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Chiral orbital current and anomalous magnetic moment in gapped graphene

Mikito Koshino
Department of Physics, Tohoku University, Sendai, 980-8578, Japan
(Received 27 May 2011; revised manuscript received 24 July 2011; published 12 September 2011)

We present a low-energy effective-mass theory to describe a chiral orbital current and an anomalous magnetic
moment in graphenes with a band gap and related materials. We explicitly derive a quantum-mechanical current
distribution in general Bloch electron systems, which describes a chiral current circulation supporting the magnetic
moment. We apply the formulation to gapped graphene monolayer, bilayer, and ABC-stacked multilayers to show
that the chiral current is opposite between different valleys, and the corresponding magnetic moment accounts
for valley splitting of Landau levels. In a gapped bilayer and ABC multilayer graphenes, in particular, the
valley-dependent magnetic moment is responsible for huge paramagnetic susceptibility at low energy, which
enables a full valley polarization up to relatively high electron densities. The formulation also applies to the
gapped surface states of a three-dimensional topological insulator, where the anomalous current is related to the
magnetoelectric response in a spatially modulated potential.
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I. INTRODUCTION

The magnetic moment in an electronic system consists
of two distinct factors due to the spin and orbital motion
of electrons. In solids, the spin magnetic moment is en-
hanced by an anomalous factor caused by the orbital effect,
resulting in an increase in the g factor.!> Graphene®™ has
an intriguing counterpart of spin, which is associated with
valley pseudospins, i.e., the degree of freedom corresponding
to different points in the Brillouin zone called K; and K_
valleys. Specifically, when the band gap is opened by an
asymmetric potential breaking the sublattice symmetry, the
graphene electrons have an anomalous magnetic moment,
which is opposite in different valleys and is similar to a real
spin.>® Generally, the anomalous magnetic moment is closely
related to the geometric nature of the Bloch band and has been
argued about in relation to the Berry phase.’”'® Previously, we
calculated the orbital susceptibility in gapped monolayer and
bilayer graphenes and showed that the susceptibility near the
K point, where the dispersion is quadratic, is contributed from
the Pauli paramagnetism caused by the valley pseudospin.?

In this paper, to understand the physical origin of the
pseudospin magnetic moment and to investigate the pseu-
dospin magnetic moment in various electronic structures
other than quadratic dispersion, we develop a general low-
energy effective-mass theory to describe the anomalous current
density supporting the magnetic moment. We explicitly derive
a quantum-mechanical current distribution in general Bloch
electron systems, which describes a chiral current circulation
for each eigenstate. Using the formula, we actually calculate
the valley-dependent chiral current in a gapped graphene
monolayer, bilayer,'*'7 and ABC-stacked multilayers.'8-2°
The valley-dependent magnetic moment exactly gives the
valley splitting of Landau levels, generalizing our previous
results limited to the quadratic dispersion.® In particular, in
the gapped bilayer® and ABC multilayers, the valley splitting
and diverging density of states at the band bottom result
in a huge paramagnetic susceptibility, enabling a full valley
polarization up to a relatively high electron density on the
order of 10'> cm~2 at a magnetic field of ~1 T.
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The formulation also allows inclusion of the external
potential field within the low-energy approximation and, thus,
is useful for investigating the chiral current in disordered
systems and also finite systems bound by the potential
barrier. It also applies to the gapped surface states of the
three-dimensional topological insulator, where the anomalous
current describes the magnetoelectric response in a spatially
modulated potential >!~2*

This paper is organized as follows. In Sec. II, we present the
general effective-mass description of the anomalous current
density for Bloch electrons. We apply this to asymmet-
ric monolayer, bilayer, and ABC-multilayer graphenes in
Secs. ITI-V, respectively, to describe the chiral current cir-
culation, magnetic moment, and valley splitting of Landau
levels. In Sec. VI, we calculate the magnetic susceptibility and
argue about the role of the anomalous magnetic moment. In
Sec. VII, we describe the current distribution in a spatially
modulated external potential and formulate it in terms of a
response function analogous to the Hall conductivity. The
conclusion is given in Sec. VIIL

II. ANOMALOUS ORBITAL CURRENT

We consider a Bloch electron system described by an
effective-mass Hamiltonian matrix H,,, (p), where p is the
crystal momentum and m and m’ are band indices. We assume
that the Hamiltonian is diagonalized at p = 0 as

Honm (0) = €2 8 (1

and, for simplicity, that there is no degeneracy at p = 0. In the
presence of external potential V (r), the effective-mass wave
function F(r) obeys the Schrodinger equation,

> Hum () Fp(x) = [£ — V()] Fy (), )
where p = —ihV and ¢ is the eigenenergy. We assume |V | <
€0 — 831,| so that the states of different bands are not strongly

mixed.
We focus on an eigenstate near ¢ = ¢ of the particular
band n. Then, the wave function has its amplitude mainly on
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F,. By the first-order perturbation, the amplitude at F,, can
be written in terms of F,, as

mn(p)

F,(r) ~ 5 Fa(r). 3

ﬂ m

The Schrodinger equation, Eq. (2), then becomes

[HED(p) + V()] Fo(r) = e Fu(r), “)

with the effective Hamiltonian,

nm Hﬂ”‘l
Hun(D) + (") (p). ®)
m#n

He (p) =

Correspondingly, we can define the effective velocity operator,
WIC - IH (p)
opu

and the local current density operator,

(6)

il

j,/lL(eff)(R) — _g {vr/lx(eff),(g(r _ R)} — _§|:{ nn’(g(r _ R)}
+ Z () anm"
m#n En
+Hnm vﬁn), (S(I' - R)}] ) (7)
where {a,b} = ab + ba is the anticommutator and

OH

vgm/ — m (p) (8)
opu

his (efh) actually covers only part of the total current density

even in the low-energy limit. The original current density
operator is given by
. e
J*R) = —E{v“,ﬁ(r—R)}, ©))

where v* is a matrix defined by Eq. (8). The expectation value
of j* for a given state F near ° is written as

(MR =Y / dr Fy (0 j* (R) L Fe(r)

/drF (1) J; (R)Fy(r). (10)

In the second equation, we used Eq. (3) and defined
.IJ’ e
Jn R) = —5 {vh,.80r = R)}

+Z () nm’S(r_R)}

m;ﬁn n m

+Hum { vk 8(r — R)} )] — j#(eff)(R)

1
_EZW

m#n 1 m

{Uffm[ﬁ(r - R)sHmn] + HC}

1)
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ji is not equivalent to j/“™ since M, and 8(r — R) do
not generally commute. As shown in the following, the
second term, called the anomalous current in the following,
is responsible for the chiral current circulation in gapped
graphenes.

A similar argument is available for the orbital magnetic
moment. The operator of the magnetic moment perpendicular
to the layer is defined as

e
m=——(xv’ — yv*). (12)
2¢

Similar to Eq. (10), the expectation value of m for a state of
band n can be written as

(m) ~ /drF:(l‘)mnFn(r), 13)

where m,, is the effective magnetic moment,

€ iy f)
m, = —2—C(xv,yl(e ) — oy )
eh Loy, Uinn — Unm U (14)
2 i gl — ¢l
mtn

The first term is the magnetic moment given by the orbital
current j' 1M The second term is the extra magnetic moment
coming from the anomalous current and coincides with the
expression of magnetic moment, which enhances the g factor
in a conventional semiconductor physics.'?

While we include a diagonal scalar potential V(r) in the
above argument, an off-diagonal potential generally is possible
in systems, such as graphene with a random vector potential.
As long as the potential term enters the Hamiltonian in the
form of H,,,, + V,u.(r), as in the random vector potential for
graphene, the expression of the chiral current Eq. (11) is not
influenced since V,,, commutes with §(r — R) and does not
alter the velocity operator vh,,.

III. MONOLAYER GRAPHENE

Graphene is composed of a honeycomb network of carbon
atoms, where a unit cell contains a pair of sublattices, denoted
by A and B. Low-energy electronic states are described by the

effective Hamiltonian,?>—33
A vp_
H(p) = , (15)
v —A

where py =&p, £ip,, § =% is the valley index corre-
sponding to the K; point in the Brillouin zone, and p is
the momentum measured from K. The matrix works on a
two-component envelope wave function [F4(r), Fp(r)] at the
A and B sublattices, respectively. The diagonal terms +A,
opening the energy gap at the Dirac point, are given by
the potential asymmetry between A and B sites, which, for
instance, can arise in a certain substrate material.>** The band
velocity is v &~ 1 x 10° m/s.

The surface states of the three-dimensional topological
insulator of the Bi,Se; family is also described by a similar
Hamiltonian to Eq. (15), where (p,,p,) is rotated to (p,, —
px).232* The rotation of vector p is compensated by the spinor
rotation and does not affect the following argument. There is
only a single valley index, and the diagonal term A appears
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FIG. 1. (Color online) (a) Low-energy dispersion of gapped bilayer graphene given by Eq. (27). (b) Landau level spectrum of Eq. (39)
with some small n’s, plotted against the magnetic field. Dashed (red) and solid (black) lines represent the valleys & = + and —, respectively.
Numbers assigned to the curves indicate Landau level index n. A pair of dotted slopes represents the energy of the band bottom shifted by
pseudospin Zeeman energy, i.e., —&y £ hwy/2. At A = 0.1 eV, the characteristic energy scale is &p = 13 meV, and the magnetic field for

Fla)()/é‘() =1is76T.

only when the time-reversal symmetry is broken, for instance,
by attaching a ferromagnetic material.>!*?

We assume A > 0 and consider a state near the electron
band bottom ¢ = A. Then, the wave amplitude is concen-
trated mainly on the first component F = F4. The reduced

Hamiltonian for F excluding the constant energy becomes,
P’
2m*’

HD(p) = (16)

with the effective mass,

. A
m = (17)

Applying Eq. (11), the local current density is written as

. eh . eh )
GO) = — Im(F*VF) — £ - —(—e, x V)| F[.
m 2m
(18)

where V = (9/0x,9/0dy,0) and e, = (0,0, 1). The first term is
the usual current density, corresponding to j©® of Eq. (11).
The second term is the anomalous component and is denoted
as j. in the following. It flows perpendicularly to the gradient
of density |F|?, and thus, it circulates on a closed loop and
does not contribute to the electron transport. The direction is
opposite between & = =. Itis written in terms of the equivalent
local magnetic moment g as

(Je(r)) = cV x pu(r),
eh
2m*c

19)

m(r) = —§ ——|F%e..

For the valence-band electron, a similar calculation shows that
the first term of Eq. (18) flips the sign, while the second term
remains unchanged.

The expression of the magnetic moment operator, Eq. (14),
becomes

e

; (20)

(xpy = ypx) — éZm*c
where the first and second terms correspond to those of
Eq. (18), respectively. The second term, now denoted as m., is
the magnetic moment induced by the anomalous current and
coincides with the integral of u(r) in Eq. (19) over the space.
It should be noted that m,. is constant regardless of the details
of the wave function. This is analogous to the spin magnetic
moment of the bare electron system with & being the spin index,
while in graphene, this is mimicked by the valley-dependent
chiral orbital current. The expression of m, agrees with an
intrinsic magnetic moment in the semiclassical picture, which
is regarded as the self-rotation of the wave packet.®

The valley pseudospin magnetic moment m, produces the
pseudospin Zeeman energy in the presence of a magnetic
field, and this accounts for the valley splitting of Landau
levels in graphene.® This can be checked by considering
the Hamiltonian in a uniform external field B, or H(x) in
Eq. (15), where m = p + eA/c with the vector potential A
giving B =V x A. Noting the relation [7,,7,] = —iheB/c,
the reduced Hamiltonian for the A site near ¢ = A is
written as®

2m*c

H@ff)(n)wv—zn o —ho, (A4 445 Q1)
2AT T ‘ 2 2)

where w. = eB/(m*c), 7. = En, iny, A =ala, and a =
(2heB/c) ' (mr, — imy) is the annihilation operator of the
Landau level and we used the relation 72 = (2heB/c)(A +
1/2). The term depending on & is the pseudospin Zeeman
energy, and it actually coincides with —m, - B. In graphene,
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the pseudospin Zeeman splitting is equal to the Landau level
spacing so that the nth Landau level at valley K has the same
energy (n + 1)-th level at K_.

The two terms in the current distribution of Eq. (18) can
be distinguished by a change in the two-dimensional mirror
reflection,

F(r) — F'(r) = F(r'), (22)

where r = (x,y) and r' = (—x,y). Let j(r) and j'(r) be the
expectation values of the current density for wave functions
F and F’, respectively. Each current component changes with

either s = £+ in
Jx(r) —jx(r)>
= , 23
(j;(ﬂ)) S( Jr(®) @9

r' x j(r') = —sr x j(r). (24)

In Eq. (18), the first term j©™ yields to s = +, i.e., the current
map is just mirror reflected in the same way as r. This is
a natural consequence, since H®® is invariant in the mirror
reflection.

The second term j. has the opposite sign s = —, or j.
goes against the mirror reflection of j. and can be called
chiral in this sense. In gapped graphene, having this term
may look counterintuitive since the system is originally mirror
symmetric with respect to a line containing an A B bond. But
this real reflection exchanges valleys £ = = at the same time in
addition to Eq. (22) so that j., then, simply is mirror reflected
as it should be. Therefore, the chiral term is necessarily
accompanied by factor &.

Two current components also behave differently in the
effective time-reversal operation F — F* within a single
valley. The first term obviously reverses in this operation as a
consequence of the effective time-reversal symmetry for H .
The second term only depends on the absolute value of the
wave amplitude and, thus, remains unchanged in the same
operation. But it reverses in the real time-reversal operation,
which switches & = £. We will see that the same argument
will apply to bilayer graphene as well.

or equivalently,

IV. BILAYER GRAPHENE

Bilayer graphene!~!7 is a pair of graphene layers arranged

in AB (Bernal) stacking and includes A; and B; atoms
on layer 1 and A, and B, on layer 2.3°* The states at
By and A, are coupled by y; ~ 0.39 eV.** The low-energy
states are described by the Hamiltonian matrix for the basis
(1A1),1B1),142),1B2)),

A vp_ 0 0

v A 0

D+ 14! ’ (25)

0 Y1 —A vp_

0 0 vp+ —A
where A describes potential asymmetry between layers 1
and 2 (not A and B sites), which gives rise to an energy
gap.36-4042:4546 Experimentally, the potential asymmetry can

be induced by applying an electric field perpendicular to the
layer,'5-174748 and the asymmetry as large as A ~ 0.1 eV was

H(p) =
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actually observed in spectroscopic measurements.'>*’*8 For

simplicity, we neglected the trigonal warping effect due to the
extra band parameter.’®*!

Let us assume A > 0 in the following. At p =0, the
Hamiltonian gives four eigenenergies,

el =y +AL =4,
82 = ‘/]/12 + AZ,
0

We consider a state near the conduction-band bottom & = &3,
of which wave amplitude is mostly concentrated on the first
component F4; = F. The effective Hamiltonian for F is®’

(26)
82 = A,

1 v*p? w2 p?
HCD(p) ~ — —2A
28y} %
4 2
=2 __F @7
dmops  2my
where the energy is measured from ¢ = A and
2
Y1 \/EA
= ) = hk = . 28
mo =3 Po 0 5 (28)

The term with p2 comes from the off-diagonal elements H3y
and H3; in the Hamiltonian matrix diagonalized for p = 0. To
have the p4 term, in Eq. (5), we need the higher-order term for
the off-diagonal matrix element between j = 2 and 3; i.e., use
instead of Hs,,

1

Hoo =Moo+ 3 Hang— Moz (29)

m=1,4 €3 n

The dispersion is plotted in Fig. 1(a). It is a nonmonotonic
function of p, and the band minimum appears at off-center

momentum p = pg and energy ¢ = —gg, where
2A3
s = . (30)
Vi

For instance, the asymmetric energy of A = 0.1 eV gives gy =
13 meV. The density of states is given by

0 (e < —&p),
D(e) = ﬂ;x (—ep<e<0)
= 458v 27_[712 /—1 T 8/8() 0 5

1 (e > 0),
(31

where g, = g, = 2 is the spin and valley degeneracies.
The local current density of Eq. (11) is written in the same
level of approximation as

(j(r)) = Imu + &(—e, x Reu), (32)

where the vector u is defined by

Aol
_2670? 3 (200, F*)8.(8, F) — 8, (F*2F)]

0 v=r,y

M/‘« =

eh
+—F*3,F. (33)
mo
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The second component of (j(r)) is the chiral current and is
expressed as

() = cV x p(r),

eh 1
{_k_g [IVF]? — Re(F*V2F)] + |F|2}.

2moc

[L(l') = gez
(34)

The equivalent magnetic moment u(r) now depends on F and
its derivative. The magnetization of Eq. (14) becomes

: . T 21
m = _zi(xv)(eff) _ yv,\(eff)) _ %_6_ (P_2 _ _> .
c moc \ p; 2

(35)

The second term m, is the valley magnetic moment induced
by the chiral current. The valley-splitting energy at the band
bottom can be estimated by inserting p = po,

heB
2Im(po)l B = — =Tawo. (36)
nyoyc

The effective g factor for this pseudospin splitting is given
by g* = 2m/my where m is the bare electron mass. g* is
proportional to A, and it approximates 30 at A = 0.1 eV.

When the valley splitting exceeds ¢, the system is fully
valley polarized with a single kind of chiral particle. Using
the density of states of Eq. (31), the condition for full valley
polarization is estimated in the low B-field limit,

1A [2eB a7
_gsyrhv ch’

2

n < Nerit

where 7 is the electron density. We have ngi &~ 5 x 10" cm™
at A=0.1eV and B=1T. For the gapped monolayer
graphene, the condition is

B
N < Ny = g% (38)

which is approximately 5 x 10'°cm™ at B =1 T. In the
bilayer, the critical density is proportional to ~/B rather than
B, and thus, the valley polarization is achieved in much lower
magnetic fields than in the monolayer in a small electron
density. This property is caused by the divergence of the
density of states at the band bottom.

Similar to the monolayer, the valley splitting of Landau
levels in asymmetric bilayer graphene'®3%*° is correctly given
by the pseudospin Zeeman energy due to the magnetic moment
m.. The original Hamiltonian in a magnetic field is given by
Eq. (25) with p replaced by m. Near ¢ = A, it is reduced to

1 _ 2 2 -~
HED () ~ = (vrr )y;vmr) _9A (v ;fzvn+)
(o) | (.1 S|
= 2%, |:<n+§+§> —Z:|
hoo (A4 242 39
_w0<n+§+§>, (39)
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where wy = eB/(moc). The pseudospin Zeeman energy, i.e.,
half the energy difference between & = =, is transformed to

eh (w? 1
Ezceman = g Y B, (40)
moc \ py 2

which coincides with —m,. - B in the limit of B = 0.

The first and second terms in Eq. (39) correspond to
p* and p? terms in the zero-field Hamiltonian, respectively,
and become dominant when hwo(n + 1/2) > g9 and <K&y,
respectively. In the lower Landau levels where the second term
dominates, the nth level at valley K ; and the (n + 1)-thlevel at
K_ approximately degenerate. In higher levels where the first
term becomes dominant, the nth Landau level at valley K, and
the (n + 2)-th level of K_ degenerate. Figure 1(b) plots the
Landau level energy of Eq. (39) as a function of the magnetic
field, where dashed and solid lines represent the valleys £ = +
and —, respectively. At A = 0.1 eV, for instance, the magnetic
field corresponding to hwy/ep = 1 is 7.6 T. A pair of dotted
slopes represents the energy of the band bottom shifted by
pseudospin Zeeman energy, i.e., —&g + &hwyp/2. In a small B
field, they actually serve as the envelope curves for Landau
levels of & = %. Full valley polarization occurs below the
upper slope.

V. ABC MULTILAYER GRAPHENES

For the structure of bulk graphite, there are two known
forms called ABA (AB, hexagonal, or Bernal) and ABC
(thombohedral) with different stacking manners.'®>" The
ABA phase is thermodynamically stable and common, while
it is known that some portion of natural graphite takes the
ABC form.'® The low-energy band structure of a finite ABC
graphene multilayer is given by a pair of surface bands
localized at the outermost layers,’’%3! and the interlayer
potential asymmetry opens an energy gap between those
bands.> !4

Now, we attempt to argue about the chiral magnetic
moment of gapped low-energy bands of ABC N-layered
graphene in a parallel way to the bilayer graphene. If the
basis is taken as |A),|B1); |A2),|B2); ...; |An), |By), the
low-energy effective Hamiltonian can be written as®-30-1,33:54

H V
Vi H, V
Hagc = vi Hy V ) 41

and

o Uj vp— _ 0 0
Hj = L V= L @)
vpy Uj »n 0

where U; is the electrostatic potential at the jth layer. For
simplicity, we neglected the trigonal warping effect due to the
extra band parameter.>*

The potential asymmetry U; can be induced by applying an
electric field £ perpendicular to the layer. When & is uniform,
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the potential energy with respect to the middle of the stack is

written as
N +1
U, = <T+ - j) e€d, 43)

where d ~ 0.334 nm is the interlayer spacing. The bilayer
graphene of Eq. (25) is a special case of Eq. (41) with N = 2
and e£d = 2A. The actual field £ can be smaller than the
externally applied electric field due to the screening by the
electrons in the graphene.’! We assume € > 0 and |U,| < v
in the following.

At p = 0, there are two low-energy eigenenergies ate = U,
and Uy originating from |A;) and |By), while all other
states appear near ¢ = %y, through the dimerization between
|B;) and |A;4) for each j=1,...,N — 1. The effective
Hamiltonian for the states near ¢ = U, is derived as

V12 vp 2N vp 2
_n (2 _e&d £
(N—1>e6d<y1> ¢ (m)

_1a(p\ )
- N 2m0 Po 2m0’

where the energy is measured from ¢ = U; and

1/(N—1)
vi i [N—1eEd /
my = —————o, =/ —== .
0 2v2(e€d) Po=7 N

(45)

HE(p) ~

The term with p? comes from the direct coupling with the
neighboring dimers formed by | B;) and | A,), and the p*" term
is from the Nth-order coupling with the other low-energy state
of | By). All other terms are neglected in low energies as long
as vpg/y1 < 1. The band minimum appears at p = po and
energy € = —&g, where

N-1 pj

—_— . 46
N 2m0 ( )

&y =
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The density of states diverges at ¢ = —gg as

D(e) my 1 N 1
&) A g8y —= .
88 ANN — 1 T ¥ /ey /€0

For example, we show the energy dispersion of N =3 and

4 in Fig. 2(a). Note that units py and &y depend on N. At

e€d = 0.2 eV, for instance, the characteristic energy scale is

g0 = 54 meV and is 86 meV for N = 3 and 4, respectively.
The magnetization of Eq. (14) becomes

(47)

e( y
m=——(xv
2c

eh | N (p AN=D g
‘fm—oc[i(ﬂ 20 W

where the second term .. is the valley magnetic moment. The
valley-splitting energy at the band bottom can be estimated by
inserting p = po,

(eff) x(eff ))

_yv

2{mc(po)l B = (N — Dhay, (49)

where wy = eB/(mgc). The splitting is greater for larger N
under the same electric field £. The condition for full valley
polarization in the low B-field limit is

1/(N—1)
1 /eB y N —1e&d
n <Nyt = 8&s— —— _— .
g 50
7V ch hv N

In the small-field region e£d < y;, which is currently as-
sumed, n increases for larger N, i.e., the valley polarization
is achieved up to higher electron densities in the larger stack.
In the large N limit, n.; approaches a value independent of £,

o 1 [eB y
Mt = 8\ 3 6D

which approximates 1.5 x 10> cm™2at B =1T.

(b) ABC three-layers

(c) ABC four-layers

6 T T T
ABC three-layers
4 r N b
ABC four-layers
~
3, | 3
k] ks
2 2
= =
2 2
5 0 , 5
[0} Y. 9]
c s
LI e e w
2| .
_4 Il L Il L L Il L Il _4
-2 -1 0 1 2 0

Momentum (units of po)

Magnetic field hay / €

1 2 0 0.5 1 1.5

Magnetic field oy / €9

FIG. 2. (Color online) (a) Low-energy dispersion of gapped three- and four-layer ABC graphene given by Eq. (44). (b) and (c) Corresponding
Landau level spectrum of Eq. (52) with some small n’s, plotted against the magnetic field. A pair of dotted slopes represents —ey £ (N — 1)wy/2.
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The low-energy Landau level spectrum near ¢ = U is

HED A vi (G ed V=V
(N — De&d yiN Vi Vi
(N =DV o) 5. . 16
N ! r[”+1_ > N

Jj=1

haoo (A + 5+ 2
wo | n ) 2.

Again, the valley splitting in the limit of B =0 is shown
to be equivalent to —m, - B of Eq. (48). In higher Landau
levels where the first term becomes dominant, the nth Landau
level at valley K and the (n + N)-th level of K_ degenerate.
Figures 2(b) and 2(c) plot the Landau level spectra of Eq. (52)
for the cases of N = 3 and 4, respectively. The Landau levels
in small magnetic fields are well bound by dotted lines or the
energies of —eg + Ehwy /2. AteEd = 0.2 eV, for instance, the
magnetic field corresponding to fiwg /g9 = 11is 33 and 52 T for
N = 3 and 4, respectively. As argued above, we can see that,
for greater N, the full valley polarization is possible up to a
greater electron density (i.e., more Landau levels) at the same
magnetic field.

(52)

V1. PSEUDOSPIN PARAMAGNETISM

The pseudospin Zeeman splitting causes the Pauli para-
magnetism in an analogous way to a real spin. The magnetic
susceptibility was calculated previously for gapped monolayer
and bilayer graphenes,® and it was shown that the susceptibility
in the quadratic dispersion near the K point was expressed as
a sum of valley pseudospin paramagnetism and Landau dia-
magnetism similar to a bare electron. In monolayer graphene,
the pseudospin paramagnetism diverges in the zero gap limit,
leading to a singular orbital susceptibility where the strong
diamagnetism suddenly disappears off the Dirac point,®33:35-60

Here, we extend the argument to general electronic struc-
tures other than quadratic and show that the pseudospin
splitting always accompanies a paramagnetic contribution in
any part of the dispersion. Let us consider a system in a
magnetic field B with the Landau level sequence,

87! = E(X}'l?a) (n = 091’21 . ')’

1 he
X, =\|n+ =156, § =hw. = ,
2 *c

where n is the Landau level index and m* is the effective
mass characterizing the system. The second argument § in
&(x,,0) represents the dependence on B, which is not included
in x,. For example, the low-energy Landau level of gapped
monolayer graphene, Eq. (21), is given by

§
n»‘s = Xn _5,
e(x,,0) = x, + 2

(33)

(54)
and that of bilayer graphene, Eq. (39), is given by

2} + (xn + %) . (55)

1 [ )
e(xn,8) = —— | (xy +8§8)" — 8
0

with m* replaced by my.
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By treating x(= x,) and § as independent variables, we can
expand &(x,8) as
e(x,8) = eVx) + eV(0)8 + 1P (x)8% + (56)
The zeroth-order term @ is related to the energy spectrum
at B =0. In particular, when the system is isotropic, the
dispersion is given by ¢@(x) with x = p?/2m*. The first-
order shift e(V§ can be regarded as a pseudospin Zeeman
term associated with magnetic moment —(ef1/cm*)e), which
corresponds to m, in previous arguments.
The thermodynamic potential becomes

1

2=-go 12 Zgo[e(xn,a)]
I om* o 82 dgle(x,0)]
- _Eznhz[fo wlee.dldx + o =3 x:O]
+0(3Y), 57
where p(g) = In[1 + e PE=M] 8 = 1/(kgT), 1 is the chem-

ical potential, and we used the Euler-Maclaurin formula in the
second equation. Using Eq. (56), we can further expand €2 in
terms of § o« B. The magnetization is given by

02
M=—-|— (58)
B/,
and the magnetic susceptibility is given by
_ (829) (59)
*= IB*/ B:O.
We end up with
0 0
xwn) = [ e (—a—f) x(@). (60)
—0 e

where

2 e
x(s)z(e—h*) [D(s)(e‘“f— [ D
cm

1 :|
, (61)
x=0

1227 h2
and f(g) = [1 + eP¢~"]~! is the Fermi distribution function.
In Eq. (61), &V and @ are regarded as functions of energy &
through ¢ = £©(x). D(e) is the density of states given by

" ol — 00 ) x(x)

*

__m PTIRN)
D(e) = nhz/o Sle — eV (x)]dx.

(62)

The susceptibility at 7 = 0 is given by x(u). The first term
in Eq. (61) is regarded as the Pauli paramagnetism induced by
the pseudospin magnetic moment. It always is positive and is
determined purely by the density of states and the magnetic
moment at Fermi energy. The second term is the summation
of the second-order energy shift £ over all the states below
Fermi level, and the third term gives a discrete jump at the
energy corresponding to p = 0.
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FIG. 3. Susceptibility (solid line) and density of states (dashed
line) near the band bottom of asymmetric bilayer graphene, plotted
against the Fermi energy.

For the low-energy spectrum of the gapped monolayer
graphene, Eq. (54), we obtain®

X =xp+ XL,
xp=Duy,  xL=—-1Duy, (63)

where yp and x; come from the first and third terms in
Eq. (61), respectively, and the second term is zero. Here,
D = gsgvm/(Znhz)G(a) is the density of states, and uj =
eh/(2m*c) is the effective Bohr magneton. Obviously, xp
and x; correspond to conventional Pauli paramagnetism
and Landau diamagnetism, respectively. The susceptibility
calculated above is the contribution from the conduction band,
while the valence band gives the exact opposite jump at the
valence-band top. The total susceptibility is diamagnetic at
X = —xp — xr inthe gap region and disappears in conduction
and valence bands.®
For gapped bilayer graphene, Eq. (55), we get

0 (e < —¢&o),
1 2+8/80
2
8s8ve S (—e0 <€ <0),
x(e) = py— 2.J/T+¢e/e
1 24¢/¢ 1 &> 0)
—— 4 - > 0).
4 /1+¢e/eg 6

(64)

The susceptibility diverges at the band bottom & = —g(.% The
physical meaning of the divergence is obvious, since the Pauli
paramagnetism, i.e., the first term of Eq. (61) is proportional
to the density of states, which diverges at the band bottom.
The susceptibility of Eq. (64) is plotted in Fig. 3 together with
the density of states, Eq. (31).

The argument can be extended to ABC N-layer graphene
in a straightforward fashion. Using Eqgs. (47) and (48), the
pseudospin paramagnetic susceptibility above and near the
band bottom & = —gq is written as

cgve? NN —1 1
2(&) ~ D(eym? = S:80¢ NN — 1)

© 2mmocr 242N 1+t efey
(65)
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where m and g are defined in Egs. (45) and (46), respectively.
The paramagnetic divergence is stronger for greater N.

VII. SPACE-DEPENDENT HALL CONDUCTIVITY

If the system is modulated by an external scalar potential,
the anomalous current term gives a response current in an
analogous way to the Hall effect. Here, we argue about the
relation of the associated Hall conductivity to the anomalous
magnetic moment. In graphenes, the Hall current exactly can-
cels between two valleys due to the time-reversal symmetry,
and the real current appears only when the valley populations
are differentiated, such as the Pauli paramagnetism. In the
odd-valley case, such as the surface states of a strong
topological insulator, it directly gives a net current and causes
a magnetoelectric response.”!??

We consider a current distribution in a finite and isolated
system modulated by an external potential V (r). In the current
densities of gapped monolayer and bilayer graphenes, given
by Egs. (18) and (32), respectively, the first term cancels in
summation over the occupied states because it reverses the
effective time-reversal operation F — F*. Then, the total
current is given by a summation of the chiral term ¢V x u(r) as

J(r) = cV x M(r),
M(r) = Z (). (66)

occupied

When the potential V(r) is weak and slowly varying, the
Thomas-Fermi approximation gives

oMp
M(r)~ Mp —

der V(r), ©7)

where M is the total magnetization of a uniform system,
1

S me(p)dp, (68)
(27Th)2 occupied

My
and m.(p) is the anomalous magnetic moment at momentum
p- Then, Eq. (66) becomes

oM

nm=waF&xmm, (69)

EF
where E(r) = —VV(r)/(—e) is the electric field, leading to a
response function,

oMp
e .

881:
By applying Eq. (70) to the conduction-band electrons of

gapped monolayer graphene, where m.(p) is given by the
second term in Eq. (20), we have

(70)

Oxy = —C

2

e
xy —S 57 71
on = &5 G

For gapped N-layer ABC graphenes, including the bilayer,
of which m.(p) is given by the second term in Eq. (48), the
expression approximates in high energies ¢ > g as

Neé?
O'xy QSW (72)

When the system is confined to a finite space, the above-
mentioned Hall current gives a chiral edge current at the
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FIG. 4. Single-valley current distribution contributed by
conduction-band electrons of gapped monolayer (solid curve) and
bilayer graphenes (dashed curve), terminated at x = 0.

boundary. When the confining potential is slowly varying in
space, the current circulation is

1 [eF
I = —;/ oyy(e)de = cMp, (73)

as a natural consequence. This is equally true in a sharp
potential as well, where the current is distributed in a range of
the Fermi wavelength from the boundary. Figure 4 illustrates
the single-valley current distribution given by the conduction-
band electrons of gapped monolayer and bilayer graphenes.
The details of the derivation are presented in the Appendix.

From its definition, the Hall conductivity argued here,
Eq. (70), is the long-wavelength limit of the static Hall
conductivity, namely, lim,_lim,_0y,(q,w). For the
original Hamiltonian of monolayer graphene, Eq. (15), this is
evaluated as®!

2
lim 1im 01,(g.0) = & 0(A —ler).  (74)

where 6(x) =1 (x > 0), 0 (x < 0) is the step function and
A > 0 is assumed here. The low-energy result, Eq. (71),
describes the contribution from the conduction-band electrons
and, indeed, coincides with the discontinuous jump at ¢ = A
in Eq. (74). The valence band gives an exactly opposite jump
at ¢ = —A so that we have the half-integer Hall conductivity
inside the gap and zero in the conduction and valance bands.

Note that usual Hall conductivity, relevant in the transport,
is given by a different limit, lim,,_,¢ lim,_,o 0x,(g,®). This is
calculated for gapped monolayer graphene as

e? A
_éﬂ_ (lerl > A),
hler| (75)

lin}) 1in}) oxy(q,0) =
o (ler| < A),

e
—£ o
which differs from Eq. (74) except for the value inside the gap.
The Berry curvature is directly related to this transport Hall
conductivity.'363

From the relationship between the local current and the
local magnetic moment, Eq. (66), the spatial-dependent static
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Hall conductivity oy, (¢) can be formulated as a magnetization-
density correlation function, i.e.,

1
M(q) = Eny(Q)V(Q)- (76)

In the low-energy region of gapped monolayer graphene,
it becomes a density-density correlation function because
the pseudospin magnetization, Eq. (20), is constant for each
eigenstate regardless of the details of the wave function. This
suggests that oy, (g) is insensitive to the disorder localization
effect since the magnetic moment of each eigenstate remains
even when the wave function is localized. This is in contrast to
the transport Hall conductivity, where the localized eigenstates
have zero contribution.

Last, we show that Hall conductivity, Eq. (70), is directly
related to index difference An between degenerated Landau
levels of two valleys, which are argued about in the previous
sections. This is defined by the ratio of pseudospin Zeeman
splitting to Landau level spacing, or

2m.B
An = ,
ho,
heB s -
ho, = <200 <ﬁ> , 7
C 38[:

and S(ep) = rrp% is the area of the momentum space at the
Fermi energy ¢ . Using Eqs. (68) and (70), we obtain

2he M 2h
=200 (78)
e

e 3817

Indeed, we have An = 1 for gapped monolayer graphene and
An = N for gapped N-layer ABC graphene (including bilayer
graphene) in high energies.

VIII. CONCLUSION

We presented systematic analyses of the anomalous chiral
current and magnetic moment in gapped graphenes and related
materials. Starting from the low-energy effective-mass theory,
we formulated a description of local current distribution
supporting anomalous magnetic moment in general Bloch
systems. In gapped monolayer, bilayer, and ABC multilayer
graphenes, we showed that the chiral current circulation
accounted for the valley-dependent magnetic moment and
valley splitting of Landau levels. The bilayer and ABC
multilayer graphenes exhibit a large paramagnetism at the band
bottom, and full valley polarization is possible in relatively
high electron densities.

Various mechanisms for valley polarization or valley filter-
ing have been suggested, which might be used to control elec-
tronic devices.®”%4-%7 The possibility of full valley polarization
in a graphene bilayer and ABC multilayers invokes a simple
mechanism for valley-dependent transport. For example, if we
could locally apply opposite magnetic fields to the left and
right sides of a gapped bilayer or ABC-multilayer strip and
could achieve different valley polarizations in two regions,
then the transport between two regions would be killed, as
long as the valley flipping is prohibited in the intermediate
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region, i.e., the impurity potential and the spacial magnetic
field change are smooth compared to the atomic scale. On
the contrary, electrons can travel almost freely when the same
magnetic field is applied to two regions.

While we focus on the family of ABC-stacked multilayer
graphenes in the present paper, the anomalous magnetic
moment arises in ABA-stacked multilayer graphenes as well
when the inversion symmetry is broken.*’ In ABA multilayers
with an odd number of layers, the lattice structure originally is
lacking in the inversion symmetry so that the valley splitting
intrinsically exists even in the absence of the external field.®®
The present analysis applies to every sub-band comprising the
total band structure, each of which is akin to gapped monolayer
or bilayer graphenes.5%%
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APPENDIX: CHIRAL EDGE CURRENT

Here, we calculate the edge current distribution of gapped
monolayer and bilayer graphenes bound by a sharp confining
potential. Let us consider a low-energy Hamiltonian gapped
monolayer graphene, Eq. (16), bound by a potential barrier,

oo (x <0),

0 (x > 0). (AD

V(x) = {

PHYSICAL REVIEW B 84, 125427 (2011)

The eigenstates are given by

F(r) o 7 sin kyx. (A2)

The current density of Eq. (18), integrated over the occupied
states, is written in terms of the Bessel function as

e Er
Jy(r) = &= —J(2kpx). (A3)
h x
It oscillates and decays in the length scale of 2/ kr as shown
in Fig. 4. The total edge current is

I= /Oodx J(r) = E—ep, (A4)
0

2h
which coincides with cM ..

A similar argument is available in bilayer graphene. For
simplicity, we consider high energies ¢ > ¢y and neglect
the p? term in Eq. (27). The Schrodinger equation becomes
the fourth-order differential equation due to the p* term,
and the boundary condition becomes F(0) = F’(0) = 0. The
eigenstate then becomes

F(r) « ¢ [cos kyx + sin kyx — e 5], (A5)

The total current density, Eq. (34), integrated over the occupied
states, is numerically calculated and is plotted in Fig. 4. Again,
the length scale is characterized by its Fermi wavelength, but
it decays more rapidly than in the monolayer. The total edge
current is shown to be

I= f dx J,(r) = Eep, (A6)
; h

which is twice as large as the monolayer’s.
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