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Topological contribution to magnetism in the Kane-Mele model: An explicit wave-function approach

Soshun Ozaki®'-* and Masao Ogata

1,2

' Department of Physics, University of Tokyo, Bunkyo, Tokyo 113-0033, Japan
2Trans-scale Quantum Science Institute, University of Tokyo, Bunkyo, Tokyo 113-0033, Japan

® (Received 21 April 2022; accepted 12 December 2022; published 3 February 2023)

In our previous publication [Ozaki and Ogata, Phys. Rev. Res. 3, 013058 (2021)], the quantization of the
orbital-Zeeman (OZ) cross term in the magnetic susceptibility, or the cross term of spin Zeeman and orbital

effect, was shown for the Kane-Mele model using the expansion around the Dirac points. In the present
study, we accurately evaluate the orbital, spin-Zeeman, and OZ cross term of the Kane-Mele model using a
recently developed formulation. This method uses the explicit real-space Bloch wave functions and enables us
to accurately evaluate each contribution taking into account an infinite number of high-energy bands and core
electron contribution at arbitrary chemical potential. We find that the effect beyond the previous formulations
does not change the quantization of the OZ cross term. We also study the OZ cross term in the metalic case, and
the sum rule of the OZ cross term with respect to the chemical potential is found. The possibility of experimental

detection of the quantization is also discussed.
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I. INTRODUCTION

Much research in recent years has focused on topological
insulators (TIs) [1-14]. TIs show anomalous phenomena such
as electric conduction on sample surfaces, and the search for
candidate materials is one of the most important problems in
this field. In particular, the novel phenomena such as spin-Hall
effect and the conducting edge state robust against nonmag-
netic impurities are expected in two-dimensional (2D) TIs.
However, only a few materials have been confirmed to be
2D TIs [8-12]. So far, the confirmation of TI is achieved
by finding the edge state in angle-resolved photoemission
spectroscopy and in the transport experiments, which are both
by the methods to find the anomalous edge states. Therefore,
it is desirable to develop some alternative methods that detect
the topological nature of a material through some observation
of bulk physical quantities. One example for such quantities
is the magnetic susceptibility.

Usually, the magnetic susceptibility in itinerant systems
without two-body interactions is discussed in terms of the spin
Zeeman effect and the orbital effect individually. Generally,
however, in the system with spin-orbit interaction (SOI) the
cross term of the two exists, which we call “orbital-Zeeman
(OZ) cross term” in the following. The OZ cross terms were
discussed for some circumstances [7,15-21]. In particular, for
spin-conserving 2D TIs, the jump in the OZ term and its
quantization were discussed in Refs. [7,15,21].

Nakai and Nomura [15] reported that the OZ cross term
xoz in the Bernevig-Hughes-Zhang model [5] is proportional
to the spin Chern number Chg;, the topological invariant
for spin-conserving 2D TIs. Recently, we clarified that the
coefficient of Chy; is generally given by the universal value
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Xu = 4lelup/h, and confirmed the quantization in the Kane-
Mele model [2,3] by using the k - p approximation explicitly
[21]. This quantization is associated with the Berry curvature,
and physically, it originates from the edge currents character-
istic of the 2D TIs [21]. Based on these results, the magnetic
susceptibility is expected to be used for the detection of the
change in the topological invariant for 2D TIs. However, the
evaluation for the Kane-Mele model in our previous paper
was based on the effective Hamiltonian in the vicinities of K
and K’ points of graphene, where the massive/massless Dirac
electron system is realized. Therefore, the contributions from
the distant k region from the K or K’ points or from the bands
other than the two bands forming the Dirac dispersion were
not evaluated accurately. Besides, the previous publication
does not include some additional contributions, such as core-
electron diamagnetism, the newly found Fermi surface term,
and the correction term from the occupied states [22-24]. To
compare the theory with experiments, it is desirable to be able
to evaluate all these contributions.

It should be noted that the Kane-Mele model is based
on the tight-binding model of graphene. The effect of the
magnetic field is often introduced as the Peierls phase of
the transfer integral in the tight-binding model. However, it
is known that the Peierls phase is not enough to describe
the effect of the magnetic field [25,26]. To obtain the whole
magnetic susceptibility, it is necessary to use the continuum
Hamiltonian with the SOI. The formulation of the orbital
magnetism in such a case is not so simple owing to the
complicated interband effects of the magnetic field, and a lot
of efforts were dedicated [27-33]. It is notable that Fukuyama
developed a one-line formula for the orbital magnetic suscep-
tibility, which is written in terms of Green’s functions [33].
(Some recent publications [34,35] proposed similar formulas.)
Fukuyama’s formula was reformulated in terms of Bloch wave
functions with infinite summations over the band indices taken
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analytically [22,36], and the resultant formula properly
includes the Landau-Peierls (dia)magnetism and the contribu-
tion from occupied states, and some additional contributions.
The total magnetic susceptibility is given by

Xtotal = XLP + Xinter + XFS + XFS-P + Xoccl T+ Xocc2, (1)
where xrp, Xinter» XFS,» and Xocc1 represent Landau-Peierls,
interband, Fermi surface, and occupied state contributions, re-
spectively. xps.p is also the Fermi surface contribution, which
contains Pauli paramagnetism. x,» is a Berry curvature-
related term. The explicit expressions for these contributions
are shown in Ref. [36]. This formulation has four major
advantages: (i) Since we use the completeness condition of
the Bloch wave functions, we can take account of an infinite
number of bands using the energy dispersions and real-space
wave functions of the unperturbed bands. (ii) By using the
atomic wave functions, which contain the information of
atoms, we can evaluate the effect of a magnetic field on the
core electrons inside the atom. (iii) We do not use effective
Hamiltonians around some k points, and thus, we can eval-
uate contributions from the whole Brillouin zone with the
correct boundaries. (iv) We can evaluate the contribution at
arbitrary chemical potential. As for (iv), it should be noted that
some Green’s function formulations that assume a continuous
periodic potential do not always give accurate chemical po-
tential dependence when applied to tight-binding models, as
discussed in Refs. [33,35]. This difficulty is conquered by this
infinite-band formulation [22-24].

In this paper, we evaluate all the contributions in magnetic
susceptibility including the spin Zeeman, orbital, and OZ
cross term in the Kane-Mele model with silicene in mind,
using the continuum Hamiltonian formulation. The real space
wave functions are represented by the linear combination of
atomic orbitals (LCAOSs) using p, orbitals on carbon atoms as
was used in the case of simple graphene [24]. We will show
that the effect beyond the tight-binding and effective-model
formulations does not change or affect the quantization of the
OZ cross term. We will also show that the OZ cross term
has a reasonable magnitude compared with the other contri-
butions and confirm the quantized jump at the topological
phase transition. Furthermore, we study the chemical potential
dependence of each contribution and find that the OZ cross
term also has a large contribution at the van Hove singularity
irrespective of whether the system is topological or not.

This paper is organized as follows. In Sec. II, we first
review the fundamental properties of the Kane-Mele model
such as the energy dispersion and topological phase diagram.
Then, we derive the continuum-space Bloch wave function
assuming that it consists of 2p, atomic orbitals. In Sec. III, we
apply the general formula for the magnetic susceptibility to
the Kane-Mele model and derive analytic expressions for each
contribution. In Sec. IV, we numerically evaluate the results
obtained in the previous section and discuss the experimen-
tal observability of each term, especially the OZ cross term.
Finally, we present the discussions and summary in Sec. V

II. EXPLICIT WAVE FUNCTIONS FOR THE KANE-MELE
MODEL

We study the energy dispersion and write down the explicit
wave functions for the Kane-Mele model. The tight-binding

B

FIG. 1. Honeycomb lattice for the Kane-Mele model. A and B
represent the sublattices and a is the distance between the adjacent
two sites. The arrows show the hopping between the next-nearest-
neighbors due to SOI. The signs of this hopping depends on the path:
It is +1(—1) if the electron makes a left (right) turn to propagate to
a next-nearest site.

Hamiltonian is given by [2,3]

H=— Z tc;acja + Ao Z Cjacia - Z CLC,‘O,

(i, /) icA,a ieB,a

+ Z itzvijc;aoofﬁcjﬁ, 2)
(i) B
where c,‘a creates an electron with spin « at site i, and (i, j)
({(i, j))) run over all the nearest- (next-nearest-)neighbor sites
of a two-dimensional honeycomb lattice defined in Fig. 1. The
first term represents usual nearest-neighbor hoppings with
transfer integral . The second term represents a staggered on-
site potential, +A, for the sites in the A sublattice and — A
for those in the B sublattice. The summation ) ,_, (O ,cp)
means the sum over the sites in the A (B) sublattice. The
last term represents the hopping between the next-nearest-
neighbor sites due to SOI, where o 8 is the (o 8) component of
the spin operator in the z direction, and v;; = —v;; = +1(-1)
if the electron makes a left (right) turn to propagate to a
next-nearest site (see Fig. 1). Only the ¢ component of SOI
appears [3,37,38], whose microscopic derivation using the
LACO:s is shown in Appendix A. This model is known as the
model for silicene [37—41]. Silicene has a backled structure,
and A and B sublattices are not located on the same 2D plane.
Therefore, when an electric field is applied perpendicularly to
the 2D plane, the difference in height gives rise to the stag-
gered potential Ay. For the next-nearest-neighbor hoppings,
we focus on #, in Eq. (2), since it plays an important role in
the topological phase transition even if it is small [21,37,38].
Generally, there will be spin conserving next-nearest neighbor
hoppings. However, we consider that they only modify the
energy dispersion and they do not lead to the topological phase
transition.
As discussed in Sec. I, to include all the effect of a
magnetic field correctly, we consider the Hamiltonian in the
continuum space,

2
Vv

1
Hfl]ll —_ _ A 2 V
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where e(< 0) is the electron charge, A(r) is a vector potential
(B =rotA). V(r) is the periodic potential that represents the
honeycomb lattice and the fourth term represents the SOI de-
rived from the relativistic Dirac equation. Once V (r) is fixed,
t, Ao, and t, are determined simultaneously. However, in our
calculations, we treat ¢, Ay, and #, as variable parameters. The
changes in the parameters should be interpreted as the changes
in the functional form of V (r). We have set the g factor in
the last term (spin Zeeman term) to be g = 2 neglecting the
QED corrections. When we consider a tight-binding model
under a magnetic field, a renormalization of the g factor gen-
erally occurs owing to the virtual interband process [42,43],
and the effective g factor deviates from g = 2 in the focused
bands. However, since the Hamiltonian Eq. (3) contains all
the bands, the Zeeman term in Eq. (3) should have the bare g
factor, g = 2. At the end of calculation including the interband
processes, the effective g factor should naturally appear.

We apply Eq. (3) to the Kane-Mele model. In Eq. (3), V (r)
is chosen to be the periodic potential formed by the atoms on
the honeycomb lattice,

Vi)=Y Vatr—Ra)+ Y Valr—Re), (4

icA ieB

where R; (Ryg;) represents the position of the site in the A (B)
sublattice in the ith unit cell. For the continuum Hamiltonian
Eq. (3), we write down the Bloch wave functions in terms of
LCAOs of the A and B sublattice [24], assuming that the wave
functions near the Fermi level consist of 2p, orbitals. Then,
the wave functions are expressed as the linear combinations
of the orthogonal wave functions localized at a site r = R;.
(The other bands are treated later.) As a simple case, we use
2p, orbital,

r) = ; /i —r/2ay 3)
¢2P: r)= m(aa)s/z 47[Z€ B

where afj = ag/Zs is the renormalized Bohr radius, ag =
i /me* is the Bohr radius, and Z.; = 3.25 [24,44] is the
effective charge of carbon atoms. The orthogonal localized
basis is given by [23-25]

O —R) =t —R) = Y 562 r—R)). (6)

jmn.n.

In Eq. (6), j summation is taken over the nearest-neighbor
(n.n.) sites of R;, and s is the overlap integral between the
adjacent sites,

§= /¢;pz(r _Ri)¢2pz(r —R,)dr (7)

The orthogonality of ®(r — R;) is maintained up to the first
order with respect to s. Note that s is independent of the
direction R = R; — R; since the p, orbital is isotropic in the
xy plane.

Next, we perform a Fourier transform and obtain the basis

Z ek RID(r — Ry;) (8)

Rai

1
oar(r) = ﬁ

and

ope(r) = —= > _ e "R — Ry)), ©)

1
\/N R

where N is the total number of sites on each sublattice. The
periodic part of the Bloch wave function u, (r) is determined
by the eigenvalue equation,

Hko Ulke = Elka Ulko » Hko = e—ierfulleikr’ (10)
where [ and o (= *£1) represent the band index and the eigen-
value of the z component of spin of an electron: o = 1 for
spin-up and o0 = —1 for spin-down. We denote the two energy
dispersion and the two eigenfunctions near the Fermi level as
Ekj; and u,fa ), re§pectively. To determin'e E,j; and u,fq (r), we
calculate the matrix elements of the Hamiltonian Hy, in terms
of the obtained basis,

Bume (k) = / @i (1) Hio @ik (r)dr, an

with n, m = A or B. They become

hAA(r - Ako +E()’ (12)
heps = —Ake + Eo, (13)
haBs = hjpay = —1Vks (14)

where Ej is the energy constant [24],

3 3 3
Are = Ao + 4ot sin £kxa cos —ky,a — cos £kxa
2 2 2
(15)
and

. . /3 1 3 1
Ve = e—zkya +ez(7kx+§k_v)a 4 el(_ka"ik.")“’ (]6)

with a being the distance between the nearest-neighbor sites.
Hereafter, we set Ey = 0 without loss of generality. A( cor-
responds to the staggered on-site potential in Eq. (2) and the
nearest-neighbor hopping 7 can be expressed as a kind of over-
lap integral [24]. As shown in Appendix A, the SOl in Eq. (3)
does not give contributions to the nearest-neighbor hopping,
but it leads to a next-nearest-neighbor hopping #, in Eq. (2),
which is also expressed by a kind of the overlap integrals. In
Appendix A, it is also shown that the next-nearest-neighber
hopping have only the z component of spin o ,; therefore,
the spin is conserved.

By diagonalizing the Hamiltonian A,,,, (k), we obtain the
energy dispersion,

Ep =+,/A} +él, (17

where & :=1|%|. At K= (4n/3v3a,0) and K =
(—4n/3\/§a, 0) in the Brillouin zone, y; vanishes.
Figure 2(a) shows the energy dispersions Eq. (17) with
o =41 (up spin) [21]. The solid and the dashed lines
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FIG. 2. (a) Energy dispersion of Eq. (2) for o = 1 (up spin) along
the path ' - K — K’ — T for two typical choices of parameters:
(i) solid line, A/t = 1/4,1,/t = +/3/72 (topologically trivial) and
(ii) dashed line, Ao/t = 1/4,1,/t = +/3/24 (topologically nontriv-
ial). The energy dispersion for 0 = —1 (down spin) is obtained by
exchanging K for K’ points. (b) Phase diagram of the present model.
The shaded areas represent topologically nontrivial paramter regions.

in Fig. 2 are for the cases of Ag/t = 1/4, t,/t = ~/3/72
(topologically trivial) and Ao/t = 1/4, /)t =/3/24
(topologically nontrivial), respectively. The dispersions
are similar to those of graphene but gaps open at K and K’

J

e 92EX 92EF 92EE
X = —— Z f(E; ’2“’ ’2“7 —
2% & ok?  9k?

Xinter = _22 Z Z f( ka |Mil’a|2

+ I'#+.F, ko ko

ok, 0k

&2 OEE [ dut' [ OHy
Xrs = —Re f’(Ei)[{ b / b ( +
252 g; k ok dk, \ 9k,

2
ko
9
y

points. The magnitudes of the gaps at K and K’ points are
given by
2|Ag — 33301,

2| Ao + 3301, (18)

respectively. Owing to the SOI, the energy dispersions for
spin-up and spin-down are not the same. The energy disper-
sion for o = —1 (down spin) is obtained by exchanging K
for K’ points in Fig. 2. Figure 2(b) shows the phase diagram
of the model Eq. (2). The system is topologically trivial for
[Ag] > 3\/§|t2| while the system is topologically nontrivial
for |Ag| < 3v/3|52|. As usual, the gap closes at the nontrivial-
trivial critical points, Ag = £3+/31,.
The two eigenfunctions, u,fa (r), are obtained as

il (r) = €3% cos o par(r) — e 2% sin o g (r)  (19)
and
g, (r) = €% sin 1, oar(r) + ¢ 2% cos Mo gk (), (20)
where
= L 1)
[Vl
1 Ao
o8 Tk = 5(1+—’;), 22)
\ |Eko
1 Ao
sinnge = | =1 — — ). (23)
2 I2

If we set ng, = 4, then these eigenfunctions coincide with
those for (massless) graphene [24].

Note that the Hamiltonian Eq. (3) contains all the bands. In
the following, the eigenenergies and eigenfunctions of all the
other bands are denoted as Ejy, and uyg, (r) with I’ # 4. As
we will show later, they are used in the interband contribution
of magnetic susceptibility Xiner, but the explicit forms of Ey g,
and uyy, (r) are not necessary.

III. MAGNETIC SUSCEPTIBILITY

Generally, the magnetic susceptibility consists of six con-
tributions shown in Eq. (1) [22,36]. Using the eigenenergies
and eigenfunctions mentioned above, each term in Eq. (1)
becomes

(24)

(25)

OEE \ dut
ko uka dr
ok, ) 0k,

OEE [ Our (9Hx  OE. \ dul P AEE [ ., Our
_ o o __* o (fd _ o * (fd _ 26
ok, / ok, (8ky ok, )k, T m ok, /”’w“z ok, 1T (26)
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Xesp =— Y /()Mo |,

+.k,o

2 2+ +x
e J°E duE* dut
- _ Ei ko / ko k(rd

Xoccl 472 ;f( "”)|:8kx8ky ok, 8k

e
Xoce2 = 7Re§ FEEIMiso Q.

where M, is the magnetic moment defined by

j ouy, ( 0H, 0E ks
7 / o (24 g dr
2 ) ok ok, T ok,

dut, (0H, 9Eps
_/ e £+ g dr
ok, \ 9k | okt

My, =—

eh
+ % / u}"kaazupkadr, (30)
and 24, is the z component of the Berry curvature
dutr 9 At 9
Qu, = ifdr ey Oty _ O iy . 31)
ok, 0k, ok, Ok,

In principle, there are contributions of core level electrons
(i.e., in the ls orbital, etc.) in xocc; and xocc2, Which we do
not consider in the following.

Various integrals appearing in the above equations are cal-
culated by using the Bloch wave functions in Egs. (19) and
(20) up to the first order with respect to the “overlap integrals”
s, t, and f,, whose integrands contain the overlap of atomic
orbitals ¢2 (r — R;)¢, (r — R;), with R; and R; being the
nearest- nelghbor sites or next-nearest-neighbor s1tes The ob-
tained integrals are shown in Appendix B. In the following, we

A7+ ¢} (e,
simplify the expressions we abbreviate €, 6k, Exs, Ago, and

ko as &, 60, E, A, and n, respectively, as long as they do not
cause ambiguity. We also use the abbreviations

write Ej, = E_ = *Ej,). Furthermore, to

e 00 OE dA
&y = —, = -, =, =T
Y0k dk T Bk, M Ok,
an 3% ) 926 32
== P & v == T a7 0 v = T
=5k T akok, T dk,ak,
J’E A %y
E/Lv:—v A,uvz—s Nw = 777
dk,, ok, dk,, 0k, dk,, ok,
J
XLp = 12h2 Zf(:tE) XX y}

+.ko

XPauli

2p?
= -5 ) f(EE),

+ ko

2
e
= — /:l:E x@,—
Xoz mE S (EE)oe(n,0y

+.k,o

Xatomic
+.k,o

2
== Y SEE ) = -

(27)

n 9Eg duEr du
e 7 L , 28
<m ok2 /ak ok, | T (8)
(29)

(

for u, v = xory. For example, using the formula (F3) in Ap-
pendix B, we obtain the Berry curvature as
(33)

&
Qi = :FE(Gxny - eynx) + 0(52)7

However, using the formulas (F1) and (F7) in Appendix B, the
diagonal matrix element of magnetic moment My, becomes

e eh ’
My, = ﬁ(Axey — A0) + o’ + O(s7). (34)
Here we have used the relation
EE” —2en, = Ay, (35)
which is shown in Appendix C. Other useful relations are also
shown in Appendix C.

From the explicit forms of E, Qi,, and My, it is
straightforward to write down xpp, Xrs—p, and Xocc2- Xrs and
Xocel are shown in Appendix D, where we have used the in-
tegral formulas in Appendix B. yiner contains the summation
over Eyy, and uyg,, which are the other energy dispersions
and wave functions than for the two bands forming the Dirac
dispersion. We can calculate the summation over I’ without
using the explicit expression of u;y, by making use of the
completeness condition,

o P ) + e, )+ Y e (DU, ()
l'#+.0

=8(r—r). (36)

The details of calculations are shown in Appendix E.
Xeotal [EQ. (1)] is calculated in Appendix D, which is clas-
sified into a few groups as follows:

Xtotal = XLP + XPauli + X0z + Xatomic + X1 + X2 (37)
with
-E.] (38)
(39)
6’2 7
M) = — Y FEE)T Qo +0(s2), (40)
+.k,o
2 %2
B n(w) + 0(s?), (41)
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77 TM
X1 = Z J(xE )[ o 2g Eoy T ALY F — - 7 (e + Aly) :F (nxe Oyy — nxOy6xy)

+.k,0

2

1
+ L (B0, — E6,0,) F o

hsz(iE)[ = (By6sy — Ox6yy) +

0.0
(AN +2eA,) £ o (AA)Q + 28Ax17y)i| F(xoy)

AE,
< (A4 = 8,66))

E, 1
+ o (Ao —eAy) —ni(Aeyy — A} = 2(07A7 - exeyAxAy)} +@x o))+ 06D, (42)

+.k,0

The “expectation values” (- --) and (- - - )¢ are defined by

o+ = / Q*(r)(x* +y*)D(r)dr (44)
and
o+ )= / Q*(r — R)(x* +yH)®(r)dr,  (45)

with R being one of the vectors that point adjacent sites. Note
that the value (x> 4 y?)z depends on R = |R|, and does not
depend on the direction of R. The present result is consistent
with the previous one for graphene [24], but there appear
several new contributions due to the presence of the staggered
on-site potential Ay and SOI #,.

Xpauli 1S the Pauli paramagnetism and xoz is the OZ cross
term. Note that the yoz should be proportional to ugo, since
it is the cross term of the vector potential and the Zeeman
term. The formula obtained in the previous paper [21] gives
the same result as Eq. (40) as shown in Appendix D. The
orbital contributions are classified in xip, Xatomic» X1, and x».
Xatomic and x» represent the zeroth order terms with respect to
the transfer integral ¢ and 1,, i.e., proportional to % or (,)°,
while yrp and x; are the first order terms proportional to ¢
Or f7. Xaomic represents the contributions from the occupied
states in the partially filled 2p,-band, which we call “intraband
atomic diamagnetism” [22-24]. n(w) in Yaomic represents the
total electron number with spin considered when the chemical
potential is . Since x, is not proportional to ¢ or #, it cor-
responds to the contribution not related to the Peierls phase.
Instead, x» includes the corrections of xaomic and the effect of
the overlap integral, s. However, x is in the same order as xp,
and it represents another pure orbital contribution. Note that
in the absence of the SOL, Ay = Ay = A, = A, = A, =0,
so that x; and x, become simple.

IV. NUMERICAL RESULTS
A. Chemical potential dependence

Performing the numerical integration for the k-summation,
we obtain the magnetic susceptibility. The parameters used
are taken from the values in graphene, which are tabu-
lated in Table I [24]. Figure 3 shows each contribution
to magnetic susceptibility for some choices of parameters,

) i
Zf( [ g GO T AN+ AN F (

a’se? &
S E<x2 +y2>R>} + O(s%). (43)

(

{Ao. 1o} (@) {Ao/t.1a/t} = {1/2,0}, (b) {1/4,+/3/72}, and
(c) {1/4, V3 /24} as functions of chemical potential. In each
figure, the classified contributions are shown. The left fig-
ures show xpp (red, solid line), x; (blue, dashed line),
and x, (green, dot-dashed line). The middle figures show
xoz (red, solid line), xaomic (blue, dashed line), and xpaui
(green, dot-dashed line). The right figures show the total
contribution ). The values are shown in units of xo =
e’L*a*t /(2w h)?. There are several remarks on the above
results.

(i) For t, = 0 case [Fig. 3(a)], xrp + x1 coincides with the
result by Raoux et al. [35], which is based on the Peierls-phase
formulation. The present result has additional contributions,
XPaulis X2, a0d Xatomic. Figure 4 shows xrp + x1 (i.e., the result
by Raoux et al.; red, solid line), xpaui (blue, dahsed line), and
X2 + Xatomic (green, dot-dashed line). x» + Xatomic Originates
from the deformation of the wave functions [22-24,26], which
is not considered in the Peierls-phase formulation. This effect
also exists for finite 7, cases. Note that oz vanishes in this
case.

(i) The term yuomic in Eq. (41) is in the zeroth order
with respect to the overlap integrals as in the square lattice
and graphene cases [23,24]. This term is proportional to the
electron number of 2p, band, n(u). Since this originates from
the motion of an electron in an atom, this term does not depend
on the magnitude of the overlap integral or the amplitude of
transfer integral. This term produces asymmetric dependence
on (L.

(iii) At the band bottom (u >~ —,/9¢> + A2), only x1p and
Xpauli have contributions. The former represents the Landau-
Peierls diamagnetism [27,28], which is understood as the ex-
tension of Landau’s diamagnetism for a periodic system; The

TABLE I. Parameters for graphene that are used in the numerical
integration [24].

Parameters Value
a 1.42
s 0.237
t 3.55
Zest 3.25
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-60 [, . . . . . . . .

Xatomic \

(€) Ao/t =1/4, to/t =/3/24
40 . . . -

x/Xo

/LUJ """""""""
Xatomic \

FIG. 3. Each contributions to the magnetic susceptibility as a function of the chemical potential. Left: x;p (red, solid line), x; (blue,

dashed line), and yx, (green, dot-dashed line). Middle: xoz (red, solid
figures show the total contribution o-

latter represents Pauli paramagnetism, the magnitude of which
is proportional to the density of states. The ratio of these con-
tribution is given by | xrp/ Xpaui| = %(m /m*)? where m* is the
effective mass at the band bottom [45]. For Ay = 0 case, m* =
25> /3ta [24] and the ratio becomes |xrp/xpaui| = 0.659

line), Xawomic (blue, dashed line), and xp,i (green, dot-dashed line). Right:

with the parameters shown in Table I. Thus the total magnetic
susceptibility is paramagnetic at the band bottom.

(iv) At the van Hove singularity (i =~ +t), we observe
sharp peaks in xrp, xpaui, and xoz. This fact suggests that yoz
is not just a small correction to the magnetic susceptibility,
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15

x/Xo

-3 -2 -1 0 1 2 3

1t

FIG. 4. Contributions to magnetic susceptibility as a function
of the chemical potential at Ay = 0.5¢ and 7, = 0. The solid (red),
dashed (blue), and dot-dashed (green) lines correspond to x; + xLp
(i.e., the result by Raoux et al.), xp.ui, and yx,, respectively. The jump
at the both ends of gap in x; + xrp is denoted as A xgi,.

but one of the major contributions. The term xoz exists when
t; # 0 and reflects the sign of #,, and its peak at the van
Hove singularity becomes negative for#, < 0. The behavior of
the OZ cross term and other contributions for some extended
parameters are shown in Appendix F.

(v) In xiota1 near w = 0 shown in Figs. 3(a)-3(c), we find
one plateau for #, = 0 and two plateaus for finite #,. These
behaviors are explained as follows. First, the effective Hamil-
tonian in the vicinities of K and K’ points is given by

Hes = hvk, T, + hvk,t, + mot;, (46)

where v =3ta/2h is velocity and my=|Ag+
3301 (|Ag — 34/301|) for K (K) point. For this system,
the orbital magnetic susceptibility with chemical potential u
is obtained as [35]

3
Yopisse (it To 10) = —[f(mol) — f(—lmol)]xo.  (47)
2|my|

3t

= - x00(Img| — |u|) (T = 0). (48)
2|mo|

This equation shows that x,ppirac(tt, T = 0, Ag) has a finite
negative value only when pu is in the gap. For finite #, cases,
gaps of different sizes open at K and K’ points, and thus, the
multiplateau structure is formed.

(vi) For the case of t, = v/3 /24 [Fig. 3(c)], apart from the
contribution discussed in (v), we observe an extra diamagnetic
contribution yoz at u = 0. This condition corresponds to the
topologically nontrivial state, and xoz reflects the topological
invariant of the model, the spin Chern number [46]. Note
that the sign of xoz depends on t,, and xoz is not always
diamagnetic. In Sec. IV C, we discuss the relation in detail.

(vii) The orbital magnetic susceptibility, apart from the
contribution from the core electrons and effect of overlap
integral, satisfies a sum rule over the chemical potential
[34,35,47-49]. We show that the sum rule also applies to
xoz at T = 0. The integral of the second term of Eq. (40) is

calculated as

00 2
[an(-5) S,

© tko

2 00
o Z/ dplf(u+E) —0(n — E)loQ_,
ko ¢

2
= —%;J 2EQ_ o

262
= Z oe(Oxny — Oyny). (49)
m ko

However, the integral of the first term is calculated with the
substitution f'(+E) — —&(u F E), and we obtain

oo
/ xozdpu = 0. (50
—00

This sum rule is confirmed numerically with the three cases
that we have examined. This relation suggests that oz at 4 =
0 and that at the van Hove singularities are opposite, and they
cancel each other.

B. Scaling of the diamagnetic peak at u = 0

In this subsection, we discuss the jumps in the orbital mag-
netic susceptibility, i.e., xp + X1, at the both ends of the gap
(see Fig. 4). (Note that x, does not contribute to jump.) We de-
note the magnitude of the jump as A x4i,. We expect that A x4ia
should be equal to the jump 37t xo/|mg| obtained analytically
in the effective Hamiltonian with two valleys considered [see
Eq. (48)]. This scaling is explained by the effective “Landau
diamagnetism” and “Pauli paramagnetism” in a Dirac electron
system under a magnetic field, which is inversely proportional
to effective mass myg [50]. The open circles in Fig. 5 show
A x4ia Obtained from our numerical result for several values of
t/Ag at tp/t = 0.1 and kg7 /t = 0.001. We can see that the
open circles are excellently on the line —3mt)o/A(. (Note
that |my| = Ag att, = 0.)

For finite #, cases, there are two different gaps at K and
K’ points, the sizes of which we denote as A and AKX, re-
spectively. Similarly, we find the jumps in the orbital magnetic
susceptibility xip + x; at the both ends of each gap, and each
jump coincides with the calculated value for the correspond-
ing gap, x2ppirac (1 = 0, T, A*) or xoppirac(t = 0, T, AK).

C. Relation between xoz and the topological phase

We discuss the Berry curvature-related contribution yoz on
the basis of the discussion previously given by the authors
[21]. We concentrate on the case of T = 0 and u = 0, where
the chemical potential is located in the gap. In this case, xoz
is given by

2
Xorn=0)="=2 3 3 o@. 6D

l:occupied k,o

Note that the topology of wave functions in a spin-conserved
system is characterized by the Chern number, Ch; ,, where
! and o represent the band index and spin, respectively. The
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FIG. 5. Difference in magnetic susceptibility at the both ends
of the gap in x; + xrp, AXdias @s a function of /A at t, = 0 and
kgT /t = 0.001. Open circles: A x4, obtained from our numerical re-
sult with #/|Ag| = 2.0, 4.0, 8.0, and 16.0. Solid line: Result obtained
by the continuum model Eq. (48).

Chern number is explicitly given by
1 2
Ch o =— | dkQy = — Qs 52
Lo =50 f o =77 Xk: I (52)

and takes an integer value. Using this relation, oz at u =0
is given by

4le|upL?

xoz(uw =0) = Y

: %(Chocc,T - Chocc,L)- (53)
The right-hand side is proportional to the spin Chern number
for the occupied band, a topological invariant for 2D TIs,
defined by (Choc,4 — Chgec,)/2. This result indicates that
xoz(u = 0) is quantized in units of the universal value, x, =
4le|us/h = 13.37 xo per area, reflecting the topological phase
of materials.

Figure 6 shows the distribution of €2;, (k) for some choices
of parameters. Due to time-reversal symmetry, we have
Q4 (—k) = —;, (k). For the case , = 0 with different sizes
of gaps [Figs. 6(a) and 6(b)], we can choose the eigenfunc-
tions as uyx (r) = uyyx(r). Therefore, the relation of the Berry
curvature ;,(—k) = —Q,, (k) holds and the summation of
2, 1n the Brillouin zone vanishes. For nonzero t,, the relation
Qs (—k) = —Q, (k) does not hold in general. Nevertheless,
as long as |Ag| > 34/3|,| holds, the summation of the Berry
curvature in the Brillouin zone is zero and xoz(u = 0) also
vanishes [Fig. 6(c)]. This corresponds to the fact that the sys-
tem is still topologically trivial. However, for [Ag| < 330,
the summation becomes nonzero [Fig. 6(d)]. In this parameter
region, the system is topologically nontrivial and xoz has a
finite contribution. These results show that xoz(u = 0) re-
flects the topological order of the Kane-Mele model. As the

—
W)
~
—
O
~

-
- J -

—
o
~
—
o
~

FIG. 6. The distribution of Berry curvature for the lower
band with spin up at each parameter: (a) Ao/t =1/4,/t =
0, (b) Ao/t =1/8, 1/t =0, (c) Ao/t =1/4,1,/t =+/3/72, and
(d) Ao/t = 1/4,1,/t = +/3/24. The integral of the Berry curvature
over the whole Brillouin zone is zero when (a)—(c), while the coun-
terpart of (d) is 2. The state is topologically nontrivial only in the
case of (d).

ratio of #, to A changes, a jump in xoz(u = 0) occurs at the
topological phase transition.

Let us discuss experimental detection of the jump. For
n = 0, the major contribution is x; as well as xoz. As shown
in Sec. IV B, yx; diverges at the critical point |Ag| = 3V3|0|.
Although it seems difficult to detect the jump due to this
divergence, xoz will be experimentally observed according to
the discussion below.

It is naturally assumed that the diverging interband contri-
bution comes from the vicinities of K and K’ points. As we
mentioned, we can evaluate the contribution from K and K’ at
p =0 as xoppic(t = 0, T, A¥) + xoppirac(t = 0, T, AK).
If we subtract this value from the observed total magnetic
susceptibility, then we obtain the residue containing the jump
in xoz, i.e., the topological phase transition-related jump.
Figure 7 shows the residue obtained by the above subtraction
as a function of Ap/¢. In this way, we can find the evidence of
a topological phase transition. Note that the staggered on-site
potential is variable by an electric field applied perpendicu-
larly to the 2D plane. Therefore, the magnitude of the electric
field corresponds to the horizontal axis in Fig. 7.

Figure 7 indicates that the magnitude of the jump in the
total contribution slightly deviates from the predicted value
13.37 xo. This deviation originates from the Berry-curvature-
related term in the purely orbital, Berry-curvature-related
contribution contained in x> [see Egs. (29) and (30)], which
also changes discontinuously at topological phase transitions.
This fact does not contradict the statement that oz is univer-
sally quantized.

Note that the effect of the Berry curvature on the orbital
magnetism was studied in some literatures [51-57]. In our
formulation, the effect of the Berry curvature is included in
X1, and causes the deviation of the jump from quantized value.
However, this effect is purely orbital and does not affect xoyz.
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FIG. 7. Magnetic susceptibility with the interband contribution
subtracted, where we define Xinerband = X20Dirac(t = 0, T, AX) +
X20Dirac(t =0, T, AK,). The parameters 7, and T are set to #, = 0.1¢
and kg7 = 0.001¢. The magnitude of jump mainly comes from the
universal quantized value x, = 13.37xo; however, there exist an ad-
ditional discontinuous contribution originating from a purely orbital
term contained in Y2 in Egs. (29) and (30). The overall positive
shift originates from the plateau shown in Fig. 3.

V. DISCUSSIONS AND SUMMARY

Our present formulation focuses on the two-band model
consisting of 2p, orbitals. However, this method can be easily
extended to other orbitals. In this case, the estimation of the
hopping integrals and the effect of SOI should be modified.
Nevertheless, the basic idea to obtain the hopping integrals
and SOI-dependent integrals are the same as the idea devel-
oped in Appendix A. Note that, in our formulation, we can
treat any crystal field using the original form of the spin-orbit
interaction derived from the Dirac equation [the fourth term
in Eq. (3)].

We enumerate some possible applications of the present
method. First, our formulation will be applicable to the re-
cently found candidate material WTe, [58-60], consisting of
p and d orbitals. Since these orbitals have nonzero angular
momentum, the matrix elements of the orbital magnetic mo-
ment Eq. (30) will be slightly modified.

The second example is silicene. In the present paper, as
the first approximation, we have only considered the p, or-
bitals. However, the effect of buckling may give some other
interesting effects such as a mixing of the orbitals other than
p. orbital. In this case we need to treat six bands. Although
fully analytic calculations for three or more band system will
not be easy, it will be possible to evaluate each contribution
by the combination of the present analytic method and some
computational techniques.

In the present study, we assumed the spin conserving next-
nearest-neighbor hopping, which is justified in the 2D systems
as shown in Appendix A. It is very interesting to study the
magnetic susceptibility especially the OZ cross term in the
case where the spin is not conserved (for example Rashba
term) both in the theoretical and experimental aspects. It re-
mains a future problem.

In summary, we calculated the orbital, spin-Zeeman, and
OZ magnetic susceptibility for the Kane-Mele model, using
the formula written in terms of explicit wave functions, which
enables us to evaluate each contribution taking account of
the integration over the whole Brillouin zone and the sum-
mation over all the bands. The result includes additional
contributions to the previous results [21], such as core electron
diamagnetism, originating from the deformation of the wave
functions by an external field. The numerical calculation has
revealed some properties.

(1) It has been proved that the effect beyond the tight-
binding and effective-model formulations does not change or
affect the quantization of the OZ cross term. We have also
found that if we can evaluate the size of the gap with some
methods, we will be able to detect the OZ cross term exper-
imentally and observe the change in the spin Chern number
directly.

(i) The OZ cross term can be a relatively large contri-
bution, especially for insulating states and at the van Hove
singularity, and is one of the major contributions to the ma-
gentic susceptibility.

(iii) The present analytic and numerical calculations show
that oz, as well as the orbital contributions, satisfies the sum
rule with respect to the chemical potential, | xozdpu = 0.

We expect that the present method will serve as a useful
tool for a profound understanding of orbital, Pauli, and orbital-
Zeeman cross magnetic response of topological materials.
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APPENDIX A: HOPPING INTEGRALS DUE TO THE
SPIN-ORBIT INTERACTION

In this Appendix, we obtain hopping integrals due to the
spin orbit interaction using LCAO in Egs. (8) and (9). The
matrix elements of SOI in Eq. (3) between @ar(r) and @i (r)
is given by

Fz2

1 .
B30 (k) ~— Z ¢~ *Rai~Rs)) / dro, (r —Rai)—>—
N KT 4m*c

X (0)oor - V{Va(r — Rai) + Vp(r — Rg;)}

X {—iV®y(r — Rg))), (A1)
where we have chosen V5 (r — Ra;) + Ve (r — Rg;) outof V (r)
since the other terms in V (r) should be small at r = Ry4; or
r = Rp;. We show the spin component of the wave functions
explicitly. Other matrix elements h3% (k) and h3o (k)
are expressed in similar ways, which are to be discussed
later.

The dominant contribution in Eq. (Al) is between
the nearest-neighbor-sites. By choosing an appropriate
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FIG. 8. Configurations of atoms for (a) nearest-neighbor and (b), (c) next-nearest-neighbor hoppings.

coordinates, the r integral can be expressed as in Fig. 8(a).
We can assume that Vao(r — Rp;), Ve(r — Rp;), @ — Ry;)
and &, (r — Rg;) are even functions with respect to y.
Therefore, when one of the two nablas in Eq. (Al) is (%,
the r integral vanishes. We can also assume that Vi (r —
R,;) and V(r — Rp;) are even functions with respect to
z, while ®,(r — Ry;) and ®, (r — Rg;) are odd functions.
Therefore, when one of the two nablas in Eq. (Al) is
i the r integral vanishes again. As a result, h33,, (k)
vanishes.

Next, we discuss hi?xw/(k)- The dominant contribution is
between the next-nearest-neighbor pair,

1 . n?
Mhoo () = 5 D MBI f dr®}(r = Ra 7o
N Kok 4dm?c

X (0)og' - V{Va(r — Ry;) + Ve(r — Rpp)

+Valr —Raj)} x {(—iVOe(r —Raj)}.  (A2)
The appropriate coordinates give the configurations as in
Figs. 8(b) and 8(c). In the following, we neglect the overlap
integral s in ®,(r) and replace ®,(r) with ¢, (r). All the
potentials in Eq. (A2) will be even functions with respect to z,
while ¢} (r — Rya;) and ¢,/ (r — R, ;) are odd functions. There-
fore, as in the case of Eq. (A1), when one of the two nablas is
a%, the r integral vanishes. Similarly, the terms in Eq. (A2)
with VA(r — Rp;) and Vo(r — R4 ;) are even functions with
respect to y. Therefore, they vanish as in the case of Eq. (A1).
In contrast, the term with V(r — Rp() gives a nonzero value,

2

a
/ dr¢:: (r - RAi)(UZ)Ga’ [_VB(r — RBO)

4m?2c? ox

d d
X (— i@)%/("—RAj) - 5"3(1‘ — Rpo)

d
X ( — ia)(ﬁa/(l‘ —RAJ)i|dr

If we assume Rpy=(0,b,0), Rs;=(a,0,0), Vp(r—
Rpo) = Ve(p,2), and ¢o/(r — Raj) = ¢o'(pa,z) with p =

Vx2 4+ (y — b)? and pp = /(x — a)? + y? for Fig. 8(b), then

the integral in Eq. (A3) becomes

(A3)

1
—i / drg, (r — Rai)(0%)so (ay + bx — ab)—
PPA

y VB (0, 2) 0o (0, 2)

(A4)
ap 9o

Similarly, for Fig. 8(c), we obtain

1
—i / drg; (r — Rai)(0%)sor(ay — bx + ab)——
P PA
o Ve (0, 2) 0o (oA, 2)
ap’' dpa

(A5)

with o’ = \/x2 + (y + b)2. When we make the change of the
integral variable y — —y, we can see that Eq. (A5) exactly
equals (—1) times Eq. (A4). In the same way, we can obtain
133, . (k). These next-nearest-neighbor hoppings exactly have
the same symmetry as Kane-Mele assumed, although the ab-
solute value and the sign is determined from the details of the
functional forms in Eq. (A3).

The present derivation can be applied to the antisymmetric
SOI due to the local inversion symmetry breaking [61,62].
In transition metal dichalcogenides, such as WTe,, the inver-
sion symmetry breaks locally due to odd-parity crystal field.
This symmetry breaking gives rise to local hybridization of
wave functions of different parities. The combination of this
hybridization and L - s coupling generates antisymmetric SOI
such as the Rashba-type SOL. In our formulation, we can treat
any crystal field, and the hybridization of wave functions of
different parities are naturally included. Also, the fourth term
in Eq. (3) is the original form of spin-orbit interaction derived
from the Dirac equation, and it is exactly the L - s coupling
when we consider a single-atom potential. Therefore, our
formulation properly describe the antisymmetric SOI due to
the local symmetry breaking.

APPENDIX B: INTEGRATION FORMULAS

Table II shows the order estimates of several quantities with
respect to the “overlap integrals” s, ¢, or ¢, (all denoted as s in
the following) for the two cases of Ag > ¢ and Ay < ¢. Note

that Ex, = /A7, + €;. In the following calculations, we keep

the terms up to the order of s'.

First, we show several integration formulas using u,fa (r)
of Egs. (19) and (20), which will be used in calculating .
To simplify the expressions, we abbreviate g, 6, Exy, Ako,
and m, as ¢, 0, E, A, and n, respectively, in the following
Appendices. Furthermore, we use the abbreviations

O _OE A
Bk, T Bk, T Bk, T aky,
an
= —, Bl
um 8](” B1)
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TABLE II. Order estimations of several quantities with respect 3ui* out 1
. . " "ko kU _
to the “overlap integral” s, t, or t, (all denoted as s). Here p is x or y, (F3) / d = {xuxp) + Zeuev + Nuny
and ny, and 6y are defined in Egs. (21)—(23).

&
+ l_(eunv - 91177/4) + ERCX;W + 0(52)7

Ao >t Ao St
Bui* ou; A
Ey, 1 k(T _ : = _ + 2
4 ! s / =dr = i O, 6, + Y+ OGP,
7)k<l7 1 1 k :t
dd”kljf s 1 (FS)f U ak —dr = XE,,
. 1 1
o ! 1 (F6)/ Sk dr—:FZEfu . e g = Fied),
Ago 1 g ka 8k ko ko k
Lag s s
oky, - 2E77;L + O(S )
(F7)/ L L ey AL Y V. S
TS 2m M T 2T T
a2 220 2E — ie(1,6, — mb,) + 0<s2>
Ewy = 5 9[41):—1 EM,,Z—, oH. 0
Bkuaku Bkuak‘, akuakv (FS)/ 2:; k ukad _:l: & 9 UuEv _En/“)
2A e, ok, ok, 2
v= o M = oA (B2)
" Bk, Mk, 0k, T EYT + 289““ + 0D, (B3)
with
for u, v = xory. Then we obtain . .
X = Ze”e"e”k'R(xuxv)R,
Fl1 «_ 4 1
(F1) | we ak oF %) Vi = FReXy £ilmX,,,. (B4)
The meaning of the R summation and (- - - )g are shown below.
(FZ)/ g ak’“’ dr = lZEe o, + 0(s?), X,,» and Ylﬁ are in the order of s.

1. Derivation of (F1)-(F4)

The k,, derivative of u; becomes

0pak  _ip . Oy
— e 2%sinp
ok, ok,

au+ . . .
ko _ LGM cos 27;»1;(7 + (%Gﬂ sin2n — nﬂ)uka +e2%cosn (BS)

ok, 2

To obtain (F1), we must calculate the integral of product of Bloch wave function u,fﬂ and k-derivative of @, /px (r). They become

d
/ U ;;CAkdr——e 29 cosn— Z e_’k(RA’_RAf)/(x—RA]X)CD (r — Ra)®(r — Ryj)dr
RA( Raj

+ e2% sin n Z " Raj—Rai) f (X — Raj)®*(r — Rp;))®(r — Ry;)dr. (B6)
RAj Rg;

Hereafter, we only consider the on-site and adjacent-site contributions. Then we obtain

9
/ ut ;;{Akd — — e cosp— Z/(x—RA,x)op*(r—RA,)cD(r—RA,)dr
Ry

i i .
+ ¢ sin ny > MR /(x — Raj.)®*(r — Rg))®(r — Ry )dr
R Ry
RAj—Aljig,-in.n.

—ie 2% cos n(x) +isinn Z R (x) Cry,s (B7)
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where R runs over the three vectors from a B site to its
adjacent A sites. The expectation values (O) and (O)g are
defined as [23,24]

(0) = / O*(rOd(r)dr (B8)
and
(O)g = /drCD*(r —R)O®(r)dr. (B9)
We can see that (x) and (x)g are in the order of s°. Therefore,
we obtain
« 0QAK 2
/ ,‘; ok, dr = O(s). (B10)
For d¢py/0k,,, we have the similar relation
" 3(/’Bk
/ Uy o, ?). (B11)
Using Egs. (B10) and (B11), we have
8 Uy
/uka ok, —%dr = 59 cos 21 + O(s?) (B12)
and
8 ka : 2
,m ok, dr = —Gu sin2n 4+ n, + O(s”). (B13)

If we substitute n — n — 7 /2, then u,:; and u, become u;
and —u,ja, respectively. With the relations

A
sin 2y = % cos 2y = . (B14)

we obtain (F1) and (F2).

J

Similar to the derivation of (F1) and (F2), we obtain

0%, 0 s, 0
/ Ok (PAkdr:/ Pk OPBk

W)+ 0
ok, ok, ok, ok, touxv) + 067)

(B15)

and
a‘PAk OBk
dr =
/ ok, ok, Ze
Using these relations and substitution of n — n — /2, we
obtain (F3) and (F4). In the different sign cases (e.g.,

ou” duy,
ok, ok,
way.

x/txv R+ O(S ). (B16)

dr), we can calculate the integral in almost the same

2. Derivation of (F5) and (Fé6)
We start from the Schrodinger equation,

Hguft, = *Eu; . (B17)

Differentiating the both sides of this equation by k,,, we obtain

(E)Hk oE Ul

. (B18)

+E — H
ok, T ok, )”’“’ ( ")a

When we multlply * and integrate the product, we obtain
(F5). Similarly, multlplymg wl* and using (F2), we obtain
(F6).

3. Derivation of (F7)

To obtain (F7), we first calculate

+ +
f e (e Ottig | WM Ottg 1 gy
ko \ 8k, ok, = dk, Ok,
and
OHy du.  Hy dui
/ o (e it Tk ke 2 PP (B20)
o\ ok, ak, ok, 9k,

Differentiating the both sides of Eq. (B18) by k,,, we obtain

"2 d’E OH, _ O\ duf dH, _OE u,
—8u F o i —F |k Uiy E =0. B21
(m w T akuak,,)u’“’+ (akﬂ + akﬂ) ok, T <8ku + 8k,,) o, T T )8k ok, ®21)
Here we have used the relation
3PH, W
= —3,- (B22)
ok, ok, m
Then, multiplying uf: and integrating, we obtain
OH, du= OH, dui B2 A
+x ko ko . 2
dr=——6,, £ E,, +i—(E,.0, + E,0 o(s?). B23
/”’“’(8@ ok, ok, ok, )T ot E B g (Buby ) 4 O6) (B23)

Here we have used the formula (F1).

:t
Next, we calculate Eq. (B20). By using the explicit forms of 8 T and 2 ’“’ and using the fact that ¢(r) (p, orbital) is an

eigenstate of angular momentum, L,¢(r) = 0, we can write

ok, 0k, 8k

2F 2t 2t E

%%_@8%‘” aHk |::|:<19_é+&_>ui +<i9_x£:|:n :|:is_89 —&é>u$:|
ko x X ko

ak, Ok,
— (x < y)+ 0.

(B24)
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Then we multiply u,ﬁ;f and integrate the product. After some algebra, we obtain
OHy dut.  OHy du: A
+x ko ko . . 2
/uka (ma—kv — 8—]{[)% dr = IE(EMQV — Eveu) — 218(7],49‘, — 7’}\,9,4) + O(S ) (B25)
Here, we have used the formulas (F5), and (F6). Combining Eqgs. (B23) and (B25), we obtain (F7).

4. Derivation of (F8)

Similar to the derivation of (F7), we calculate

OH du OH, dui
/ i (e Tk e T PP (B26)
o\ 9k, ok, = ok, 9k,

and

aHk 8ui 8Hk 3l/ti
| = ko ko ) dr. B27
/ ”’“’(akﬂ ok, ok, ok, )" ®27)

First, we multiply «,7* to Eq. (B21) and integrate the product. Then we obtain

OHy Ouy,  dHy duy, L Oug du O%u
/u;f* S0k T S5 e dr::I:EM/ uFr ke gr 4 E, /uk k”dr:l:ZE/ uPr ke g (B2S)
o\ 9k, ok, ' ok, ok, 7 ok, ok 7 ok, ok,

To calculate the last term, by differentiating (F2) by k,, we find a relation,

/ s 0%uf, dr:—/ a“k*a”kad +i ’:ct*aukad
7 0k, 0k, ok, 0k, dk, 7 ok,

(9,mv +0um) +ise ® O £ 0 — YE + O, (B29)

where we have used a relation Eq. (C1) or Eq. (C2). Substitution of this relation to Eq. (B28) leads to

OHy duif,  OHy duf i .
fu,‘;f;(% ali + % 8kkﬂ dr =2 ey + &0) = (Eutly + Eviy) & ie0y F 2EY,T, — 26, + O(s?).  (B30)

However, using Eq. (B24), we obtain

OHy duf  OHy du: A9 » 9H, €6, j Ae,
/u;f* kMo Ok Yo ) gy — 4 4 /u,f*_"u,ﬂ;dr—(ueuwr 4 B8y 528
o\ 9k, 9k, Ok, 0k, "2 T uE 7 9k, ko "2F 2t 2%E
L OH i 1 )
X uka ok, ukadr —(u<ev)= :FE(SMQV —&0,) — i(eﬂAU —&A,)+ 0(s7),
(B31)

where we have used (F5) and (F6). Combining Eqgs. (B30) and (B31), we obtain (F8).

APPENDIX C: SEVERAL RELATIONS BETWEEN MOMENTUM DERIVATIVES

We find various relations between E,, n,,, &,, A,, and 6,, which are used in various occasions. Using sin2n = ¢/E and
cos2n = A/E, we can see

a ( £ ) a . ) ) ) 2A 1
—| =)= ——sin2n= cos2n = —1n,.
ok, ok, T S COR SN = T
By writing explicitly the left-hand side, we obtain
e &
A —E,=-—+. C2
Similarly, from the derivative of A/E = cos 27, we have
+ g =2 (C3)
—g —E, = %,
T oE™ T
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which was used in the text Eq. (35). Furthermore, by making the &, derivative of Egs. (C2) and (C3), we obtain

1
En;w + Eurlv + Evnu = E(Aguu - 8A;w) (C4)
and
1
E, —4En,n, = E(SSW + AAL). (C5)
In the previous paper, we obtained the following relationships [24]:
s(exz + evz) —&xx T &y = a’e, e(0 + Oyy) + 2640, + 2,0, =0, (C6)

with a being the length between the nearest-neighbor carbons. These special relations hold since ¢ and 6 are closely related to
each other through y4. Here we find additional relations.
Let us consider

Y (RY—RY)e ™k, (C7)

R

where R runs over the three vectors from a B site to its adjacent A sites. By using the explicit three vectors in Fig. 1, we can see
that it is equal to

. 0 —ik-R
—laa—ky XR: e . (C8)

Then, from the definitions of 4 and 6, we can obtain the relationship

2 02 ” d
—— Y 9
( e + aky2>|3/k|e mak |Vele”. (€9

By taking the real and imaginary part of both sides, we obtain

£(07 — 67) — £xx + £,y = aghy, £, — by)) + 26,0, — 26,0, = as,. (C10)
From Egs. (C6) and (C10), we can see
2 2
£y = 802 — %s - geey, £,y = 607 — %s + geey, £0, = —26,6; + gey, £0,, = —2¢e,0, — gsy. (C11)
Similarly by using
. 92 . 0
R.R, —ik-R _ _ 19__.__ c12
%; e Trar, e = i g nle (C12)
we obtain
a a
Exy = 80,0, — 589x, 80y, = —&:0, — £,0, + Esx. (C13)

APPENDIX D: EACH CONTRIBUTION OF yx

In the present case, the Landau-Peierls contribution simply becomes Eq. (38). Next, the /’-summation in xine i carried out
in Appendix E, and the result is given by

2
e
Xiner = 75 ) f(EE)

> &2 "> se? i SA
— ()t — 02+ —(n?+ —ne ) £EG)Y?
x [(16m 22V E S Er +4m( M Etng) RRLE

2 2

% 0,6,
+ "—g(geyy +AA,) F nxn) ety + AAy) £ (e, — AA) F o2 (8 — AA)
0; 2 2 9x y . 2
+ 5 (Bemy — EPm) F (A, — E*nany) :F (nx9 Oy — MeOyBy) | + (x < ) + O(s*). (D1)
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For xgs, we multiply the Hermitian conjugate of Eq. (B24) by ok, i > and integrate the product. Then, with the help of (F7) and
(F8), we obtain

&’E, AE, )
Xrs = 22Zf( [2 2:E8”+4 50,0y — 6:) + S (A — A,6)

2E

E 1
S (Aey — eAxy>—nx(Aeyy—sAyy)}+E§<< ) + 49y> -2

1
—E.E0,0, + (x < y)i|

2hsz(ﬂ:E)— o (Eufy — E,0,) + O(s), (D2)

where we have used the relation in Egs. (C3) and (C4). The last term in Eq. (D2) comes from the contribution of the Zeeman
term. We find that it is convenient to make partial integrations in the last three terms, which will be included in x;, x2, and xoz
in the main text. With the partial integrations, we obtain

AE,

&2E,
L E. 0,6,y — 6,0 A, 92 A,6,0,
XFS = 2h2 Zf( |:2 2E8 + AE ( y)+ ( y ))

+ _x{ny(Agxy - EAxy) - nx(Agyy - SAyy)} + (x < y):|

1

1 1
Zf(iE)[ + Exx(<y ) ) + 4Exy9x9y + Z(Exexeyy - Exeyexy) + ()C <~ y):|

+ko
A, AE, A, AE, )
2h2 Zf(:I:E)—U{<2E 5 )9), - (E - 25 )6&} + 0(s?), (D3)
+ko

Xrs—p 1s directly obtained by substituting My, as

2 €2h2 5 5
Xes—p = — ;af(ﬂ)[ (A, = 8,00+ 30 (A6, = A,0) + T 507 |+ 0(?). (D4)

Using the integration formulas (F3) in Appendix B, we obtain y,c; as

1 " 1, " e 5
Xocel = 4h22f(ﬂ:E) By 308 + 0oy | + [ F Bec | 07+ 267 47 ) F — ZReXoy | + (x - 3) + 0.

+ko mE
(D5)
Finally, xocco becomes
2 e 2
Xowc2 = 3 Z f(iE)[ S (020, —6.6,A0, + (v )} £ 20O, — eynx)} +0(). (D6)

+.k,0

In the total of these contributions, some terms cancel with each other. In the zeroth order of s (s°), there are terms proportional
to %z(yz) and %293 in Yoce1 and Xiner- However, the latter cancels with each other and only the former appearing in Xocci
contributes to the total susceptibility in the zeroth order. In the previous paper [24], we call this contribution as “intraband
atomic diamagnetism,” which is shown as y,omic in Eq. (41).

Collecting the contributions proportional to #%/m and (y?) and using integration by parts for terms in xgs, we obtain

0?) i

&
0= ;Mf(iE)[ ¥ 4—(eexx + AN —€%0)) F E(E(‘%‘" —g6;) — EReny):| + (x < y) + 0(s?), (D7)

where we have used the relations of Eqgs. (C1) and (C5). Finally, when we use the relation Eq. (C11), we obtain Eq. (43). The
last term in xps—p is the usual Pauli paramagnetism, Eq. (39). The orbital-Zeeman (OZ) cross terms are characterized by the
presence of o since they are the cross terms of the vector potential and the Zeeman term. They appear in xgs, xrs—p, and Xocc2
their total becomes Eq. (40).

Note that, in the previous study [21], we derived an expression for xoz,

_ 2epp : z|e|uB /a e ey }
Xoz == izlmf(Ekgaszﬁ ; f(iE){ (£E — Hy) % dr — (x < y) (D8)

085201-16



TOPOLOGICAL CONTRIBUTION TO MAGNETISM IN THE ... PHYSICAL REVIEW B 107, 085201 (2023)

which yields the same result as Eq. (40) as shown in the following. Using the conjugate of the relation Eq. (B18), the second
term of Eq. (D8) is rewritten as

out L out OHy dul,  OH; dui
+E) FE, Sk gy + E, e gy / P - = Jdry. D
i o f ){:F [ iz it [ i ar + ok, Ok, 0k, 0k ) 7

+ko

From formula (F1) and Eq. (B25), we obtain Eq. (40) again.
The remaining terms lead to Eq. (42).

APPENDIX E: I’ SUMMATION in Yinter

To carry out the summation in xjyer Eq. (25), we first consider the case of I’ = F. From (F2) and (F8), we have

e
M:Z}::Fo' - :FEA(TIXQ\ - 77y9x), (El)
where we have used a relation Eq. (C3). Then, we have
f(£E) 2 A? 2
-2 M3 = +E By — 0,00 |. E2
Z(ﬂ) o5 M thj;[f( )| £ 10y — 1,600) (E2)

Next, we consider the case of I’ # 4, . In this case, using Eq. (B24) we can rewrite Mil,

au:t*
M:ZH, = |:A (:l:E E[/) dr+B (:FE El )/ I/l[rk(,dr :|:E f 9k u;rk(,dr:| — (x <> y), (E3)
where
A A 0, s & B L€ P ,sag s A (E4)
= Fi *——=¢,By=—i— i—0, — ——=¢,,
W= T g gt B = T e T F O o e
for 4 = x, y. Then, M, = can be rewritten as
My, = M+ M) = (x <), (ES)
with
M = {A (£E - E/))FE }/ u,/k(,dr M} = {BM(:i:E EnF 2EBM}/ —Z Upgedr. (E6)
Using these abbreviations, M2, |* becomes
ML, |7 = M2 + M2+ (MPMP™ +c.c) — MPMP™ — MPMY™ — (MPMS™ +c.c.) + (x < y). (E7
Thus, we need to calculate the six types of matrix elements. In these calculations, we can write the I summation in a form,
(£E — Ep)"
> ——— | X'upodr | ujy,Ydr, (E8)
+E —Ep
I#EF

withn =0, 1, and 2, and

£ o7
Xy = Vo Mo o (E9)
ok, = 0k,
We can carry out these I’ summation in the following ways:

(a) n = 0 case:

The denominator £F — Ej is in the zeroth order with respect to s, and the numerator is in the second order of s because the
prefactors E,, and EB,, are both in the order of O(s). Therefore, we can neglect this contribution of n = 0 in the calculation in
the order of O(s).

(b) n =1 case:

Using the completeness condition, ), uy (Muj,(r'y = 8(r —r’), we obtain

> /X*u, dr/u,,Ydr— fx Ydr — /X dr/u,f;Ydr— /X*u;;dr/u,fjmr. (E10)

U+, F

(c) n = 2 case:
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() Ao/t =1/4, ty/t = 0.0495(~ v/3/36)

40
Xtotal
20 r /Xl ‘/XLP T /)(P‘dllli
\>< = i | LN // T
= Xat;r)mic \
20 X2 X0z
-40
-60
() Ao/t =1/4, 2/t =—/3/24
40 T i ' ' ‘
Xtotal
I xwp X1 ! / o aul
20 s /z(Pduh
//\//“, /\ —-"'\‘4//1\\/\’\:!; A A
: [ I
Ny Xatomic
= 20 X
-40
-60

FIG. 9. Each contributions to the magnetic susceptibility as a function of the chemical potential. Left: x;p (red, solid line), x; (blue,
dashed line), and y, (green, dot-dashed line). Middle: xoz (red, solid line), xuomic (blue, dashed line), and yp,u; (green, dot-dashed line). Right:
figures show the total contribution ) o-

Similarly, using the completeness condition,

(£E — Ep)? i
2 TE g, ) X wdr | uYdr= > | X*(*E — Hep)updr | ujydr

I'#+,F I'#+,F
= / X*(+E — Hyo)Ydr F 2E / *ul dr / ubrydr. (E11)
Using formulas (F1)-(F8), (B18), (E10), and (E11), we can carry out the summation of all the combinations as follows:
12
> ML 2Tl 5 g | FomReia 0t + 06|, (E12)
l,#ﬂiE —Er  4K? 2m = 27T 2EY y
) 2 2
Z ﬂzi |B,|? _h—:p 1E + sz:ZEn TF2EH) } 4+ 0(s?) |, (E13)
+E —E  4R? 2m 2 2F y
It F
> MM _ < AB: (289 + £6yy) — ! —(Agyy — eA)y — eA0)) | + O(s7) (E14)
YE_E, =2 :F y w) = Sp By ¥y y )
I'#+,F
MM el e e’ )
> 5oL + AAT( SEy = 5208 = 2Enany | + 067 |, (E15)

U'#+,F
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M;yM;X* 62 . 1 82 )
2 ip—p = | T gt~ 2 ) + 067 | (E16)
I'#t,F
MPMY el NN 1 )
> ELCar ABY F 5 (6:0) + €30k + 0y) — S (Deay — 8y — £80:8) 1 + O(T) |- (E17)

U#£F

Here we have used the relation in Eq. (C4). Then, substituting A,, and B,,, and keeping the terms up to the order of O(s), we
obtain Eq. (D1).

APPENDIX F: NUMERICAL RESULTS FOR EXTENDED PARAMETERS

Figure 9 shows each contribution to magnetic susceptibility for some choices of parameters near the critical point and negative
ty: {Ag/t,tr/t} = (a) {1/4, 0.0495(~ «/5/36)} and (b) {1/4, —«/3/24}. In case (a), there are two gapless Dirac and two massive
Dirac dispersions for two valleys and two spins. The behavior is like a superposition of that in graphene and boron nitride. In
particular, in x;, the largest flat peak observed for other parameters becomes a sharp peak at ; = 0. This is the behavior known
for graphene. We also find oz has the half-quantized value, which is because the system is not an insulator.

In case (b), the system is topologically nontrivial but the spin Chern number is different from the case shown in Fig. 3(c). We
find positive value in the gap and negative peak at the van Hove singularities. In cases (a) and (b), the sum rule | xozdu = 0 is

confirmed.
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