 33, 097502 (2024)

conductivity is small).

a —B=17T | [ '
100—() = B=3T (%) e = ==
—B=10T T T
//,
L I
- . Il
N .
< ~ 11r: |
E 50 1 h o
o S b:
\ '
. I:
AR N
I N, ' — d=1nm
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Fig. 3. The trends of ratio R with B and d values are studied. Here,
R = Gyrinter/ Oxr.intra- Here ke = 0.1 nm™1, Nimp = 1.0 X 1015 ecm—3.

3.4. Possible application of the measurement of magneto-
conductivity

As we can see from Subsections 3.2 and 3.3, the magneto-
conductivities induced by the charged impurities are deter-
mined by the magnetic field, the location of the Weyl nodes,
and the distributions of the impurities. From an experi-
mental perspective, the location of Weyl nodes in an un-
doped Weyl semimetal crystal sample with a known density of
charged impurities may be determined by measuring magneto-
conductivity. Conversely, the distribution of charged impuri-
ties can be deduced by measuring magneto-conductivity of a
doped Weyl semimetal sample in which the Weyl node loca-
tions have already been determined. These two cases will be
discussed below.

We first consider the case in an undoped Weyl semimetal
crystal. As previously stated, the Fermi level shifts due to the
introduction of charged impurities. To simulate the distribu-
tion of the impurity, we select the length scale d = 1 nm in
Eq. (24) to fix the Fermi level. The density of the impurity is
fixed as nimp = 1 x 10'> cm ™. We adjust the value of k. and
subsequently calculate oy, based on this impurity distribution.
The numerical results are shown in Fig. 4. From Fig. 4(a), it is
evident that oy, displays distinct peaks at different values of k.
and B. As k. increases, or more precisely, as the distance be-
tween two Weyl nodes increases, the value of o, decreases.
Furthermore, as k. increases, the peak position shifts to a
higher value of B, and the change in oy, becomes smoother.
These results can be understood as follows. As the distance
between the nodes increases, the probability of scattering de-
creases, resulting in a decrease in Oy,. A stronger magnetic
field is necessary to increase the probability of scattering and
maintain magneto-conductivity. From another perspective, the
location of Weyl nodes can be obtained by fixing the value of

B. As depicted in Fig. 4(b), if we set B=1 T , we can obtain
the value of k., which is about 0.15497 nm~'. This reminds us
that we can use a smooth curve to fit the relationship between
ke (i.e., the locations of the Weyl nodes) and B. Using nonlin-
ear fitting, we obtain the relations as k. = o/ (B’B)Y, where
o~ 0.15422. B ~ 2.03193,7 =~ 0.49202. By measuring the
magneto-conductivity, this equation may be used to determine
the location of Weyl nodes in a Weyl semimetal sample with a
known density of charged impurities.

T T
(a) kc=0.1 nm™* (b) ke=0.15497 nm?
- — k.=0.15 nm~!

. B e e k.=0.2nm! | ointra
g —- k.=0.25 nm~! oipter
= -+ ke=0.3 nm!
=
~
[}
L ost
& 4
&
<
~
Z
o
fe) L
=

8

8

b

0 1 1 1
0 1 2

B (T) B (T)
Fig. 4. The transverse magneto-conductivity, Oy, as a function of
B at different k. (the positions of the Weyl nodes in the momentum
space). In (a), the black line is a curve synthesized from the reso-
nance peak. In (b), the black solid line is for intra-valley scattering
and the red dashed line is for inter-valley scattering. Here d = 1.0 nm,
Rimp = 1.0 x 1015 ecm 3.

As displayed in Fig. 3, the inter-valley scattering process
has a significant impact on oy, and should be considered. To
verify this, using the same parameter selection as in Fig. 4(b),
Fig. 5 shows only the contributions of the inter-valley scatter-
ing process to 61", Compared with the intra-valley behavior
o"r shown in Fig. 4(b), numerical results show that these
two parts of conductivities have a quite different dependence
on weak B. This can be understood as follows: a weak mag-
netic field corresponds to a relatively larger magnetic length
Ip, which leads to /g being large enough to be compared with
the typical scale of the impurity potential d. In the aforemen-
tioned circumstances, it is more probable that collisions occur
between electrons and charged impurities, resulting in the fact
that electrons have a greater likelihood of participating in the
inter-valley scattering process. When the magnetic field be-
comes strong, the /g decreases rapidly. This causes the elec-
trons to become highly degenerated, ultimately leading to a
decrease in conductivity. By calculating the first derivative of
the expression for oy, with respect to B, we confirmed this
physical scenario. The numerical results indicate a negative
first derivative of oy, within the ranges of B = 0.2-0.8 T and
B =1.0-1.16 T, and a positive first derivative within the ranges
of B=0.9-1.0Tand B=1.2-20T.
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Fig. 5. The inter-valley scattering transverse magneto-conductivity,

6}2‘”, as a function of B. Here, d = 1.0 nm, k. = 0.15497 nm,
Nimp = 1.0 x 1015 cm 3.

Now we will compute the magneto-conductivity of a
doped Weyl semimetal sample with incomplete information
about the impurity distribution. Without loss of generality, we
calculate the conductivity oy, as a function of d and njy,, at a
fixed magnetic field of B=1T and k. = 0.15497 nm~!. Nu-
merical results are shown in Fig. 6. From Fig. 6(a), we observe
that o,, increases with impurity density 7y, and decreases
with d. This is caused by the fact that the transverse conduc-
tivity Oy, which describes the transport of carriers along the
x-direction driven by a field in the same direction, exhibits in-
sulating properties.[*>] The intra-valley process is the primary
contributor to the total conductivity, which is increased rapidly
with the density of the impurity due to the fact that the high
density of impurities increases the probability of hopping be-
tween neighbors of the cylindrical orbits of the electrons. ]
On the other hand, for a fixed density of impurity, as the scat-
tering potential range d increases, the impurity will distribute
in a relatively large regime, thus the probability of hopping
will naturally decrease, resulting in a reduction in Oy,. This
scenario is based on intuition, however, in Fig. 6(a) we also
observe a disproved outcome. As can be observed when d
approaches 10 nm, oy, becomes smaller with 7;y,, = 10 com-
pared to the case with njn, = 1. One possible explanation for
this phenomenon is as follows: when the typical scale of the
impurity potential becomes comparable to the magnetic length
Ip, the high density of the impurities indicates the presence of
strongly localized scatterers, which may result in the distinct
Landau levels beginning to intermingle.*3! Consequently, the
electrons of the first Landau level will hop not only to the ze-
roth order Landau level but also to the other Landau levels.
In this work, the conductivity is calculated just by considering
the scattering process from the first Landau band to the zeroth
Landau band. A more realistic representation may be obtained
by considering additional scattering processes of distinct Lan-
dau levels, which is beyond the scope of this work. In order
to circumvent this potential issue, we have fixed the value of
d =1 nm in other parts of the calculation. After comprehend-
ing the impact of impurity distribution on conductivity, our at-

tention now turns to how to identify the impurity distribution
through magneto-resistivity measurements. Similar as we do
in Fig. 4, we calculate the value of oy, for various iy, while
keeping B=1T, d = 1 nm, and k. = 0.15497 nm~! fixed.
Peaks also appear in 0, and with a heavy doping, the peaks
shift to the right. Similarly, we fit a curve to show the rela-
tionship between the impurity density and the magnetic field:
Rimp = nB*, where &~ 1.00501, A ~ 0.5. We may be able to
use this property in the experiments to predict the doping level
of the sample by measuring the magnetic-conductivity.

16
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Fig. 6. The transverse magneto-conductivity, Oy, as the functions
of d and B at different njy, (represent the doping degree). In (a),
the black solid line is for njmp = 0.1 x 10'5 cm™3, the red dashed
line is for nimp = 1.0 X 105 em™3, and the blue dotted line is for
Mimp = 0.1 x 105 em—3, respectively. Here B =1 T. In (b), the blue
line is for njyp = 0.1 x 105 ecm—3, the cyan solid line is for Nimp =
3.0 x 10'5 cm™3, the red dashed line is for Rimp = 5.0 X 10" ecm ™3,
and the orange dotted line is for njy,p = 10 ¥ 10 em 3, respectively.
The black solid line is a curve synthesized from the formant. Here
d=1.0nm, k; =0.15497 nm~".
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Fig. 7. The transverse magneto-conductivity, 6i"™ (the black line) and
oner (the red line), as function of B. The densities of the impurities
are nimp = 1.0 x 10" cm™3 in (a) and nymp = 2.0 x 10" cm™ in (b),
respectively. Here, d = 1.0 nm, k. = 0.15497 nm~ L.

Finally, we continue to check the contributions to the oy,
from the intra-valley and the inter-valley scattering process.
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We calculate o, as a function of B with fixed value d = 1.0 nm
and k. = 0.15497 nm~!. The density of impurity is Rimp =
1.0 x 10'5 cm™ in Fig. 7(a) and ntimp = 2.0 x 1015 cm™3 in
Fig. 7(b). Similar to Fig. 5, there is a marked difference in
the dependence of the intra-valley conductivity on the mag-
netic field strength compared to the inter-valley conductivity.
From Fig. 7(a), we observe that at weak magnetic fields, the
inter-valley conductivity closely approximates the intra-valley
conductivity (Fig. 7(a) is just a part of Fig. 4(b)). When the
density of the impurity increases to nimp = 2.0 x 10 cm =3,
it is observed that the inter-valley conductivity exceeds the
intra-valley conductivity at B = 0.1 T, as shown in Fig. 7(b).
These results provide additional evidence that electrons are
more likely to engage in inter-valley scattering under weak
magnetic field strengths, highlighting the considerable contri-
butions of inter-valley scattering on magneto-conductivity.

4. Conclusion and outlook

A Weyl semimetal sample found in nature usually con-
tains various impurities, making it crucial to understand the
structure of a specific sample for both theoretical and practical
purposes. Measuring the magneto-conductivity resulting from
impurities may aid in determining the distribution of impuri-
ties and revealing the structure of a Weyl semimetal sample.
Based on this, we investigate the magneto-conductivity prop-
erties of a Weyl semimetal with two Weyl nodes. We employ
a Gaussian random potential to model the impurity distribu-
tion and analyze the effect of charged impurities on both the
longitudinal and transverse magneto-conductivities.

By calculating the longitudinal magneto-conductivity, a
definite positive correlation between magnetic flux density and
the longitudinal magneto-conductivity is obtained. This sug-
gests the presence of NLMR observed in the experiments. Fur-
thermore, the longitudinal magnetic conductivity is affected
by the length scale parameter of the impurity distribution (d).
The study reveals that an increase in d enhances the longi-
tudinal magnetic conductivity, and when d reaches a certain
threshold (say 10 nm in Fig. 1) the longitudinal magnetic con-
ductivity increases rapidly. These results may explain why
negative magneto-resistivity has not been observed in exper-
iments on each Weyl semimetal sample. Due to the varying
distribution of impurities in a Weyl semimetal sample, certain
distributions may result in a low longitudinal magnetic con-
ductivity, which may become masked by other conductivities.

We then calculate the transverse magneto-conductivity by
incorporating the contributions from both the intra-valley and
inter-valley scattering processes. We find that the transverse
magneto-conductivity is inversely proportional to the mag-
netic flux density. The inter-valley process becomes signifi-
cant at a small distribution length scale of d and a strong mag-
netic flux density of B. Another important aspect of trans-

verse magneto-conductivity is the presence of peaks, depicted
in Figs. 4 and 6. Our calculations demonstrate that these peaks
occur in proximity to the location of the Weyl nodes (identi-
fied as k). The results indicate that determining the position
of Weyl nodes is possible by measuring the peak of transverse
conductivity in combination with precise data on magnetic
field and impurity density distribution. Alternatively, if the
Weyl node location is fixed, one can deduce the distribution of
impurities by measuring the peak of transverse conductivity
with precise data on the applied magnetic field. Combined
with the measured longitudinal magnetic conductivity data,
one may gain insight into the structure of a natural sample of
Weyl semimetal objectively and clearly. Furthermore, the dis-
order effect is also significant to the spin-1 Weyl fermions. [4°]
It is also of interest to compare our results, which mainly focus
on the spin-1/2 Weyl fermions, with those of the aforemen-
tioned study.

As we know, multiple pairs of Weyl nodes exist in Weyl
semimetal materials in the real world. In addition, it is pos-
sible to realize a state in which a Weyl semimetal coexists
with a topological nodal line semimetal.’”) Therefore, it is
crucial to investigate the effect of impurities on transport in
Weyl semimetals with multiple Weyl nodes or in a topological
state where multiple topological phases coexist. Furthermore,
the distribution of Weyl nodes and transport properties are also
affected by strain. In future research, we will analyze the ef-
fects of strain on both one pair and multiple Weyl nodes, with
the aim of providing a more accurate and realistic prediction
of the structure of a Weyl semimetal sample.
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