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Spin-polarized current state of electrons in bilayer graphene
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We propose a model of spin-polarized current state for electrons in bilayer graphene. The model resolves
the puzzles as revealed by experiments that (a) the energy gap Eg,, of the insulating ground state at the charge
neutrality point (CNP) can be closed by a perpendicular electric field of either polarity, (b) Eg,, increases
significantly with increasing the magnetic field B, (c) the particle-hole spectrum is asymmetric in the presence
of B, (d) there is a peak structure in the electric conductivity at small B at the CNP, and (e) there are quantum
Hall states stemming from lifting of degeneracy in the lowest Landau level. The model predicts that the ground
state of the system close to the CNP is a ferrimagnet at finite B and the Hall current is spin polarized.
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Recently, the bilayer graphene (BLG) has been studied
extensively because of its potential application to new elec-
tronic devices [1-4]. Many experiments [5-8] performed
on high-quality suspended BLG samples have shown strong
evidence for the gapped ground state of electrons at the charge
neutrality point (CNP). The main experimental findings are
as follows: (i) The ground state is insulating with a gap
that can be closed by a perpendicular electric field of either
polarity, (ii) the gap grows with increasing magnetic field B
as Egp = Ao+ va?B*+ A} with Ag~ | meV and a ~
5.5 meV T~!, (iii) the state is particle-hole asymmetric in
the presence of the magnetic field B, (iv) there is a peak
structure in the electric conductivity at small B =~ 0.04 T at
the CNP, and (v) there are quantum Hall states (v = 0, %1,
42 and +£3) stemming from lifting of degeneracy in the lowest
Landau level. These experimental observations are still puzzles
to the existing theories [9-18] including the models of the
ferroelectric-layer asymmetric state [9,10] or quantum valley
Hall state (QVH) [12], layer-polarized antiferromagnetic state
(AF) [13], quantum anomalous Hall state (QAH) [11,14,15],
quantum spin Hall state (QSH) [11,15], and ordered-current
state (OCS) [16-18]. The QVH, QAH, and QSH states all
have been ruled out by the experiment [7]. It is shown that the
AF state is not able to reproduce the gap growth with B [18].
The carrier density position of the gap given by the OCS
deviates from the CNP at finite B and the OCS cannot correctly
explain (v).

In this work, we propose a model of spin-polarized current
state (SPCS) for the electrons in BLG. We study the order
parameters, the gap behavior, and the energy levels of the
SPCS in the presence of the magnetic field. We will show
that the experimental observations (i)—(v) stated above can be
explained by the present theory. With the theory, we will also
give new predictions.

The Hamiltonian. The unit cell of the BLG lattice shown
in Fig. 1 contains atoms « and b on the top layer, and a’
and b’ on the bottom layer with lattice constant a ~ 2.4 A
and interlayer distance d ~ 3.34 A. The energy of intralayer
nearest-neighbor (NN) [between a (a¢’) and b (b')] and
interlayer NN (between b and a’) electron hopping are ¢ and
t1, respectively. From the density-functional calculation [19]
and the experiments [20], the values of these quantities are
determined in the ranges: 2.8 eV <t < 3.1 eV and 0.27 eV
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<t; < 0.4 eV. We here take t =3 eV and t; = 0.273 eV. The
Hamiltonian of the continuum model for the noninteracting
electrons is

0
Hy =Y Cli,HYCuto. ¢))
vko
: T b T i i 0 _
with CU/((T - (Cauka »Choko > Carvko ’cb’ukn) and Hvk = €0(svky0x—

kyoy)to —ti(c "t +ot17), where c}vkg creates a spin-o
electron of momentum k in valley v [= K = (47 /3a,0) or
K’ = —K] of sublattice [, k is measured from the Dirac point
K (K') and confined to a circle k < 1/a in K (K’) valley,
sy =1(=1)forv=K (K’'), ¢ = \/gt/Z, the Pauli matrices
o’s operate in (a,b) or (a’,b’) space, and 7’s in the space of
(top, bottom) layers. We hereafter use the units of g = a = 1.
The interaction part of the Hamiltonian is

H =U Z(SHZM(SI’ZIN + % Z vy éngdny;, )
lj LiFl j

where én;;, = nj;c — n/2 is the number deviation of electrons
with spin o from the average occupation n/2 at site i of
sublattice I, dn;; = dnyiy +dnyy, and U and v’s are the
interactions between electrons. The off-site interactions here
are given as v(r) = e*[1 — exp(—qor)]/r where r = |F| with
¥ as a vector from /i to Ij, and go is a parameter that
approximately takes into account the wave function spreading
effect in short range. According to the many-particle theory,
since the exchange self-energy of electrons contains the
screening due to the electronic charge fluctuations, we adopt
the effective exchange interaction,

2

r(1+agyr + q2r?)’

3

Ue(r) =

where ¢, = 2me®xy is the screening constant with o =
t1In4/m(aep)® the polarizability by the random-phase ap-
proximation (RPA) [21], and « is an adjustable parameter.
Note that the form of v..(r) is consistent with the RPA in
the limit r — o0. The total Hamiltonian Hy + H’ satisfies the
particle-hole symmetry [22].

Self-energy of electrons. The self-energy X7, (k) contains
the Hartree and exchange terms. The off-diagonal part of
the self-energy comes from the exchanges and results in a
renormalization of H,?k. We will drop this part by supposing
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FIG. 1. (Color online) Top view of the bilayer graphene. Atoms
a (a’) and b (b') are on the top (bottom) layer.

that it has already been included in H,. The Hartree terms in
the diagonal part stem from the density orderings (§n;;,)’s. In
terms of the orderings of spin m; = ({§n;j4) — (8ny;;))/2 and
charge p; = (8n;;4) + (8nyjy), we have (§nyjjo) = omy + p;/2
with 0 = 4(—) for spin-up (-down). Since the charge ordering
pr is the deviation from the average electron concentration
n, those p;’s satisfy the relations p, = —pp and p, = —py .
The exchange self-energy in the diagonal part is due to
the average (cligc}jg) = Ry;(r) + i1}, (¥). The imaginary part
I,,(¥) is proportional to a current that breaks the time-reversal
symmetry. In the previous work [18], we neglected the spin
dependence in (c,iacjj”). Here, we keep the spin dependence
in this average. Under the mean-field approximation and
neglecting the terms of orders <O(k), the self-energy in the
diagonal part is obtained as

200 =€ —oupm; — syAje — v:8/2, @)

where ¢; is due to the charge ordering, A;, stems from
the current ordering, § =n — 1, and u( and v, are effective
interactions (see Supplemental Material [23]). In terms of
i, €’s are given by €, = Vgq 04 + Vab P> €6 = VbpPb + VpaPua>
€y = —€,, and €, = —¢;,. The interactions v,,, vpp, and
Vap = Upq are defined in Supplemental Material [23]. The order
parameters p;, m;, and A, are determined by

1
PL=oN %“C’T”kac“”‘” — (o Ciita))s ()
! T
Y = O {Clypo Crvka)s (6)
Vg T
Ay = N st(clvko'clUkG')v (7)

vk

where N is the total number of the unit cells, the kK summations
run over a single valley, the sublattice / means that @ = b" and
b = a’ and vis-a-vis, and v, is an effective interaction (see
Supplemental Material [23]).

The SPCS at the CNP with B = 0. At the CNP and in
the absence of external electric and magnetic field, we expect
the gap stems only from the current ordering and impose the
conditions A;; = —Aj, and A;y = —A; on the solution. The
gap between the valence and conduction bands is 2|A,,|. To
reproduce the experimental data Ag = 1 meV, v, needs to be
6.372. With this condition, the adjustable parameter « in v,.(7)
given by Eq. (3) is determined as 4.69. The other interaction
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parameters are determined as ug = 6.38, v, = 5.38, v,, &
vpp = 3.3, and v, = vp, = 6.58 (by taking go = 0.5/a, see
Supplemental Material [23]). With these parameters, we obtain
pr = my = 0 except A, being finite.

The relation A;y = —A;; means that the current flows in
the opposite direction for the opposite spin. Therefore, the
system is in the spin-polarized current state.

The SPCS at finite B. Under the magnetic field B applied
Qerpendicularly to the BLG plane, the vector potential is
A = (0,Bx). By using the raising and lowering operators af
and a for the variable x +k,/B = (a' + a)/~/2B and the
operator k, = —iV, = i\/B/2(a' — a), the operator s,k, +
i(ky + Bx)in Hl?k becomes iv/2Ba' for v = K ori~/2Ba for
v = K. The eigenfunction is expressed as Ve = ®pu Xbo
with u as the band index, and ®,, (a 4 x 4 diagonal matrix)
and X!, (a four-component vector normalized to unity) are
defined as

(Dvn = Diag(i¢n71+sl,s(bnfl’qbnflv - i¢n7175v)7

X'{I‘n(f = ('xilllt(f ’xl%IllL(f ’xl:jlllt(f "X?Nlllv(f)t’

where ¢, is the nth level wave function of a harmonic oscillator
centered at x. = —k,/B, and the superscript ¢+ means the
transpose of the vector. Here, when the subscript n of ¢, is
negative, the corresponding component in X4, is understood
as zero. Especially, for n = 0, there is only one state of energy
2ok (2gK") at K (K') valley with the electrons staying on a
(V) sublattice. The vector X', and the eigenenergy E Ko are
determined by Hy,o Xhno = Ebne Xbne, with

o et 0 0

+ ov
I _ €un Ehh —1 0
vno — 0 . ov _ s
h Ea’a/ €on

0 0 e, oY

vn

and efrl:./B(Zn—l:I:sv). The k& summations in
Egs. (5)—(7) for self-consistently determining the order

parameters are now changed to summations over the
y-component momentum k,, and the Landau states [18].

The solution at 6 = 0 to the order parameters A;, and my;
are plotted in Fig. 2. At the CNP, these parameters satisfy
the relationships: A, = —Aj, and m; = mj, while the charge
ordering parameters o; vanish. As shown in the left panel of
Fig. 2, the magnitudes of the current parameters Ay = Ay
for spin-up electrons increases with B, but the magnitude of
A = Ay for spin-down electrons decreases with B in a
small interval of B close to zero; A;_ vanishes at B ~ 0.15T
and then very slowly increases with B. The behaviors of A,
can be understood by simply looking into the property of the
n = 0 state. As noted above, the energy of the state is X =
—omatg — Aye at K valley or 2K = —omyug + Ay, at
K’ valley. The energy is negative for spin-up electrons, while
it is positive for spin-down electrons. At zero temperature and
at the CNP, the latter state is empty. Therefore, the magnetic
field enhances A4 but suppresses A, .

Because there are more negative energy states for spin-
up electrons than for spin-down electrons at finite B and at
the CNP, the system has a total net spin. It is seen from the
right panel of Fig. 2, the system is a ferrimagnet with the
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FIG. 2. (Color online) (Left) Order parameter A;, as a function
of magnetic field B. The main panel shows the result for spin-
up electrons. The inset is for spin-down electrons. (Right) Spin
polarization m; of sublattice / as a function of magnetic field B.

sublattices @ and b’ being equally spin-up ordered and the
b and a’ sublattices spin-down ordered. The magnitude of
the spin polarization m; is approximately linear in B. The
magnetization comes solely from the orbital current ordering
but not the Zeeman splitting. The Zeeman splitting has been
neglected here because the orbital effect is about 46 times
larger than it. The “spin-up” here merely means its current
ordering parameter A4 is positive.

The Landau levels in the conduction and valence bands
close to zero at B = 1 T are shown in Fig. 3. At the CNP,
because of p; = 0 and m; = mj and A;, = —Aj,, the energy
levels are degenerated for exchanging the two valleys. On the
other hand, the levels are different for different spins because
of the spin polarization and the different current orderings.
The obvious difference appears at the levels of n = 0 and 1.
The energy levels of n = 1 are determined by the upper-left
(lower-right) 3 x 3 matrix of Hk, (Hk'1,). To order O(B),
the level of n = 1 nearly degenerated with the level £°X of
n = 0 is obtained approximately as

Exio ~ 22K +2B(20K — 25K /1. (8)
20 w 3
Spin up . Spin down
10 B= 1T N ) » o
- w‘\ }’f =0 n= v}\\\
SE 0 n= 2 V ’7 =2
-10 rn = =1 ‘ 1F © 1
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FIG. 3. (Color online) Landau levels E!, in the valence and
conduction bands at B = 1 T. The lines represent the continuum
conduction (solid) and valence (dashed) bands at B = 0 with
momentum k as the abscissa.
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FIG. 4. (Color online) Energy gap Eg,, at CNP as a function of
B compared with the experimental result (Exp) [7].

The perturbation Eg1, — XX is positive for spin-up electrons
but negative for spin-down electrons. By viewing the energy
levels, the energy gap at the CNP is found as the difference
between E | in the conduction band and Eg,  in the valence
band,

Egp = Eyy, — E,,- )

Comparison with experiments. (i) By experiment [7], the
gap is measured through the electric conductivity with a
source-drain voltage applied to the sample. During such an
electric transport process, the spin should not be altered and
the gap should be given by Eq. (9). The gap is shown as
a function of B in Fig. 4. Except a dip at B ~ 0.15 T, the
theory reproduces satisfactorily the experimental result [7].
(ii) Although the dip is not observed in Ref. [7], the appearance
of the dip is in qualitatively agreement with the observation by
Weitz et al. [5]. The latter experiment shows that there is peak
structure in the electric conductivity at |B| & 0.04 T, which
implies the dip in the energy gap. (iii) On the other hand,
the energy bands have no particle-hole symmetry, which is
in agreement with the experiment [7]. (iv) Because the levels
of n = 0 and 1 of spin-up electrons in the valence band are
occupied while their counterparts of spin-down electrons in the
conduction band are empty, we have obtained the insulating
state with v = 0 at the CNP. This is different from the
previous OCS model [18] by which the levels n = 0 and 1
are degenerated for both spins and all are occupied (empty)
when they are negative (positive). Thus, the electron density
of the gapped state given by the previous model cannot not
be viewed at the CNP. (v) Finally, the gap can be closed by
perpendicular electric field in either direction. To see it, we
apply voltages £V, respectively, to the top and bottom layers.
This causes charge polarization between the two layers. The
quantity ¢; in Eq. (4) now includes the voltage and the charge
ordering effect (and is finite). For positive (negative) V, we
get positive (negative) €,. The level EaTaK (= ,I/I,j/) in the valence
band raises, while the level Ebi,f,’ (Z(fa[( ) in the conduction
band decreases. At certain V, the phase transition with the
particle distribution changing in the top level of the valence
band and bottom level of conduction band happens and the
gap closes [18].
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Quantum Hall states (QHS) of integer |v| < 4. By doping
electrons, the level E, or Ey, | is first filled with spin-down

electrons. The occupation of level E,  (E%, ) close to za

(Ej,f,’) means that the sublattice a (') is mostly occupied.
Therefore, if the level E%, ' is filled, there will exist charge
ordering with p, > 0 and p, < 0, resulting in €, < 0 and
Ey,, < E,,- Thisis the state of v = 1. Analogously, we can
analyze the other states of integer |v| < 4. The key point is that
under the carrier doping the valley degeneracy of the Landau
levels is lifted by the charge orderings p; # 0 (see Supplemen-
tal Material [23]). The appearance of these QHS is in qualita-
tive agreement with the experimental observations [24,25].
Prediction. As stated above, the system is a ferrimagnet at
the CNP under the magnetic field. Moreover, since the Hall
states of v = 1, 2, 3, and 4 correspond to the occupations of
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the levels of n = 0 and 1 in the conduction band with spin-
down electrons, the Hall current in these states is spin-down
polarized. On the other hand, the Hall current in the states of
v = —1, =2, or —3 is spin-up polarized because the states of
n =0 and 1 in the valence band are for spin-up electrons.

Summary. On the basis of the four-band continuum Hamil-
tonian, we have proposed a model of spin-polarized current
state for the interacting electrons in BLG. The model can
explain the experimental observations (i)—(v) as stated in the
beginning of the paper. The model predicts that (a) the ground
state of the system close to the CNP is a ferrimagnet at finite
B and (b) the Hall current is spin polarized.
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