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Superfluidity of dipolar excitons in doped double-layered hexagonal lattice in a strong magnetic field
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We examine the occurrence of Bose-Einstein condensation and superfluidity of dipolar excitons for a pair
of quasi-two-dimensional spatially separated hexagonal «-7; layers. In the «-7; model, the AB-honeycomb
lattice structure is supplemented with C atoms, located at the centers of the hexagonal lattice. We have solved a
two-body problem for an electron and a hole for the model Hamiltonian for the «-75 double layer in a magnetic
field. The exciton binding energy is changed due to the magnetic field, and magnetoexcitons are formed as
excitons in a magnetic field. The energy dispersion of collective excitations, the spectrum of sound velocity,
and the effective magnetic mass of magnetoexcitons are obtained in the integer quantum Hall regime for high
magnetic fields. The superfluid density and the temperature of the Kosterlitz-Thouless phase transition are probed
as functions of the excitonic density, the magnetic field, and the interlayer separation.
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I. INTRODUCTION

Many-particle systems of dipolar (indirect) excitons,
formed by spatially separated electrons and holes, in semi-
conductor coupled quantum wells (CQWSs) in a magnetic field
B, as well as in the absence of magnetic field, have attracted
considerable attention. This interest has been generated in
large part by the possibility of Bose-Einstein condensation
(BEC) and superfluidity of dipolar excitons, which can be
observed as persistent electrical currents in each quantum well
and also through coherent optical properties [1-4]. Recent
progress in theoretical and experimental studies of the super-
fluidity of dipolar excitons in CQWs was reviewed in Ref. [5].
Electron-hole superfluids can be realized not only in the BEC
regime but also in the BCS-BEC crossover regime [6]. Quan-
tum Monte Carlo simulations obtaining and describing the
BCS-BEC crossover physics with electron-hole systems have
been performed [7].

Recently, a number of experimental and theoretical studies
were dedicated to graphene and the condensation of electron-
hole pairs, formed by spatially separated electrons and holes,
in a pair of parallel graphene layers. These investigations were
reported in Refs. [§—12]. Since the exciton binding energies in
novel two-dimensional (2D) semiconductors are quite large,
both BEC and superfluidity of dipolar excitons in double lay-
ers of transition-metal dichalcogenides (TMDCs) [13—17] and
phosphorene [18,19] have been discussed. Possible BEC in a
long-lived dark spin state of 2D dipolar excitons was demon-
strated for GaAs/AlGaAs semiconductor coupled quantum
wells at temperature 7 = 1.5 K with the exciton critical
concentration n, = 3 — 4 x 10'° cm~2 [20]. Measurements
reveal BEC of dipolar excitons in monolayers of the semi-
conductors tungsten diselenide and molybdenum diselenide,
separated by sheets of the 2D electrical insulator hexago-
nal boron nitride, at exciton densities of about 102 c¢cm—2
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at temperatures up to 100 K [21]. In high magnetic fields,
2D excitons, referred to as magnetoexcitons, exist in a much
wider temperature range since the magnetoexciton binding
energies increase as the magnetic field is increased [22-28].
Magnetoexcitons in monolayer TMDCs have been studied in
Ref. [29].

Lately, there has been growing interest in the electronic
properties of the «-73 lattice for its surprising fundamental
physical phenomena as well as its promising applications in
solid-state devices [30—43]. For a review of artificial flat-band
systems, see Ref. [44]. Raoux et al. [30] proposed that an
a-T3 lattice could be assembled from cold fermionic atoms
confined to an optical lattice by means of three pairs of laser
beams for the optical dice lattice (¢ = 1) [45]. A model of
this structure shown schematically in Fig. 1 consists of an
AB-honeycomb lattice (the rim) like that in graphene which
is combined with C atoms at the center/hub of each hexagon.
A parameter « is then introduced to represent the ratio of the
hopping integral between the hub and the rim to that around
the rim of the hexagonal lattice. By dephasing one of the three
pairs of laser beams, one could possibly vary the parameter,
0<ao=tan ¢ < 1.

We consider a pair of parallel a-7; layers separated by an
insulating slab [e.g., SiO; or hexagonal boron nitride (h-BN)]
in a strong perpendicular magnetic field. The equilibrium
system of local pairs of electrons and holes, spatially sepa-
rated on these parallel «-73 layers, correspondingly can be
created by varying the chemical potential using a bias voltage
between the two a-73 layers or between two gates located
near the respective «-73 2D sheets [for simplicity, because
we consider the BEC regime, we also call these equilibrium
local electron-hole (e-h) pairs dipolar magnetoexcitons]. In
case 1 a dipolar magnetoexciton is formed by an electron in
Landau level 1 and a hole in Landau level —1. In this case,
a dipolar magnetoexciton is formed by the bound state of an
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FIG. 1. The «-7; lattice. Hopping between sites A and B, which
form a honeycomb lattice identical to graphene, takes place with
hopping parameter amplitude ¢. Sites labeled C, located at the centers
of the hexagons, are coupled only to A sites with variable hopping
amplitude az.

electron in the lowest Landau level above the Fermi level and
a hole in the highest Landau level below the Fermi level. We
choose to consider the lowest-energy state since the energy
required to create a magnetoexciton in this state is within the
range of energies which are possible to achieve experimen-
tally. Additionally, magnetoexcitons associated with higher
Landau levels can eventually transform to magnetoexcitons
at lower Landau levels emitting photons. Dipolar magnetoex-
citons with spatially separated electrons and holes can also
be created by laser pumping and by applying a perpendicular
electric field, as done for CQWs [2—4]. In case 2, a dipolar
magnetoexciton is formed by an electron in Landau level 1
and a hole in Landau level 0. We assume that the system
is in a quasiequilibrium state. We investigate the collective
properties and propose the occurrence of superfluidity of dipo-
lar excitons in «-73 double layers in high magnetic field for
both cases 1 and 2. We assume that the dilute system of
magnetoexcitons forms a weakly interacting Bose gas.

Our decision to investigate dipolar magnetoexcitons in a
double layer versus direct magnetoexcitons in a monolayer
was driven by the fact that the e-h recombination due to
tunneling of electrons and holes between monolayers in a
double layer is suppressed by the dielectric barrier, which is
placed between two monolayers [9]. Therefore, the dipolar
magnetoexcitons, formed by electrons and holes, located in
two separate «-73 layers, have a longer lifetime than direct

J

magnetoexcitons in a single «-73 layer. Moreover, due to
the interlayer separation D, dipolar magnetoexcitons in both
the ground and excited states have nonzero electrical dipole
moments. The dipole moments of the dipolar magnetoex-
citon produce a long-range dipole-dipole repulsion between
magnetoexcitons, which leads to larger sound velocity and,
consequently, higher critical temperature for superfluidity of
dipolar magnetoexcitons in a double layer compared with
direct excitons in a monolayer with the same magnetoexciton
densities.

The rest of the paper is organized in the following way.
In Sec. II, the model for electrons in an «-73 monolayer in
a perpendicular magnetic field is reviewed to establish our
notation. In Sec. III, the two-body problem for an electron
and a hole, spatially separated in two parallel «-7; monolay-
ers in a perpendicular magnetic field, is formulated, and the
corresponding eigenenergies and wave functions are derived.
In Sec. IV, the effective masses and binding energies for
isolated dipolar magnetoexcitons in the @-73 double layer are
obtained. The collective properties and superfluidity of the
weakly interacting Bose gas of dipolar magnetoexcitons in the
a-T3 double layer are investigated in Sec. V. Our conclusions
are presented in Sec. VI.

II. «-73 MODEL IN A MAGNETIC FIELD

The tight-binding Hamiltonian single «-73 layer is ob-
tained by including additional hopping terms in a single-layer
graphene Hamiltonian. The additional terms describe the
hopping between the central C atom to the appropriate
nearest-neighbor C atoms and A atoms:

H = |:—t Z a bj, —at Z a;}'acj(,:| +He (1)
(i.j)o (i.j)o
The first term describes the graphene Hamiltonian, and the
term —oct Z<i,j>cf angja + H.c. describes the hopping to the
central C atoms corresponding to the o-73 model.

In the low-energy regime the tight-binding Hamiltonian
reduces to a linear term in momentum, and we have the
Weyl-Dirac system. This could be described by a model
Hamiltonian around the K and K’ points of the Brillouin zone
describing the lower-energy states since we are interested in
the excitonic BEC characterized by the macroscopic occupa-
tion of the lowest-energy state. In the absence of magnetic
field, the Hamiltonian near the K point is given by

0 (px +ipy)cos¢ 0
H = hvg | (px — ipy)cos ¢ 0 (px +ipy)sing |, )
0 (px — ipy)sing 0

with vp being the Fermi velocity and the parameter o = tan ¢ describing the strength of the hopping to the central C atoms. In
the presence of a magnetic field B = Be; parallel to the z axis, we use the Landau gauge A = xB¢, with minimal coupling p —
P £ eA for electrons and holes. In addition, we have Zeeman splitting and a term for pseudospin splitting. For now we ignore
the Zeeman and pseudospin splitting. With the minimal coupling substitution in the Landau gauge we obtain the Hamiltonian
for electrons and holes using the annihilation operators for an electron and a hole as follows:

1 ; T T i - i -
= =lptipyFeB) lepel=1 lec]=1, clep=ny, cleo=h. 3)

2heB
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The Hamiltonians for the K and K’ valleys are given in terms of these operators:

0 cycos¢ 0 0 er cos ¢ 0
h . ) h
H]flf = 2% cl cos ¢ 0 cysing | Hlf]ﬁ - 2% 4 COS ¢ 0 ci sing | 4)
B . B
0 cl sing 0 0 cysing 0

The two independent modes, around K and K’, describing the full low-energy Hamiltonian take the form

0 Ccy COSP 0 0 0 0
¢l cosg 0 cysing 0 0 0
hv 0 ¢l sin 0 0 0 0
Hy, = 2— rane f ’ ©)
rp 0 0 0 0 cl cos¢ 0
0 0 0 Cc1COSP 0 ci sin ¢
0 0 0 0 cysing 0
and rg = ﬁ is a magnetic length scale.
The energy eigenvalues are obtained in a way similar to that for graphene [46], and we obtain for an electron in the K valley
0 4+ Cos¢ 0 ay (P)ln —2) ay (¢)ln —2)
hUF + .
V2— | ¢l cos 0 c.sing +in—1) |=eus| £ln—-1 |, (6)
)
0 csing 0 BE(@)In) bE(@)In)

where |m) is a harmonic oscillator wave function. We have a similar equation for the K’ valley, giving the energy eigenvalues

h 1
Ens = x/isgn(n)i\/n — 5(1 +ncos2¢), e,0=0flatband, n=2,3,.... @)
g

Here n = +1, with n = 1 for the K valley and n = —1 for the K’ valley. The corresponding energy eigenstates forn =2, 3, ...
are

K (@)ln—2) o ()}
wE)= 55| #n-n | wajn)=% -1y | ®)
B (@)in) b (@)l —2)

In this notation,

K, .. |(n—T1)cos?¢ K, .. | nsin®¢ k| ncos’¢ K [(n=T1)sin>¢
a"(¢)_\/ n—cost¢g ’ b"(¢)_Vn—cosz¢’ o (@)= \ n—sin*¢’ bn ()= n—sin¢

For the flat band with ¢, ¢ = 0, the eigenstates are given by,

. | bX (9)ln —2) . bX' (¢)In)
|1/f0,n> = E . 0 ) |I/f0,n> = ﬁ . 0
a, (¢)In) a, (¢)ln —2)
We treat the lowest state n = 1 separately. In this case, the eigenvalue problem is
0 C. COSQ 0 0 0
HEK W) = hﬁfz ¢l cosg 0 cysing || «0) | =¢| «]0) . )
" 0 cising 0 Bll) Bll)
The energy eigenvalues and eigenstates are
0
[y ) = B +10) |, e1a= ifzhrﬂ sin ¢, (10)
2 0 B
K 1 I hvg
lyK')) = 7 :I:(|)0) . fla = ﬂ:\/iX cos ¢. an

There is no flat-band wave function associated with n = 1.
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III. TWO-BODY PROBLEM FOR AN ELECTRON AND A

B — gate HOLE IN THE «-7; DOUBLE LAYER IN A
-y , PERPENDICULAR MAGNETIC FIELD
€ \
/ L ) \ We first consider the Hamiltonian for a noninteracting
oy | ll $i0,\h—-BN Si0Ah—BN electron-hole pair excluding the Coulomb interaction. We
N choose the electron-hole state belonging to a single K valley.
= In general, the magnetoexciton state is a superposition of K
+ gate and K’ valley states. Therefore, we will confine our states to
the subspace of K valley states in Eq. (5) (upper right 3 x 3
o ) ) L block), i.e.,
FIG. 2. Schematic illustration of a dipolar magnetoexciton in a
pair of a-7; layers embedded in an insulating material. A uniform H = H ®1,+1,® Hﬁ'in.
perpendicular magnetic field B is applied, and negative and positive
biases are attached to the layers in the xy plane. In matrix form, we have
|
5 ngn cycosgply 0
v .
HEM = Hign = — /2| ¢l cos g1, HE, cysingly |. (12)
;]
0 ci sing1,, H]gn

This is a 9 x 9 matrix where each entry above is a 3 x 3 matrix.

A schematic illustration of a dipolar magnetoexciton, which is a bound state of a spatially separated electron and a hole,
located on a pair of «-73 layers embedded in an insulating material in a perpendicular magnetic field B, is depicted in Fig. 2. In
the case of noninteracting excitons, the eigenvalues are additive, and we obtain

Enyn. = hﬁﬁ(sgnm) ny — %(1 + 1 cos 2¢>sgn(n>\/n+ - %(1 — ncos 2¢>). (13)
rp

The general eigenstates are a superposition of product states of the form
W) =) @ W ), W)= D alng, n )W, , ).
ny,n_

We now rewrite the Hamiltonian in the center-of-mass (c.m.) and relative coordinates. The energy of indirect excitons is
obtained when a substrate is sandwiched between a double layer of a-7;. We then have the Coulomb term u(r, — rj,) between
an electron at r, and a hole at rj,. The magnetoexciton Hamiltonian is given by

H=H,®1,+1,@H: +ur,—1,)®1

0 COS @[ Pex + i(pey + €Bx,)] 0
= hvp | cos @[pex — i(pey + eBx,)] 0 SIN @[ pex + i(pey + eBx,)] | ® 1,
0 SIn @[ pex — i(pey + €Bx,)] 0
0 cos @l pnx — i(pay — eBxy)] 0
+hvpl, ® | cos @l puc + i(pry — eBxp)] 0 sin @[ pny — i(pny — eBxp)] |- (14)
0 sin @[ pux + i(pry — eBxp)] 0

We go to the center-of-mass and relative coordinate system as follows:

pe/h=P/2Z|:p, I'g/h=R:|:I'/2.

We define the pseudospin-1 operators S,(¢) and S,(¢) as

0 cos ¢ 0 0 —cos ¢ 0
Sy(¢p) = | cosp 0 sing |, S,(¢)=1i|cos¢ 0 —sin¢
0 sin ¢ 0 0 sin ¢ 0

The total Hamiltonian is then given by
H = lwp[Pan} (@) + 2pamy (¢) + (P, — eBx)my (¢) + 2pym ($) + 2(py + eBX )m ($)] + u(r) @ 1.
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In this notation,
m (@) = 3[S:(¢) ® Ly £ L ® Su(@)],
my($) = 3[S,(¢) ® 1y £ 1. ® Sy(¢)].
The unitary operator U = ¢*BXY transforms the Hamiltonian
UTHU = hvp[2p -m (@) + (P — 2 x 1) -m"(¢)]
+u(r)®1;

shifting r — r — Z x P moves the P dependence to the po-
tential energy. This gives the same form of two-particle wave
function as in [9]. Here are the states and the energies are
in the same notation and form as in [9] [see their Eqgs. (4)
and (6)]. The nine-component wave function is written as
follows. Note the symbols have the same definitions as in [9].
We have

YR, r) = exp [i(P + i[B X r]) . E}CTD(r —py)- (15)
2c h

A. Magnetoexciton states forn,, n_ =2, 3, ...

We assume that both electrons and holes are in the K val-
ley, and we first consider ny, =2, 3,... andn_ =2, 3, ...
states. Therefore, for a magnetoexciton state, we use the ten-
sor product of the above states for the electron-hole wave
function. We express the wave function using
Al m]

" lsgn(m)’”r—

Jnin_1rg rg”'

P (1
x exp | —im¢p — — |L."'| — ). 16
Xp[ im¢ 4%} 7 <2r§> (16)
where m = |ny —n_|, i = min(ny, n_), and L are Laguerre
polynomials. We have

D, 0 (r) = (2n)—1/22_‘m|/2

an, (¢)¢’n+—2 (re)

Vn, (Te) @ Y (1)) = % @, —1(re)
by, (§) Py, (r,)
an_(9)Py_—2(ry)
@l —Da) [ AD

bn, (d’)q)n, (rh)

This leads to the following wave function in the c.m. coordi-
nate frame of reference:

an, ($)an_(9) Py, —2.n_—2(r)
=, (@) Py, —2.0_—1(r)
an, ($)bn ()P, 2. (T)
an ()P, —1,, —o(r)
—®,, 1 —1(r) . (18)
by_(9)Py, —1.n_(r)
by, (@)an (¢) Py, n_—2(r)
—bp (@) Py, n_—1(r)
by, ()an (@) P, n_(r)

1
q>n+,71, (I‘) = 5

B. Landau levels for ny =1

The ny =1 Landau levels are treated separately as de-
scribed below. We express the eigenvalue problem as

0 cycos¢ 0 0
Hi, V) = vp Ci cos ¢ 0 cysing || «|0)
0 cl sin ¢ 0 Bl1)
0
=¢| «0) |, (19)
A1)

and we have a similar equation for a hole from which the states
are given by

0
1
1pn.;.:l(re)z_ EPo(r,) |,
2
2\ e
) 0
Y —1(rp) = — | =Po(ry) |. (20)
2
V2 D(ry)

We note that the n. = 1 states are independent of the hopping
parameter ¢.

C. Magnetoexciton states forn, =2, 3,... andn_ =1

an, ()P, 2(re)

) ® Y ()= 2| B
by ($)®,. ()
0
| —Po(ry) |. (21)
D(ry)

This leads to the following wave function in the c.m. coordi-
nate system:

0
—a,, (P) Py, —2,0(r)
an, (P)Pp, —2,1(x)
0
=@y, —1.0(r) : (22)
@y, —1,1(r)
0
—by, (§) Py, 0(r)
by, (@) Py, 1(r)

1
q)mr,n, (r)= E

D. Magnetoexciton states forn, =1, n_=2,3,...
1 0 ay_ (¢)<DIL -2 (rh)
wm- (re) @ Yu_(rp) = z Do(r.) | ® =D, _i(rp)
CDI (re) bn, (¢)q>n, (rh)

(23)
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This leads to the following wave function in the c.m. coordi-
nate system:

0
0
0
1EE (#)Po,n_—2(r)
Py (r) = 3 —Pop—1(r) |- (24)

by_(¢)Po,n_(r)
an_($)P1,.n_—2(r)
=Py —1(r)
by (¢)P1n (1)

E. Magnetoexciton states forn, =1, n_ =1

We note that for n = 0 we have no valence or conduction
band states, but there is a flat band described by

0 0
1
Y, =1(Te) @ Y1 (1) = 3 +Do(r,) | ® | —Po(rn) |,
Dy(r.) Dy (ry)

(25)

which yields the following wave function in the c.m. frame of
reference:

0

0

0

0

Byt (D) = 3| ~Puo® |- (26)

D1 (r)

0
Dy o(r)
D, ()

F. Magnetoexciton states forn, =1, n_ =0

For the case when n = 0, there is neither a valence nor
conduction band, but there is a flat band. We now consider
an electron in n; = 1 and a hole in the flat band with n_ = 0.
The n = 0 state

0
Yn_—o(rp) = 0 . 27
Do(ry)

The corresponding exciton state becomes

0 0
1
Wn+=1(re) ® Wn-:O(l’h) =—| Po(r.) | ® 0
V2 @y(r,) Do (rp)
(28)

This leads to the following wave function in the c.m. coordi-
nate system:

oS o o O

Dy =10 =0(r) = 0 : (29)
D0(r)
0
0

Dy o(r)

Sl -

IV. ISOLATED DIPOLAR MAGNETOEXCITON

For case 1, we calculate the magnetoexciton energy using
the expectation value for an electron in Landau level 1 and a
hole in level 1. In high magnetic field, the magnetoexciton is
constructed from an electron and a hole in the lowest Landau
level with the following nine-component wave function with
relative coordinates:

oS o O

0
—®p(r) |. (30)
Do,1(r)
0
Dy 0(r)
Dy,1(r)

ci>1,1(1')=

For case 2, we calculate the magnetoexciton energy using
the expectation value for an electron in Landau level 1 and a
hole in level 0. We have

oS O o O

Cb],o(r) = 0 . 31
Dy ,0(r)
0
0

Dy o(r)

The 2D harmonic oscillator eigenfunctions ®,, ,, (r) are given
by [46]

> |m|
@, (1) = 2y~ V2272 gon(mym T

n:
«/l’l]!l’lz! rp rl‘gml

; 2
X exp |:—lm¢) — 47[2;1|Lﬁ (%)7 (32)
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where rgp = /li/(eB) is the magnetic length, Ll{”‘(x) de-
notes Laguerre polynomials, m = n, — ny, i = min(n,, ny),
and sgn(m)" = 1 form = 0.

The magnetoexciton energy in high magnetic field can
be calculated by employing perturbation theory with respect
to the Coulomb electron-hole attraction, analogously to 2D
quantum wells with finite electron and hole masses [22]. This
approach allows us to derive the spectrum of isolated dipolar
magnetoexcitons with spatially separated electrons and holes
in the @-7; double layer. For the «-73 double layer, this per-
turbation theory is valid only for relatively large separation
D between electron and hole «-7;3 double layers and rela-
tively high magnetic fields B, i.e., D > rz when ¢?/(eD) <
T /rg. Here e?/(eD) is the characteristic Coulomb electron-
hole attraction for the «-73 double layer, and fvp/rp is
the energy difference between the first and zeroth Lan-
dau levels in «-73. The operator of electron-hole Coulomb
attraction is

N ke?
V(i) = ————, 33
=D o)

where k =9 x 10° N x m?/C?; € is the dielectric constant of
the insulator (SiO, or #-BN), surrounding the electron and
hole «-73 monolayers, forming the double layer; and D is
the separation between electron and hole «-73 monolayers.
For the #-BN barrier we substitute the dielectric constant € =
4.89, while for the SiO, barrier we substitute the dielectric
constant € = 4.5. For A-BN insulating layers, € = 4.89 is the
effective dielectric constant, defined as € = Vel /el [13],
where e = 6.71 and &/l = 3.56 are the components of the
dielectric tensor for 2-BN [47]. We will also discuss the case
when the «-73 double layer is surrounded by air.

The magnetoexciton energies E,, ,_ (P) in first-order per-
turbation theory are given by

Eyy(P) = E), + &y, (P), (34)
where E”) is the unperturbed spectrum and
&, . (P) < P‘ ke? P> (35)
ey (P) = —(nenP| ——— n,m,P).
h h c ,—D2 T2 h

Neglecting the transitions between different Landau levels,
first-order perturbation with respect to the Coulomb attraction
leads to the following result for the energy of magnetoexciton
for case 1:

ke?
51,1(P)=—<1,1,P E\/ﬁ 1,1,P>, 36)
and for case 2,
Ero(P) = —<1,0,P _ ke 1,0, P>. (37)
’ evD? + 12

Denoting the averaging involving the 2D harmonic oscilla-
tor eigenfunctions &, ,, (r) in Eq. (32) as ((imP| - - - |imP))
[71 and m are defined below Eq. (32)], we obtain the energy
of an indirect magnetoexciton created by spatially sepa-
rated electrons and holes in the lowest Landau level for
case 1:

E.1(P) = (1,1,P|[V(")[1, 1,P)

= 1[((0,0,P|V(r)[0, 0, P))
+2((0, 1, PV ()]0, 1, P))
+ (1,0, P[V(r)1,0,P))], (38)

and for case 2, we have

E10(P) = (1,0, P|V(r)|1, 0P) = [((0,0,P|V(r)[0,0, P))
+ ({0, 1, PIV ()]0, 1, P))]. (39)

Substituting for small magnetic momenta P < 7i/rg and P <
hD/r}, we get the following relations [26]:

A P2
(FmPV (r)|imP)) = EL +

—_—. 40
""" 2M;n(B, D) @0

Making use of this in Egs. (38) and (39), we obtain the disper-
sion law of a magnetoexciton for small magnetic momenta in
cases 1 and 2, i.e.,

1
E11(P) = 1[55?(3, D) +2&5(B,D) + £ (B, D)]

n 1 ( 1 n 2 n 1 >P2
4\Mw(B,D) Mo (B,D) Mo(B,D)/ 2
2
=P 41
5 ( )+2mB(D) (41)
and
1
E10(P) = 5[ €6/ (B. D) + & (B, D)]
+1 P? N P?
2\2Mw(B,D) = 2My (B, D)
2
(b)
= — D , 42
Eg'( )+2mB(D) (42)

where the binding energy & g') (D) and the effective magnetic
mass mp(D) of a magnetoexciton with spatially separated
electrons and holes in the «-73 double layer are, for case 1,

1
EPD) = —Z[Sé?(B, D)+2&(B, D)+ £ (B, D)],

1 1 1 2 1
_! . P
mp(D) 4 [Moo(B, D) My (B,D) M(B,D)

(43)
and, for case 2,
1
YD) = —5[65’3(3, D)+ & (B, D)].
1 _ 1( 1 + 1 ) @4)
mp(D)  2\Mo(B,D) My (B,D)/’

where the constants Eég)(B, D), é'éll’)(B,D), ng)(B,D),
Moo (B, D), My (B,D), and Mo(B,D), depending on
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magnetic field B and the interlayer separation D, are defined by [26]

D2
EV(B, D)= —&e [ j|erfc[ j|
00 ( ) 0 €Xp \/_VB

1 D? D?
=3 2 )eol o

2 273
D4 D?
4 4> p|:2 2i|elrfc

D2
EV(B,D) = —50{<

w1+ 2) o] ZJel 2
, = €X eric
v P 2”B V2rg
My (B, D) = ( ) (1+2D2+
o Vnry \2 T r}
1 2 D* 6
M]()(B,D): —<7+25 11_4+_6) exp[
4 rB g s

where the constants & and M and function erfc(z) are given

by [26]
<< e? >> ke2\/?
& = ({00P|— [0OP =— /=,
€|r| P=0 ergV 2
o = —|2({loop]Z-]oop ) —e 71P2 2V2eH
0T elr] 0 JTkerry’
erfc(z) 2 f ooexp( t)dt (46)
7)) = — - .

For both cases 1 and 2, for large interlayer separation
D > rp, the asymptotic values for the binding energy & éb) (D)
and the effective magnetic mass mg(D) of the dipolar magne-
toexciton in the a-73 double layer are the same and are given
by

ke? eD3B?
wmmzz,mwz —

(47)

Measuring energy from the binding energy of the magne-
toexciton, the dispersion relation &, (P) for an isolated dipolar
magnetoexciton is a quadratic function at small magnetic mo-
mentum P < /i/rg and P < hD/ré:

P2
e(P) = o
Bk

(48)

where mpgy, the effective magnetic mass, is dependent on B
and the separation D between electron and hole layers as well
as the quantum number k [k = (n,, n;,) are magnetoexcitonic
quantum numbers].

The squared 2D radius of a magnetoexciton for case 1 can
be defined as

r (P =0)= (1, 1,P|r*]1, 1, P)p_g

%(lgo + 215, ‘leo) =drg, riy=2rp, (49)

-1
\/7
arg)|

]+ x/%rs}’

o () )

(45)

ol 2]

2
xp |:2r
B

D? [D} (17+5D2 D4> D }1
129 \/_VB 2 "123 2mrp ’

and for case 2 it can be defined as

(1,0, P|r*[1,0, P)p_g

%(l(%o +15,) = 3rg,

r,%O(P =0)
ri0 = +3rp, (50)

where [2, = ((imP|r2|imP))p_, and (13, = 2r%, I3, = 4r3,
12, = 6r2) [26].

V. SUPERFLUIDITY OF DIPOLAR MAGNETOEXCITONS
IN AN a-7; DOUBLE LAYER

Dipolar magnetoexcitons have electrical dipole moments,
produced by the interlayer separation D. We assume that
dipolar magnetoexcitons repel each other like parallel dipoles.
The latter assumption is reasonable when D is larger than the
mean separation between an electron and hole parallel to the
a-T layers D > (2N

Since electrons on an «-73 monolayer can be located in two
valleys, there are four types of dipolar magnetoexcitons in an
a-T3 double layer. Since all these types of dipolar magnetoex-
citons have identical envelope wave functions and energies,
it is reasonable to assume that a dipolar magnetoexciton is
located in only one valley. We use ny = n/(4s) as the density
of magnetoexcitons in one valley, where 7 is the total density
of magnetoexcitons and s is the spin degeneracy (s = 4 for
magnetoexcitons in an ¢-73 double layer).

We shall treat a dilute 2D magnetoexciton system in
the «-73 double layer as a weakly interacting Bose gas by
applying the procedure described in Ref. [9]. Two dipolar
magnetoexcitons in a dilute structure repel each other with the
potential energy of the pair magnetoexciton-magnetoexciton
interaction, written as U (R) = ke’>D?/(eR?), where R is the
distance between magnetoexciton dipoles parallel to the «-73
layers. For the weakly interacting Bose gas of 2D dipolar
magnetoexcitons [when na®(B) < 1, where a(B) is the in-
plane radius of a dipolar magnetoexciton defined for cases
1 and 2 in Egs. (49) and (50), respectively] the summation
of ladder diagrams is valid [48]. The chemical potential f,
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FIG. 3. The magnetoexciton binding energy £5(B, D) as a function of magnetic field B for chosen interlayer separations D for (a) case 1

and (b) case 2.

corresponding to the summation of the ladder diagrams, can
be written as [9]

K2 7hn

2mp  smgln [shi*e?/(2nnmik2e*DY)]’

D

where s = 4 is the spin degeneracy factor.

The spectrum of collective excitations, obtained from the
ladder approximation, at low magnetic momenta corresponds
to the sound spectrum of collective excitations &(P) = c,P
with the sound velocity ¢; = /pu/mp, where u is defined by
Eq. (51). Since magnetoexcitons have a sound spectrum for
collective excitations at small magnetic momenta P due to
dipole-dipole repulsion, the magnetoexcitonic superfluidity is
possible at low temperatures 7 in «-73 double layers because
the sound spectrum satisfies the Landau criterion for superflu-
idity [48,49].

The magnetoexcitons constructed from spatially separated
electrons and holes in «-73 double layers with large inter-
layer separation D > rg form a weakly interacting 2D gas
of bosons with dipole-dipole pair repulsion. Consequently,
the superfluid-normal phase change in this system is the
Kosterlitz-Thouless transition [50]. The temperature 7, of this

J

1/3
32 [ smpkpTO\*> 32 [ smpkpTO\> T
T.=1|1 el e 1| = = = 1—1 c_
|: +\/27< Th*n * 27\ nmh*n * 2173

Here T is the temperature at which the superfluid den-
sity vanishes in the mean-field approximation [i.e., n,(T?)
= ()]’

conversion to the superfluid state in a 2D magnetoexciton
system is determined by the equation

2
T — mh nS(TC)’ (52)
ZkBmB
where ny(T') is the superfluid density of the magnetoexciton
system as a function of temperature 7', magnetic field B, and
interlayer separation D and kp is the Boltzmann constant.
The function ny(T) in Eq. (52) can be determined from the
relation ng = n/(4s) — n,, where n is the total density and
n, is the normal component density. Following the procedure
described in Ref. [9], we have for the superfluid density

n n
ng=——n, =

3c(3) KBTS

— — . 53
4s  27h® ctmp (53)

In a 2D system, superfluidity of magnetoexcitons ap-
pears below the Kosterlitz-Thouless transition temperature
[Eq. (52)], where only coupled vortices are present [50]. Us-
ing Eq. (53) for the density n; of the superfluid component,
we obtain an equation for the Kosterlitz-Thouless transition
temperature 7. Its solution is

1/3
(54)
[
0o l nhzncfmg 13 (55)
¢ kg 652 (3) ’
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FIG. 4. The effective magnetic mass mg(B, D) of a magnetoexciton as a function of magnetic field B for chosen interlayer separation D for

(a) case 1 and (b) case 2.

In Fig. 3, we present results showing the dependence of
the magnetoexciton binding energy £5(B, D) on the magnetic
field B for chosen interlayer separation D in cases 1 and 2.
According to Fig. 3, 5§(B, D) is increased as B is increased,
and D is decreased. For the same parameters 5§(B, D) is
slightly larger for case 2 than case 1.

Figure 4 presents our results for the dependence of the
effective magnetic mass mg(B, D) of a magnetoexciton on
the magnetic field B for chosen interlayer separation D for
cases 1 and 2. According to Fig. 4, mg(B, D) increases as
B is increased and D is increased. For the same parameters,
mp(B, D) is slightly larger for case 1 compared with case 2.

In Fig. 5, we display our results for the Kosterlitz-Thouless
transition temperature 7.(n, B, D) versus the magnetic field
B for various interlayer separations at fixed magnetoexci-
ton concentration n for cases 1 and 2. According to Fig. 5,
T.(n, B, D) decreases as B is increased and D is increased. For
the same parameters, T.(n, B, D) is slightly larger for case 2
compared with case 1.

We plot in Fig. 6 the functional dependence of the
Kosterlitz-Thouless transition temperature 7;(n, B, D) on the
magnetoexciton concentration n for several chosen magnetic
fields B and fixed interlayer separation D in both cases 1
and 2. We deduce from Fig. 6 that T.(n, B, D) increases as
n is increased but decreases as B is increased. Additionally,
we conclude that for the same values of the parameters,
T.(n, B, D) is slightly larger for case 2 than case 1.

Based on Figs. 3, 5, and 6, one can conclude that case
2 is slightly preferable to case 1 for observing dipolar mag-
netoexcitons and their superfluidity in the o-73 double layer
since case 2 corresponds to slightly larger magnetoexciton
binding energy £5(B, D) and Kosterlitz-Thouless transition

temperature T.(n, B, D) than case 1 for the same described
parameters.

If the a-73 double layer is surrounded by air, a lower
effective dielectric constant € will result in higher magnetoex-
citon binding energy Elgb)(B , D) and lower effective magnetic
mass of a magnetoexciton mg(D) at the same magnetic field
strength B and layer separation D according to Egs. (46)
and (47). Lower mp(D) will correspond to higher Kosterlitz-
Thouless transition temperature 7.(n, B, D), which follows
from Egs. (54) and (55). Therefore, embedding the «-7;5 dou-
ble layer in air, implying a lower effective dielectric constant
€, will lead to a higher Kosterlitz-Thouless transition temper-
ature T,.(n, B, D) for the same B and D. However, if the pair of
a-T layers is separated by a dielectric, the lifetime of dipolar
excitons is expected to be higher than for the case when
these layers are separated by air. The reason is that due to
the tunneling of electrons and holes, the electron-hole recom-
bination associated with different «-73 layers is suppressed
by the dielectric barrier that separates the layers. Therefore,
the dipolar excitons with a dielectric medium between the
layers can have a very long lifetime, and therefore, they can be
treated as metastable particles described by quasiequilibrium
statistics.

VI. CONCLUSIONS

In this paper, we have proposed the occurrence of BEC
and superfluidity of dipolar magnetoexcitons in «-73 dou-
ble layers in a strong uniform perpendicular magnetic field.
The low-energy Hamiltonian for a single «-73 layer was ob-
tained by including additional hopping terms in a single-layer
graphene Dirac Hamiltonian. We have obtained the solution
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FIG. 5. The Kosterlitz-Thouless transition temperature 7_.(n, B, D) versus magnetic field B for chosen interlayer separations D at the fixed

magnetoexciton concentration n for (a) case 1 and (b) case 2.

of a two-body problem for an electron and a hole for the
model Hamiltonian for the «-73 double layer in a magnetic
field. We have calculated the binding energy, effective mass,
spectrum of collective excitations, superfluid density, and tem-
perature of the Kosterlitz-Thouless phase transition to the

(@) ng=1,n,=1andD=30nm, ¢ =4.89

25

00 W

T.(n, B, D) (K)

0.5

10 20 30 40 50 60 70 80 90 100
n(1011/cm2)

superfluid state for dipolar magnetoexcitons in the a-73 dou-
ble layer. We have demonstrated that at fixed exciton density,
the Kosterlitz-Thouless temperature for superfluidity of dipo-
lar magnetoexcitons is decreased as a function of magnetic
field. Our results show that 7T, increases as a function of

(b) ng=1,n,=0andD=30nm, ¢=4.89

I nn
N = — =
O 00 U1 N
444

00 W W0

10 20 30 40 50 60 70 80 90 100
n(1011/cm2)

FIG. 6. The Kosterlitz-Thouless transition temperature 7.(n, B, D) as a function of the magnetoexciton concentration n for various
magnetic fields B and fixed interlayer separation D for (a) case 1 and (b) case 2.
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the density n and decreases as a function of the magnetic
field B and the interlayer separation D. We have demon-
strated that case 2 (in which the dipolar magnetoexciton is
formed by an electron in Landau level 1 and a hole in Lan-
dau level 0) is slightly preferable to case 1 (in which the
dipolar magnetoexciton is formed by an electron in Landau
level 1 and a hole in Landau level —1) to observe the dipolar
magnetoexcitons and their superfluidity in «-73 double layers.
The reason is that case 2 corresponds to a slightly larger
magnetoexciton binding energy and Kosterlitz-Thouless
transition temperature than case 1 for the same chosen
parameters.

The superfluid state for 7 < T can lead to the existence of
persistent dissipationless superconducting oppositely directed
electric currents in each «-73 layer, forming a double layer.
According to the reported results of our calculations, while
the external magnetic field has the desired effect of increasing
the magnetoexciton binding energy, we have found that the
Kosterlitz-Thouless transition temperature to the superfluid
phase increases as the magnetic field is decreased. This sug-
gests that one may employ a dipolar magnetoexciton system in

adouble-layer to engineer a switch, where transport properties
of magnetoexcitons can be controlled by an external magnetic
field. Varying a quantizing magnetic field can result in a phase
transition between the superfluid and normal phases, thereby
changing the transport properties of magnetoexcitons in a
substantial way.

Our approach to study the superfluidity of dipolar magne-
toexcitons in double layers can be generalized and applied
to other two-dimensional materials. In particular, we are
interested in investigating a method of controlling the su-
perfluidity of dipolar magnetoexcitons in TMDC double
layers by an external magnetic field in future work. TMDC
double layers seem to be a promising system to study
electron-hole superfluity due to relatively high 7, mea-
sured without magnetic field in recent experiments (around
100 K) [21,51].
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