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Impurity and dispersion effects on the linear magnetoresistance in the quantum limit
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Magnetoresistance, that is, the change of the resistance with the magnetic field, is usually a quadratic
function of the field strength. A linear magnetoresistance usually reveals extraordinary properties of a system.
In the quantum limit where only the lowest Landau band is occupied, a quantum linear magnetoresistance
was believed to be the signature of the Weyl fermions with 3D linear dispersion. Here, we comparatively
investigate the quantum-limit magnetoresistance of systems with different band dispersions as well as different
types of impurities. We find that the magnetoresistance can also be linear for the quadratic energy dispersion.
We show that both longitudinal and transverse magnetoresistance can be linear if long-range-Gaussian-type
impurities dominate, but Coulomb-type impurities can only induce linear transverse magnetoresistance. Our
findings well explain some of the linear magnetoresistance observed in the experiments and provide insights to

the understanding of quantum-limit magnetoresistance.
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I. INTRODUCTION

Magnetoresistance effects can often reveal nontrivial char-
acteristics of emergent materials. Among them, the linear
magnetoresistance is of particular interest. Specifically, while
the magnetoresistance of ordinary materials generally in-
creases quadratically with the magnetic field, it increases
linearly for some topological materials [1]. The linear mag-
netoresistance has been attracting considerable attention since
it was found in silver chalcogenides [2] and later in various
systems, including Dirac/Weyl semimetals [3—11], nodal-line
semimetals [12,13], graphene [14], superconductors [15-19],
density-wave materials [20], and magnetic topological mate-
rials [21,22].

Many explanations have been proposed for the origin of the
linear magnetoresistance (see Table I). Abrikosov’s quantum
magnetoresistance theory [1] is believed to be a signature for
the 3D massless Weyl fermions [3,5-10]; the classical theory
of Parish and Littlewood [27] is often used to explain the
linear magnetoresistance in highly inhomogeneous systems
[4,11,14,38,39]; the classical theory of Alekseev et al. [34]
can explain the linear magnetoresistance in compensated
systems [40,41]; the semiclassical theories by Song et al. [36]
and Xiao et al. [37] explain the linear magnetoresistance under
semiclassical strong and weak magnetic fields, respectively.
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However, the previous theories focus on the transverse
linear magnetoresistance, leaving the field dependence of the
corresponding longitudinal magnetoresistance undiscussed.
The observations of the longitudinal linear magnetoresistance
[11,12,41,42] remain unexplained. In addition, the impurity
effects on the magnetoresistance of different electronic
structures remains unexplored in a comprehensive way. A
comparative study on the linear magnetoresistance along both
the longitudinal and transverse magnetic-field directions for
different types of impurity and electronic structure is highly
needed.

In this paper, we systematically investigate the longitudinal
and transverse magnetoresistance of typical three-dimensional
(3D) energy dispersions (including massless Dirac fermions,
Dirac/Weyl semimetals, and conventional electron gas) in the
strong magnetic field quantum limit. We consider weak but
different kinds of impurity potentials. Some distinct field de-
pendencies of magnetoresistance are found. For Dirac/Weyl
semimetals and electron gas, both longitudinal and transverse
magnetoresistance can be linear in magnetic field if long-
range-Gaussian-type impurities dominate; but Coulomb-type
impurities can only lead to linear transverse magnetore-
sistance. These field dependencies of magnetoresistance
well explain some experimental observations [11,12,41,42].
Furthermore, we present a clear and standard procedure
to find the quantum-limit magnetoresistance, and we give
many general formulas that can be easily applied to other
systems.

©2023 American Physical Society
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TABLE I. Comparison of the theories on the linear magnetoresistance in the literature and this paper.

Ref. Field direction Origin of the linear magnetoresistivity Field strength Mechanism
[1,23-26] Transverse Linear dispersion with Coulomb-type impurities Quantum limit Quantum
[27-33] Transverse Carrier density fluctuations in inhomogeneous systems Strong Classical
[34,35] Transverse Near charge neutrality of finite-size samples Strong Classical
[36] Transverse Guiding center diffusion in a smooth random potential Strong Semiclassical
[37] Transverse Intra-scattering semiclassics of Bloch electrons Weak Semiclassical
Transverse Quadratic dispersion with long-Gaussian-type impurities
Longitudinal Quadratic dispersion with long-Gaussian-type impurities
This paper Transverse Quadratic dispersion with Coulomb-type impurities Quantum limit Quantum
Transverse Linear dispersion with long-Gaussian-type impurities

The paper is organized as follows. In Sec. II, we summarize
the field dependencies of the quantum-limit magnetoresis-
tance for different systems with different impurity types. In
Sec. III, we present models for massless Dirac fermions,
Dirac/Weyl semimetals, and electron gas, along with their
Landau bands and eigenvectors. The impurity models are also
introduced. Then, we derive the corresponding magnetocon-
ductivities and analyze them in detail. In Sec. IV, we conclude
with a discussion of the results we find and some possible
future research directions. Calculation details are provided in
Appendices A-G.

II. SUMMARY OF THE RESULTS ON THE
QUANTUM-LIMIT MAGNETORESISTANCE

Magnetoresistance can be significantly different for sys-
tems with different energy band dispersions. Here, three
representative 3D systems are investigated, massless Dirac
fermions with linear dispersion, two-node Dirac/Weyl
semimetals where the two nodes merge together at higher
energies, and electron gas with quadratic dispersion. Un-
der magnetic fields, 3D energy dispersion develops into
one-dimensional Landau bands, which disperse along the
magnetic field direction. When the magnetic field is strong
enough, only the lowest Landau band is occupied, i.e., the
system enters the quantum-limit regime. For massless Dirac
fermions, the lowest Landau band is linear, while both
two-node Dirac/Weyl semimetals and electron gas have the
quadratically-dispersed lowest Landau band.

The longitudinal magnetoresistivity is inversely propor-
tional to the longitudinal magnetoconductivity, i.e., p,; =
1/o,, (the magnetic field is along z direction). The trans-
verse magnetoresistivity is related to magnetoconductivities
through pyx = 0y/(07, + 02,). While the leading order of
Hall conductivity is intrinsic, the longitudinal and trans-
verse magnetoconductivities are strongly dependent on the
transport/scattering time. Therefore, impurity effect plays
a pivotal role in determining the field dependence of the
magnetoresistance. Three types of impurity potentials are
studied here: delta potential, Gaussian potential, and screened
Coulomb potential. These potentials can model point defects
in crystals, such as vacancies and interstitials [43,44]. Specif-
ically, the screened Coulomb potential can model the charged
defects.

With the magnetoconductivities derived from the Kubo
formula, we present in Table II the magnetic field dependence
of the quantum-limit longitudinal magnetoresistance for dif-
ferent systems when different types of impurity scattering
dominate. The corresponding analytical expressions and de-
tailed analysis are shown in Sec. III.

For massless Dirac fermions, the longitudinal magnetore-
sistivity always decreases with increasing magnetic field,
regardless of the impurity type. The reason is that the back-
ward scattering (scattering between kg and —kp) is prohibited
in the linearly-dispersed lowest Landau band, as shown in
the inset of Fig. 1(a). Therefore, the magnetoresistivity is
only affected by the field-independent band broadening effect.
This is guaranteed by the vertex correction in the calculation.
If there is a finite mass term, the lowest Landau bands of
opposite chirality will couple together [25,45], and the back-
ward scattering is allowed. The impurity configuration will
then play a role in the field dependence of the longitudinal
magnetoresistance.

For two-node Dirac/Weyl semimetals and electron gas,
their longitudinal magnetoresistance have the same the field
dependence in the quantum limit, due to the similar quadratic
dispersion of their lowest Landau bands. As shown in
Fig. 1(b), the magnetoresistivity is quadratic in B for delta-
type impurities (when the decay length of Gaussian potential
is set to zero, i.e., d = 0), and it evolves from the quadratic
form to a linear form when the decay length of Gaus-
sian potential is increased. When the screened-Coulomb-type

TABLE II. Magnetic field dependence of the longitudinal mag-
netoresistance in the quantum limit. Three different types of impurity
potentials are listed here: delta potential, long-range Gaussian po-
tential, and screened Coulomb potential. B is the magnetic field
strength. For two-node Dirac/Weyl semimetals or electron gas with
screened-Coulomb-type impurities, the longitudinal magnetoresis-
tance is proportional to B, where a can be positive or negative,
depending on the screening length.

Delt Long Screened
clta Gaussian Coulomb
Massless Dirac fermions B! B! B!
Two-node Dirac/Weyl B B B

semimetals and electron gas
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FIG. 1. Magnetic field dependence of the quantum-limit longitu-
dinal magnetoresistivity of (a) massless Dirac fermions, (b) two-node
Dirac/Weyl semimetals when the Gaussian-type impurities domi-
nate, and (c) two-node Dirac/Weyl semimetals when the screened-
Coulomb-type impurities dominate. (a) The magnetoresistivity is
independent on the impurity type; the mean free path is taken as
10 nm. The inset shows that the scattering between the lowest Landau
bands with different chirality is not allowed. (b) The decay length d
of the Gaussian potential is taken as 0,1,2,3,4, and 5 nm. The carrier
concentration ny is taken as 10~ nm~?; the impurity parameter n;u?
is taken as 1 eV>nm?®, and the model parameter M =5 eV nm?.
(c) Sketch for the field dependence of magnetoresistivity under dif-
ferent limits. ny is the carrier concentration, and « is the reciprocal
Debye screening radius.
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FIG. 2. Transverse magnetoresistivity of two-node Dirac/Weyl
semimetals in the quantum limit with (a) Gaussian-type impurities
dominance and (b) screened-Coulomb-type impurities dominance.
The carrier concentration nq is taken as 10~ nm™> (red line) and
10~* nm~3 (blue line). For Gaussian potential, the decay length d
is taken as 5 nm (red line) and 1 nm (purple line), and the impu-
rity parameter n;u3 is taken as 1 eV?>nm?. For screened Coulomb
potential, the relative permittivity ¢, is taken as 10, and impurity
concentration ; is taken as 0.1ny. Model parameters M = 5 eV nm?,
A=0.5eVnm,and k, = 0.1 nm~".

impurities dominate, the magnetoresistivity is generally non-
monotonic. However, in the long screening length limit,
i.e., small reciprocal Debye screening radius «, the mag-
netoresistivity increases with increasing magnetic field; in
the short screening length limit, i.e., large «, negative mag-
netoresistance exists, but becomes weakly B dependent at
extreme low carrier concentration. The magnetic field depen-
dence of the longitudinal magnetoresistance in the presence
of the screened-Coulomb-type impurities is illustrated in
Fig. 1(c).

For all three systems studied, both long-Gaussian-type
and screened-Coulomb-type impurities can bring linear trans-
verse magnetoresistance at low carrier concentration. Fig-
ure 2 shows the transverse magnetoresistivity of two-node
Dirac/Weyl semimetals. When increasing the carrier con-
centration, the magnetoresistivity deviates from the linear B
dependence for both Gaussian and screened Coulomb poten-
tials. Delta-type impurities, on the contrary, result in a linear
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transverse magnetoconductivity at low carrier concentration,
and the corresponding transverse magnetoresistance decreases
with increasing magnetic field.

III. CALCULATION OF THE MAGNETOCONDUCTIVITY
IN THE QUANTUM LIMIT

A. Models and Landau bands

With a zero-mass term, the Dirac Hamiltonian is decoupled
into two parts with opposite chirality [25,45,46]. Each part
describes a massless Weyl cone

HY = hvek - o, (D

where 7 is the reduced Planck constant, vr is the Fermi ve-
locity, k = (k,, ky, k;) is the wave vector, and o = (o, 0y, 0;)
is the vector form of the Pauli matrix. This low-energy effec-
tive Hamiltonian is favored among many studies because its
simplicity allows a lot analytical deductions. Furthermore, it
directly models materials with a single node around the Fermi
energy, such as Ag,Se [1,2] and ZrTes [47,48]. To directly
capture two Weyl nodes, a two-node model is often used,

H? = A(k,oy + kyoy) + Mk, — k; —k; — K)oz, (2)

where A, M, and k,, are model parameters. This Hamiltonian
describes two Weyl nodes separated along k, with a distance
of k,. In the momentum space, these two Weyl nodes act
as a source and a sink of Berry curvature, respectively [49].
In addition, this two-node model supports special surface
states, i.e., the Fermi arc [50]. Combined with its time-reversal
partner, Eq. (2) can model two-node Dirac semimetals like
CdsAs; and Na3Bi [51]. When the magnetic field is extremely
strong, the lowest Landau band of the time-reversal partner of
Eq. (2) is buried in the Fermi sea; therefore, it is not consid-
ered in the following calculations of magnetoconductivities.
Under the z-directional magnetic field, B = (0, 0, B), the
vector potential in the Landau gauge is A = (—yB, 0, 0). For
both Eq. (1) and Eq. (2), the eigenvectors have the below form:

Oz
cos =*|n—1)
|kX7kzvn+> = . 6 |ankz),
sin =+ |n)
—sin %2 |n — 1)
|kx’ kzv f’l-) = O |kxv kz)s (3)
cos =+ |n)

0
ke, k2, 0) = (|0)>|kx, kz),

where integer n > 1. The matrix representation and Dirac
notation are used here. The band index is denoted by n+ or
0. For the one-node model, cos 6, = k./~vkZ + 2n/1} with
the magnetic length Iz = +/i/(eB) (e is the electron charge);
the Landau bands can be found as

L ) 2n
Ekz,,ni = thvr kz + 1_2’
B

Ep o = —Tivrk..

“

For the two-node model, cos6 , =M,/ va + 2nA? /lé
with M, = M (k2 — k?) — nw and o = 2M/I}; the Landau

bands can be found as

A2
M?2 4 2n—

ES,. =2+ -
lB

k.,nt T 2
&)

w

B2y =3 +M(E - k).

The expressions of Landau bands are independent of the quan-
tum number k,; each bands has a degeneracy of N, = eB/h,
where £ is the Planck constant.
Compared to the above two models, the Hamiltonian of 3D
electron gas is much simpler
272
HEG — ﬁ’ (6)
2m
where k = VkZ + k2 + k2, and m is the effective mass. It only
has a simple quadratically-dispersed energy band. Under the
magnetic field, the electron gas has Landau bands

pro K ( n 1) @)
kn = 5 - T —3|\nt+ 3
e 2m  mi} 2

with the eigenvectors |n)|ky, k;) (here n =0, 1,2,...). The
lowest Landau band has the same k, dependence and magnetic
field dependence as the two-node model.

In a small magnetic field, all the Landau bands are stick-
ing together; since both the spacing between Landau bands
and the degeneracy of Landau bands increase with the field
strength, the Fermi energy crosses fewer bands as the mag-
netic field increases. When the Fermi energy is at the band
bottom of n = 1 conduction band, the critical magnetic field
B, is reached. For magnetic fields higher than this critical
value, only the lowest Landau band is occupied by the car-
riers. In the quantum limit, if the system has a fixed carrier
concentration ng, the Fermi wave vector is |kp| = mng/Ng
for the quadratic lowest Landau band cases and |kp| =
27ng /Ny, for the one-node model. Then, from min(E;_(4) =
Ey, 0, the electron gas model and one-node model have B, =
g(ﬁnzno)z/ 3 and B, = g(Zﬁnzno)z/ 3, respectively. This
expression does not depend on any model parameters; it can
be used to determine the value of the carrier concentration or
critical field in the experiment. For the two-node model, there
is no simple analytic expression for the critical field, and the
model parameters can affect the results (see Appendix A).

B. Different types of impurity potential

Generally, the impurity potential can be written as

V)= U@ —Ry, ®)

where U (r — R;) denotes the potential of the ith impurity that
centered at R;. If the potential is point-like (i.e., the potential
energy is finite at r = R; and zero elsewhere), it can be mod-
eled by

U —R;) =upd(r —Ry), 9

where uy is an energy constant describing the strength of
the potential. The Fourier transform of this delta potential is
simply u,. Although analytical derivations are easier when
the delta function is used, the impurity potential cannot be
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perfectly point-like in realistic materials. To model impurity
potentials with a finite range, the Gaussian-type impurities are
used in the studies on the electron density of states [52-55],
yielding a qualitative agreement with the experimental re-
sults. The Gaussian-type impurities have also been used in
the transport studies [56—58], but not for calculating the linear
magnetoresistance. The Gaussian potential reads

e )3 = 10)
2d- ,
d

where d is the decay length. It describes potentials that have
the maximum energy at r = R;, and the energy decays when
2,2

U R)—”o(

the position is away from R;. Its Fourier transform is uoe‘%,
which reduces to the delta potential when taking d = 0. An-
other often used finite range potential is the screened Coulomb
potential

2

€ e—K|r—R,'\’ (1 1)
dre|lr — Ry

where ¢ = gp¢, is the absolute permittivity, &y is the vacuum
permittivity, ¢, is the relative permittivity, and « is the recip-
rocal Debye screening radius. Its Fourier transform is

Ur—R) =

_e
e(g*+«?)”

C. Longitudinal magnetoconductivity in the quantum limit

In the limit of zero temperature, with one-loop diagram
approximation, the longitudinal and transverse magnetocon-
ductivity can be found from

7 he?

ZA (Ep)Av Ep)||valw)]’,  (12)

MM

O—QO(

where V is the volume of the system, v, is the velocity
operator, o« = x,y or z, and u denotes the quantum number,
including k,, k;, and the band index. The spectral func-
tionA,(Er) = #[Gf (Er) — Gﬁ (EF)], the retarded /advanced
Green’s function GRA(Ep) = 1/[Er — E, % ili/7,(EF)], and
7,(EF) is the scattering time. The detailed deductions can be
found in Appendix D.

For the longitudinal magnetoconductivity, v, = %%, and
(/' |v,|u) is nonzero only when ' = u. The leading term of the
square of the spectral function A,(Er) is 52> GR(Er)GA(EF),
which is approximately #tu (Ep)S(Er — E,) [49,59]. The
delta function is centered at £, = Er, which means that only
the bands crossing Er have nonzero contribution. In the quan-

tum limit, the longitudinal magnetoconductivity is found as

Oz =

2
%NL Z |Uk;,o|fk;,o’ (13)

denotes the ith Fermi wave vector, the Fermi
velocity vy o = %%U;:k;’ = o(EF) is the
scattering time of the state with k% in the lowest Landau band.
For the lowest Landau band of the one-node model, there is
only one kr (negative value), and O’ZLZ = %NL|vp|rkF,o. If w0
has no magnetic field dependence, O’ZLZ is simply proportional
to B. For the lowest Landau band with quadratic dispersion,
there are kr (the notation kr denotes the positive value for
the case of quadratic lowest Landau band in this paper), and

i
where ki
and 7 o

aQ =2< NL Vky.0Tky,0- 10 contrast to the linear lowest Landau
band the Fermi velocity here is proportional to kr. This
results in that the Fermi velocity is inversely proportional to
B if the carrier concentration is fixed. Therefore, when , o
is not magnetic-field dependent, ag is B independent with a
fixed carrier concentration. When the Fermi energy is fixed
instead, ag is proportional to B.

The scattering time is related to the imaginary part of
self-energy through T ED (E 5 = —Im[ZX(Ep)]. Generally, the
self-energy is contributed by the scattering from impurities,
electrons, and phonons; here, we consider the case in which
impurity scattering dominates. In the Born approximation, the
self-energy of the state u can be found by

R . |/ |V |u) |
X (EF) = Zm’ (14)

where 7 is a positive infinitesimal quantity, and the
impurity potential V(r) = (r|V|r). The impurity average
(V(r )V (r2))imp is needed in the calculation, which gives [60]
niéTd;ﬂu(q)u(—q)eiQ(r 1=1) where n; denotes the concentration
of the impurity, and u(q) is the Fourier transform of U(r —
R;). From the Cauchy relation, one has Im[1/(Er — E, +
in)] = —w8(Er — E,); therefore, in the quantum limit, only
the lowest Landau band contributes to the self-energy. After
some cumbersome but straightforward calculations (details in
Appendix C 1), the scattering time can be found as

h [dq
=mn; 0(Erp — Ey,—g.
2o (271)3[ (EF kr—q.,0)
X u(gu(—g)e s HAVE], (15)

This is the general form of the scattering time of the lowest
Landau band. After substituting the specific expressions of
impurity potentials, it reduces to

h N niué
Ari(142d42/13)

G
2th,0

o0
x / dq.8(Er — Exp—g.0)e “,  (16)

o0

h_ el /ood 8(Er — Exp—q.0)
2eC,  l6me? ) T ke =a-0

2

xfl[ (qz+x)“ (17
for the Gaussian and screened Coulomb potentials,
respectively. Here, ]-'1[x]=}c—|—exE,-[—x], and E;[—x] =

— fxoo }e" dt is the exponential integral function. The
behavior of F[x] is studied in Appendix C 1.

Combining the expressions of scattering time and band dis-
persion with Eq. (13), the longitudinal magnetoconductivity
for the one-node model can be found,

2 2 2
L € (hvp) d
= — 142 — , 18
Oz Nl |: + (lB (18)
222 Ahue)?
o€ = ¢ 84 . ( ZF) . (19)
h n;etlyg Fi[4«?]
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FIG. 3. Magnetic field dependence of the longitudinal magneto-
conductivity for the one-node model. The red, purple, and blue lines
represent cases where delta-type, long-Gaussian-type, and screened-
Coulomb-type impurities dominate, respectively. The inset shows
the result after the vertex correction, which is independent of the
impurity type. The decay length d is taken as 5 nm for the long
Gaussian potential. For the screened Coulomb potential, the impurity
concentration n; is taken as 3 x 10~ nm™>; the relative permittiv-
ity &, is taken as 50. Other parameters are the same as those in
Fig. 1.

The longitudinal magnetoconductivity is inversely propor-
tional to the impurity concentration and strength. For the field
dependence, only Iz and k are B dependent in above expres-
sions. Therefore, one can easily found that: for delta-type
impurities, i.e., d =0 in Eq. (18), the longitudinal magne-
toconductivity is field independent, as shown by the red line
in Fig. 3; once d # 0, there will be a linear-B term in 2%,
and this linear-B term dominates when 2d? > 2, as shown
by the purple line in Fig. 3; for the screened-Coulomb-type
impurities (k o< /B for the one-node model, see Appendix E),
Fil l 2 /2] is independent on magnetic field, and the longitu-
dlnal magnetoconductivity is proportional to B?, as shown by
the blue line in Fig. 3.

In the same way, but using the dispersion expressions of
the two-node model, the longitudinal magnetoconductivity of
the two-node model can be found,

Q G 6_ (hka 0)2 ( + 2d2/1§) (20)
Oz h nud 1 4+ e—4kpd*
oc _ ¢ € 8(hvy, 0)* o

© e A )+ A ]
Unlike the case of one-node model, the Fermi velocity
V.0 1S B dependent here. Equation (20) is a general ex-
pression with a Gaussian decay length d; when the decay
length is taken as zero, it reduces to Eq. (24) in Ref. [49].
From Eq. (20), one can find that: for delta-type impurities
(d = 0), the longitudinal magnetoconductivity has a simple
B~? dependence, as shown in Fig. 4(a); for Gaussian-type
impurities, there is one more B! dependent term in the
longitudinal magnetoconductivity (e~ *#4* ~ 1 for small k),

and it dominates when 2d? > [2, as shown in Fig. 4(b).
The field dependence of the longitudinal magnetoconductivity
in the case of screened-Coulomb-type impurity is compli-
cated, as depicted in Figs. 4(c) and 4(d). Generally, Eq. (21)
shows a nonmonotonic B dependence, which is contained
in Fi[13(4k2 + «%)/2] + Fillak?/2] [note that (vg, 0/13)* is
B independent]. The reciprocal Debye screening length «
B for the quadratically-dispersed lowest Landau band (see
Appendix E). When 4/3k7 < 7, the longitudinal magne-
toconductivity is in proportion to JF~ ! [llzglc2 /2]; if léKz /2 K
1, it is proportional to B; if [2k2/2 > 1, it is proportional
to B*>. When 4l3k# > [3k*, the above results still hold;
this is because that Fi[l2(4k> + k2)/2] o< (2[3k7)~" and
]—"1 121c? /2] oc (12 /2)7 " lead to Fi[l2k?/2] > Fill2(4k2 +
K )/2]

For 3D electron gas, its longitudinal magnetoconductivity
share the same expression with the two-node model. This is
due to the fact that after the replacement /2/(2m) — M, the
expression of the lowest Landau band of electron gas only
has a constant energy difference Mk2 compared to that of the
two-node model. From Eqgs. (13) and (15), one can find that
a constant energy difference in the lowest Landau band does
not affect the result.

When the carrier concentration is low and the magnetic
field is extremely strong, the carriers will squeeze at the band
bottom of the quadratically-dispersed lowest Landau band. In
this case, the field dependence of Eq. (21) need to be cor-
rected. This is due to the delta function approximation in the
deduction. The delta functions in GX(Er)GA(EF), /21, 0),
and k2 are obtained by making the finite Lorentz-type broad-
ening approximately equal to zero, which is appropriate in
most cases. However, when the carriers squeeze at the band
bottom (kr — 0), an incorrect factor, which is «B, is in-
troduced in the 1ntegrals see details in Appendix F. As
GR(Er)GA(EF) ~ Z1,(Er)8(EF — E,), this incorrect factor
cancels out in the express1on of longitudinal magnetoconduc-
tivity. Therefore, only the B dependence of «? in Eq. (21)
need to be corrected, which leads to F; [II%KZ /2] proportional
to B°.

The conductivity formula, Eq. (12), corresponds to a bub-
ble diagram in the Feynman diagram technique. By making
the vertex correction, ladder diagrams, in which the impurity
scattering links the Green’s functions on both sides of the bub-
ble, can be concluded [60]. Instead of directly calculating the
conductivity from the bubble and ladder diagrams, the vertex
correction for the longitudinal magnetoconductivity can be
made [49,60] by adding (1 — vy, g 0/Vx,,0) in the integral of

Eq. (15), i.e.,
i d _
S / ‘13 [(1 _ qi'o)a(EF — Etpg.0)
2, o (2m) Uk 0

x u(q)u(—q)e‘%“ff*q?)’é] (22)

This additional factor weights the scattering. In the above
expression, ¢, indicates the momentum change after the scat-
tering, and the delta function guarantees the energy has not
changed during the scattering. At the Fermi surface, only ¢, =
0 is possible for the one-node model, resulting in Eq. (22)
being zero, see Fig. 5(a). This means that the longitudinal
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FIG. 4. Magnetic field dependence of the longitudinal magnetoconductivity for the two-node model. [(a), (b)] Cases for delta-type, and
long-Gaussian-type impurities. [(c), (d)] Cases for screened-Coulomb-type impurities with ¢, = 10 and ¢, = 100, respectively. The carrier
concentration ny is taken as 10™* nm™3 (red line), 8 x 10> nm~ (purple line), and 5 x 107> nm~> (blue line); dashed lines represent results
after the vertex correction, which completely overlay with the solid lines in (a). Insets in (a)—(d) show the corresponding magnetic field
dependence of the inverse of the longitudinal magnetoconductivity. For the screened Coulomb potential, the impurity concentration, #;, is

taken as 0.1ny. Other parameters are the same as those in Fig. 3.

magnetoconductivity, Eq. (13), would not be impaired by the
impurity scattering. When the full massless Dirac Hamilto-
nian is considered, there is another lowest Landau band with

(b) [

@[ " f.

Energy

FIG. 5. Illustrations of the scattering process for (a) 7,0 and
(b) Tt,.,1+- The scattering in (a) is between the degenerate states with
the same k., which does not affect the longitudinal transport.

opposite chirality. However, these two lowest Landau bands
are decoupled, and scattering between them is not allowed, as
shown in the inset of Fig. 1(a). Therefore, with a constant 7, o
(the self-energy of Green’s function will not be zero, there are
still other contributions to band broadening, for example, the
temperature effect), the longitudinal magnetoconductivity %
is proportional to B, regardless of the impurity type, as shown
in the inset of Fig. 3. For the two-node model and electron gas,
in additional to 0, ¢, can also take 2kp, i.e., states scattering
between kr and —kp, which gives (1 — vk, g _0/Vk.0) = 2.
In the final expression of the longitudinal magnetoconduc-
tivity, (1 + e"”‘%dz) changes to 24 ip Eq. (20), and
Fill3(4k3 + k%)/2] + Fillzk?/2] changes to 2F[13(4k% +
«2)/2] in Eq. (21). This does not affect the B dependence of
Eq. (20). However, for screened-Coulomb-type potential, the
vertex correction eliminates J; [lf;/c2 /2] in Eq. (21), leading
to 0.2€ o F'[13(4k% + «)/2], which can be proportional
to B~ or B~ when 4[3k7 > [2k*. The dashed lines in Fig. 4
exhibit the results after vertex correction.

The above results and discussions show that bring-
ing the two nodes far apart in the two-node model can
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approach the one-node model if we linearize the dispersion
in the two-node model and ignore the scattering between kp
and —kpr.

D. Transverse magnetoconductivity in the quantum limit

Different from the longitudinal magnetoconductivity, in
Eq. (12), (¢//|v,|u) for the transverse magnetoconductivity is
only nonzero when the Landau indexes (i.e., 0 or n) in «’ and
u differ 1. In the quantum limit, one has

Oxx ~ Oxx, 14+ + Oxx,1—>
[

Oxx, 14+ =Fl62NL/ [Ak. 0(Ep)Ax 1+(EF)

—00
X [(ky, ke, Olvlks, ke, 13) P ]dk, (23)
|

qu ~——5(E

h
=7nn; (sm ) 3
2TkF, 1+ 2 (2 )

v — Exy g 0)u(@)u(—g)e2 (46 )i

for two-band models. The spectral functions in the above
expression are approximately delta functions. In the quantum
limit, the Fermi energy does not cross Ej i+, resulting in
that Ay ;+(Er) can substantially reduce the value of trans-
verse magnetoconductivity compared to Ay o(Er). There-
fore, we take Ay o(Er) =~ 8(Er — Ei_ o) and Ay 1+(Ep) ~
% T blk;l:t)z 2%.1}1 i) in the following calculation [1].

The impurity effect is included by 7, 1+ = T, 1+ (EF).
Unlike longitudinal magnetoconductivity, the transverse mag-
netoconductivity in the quantum limit is more related to the
scattering time of the Landau band of index 1. It can be found
from Eq. (14) that in the quantum limit, the term, of which
i’ has the lowest Landau index 0, dominates Im[EfF, 1+ (ER)]
After some cumbersome but straightforward calculations (see
Appendix C 2), one has

e (@ + 313

5 (24)

This is the general form of the scattering time of 1+ band. After substituting the specific expressions of impurity potentials, the

above expression reduces to

Fl n bto . Qk 1 2 o —q2d2
s i () [ el Eu e @
ke, 1+ 47'[13(1 + 2d /lB) 00
h nie4l§ QkF 1 2 e
= in —— dq.8(Er — E F- 26
2ch,,,1+ 6 e2 (sm > ) /_oo q: ( kr—q. o) 2|: (l] + K )i| (26)

for Gaussian and screened Coulomb potentials, respectively. Here, F[x] =

studied in Appendix C2.

For linearly-dispersed lowest Landau band with a small
carrier concentration, 1+ and 1— bands contribute to
transverse magnetoconductivity approximating equally, i.e.,
ok (see Appendix D 2), one has

xx,H— xx 1—
e nu? 1
L R 5 @)
h (4 hvp) I (14 2d2/13)
and
2 X 4[2 li
L e B % [ BK2:| 28
”‘ h (87 hvp )2 2 (28)

From Eq. (27), one can find that, contrary to longitudinal
magnetoconductivity, the transverse magnetoconductivity is
proportional to the impurity concentration and strength; o'2:¢
is proportional to B when delta-type impurities dominate, and
the field dependence changes to B~! when the long-range-
Gaussian-type impurities (2d* > [2) dominate; for the case
of screened-Coulomb-type impurities, o2 is proportional to
B~!. These behaviors are illustrated in Fig. 6. The B! de-
pendence of the transverse magnetoconductivity in the case of
screened Coulomb potential was first found by Abrikosov [1].
Here, the general result for the transverse magnetoconductiv-
ity of the one-node model with screened Coulomb potential is
given in Appendix D 2. Equation (28) is for the case of small
carrier concentrations, and it reduces to Eq. (36) in Ref. [1]
when a large relative permittivity is taken.

—1 — (1 + x)e*E;[—x]. The behavior of F>[x] is

The transverse magnetoconductivity of the two-node
model can be found in the same procedure. It is more param-
eter dependent than its longitudinal magnetoconductivity (see
Appendix D 2). Approximately, one has

e? n,-ué (1 + e_4k2‘d2)

0.G A,
O 0 s 29)
h 872 (hvg, 001 (1 + 2d2/13)°
2 ; 412
02C ~ £ 2
h 3272¢2(huy, o)

{fz[ (4k3 + 2)}+f2[§x2]}. (30)

When the decay length in Eq. (29) is taken as zero (the delta
potential case), it reduces to Eq. (41) in Ref. [49], and it is pro-
portional to B>. In the case of long-range Gaussian potential
(2d* > 13), Eq. (29) is proportional to B. When the carrier
concentration is low, the correction is required, resulting in
029 o B for the case of delta-type impurities and 029
B~! for the case of long-range-Gaussian-type impurities.
These magnetic field dependence of the transverse magne-
toresistance with varying carrier concentrations are illustrated
in Figs. 7(a) and 7(b). For the case of Coulomb potential,
like the longitudinal magnetoconductivity, 02 is also non-
monotonically B dependent, as depicted in Figs. 7(c) and 7(d).
The B dependence of Eq. (30) is contained in [ 2{.7-'2[1 2(4k2
©2)/2] + Fallz? 21}/ (vk,.0)*. When 412kz < 12, Eq. (30)
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FIG. 6. Magnetic field dependence of the transverse magneto-
conductivity for the one-node model. The red, purple, and blue
lines represent cases where delta-type, long-Gaussian-type, and
screened-Coulomb-type impurities dominate, respectively. The de-
cay length d is taken as 5 nm for the long Gaussian potential. For
the screened Coulomb potential, the impurity concentration n; is
taken as 10~ nm~3; the relative permittivity &, is taken as 50. Other
parameters are the same as those in Fig. 2.

is in proportion to ll%fz[ll%/cz/Z]/(ka,o)z. If I§K2/2 <1, it
is approximately proportional to B; if [3k2/2 > 1, it is pro-
portional to B~!. When 4/3k > [7«?, one has F»[2[3k7] <
Fll2k? /2], and the result is the same as when 4/3k2 < [3k?.
However, when the carrier concentration is low, the correction
makes the field dependence in JF[/3«2/2] disappear, leading
t002C€ o B~

The analytical expression of the transverse magnetocon-
ductivity of the electron gas is similar to that of the two-node
model (see Appendix D 2 for details), but it is less dependent
on parameters.

Unlike the longitudinal magnetoconductivity, which relies
on the scattering between the states of the lowest Landau
band, the transverse magnetoconductivity is decided by the
scattering between the lowest Landau band and the bands with
Landau index 1. Figure 5(b) shows the scattering process of
Tk, 1+ for the one-node model. Different from v, ¢ and t, 14,
which have the scattering processes between states with same
sign of v,, the scattering process of 7, j_ is between states
with opposite signs of v,. The transverse magnetoconductivity
is not decided by v,, and the its vertex correction is different
from that of the longitudinal magnetoconductivity. It has been
verified in Ref. [23] that the vertex correction cannot make
dramatic changes to the transverse magnetoconductivity.

IV. CONCLUSIONS AND DISCUSSION

We have investigated the longitudinal and transverse mag-
netoresistance of three different systems (one-node model,
two-node model, and electron gas) with three types of im-
purities (delta type, Gaussian type, and screened-Coulomb
type), i.e., totally of 2 x 3 x 3 = 18 situations. Among these,
three situations have been previously explored in Refs. [1,49],
specifically, the transverse linear magnetoresistance of the

one-node model with the screened Coulomb impurity poten-
tial [1] and the longitudinal and transverse magnetoresistance
of the two-node model with the delta-type impurity po-
tential [49]. More importantly, here our focus is the four
new cases of linear magnetoresistance compared to that in
Ref. [1] (as shown in Table I), while no linear magnetore-
sistance is addressed in Ref. [49]. Furthermore, we have
presented a standard procedure for finding the magnetoresis-
tance in the quantum limit, and given many general formulas.
Equation (13) is the general formula for the longitudinal
magnetoconductivity in the quantum limit. With the Fermi
velocity of 3D electron gas, it reduces to the classical Drude
formula [61]. The transport time caused by impurities with
arbitrary potential can be derived from the general expres-
sion Eq. (22). For transverse magnetoconductivity, general
formulas of two-band model, Egs. (23) and (24), have been
found. After small modifications, they can be directly applied
to single-band models. Utilizing these general formulas, the
quantum-limit magnetoresistance of a new system can be
easily investigated.

We have already discussed in detail in Sec. II that different
impurity potentials and band structures can lead to negative
or positive magnetoresistance, and here we further extend on
three points. First, the linear magnetoresistance we found can
occur in both longitudinal and transverse directions or only
in one direction, depending on the system studied. Differ-
ent from those classical theories of linear magnetoresistance
[27-37], our results are closely related to the band structure
and impurity type. Second, the quantum-limit longitudinal
magnetoresistance of massless Dirac fermions is special be-
cause of the combined effect of the linear dispersion and
scattering mechanism. In real materials, there is very likely
to be a small mass term in the single-Dirac-cone semimetals.
Even a very small mass term can couple together the lowest
Landau bands of opposite chirality. In this case, the magne-
toconductivity will be described by Eqgs. (20), (21), (29), and
(30) but with a constant vk, (thus still distinguishable from
the quadratic lowest Landau band). Nevertheless, the massless
Dirac fermions are still possible to be explored in the acoustic
[62] and photonic crystals [63]. Third, in some cases we stud-
ied, the longitudinal magnetoresistance can be negative. In the
earlier theories [64—66], the negative longitudinal magnetore-
sistance was attributed to the chiral anomaly. Later, it was
found that there is no necessity to use the chiral anomaly to
explain the negative longitudinal magnetoresistance. For ex-
ample, the negative longitudinal magnetoresistance has been
observed in topological insulators [67], but there is no well-
defined chirality, not to mention the chiral anomaly [68].
The same treatment used in this paper can also be used to
address the negative longitudinal magnetoresistance in the
quantum limit. For the one-node model, the negative longitu-
dinal magnetoresistance is found in the quantum limit [64,65],
but where the scattering time (7) is assumed to be a constant.
Later, it is found that the dependence of the scattering time on
the magnetic field can be considered, by including the disorder
scattering [49]. In this paper, we show that for the one-node
model, the scattering time has no magnetic field dependence
after including the vertex correction to the velocity from the
disorder scattering, so we have a negative magnetoresistance
in Fig. 1(a), but the microscopic mechanism is subtly different
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FIG. 7. Magnetic field dependence of the transverse magnetoconductivity for the two-node model. [(a),(b)] Cases for delta-type, and
long-Gaussian-type impurities. [(c),(d)] Cases for screened-Coulomb-type impurities with &, = 10 and ¢, = 100, respectively. The carrier
concentration ng is taken as 10~ nm~> (red line), 5 x 10> nm™3 (purple line), and 10~ nm~ (blue line). Insets in (a)-(d) show the
corresponding magnetic field dependence of the inverse of the transverse magnetoconductivity. For the screened Coulomb potential, the
impurity concentration 7; is taken as 0.1ny. Other parameters are the same as those in Fig. 6.

from the earlier prediction [64,65]. For the two-node model,
we find that the longitudinal magnetoresistance is generally
positive [Figs. 1(b) and 1(c)], but it can be negative at a large
carrier concentration in the presence of the short-screening-
length Coulomb potential [Fig. 1(c) large «].

Finally, our results apply to the case where the impurity
strength is weak. Further studies can be carried out on the
quantum-limit transport under strong disorder. It has been
reported that strong disorder can induce resonance states to
the spectrum [44,69], which further modifies the signature of
the optical conductivity [70,71]. The effect of strong disorder
to Landau bands is unknown, and the corresponding magne-
toresistance remains to be explored.
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APPENDIX A: CRITICAL MAGNETIC FIELD
FOR THE TWO-NODE MODEL

k, of the minimum Ekz,1 N

varies with the magnetic
field. When k2 >2/I%, the minimum EZ,, has k =

++/k2 — 2/17. Then, the relation between the critical mag-
netic field B, and the carrier concentration ny is

(AD)
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FIG. 8. Illustrations of the relation of ny and Ef in the quantum
limit for (a) one-node model and (b) two-node model. Solid lines and
dashed lines denote the occupied and unoccupied states, respectively.
The red solid lines represent the carriers in the system.

where lp, = +/Ii/(eB.). When kgj < 2/1%, the minimum EkQ,,1+
has k, = 0. Then, one has i

2
2 A? 2,2 2 2
("‘z_) T o S

APPENDIX B: RELATION OF ry AND Er
IN THE QUANTUM LIMIT

In the case of the one-node model, the lowest Landau
band has an equal number of states above and below zero
energy. This allows for the definition of carrier concentration
as the difference between the number of occupied states above
zero energy and the number of holes below zero energy, see
Fig. 8(a). On the other hand, for the two-node model, the
lowest Landau band is quadratic, and thus the carrier concen-
tration is defined using the traditional method employed in the
case of electron gases, i.e., the number of all occupied states,
see Fig. 8(b).

For the one-node model, the relationship between the
Fermi energy Er and carrier concentration ny can be found
through their relations with the Fermi wave vector kg as

k
no = N, el B1)
2
Er = hvrplkr|
= 47’ hvplny. (B2)
Similarly, for the two-node model,
2]k |
nop = Np , (B3)
2
_w 2 2
Er =3 + M (ki — k;,)
1
— M|:l—2 + (27nol3)” — ki}. (B4)
B

If the carrier concentration of the two-node model is defined
as the occupied states above zero energy, one has

2(lkg| — |KO
=NL(|F| -

)

2r ’ (B3)

K =+/k2 —1/12, (B6)

where k? is the value of k, when E,go equals zero (B <

kgjh/e). Although this modification will alter the field de-
pendence of kg, it will not eliminate it. Consequently, the
magnetoresistance expression of the two-node model will still
have a B-dependent vy, o. When B > kih/e, the entire low-
est Landau band will shift to energies above zero. Defining
the carrier concentration of the two-node model in this way
requires the total number of occupied states in the lowest
Landau band to vary with the magnetic field strength to keep
the number of occupied states above zero energy fixed. In
summary, defining the carrier concentration in this way is not
suitable for the two-node model.

APPENDIX C: GREEN’S FUNCTION AND SELF-ENERGY
FOR LANDAU BANDS

A general Hamiltonian reads

H=Hy+V, (ChH
Holu) = E, |u), (C2)

where V is the operator of the impurity potential. By its
definition, Matsubara Green’s function is

G(lwm) == (ia)m - ﬂ)_l
= {[Goliw,)]™" = V}!
= {1 — Goliwn)V} ™' Goliwn), (C3)

where iw,,/h are the imaginary frequency. Equivalently, the
above expression can be written as

G(iwm) == GO(lwm) + GO(lwm)VGO(lwtn)
+ Goiwp)V Goliog )V Goliwy) + -+ . (C4)

In the nonperturbation energy basis |u), the nondiagonal
terms of (u|G|u') is generally nonzero. The quantum number
u contains band index b and momentum K. After the impurity
average [60], (b, k|G|b', K') reduces to (b, k|G|b', k), but the
interaction brought by the impurity potential between states
with different band indexes still exists. Assuming that states
will not be scattered from one band to another, only the di-
agonal terms remain, i.e., only the effect of band broadening
from impurity is considered. One has

G lioy) = (ulG(iwy,)|u)
= (u|Go(iwn)u) + (UlGo(iwn)V Goliwy,)u)

+ (| Go(iwn)V Goliwn)V Goliwy)lu) + -+ -,
(C5)

where the first term is the nonperturbation part, and the second
term gives a constant energy shift that can be included in the
Fermi energy. Note that the notion of impurity average on
Green’s functions and the following correlation functions is
omitted. In the first Born approximation, the self-energy can
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be extracted from the third term,

(| Go (iwm )V Go(iwm )V Go(iewy)|u)

1 N .
= ——— |V Go(iw,)V |u)

ia)m - Eu la)m - Eu
1 > Vi) S —

= u u)———u u)—m.

iw, — E, " iw, — E, iw, — E,
(C6)

That is
. |V |u) 2

Sylioy) =) ———0r (C7)

iwm — Ey

u

Utilizing the Dyson equation [60], one has the approximating
Green’s function

1

Guliwy) ~ ) C8
(lw ) lwm - Eu - Eu(lwm) ( )
and its operator form
A |ua) ul
G(iwn) = . 9
o) = ) o — St ©

u

1. Self-energy for the lowest Landau band

For the lowest Landau band, the retarded self-energy is

Kk, b |V]|k, k,, 0)]?

| (k.. k..
R o(Ep) = Y .
) ki kb Er — By +in

) (C10)

where b indicates the band index. In the quantum limit, only
b’ = 0 contributes to the imaginary part of the self-energy.
One has

(k. k., OV |k, k. O)
=/fdrdr%k;,k;,0|r)<rl‘7|r’><r/|kx,kz,0>, (C11)
with (r|V|r') = V(r)8(r —r’), and

(x| k. k. 0) = (. 2l kz>((y‘|)0)>

1 . 0
— i(xky+zk:) C12
TL° <¢o<y, kx))’ («12)
where
1 1y 2
ROY SR ) H”(L _k"EB)’
V2T s

(C13)
with Hermite polynomials H, (x). Together with the complex
conjugate of Eq. (C11), one has

| (ki KL, OIV Tk, Kk, 0)?

X2z

dq /
=n; w(@)u(—q)8 k.—o. 81 k. — dydy
[ - 0di ey, [ asay

x D00 (y, ko (v, K)o (Y, ko (', kL) (C14)

Here the impurity average is taken, (V(r)V(r'))imp =
niéTd;Igu(q)u(—q)eiq(r’r'). After integrating y and y’,

/ dye Y g (v, ko (v, k) = e~ LR+ liE i, (ot kT
9 s Ny 9’
(Cl15)
one has

d
Im[Zf ((Ep)] = —ﬂniéT;gS(Ep — Ejp—g..0)u(@)u(—q)

% e~ 3Gt

(C16)

. . 242 .
For Gaussian potential, u(q) = uoe_qT, the integral over

qx, gy in above expression can be performed,

H 499y (1)t L rapi
(27)?

1 o0 7q2(d2+112)
= —27[ qe 2'B qu
0

1

- C17
2m (242 1 1) 1D

where g = vV¢? + q)z, (the integral is calculated in the polar
coordination). Then, one has Eq. (16).
To find Eq. (17), one need to use Coulomb potential u(q) =
62
e(g*>+k2)’
[[ dq.dgy et

. 267%@%4%)11%
Q)™ &2(qk + a5 + 42 +x?)

1,272
e 2'dg

et /‘oo 1
= A7 5 5 1
e Jy M@ g e
94112; ll_‘z} 2 2
- 87{82]:] [E(qz TK ):|’

where Fi[x] = }C + ¢*E;[—x] and E][—x] = — j;oo %e_fdt.
The power function fitting of F[x] is shown in Fig. 9(a).

(C18)

2. Self-energy for the n = 1 Landau band

The self-energy for the b = 14 and 1— bands in the quan-
tum limit can be found in the same procedure.
For ¢ | (Er),

Ok, 1

(L ke 1) = (v, 2l ko) [ €252, 010)
sin =—=(y| 1)

_ 1 oik+ake) [ €OS ;%‘1450(% ky)
VL L, sin =5= 1 (y, ky)
(C19)

and
/ dye= 0 gy (v, ke )po(y, kL)

_ L Ip(ky — K. % ig, Yo~ il K G 3 igy (ke HhI
“ : .

V2
(C20)
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Therefore,

[ dq

3 (@2 +a2)i
@n)’ '

0, 2
(Er — Ety—q.0) (sin %) u(gu(—g)e” 2N

Im[Z8 |, (Ep)] = —mn; (C21)
The integrals of g, and g, for Gaussian and Coulomb potentials are more complicated compared to that in Im[E,fF’O(E )1,

2 2\ ) oo
Me—(q§+q§>dze—%(q§+q§)l§M _ s qﬁe—qﬁ(d“r%lé)dq”

Q2 )? 2 “ax ),
12
= %, (C22)
27 (2d2 + lé)
and
2 2\72
I dqxcziqy a Ze—%<q§+q§>z§ (2 + )1 = ¢!l /OO a SN — e 24ilidg,
Qm) e2(g2 + g2 + g2 +2) 2 dre> Jo TN (qf + a2 +x?)
el 2
= Bl L (42 |, C23
8me? 2|:2(qz+/c) (€23
where F[x] = —1 — (1 + x)e*E;[—x]. The power function fitting of F,[x] is shown in Fig. 9(b).
APPENDIX D: KUBO FORMULA FOR MAGNETOCONDUCTIVITY
The conductivity is related to the retarded current-current correlation function IT% ,
. h R
Re[o,5] = — 51212% §Im[l'[aﬁ(§2)]. (D1)
From the bubble diagram, one has
kg T . A
M,5(iR2) = e VB ZTr[vaG(iwm)v/gG(iwm +iQ)], (D2)

where €2/ is the imaginary frequencies, kg is the Boltzmann constant, 7 is temperature. After substituting Eq. (C9) into above
expression, one has

e2kgT Trvg |u) (ulvg|u') (u'|]
M, s(iQ) =
D == 20 oy = B = Bl + 19— By — ]

_ eszT ZZ (u’|va|u)(u|vﬁ|u/)
Vv m ouid [la)m - Eu - 2:u(lwm)][la)m + i2— Eu’ - Eu’(ia)m)] ’

(D3)

where the trace operation is performed using the fact that the trace is invariant under cyclic permutations, and the trace of a inner
product gives the inner product itself.
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To sum m, make use of the identity FrEw o e

o = [ don 22 and kgT Y.

1 — ne(@)—np(w)
m (iwy—o)(ion+iQ—w,) 1—w+i2

where

np(wp) is the Fermi-Dirac distribution function [60]. Then, the retarded correlation function can be found by making the

analytical continuation iQ2 — € + i0*. By taking its imaginary part (only the part

correlation function when o = ,B) one has

Im[I1}, ()] =

7T€ ’ 2
== / dor[np(@1) = np (@1 + DA @DAL (@1 + )] [valu) .

Note that (u/|vy |u)(u|ve|u') = |(u'|vg|u)|>. After taking
the above expression into Eq. (D1) and making
limg_, o £ (“")_’s’{ (@42 _ d"gcf)“”) in the zero temperature
.. d
limit [—%’:") — 8(wy — Er)], one has

Re[04e] = (' log|u)]>. (DS)

1. Longitudinal magnetoconductivity

For o,,, the magnetic field is in z direction. Therefore, the
wave vector k; is not Landau quantized. One has

(ulv lu’) (IlaHl’)
ulv,|u'y = (u| - —1u
¢ B Ok,
10E,
= ——3uu (D6)
h ok,
1 [ dkdk, Bl g eB
Because Zk & =L ff Qn)? fo 27r = (the
guiding center lies between 0 and L, O < 4 —gkx < Ly, giving
the limits of k), the summation & 7 2k r= NL ‘;i .
With the approximation [A,(Er)]*> ~ #r,,(EF)MEF -

E,), the quantum-limit longitudinal magnetoconductivity is

dk,
~ mhe*N, —| —7_0(Er)8(Er — E
Oy X mhe L/_wzn[thO(F)(F k0)1|

18Ek0
h ok,

> dk (k. — ki) ||10E 0]
_ 2 Gk z F k2.0
=i ./_oo 27 %.0(Er) Z ‘aEk@o ’

, h Ok,
l .
L -
&2
= N Y g o (Er)|vg (D7)
i
. __10Ego ) .

where v; o = 5 =" lr.=«- For parabolic bands, one has

V_kp,0 = —Vk,,0 and 7, o(EF) = T, 0(EF).

2. Transverse magnetoconductivity

For the transverse magnetoconductivity,

7 he?

Oxx = (D8)

ZA (Ep)Ay (Ep) | (ulvdu') P,

1 . .
Soraror 1S complex in the retarded

Z |[ dordont-rsn — or + @ine(@n) - nrw @A @I )

(D4)

(

one need to calculate (u|v.|u'). For the one-node model,
one has v, = vro,, which makes (u|v,|u') nonzero only if the
Landau indexes (i.e., 0 or n) of ¥’ and u differ 1. Therefore, the
dominant terms of the quantum-limit magnetoconductivity are

O l+ (whenthebandindexb =0, = 1+ andb = 1+, =

0)and o w1 (whenb =0, =1—andb = 1—,b" = 0). One
has

P 2
|(kx,kz,0|vx|k/7k2, 1—|—)| = vF(cos kT) Sk Sk, k- (D9)

With

1
A 12(Ep) ~ n(Ef —Er.11)” 21, liu:v)

the approx1mat10n Ak o(EF) ~ 8(Ep — E, o) and

heZUZ e
obore = "N [ 8(Er )

oo

2
cos QkT‘ 73
X dk,
Er —Er1y ) 2T+

0, 2
ey cos —&= h
= Ny,
14 Er — Ekp,1+ 2Tk, 14

Combining the above expression with Eqs. (25) and (26),
one has

(D10)

LG &2 n,-u(% 1

ob( = — fE (D11)
T wig)’ (124272
2 4
LC e”  n;e L2k
0xx,1+ = I’l (4 )282 [ ]fl+’ (Dlz)
with

2
L [ cos 9*% sin % D13)

U Ep — E, 1+ '

With an observation on Egs. (23), (24), and (3), one can find
Oxx.1— by replacing Ey, 14+ with Ej,. ;_ in above expressions.

When the carrier concentration is low, one has % > kr under
2

the strong magnetic field, resulting in ff, ~ 8(;#
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For the two-node model, v, = 40, — %[ﬁ(a +a")lo,
B

in the same procedure, one has

(ke ke, Olvg kL, KL, 1)

s Nz

1 6 VM 6\
= —|Acos SLIE sin ==L ) 8 w8 p, (DI4)
2 lB 2 220z Xy

and
2
o = —IV[,
xx, 14
’ T vk ol
%COS Ok .1 + ﬁM 01<,. 1 A
X
Er —Ekp,1+ 2T 14

(D15)

where the factor 2 comes from =+kr. Note that 7, 14 =
T_,.1+ for parabolic bands. Combining the above expression
with Egs. (25) and (26), one has

e
( Jre.

2 2n,~u(2)

2n12vk, 0)* (1+2d%/13)

06 _ ¢
Uxx,1+ - Z(

(D16)

UQ’C = e_
xx, 1+ T h 2(27_[ka 0)2

2¢e
12 4k2 2,2
x{ [ a )} +B[12 ”fw (D17)

with

292
0 9
4 cos 221 gin £ —|—IM<s1n L )

h 2
Er — EkF,l-‘r

2= (D18)

The exact results of the above expressions are parameter
dependent. The parameter-dependent SdH oscillation of this
model has been studied in Ref. [72]. Here, the magnetic de-
pendence is little affected by the choice of parameters. When
2M? > A%I2, one has fﬁ = O and le_ = %(%’3)2; actually, this
is the exact result for the 3D electron gas. When 2M? « A?[3,
one has fHE = 8( )%; in this case, it is similar to that of the
massless Dirac fermlons. Numerical analysis shows that the
dominant term of f]Qi is always oc B!

For electron gas, only the following substitutions need to

be made,
0 = o) (D19)
|0) ’
cos 5410)) I (D20)
sin 9k—'|1) '
With v, = %ﬁ(d +a"), one has |(ky, k., O|vy|ky, k., 1)]? =

2( iy )>. Then, the transverse magnetoconductivity of the

electron gas has the same expressions as the above two-node
2
model, except that f1Q+ is replaced by 2%

APPENDIX E: CALCULATION OF THE RECIPROCAL
DEBYE SCREENING LENGTH

The reciprocal screening radius « for the lowest Landau
band is given by [1]

2 2
kgT Z 1

K2 — ¢ B EE——
ev LWy, — EkZ,O

m,ky,k;

&2 dk,
= ;NL/ 2—8(EF — Er0), (E1)

where kzT Y, (5 Y = 8(Er — Ex o)

temperature limit. For ‘the one-node model, one has k>

2mNL o> for the parabolic lowest Landau band, /<2 =

s 2
27‘[8 L hl}kpy() :

in the zero-
iwy,— 2.0

APPENDIX F: CORRECTION WHEN THE FERMI
ENERGY IS NEAR THE BAND BOTTOM

The delta function comes from the approximation
Gfi ,O(EF)G}:T o(Er) or Af ((Ep) in the magnetoconductiv-
ity formula, and from taking the imaginary part of GX ,
during ﬁnding the scattering time. The approximatian
limn_m - lenz — 8(x) is making the Lorentz type broaden-
ing approaches zero. Using the delta functions makes the
analytic process possible. For the two-node model,

oo
dk, ~ / 8[M (kp — k2)]dk.
—00

e
—oo T [M(K2 = K3)]" + 2

1
- ) (F1)
M |kp|

0000f=======——oe—— ______CC

T -0.005f 1
g
=}

< -0.010} ]
o

> -0.015} ]
(o)

-0.020 | 7 . . . ]

20 30 40 50 60

B (T)

FIG. 10. Hall conductivity of the two-node model. The solid
black line is the result of Eq. (G2). Different terms of Eq. (G2) are
plotted with colored dashed lines (the brown dashed line is for the
first term). The carrier concentration ny is taken as 10~* nm~3.
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It is natural that the above result diverges when kr — 0. However, without making the approximation, one can directly get

/00 [1 n }dk 1 k%+\/k§+(1%)2. )

T M(E — )]+ My 2k + (3))

o0

_MllkF\ (as the result from the delta function), but for k7 < - it gives /ZULMI The result of Eq. (F2)

will not diverge because the integrand is not a strict Dirac delta function but a delta-like function with a finite Lorentz type
broadening. Therefore, for the case of very small kr (kr decrease with decreasing ng or increasing B), the results obtained using
the delta-function approximation need to be corrected.

For k% > 5 it gives

APPENDIX G: HALL CONDUCTIVITY IN THE QUANTUM LIMIT

The Hall conductivity can be found from

2 E ) — nr(Erp
o = 3 e (i) = e k;*”)lm[<kz,kx,b|ux|kz,kx,b’)(kz,kx,b/iv,.|kz,kx,b>], (G1)
wkovss  (Exd — Eiw)

—A4g M
where v, = 70, — 7

+ —i ﬁ(aT — a)]o,. For the two-node model in the quantum limit, the Hall conductivity is
B

2
& 1 [ e (Bri) = nr(Bio) (Acosek;] V2M ine%l)

Oxy = 7 z 2 +
h wl (Ek;,1+ _ Ekz,O) 2 Ip

2
nrg (Ekz»lf) — nr (E/2<0) (—A sin ek_l + \/EM cos @) n Z |:nF (Ekz,(nJrl)Jr) —np (Ekz;,)
(Ek:,l— - Ekz,()) 2 I 2 n>1 (Ek:,(n-&-l)-&- - Ekz,n—)

2
9](7,n+l ekz,n \% 2nM 9](7,}14—1 . ekz,n b Y% 2(" + 1)M . ekz,n-i—l ekz,n
X | Acos —— cos —— + Cos sin —— + sin COSs ——
2 Ip 2 2 Ip 2 2

e (Ex.n+) — nr (Exnr1)-) (—A sin Oun . Ounsr  N20M O, s Ok, n+1

5 ~— sin + Ccos —
(Ekz,n-Q— - Ekz,(n+l)—)

n

2 2 Ip 2 2

NICESY S T T .

+l— Sin 2 COS 2 .
B

(G2)

The above expression includes bands with higher Landau indexes. Numerical results show that oy, approximately equals to the
value of the first term (contributed by band 1+ and 0), and a B~' dependence is found, see Fig. 10.

For the one-node model, one only need to replace A and M in above expression by /ivg and 0. In addition, the expressions of
Landau bands of the one-node model are simple. Therefore, one can analytically find that the Hall conductivity is approximately
— 20 when the Fermi energy is near the neutrality point.

B
For the 3D electron gas, only bands of E;_o and Ej_; involve the calculation. The Hall conductivity can be found as

_he Z[nF(Ekﬁl)—nF(Ekz,o)]< 1 h)2

Oy 3 —
14 Py (Ex..1 — Ex.0) V2 m
2
e 1
=—2— —np(E
3 [ (o)
kv’ﬁkl
_ éeny (G3)
= 7
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