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Long-range magnetic textures, such as magnetic skyrmions, give rise to rich transport properties in magnetic
metals, such as the anomalous Hall effect related to spin chirality, aka topological Hall effect. In addition to the
topological Hall effect, recent studies on noncentrosymmetric magnets have found that the spin-orbit interaction
of itinerant electrons gives rise to unique contributions related to spin chirality, i.e., the chiral Hall effect. In
this paper, we discuss that the spin-orbit interaction has a distinct yet significant effect on the anomalous Hall
effect related to spin chirality in centrosymmetric magnets. Using a scattering theory method, we find that the
anomalous Hall effect related to scalar spin chirality in a two-dimensional Luttinger model is suppressed by more
than one order of magnitude compared to the quadratic dispersion, and the contributions similar to the chiral
Hall effect in Rashba models vanishes. At the same time, a unique term related to vector spin chirality occurs,
which gives different Hall conductivities for the Bloch and Neel skyrmions, thereby enabling detection of the
skyrmion helicity. The striking differences demonstrate the rich effect of crystal symmetry on the chirality-related
anomalous Hall effect in materials with strong spin-orbit interactions.
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Introduction. Noncollinear magnetic textures give rise to
rich transport phenomena, such as anomalous [1-7] and spin
[8,9] Hall effects, and electrical magnetochiral effect [10-12].
Theoretically, these phenomena are often related to spin chi-
rality: the anomalous Hall effect (AHE) is related to scalar
spin chirality of three spins S; - §; x Sy [1,4,13], whereas the
spin Hall effect [9] and electrical magnetochiral effects [12]
are related to the vector spin chirality of two spins S; x §;.
These phenomena play an important role in the transport prop-
erties of ferromagnetic materials with long-range magnetic
structures. The AHE related to scalar spin chirality has been
intensively studied in materials hosting magnetic skyrmions
[Figs. 1(a) and 1(b)], such as B20 compounds [14—16], py-
rochlore magnets [3,17], and Mn3Sn [18]. On the other hand,
the electrical magnetochiral effect has been reported in mag-
nets with helical magnetic order [10,11]. While most of the
early works ignored the effect of spin-orbit interaction (SOI)
of electronic bands, recent studies pointed out that the SOI
gives rise to nontrivial contributions to the AHE by skyrmions
[19-21], such as chiral Hall effect (CHE) and monopole con-
tributions. These studies revealed nontrivial effects of SOI in
noncentrosymmetric two-band models, such as Rashba and
Dresselhaus models.

AHE by magnetic textures also occurs in centrosymmetric
materials as skyrmion and magnetic helixes also appear in
centrosymmetric materials, such as in frustrated [22,23] and
itinerant magnets [24]. These mechanisms not only broaden
the list of candidate materials but are also favorable for
realizing a large chirality-related AHE. In the case of frus-
trated magnets, the size of the skyrmion stabilized by these
mechanisms is governed by the ratio of competing exchange
interactions, typically the nearest- and further-neighbor inter-
actions, and by the Fermi wave number in the case of itinerant
magnets. In both cases, the typical size of a skyrmion is
smaller than those stabilized by the Dzyaloshinskii-Moriya
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interaction in noncentrosymmetric materials, in which case
the skyrmion radius A is related to the ratio of ferromag-
netic exchange and Dzyaloshinskii-Moriya interaction, A =
10 — 100 nm [25]. As the magnitude of AHE by skyrmions
is proportional to the density of the skyrmion [25], a smaller
skyrmion radius is favorable for realizing a larger AHE. In
fact, some centrosymmetric skyrmion materials show a very
large topological Hall effect [26]. As with noncentrosym-
metric materials, SOI may affect the chirality-related AHE
in centrosymmetric materials. However, while several works
have studied the effects of SOI on the AHE in coplanar mag-
nets [27,28], the role of inversion symmetry remains unclear.

In this paper, we theoretically study the AHE by magnetic
textures in a centrosymmetric magnet with SOIL. Considering
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FIG. 1. Schematics of (a) Neel- and (b) Bloch-type magnetic
skyrmion and (c) Neel-type bimeron studied in this paper. (d) A
schematic of electron scattering by multiple local moments.
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FIG. 2. The band structure of the Luttinger model with o =
0.5, (a) m=1/2, and (b) m = —1/2. (c) Helicity dependence
of chirality-related anomalous Hall conductivity in skyrmion and
bimeron crystals with M, = o =0, S = ng = g = 1. In the figure,
sk and bm denote skyrmion and bimeron, respectively.

the two-dimensional Luttinger model [29] as the effective
Hamiltonian for itinerant electrons, we study the AHE in-
duced by long-range magnetic textures using a scattering
theory method. We show that the AHE related to scalar spin
chirality is suppressed by more than one order of magnitude
compared to the simple quadratic Hamiltonian without SOI,
and the contribution discovered in the Rashba model van-
ishes. On the other hand, a different contribution related to
vector spin chirality appears that gives rise to the difference
in the Hall conductivity in Bloch and Neel skyrmion crys-
tals, thereby enabling electrical distinction between the two
types of skyrmions [Fig. 2(c)]. The effect of SOI on AHE by
bimerons is also discussed.

Model and method.

a. Luttinger Kondo-lattice model. As an example of the
centrosymmetric semiconductor with SOI, we consider a
two-dimensional variant of the Luttinger model coupled to
classical spins. The Hamiltonian reads

H = Hy + Hg, (D
where
K 3% — (kJy + kyJy)?
_ + K3 xJx yy
Hy = Z Cl/«(k)|:2M + m cy(k)
kv v
2)

is the effective Hamiltonian for itinerant electrons described
by the Luttinger Hamiltonian [29] and

Hy =Jx Y cl(R)(S: - Juvey(R:) 3)

is the Kondo coupling between the classical localized spins
and itinerant electrons. Here c, (k) [c;(k)] is the annihila-
tion [creation] operator of an electron with momentum k =
(ky, ky) and spin u, k = |k|, J = (Jy, Jy, J;) is the vector of
J = 3/2 spin operators J, (a = x, y,2), S; = (S, 57, §7) is the
ith localized moment at position R; = (R}, R}), and Jk is the
strength of exchange coupling between the itinerant electrons
and the localized moment. In Hy, the first term is the ordinary
quadratic term and the second term is the effect of SOI as seen

from the k - J form.

The eigenstates of Hy consist of two doubly degenerate
bands [Fig. 2(a)]. When |m/M| = |a| < 1, one of the two
doubly degenerate bands is holelike and the other becomes
electronlike; the electron and hole bands touch at k = 0, form-
ing a zero-gap semiconductor state. Such a state is realized
in @-Sn [30] and in pyrochlore iridates [31,32]. On the other
hand, when || > 1, both bands are either electronlike (ma >
0) or holelike (ma < 0). In this paper, we focus on the || < 1
case, i.e., the case in which one of the two doubly degenerate
bands is electronlike and the other is holelike [Figs. 2(a) and
2(b)].

b. Anomalous Hall effect by skew scattering. To study the
AHE arising from coupling to magnetic textures, we compute
the anomalous Hall conductivity oy, focusing on the skew
scattering contribution [33]. In the Boltzmann theory, the
skew scattering is described by the asymmetry of the scat-
tering rate. The scattering rate Wy, _, ', is the rate of electrons
in the |ku) state, the pth eigenstate of Hy with momentum k,
being scattered to the state |[k'v). The skew scattering AHE
is related to the difference of Wy, _,;, and its inverse process
Wiy ky- To study the asymmetry in the scattering rate, we
first define the symmetric w;” _x, and antisymmetric w

kp
terms of the scattering rate by

kp—k'v

+ 1
wk,u,%k'v = i(Wkﬂ—)k,U + Wk'\)—>ku)' (4)
In this paper, we focus on the asymmetric scattering w,_
by the magnetic scattering.
Within the second Born approximation, the antisymmetric

term w, ,, reads
ku—k'v

kp—k'v

W e, =477 ) Im{(K'v | H k) (kg | He | ph)
DA

x (pA| Hy | K'v)18(eky — €x,)8 €k — €pp)- (5)

Here we considered Hy as the unperturbed Hamiltonian
and Hg as the perturbation that causes electron scattering.
The Hall conductivity is calculated by combining Eq. (5)
with the semiclassical Boltzmann theory, as summarized in
Appendix A.

Results.

a. Hall conductivity for the electron-doped case. We first
consider the electron-doped case (e > 0) assuming a positive
electron mass m > 0, where € is the Fermi energy. The Hall
conductivity oy, reads

oo
210(1 + @)

X [9f1({Sn}) + 582({Sn}) + 305({SsD)].  (6)

Oxy =

Here,

1
h,i,j

+(S; - S)H(17Ry - Ry — SR}, — 5R§h)]’

1
FoUSID) =73 D (Sn Si X S))(Rin x Ry - 2),
h,i,j
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FIG. 3. A schematic of (a) local spins on the square lattice and
(b) an example of skyrmion crystal.

1
F5USID) =73 D (Su - RipISi S - (Rin + Rjn) x 2]
h,i,j

+ (Sh - Rij x 2IS; x S - (R + Rjp)],

2,2 373.2
T Jpe€
andaoz%

z axis, Rj; = R; — R}, L? is the area of the system, T is the
relaxation time for symmetric scattering, and e is electric
charge. Among three terms, f;({S;}) corresponds to a gen-
eralization of the skew scattering AHE by magnetic scattering
[34] and f,({Si}) is the skew scattering AHE related to the
scalar spin chirality Sy, - S; x S; [13]. The third term f3({S})
is the AHE related to the vector spin chirality S; x §;, which is
the term describing the interplay of magnetic texture and SOL.

, where Z is the unit vector along the

J

To see how the SOI affects the AHE, we compare Eq. (6)
to the anomalous Hall conductivity of a model without SOI.
To this end, we consider a quadratic Hamiltonian

~ k?
Hy =Y cutk)’ ~—c,(k). (7)

p 2m
The dispersion of Hj is exactly the same as that of Hy when
m = m/(1 + ). Therefore, comparing the anomalous Hall
conductivity of two models helps us clarify the effect of SOI.
The scattering rate and Hall conductivity for Hy reads
o

0
1+O[fz({Sh}), ®)

when m = m/(1 + «). The result resembles f>({S;}) term
in o,,. However, the magnitude in Eq. (6) is reduced by
29/512 ~ 1/18 compared to the case without SOI. The result
indicates that the AHE related to scalar spin chirality in the
Luttinger model is suppressed by more than one order of
magnitude compared to that without SOI.

b. Continuum limit for the electron-doped case. We next
turn to a spin texture slowly varying in space, such as
in ferromagnets with magnetic skyrmions. To be concrete,
we consider a square lattice magnet [Fig. 3(a)]. When the
spins vary slowly in space, S; near S, can be approxi-
mated as S; ~ S, + (Rip, - V)S;, + %(R;h - V)2S,,. To evaluate
the Hall conductivity, we assume that the contribution from
the multiple-spin scattering due to nearest-neighbor sites is
dominant. That is, we limit i and j to the nearest-neighbor
sites of h. By using the gradient expansion, replacing ), by

J (124 and S, by S = (§%(r), §”(r), $%(r)), we obtain

Oyy = —

=0 [ gy Psr 2193 agn 8P 4 10,817) + L a25iS - AS = o505 + (8,57
Oyy (1+Q)L2/X)’32 756 (|x|+|y|)+64a 3¢ (10xS8°17 + [9yS°[7)
_§“°—“2/dxdys-35x a,s+1—5L/dxdy (S[(32 — 32)8 x 8], +§[(32 — 32)$ x S],)
64 (1 4+ a)L? ! Y 128 (1 4+ a)L2 A y A X

where a is the lattice constant that defines the distance be-
tween nearest-neighbor spins and S = |S|.

Compared to noncentrosymmetric models [19,21], no term
with one spatial derivative of spin exists in Eq. (9), namely,
the contributions similar to CHE [19] and monopole [21]
contributions are absent. The absence of linear-in-gradient
terms is understandable from the symmetry of H. Phe-
nomenologically, Eq. (9) indicates that the Hall current
follows J, = o’ f({S(r)})E,, where f({S(r)}) is a functional
of spins. For concreteness, let us consider f({S(r)}) =
(5%)%9,5*. In this case, the inversion operation transforms
5y =o' fUSODE, — J, = —o' f({S(I))E,. Hence, o’ =
0. The same argument holds for arbitrary f({S(r)}) with one
spatial derivative. Hence, the AHE related to terms with one
spatial derivative, e.g., CHE and monopole contributions, is
prohibited in a centrosymmetric system. In contrast, two-
derivative terms, such as S*[(—32 + af)s x S]y + S[(—3% +
8)?)S x 8]y and §-09,8 x 9,8, are allowed by symmetry.

€))

(

Therefore, the absence of the CHE and monopole contribution
reflects the inversion symmetry of the model.

c. Magnetic skyrmions and bimerons. To gain insight into
how the unique term affects AHE in skyrmion materials, we
apply Eq. (9) to a skyrmion crystal state. Here we consider a
crystal of a magnetic skyrmion whose spin configuration is

r2 4+ A2 r2 4 A2 T2 4 A2
(10

5 S(ZAr cos(gp — ¢o) 2Arsin(gp — ¢o) 1> — ,\2>

where r is the distance from the skyrmion center, X is the
skyrmion radius, ¢ is the azimuth angle [35], ¢y is the he-
licity of the skyrmion, and g = %1 is the skyrmion charge
[25]. When ¢y = 0, 7, the skyrmion is Ne€l type, and when
¢o = £m /2, it is Bloch type [see Figs. 1(a) and 1(b)]. A
periodic alignment, or a crystal, of skyrmions [see Fig. 3(b)] is
known to be stable in many magnetic materials [36,37], which
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has been intensively explored over the last couple of decades
[38—40].

By using Eq. (9), the anomalous Hall conductivity of the
skyrmion crystal reads

(7()S3

Oy = m[ﬁMz + ng[34g — 10cos(2¢p)]],  (11)

where M, is the out-of-plane magnetization per area and rgy is
the skyrmion density. The term proportional to nyqg contains
the contribution from S$7(|3,5%% + 19,5%|?) and scalar spin
chirality § - 9.5 x 9,S, whereas the third term proportional to
ng cos(2¢y) is the contribution from SOI. The cos(2¢y) de-
pendence of the third term indicates that the Hall conductivity
depends on the helicity; the term gives a negative contribution
to AHE in Neel-type skyrmion and a positive contribution
to Bloch type [Fig. 2(c)]. Hence, the f; term, which arises
from the interplay of SOI and magnetic texture, enables the
detection of the skyrmion helicity.

As another example of nontrivial magnetic texture, we
consider a bimeron crystal whose spin orientation reads

J

[Fig. 1(c)]
r? — A2 2arsin(gep — ¢o)  2rrcos(ged — o)
S§=S , , — .
r2 4 A2 r2 4 A2 r2 422

(12)

Intuitively, magnetic bimeron is a skyrmion whose spins are
rotated by /2 about the x or y axis [41]. The anomalous Hall
conductivity for the bimeron crystal reads

29 (o)) 3
Ny = T S”. 13
Oyy 161+anskq (13)

Unlike the magnetic skyrmion case, only the f,({S;}) term
contributes to the AHE in the bimeron crystal.

d. Hole-doped case. We next consider the hole-doped case
(er < 0), assuming m > 0. The Hall conductivity reads

2700 ) 1
Oy = m[ﬁ({sm —4f({(Suh) + Zfz({sm}, (14)
where
1
AASID = 75 D Sil(Si - S))(R, + R3, — 6Riy - Rjn)].

hi,j

In the continuum limit, the Hall conductivity reads

oo 27, 81, , .27, 2760 /
o=—20 [ axdy ZLsts? — 2 255(10.S) + 10,817) + —=a25°S - AS — ——2° [ dxdy S - 3.8 x 9,8
Txy (1—a)L2/ 16 ga S S+ 1051 + F5a 16(1 —ayr2 | %
_ 2o / dxdy (S*[(3; — 97)S x S|+ S"[(3; — 37)S x S].). (15)
512(1 — )L v 0 v L~ 9, .

Compared to the electron-doped case, the f, term becomes
relatively large compared to f3, i.e., the topological Hall effect
becomes larger compared to the effect of SOI in the hole-
doped case.

By using this equation, the anomalous Hall conductivity of
the skyrmion crystal reads

_ 270pS? cos(2¢y)
Oxy = m[ZMZ—FnSk(Sq‘FT)}v (16)

and the anomalous Hall conductivity of the bimeron crystal
reads

Ty =T ansqu3. (17)

As expected from Eq. (14), the helicity dependence of oy,
for the skyrmion crystal becomes smaller compared to the
electron-doped case and with the opposite sign, as shown in
Fig. 2(c).

e. m < 0 case. When m < 0, the same calculation gives
Egs. (14) and (15) for e > 0, and Egs. (6) and (9) for ¢r <
0, i.e., the result for electron- and hole-doped cases inverts
[Fig. 2(a)]. It reflects the fact that the orbitals for electron
and hole bands invert by changing the sign of m. Hence, the
behavior of AHE in the m < 0 case is qualitatively the same
as those discussed above.

Note that this behavior is distinct from the Rashba model
[19,21], where changing the sign of SOI changes the sign of

(

AHE. For the case of Rashba model, inverting the sign of
SOI only changes the spin texture in the momentum space;
the electron dispersion remains exactly the same. On the other
hand, the four bands in the Luttinger model are usually the
bands that split off from six or more degenerated bands in the
absence of SOI [42]. In such a case, changing the sign of SOI
inverts the orbitals, leading to a behavior more complicated
than the Rashba model. Hence, the AHE in Luttinger model
shows distinct behavior compared to the Rashba model.
Summary. In this paper, we studied the skew scattering
and AHE in a two-dimensional Luttinger model coupled to
localized moments by the Kondo coupling. Using a scat-
tering theory method, we derived a general formula for the
anomalous Hall conductivity, which consists of three terms:
the AHE proportional to the magnetization, topological Hall
effect (THE), and vector spin chirality term. The result shows
that THE in the Luttinger model is suppressed by more than
one order of magnitude compared to the quadratic band elec-
tron. On the other hand, the vector spin chirality term is a
contribution arising from the interplay of SOI and nontrivial
magnetic texture. This term, however, is distinct from those
known in noncentrosymmetric models such as CHE related
to vector spin chirality [19] and monopole contribution [21].
This is evident from the fact that only the second-order deriva-
tive of spins appears in the continuum limit, in contrast to the
vector spin chirality S x VS and magnetic monopole V - §
terms in noncentrosymmetric magnets. These terms give rise
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to the helicity dependence of anomalous Hall conductivity
in the case of skyrmion crystals, hence enabling the electri-
cal distinction of Bloch and Neel skyrmions. In the case of
bimeron crystals, however, only the THE term contributes to
the AHE. Hence, there is no helicity dependence. The results
demonstrate the rich effect of SOI and crystal symmetry on
the AHE by nontrivial spin texture.

The helicity dependence of anomalous Hall conductivity
suggests that the AHE is a potential probe for detecting
skyrmion helicity. Compared to those using optical techniques
[43], the detection by transport phenomena has advantages
for applications, such as the simplicity of device structure.
Our result demonstrates that the anomalous Hall conductivity
changes depending on the type of skyrmion, Neel type or
Bloch type. For the application, if m > 0, the electron-doped
case might be a better candidate as the helicity-dependent con-
tribution is relatively large compared to other contributions.

Lastly, we briefly discuss the effect of anisotropy. In gen-
eral, a uniaxial anisotropy term proportional to (J%)* exists
in the two-dimensional Luttinger model. We, however, expect
that the anisotropy does not change the main conclusions of
this paper, such as the absence of linear-in-gradient terms,
as they are the consequences of inversion symmetry. We
also note that, if the anisotropy is sufficiently smaller than
the chemical potential u, the wave function of the electrons
near the Fermi level remains almost the same as that without
anisotropy. Hence, the anisotropy term does not change the
scattering rate and the transport coefficients. Therefore, we ex-
pect our result to be quantitatively valid when the anisotropy is
small, and qualitatively the same even with a large anisotropy.
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sions with J. Fujii, N. Kanazawa, and J. Mochida. This work
was supported by JSPS KAKENHI (Grants No. JP19K 14649
and No. JP23K03275).

Appendix A: Boltzmann theory. The calculation of Hall
conductivity follows a paper by one of the authors [13]. In the
Boltzmann theory, the electron distribution was evaluated by
the Boltzmann equation. In the presence of the uniform static
electric field in x direction, the Boltzmann equation reads

(1 + a)ek cos B E,

foler)

8k L / -
=t > / dK'dOy w, o gens  (AD
v

Vo =8;(Si - S;)(sin¢ + 2 sin 2¢ + sin 3¢p)

where 6, = tan™! (ky/ky), E, is the external electric field, and
folex) and fi(ex) are the Fermi-Dirac distribution function
and its energy derivative, respectively. Here, we assumed that
the electron occupation f,, = fo(€x) + gk, is close to that of
the Fermi-Dirac distribution and expanded to the equation up
to leading order in E,, assuming g, = O(E;). In addition, in
Eq. (A1), we used the relaxation time approximation for the
symmetric part of the scattering rate u),jﬂ ,ile, w is

8kp

replaced by —=*, where 7 is the relaxation time.

Here, we assume the form

+
—k'v ku—k'v

W = D Casinng, (A2)
where ¢ = 6 — 6y is the angle between k and k’. This is a
generalization of the antisymmetric scattering term. Solving
Eq. (A1) up to leading order in Wik Skit reads

(1 4+ a)tek cos OLE, (1 + a)tel’E,

8k = fé(ek) +

472m
x Y c f K fi(ep) dk' / sinng cos Oy dy. (A3)
Since [ sinng cosby doy = —Sinzg" 8n.1, only the ¢ term in

Eq. (A2) remains, i.e., among the asymmetric scattering
terms, only those proportional to sin ¢ contribute to Hall con-
ductivity.

Appendix B: Anomalous Hall conductivity. Using Eq. (5) in

the main text, the antisymmetric scattering term wk_ﬂﬁk,v for
the hole-doped case reads
B 277 |m|J}
R T A T U
where
V = Vyoo + Vior + VyO'y + V.o, (B2)
and
|
+ K2S5(S;i - 8;) 3[R} (sin ¢ — 4sin2¢ — 3sin3¢)) + Ry - Rjn(—4sin ¢ + 2 sin 2 + 4sin 3¢ + sin 4¢)]
+ k2(R,-h X Ry - 28y - Si x §;(2sin¢p + sin2¢) + S;(S; x S - 2)%(—4 sin ¢ + 2 sin 2¢p + 4 sin 3¢ + sin4¢)]
(B3)

+K[(Sh - Rij)Si X Sj - (Riy +Rjp) x 2} + (Sp - Rij x 2){Si x S - (R, +th)}]%(3 sin¢ — sin 3¢),

Ve =55(Si - §;)(—sin¢g + 2sin 2¢ + sin 3¢)

+ K2S;(S; - $))5[R}(=5sin ¢ 4 4sin 2¢ — sin 3¢) + Ry - R (20 sin ¢ — 205in 2¢) + 8 sin 3¢ — sin 4¢9)]
+ k(R x Ry - 2)[Sy - S; x S;(2sing — sin2¢) + S5(S; x S; - 2)1(4sing + 25in2¢ — 4sin 3¢ + sin4¢)]
+ KP[(Sh - Rij){Si x Sj - Rin + Rjp) x 2} + (Sh - Rij x 2){Si x S; - (Rin + Rju)} 5 (—5sinp + 4sin2¢ — sin3¢), (B4)
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Vy = —ikSy x (S; x 8;) - R;j(=3 cos ¢ + 4 cos 2¢ — cos 3¢), (BS)

V. = —k(Sh - Ri;)(S; x S; - 2)(5sin ¢ + 45sin 26 + sin 3¢) + kSZ(S; x S; - R;j)(sinp + 2sin2¢ + sin3¢).  (B6)

Among the asymmetric scattering terms, only those proportional to sin¢ contribute to Hall conductivity, as discussed in
Appendix A. Therefore, we focus on the terms proportional to sin ¢,

Wy = gfl—%vw sin pd(€xy — €y), (B7)
where
V = Vyoo + Vioy + V0, + V.o, (B8)
and

Vo =S5(Si - S) + K°S;(S; - S5 [RY; — 4Rin - Rjp| + K> Ry x Ry - 2)[28) - Si x S — Si(Si x ;- 2)]
+ 3KPL(Sh - Rij)(Si x S - (Rin + Rjn) x 2} + (S - Rij x 2){Si x Sj - Rin + Rjn)}], (B9)

Ve = —Si(Si-8;) + K°Si(Si - SHF[—R] + 4R - Rjn] + k> Rin x Ry - 2)[28h - i x S; + S;(Si x ;- 2)]

= 2KP[(Sh - Rip){Si x Sj - (Rip + Rjp) x 2} + (S Rij x 2){S; x S; - (Rin + Rjn)}], (B10)
7, =0, (B11)
V. = —5k(Sy - Rij)(S; X S - 2) + kSi(S: x S; - Ri)). (B12)

By using these equations and the semiclassical Boltzmann theory, the Hall conductivity o,, for the hole-doped case reads

277:2e2|m|mJ,3(eF

Oyxy = —W(VO + Vx)|k:\/%v (B13)
where
Vo + Ve = [ £(USi}) — 46:(SiD + 1 USHD]- (B14)

The Hall conductivity for the electron-doped case was calculated in the same way as in the hole-doped case. For the electron-
doped case, the Hall conductivity reads

t2e?|mimJiep

v = s a5 Vo + Vole yzme BI5
Oxy 2117T(1+0£)L2(0+ Ni=amer (B15)

where

Vo + Ve = =K 19£1({Sh}) + 58£2(1S1}) + 30 /({Sk})]- (B16)
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