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Abstract

We consider the direct orbital effect of an external magnetic field on the motion of elec-
trons in reciprocal space in AB-stacked bilayer graphene subjected to a perpendicular
magnetic field and an external electric field. For this purpose, the Peierls substitution
is implemented using the symmetric gauge for the vector potential, and the electronic
dispersion is reconstructed. The Lorentz potential arising from the Lorentz force acting
on the electrons is included in the calculations. The effective chemical potential method is
employed to incorporate the effects of Hubbard on-site repulsion, the external electric field,
and Landau quantization of the allowed electronic states in reciprocal space. Local canted
antiferromagnetic states are discussed, and their coexistence with excitonic states is found.

Keywords: bilayer graphene; excitons; antiferromagnetism; landau quantization

1. Introduction

AB-stacked bilayer graphene (BLG) has attracted significant scientific interest due
to its extraordinary physical properties, which are mainly attributed to the opening of
a sufficiently large and tunable band gap under the application of an external electric
field [1-12].

The effect of a magnetic field on the electron hopping paths in graphene and graphene-
based structures has been considered in many works [1,13] through the introduction
of the Peierls phase [14-17]. In these studies, the electronic current operator and the
resulting polarization correlation functions were calculated [18-20], typically without
taking into account magnetic-field-induced modifications of the noninteracting electron
dispersion relation.

Strong magnetic field effects [13], antiferromagnetic ordering [21,22], and various
emergent phases—such as superconductivity [23], spin-wave excitations [24], excitonic
states [25,26], and magnon modes [27,28]—have also been discussed in the context of
AB-stacked bilayer graphene.

In monolayer graphene, the well-known quasiparticle energies exhibit a square-root
dependence on both the Landau level index and the magnetic field in the low-wave-vector
limit, as described by the linear Dirac Hamiltonian [29]. In contrast, for Bernal-stacked
bilayer graphene, a linear dependence of the energy on the magnetic field has been obtained.
Nevertheless, a complete understanding of this dependence in the full-wavelength regime
is still lacking in the literature. In Ref. [30], the authors derived the high-energy spectrum
of multilayer graphene by expanding the dispersion relation up to the third order in the
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wave vector around the Dirac point. By including the effects of trigonal warping, they
found a B3/2 dependence of the energy on the magnetic field as a third-order correction.

Recently, the authors of Ref. [31] calculated the internal voltage drop across a sheared
AB-stacked bilayer graphene interface as a function of the applied tip voltage and deter-
mined the intrinsic dielectric properties of the AB BLG interface. The method employed
accounts for the capacitive forces that govern the scaling of the potential drop across the
sheared interface.

In this paper, we investigate the direct influence of an external magnetic field on the
electron dispersion relation in reciprocal space in graphene layers, using the symmetric
gauge for the magnetic field. In addition to the externally applied electric field, we introduce
induced field potentials in the graphene layers by invoking the Lorentz-potential hypothesis.
We then derive the effective layer potentials as functions of the applied external voltage,
and our results are in good agreement with those reported in Ref. [31].

We consider both interlayer excitonic formation and a local antiferromagnetic order
parameter. The canted antiferromagnetic regime [32] is adopted to describe the local
antiferromagnetic order in the system. We analyze the voltage dependence of several
physical parameters in AB-stacked bilayer graphene for different doping regimes. We
find that the energy scales associated with the antiferromagnetic order parameter are
significantly larger than those of the excitonic order. This result is opposite to what was
reported for the same system in the absence of a magnetic field [32]. We attribute this
behavior to the orbital effects of the magnetic field considered here.

The paper is organized as follows. Section 2 introduces the Hamiltonian in the presence
of external fields and presents the theoretical framework. Section 3 provides a comprehen-
sive analysis of the numerical results. Section 4 summarizes the main conclusions. Finally,
Appendix A contains the analytical expressions for several important coefficients.

2. The Model
2.1. Hamiltonian of the System

We consider an AB-stacked bilayer graphene (BLG) system in the presence of an
externally applied gate potential and a perpendicular magnetic field. Each honeycomb
layer consists of two inequivalent sublattice sites, A and B, in the bottom layer (¢ = 1) and
A and B in the top layer (¢ = 2). The layers are stacked in a way that the top atoms at the
site positions B lie on top of the atoms in the bottom layer at the site positions A.

Peierls’s Substitution and the Linearized Fermionic Action

Semi-classically, when the electrons are exposed to the influence of the external mag-
netic field then the corresponding operators get extra phase modification. Let, 4 @%), b (b%),
i@ and b (lzﬁ) refer to the fermionic annihilation (creation) operators at the atomic sites A,
B, Aand B, respectively. Then we can write the following transformations in the presence of
the magnetic field: 7 — ﬁeés(r), where 77 are the fermionic sublattice variables 7 = a,b,d,b
and S(r) is the semiclassical path S(r) = [ (p + ¢A)dr’, where A is the vector potential of
the magnetic field. Then, for example, the product of two fermionic operators 4. (r)b, (r')
(where o is the spin-variable) at the nearest neighbor lattice sites will be transformed in the
following form

— a5 ()b, (r/)e_%s(r)e%‘s(r/) =

( )
(1)by (¢ )ef SO (p+en)dr b JY (p+tA)de”
(

g (b +2A)dr"
= a;(r)by r)ehfr (p+EA)dr
J

)
_ (71)710@{0(1,)310 (r’)efil I (gA)dr//I 1)
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where we have used the Bohr-Sommerfeld quantization rule for the free electronic orbits:
f pdr” = 1 § pdr” = mngh, where ny is the principal orbital quantum number. In our case

/
of graphene, we have 1y = 2 and the Peierls phase is en i (A)4” The model Hamiltonian
of our AB system could be written as

o =m0 ¥ (@b (e)eh £ #Priae] e )
(rr'),0

—0 X (ib0ke (et K 4PN )
(xt),0

_th(;ﬁ )i (r) + hc.)

—p ), (), 2)
ry=ab
ab

and the interaction part is

VY () + V) Yy (r). 3)

First and second terms in Equation (2) describe the intra-layer hopping between
the adjacent lattice sites r and t’ within the same layer and the hopping energy 7 is
Yo = 2.8 eV [1] in graphene layers. In our calculations, we will use the parameter 7 as
the unit of energy, i.e., 79 = 1. The third term represents the inter-layer hopping between
adjacent layers, described by the hopping energy t,. Then the last term represents the
chemical potential (4) coupling with the electron densities at the individual atomic site
positions and the electron density operators 1, (r) are defined as

=Y Ak (r)ho(x), (4)

Density operators in Equation (4) provide insight into the particle occupancy of the
different sublattice sites.

The first term in the interaction Hamiltonian in Equation (3) represents the intra-layer
Hubbard interaction with coupling strength L, accounting for electron—electron interactions
on the same lattice site. The inter-layer Coulomb interaction between the electrons on the
lattice sites B (in the layer ¢ = 1) and A (in the layer ¢ = 2) is modeled in the second
term in Equation (3) with the repulsive interaction parameter W. The last two terms in
Equation (3) show the coupling of the system with the external potential V applied to the
system. Indeed, the potentials V, act (w1th ¢ = 1,2), in Equation (3), describe the acting
potentials in the layers coupled to the density terms in the layers. They are defined with
the help of the external potential V and the induced potential V;,4 coming from the Lorentz
potential of the magnetic field.

Indeed we hypothesize the existence of an electric field E in such a way that the
Lorentz force is equal to the force created by this hypothetic electric field. Then, the electric
field potential induced in the layers will be: Vi,q = —egL|E|, where g is the dielectric
constant in the graphene layers, L is the layer’s diagonal size, and |E| = \/E2+ E2,
because E = iEy + jE,. For the components of the electric field E, and E, we have
Ey = pyB/mc and Ey = —pyB/mc. Then, we take into account the in-plane energy Landau
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quantization, induced by the magnetic field: /> (ki + k§> /2m — hwg (n + %) , where wg is
the cyclotron frequency for the electrons: wp = eB/mc. Thus, for Vi,q we get the following

expression: Vg = —2LegB dihed (n + %) The total electric field potentials in the layers

ce
will be

© _ eV }Bwp 1
Vaed = (1) 5 —2LegBy [ 727 <n+2), )

where € is the dielectric constant of graphene layers (usually, the calculated value is
€g = 9.32[31,33]), L is the macroscopic size of the individual graphene sheet (we set here
L = /L% + Lj with Ly = Ly = 10 cm), up is the Bohr magneton, wp = eB/mc is the
cyclotron frequency, and # is the discrete quantum number of quantized electronic orbits in
the presence of the perpendicular magnetic field (so-called Landau levels). In this paper,
we set i = 1 and up = 1. The first and second terms in Equation (3) can be rewritten in a
more convenient form to facilitate furthermore the linearization of the action. Specifically,
for the U term, we have:

WY gy (1) (1) = 5 (3(0) — 2 (0)), ©
i

where the operator p.;(r) is the electron density polarization operator defined as:
ﬁzry(r> = ﬁin(r) — 1y (r). 7)

In fact, the quantity p.;(r) in Equation (7) is the spin polarization corresponding to
difference in electron occupancy with the spin-up and spin-down states at the arbitrary
site r. Next, passing to Grassmann variables [34] for the electrons the W interaction term in
Equation (3) can be expressed as:

w 2 e ()10 (1) = =W 2 |§0”0’(r)|2/ 8)

roo’ r,o0!

where the excitonic variables {,,(r), and their complex conjugates {,, () are defined as:

Lot (t) = dgr (r)bo (1),
ga’a(r) - BtT’ (r)ﬁa(r>/ )

Total fermionic action of the system is defined as:

B
S=8+ /O dt(Ho(T) + Hint (7)), (10)

where H(y and Hin are the Hamiltonians after passing to the Grassmann complex variables
from the electronic operators in Equations (2) and (3), and Sg, in Equation (10) is the
fermionic Berry action in the system

Sp = / it Y (o) (ro). (11)
0 ry=ab

ab

Then, we can write the partition function of the system as

z= / [T [P7Dyles. (12)

n=a,b
ab
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We apply the Hubbard-Stratonovich decoupling to linearize the biquadratic fermionic
density terms in Equations (6) and (8). The contributions to the fermionic action from the
decoupling of the U term in Equation (6), are

B
Sy = %/0 dT;”n(fT)<”f7(”)>f

u e
SAP = ) 0 dTrZW:pZW(rTXPZ’?(rT»' (13)

The contribution arising from the decoupling of the inter-layer interaction term in
Equation (8) is

SA:—/ dTZ( +cc) (14)

The parameter Ay, in the expression in Equation (14) and its complex conjugate Ay
represents the excitonic order parameter, defined as:

Agr = W(lor (rT)),
Apor = W<§_W(r‘r)>, (15)

Parenthesis (. ..), in Equations (13) and (15) are thermodynamic averages defined with
the help of the partition function in Equation (12). We have

=L T

n=ab
ab

where S8’ in Equation (16) is the fermionic action after all decoupling contributions (obtained
in Equations (13) and (14)):

S = SB+SU+SAP+SA+SV
B
+/0 dtHo(T), (17)
where

(1)
SV:/ dTZ( na(rt) + V2 nb(r,r)>, (18)

As a simplification, we assume the homogeneous distribution of the excitonic gap
parameter across the system and we suppose that the gap parameter is real. Therefore,
we write:

Azm = Amr‘ (19)

Index ¢ represents the spins of the particles involved in the pairing, as is customary.

In our case, o can take the values 1 or |. Additionally, as it is mentioned above, we
introduce the canted antiferromagnetic (AFM) order in the AB BLG system and we define

the antiferromagnetic order parameter as

u

AArm = 5 (Pay (r7)). (20)

For the canted antiferromagnetic case, we expect that the antiferromagnetic order
parameter alternates in sign across the layers and sublattices, which can be represented as:

Abpv = —Ahpv = Apm = —Akpv = Aarv (21)
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This staggered antiferromagnetic configuration is illustrated in Figure 1 and is called
as the G-type antiferromagnetic ordering [32]. The ordering pattern in Equation (21)
contributes to the electronic and magnetic characteristics of the AB-stacked BLG.

N

ALY

T

D Apry

!
AAFM.——i—.—AAFM
B ; A
&

Figure 1. Staggering canted antiferromagnetic order in the AB bilayer graphene system. The
antiferromagnetic order parameter is shown at each sublattice atomic site positions A, B (in the
bottom layer ¢ = 1), A and B (in the top layer ¢ = 2) in the AB bilayer. The order parameter Aspy is
defined in Equation (20).

Having the fermionic action in the form presented in Equation (17), we can find the
interplay between electronic correlations, magnetic order, and excitonic phenomena in the
AB-stacked bilayer graphene system.

2.2. The Energy Spectrum

Here, we derive the energy spectrum of the AB bilayer graphene under consideration.
For this we pass into the Fourier space representation of the fermionic Grassmann variables
Ne(r7) = ﬁLN Y kv, Mo (k, vy )el(kt=¥nT) where v, are the fermionic Matsubara frequencies
vy = mtkgT(2n + 1) /h with n being integers and T the temperature.Then we write the
obtained fermionic action in the Fourier space

%4 uril
S = ﬁNZaT (kvy)ay(kvy) | =% — p 4 Ving — 5 + AARM + — (—57‘1)]

kv, 4
_ i 1% .
+bt (kv )by (kvy) | =x — p + Ving — 5 — AprMm + ( — n)
o ' v 1
iy (kvy )y (kvy) —x—y+de—|— 5 + Apapm + — (K +(5n>
z - [ |4 u/1
+by (kv )by (kvy ) | =X — pi + Ving + 5~ Aapm + 1 (K + 57—1)
_ i ursi _
—Hll(kl/”)ai(kvn) —X =+ Vind — bl Aparm + N (K 571)
z [ 1% u/i
+b¢(k‘/n)b¢(k‘/n) —x —p+ Vind — 5 + AARM + 7 (K 57‘1)
= [ % uri
iy ), () =3 = 0 Vina 3~ Basne + 5 (07 )
z - [ 1% u/1
+b) (kvn )by (kvy) _x_V‘FVind‘i‘E-i-AAFM—i- 1 (K + o7
1 ) : )
+ ‘Bil\] |:_,>/(k/ B)ﬁg(kVn)bcr(kVn) - ')’(k, B)bﬁ(kvn)ua(kvn) —+ C.C.:|
kv,
bL+44 _ t+A .
- kZ:Vn by (kvy )i (kvy) —c.c. — N 1;; by (kvy)dy (kvy) — .. (22)
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Here, x = iv, and y(k, B) is the dispersion in the reciprocal k space, which is obtained
for the symmetric gauge of the vector potential of the external magnetic field. We have

) _ 7mBay
7(k, B) = 10 {e ol 4
-ag _ mBag B
+2¢'2 (kx @0 ) cos ﬂo;@ (ky + nq);lo )] , (23)

where @ is the magnetic flux quantum & = hc/e. Here, the symmetric gauge was used
for the vector potential of the magnetic field A = (—Bag/2, Bag/2) and aj is the lattice
constant in graphene. We put throughout paper a9 = 1. We introduced in Equation (22) the
inverse filling coefficient for the total average electron densities at the sites by and a, and
the average electron density difference function d; between those sites

a2 + M1 =
flay — fipy = 0

;l

(24)

For the half-filling we have x = 0.5, which represents the situation where the max-
imum allowable number of electrons at each atomic site is 1. Hence, «jn = 0.25 which
corresponds to full filling when each atomic site is occupied with 2 electrons. The values
% < Kmin are excluded due to the violation of Pauli exclusion principle. Conversely, when
x > 0.25, this indicates a doped bilayer case, and we can define the doping in the system
as: x = KL — «. For instance, if ¥ € [0.25,1.0], the electron doping x would then lie in
the range x € [O 3. O] The action of the system can be expressed using the inverse Green’s
function matrix Qk » (Vn), defined for each spin direction separately. For this, we introduce

Gorkov spinor ¥, (k, v,) and its complex conjugate ¥ (k, v,,), pertinent to our analysis:

aq (K, vy)

by (k, vn)
ollow)= | oo, 5)

Eg(k, Vi)

and the complex conjugate one
Fo (1l va) = (0, V), Bo (1, Vi), o (k, v), B (K, i) ) (26)
Then the action of the system could be written as:

S'¥,¥] = Y Fo(kvn)G,y (K vn) Yo (K, vn), (27)

/3 kvy,,0

where G, !(k,vy) is the inverse of the Green function matrix, defined for the given spin
directions o.

2.2.1. Inverse Green’s Function Matrix G- Lk, vy)

For the spin direction ¢ =7, the inverse Green’s function matrix QT* l(k, V) is
defined as:

https://doi.org/10.3390/ cryst16020095
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—X — Hiesf + DARM —7(k, B) 0 0
—7*(k B) —X — Hieff — DARM —t — My
0
g{l(k/ Vn) = _ ’ (28)
0 —t; — Ay —X + poeff + DARM
—7"(k,B)
0 0 —v(k, B) —X + Hoer — DARM
where we have defined the effective chemical potentials pi1¢r and pioess as
) U/l _
et = 1 — Vo) — 1 (K - 5”)
2y U/l _
Hoeit = 11— Voo — 1 ( + 5”) (29)
K
and the energy spectrum for ¢ =1 configuration is
.
ei”(k) = 5 | “Heff — Haeft — Al +24/Bl |,
T
ef)(k) = 5 | THieti — Hoeff T AIT( +2 Blt ,
.
em(k) = 5 | THeff — Hoeff — AIT( -2 Blt p
1
et () 2 [_Vleff — paest + \| AL —21/B] |, (30)
where
Al =2(8 +28%py) + 21842 + 4l (K, B)
+2t 1 (A + By) + (et — Hoetr)’,
Bl = 47 (K, B)2[A + [A12 4+ £, (A + Ay)
+(M1etr — VZeff)z}
+ [ti AP+t (A + Ay)
+2A8arM (Hreft — Haeft)] - (31)

2.2.2. Inverse Green’s Function Matrix QJl (k,vn)

For the spin direction ¢ =7, the inverse Green’s function matrix gi_l(k, V) is

defined as:
—X — Hieff — AARM —v(k, B) 0 0
—7*(k, B) =X = peff + AARM —t; — A
0
G (I, v) = . (32)
v (o) 0 -t — A —X + poett — DAEM
—7*(k, B)
0 0 —v(k, B) =X + poett + AARM

and the energy spectrum for ¢ = configuration is
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T
69)(10 = 5 | THeff — Hoeff — At +2 Bt p
r
e (1) = 5 | T Haeft — Pett + A +24/Bt|,
i
e (k) = 5 | ~Heif — Haeft — AL —2\/Bf|,
1
64(;“(1() =5 [ﬂleff — Moeff + At —24/Bt|, (33)
where
b7l
Ag = Ay
By = 417(I B)2[A + A 2+ £, (A, +4))
+(H1ef — VZeff)z} + {ti +A P+t (A +A))
—~2AnrM (H1est — Plaett)] (34)

2.2.3. Self-Consistent Equations

Here, we give the system of self-consistent equations for the chemical potential in the
AB-BLG system, the average charge density difference between the lattice sites b and 4,
the excitonic order parameters A and A, and the antiferromagnetic order parameter in
the system Aapp. They are defined in Equations (24), (15), and (20), respectively. We obtain

;;g[agpw(ep)) bl (—eM)] = %
;;ﬁ%[a;ﬁm(_ep)) ol (—ef“)} _sh,
w(tlzlj[r At) ;iéwg%(—ef”) L
W(tﬁg A)) ;iéagl@m(_em) A,

|| DX o e (~el") = e ()

(35)

Coefficients al(;r) (withi =1,...,7) in Equation (35) are given in Appendix A.
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3. Results

In this Section, we present the numerical solution of the system of equations in
Equation (35). The solutions have been done using the finite-difference approximation
techniques [35] by employing the hybrid multi-root solver.

In Figure 2, we have shown the calculation results for the acting potentials in the
layers, given by Equation (5). In Figure 2a, we considered the external field dependence
of the acting potential, showing a constant voltage ratio Va(ftzz) /V = 0.5. Different values
of the external magnetic field have been employed, and the zero-temperature limit has
been considered. We see that when increasing the magnetic field strength, the curves
on the plane experiences parallel displacements. The similar dependence, with slightly
lower value of voltage ratio, has been obtained in Ref. [31], where the authors considered
the dielectric properties of AB stacked bilayer graphene without magnetic field effects.
In Figure 2b, we have shown the magnetic field dependence of the acting electric field
potentials in both layers with £ = 1 and ¢ = 2 for different values of the quantum numbers
of electrons n. We observe that for the larger numbers n the action potentials decrease more
rapidly with the magnetic field B, i.e., the outermost electrons on the quantized orbits in
the reciprocal space modify more efficiently the intra-layer acting electric field potentials.
In Figure 3, we have shown the numerical results for the calculated important physical
parameters in the system as a function of the external gate potential V. The magnetic field
is fixed at B = 0.0028 Tesla and the inter-layer Coulomb interaction is W = 0.2y9 = 0.56 eV.
In Figure 3a, we have shown the solution for the chemical potential, for different values
of the intra-layer Coulomb interaction parameter U and for different values of the inverse
filling coefficient x. We see that for the large doping in the system: x = 1 (see the red curve)
and for the same value of the Hubbard-U interaction: U = 0.279 = 0.56 eV the chemical
potential is very high in absolute value, which makes the single-particle excitations in the
system difficult and therefore the excitonic gap parameter, shown in Figure 3d, is small. The
antiferromagnetic order parameter, shown in Figure 3c is smallest in this case. Contrary, the
antiferromagnetic order parameter gets higher values for the doping values near half-filling
x = 0.6 and x = 0.8 (see curves in darker yellow and black). Apart, from the prominent
peaks at zero value of the external electric field potential, the parameter A gy has maxima
for non-zero values of V for large doping (see curves in darker yellow and black) and
survives for a large interval of values of V. The average electron density difference, shown
Figure 3b, shows a step-like behavior when passing from negative to positive values of the
potential V.

— n=0
— n=1.0
— n=2.0
-1 — n=3.0
—~ —~
% % — n=5.0
- —
a a

Vact(l
Vact(l

AN
\
\
AN
\\
)
\\
W\ | V=028 eV
\\
\
\

n=2.0
" (@)] -4 RN (b)
-2 -1 0 1 2 0.00 0.05 0.10 0.15
V(eV) B (Tesla)

Figure 2. Panel (a): Dependence of the acting electric field potential in the layers Va[ct #=1,2)on
the applied electric field potential V. Different values of the magnetic field have been considered.
Panel (b): Dependence of the acting electric field potential in the layers on the external magnetic field,
for different values of the quantum number #n and for the fixed value of the applied electric field
potential V = 0.28 eV.
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Axpm/Y0

—0—U=0.2y,, k=0.8

—0—U=0.2y,, k=1.0

-2.5¢ —m— U=y, k=1.0
a
e T @)
-4 -2 0 2 4
Vv,
5 /Yo
0.008
1] "
0.006
(=]
=
B
5 0 < 0.004
1 — O0— U=02y,, k=08 i 0.002F — 0—U=0.2y,, k=08
B — O— U=0.2y,, k=1.0 ANy —O—U=0.2y, k=1.0
— B— U=y0,k=1.0 —B— U=y, k=1.0 (d)
0.000 -
) | (b) -4 -2 0 2 4
-4 -2 0 2 4 Vv /70
Vivo

Figure 3. External field dependence of the calculated physical quantities. The calculations have
been done for W = 0.27y9, B =0.0028 T, n = 2 and T = 0. In panels (a-d), we plotted the chemical
potential y, charge density difference 67, antiferromagnetic order parameter Aagy and excitonic
order parameters A,. Different values of the Hubbard-U interaction and filling coefficient x have
been employed.

In Figure 4, we have calculated the doping dependence of the physical quantities
shown in Figures 3 and 4. We see in Figure 4a that there exists some critical value of doping
x¢ = 2 at which the chemical potential has a drastic jump from positive to negative values.
At the same value of doping the average charge density difference vanishes (see Figure 4b)
and the system is in the charge neutrality limit: 677 = 0. Another charge neutrality is at
full filling limit x = 0 (or ¥ = kmin) When the chemical potential is very high. At x = x,
the antiferromagnetic order parameter Aapy shown in Figure 4c has a strong minimum
and excitonic order parameter shown in Figure 4d also has a minimum value between
two pronounced peaks at large doping x = x; = 1.43 and x = xp = 2.57. An interesting
observation from Figure 4b,d is that the maxima of the excitonic order parameter at x = x4
and x = xp correspond to the larges deviations of the average charge density difference
function 67 from the charge neutrality value 671 = 0. At x = x; we have 671 = —0.119
and at x = xp we get 671 = —0.0797. Thus, strong charge imbalance between the average
electron concentrations in different layers enhances the excitonic pairing in the system. The
chemical potential also experiences a minimum at x = x; and a maximum at x = x;.

https://doi.org/10.3390/ cryst16020095


https://doi.org/10.3390/cryst16020095

Crystals 2026, 16, 95

12 of 19

U=0.2y,
W=0.2y,
B=0.0028 Tesla
V=0.28 eV
T=0

(a)

U=0.2y,
W=0.2y,
—0.5} B=0.0028 Tesla
V=0.28 eV
T=0

—-1.0f

Appm/Y0

-1.5¢

0.0 0.5

0.00
-0.02
-0.04
-0.06

o

“© -0.08
-0.10
-0.12

~0.14
00 05

—

00705 10 15 20 25 30

1.0 1.5 20 25 3.0

X
X
U=0.2y,
0.008 W=02y,
B=0.0028 Tesla
V=0.28 eV
0.006 | 1—
0.004
W=0.2y,
B=0.0028 Tesla 0.002
V=0.28 eV
T=0
J 0.00
1.0 1.5 20 25 3.0 8.0 05 1.0 15 20 25 3.0
X X

Figure 4. Doping dependence of the calculated physical quantities. The calculations have been done
for U =027y =056 eV, W =0.279 = 0.56 eV, B =0.0028 T, V = 0.28 eV and T = 0. In panels (a-d),
we plotted the chemical potential y, charge density difference 7, antiferromagnetic order parameter
Aarm and excitonic order parameters A,

In Figure 5, we calculated the physical quantities, discussed above, as a function of the
intra-layer Hubbard interaction parameter U. Two different values of the filling coefficient
have been considered: ¥ = 0.8 (see the red dashed curve) and x = 1 (see black solid line).
We see that the behavior of the average charge density difference is completely different for
these two cases. For ¥ = 0.8 we have 671 = const = —0.75 within a large interval of values
of the Coulomb interaction parameter U € (1.67¢,7.570), i.e., for small doping the charge
stability becomes more probable than for the large doping case (see the black curve in
Figure 5b. We see in Figure 5c that strong antiferromagnetic order is enhanced for the large
values of the Coulomb interaction parameter. Meanwhile, the excitonic gap parameters
decrease for the large values of U (see in Figure 5d). This is due to the strong localization of
the electrons and their spins at the large values of U.
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Figure 5. In panels (a-d), we plotted the chemical potential y, charge density difference 47, antiferro-
magnetic order parameter Apy; and excitonic order parameters Ay as a function of the intra-layer
Hubbard-U interaction. Two different values of the filling factor have been considered: ¥ = 0.8
(see the red dashed curve) and k¥ = 1 (see solid black line). The calculations have been done for
W =027 =056eV,B=0.0028T,V =3y eVand T = 0.

4. Conclusions

In this paper, we have investigated the key physical properties of AB-stacked bilayer
graphene under the combined influence of orbital effects induced by a perpendicular weak
magnetic field and an electric field applied across the bilayer. The main focus has been
placed on the modification of the electronic dispersion relation due to the orbital effect of
the magnetic field, which is incorporated into the calculations via the Peierls phase. The
coupling to the external electric field is treated through induced electric field potentials
originating from the Lorentz potential in the graphene layers.

The effective electric field potentials acting on the layers are derived as functions of the
externally applied voltages for different magnetic-field strengths, and good agreement with
experimental results is found. Furthermore, the layer-resolved potentials are analyzed as
functions of the applied magnetic field for different values of the electronic orbital quantum
number arising from Landau-level quantization in reciprocal space. We find that, for large
values of the Landau-level index 7, the effective layer potentials exhibit a more pronounced
dependence on the magnetic field.

We consider both canted staggered antiferromagnetic order and inter-layer excitonic
pairing in the AB-stacked bilayer graphene system. Using numerical calculations, we
evaluate the chemical potential, the average charge density imbalance between the layers,
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and the antiferromagnetic and excitonic order parameters as functions of the applied
voltage (Figure 3), doping level (Figure 4), and local intralayer Coulomb interaction strength
(Figure 5). We demonstrate that the energy scales associated with the antiferromagnetic
order are several orders of magnitude larger than those associated with excitonic pairing
(see Figures 3c,d-5¢,d). The coexistence and competition between these two orders are
observed across all considered parameters regimes.

For intermediate doping levels and small values of the Hubbard interaction, the
antiferromagnetic order survives only in the vicinity of zero applied electric field. As either
the doping level or the Hubbard interaction strength increases, an additional localized
antiferromagnetic state emerges at finite applied electric fields. In this regime, the average
electron density difference between the layers exhibits step-like behavior as a function of
the applied electric field, accompanied by a symmetric population inversion when the
applied voltage changes sign.

We identify a critical doping level at which the system reaches charge neutrality,
characterized by a discontinuous jump of the chemical potential from positive to negative
values (see in Figure 4a,b). Moreover, at low doping levels, the charge density imbalance
displays step-like behavior as a function of the localization potential U (red curve in
Figure 5b), indicating the existence of a stable charge plateau over a broad range of U. In
contrast, at high doping levels, the charge imbalance varies continuously with U and does
not stabilize.

The antiferromagnetic order parameter exceeds the excitonic gap by approximately
three orders of magnitude and reaches large negative values in the strong-coupling limit,
whereas the excitonic order parameter decreases monotonically with increasing U. This
behavior reflects the localization effect induced by the Hubbard interaction (see Figure 5¢,d).

Opverall, the results presented in this work reveal new aspects of the interplay between
orbital magnetic effects, electronic correlations, and electric-field control in AB-stacked
bilayer graphene, and they may provide useful guidance for future experimental investiga-
tions of this system.
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Appendix A. The Calculation of Important Averages and Coefficients

In order to calculate the averages in Equations (15), (20), and (24), we write the partition
function of the system and we introduce the source terms J,(k,v,) and J;(k,v,) as the
Nambu vectors for the considered problem. Namely,

]ﬂU(k/VVl)

]bcr(k/ Vﬂ)

Jo (K, vn) = (k) | (A1)

]Eg(kl Vn)
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Corresponding complex conjugate spinor is denoted as
Jo(k,vn) = (Jao (K, V), oo (K, V), Jao (K, Vi), T (K, V) (A2)
Then, the partition function of the system is
Z= / [D‘T’(,D‘PU](S'[‘T"‘YH% Lievn o o (v ) ¥or (kvi) + ¥ (kvn) Jo (v )] —
1 - A
=exp 2 Jo(kvy) Dy (kvy) Jo (kvy), (A3)

kv, 0

kv, 0

where, in the right-hand side we obtained an expression after matrix Hubbard-Stratonovich
transformation and the matrix D (kv,) is the inverse of the matrix G’ = ﬁLNQ “kvy).
Then, the functional differentiation with respect to the external source fields gives the

following averages

o (kvy )dq (kvy)
<ljg(kvn)l~7g(kvn)> = 2Dso (kvy),
(bo (kv )i (kvy) ) = 2Dspq (kvy),

<50(kvn)b0(kvn)> = ZDZSU(kVn)r (A4)

Furthermore, the system of self-consistent equations could be written as

(ﬁlN)z k%g[DQZU(kvn) + Do (k)] = o,

([311\])2 kvzw[D%g(kvn) — Do (kvy)] = 57”

(ﬁz)z k%[pm(km + Dapy (k)] = Ay,

(ﬁVZ\\;)z L [Py () + Doy (k)] = A,

Aarm = 4([:\,)2 | k%g Dixt(kva) — Dy (kvp)| + |k§0 Doy (kva) — Do) (k)|

+| Y Dagp(kvn) — Daay(kva)| +| ) Daap(kvn) — Dagy (k)| (85)

kv, o

The components of the inverse Green’s function matrix D;;, (kv ) could be calculated
directly after inverting the matrices in Equations (28) and (32). We have for the expressions
under the sums, in the left hand side in Equation (A5), the following expressions

Doy (kvy) 4 Dagg (kvy) =

_ BN T 1
=2'p , A6
2 1o (x) g (X . eig) (k)) ( )

where x = iv,, and the polynomial in the nominator in the right-hand side in
Equation (A6) is
Pl(i) (x) = —2x% + a1,%° + age (K)x + a3, (k) (A7)

with the coefficients
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115 = —3(H1ef + Hoeff),

a25 (k) = 203y + [7(K, B)[?

—(=1)7 Aarm(Prett — Hoef)

— (et + Hoef)” — 2M1efttoetss

@50 (K) = (trett + paets) [ |70, B)P + (Barng

—Hiefr) (AARM + Hoeff) - (A8)

Next, we get

DSSU(kVn) - D22a(k1/n) =
4
1

ﬁN
73 ( ) B —— (A9)
T (=)
where
PA2 (x) = biga® + bygx + b3e (K), (A10)
with the coefficients
bie = —2(—1)"AApM — Hiefi + Hoefts
bae = —2(—1) Aapm (et + Hoess) — (V%eff - .ugeff)f
bag (k) = (AARM + Hiefr) (DAFM — Hoetf) X
X (2(—=1)7 AArM + Hieft — Hoeff)
+|7(k, B)|*(2(—1)" Aarm — Hieft + Hoet)- (A11)
The sums in the third and fourth equations in Equation (A5) are
nga(kvn) + D32(7(k1/n) =
N 4 1
i=1 (x —€; (k))
where
P (x) = c1ox? + 20X + a0, (A13)
with the coefficients
Cle = _2(tL + Acr)/
Cor = —2(t L + Ag) (Haef + Hoeff),
30 =2((—1) 7 Aarm — pese) ((—1)7AarMm + Hoett) X
X(t] 4+ Ag). (A14)

In the last term in Equation (A5) we have for the matrix elements D11, (kvy, ), Do (kvy),
D33¢7 (kvn ) and D44U (kVn )

BN (), T 1
Do (kvy) = =P (0] , Al5
H ( ! ) 2 4 (X) i=1 (x—efg)(k)) ( !
BN (), T 1
Do (kvn) = =Py (x) ] ] , Al6
22 ( v ) 7 5 ( >1:1 (x—ez(a)(k)> ( )

https:/ /doi.org/10.3390/ cryst16020095


https://doi.org/10.3390/cryst16020095

Crystals 2026, 16, 95

17 of 19

, (A17)

(A18)

where the polynomials 'PAEU), 735(3) P and 73( ) are given as

60 /
B _ .3 2
Py, = —x° +diox” +dog(k)x + d3g (k), (A19)

dig = —(=1)" DAPM — Preft — 2Haefts

doo(K) = Aippt + 15 + Do + |7(k, B)|* + 2t L A,

— et [2[(—1)7 Aarm + Maete| + Hoest]

d3s (k) = |7(k, B)[*[(=1)7Aarm + paet] +

+[(=1)7 Darm + Hoett] {AiFM + 5 4]0P+ 2t A

+(—1)7 Aarm(H1eft — Hoeft) — HieftHett] s (A20)

P =~ 4 e10x% + €20 (K)x + e35(K), (A21)

10 = —(—1)7AArM — Hieff — 2Hefss

e2o (k) = Mgy + [7(16 B)[? + pioege (2(—1)7 Darm

—2p1eff — Hoeft),

eso (k) = = [(—=1)7Aarm — Hiei] X

< (Bhea + 1700 B)P — i), (A22)

PO = 4 o2+ frr(K)x + far(K), (A23)

fio = = (=1)7Aarm — 2}t1eff — Hoefs

for (k) = Magat + 17(k, B) * = paegs (2(—1)7 Aarm

+240eff + P1eff)

fao(k) = [(=1)7Aarm + Moeff] X

< (Mhr + 1706, B) 2 = 1) (A24)

PYY = —x® + g102% + 20 (K)x + 30 (K), (A25)

810 = (=1)"AArM — 2M1es — Haeffs

820 (K) = Mgy + 11 + (80> + (K, B) [P + 2t Ay,
—1ett[—2[—(—1)  AarM + Hoett] + Hieff]

830(K) = [7(I, B) [~ (=1)"Aarm + paest] +

—[(=1)"AarM — Piest] {AZAFM +1 + A+ 2t A

+(—=1)7 Aarm(H1eft — Hoeft) — HieftHoett s (A26)
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Furthermore, we perform the summations over the fermionic Matsubara frequencies
vy in Equation (A5) and we get the system of self-consistent equations in Equation (35).
The al(;f) in Equation (35) are

() PRE)
) -y Lli=34 & ¢ 000 # 1=12
a0 = » o (A27)
(—1)! Py Cic(k) .o .
e =12 5 gm0 1 1=34
(—1yit PP e) e
0 _ | O =m s & f0=6,00, 1 =12
e e (A28)
(-1) Py (€ig(k s
€30 (K)—€gq (k) L 4j=12 einz(k)*ejv(k)’ if =34,
(C1)! PP
) e =34 & -0 1 =12
) = | . (A29)
(71)XJrl Pay (€ir(K)) if i= 3,4,

€30 (k) —€45 (k) j=12 gio’(k)fejcr(k),

(—1it! P ®) .o .
0 _ | o =4 & g-¢,00- # 1=12
o (A30)
4i )

()™ PR e gy

ea0 (K)—egr (k) 1 H=12 €jp (k) —€jp (k) /

(—1)*! P (keip (1)) _
@) -y Li=34 iy e, a0 1 1=1,2
o) = ) R (A31)
(*l)Hr P (kem( ) . .
e =12 i e 00 f =34
(-1 PO (e 0) o
) ey =34 o e, 90 f 1=12
&) = R (A32)
(=™ Py (keig(K) .. .
e Li=12 g e, a0 f 1=34
(-1)*! P (keip (K)) _
(@) w0y Li=a4 eig e, a0 1 1=12
(*1)1 P o (keis (k) . s
ey =12 g e, f 1=34
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