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We study the anomalous Hall effect (AHE) in tilted Weyl metals with Gaussian disorder due to the crossed X
and W diagrams in this work. The importance of such diagrams to the AHE has been demonstrated recently in
two-dimensional (2D) massive Dirac model and Rashba ferromagnets. It has been shown that the inclusion of
such diagrams dramatically changes the total AHE in such systems. In this work, we show that the contributions
from the X and W diagrams to the AHE in tilted Weyl metals are of the same order of the noncrossing diagram
we studied in a previous work, but with the opposite sign. The total contribution of the X and W diagrams cancels
the majority of the contribution from the noncrossing diagram in tilted Weyl metals, similar to the 2D massive
Dirac model. We also discuss the difference of the contributions from the crossed diagrams between the 2D
massive Dirac model and the tilted Weyl metals. At last, we discuss the experimental relevance of observing the
AHE due to the X and W diagrams in type-I Weyl metal Co;Sn,S;.
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I. INTRODUCTION

The anomalous Hall effect (AHE) has been a topic of
interest since it was first observed in ferromagnetic iron by
Edwin Hall in 1881 [1]. It is analogous to a usual Hall effect
but without the need of an external magnetic field [2,3]. The
transverse motion in the anomalous Hall systems originates
from the spin-orbit interaction, and to have a net transverse
current, the time reversal symmetry (TRS) has to be broken
in the system [2-6]. In insulators or semiconductors, the
anomalous Hall conductivity is quantized and insensitive to
impurity scatterings. In metals, however, the impurity scat-
terings affect the AHE significantly, and the AHE in such
cases can be divided into the intrinsic contribution, which is
due to the nontrivial topology of the electronic band structure
and remains in the clean limit, and the extrinsic contribution,
which is due to the impurity scatterings [5]. The anomalous
Hall current can be obtained either from the quantum Kubo-
Streda (QKS) formula [7] or from a semiclassical Boltzmann
equation (SBE) approach [4,5]. The former approach is more
systematic whereas the latter is physically more transparent.

The extrinsic AHE depends on the type of impurities in
general. For simplicity, we focus on the Gaussian white noise
disorder in this work. It has been well known that the Feynman
diagrams with crossed impurity lines shown in Figs. 1(b)-1(d)
result in a longitudinal conductivity which is smaller than the
noncrossing diagram by a factor of 1/ert due to the restricted
phase space of two rare impurity scatterings, so the crossed
diagrams are usually neglected in computing the longitudinal
conductivity. For a long time, the crossed diagrams were also
ignored for the AHE and only the Feynman diagrams with
noncrossing impurity scattering lines were considered for the
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AHE [4,5,8]. However, for the AHE, both the noncrossing and
crossed diagrams contain the rare impurity processes [9,10]
and are suppressed by 1/kpl <« 1 compared to the longitudi-
nal conductivity for weak impurity systems. The two types of
diagrams may then contribute the same order of magnitude
to the AHE as was demonstrated in recent years in two-
dimensional (2D) Rashba ferromagnets and the 2D massive
Dirac model [9,11,12].

The account of the crossed diagrams in a number of anoma-
lous Hall systems changes the total AHE in the systems
dramatically [9-12]. For example, the inclusion of the X and
W diagrams in Figs. 1(b)-1(d) in 2D Rashba ferromagnetic
metal results in a nonvanishing AHE instead of the vanishing
result under the noncrossing approximation (NCA) [9,13,14].
In the 2D massive Dirac model, the X and W diagrams almost
cancel out the NCA contribution at high energy [11,12]. It was
also shown that the same crossed diagrams play an important
role for the AHE on the surface of a topological Kondo insula-
tor [10], for the Kerr effect in chiral p-wave superconductors
[15], and for the extrinsic spin Hall effect across the weak and
strong scattering regimes [16,17].

The above cases show that the crossed diagrams play an
important role for a more complete study of the AHE in
a general case. For that reason, we study the contributions
of the crossed diagrams, namely, the X and W diagrams to
the AHE in three-dimensional (3D) tilted Weyl metals with
breaking TRS [18,19] and weak Gaussian disorder in this
work. Although the SBE approach can yield the same result
for the AHE as the QKS formula for the noncrossing diagram
in isotropic systems [5], it is not convenient for calculating the
AHE from the X and W diagrams because it is very difficult
to compute the scattering rates for such diagrams. We then
employ the QKS formula and the diagrammatic technique to
study the X and W diagrams in tilted Weyl metals in this work.

©2023 American Physical Society
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FIG. 1. (a) The Feynman diagram of the response function I} 6
under the noncrossing approximation (NCA) in the spin basis. The
thick solid lines are Green’s function in the spin basis under the Born
approximation, and the solid square represents the current vertex
I', renormalized by the ladder diagram under the NCA. (b) The X
diagram with two crossed impurity lines. (c and d) The ¥ diagram
with two crossed impurity lines. (e) The recursion equation satisfied
by the renormalized current vertex I,

Diagrams with more crossed impurity lines have a smaller
contribution in 1/€rt for Gaussian disorder.

For untilted Weyl metals it has been shown that the im-
purity scatterings have little effect on the AHE only if the
Fermi energy is not very far from the Weyl nodes [20]. This
is because the low-energy effective Hamiltonian of a single
Weyl node of the untilted Weyl metal gains an emergent
TRS and the AHE due to the impurity scatterings vanishes.
For tilted Weyl metals, the tilting breaks the TRS of the
effective Hamiltonian of a single Weyl node [21,22] and the
impurity scatterings have significant effects on the AHE in
such a system [23,24]. In a previous paper [24], we have
studied the disorder-induced AHE in tilted Weyl metals due
to the noncrossing diagrams and obtained both the intrin-
sic and extrinsic contribution for such diagrams from the
quantum Kubo-Streda formula. We also separated the two
different extrinsic contributions, namely, the side jump and
skew scattering contribution from the noncrossing diagrams
in this system. The study of the crossed diagrams for the tilted
Weyl metals in this work is an important supplement of the
skew scattering contribution to the AHE in such a system.

The skew scattering contribution to the AHE comes from
the diffractive scattering of electrons off two impurities, as can
be seen from the crossed X and W diagrams [10], as well as
the noncrossing skew scattering diagrams in Ref. [5]. For the
two scattering processes to interfere, the two impurities need
to be close enough for Gaussian disorder, i.e., with a distance
of the order of the Fermi wavelength. This is verified by the
calculation of the AHE from the X and W diagrams in the real
space [9,10].

We show that the contribution from both the X and W
diagrams for tilted Weyl metals with Gaussian disorder is of
the same order of the contribution from the NCA diagram we
studied in the previous work [24], i.e., ~70, This is different
from the 2D massive Dirac model for which the contribution
from the W diagram vanishes for Gaussian disorder [11,12].
On the other hand, our calculation shows that the total con-

tribution of the X and W diagram cancels a majority of the
contribution from the NCA diagram for tilted Weyl metals.
This is similar to the 2D massive Dirac model. However,
the inclusion of the X and W diagram does not change the
dependence of the anomalous Hall conductivity on the Fermi
energy whereas in 2D massive Dirac model, the crossed di-
agram changes the total anomalous Hall conductivity from
oyy ~ m/ep for the NCA diagram to oy, ~ (m/ep)® [12].

We also discussed the experimental relevance of observing
the effects of the X and W diagrams in tilted Weyl metals,
such as Co3Sn, S, [25-27]. We point out that the density of
the Gaussian disorder needed to observe the contributions
of the crossed X and W diagrams is much higher than that
of observing the noncrossing diagram with single impurity
scatterings, such as the side jump contribution, since the for-
mer corresponds to electron scatterings by pairs of closely
located impurities with a distance of the order of the Fermi
wavelength. We estimated that the impurity density needed
to observe the AHE due to the X and W diagrams is n}* >

imp
V2/(Arly)¥? for 3D tilted Weyl metals, where /s is the phase
coherence length and A is the Fermi wavelength and [y > A
(see the Discussion section). As a comparison, the impurity
density needed to observe the AHE from the noncrossing
diagram with single impurity scatterings is nfr{]p > 1/(y)%,
which is much lower than n{¥ . Another issue is that the
intrinsic AHE from the Chern-Simons term is much higher
than the AHE from both the noncrossing and crossed diagrams
in Co3Sn,S, with Gaussian disorder, so the effects of the
Gaussian disorder on the AHE is not very distinguishable in
experiments in this system. We propose that one can observe
the effects of the Gaussian disorder on the AHE by measuring
the anomalous Nernst effect (ANE) in such a system because
the Chern-Simons term has no contribution to the ANE and
the contributions of the Gaussian disorder to the ANE and
AHE are proportional to each other.

This paper is organized as follows. In Sec. II, we present
the model and the calculation of the anomalous Hall effect
due to the crossed X and W diagrams in tilted Weyl metals,
and compare the AHE from the crossed diagrams with the
noncrossing diagram, as well as with other systems, such as
the 2D massive Dirac model. In Sec. III, we have a discussion
of the experimental relevance of observing the effects of X
and W diagrams. In Sec. IV, we have a summary of this work.

II. AHE IN TILTED WEYL METALS DUE TO X
AND ¥ DIAGRAMS

The low-energy physics of a type-I Weyl metal with
breaking TRS can be described by an effective low-energy
Hamiltonian of two independent Weyl nodes and a topological
Chern-Simons term [24,28]. The Chern-Simons term results
in an AHE proportional to the distance of the two Weyl nodes
and is not affected by the impurity scatterings. We will then
focus on the low-energy effective Hamiltonian of the Weyl
nodes in the following, which is

H=> (xvo-p+uy-p) 1)

X
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where x = %1 is the chirality of the two Weyl nodes, o are
the Pauli matrices, and u, is a tilting velocity with u, < v
for type-I Weyl metals we consider in this work. Here we
assume the tilting u, = —u_ = u, i.e., the tilting is opposite
for the two valleys. For this case, the AHE in the two Weyl
nodes adds up instead of cancel out. The Hamiltonian H,
for each single valley results in two tilting linear bands €4 =
fvp+u, - p. The tilting term breaks the TRS of a single
Weyl node so the AHE from each valley does not vanish. The
term xvo - p breaks the global TRS so the total AHE of the
two valleys is nonzero.

We consider weak Gaussian disorder (white noise) with
random potential V(r) =V, ) ,8(r —r,) and correlation
(V(r)V(')) = y8(r —r’), where y = nimpVO2 and #iyp is the
impurity density. We assume that all the higher-order cor-
relators of the impurity potential vanish for simplicity, and
the mean free path of the electrons is much larger than the
Fermi wavelength, i.e., kgl > 1 or €xt > 1. The anomalous
Hall conductivity may be written in two parts, o}, and o},
in the Kubo-Streda formula [5,7]. Formally, a}, takes into
account the contribution on the Fermi surface, and a}} in-
cludes the contribution from the whole Fermi sea. Since o}
is not sensitive to impurity scatterings and its contribution in
the clean limit has been studied in previous works for tilted
Weyl metals [21,22], we only need to study the o}, part in this
work. The leading order contribution to the response function
H; p includes the diagrams in Fig. 1, where Fig. 1(a) is the
diagram under the NCA and has been studied in our previous
work [24]. The NCA diagram includes both the intrinsic and
extrinsic contributions, and both contributions to the AHE are
independent of the scattering rate 1/t in the leading order, i.e.,
~10. For the crossed diagrams in Figs. 1(b)-1(d), previous
works [9,10,12] have shown that for Gaussian disorder, the
leading order AHE from these diagrams for 2D Rashba ferro-
magnets and massive Dirac models is of the same order as the
noncrossing diagram in Fig. 1(a), i.e., ~7°. In the following,
we study the contribution of the crossed X and W diagrams for
tilted Weyl metals and compare the leading order contribution
of these diagrams with the noncrossing diagram in Fig. 1(a).
Diagrams with more crossed impurity lines have a smaller
contribution in 1/7 and so are negligible.

We assume that the impurity potential is diagonal for both
the spin and valley index, so the two valleys decouple and
one can compute the AHE in each valley separately. The
leading order contribution to the AHE from the NCA dia-
gram of the tilted Weyl metals has been worked out in our
previous work [24]. The total dc anomalous Hall conductivity
from the noncrossing diagram for the two Weyl nodes is
o)f’,CA = 4e’eru/3m*v? in the leading order of u/v for u in
the z direction. As a comparison, we compute the anomalous
Hall conductivity in the dc limit due to the crossed X and W
diagram in the tilted Weyl metals in the leading order of u/v
in the following.

We consider a uniform electric field E = —0,A applied to
the system. In the linear response regime jj = I} ;A”, where
A% = (0, A). The response functions fo in the dc limit for
the X and W diagrams for a single Weyl node (e.g., x = 1)

are, respectively,

de dnp(€)
My =y’ ) /— 5P+ P2 — P3 — Pa)

N 2wi  de
x Tr[[oGR(p1)GR (p3)GR (p2)TsG* (p2)
x GA(pa)G* (p1)] )
and
Map = Vzwp];m/ %dn;(e)é(pl + P4 — P2 — P3)

x Tr[G*(p )T G* (p1)G" (p3)G (p4)
x GR(p2)I'sG*(p2) + G (p1)I.GR(p1)
x GR (PTG (p2)G* (p)G (p3)], 3)

where GR/4 is the retarded or advanced Green’s function
(GF) of the tilted Weyl metals, and I',, is the current vertex
renormalized by the noncrossing ladder diagram [24]. We
have omitted the argument € in GR/4(¢, p) in the above equa-
tions for brevity.

The impurity averaged retarded or advanced GF in a single
valley (e.g., with x = 1) under the first Born approximation is
[24]

G*Ae,p)=(e—va-p—u-p— S~ @)

where the self-energy due to the impurity scatterings is
DR =y Y Gy (p) = FL [+ A)-0] with 1/7=

2
€pv

wygler),  gler) = [ ELS-p+vp— €)= gkt
being the density of states at the Fermi energy €z > 0 and
A(u) = —u/v. We note here that the self-energy under the
self-consistent Born approximation produces the same AHE
as that under the first Born approximation in the leading order
of ept for the Gaussian disorder. The inclusion of diagrams
with crossed impurity lines in the self-energy also only results
in corrections to the AHE in the higher orders of 1/ept.

For the calculation in this work, it is convenient to write
the G*/4 in Eq. (4) as

(e:l:zir—u-p)60+vp~aq:%(A-o)
(- £ 57)(e—€ £ 57)

with 1/7% = 1(1 £ E2),

The renormalized current vertex I, in Egs. (2) and (3) has
been worked out in our previous work [24]. The bare current
vertex for the tilted Weyl metals is ja = e(voy + uu0p) (we
define uy = 0). By expressing j, and Iy with the Pauli ma-
trices as fa = Jupop and ﬁ, =Typop,a, B =0,x,y,2z, one
can solve the coefficients of the renormalized current vertex
as I'op = Juy Dy g, where the summation over the repeated
index y is implied as usual and D = (1 — yZ)"!is the 4 x 4
diffusion matrix with the polarization operator Z defined as

1 dp

Tup =5 | Gyr ouC™ (€ + 0. P + Q)G (e )L (©)

G (e, p) = , (5
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In our previous work [24], we have shown that the renor-
malized current vertex I'yp = evDgg, i.e., the tilting term
U, 00 in the bare current vertex has no contribution to the AHE
and the main effect of the tilting is to produce an anisotropy
of the Fermi surface. We have also worked out the 7 matrix
and D matrix for the tilted Weyl metals in the previous work
[24], so we will just apply the results of such matrices for the
study in this work.

Denoting the integrand of Z,g in the dc limit as
Ls(p) = 1Tr[o,GR (e, p)osG™ (e, )], one gets GAT',GR =
Toplgy0,, GRT4GA = 0,1,5T4p. The response functions for
the X and W diagrams in Figs. 1(b)-1(d) can then be written
as

de dnp(€)
Mg = 627/20260/ —— Z (1 + P2 —P3 —Pp4)
p

2mwi  de
Lyeers P4
x Daélé,u,(pl)pr(p%p4)]vy(p2)D;ﬁs @)
de dnp(€)
v o 2.2 F
My =€y vow 7 de 23(P1+P4—P2—P3)
P1.-.sP4
X Doeley (P1IM (D3, Py (2)D) 4, (®)
where we have defined
Fu(p3, ps) = Tr[0,G (e, p3)0, G (e, p)],  (9)

M, (P3, P4) = Tr[0,,0,G" (€, p4)G" (€, 3)
+0,0,G"(e, p3)GR(e, pa)l.  (10)
The AHE due to the X and W diagrams corresponds to the
antisymmetric part of the response function IT¥ p and 1'[‘IJ In

the following, we study the AHE in tilted Weyl metals due to
the two diagrams, respectively.

J

A. AHE from the X diagram

In this subsection, we study the AHE due to the X diagram
in tilted Weyl metals. To do this, we first compute the anti-
symmetric part of the response function IT* s in Eq. (7).

For the matrices D, I, and F in Eq. (7), the symmetric parts
of these matrices are Dy~t°, I*~1, F*~1°, and the antisym-
metric parts D~t !, [*~10 F4~1° In the leading order of

1/eF 1, the antisymmetric part of l'[X is then
p de dnp(e)
= ey’o 3 Z Doay L3, (P1)
p1:p2.Q
;w (pl Q’ p: + Q) (pZ)D() nB’

Y

where Q = p; — p3 = ps — 2.

The vertex correction factor Dy and Dg on the two ends
of Hfb“ are constant matrices as a function of u and v, as
given in our previous work [24], and when multiplied with the
remaining part of the response function, it results in an extra
total factor @ ~ 9/4 + O(u?/v?) only if the remaining part is
an antisymmetric matrix of the linear order of u;,i =1, 2, 3,
which is the case for both the X and W diagrams. For con-
venience, we will then drop the Dy factor in Eq. (11) in the
following calculation and add the vertex correction factor &>
at the end.

Since the symmetric part of the / matrix in the dc limit is

1
Lyp)~nt*é(e—u-p— vp); X papg,  (12)

the integration over the momentum p; and p; is bound to the
Fermi surface due to the § function in /°.

The antisymmetric part of the F' matrix for the X diagram
isF! =N, (F*)/D(F), where

Y

N, (FY) = 2iv* (e |:(P1P2k — p2pix) + (p1 + p2)0Ok + %(Plk + sz)j| — "%y — Q)(p2 + Q)

D(F) = [e —u(p — Q) —vlp — Q| + é][

X [6—ll(Pz-l—Q)—Ulpz-l—Ql—Zr ][
4

L), 6 =22

andt—f =
i

G_u'(Pl_Q)+U|p1_Q|+;i| (13)

27,

27, j|

e —u(p+ Q)+ vlp2+ Q| — ——

=, w,v=0,1,2,3,and/, k =1,2,3. In N, (F?), we have only kept the leading orderin 1/7.

We assume u in the z dlrectlon for simplicity and Q = Q(sin « cos 8, sin « sin 8, cos «). Rotate the z axis to the direction of

0 by the transformation

X' cosacosfB cosasinf —sina X
y| = —sin 8 cos B 0 v,
% sinccosf sinasinf  cosa 2

where (%, ¥,2) and (x',y’, Z') are the bases of the old and new frames, respectively. The coordinates of p;, i = 1, 2 in the old

and new frames are denoted as (p;y, piy, piz) and (pl,, p;y, /), respectively. Assuming in the rotated frame p;

x' + sin 6; sin ¢; - )7’ + cos6; - i’) fori =1, 2, we then have p,

= p (sin 6; cos ¢; -

+Q =p1Qcosby,pz- Q= prQcosth,u-Q =uQcosa.

The coordinates p;y, i = 1, 2 in the old frame may be expressed as

Pix = pi(cos ¢;sin6; cos o cos B — sin G; sin ¢; sin B + cos 6; sin & cos B),

Di,y = pi(cos ¢; sin; cos o sin B + sin 6; sin ¢; cos B + cos §; sin o sin B),

pi; = pi(—sin;cos ¢ sin o + cos ; cos ). (14)
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From the é function in /¢, one can get p; = ﬁ, i=1,2, where
Zi = piz/pi = — sin0; cos ¢; sina + cos ; cos . (15)

Applying the § function in /* to replace € by p; and p, in D(F'), we get

— = [(v2 —u? coszot)Q2 — 2v2p1Q cosb + E(:050{ — i(11171 4+ uQcosa + véz|p; — Q|)]’1
D(F) v T

x [(v* — u? cos® a)Q? + 2v2p2Q<cos 6 + 4 cos a> + L(vpz —uQcosa + vé4lp, + QDI (16)
v T
The AHE due to the X and W diagram is finite only when u is nonzero. In this work, we only compute the AHE in the tilted

Weyl metals in the leading order of u for simplicity. For this reason, we expand 1/D(F') in terms of u/v and keep only the terms
up to the linear order of u. We then get

-1

1 i ! i
v’Q? —20°p; - Q@ — —vpi —2vpiu- Q| | v’Q*+2v’p, - @+ —vpy +2vpou - Q
D(F) T T
N 1+ 52 1+ 52
V202 — 2veQ(cos by + “cosar) — Le + vuQ?2) v2Q% + 2veQ(cos by + “cosa) + Le + vuQ?%,
U, u. 1 vuQ?%; — 2euQ cos o
~ <1 + —Z1><1 + —22> - (1 — o Q - ) a7
v v ") v2Q? —2veQcos b — e v2Q? —2veQcos by — te
1 <1 vuQ?%, + 2euQ cos o )
X - — - s
v2Q? + 2veQcos b + t€ v2Q? + 2veQcos b + t€

where we have neglected the linear order of u terms ~iuQ cos«/t and i§3/t, i84/7 since they contain an extra small factor 1/7.
Putting I° and F¢ together and neglecting the vertex correction at the two ends of the X diagram at the moment, we get the
antisymmetric part of the response function ny as

de d *©d *©d d T T
l'[;(“ —7'[282)/2 / € nF(E) ﬂp%/ ﬂ]ﬁ/ QQ2/ smOldGlf sin92d92/ sinado
0 0 0 0

2mi o 8m3 832 83
2 2 2 4i 2 a .
y / d¢1/ d¢>2/ apvp pZﬁ(Pl +P2)(I71 xp) Q2 o tt8(e —u-p,— vpy). (18)
0 0 0 P} p3 D(F) i=1,2

The scalar factor (p; X p,) - Q = p1p20Q sin6; sin 6, sin(¢, — ¢;) in the rotated frame, and tf =t/(1— %2,'), i=1,2. For
the integrand in Eq. (18), only the factor pi4p2g includes the angle B and one can easily integrate out this angle. For u in the
z direction, if the electric field E is also in the z direction, Hé‘f = 0 after the integration over the angle B for o # z. For this
reason, we only need to consider the case when E is perpendicular to u. Assuming the electric field E in the y direction, l'[fy’“ is

zero with the integration over 8. We then only need to compute the nonvanishing component I1%:%.
Since )

2
/ dBpixpry = 7 p1palcos asin Oy sin 6, sin(Py — ¢1) + sina(cos 6 sin 6, sin ¢, — cos 6, sin 6y sin ¢1)], (19)
0
the response function ny’“ for the X diagram becomes

de d 1 2w 2
M5 = vy 0 /2_6 n;(é)(z )94 v? 3/ QZdQ/ smozdoz/ smé)]d@]/ s1n92d92/ d¢1/
> i de

X d¢ Qsin 0 sin 0, sin(¢p, — ¢1)[cos & sin 6 sin 6, sin(¢y — ¢) + sin «(cos O; sin H; sin ¢, — cos O, sin O sin ¢y )]

LY v ( € N € ) €? €2 1 . 20)

v—utiv—un \v+uz  v4ud ) w+uz)? v+ u)d DF)
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It is easy to check that at u = 0, the response function in Eq. (20) vanishes. Expanding Eq. (20) to the linear order of u and

combining 1/D(F) in Eq. (17), we get

de dnp(€)
X.,a _ 22,2 2 F .23
I (u) = e vyt mi de x 4iv-mw (2 )9
X d¢y x Qsin b sin 0, sin(¢y —
1 1

2 2
/ (0] dQ/ smadoz/ mn@ld@l/ sm02d92/ d¢>1/

¢1)lcos a sin 6 sin B, sin(¢p, — ;) + sin a(cos O, sin B, sin ¢, — cos 6, sin O, sin ¢y)]

vuQ?%; — 2euQ cos o

X
V202
vuQ?%, + 2euQ cos o i|

v20? 4 2veQ cos b, + Iie '

— 2veQcosf) — fe v20? 4+ 2veQ cos B, + %e

u
—3—-(Zi+2)—-2 .
|: v(1 2) v2Q? —2veQcos b — €

2

The angular integration over ¢, ¢, and o can be easily done in the above equation and the contributions from the terms
with the factor Z; and Z, vanish after this angular integration. The response function for the X diagram after the integration over

¢1, P>, o, and € becomes

X,a _
e (u) = —

Y vy x /oo 0*dQ fﬂ sin 0,d6), /” sin 6,d 65 sin” 6; sin® 6, ! :
1273 r 0 0 0 V202 — 2vepQcos b — e
1 1 1
x _ ‘ . (22)
V20?2 — 2verQcost — tep V20?4 2vepQcosbr + tep |v2Q% + 2vepQcosh + Lep

= —iw— v e x Im/oonSX(Q),
673 0

where

T T
SX@)=0* | sin6,do, / sin 6,d6, sin® 6; sin® 6, x
0 0

The anomalous Hall conductivity from the X diagram is

I'IX “/iw, which is then completely real and dissipation-

less The integration in Eq. (22) can be done by a change of

variable x = cos 6, y = cos 6,, as shown in the Appendix. We
get in the leading order of 1/7

XEImfwdQsX(Q)aeLS. 24)
0 €rv

The leading order response function without vertex correction
for the X diagram from a single valley is

626 FlU

6202
The vertex correction adds a factor of 9/4 in the leading

order of u/v to the response function H (). For tilted Weyl

metals with two valleys, the response functlon doubles. We
then obtain the leading order anomalous Hall conductivity of

M5 () ~ —iw (25)

J

VYa __ 2. 72
1'[0”3 =ey
p1.p2,.Q

where Q = p; + ps = p2 + p3, I’ is given in Eq. (12) and

o (POM;,(Q —p2, Q — pI,

de dnp(e€)
D
w,/Zm Z 0.1

1 1
X —
(v2Q% 4+ 2vepQcos b — feF)z V202 + 2verQcos by + e
(23)
(
the tilted Weyl metals due to the X diagram as
3e’eru
X ~ F
N~ (26)

which is of the same order of the leading order contribution

from the NCA diagram o\“* = ‘;255 “ but with opposite sign.

B. AHE from the ¥ diagram

In this subsection, we study the AHE in tilted Weyl metals
due to the W diagram. To do this, we compute the antisym-
metric part of the response function H;"ﬂ in Eq. (8).

For the matrices D, I, and M in Eq. (8), the symmetric
parts of these matrices are Dy ~ 015 ~ 7, M* ~ 79, and the
antisymmetric parts are D? ~ =, 1¢ ~ 9 M* ~ 0 In the
leading order of 1/€p 7, the antisymmetric part of H;"ﬁ is then

P2)D] 5. 27)

Mj,,, is the antisymmetric part of

My, = Tr[0,0,G*(ps)G* (p3)] + Tr[0,0,G*(p3)G* (pa)]. (28)
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We denote the GAG* term in Eq. (28) as M* and the GRG® term as MR. Since M® = (M*)*, the M matrix is then M =
2Re MA. The antisymmetric part of the M4 matrix in the leading order of 1/t is M;‘u“ = ,“,(MA @y/D(M*), where

Ny (M) = 200 {[2(e —u- Q) +u - (py + p2)IOk — [€ —u - (Q — py)lpi — € —u - (Q — p)lpx}

(29)
= 207[(Q — p1)u(Q = p2)y — (@ — p(Q — p2),.],
D(MA)_|:€—14 (@ —p)—vIQ—pil - _L_+:||:€—” (@—p)+vIQ— P1|—T]
4 4
x[e—u ©—p) —vIQ - p2|——+][e—u~<g—p2>+v|g—pz|—zﬂ. (30)
3 3

In the above equation, —; =1 c(1£68),8 = p’P as defined before.

For u in the 7 direction and Q = Q(sinx cos B, sin « sin B, cos &), after the same rotation of the z axis to the direction of Q
as for the X diagram, and applying the § function in I°, we obtain

DM ~ [sz2 — 20 Q4 ;vm —2upuu - (2p, — Q)} [v2Q2 —20p,-Q+ %vpz —2upou - (2py — Q)] a1

where we have neglected the second-order u terms as well as the u/t terms.
Putting I° and M“ together and neglecting the vertex correction at the two ends of the W diagram at the moment, we get the
antisymmetric part of the response function for the W diagram as

de dnp(€)
H\I/a 2,22 /_
op Tey e 2mi  de

2ive™p, , Jpagl2(e —
x ) [ e praPiup2, pz,s[ (; 1\ZA Qtu-p+p)I0 C]_l'l[zfi+5(€_u.pi_vpi)
p1.p2,Q P p2 ( ) i=1,
de dnp(e) 1 00 T 2
22,2 F . s
=e vy w 3w de x 2ivw (271)9/0 0 dQ/o smada/o dBpiapas

00 00 T T 2 2
x/ dp1/ dp2/ sin91d91/ sin92d02/ dd)lf dor 1 o.f(py x py) - Q
0 0 0 0 0 0

X [2e +u-(p; +p, — Q)][ 8(e —vp1 —u-p))d(e —vpy —u-p,). (32)

1
DO c.c]

At u = 0, the response function H:’B“ vanishes. We then expand H:’B‘Z to the linear order of u and neglect the higher-order
contributions. Similar to the X diagram, for u in the z direction and E in the y direction, H:’V’“ = 0 and we only need to consider
1'[;‘;'“ for the AHE. Keeping only the linear order of u and integrating out the angle 8, we get

de d 2w 2
H)‘g;‘“(u)—ezvzyztzw 2—6 n;(6)4ivn3(2 75 / 0 dQ/ smada/ sm61d61/ sm02d92/ d¢>1/ do,
i €

X Qsin ) sin 6, sin(¢, — ¢1)[cos « sin B} sin G sin(¢p, — ¢;) + sin a(cos O sin 65 sin ¢, — cos B, sin O sin ¢;)]

1 1 u u
x . — | — —Qcosa+ — (21 +2
{v2Q2—2v6Q00s91+%6 v2Q2—2vchos02+§e|: eQ 2v(1 2)

2uvz; (Q* — £Qcos by — 22—2) +2euQcosa  2uvi(Q* — £Qcosb, — 22—2) + 2euQ cosa] } 33)
— : - : —c.c.
v2Q? — 2evQcos b + Le v2Q? — 2evQcos b, + Le
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After the integration over ¢y, ¢, and o, we get the antisymmetric part of 1'[;1; as

Y% u) = — e2v36§u/ Q4dQ/ sin 0,d6; / sin 6,d6, sin® 6; sin® 6,
’ 1273 0 0 0
y 1{ 1 1
2 [v2Q% — 2vepQcos by + Lep v2Q? — 2vepQcos by + Lep
|: 1 ( 1 1 >] }
x| - = — — + - —c.c.
2¢r vV20? — 2¢pvQcost) + rep  v?2Q% —2€pvQcosH; + L€
. u >
= —la)@ezv%g Im/0 dQs¥(Q), (34)
for which we separate S¥ (Q) to two parts as
sY(Q) =510 + 540,
st = -2 / sin’ 6,0 / sin’ 6y ! ! (35)
46% 0 1 0 : 2v2Q2 —2verQcos by + fep v20? — 2verQcos b, + %eF’
s¥20) = —0* / i sin® 6,d6, f i sin® 6,d6, ! : ! . (36)
0 0 (v2Q? — 2verQcos O + 1€p)? V2Q* — 2vepQcos b + Lep

As shown in the Appendix, in the leading order of 1/7, the
integration over S¥-!'(Q) and S¥-2(Q) gives

00 17+ 161n2
= Im/ do s¥'1(0) ~ ﬁ% G37)
0 105 €Fv
and
%0 | +8In2
v Elm/ d0sv 2~ 2 T (3
0 15  e€pv

The antisymmetric part of the response function for the ¥
diagram for a single valley without vertex correction is

44 12In2  éeru
iw
105

() = T ) + T2 ) ~ T

(39)

Adding the vertex correction factor 9/4 in the leading order
of u, and taking into account the two valleys of the tilted Weyl
metals, we get the total anomalous Hall conductivity due to
the W diagram in the leading order of u as

6+ 181n2 eepu epu

35

The contribution from the W diagram is also of the same order

of the contribution from the NCA diagram oA = %, but
with the opposite sign. This is different from the 2D massive
Dirac model, for which the anomalous Hall conductivity from

the W diagram vanishes for Gaussian disorder [12].

L 2P
Oy

~ —0.53

(40)

w2y? w2y?

C. Comparison between the crossed and noncrossing diagrams
The total contribution of the X and W diagrams to the AHE
for the tilted Weyl metals with two valleys is

8261:1/[
722’

O_X+\[l

X W
o =0, oy~ 1.28

(41)

As a comparison, we plot the different contributions to the
anomalous Hall conductivity of the tilted Weyl metals due

(

to both the noncrossing and crossed diagrams in Fig. 2. The
anomalous Hall conductivity from the noncrossing diagram
was obtained in our previous work [24] and includes three dif-
ferent mechanisms: intrinsic, side jump, and skew scattering.
The total anomalous Hall conductivity from the noncrossing
diagram for Gaussian disorder in the leading order of u/v is

2
NCA A, de“eru
xy 37202

(42)

- — —intrinsic o,
- —- side jump
- - - -skew scattering with NCA
total o with NCA_—" .-~
= |
*
~
* _
L
Bz
o
X diagrams
Iy ) Y diagrams
total
0.0 0.2 0.4

ulv

FIG. 2. The different contributions to anomalous Hall conductiv-
ity from the noncrossing and crossed diagrams for the 3D tilted Weyl
metals with Gaussian disorder as a function of the tilting velocity u
rescaled by v. The Fermi surface contributions from the noncrossing
diagram in the plot come from Ref. [24] and are exact, whereas
the results for the crossed diagrams are kept in the linear order of
u/v. The intrinsic contribution from the Fermi sea o}l comes from
Ref. [21]. The black solid line represents the total Fermi surface
contribution from the noncrossing diagram, and the blue solid line
represents the total contribution from both the Fermi surface and
Fermi sea, including both noncrossing and crossed diagrams.
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2
This contribution includes the intrinsic part o} = 27 from

N 2
the Fermi surface and ol = — <4

int &4.,7 from the Fermi sea. The
remaining part is the extrinsic contribution due to impurity
scatterings, including the side jump and skew scattering con-
tribution as shown in Fig. 2.
From Eqgs. (41) and (42), we see that the inclusion of the
X and W diagrams cancels most of the contribution from the
noncrossing diagram in the leading order of u/v, as shown
in Fig. 2. This is similar to the case of the 2D massive
Dirac model at large energy with Gaussian disorder. How-
ever, for the 2D massive Dirac model, the inclusion of the X
and ¥ diagram changes the dependence of the total anoma-
lous Hall conductivity on the energy from oNCA ~ m/er to

Xy
O’;;tal ~ (m/er)?, which greatly reduces the total anomalous
Hall conductivity in the metallic regime m/er < 1. In con-
trast, for tilted Weyl metals, the contributions of the X and
W diagrams have the same dependence on the Fermi energy
as the noncrossing diagram and the cancellation is due to the
opposite signs but close values of the coefficients of the two

contributions.

III. DISCUSSION

The expansion of the response functions of the X and W
diagrams to the second order of u reveals that the contribu-
tions to the AHE from these diagrams vanish in the second
order of u for the tilted Weyl metals. The next leading-order
corrections to the AHE from the X and W diagrams are then
~(u/v)>. The same is true for the contribution to the AHE
from the noncrossing diagram [24]. For the type-I Weyl metals
with not very large u/v, the anomalous Hall conductivity in
the linear order of u we obtained in this work is then accurate
enough.

The contributions to the AHE from the X and W diagrams
do not depend on the disorder strength and scattering rate
for Gaussian disorder, and have the same dependence on the
Fermi energy and the tilting of the Weyl metals as the NCA
diagram in the leading order. This makes it hard to distinguish
the contributions from the two types of diagrams in experi-
ments. However, the skew scattering contribution comes from
the consecutive electron scatterings off two closely located
impurities with distance of the order of electron Fermi wave-
length [9-12]. The impurity density required to observe the
AHE due to the X and W diagrams as well as the skew
scattering contribution in the NCA diagram is then much
higher than that to observe the side jump effects originating
from incoherent single impurity scatterings. The self-average
of the impurities in the diagrammatic technique indicates an
average over all the independent and equivalent subsystems
of the size of the phase coherence length /;. To validate the
self-average over the impurities in the calculation of the skew
scattering contribution, every independent subsystem of the
size of the phase coherence length [, (which is much smaller
than the sample size) needs to contain at least one pair of
such closely located impurities. We can then estimate the
minimum impurity density required in the system to observe
the effects of the X and W diagrams as follows. Assume there
are N randomly distributed impurities in each independent
subsystem of the size of /. The probability for two randomly

chosen impurities in this subsystem to have a distance less
than or equal to the Fermi wavelength Ag is ~(Ap/ l¢)3. Since
there are N(N — 1)/2 ways to choose a pair of impurities
in the subsystem, the total pair number of the rare impurity
complexes in the subsystem is NW(AF /1)*. This pair
number needs to be greater than one to validate the results
of the skew scattering contribution, including the X and ¥
diagrams and the noncrossing skew scattering diagrams in
Refs. [5,24], so we get N > +/2(l,/Ar)*/* and the impurity
density nfﬁlp > 2/ (Arly)*/*. (Note that under this impurity
density, the condition krl > 1 can still be satisfied.) As a
comparison, the impurity density required to observe the in-
coherent single impurity scattering effect, e.g., the side jump
contribution, is nfélp > 1/(ly)*. Since Iy > | > A, the min-
imum impurity density to observe the AHE due to skew
scatterings is much higher than that of observing the side
jump contribution. The same is true for the 2D massive Dirac
systems for which nf}gp > 1/(ly)* and nfr’;p > 2/ (Arly).

For the recently studied type-I Weyl metal CosSn,S,
in experiments [25,26], the topological Chern-Simons term
[20,24,28] gives an extra anomalous Hall conductivity oy ~
%IC which is proportional to the distance K between the
two Weyl nodes. This contribution is independent of the im-
purity scatterings and constitutes part of the intrinsic AHE.
For Co3Sn,S,, the AHE from the Chern-Simons term is one
order of magnitude greater than both the contribution from
the noncrossing diagram and the crossed diagrams of the low-
energy effective Hamiltonian with Gaussian disorder [23] so
it dominates the total AHE in this system. This makes it hard
to distinguish the contribution of the disorder in experiments,
either due to the NCA diagram or the crossed diagrams. In
Ref. [25], all the AHE measured in Co3Sn,S, was attributed
to the intrinsic one. In Ref. [26], the authors measured the
AHE in both the clean and dirty samples, but the difference
of the anomalous Hall conductivity in the two samples is only
about 10% of the clean case. To better observe the effects of
the disorder and the interplay of the noncrossing and crossed
diagrams in experiments, one may increase the Fermi level of
Co3Sn,S; by doping to enhance the weight of the contribution
to the AHE due to both the noncrossing and crossed diagrams
since the anomalous Hall conductivity from the Chern-Simons
term does not depend on the Fermi energy.

Another way to observe the disorder effects and the in-
terplay between the crossed diagrams and the noncrossing
diagram in Co3Sn,S; is by the measurement of the anomalous
Nernst effect (ANE) [26,29-31] in such a system. The ANE
only comes from the scatterings on the Fermi surface so the
Chern-Simons term has no contribution to the ANE. The ANE
is proportional to the Fermi surface contribution of the AHE,
ie., o,’,, we studied in Ref. [24] and this work, with the ratio
~kgT /er [23]. By measuring the ANE in different disorder
conditions, one can tell whether and when the skew scatterings
play a role in both the ANE and AHE in the system. Indeed, in
Ref. [26], the ANEs in the disordered samples are about three
to five times that of the clean sample, which makes the effects
of the disorder much more discernible in the ANE than in the
AHE. The large enhancement of the ANE by the disorder in
this experiment agrees qualitatively with our calculation for
the NCA diagram in the previous work [24] and seems to
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indicate that the crossed diagrams do not contribute to the
ANE in the measured disordered samples based on our cal-
culation of the Gaussian disorder in this work. One possible
reason may be that the impurity densities in the disordered
samples in the experiment did not reach the required den-
sity nf{;p to observe the skew scattering effects. On the other
hand, the real system may also include disorders more com-
plicated than the Gaussian disorder considered in this work
[12,17,32-34], which may change the results of the AHE and
ANE significantly. For example, it was shown in Ref. [12]
that for the 2D massive Dirac model with smooth disor-
der, the anomalous Hall conductivity is enhanced by the X
and W diagrams instead of being canceled as in the case
of Gaussian disorder. Impurities with higher-order correla-
tions than the Gaussian disorder may also introduce a new
contribution to the AHE [33]. Besides, the impurities with
internal structure may also activate a new skew scattering
mechanism and change the AHE significantly [17,34]. A
more complete theoretical study including various realistic
disorders is then needed to tell whether the crossed diagrams
play a role in such experiments. We will leave this for a
future study since the study of the 3D tilted Weyl metals
with these types of disorder is more complicated than the
2D massive Dirac model due to the increased dimensionality.
On the other hand, to observe the AHE or ANE due to the

J

crossed diagrams, more experiments with a wider range of
disorder conditions may also need to be carried out in the
future.

IV. SUMMARY

To sum up, we study the AHE due to the crossed X and
W diagrams in type-I Weyl metals with Gaussian disorder.
We show that similar to the 2D massive Dirac model, the
contributions from the crossed diagrams cancel a majority of
the contribution from the noncrossing diagram of the low-
energy effective Hamiltonian. However, the impurity density
needed to observe the AHE due to the X and W diagrams is
much higher than that of observing the contribution of the
noncrossing diagrams with single impurity scatterings. We
estimate the minimum impurity density to observe the AHE
due to the X and W diagrams and discuss the experimental
relevance to observe the AHE from such crossed diagrams in
the type-I1 Weyl metal Co3Sn;,S,.
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APPENDIX: CALCULATION OF I* AND I*

In this Appendix, we show the details of the integration in Egs. (24), (37), and (38) for the X and W diagram.

We first present the integration

¥ =Im /Ooo dOsX(Q)

1 1

o0 T T
=Im / 0*do f sin® 6,d6, / sin® 6,d6,
0 0 0

(v2Q% 4+ 2vepQcos b — %ep)z v2Q? + 2vepQcos by + Lep

By a change of the variable x = cos 8, y = cos 6, and denoting € as € for brevity, we get

£ (V20% + 2ve0x)* — &

[} 1 1
1X=/ 4d/d/d1—21—2— . ;
0 gde -1 ! —1 yd == =y ){ (U2Q2+2v6Qy)2+§—£[(v2Q2+2veQx)2+i—§]2

2£(v2Q? + 2veQy)

v2Q? + 2veQx

202 24 € > e[ (AD)
(V0% + 2v€0y)* + & [(v2Q? 4 2ve0x)> + & ]

We denote the first and second term in the above equation as IX°! and 2, respectively, and calculate them separately in the
following. With the variable substitution v2Q? + 2veQy = t, v2Q? + 2veQx = s and the relationship

€

T

(vV20Q? + 2veQy)? + j—i

we get

~ w8(v2 Q% + 2veQy), (A2)

00 Q4
X,l__
= ”/o 2007 ¢

v2Q%*+2veQ 5 — szz
Lga = (
v2Q?—2veQ 2veQ

27 2 % v20%+2veQ [ szz 2
’2 3 / dt|1 — | ——— (), (A3)
(S2 + i—) v2Q%—2veQ 2veQ

2

U2 2 ve
a2 [T dQ/ o st[1 - (s s
t Jo (evQ)? 20?2060 2veQ

2 5 v20%4+2veQ t— U2Q2 2 ¢
>:|(S2+62)2/22 dt|:1_< 2veQ >i|t2+c2'
v2Q%*—2veQ

(A4)

We first do the integration of I¥:!. The integration over s and ¢ for I**! in Eq. (A3) can be carried out separately at first.
To get a nonvanishing integration over the §(¢) factor in Eq. (A3), Q must be limited to 0 < Q < 2¢/v. Denoting ¢ = €/t and
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integrating out s and ¢, IX*! becomes

2¢/v —7TQ4 U2Q2 UZQZ Ky 1 1
X,1 _ _ _ _ - - 2 2
I = /0 dQ(2er)2 |:1 1 ]{ (1 T2 >—s2 e + 2e2 |:cn8(s) + > In(s” + ¢ ):|

1 s 202 4+2veQ
— ——— | s+ csé(s) — 2carctan | — . A5
4€2U2Q2[ ® <C>]} s=v202—2veQ (A
Neglecting the small terms in 1/, we get
2¢ /v 4 212 22 1 1 V20> +2veQ
IX’1=/ dQ 70 l—vQ x 1 — l—ﬁ ’ +—In(s*+c*)— ———s
0 (2evQ)? 4¢2 42 )2+ 4e? 4€2020% )| L1202 aveo
T - Lassmoy (A6)
=— |1 - — n2)|.
2ev° 15
Similarly, after the integration over s and ¢, X becomes
00 4 2 2 V20> +2veQ
Q 10} 1 1
1’“2:2/ 1— 1 P+ —t— ———t?
| 2ev0y?? G |3+ )+ 55 8e2020? ],zszz_ZUEQ
2Q2 1 s v20?+2veQ
X |:—<1 2)— ()+—arctan< )] , (A7)
4e 4e? ¢ s=v202—2veQ

where we have omitted the terms proportional to ¢ or s§(s). The integration over the terms with §(s) in Eq. (A7) is zero because at

s=0,0=00r1— 4 2 = 0, and the terms with 5(s) in the integrand become zero. For this reason, we only need to consider the

v20%42veQ
s=v20%?—2veQ

terms with @ arctan(3 ) after the integration of s. Since c is small, arctan(3)| is nonzero only when v2Q? — 2veQ <

0 < v?2Q% 4+ 2veQ,ie,0 < 0 < 2¢/v. In this regime,

s
arctan (— )
c

o P /ZG/U Q4 40 x |:1 (1 B v2Q2>l (U2Q2+2U€Q)2 +6‘2 £i|

2¢2 (2€vQ)2 2 42 (vV20Q? — 2veQ)? + ¢ + €

v2Q*4+2veQ
~1 (A8)
s=v2Q?—2veQ

and

= 14+ —1+8n2
T E( n2)|.

T 2evd

Adding I*°! and I’*°? together, we get IX = 7 /epv’ as in Eq. (24).
We next compute 1Y = Im [;° dQS¥ (Q) for the W diagram. As shown in the main text, we divide IV into two parts /*"! and

1Y% and compute them separately.
From Eq. (35), we get

"' =1Im /Do dos¥'(Q)
0

=/ 462dQ/ dx/ dy(1 — x*)(1 —y?)

y < (v2Q? — 2veQx) < v2Q? — 2veQy
(2Q% —20eQyP + S (X0 —20e0x + & (v20% — 20eQx) + S (v20% — 20eQy)’ + &

00 4 v2Q%+2veQ .22 2Q2+2veQ 2212\ 2
“s | @ gy () iz [ - () o0
2¢2 Jy  (2evQ)? V20 —2veQ 2veQ 24+ 5 Jirgr_aeo 2veQ

_ l 2€/ud Q4 . UZQZ) . UZQZ)ll (U2Q2 +2U€Q)2 +C g
T 2¢2 Q(Zer)2 42 42 )2 g (v20? — 2veQ)? + ¢2 €
b4 17 + 16ln2
T e’ 105 (A9)
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Similarly, we get

I\l/,2

00 1 1
/ Q“dQ/ dx/ dy(1 = )1 =)
0 —1 —1

1 1

o I 1
. " 2 2
/0 Q' dQ x Im/_1 dx/_l ayl=xxl =y )|:(v2Q2 — 2veQx + Le)? * 007 — 20e0y + z€

|

§ £ (0% — 2veQx)* — & 2£(0?Q? — 2veQy) v20?% — 2veQx
2 2
(1202 — 20eQy P + & [(12Q? — 20eQx)® + i—i]z (V?Q* — 20€Qy)* + & [(v202 — 2veQx)? + i—i]z
S Sy &
T 1
= __(1+8In2).
€V’ 15( +8ln2)

|

(A10)

[1] E. Hall, Philos. Mag. 12, 157 (1881).
[2] R. Karplus and J. M. Luttinger, Phys. Rev. 95, 1154 (1954).
[3] F. D. M. Haldane, Phys. Rev. Lett. 61, 2015 (1988).
[4] N. A. Sinitsyn, J. Phys.: Condens. Matter 20, 023201 (2008).
[5] N. A. Sinitsyn, A. H. MacDonald, T. Jungwirth, V. K. Dugaev,
and J. Sinova, Phys. Rev. B 75, 045315 (2007).
[6] S. A. Yang, H. Pan, Y. Yao, and Q. Niu, Phys. Rev. B 83, 125122
2011).
[7] P. Streda, J. Phys. C 15, L717 (1982).
[8] N. A. Sinitsyn, J. E. Hill, H. Min, J. Sinova, and A. H. MacDon-
ald, Phys. Rev. Lett. 97, 106804 (2006).
[9] 1. A. Ado, 1. A. Dmitriev, P. M. Ostrovsky, and M. Titov, Phys.
Rev. Lett. 117, 046601 (2016).
[10] E. J. Konig, P. M. Ostrovsky, M. Dzero, and A. Levchenko,
Phys. Rev. B 94, 041403(R) (2016).
[11] I. A. Ado, 1. A. Dmitriev, P. M. Ostrovsky, and M. Titov,
Europhys. Lett. 111, 37004 (2015).
[12] 1. A. Ado, I. A. Dmitriev, P. M. Ostrovsky, and M. Titov, Phys.
Rev. B 96, 235148 (2017).
[13] J.-1. Inoue, T. Kato, Y. Ishikawa, H. Itoh, G. E. W. Bauer, and
L. W. Molenkamp, Phys. Rev. Lett. 97, 046604 (2006).
[14] T. S. Nunner, N. A. Sinitsyn, M. F. Borunda, V. K. Dugaev,
A. A. Kovalev, A. Abanov, C. Timm, T. Jungwirth, J. I. Inoue,
A. H. MacDonald, and J. Sinova, Phys. Rev. B 76, 235312
(2007).
[15] E. J. Konig and A. Levchenko, Phys. Rev. Lett. 118, 027001
(2017).
[16] M. Milletari and A. Ferreira, Phys. Rev. B 94, 134202 (2016).
[17] M. Milletari and A. Ferreira, Phys. Rev. B 94, 201402(R)
(2016).
[18] X. Wan, A. M. Turner, A. Vishwanath, and S. Y. Savrasov, Phys.
Rev. B 83, 205101 (2011).
[19] N. P. Armitage, E. J. Mele, and A. Vishwanath, Rev. Mod. Phys.
90, 015001 (2018).

[20] A. A. Burkov, Phys. Rev. Lett. 113, 187202 (2014).

[21] J. E. Steiner, A. V. Andreev, and D. A. Pesin, Phys. Rev. Lett.
119, 036601 (2017).

[22] Y. Ferreiros, A. A. Zyuzin, and J. H. Bardarson, Phys. Rev. B
96, 115202 (2017).

[23] M. Papaj and L. Fu, Phys. Rev. B 103, 075424 (2021).

[24] J. X. Zhang, Z. Y. Wang, and W. Chen, Phys. Rev. B 107,
125106 (2023).

[25] E. Liu, Y. Sun, N. Kumar, L. Muechler, A. Sun, L. Jiao, S. Y.
Yang, D. Liu, A. Liang, Q. Xu, J. Kroder, V. Siif§, H. Borrmann,
C. Shekhar, Z. Wang, C. Xi, W. Wang, W. Schnelle, S. Wirth,
Y. Chen et al., Nat. Phys. 14, 1125 (2018).

[26] L. Ding, J. Koo, L. Xu, X. Li, X. Lu, L. Zhao, Q. Wang, Q. Yin,
H. Lei, B. Yan, Z. Zhu, and K. Behnia, Phys. Rev. X 9, 041061
(2019).

[27] Q. Wang, Y. Xu, R. Lou, Z. Liu, M. Li, Y. Huang, D.
Shen, H. Weng, S. Wang, and H. Lei, Nat. Commun. 9, 3681
(2018).

[28] A. A. Burkov, J. Phys.: Condens. Matter 27, 113201 (2015).

[29] L. Ye, M. Kang, J. Liu, F. von Cube, C. R. Wicker, T. Suzuki,
C. Jozwiak, A. Bostwick, E. Rotenberg, D. C. Bell, L. Fu,
R. Comin, and J. G. Checkelsky, Nature (London) 555, 638
(2018).

[30] A. Sakai, Y. P. Mizuta, A. A. Nugroho, R. Sihombing,
T. Koretsune, M. T. Suzuki et al., Nat. Phys. 14, 1119
(2018).

[31] S. N. Guin, P. Vir, Y. Zhang, N. Kumar, S. J. Watzman ef al.,
Adv. Mater. 31, 1806622 (2019).

[32] M. Offidani and A. Ferreira, Phys. Rev. Lett. 121, 126802
(2018).

[33] S. Onoda, N. Sugimoto, and N. Nagaosa, Phys. Rev. B 77,
165103 (2008).

[34] C. Huang, Y. D. Chong, and M. A. Cazalilla, Phys. Rev. B 94,
085414 (2016).

214204-12


https://doi.org/10.1080/14786448108627086
https://doi.org/10.1103/PhysRev.95.1154
https://doi.org/10.1103/PhysRevLett.61.2015
https://doi.org/10.1088/0953-8984/20/02/023201
https://doi.org/10.1103/PhysRevB.75.045315
https://doi.org/10.1103/PhysRevB.83.125122
https://doi.org/10.1088/0022-3719/15/22/005
https://doi.org/10.1103/PhysRevLett.97.106804
https://doi.org/10.1103/PhysRevLett.117.046601
https://doi.org/10.1103/PhysRevB.94.041403
https://doi.org/10.1209/0295-5075/111/37004
https://doi.org/10.1103/PhysRevB.96.235148
https://doi.org/10.1103/PhysRevLett.97.046604
https://doi.org/10.1103/PhysRevB.76.235312
https://doi.org/10.1103/PhysRevLett.118.027001
https://doi.org/10.1103/PhysRevB.94.134202
https://doi.org/10.1103/PhysRevB.94.201402
https://doi.org/10.1103/PhysRevB.83.205101
https://doi.org/10.1103/RevModPhys.90.015001
https://doi.org/10.1103/PhysRevLett.113.187202
https://doi.org/10.1103/PhysRevLett.119.036601
https://doi.org/10.1103/PhysRevB.96.115202
https://doi.org/10.1103/PhysRevB.103.075424
https://doi.org/10.1103/PhysRevB.107.125106
https://doi.org/10.1038/s41567-018-0234-5
https://doi.org/10.1103/PhysRevX.9.041061
https://doi.org/10.1038/s41467-018-06088-2
https://doi.org/10.1088/0953-8984/27/11/113201
https://doi.org/10.1038/nature25987
https://doi.org/10.1038/s41567-018-0225-6
https://doi.org/10.1002/adma.201806622
https://doi.org/10.1103/PhysRevLett.121.126802
https://doi.org/10.1103/PhysRevB.77.165103
https://doi.org/10.1103/PhysRevB.94.085414

