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1. Introduction

Magnetoresistance measures the change of the electric resist
ance of a solid due to magnetic fields. In magnetic materials, 
randomlyoriented ferromagnetic domains suppress the tun
neling of electrons and increase the resistance. A magnetic 
field can align the domains and thus lower the resistance, 
leading to a negative magnetoresistance. In contrast, nega
tive magnetoresistance is rare in nonmagnetic materials 
[1], because the Lorentz force imposed by the magnetic 
field prevents electrons from moving forward. One of the 

mech anisms of negative magnetoresistance is weak localiza
tion [2], which is induced by quantum interference and thus 
only survives at extremely low temperatures. Recently, nega
tive magnetoresistance at higher temperatures in nonmagn
etic topological insulators [3–8] and semimetals [9–21] has 
attracted tremendous interest. In topological semimetals, the 
negative magnetoresistance is widely believed to be inter
pretable as a manifestation of the chiral anomaly, that is, the 
violation of chiral symmetry by quantum effects [22–24]. 
In topological insulators, the negative magnetoresistance is 
found to be related to the anomalous velocity induced by 
a nontrivial distribution of Berry curvature [25]. Because 
of the nontrivial mechanism behind each of the cases, a 

Journal of Physics: Condensed Matter

Theory for the negative longitudinal 
magnetoresistance in the quantum  
limit of Kramers Weyl semimetals

Bo Wan1,2 , Frank Schindler3, Ke Wang2, Kai Wu4, Xiangang Wan1, 
Titus Neupert3  and Hai-Zhou Lu2,5,6

1 School of Physics, Nanjing University, Nanjing 210093, People’s Republic of China
2 Shenzhen Institute for Quantum Science and Technology and Department of Physics, Southern  
University of Science and Technology, Shenzhen 518055, People’s Republic of China
3 Department of Physics, University of Zurich, Winterthurerstrasse 190, 8057 Zurich, Switzerland
4 XTAL Incorporated, San Jose, CA 95112, United States of America
5 Shenzhen Key Laboratory of Quantum Science and Engineering, Shenzhen 518055, People’s Republic 
of China

Email: luhz@sustc.edu.cn

Received 6 September 2018, revised 17 October 2018
Accepted for publication 26 October 2018
Published 23 November 2018

Abstract
Negative magnetoresistance is rare in nonmagnetic materials. Recently, negative 
magnetoresistance has been observed in the quantum limit of βAg2Se, where only one 
band of Landau levels is occupied in a strong magnetic field parallel to the applied current. 
βAg2Se is a material that hosts a Kramers Weyl cone with band degeneracy near the Fermi 
energy. Kramers Weyl cones exist at timereversal invariant momenta in all symmorphic chiral 
crystals, and at a subset of these momenta, including the Γ point, in nonsymmorphic chiral 
crystals. Here, we present a theory for the negative magnetoresistance in the quantum limit of 
Kramers Weyl semimetals. We show that, although there is a band touching similar to those in 
Weyl semimetals, negative magnetoresistance can exist without a chiral anomaly. We find that 
it requires screened Coulomb scattering potentials between electrons and impurities, which is 
naturally the case in βAg2Se.

Keywords: negative magnetoresistance, quantum transport, Kramers Weyl semimetals, 
topological material, quantum limit

(Some figures may appear in colour only in the online journal)

B Wan et al

Theory for the negative longitudinal magnetoresistance in the quantum limit of Kramers Weyl semimetals

Printed in the UK

505501

JCOMEL

© 2018 IOP Publishing Ltd

30

J. Phys.: Condens. Matter

CM

10.1088/1361-648X/aaebed

Paper

50

Journal of Physics: Condensed Matter

IOP

2018

1361-648X

6 Author to whom any correspondence should be addressed.

1361-648X/18/505501+8$33.00

https://doi.org/10.1088/1361-648X/aaebedJ. Phys.: Condens. Matter 30 (2018) 505501 (8pp)

https://orcid.org/0000-0002-3331-5610
https://orcid.org/0000-0003-0604-041X
https://orcid.org/0000-0002-6708-0223
mailto:luhz@sustc.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1088/1361-648X/aaebed&domain=pdf&date_stamp=2018-11-23
publisher-id
doi
https://doi.org/10.1088/1361-648X/aaebed


B Wan et al

2

negative magnetoresistance observed in novel systems war
rants a detailed study.

In a recent experiment on a singlecrystalline silver chal
cogenide material βAg2Se [26], a negative magnetoresist
ance has been observed when the magnetic field is parallel to 
the current. βAg2Se is among the material candidates for a 
class of systems called Kramers Weyl semimetals, in which 
Weyl nodes are pinned to timereversal invariant momenta 
(TRIMs) in the Brillouin zone because of timereversal sym
metry [27, 28]. The Kramers Weyl nodes generically appear 
in all chiral crystals, i.e. is crystals that lack any rotoinver
sion symmetries and thus have a sense of handedness [28]. 
Specifically, in symmorphic chiral crystals, every Kramers 
pair of bands at every TRIM is guaranteed to host a Weyl 
cone; while in nonsymmorphic chiral crystals, it is true for 
a subset of TRIMs only, which however always includes the 
Γ (k  =  0) point. βAg2Se provides an instance of the latter 
case. In βAg2Se, a negative magnetoresistance of about 
−20% was observed at a magnetic field of about 9 T. At such 
a strong magnetic field, the system has entered the quantum 
limit, i.e. only the lowest Landau band crosses the Fermi 
energy. In the quantum limit, the magnetoresistance depends 
subtly on scattering mechanisms [29–31]. Besides, since the 
Kramers Weyl nodes are protected from symmetries in chiral 
space groups, it provides a new platform for investigating the 
scattering mechanisms.

In this work, we present a theory for the longitudinal mag
netoresistance in the quantum limit of a Kramers Weyl semi
metal in strong parallel magnetic fields. We start with a generic 
model with one Kramers Weyl cone and use the standard Kubo 
formalism to calculate the conductivity, considering impurity 
scattering with screened Coulomb potentials and Gaussian 
potentials. We show that in the quantum limit the resistance 
has a 1/B dependence in the presence of impurities with 
screened Coulomb potential [32], and thus indeed gives rise to 
a negative magnetoresistance. In many Weyl semimetals that 
emerge from band inversion, Weyl nodes of opposite chirality 
are degenerate in energy, e.g. due to some mirror symmetry. 
This is generically not the case for the Kramers Weyl nodes in 
chiral crystals, so the intervalley charge pumping and relaxa
tion is absent in our calcul ations, suggesting that the negative 
magnetoresistance in the Weyl semimetal can exist without any 
apparent link to the chiral anomaly. Although magnetoresist
ance in the quantum limit has been systematically studied for 
a number of models and potentials [29–31], the case we study 
here has not been addressed before.

To justify our results, we will present the stepbystep 
details of the calculation. The paper is organized as fol
lows. In section 2, we introduce a generic model for Kramers 
Weyl semimetals. In sections 3 and 4, we present the calcul
ations for the transport time in the presence of the screened 
Coulomb scattering potential and longitudinal conductivity in 
the quantum limit, respectively. To justify the isotropic model 
and screened Coulomb scattering potential we used, we dis
cuss the effect of anisotropy and Gaussian scattering potential 
in sections 5 and 6, respectively. Finally, we summarize and 
discuss the results in section 7.

2. Model and Landau bands

A Kramers Weyl cone can be described by the effective k · p 
model proposed in [26],

H = u(k2
x + k2

y + k2
z ) + v(kxσx + kyσy + kzσz), (1)

where we have suppressed the anisotropy of the model param
eters u and v present in the original model. We will find that 
this isotropic model can capture the main physics of negative 
magnetoresistance. In contrast to the bandinversion Weyl 
cone, the parabolic term overwhelms the linear term and the 
energy difference between paired Weyl nodes can be much 
larger than the temperature scale in Kramers Weyl semimetals. 
It is reasonable to consider only one Weyl cone as the longi
tudinal conductivity is dominated by electrons near the Fermi 
surface.

The energy spectrum of this model has two bands

E±(k) = u(k2
x + k2

y + k2
z )± v

√
k2

x + k2
y + k2

z , (2)

which are schematically shown in figure  1(b) in the plane 
kx = ky = 0. At k = 0, a Kramers Weyl node forms as band 
E+ touches band E−. A similar Weyl cone is also present in 
BiTeI [33]. Weyl nodes always come in pairs because of 
the fermiondoubling theorem [34]. For Weyl semimetals in 
which these pairs are (nearly) degenerate in energy, charges 
can be pumped from one Weyl cone to another Weyl cone of 
the opposite chirality in an external electric field, and both 
inter and intracone scattering has to be considered. However, 
as this kind of energetic degeneracy of Weyl cones is not found 
in Kramers Weyl semimetals, we can assume that the intra
node scattering dominates. Later, we will show that a nega
tive magnetoresistance can arise in this onenode Kramers 
Weyl semimetal in the presence of impurities with a screened 
Coulomb scattering potential.

In a magnetic field, the energy spectrum is quantized 
into a set of onedimensional (1D) bands of Landau levels. 
Because the present model is isotropic, we can assume 
that the magnetic field is applied along the z direction, 
that is, B = (0, 0, B). Along the direction of the magnetic 
field the wave vector kz is a good quantum number, so the 
1D Landau bands disperse with kz. We adopt the Landau 
gauge in which the vector potential is A = (−yB, 0, 0). 
Under the Peierls replacement, the wave vector becomes 
k → (kx − eyB/�,−i∂y, kz), and the Hamiltonian in the 
applied magnetic field becomes

H = u
3∑

i=1

(ki + eAi)
2 + v

3∑
i=1

(ki + eAi)σi. (3)

The chosen vector potential breaks the translational symmetry 
along the ydirection but not along the x or zdirection, kx 
and kz are still good quantum numbers. Introducing the ladder 
operators [35, 36]

a ≡ −[(y − �2
Bkx)/�B + �B∂y]/

√
2, (4)

a† ≡ −[(y − �2
Bkx)/�B − �B∂y]/

√
2, (5)
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we can replace the wave vectors k2
x + k2

y → ω(a†a + 1/2), 
k+ → (

√
2/�B)a†, k− → (

√
2/�B)a, where �B =

√
�/eB  is 

the magnetic length, ω = 2u/�2
B , and we have defined 

k± = kx ± iky. Then the Hamiltonian in equation (3) becomes

H =

[
M+

a ηa
ηa† M−

a

]
, (6)

where M±
a = ω(a†a + 1/2) + uk2

z ± vkz and η =
√

2v/�B. 
With the trial wave functions (c1|ν − 1〉, c2|ν〉)T for ν � 1, 
and (0, |0〉)T for ν = 0, where ν indexes the Hermite polyno
mial wave functions given below, the eigenenergies E can be 
obtained from the secular equation

det
[
M+

ν − E η
√
ν

η
√
ν M−

ν − E

]
= 0, (7)

for ν � 1; and M−
ν − E = 0 for ν = 0, where 

M±
ν = ων ∓ ω/2 + uk2

z ± vkz. The eigenenergies are found 
as

E±
ν (kz) =

{
M±

√
(kzv − ω/2)2 + η2ν, for ν � 1,

u(kz − v/2u)2 + u/�2
B − v2/4u, for ν = 0,

 (8)
where M = ων + k2

z u. This gives the spectrum of a set of 
Landau energy bands (ν as band index), which is shown in 
figure 1(c). The eigenstates found for ν � 1 are

|ν, kx, kz,+〉 =
[
cos(θνkz

/2)|ν − 1〉
sin(θνkz

/2)|ν〉

]
|kx, kz〉,

|ν, kx, kz,−〉 =
[
sin(θνkz

/2)|ν − 1〉
− cos(θνkz

/2)|ν〉

]
|kx, kz〉,

 (9)
and the eigenstate for ν = 0 is

|ν = 0, kx, kz〉 =
[

0
|0〉

]
|kx, kz〉, (10)

where cos(θνkz
/2) = (kzv − ω/2)/

√
(kzv − ω/2)2 + η2ν . 

The wave functions in realspace ψν,kx,kz(r) ≡ 〈r|ν, kx, kz〉 are 
found to be

ψν
kx,kz

(r) =
Cν√

LxLz�B
eikxxeikzze−ξ2/2Hν(ξ), (11)

for ν � 1 and

ψ0
kx,kz

(r) =
1√

LxLz�B
√
π

eikxxeikzze−ξ2/2, (12)

for ν = 0. Here, Cν = 1/
√
ν!2ν

√
π  , Lx and Lz are the 

lengths of the sample in the x and z directions, respectively, 
ξ = (y − y0)/�B, y0 = kx�

2
B  is the guiding center and Hν(ξ) 

are the Hermite polynomials. kx does not appear in the energy 
spectrum explicitly, because different kx give rise to the Landau 
degeneracy NL = 1/2π�2

B per unit area in the x−y plane.
In what follows, we only concentrate on the quantum limit, 

which means only the lowest (ν = 0) Landau band crosses the 
Fermi energy (see figure 1(b)). The analytical solution of the 
Landau bands allows us to determine the analytical solution to 
the longitudinal magnetoresistance in the quantum limit of the 
Kramers Weyl cone.

3. Screened Coulomb scattering potential and 
transport time

To calculate the longitudinal conductivity, we need to know the 
transport time of carriers [30, 31], which sensitively depends 
on the impurity scattering potential. Following Abrikosov’s 
treatment when exploring the linear magnetoresistance in the 
quantum limit of Ag2Se under perpendicular magnetic fields 
[37], we adopt a screened Coulomb scattering potential for 
the impurities,

U(r) =
∑

i

U(r − Ri), (13)

with

U(r − Ri) =
e2

4πε|r − Ri|
e−κ|r−Ri|, (14)

where ε is the dielectric constant, e is the electron charge, and 
1/κ is the screening length. The screened Coulomb potential 
is justified because excess silver atoms form clusters doping 
the rest of the material [37]. This potential is different from 
the ionic potential under the Thomas–Fermi approximation 
[30]. Following the standard random phase approximation 
[37, 38],

Figure 1. Schematics of Kramers (a)–(c) and bandinversion 
induced (d)–(f) Weyl semimetals. (a) The Weyl nodes in a Kramers 
Weyl semimetal are located at the timereversal invariant momenta 
in the Brillouin zone. (b) The energy dispersion in the vicinity 
of the Kramers Weyl nodes. (c) The Landau bands for the Weyl 
cone of a Kramers node (red in (b)) in a strong magnetic field. 
The dashed line indicates the position of the Fermi energy EF. (d) 
The Weyl nodes in a bandinversion Weyl semimetal are located 
somewhere between the timereversal invariant momenta. (e) The 
energy dispersion near the bandinversion Weyl nodes. (f) The 
Landau levels for (e) in a strong magnetic field.
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κ2 = −e2

ε

1
2π�2

B

1
β

×
∑

m

∫ +∞

−∞

dkz

2π
1

(iwm + EF − E0
kz
)2

,
 

(15)

where β = 1/kBT , wm = (2m + 1)π/β  are the Matsubara fre
quencies of fermions, EF is the Fermi energy, and the energy 

spectrum E0
kz

 of the ν = 0 Landau band has been given in 
equation (8). After summing over the Matsubara frequencies, 
we have

1
β

∑
m

1
(iwm + EF − E0

kz
)2

=
∂nF(EF − E0

kz
)

∂(EF − E0
kz
)

. (16)

Substituting this into equation (15), we have

κ2 =
e2

2π2�2
Bε�v0

F
, (17)

where v0
F is the Fermi velocity of the ν = 0 Landau band. To 

calculate the transport time, we need to calculate the scat
tering matrix elements,

Uν,ν′ ≡ 〈ν, kx, kz|U(r)|ν′, k′x, k′z〉, (18)

where U(r) is defined in equation (13), and ν, ν′ are indices 
for the Landau bands. In the quantum limit, due to the strong 
magnetic field, the energy spectrum has split into 1D Landau 
bands, and the spacing between the Landau bands is large. 
Moreover, because the Fermi energy crosses only the ν = 0 
Landau band, the occupation of electrons for Eν,s (ν � 1) 
bands vanishes and the ν = 0 Landau band is partially filled 
as shown in figure 1(c). Therefore, we only need to take into 
account the impurity scatterings between ν = 0 Landau states. 
Using equation (13)

U0,0 ≡ 〈0, kx, kz|U(r)|0, k′x, k′z〉

=
∑

i

I0;0
kx,kz;k′x ,k′z

(Ri),

 (19)
where the integral

I0;0
kx,kz;k′x ,k′z

(Ri) =

∫
d3r
LxLz

ψ0∗
kx,kz

(y)ψ0
k′x ,k′z

(y)

× U(r − Ri)ei(k′x−kx)x+i(k′z−kz)z

describes the probability amplitude of charge carriers scat
tered from state |0, kx, kz〉 to |0, k′x, k′z〉 by an impurity located 
at position Ri in real space. We may then write the impurity 
scattering potential as

U(r − Ri) =
1

(2π)3

∫
d3qU(q)eiq·(r−Ri) (20)

where the Fourier transform is given by

U(q) =
e2

ε(q2 + κ2)
. (21)

Substituting this into equation (20) and integrating along the x 
and z directions gives

I0,0(Ri) =

∫
d3q

2πLxLz
e−iq·Ri U(q)δqx,k′x−kxδqz,k′z−kz

×
∫

dyψ0∗
kx
(y)ψ0

k′x
(y)eiqyy,

 

(22)

where δ is the Kronecker symbol. In terms of I0,0(Ri), the 
absolute value squared of the scattering matrix element 
between the states of the ν = 0 Landau band can be written as

|U0,0|2 =
∑

i

∑
j

I0,0(Ri)I∗
0,0(Rj). (23)

After averaging over impurity configurations we obtain

〈|U0,0|2〉imp = nimp

∫
d3q

2πLxLz
U2(q)

× e−
�2

B
2 (q2

x+q2
y)δqx,k′x−kxδqz,k′z−kz ,

 
(24)

where we have used the random impurity approximation

〈
∑

i,j

eiq·Ri eiq′·Rj〉imp ≈ nimp(2π)3δq,−q′ , (25)

where nimp is the density of impurities over the full sample. 
Using the energy dispersion of the Landau bands in equa
tion (8), the velocity �vz ≡ ∂Eν/∂kz is found as

�vz =

{
2ukz ± v/ |2vkz − ω| , for ν � 1,
2u (kz − v/2u) , for ν = 0. (26)

Measured from the band bottom at kz = v/2u, the carrier den
sity n of the ν = 0 Landau band is given by

n =
1

2π�2
B

2|k0
F − v/2u|

2π
. (27)

Combining the above two relations, we have

�v0
F = 4uπ2�2

Bn, (28)

so �v0
F is proportional to 1/B for a fixed n.

The transport time τ 0,tr
kx,kz

 of electrons in the ν = 0 Landau 
band is defined as

�
τ 0,tr

kx,kz

≡ 2π
∑
k′x ,k′z

〈|U0,0|2〉impδ
(

EF − Ek′z
0

)(
1 −

vz
k′z

vz
kz

)
.

 (29)
As shown in figure  1(b), the parabolic ν = 0 Landau band 
crosses the Fermi energy at two points of wave vector, denoted 
as kz = ±k0

F, from which we can simplify equation (29) as

�
τ 0,tr

kx,kz=±k0
F

= 4πΛ
∑
k′x ,k′z

〈|U0,0|2〉imp
δk0

F,k′z

�v0
F

, (30)

where Λ is an extra correction factor introduced to avoid the 
van Hove singularity at the band edge of the 1D Landau band 
[29]. Equation  (30) suggests that only the backscattering 
survives, i.e. qz = 2k0

F. Substituting equation (23) into equa
tion (30), and considering �2

Bκ
2 � 1 in strong magnetic fields, 

we have

J. Phys.: Condens. Matter 30 (2018) 505501
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�
τ 0,tr

kx,kz=±k0
F

= nimp
Λ

�v0
F

e4

ε2

1
2πκ2 . (31)

By using equation (17), we arrive at the transport time of the 
ν = 0 band in strong magnetic fields

�
τ 0,tr

kx,kz=±k0
F

=
πnimpe2�2

BΛ

ε
. (32)

4. Longitudinal magnetoconductivity

With the transport time, we are ready to calculate the longi
tudinal conductivity of the ν = 0 band. Along the zdirection, 
the semiclassical Drude conductivity can be calculated as

σzz,0 =
e2�
2πV

∑
kx,kz

(vz
0)

2GR
0 GA

0 , (33)

where e is the electron charge, V = LxLyLz is the sample 

volume, vz
0 = ∂E0

kz
/�∂kz is the velocity along the zdirection 

for a state with wave vector kz in the ν = 0 Landau band,

GR/A =
1

EF − E0
kz
± i�/2τ 0

kx,kz

 (34)

are the retarded/advanced Green’s functions with τ 0
kz,kx

 the life
time of a state with wave vector kx and kz in the ν = 0 Landau 
band. In the diffusive regime, GR

0 GA
0  can be replaced by

GR
0 GA

0 =
2π
�
τ 0

kx,kz
δ
(
EF − E0

kz

)
. (35)

Changing the summations into integrals through

∑
kz

−→ Lz

∫
dkz

2π
,
∑

kx

−→ Lx

∫ Ly/2�2
B

−Ly/2�2
B

dkx

2π
, (36)

where the kz integral covers the entire Brillouin zone and the 
kx integral is confined by the degeneracy of the Landau levels, 
the conductivity can be expressed as

σzz,0 =
e2�

2πLy

∫
dkx

2π

∫
dkz

2π
(vz

0)
2GR

0 GA
0 . (37)

By using equation (35), we have

σzz,0 =
e2v0

FΛ

π�Ly

∫ Ly/2�2
B

−Ly/2�2
B

dkx

2π
τ 0,tr

kx,kz=k0
F
, (38)

where the Landau degeneracy has already been taken into 
account. Now using the transport time in equation  (32), we 
finally arrive at

σzz,0 =
e2

h
ε�v0

F

π2nimpe2�4
B

. (39)

Considering the 1/�4
B ∝ B2 in equation (39) and the velocity 

along zdirection obtained in equation (28), σzz,0 shows a posi
tive linear dependence on magnetic field, i.e.

σzz,0 ∝ B. (40)

In a parallel magnetic field, there is no Hall effect, thus the 
resistivity ρzz,0 is the inverse of the conductivity. Hence,

ρzz,0 ∝ 1
B

, (41)

which means that the resistivity drops with increasing magn
etic field. In other words, we find a negative longitudinal mag
netoresistance in the quantum limit of the Kramers Weyl cone 
in the presence of a screened Coulomb impurity scattering 
potential.

5. Gaussian scattering potential

Another common choice of the scattering potential is the 
Gaussian one. We can show that there is no negative mag
netoresistance in the presence of the Gaussian scattering 
potential in the quantum limit of the Kramers Weyl cone. The 
Hamiltonian of the Gaussian scattering reads [30, 31]

U(r) =
∑

i

ui

(d
√

2π)3
e−|r−Ri|2/2d2

, (42)

or in terms of its Fourier transform

U(r) =
∑

i

1
(2π)3

∫
d3qU(q)eiq·(r−Ri)

 (43)
where

U(q) = uie−q2d2/2, (44)
and ui measures the scattering strength at Ri. A major differ
ence here is that the range of the potential d is not a function of 
the magnetic field. As d shrinks to zero, the potential reduces 
to a delta potential.

Following the same procedure that was used to obtain 
equation (32), the transport time for the Gaussian scattering 
potential is found to be

�
τ 0,0,G

kx,kz=k0
F

=
ΛVimp

�v0
F

e−2(2d2+�2
B)(k0

F)
2

π(2d2 + �2
B)

. (45)

Inserting equations  (45) into (38), one obtains the 
conductivity

σG
zz,0 =

e2

h
(�v0

F)
2(2d2 + �2

B)

Vimp�2
B

e2(2d2+�2
B)(k0

F)
2
. (46)

According to equations (26) and (28), k0
F ∝ v0

F ∝ 1/B, so σG
zz,0 

will decrease with increasing B, which cannot give a negative 
magnetoresistance. We conclude that the screened Coulomb 
scattering potential is an essential ingredient for a negative 
magnetoresistance.

6. Anisotropic Kramers Weyl cone

The original model for the Kramers Weyl cone in βAg2Se is 
anisotropic. Now we show that the anisotropy does not quali
tatively change the negative magnetoresistance. The original 
model reads [26]
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H =
∑

i=x,y,z

(uik2
i + vikiσi), (47)

where the model parameters ux  =  −14.8 eV Å
−2

, uy  =   

−2.97 eV Å
−2

, uz  =  −1.55 eV Å
−2

, vx = 0.079 eV Å
−1

, 
vy = 0.066 eV ̊A

−1
, vz = 0.020 eV ̊A

−1
. Because of the aniso

tropy, there is no analytical solution for the Landau bands. We 
numerically solve the energy spectrum of the Landau bands. 
Figure 2 shows that the structure of the Landau spectrum does 
not change qualitatively in the presence of the anisotropy, 
so one can also expect that a negative magnetoresistance is 
obtained in the anisotropic case. This justifies our calculation 
using the isotropic model.

7. Conclusion and discussion

In conclusion, we presented a theory for the negative mag
netoresistance observed in the quantum limit of βAg2Se, a 
paradigmatic Kramers Weyl semimetal, in parallel magnetic 
fields [26]. It requires several ingredients: (1) a Kramers Weyl 
cone; (2) impurities with a screened Coulomb potential; (3) a 
fixed carrier density; and (4) the quantum limit under parallel 
magnetic fields. These conditions naturally exist in βAg2Se.

The negative magnetoresistance has been previously 
studied in the quantum limit of the bandinversion Weyl 

semimetals in parallel magnetic fields [29–31]. In the pres
ence of the chargeneutral Gaussian potential, the conduc
tivity is linearly proportional to the magnetic field [30, 31]. In 
the ionic potential under the Thomas–Fermi approximation, 
the conductivity is proportional to B2 in all cases [30]. The 
novel mechanism for the negative magnetoresistance that we 
present in this work has not been covered in these previous 
studies. In particular, here the negative magnetoresistance 
is not related to the chiral anomaly, which has been used to 
explain the effect in bandinversion induced Weyl semimetals.

In bandinversion Weyl semimetals, two Weyl cones of 
opposite chirality have to appear in pairs. In a strong magnetic 
field, the ν = 0 Landau bands from the two cones have oppo
site velocities inherited from the chirality of the Weyl cones. 
In contrast, in Kramers Weyl semimetals, the energy differ
ence between Kramers Weyl nodes of opposite chirality can 
be very large, because, e.g. one is located at the Γ point and 
the other at the Brillouin zone corner. As the Fermi energy 
crosses the vicinity of one of the Weyl nodes, the contributions 
to transport coming from the other Weyl node can be safely 
ignored. For instance, the ν = 0 band of only one Weyl node 
in figure 1(b) has no sense of the inherited chirality, although 
it looks similar to the quantum limit of the bandinversion 
Weyl semimetal. Therefore, a negative magnetoresist ance 
of the single Kramers Weyl cone has nothing to do with the 
chiral anomaly.

Figure 2. The comparison of the Landau bands for an anisotropic Kramers Weyl cone and an isotropic Weyl cone at different magnetic 
fields. The red curves are the ν = 0 Landau bands. The blue curves are Landau bands with ν � 1. The parameters for the anisotropic case 
are ux  =  −14.8 eV Å

−2
, uy  =  −2.97 eV Å

−2
, uz  =  −1.55 eV Å

−2
, vx = 0.079 eV Å

−1
, vy = 0.066 eV Å

−1
, vz = 0.020 eV Å

−1
.  

The parameters for the isotropic case are ux = uy = uz = −6.44 eV Å
−2

, vx = vy = vz = 0.055 eV Å
−1

.
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According to the above result for the hole carriers, the key 
ingredients of the negative magnetoresistance are the para
bolic dispersion of the zeroth Landau band and the screened 
Coulomb scattering potential. According to the DFT band 
structure in [26], there is another electron pocket on the Fermi 
surface and its dispersion looks quite conventional. The con
ventional electron pocket is expected to have the parabolic 
dispersion for the 0th Landau band. Therefore, along with 
the same screened Coulomb scattering potential, the electron 
pocket is also expected to give the negative magnetoresistance.
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