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The plasma oscillations of the two-dimensional electron-hole system in the presence of a strong
perpendicular magnetic field are studied. Only the intra-Landau level excitations are taken into
account when the electrons and holes are situated on their lowest Landau levels, the filling factor
v2 being less than 1. The ground state of the two-dimensional e-h system is supposed to be the
electron-hole liquid. The dispersion relations for the optical and acoustical plasmon modes were
obtained. The influence of the supplementary in-plane electric field acting side by side with the
strong perpendicular magnetic field is discussed.
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INTRODUCTION

The plasma oscillations in the three-dimensional (3D)
bulk crystals as well as in the two-dimensional (2D) lay-
ers in the system created by one-component electron gas
are characterized by the squared frequencies, which obey
a common formula

ω2
p(q) = 2NeTqVq (1)

where Ne is the total number of electrons, Tq is their ki-
netic energy Tq = ~2q2

2m , and Vq is the Fourier transform
of the electron–electron Coulomb interaction.

In the case of 3D systems we have Vq = 4πe2

ε0V q2 , where
V is the volume of the crystal and is the dielectric con-
stant of the medium. It leads to the well known results
[1]

ω2
p(q) =

4πe2ne

ε0m
, ne =

Ne

V
. (2)

For the 2D structures we have [2–4]

ω2
p(q) =

2πe2nSq

ε0m
, Vq =

2πe2

ε0Sq2
, nS =

Ne

S
. (3)

Here S is the surface area of the 2D-layer. Das Sarma
and Madhukar [2] considered the two-component two-
dimensional electron gas (2DEG). Two oscillations with
density fluctuation operators ρ̂1(q) and ρ̂2(q) combine
each other forming the optical and acoustical plasmon os-
cillations with the frequencies ωOP(q) ∼ √

q; ωAP(q) ∼ q;
The plasmon oscillations in one-component system on

the monolayer in a strong perpendicular magnetic field
were studied by Girvin, MacDonald and Platzman [5],
who proposed the magnetoroton theory of collective ex-
citations in the conditions of the fractional quantum
Hall effect. Some properties of electron–hole system in

a strong perpendicular magnetic field were discussed in
[6–9].

Below we will study similar questions in the case of
a 2D e–h system when the filling factor v2 of the low-
est Landau levels(LLLs) is smaller than 1 (v2 < 1) and
the ground state of the system is supposed to be the
electron-hole liquid (EHL).

The paper is organized as follows. In the first chapter
we will study the optical and acoustical plasma oscilla-
tions due to intra-LLLs excitations. In the second chapter
the influence of a supplementary lateral electric field on
the plasma frequencies will be discussed.

I. OPTICAL AND ACOUSTICAL PLASMA
MODES

The Hamiltonian of the Coulomb interaction of elec-
trons and holes in the frame of the lowest Landau levels
is [10]

H =
1
2

∑
Q

WQ

[
ρ̂(Q)ρ̂(−Q)− N̂e − N̂h

]
. (4)

Here WQ is the Fourier transform of the Coulomb in-
teraction. N̂e and N̂h are the operators of the full num-
bers of electrons and holes.

The density fluctuation operators for electrons ρ̂e(Q)
and for holes ρ̂h(Q) as well as their linear combinations
ρ̂(Q) and D̂(Q) are represented:

ρ̂e(Q) =
∑

t

eiQytl2a†
t−Qx

2
at+ Qx

2
;

ρ̂h(Q) =
∑

t

eiQytl2b†
t+ Qx

2
at−Qx

2
; (5)

ρ̂(Q) = ρ̂e(Q)− ρ̂h(−Q);

D̂(Q) = ρ̂e(Q) + ρ̂h(−Q);
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where l =
√

~c/eH is the magnetic length.

These operators obey the following commutation rela-
tions:

[ρ̂(Q), ρ̂(P)] = −2i sin
(

[P×Q]z l
2

2

)
ρ̂(P + Q);[

D̂(Q), D̂(P)
]

= −2i sin
(

[P×Q]z l
2

2

)
ρ̂(P + Q);[

ρ̂(Q), D̂(P)
]

= −2i sin
(

[P×Q]z l
2

2

)
D̂(P + Q). (6)

The motion equation for the operator is obtained using
the commutation relations (6). It is [10]:

i~
dρ̂(P)
dt

= E(P)ρ̂(P)− 2i
∑
Q

WQ sin
(

[P×Q]z l
2

2

)
× ρ̂(Q)ρ̂(P−Q). (7)

Following the Zubarev method [11] Green’s function
G1(P, ω) =

〈〈
ρ̂(P)|ρ̂†(P)

〉〉
ω

was introduced. Its motion
equation looks as follows

(~ω + iδ)G1(P, ω) = C − 2i
∑
Q

WQ sin
(

[P×Q]z l
2

2

)
×〈〈[ρ̂(P−Q)ρ̂(Q) + ρ̂(Q)ρ̂(P−Q)]|ρ̂†(P)〉〉

ω
. (8)

Writing new motion equation for the two operators
Green’s function 〈〈ρ̂(Q)ρ̂(P −Q)|ρ̂†(P)〉〉

ω
the following

equations were obtained:

G(P̂ , ω)(~ω + iδ)2 = C −
∑
Q

∑
R

sin
(

[P×Q]z l
2

2

)
sin

(
[Q×R]z l

2

2

)
×

[
〈〈ρ̂(R)ρ̂(Q−R)ρ̂(P−Q)|ρ̂†(P)〉〉

ω
+ 〈〈ρ̂(Q−R)ρ̂(R)ρ̂(P−Q)|ρ̂†(P)〉〉

ω

+〈〈ρ̂(P−Q)ρ̂(R)ρ̂(Q−R)|ρ̂†(P)〉〉
ω

+ 〈〈ρ̂(P−Q)ρ̂(Q−R)ρ̂(R)|ρ̂†(P)〉〉
ω

]
(9)

−
∑
Q

∑
R

sin
(

[P×Q]z l
2

2

)
sin

(
[(P−Q)×R]z l

2

2

) [
〈〈ρ̂(Q)ρ̂(R)ρ̂(P−Q−R)|ρ̂†(P)〉〉ω

+〈〈ρ̂(Q)ρ̂(P−Q−R)ρ̂(R)|ρ̂†(P)〉〉
ω

+ 〈〈ρ̂(R)ρ̂(P−Q−R)ρ̂(Q)|ρ̂†(P)〉〉
ω

+ 〈〈ρ̂(P−Q−R)ρ̂(R)ρ̂(Q)|ρ̂†(P)〉〉
ω

]
.

Acting in the same way we could receive the infinite chain of motion equations. This chain of motion equations
can be truncated expressing the three operator Green’s functions through the starting one operator Green’s function
multiplied by the average value of the type 〈ρ̂(Q)ρ̂(−Q)〉ω as follows:〈〈
ρ̂(P−Q−R)ρ̂(R)ρ̂(Q)|d†(P)

〉〉
ω
≈ G(P, ω)[δkr(Q,P) 〈ρ̂(R)ρ̂(−R)〉+ (δkr(R,−Q) + δkr(R,P)) 〈ρ̂(Q)ρ̂(−Q)〉];

〈〈
ρ̂(P−Q)ρ̂(R)ρ̂(Q−R)|d†(P)

〉〉
ω
≈ G(P, ω)[δkr(Q, 0) 〈ρ̂(R)ρ̂(−R)〉+ (δkr(R,Q−P) + δkr(R,P))

× 〈ρ̂(P−Q)ρ̂(Q−P)〉]. (10)

The average value was calculated for the case of electron-hole liquid (EHL) with the filling factor v2 of the lowest
Landau levels (LLLs) for electrons and holes. In this approximation the dispersion relations ωAP(P ) for acoustical
plasmons and ωOP(P ) for optical plasmons were obtained. They are

(~ωAP(P))2 =
∑
Q

W 2
Q × sin2

(
[P×Q]z l

2

2

)
〈ρ̂(Q)ρ̂(−Q)〉 ;

(~ωOP(P))2 =
∑
Q

WQ (WQ −WP−Q)× sin2

(
[P×Q]z l

2

2

)
〈ρ̂(Q)ρ̂(−Q)〉 . (11)

In the case of EHL the average value equals to

〈ρ̂(Q)ρ̂(−Q)〉 = 2Nv2(1− v2). (12)

The dispersion law for the acoustical plasmon has a lin-
ear dependence on the wave vector in the range of long

wavelength and tends to constant value at great values
of P . The dispersion relation for optical plasmons has a
quadratic dependence at small values of P and a similar
behavior at great values of P as in the case of acoustical
plasmons. The difference between them is essential only
in the range of intermediary values of P .
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II. 2D ELECTRON-HOLE SYSTEM IN A
STRONG PERPENDICULAR MAGNETIC FIELD

AND A LATERAL ELECTRIC FIELD

The wave functions of 2D electrons and holes in a
crossed magnetic and electric fields in Landau gauge have
the forms [12]

ψi
p,n(y) =

eipx

√
Lx

ϕi
n,p(y); (13)

ϕi
n=0,p(y) =

1√
l
√
π

exp

[
−

(
y − yi

p

)2

2l2

]
;

where

yi
p =

qi
e
l2

(
−p+

miVd

~

)
; i = e, h; qi = ∓e;

Ei
n,p = −miV

2
d

2
+ ~Vdp+ ~ωci

(
n+

1
2

)
; (14)

Vd = c
E

H
.

The operators of the density fluctuations ρ̂i(Q) in the
presence of lateral electric field are denoted as ρ̂E

i (Q)
and are determined by the formulas

ρ̂E
e (Q) = e−iQyue ρ̂e(Q);
ρ̂E

h (Q) = e−iQyuh ρ̂h(Q);

ui =
Vd

ωci
; ωci =

eH

mic
; (15)

ρ̂E(Q) = ρ̂E
e (Q)− ρ̂E

h (−Q);

D̂E(Q) = ρ̂E
e (Q) + ρ̂E

h (−Q).

They obey commutation relations

[
ρ̂E(Q), ρ̂E(P)

]
= −2i sin

(
[P×Q]z l

2

2

)
× ρ̂E(P + Q);[

D̂E(Q), D̂E(P)
]

= −2i sin
(

[P×Q]z l
2

2

)
(16)

× ρ̂E(P + Q);[
ρ̂E(Q), D̂E(P)

]
= −2i sin

(
[P×Q]z l

2

2

)
× D̂E(P + Q).

The Hamiltonian describing the 2D electrons and holes
in the crossed magnetic and electric fields being situated
in their lowest Landau levels has the from

HE = H0 +HE
Coul;

H0 = ~Vdp
(
a†pap + b†pbp

)
; (17)

HE
Coul =

1
2

∑
Q

WQ

[
ρ̂E(Q)ρ̂E(−Q)− N̂e − N̂h

]
.

Considering the plasma excitations in their conditions
can observe that the Hamiltonian leads to the previous
self-energy parts, in which the frequency ~ω(P ) is sub-
stituted by ~ω(P )− ~VdPx.
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ПЛАЗМОВI КОЛИВАННЯ У ДВОВИМIРНIЙ ЕЛЕКТРОННО-ДIРКОВIЙ РIДИНI

С. А. Москаленко1, М. А. Лiберман2, Е. В. Думанов1, А. Ґ. Штефан1, М. I. Шмиглюк1

1Iнститут прикладної фiзики Академiї наук Молдови,
вул. Академiчна, 5, Кишинеу, 2028, Республiка Молдова,

2Фiзичний факультет, Унiверситет Уппсали, Уппсала, Швецiя

Вивчено плазмовi коливання двовимiрної електронно-дiркової системи у присутностi сильного магнiт-
ного поля. Враховано лише збудження в межах рiвня Ландау, коли електрони i дiрки перебувають на вiд-
повiдних найнижчих рiвнях Ландау, а коефiцiєнт заповнення v2 < 1. Припускається, що основний стан цiєї
двовимiрної системи є електронно-дiрковою рiдиною. Отримано дисперсiйнi спiввiдношення для оптичних
та акустичних плазмонних мод. Проаналiзовано вплив додаткового внутрiшньоплощинного електричного
поля, яке дiє поруч iз сильним перпендикулярним магнiтним полем.
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