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Abstract

The collective elementary excitations of the two-dimensional magnetoexcitons in a state

of Bose-Einstein condensation (BEC) with wave vector k=0 were investigated in terms of the
Bogoliubov theory of quasiaverages. The starting Hamiltonian of the electrons and holes lying
on the lowest Landau levels (LLLs) contains the supplementary interactions due to the virtual
quantum transitions of the particles to the excited Landau levels (ELLs) and return back. As a

result, the interaction between the magnetoexcitons with k =0 does not vanish and their BEC
becomes stable as regards the collapse. The energy spectrum of the collective elementary exci-
tations consists of two exciton-type branches (energy and quasienergy branches) each of them
with energy gap and roton-type section, the gapless optical plasmon branch, and the acoustical
plasmon branch, which reveals the absolute instability in the range of small wave vectors.

1. Introduction

Properties of atoms and excitons are dramatically changed in strong magnetic fields, such
that the distance between Landau levels 7@, , exceeds the corresponding Rydberg energies

R, and the magnetic length / =~/7ic/ eH is small compared to their Bohr radii [1, 2]. Even more

interesting phenomena are exhibited in the case of two-dimensional (2D) electron systems due
to the quenching of the kinetic energy at high magnetic fields, with the representative example
being integer and fractional Quantum Hall effects [3-5]. The discovery of the FQHE [6-§]
changed fundamentally the established concepts about charged elementary excitations in sol-
ids [5]. The notion of the incompressible quantum liquid (IQL) was introduced in [7] as a ho-
mogeneous phase with the quantized densities v= p/q , where p is an integer and ¢ # 1 is odd
having charged elementary excitations with a fractional charge e*=+e/q . These quasiparticles
were named anyons. A classification for free anyons and their hierarchy were studied in [9, 10].
An alternative concept to hierarchical scheme was proposed in [11], where the notion of com-
posite fermions (CF) was introduced. The CF consists of the electron bound to an even number
of flux quanta. Within the frame of this concept, the FQHE of electrons can be physically un-
derstood as a manifestation of the IQHE of CFs [11]. The statistics of anyons was determined
in [10, 12]. It was established that the wave function of the system changes by a complex phase
factor expliza], when the quasiparticles are interchanged. For bosons « =0, for fermions

a =1, and for anyons with e*=—-e/3, their statistical charge is @ =-1/3. As was shown
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in [13], there were no soft branches of neutral excitations in IQL. The energy gap A for forma-
tion of a quasielectron-quasihole pair has the scale of Coulomb energy E, = e’/ el , where gis

the dielectric constant of the background. However, delta was found to be small A =0.1E, . The

lowest branch was called magnetoroton [13]; it can be modelled as a quasiexciton [5]. As was
mentioned in [5], the traditional methods and concepts based either on the neglecting of the
electron-electron interaction or on self-consistent approximation are inapplicable to IQL. In a
strong magnetic field, the binding energy of an exciton increases from R, to /,.

There are two small parameters of the theory. One of them determines how strong the
magnetic field strength H 1is, and it verifies whether the starting supposition of a strong mag-
netic field is fulfilled. This parameter is expressed by the ratio /,/hw, <1. Here I, is the magne-

toexciton ionization potential, @, is the cyclotron frequency eH /uc calculated with the
reduced mass x and the magnetic length /. Another small parameter has a completely different
origin and is related with the concentration of the electron-holes(e-h) pairs. In our case, it can be
expressed as a product of the filling factor v=v* and of another factor (1—v*) which reflects
the Pauli exclusion principle and the phase-space filing (PSF) effect. This compound parameter
v>(1-v?) in the case of Bose-Einstein condensed excitons can take the form u’v>, where u

and v are the Bogoliubov transformation coefficients and u*> = (1—v?). The two small parame-

ters will be used below. However, in the case of FQHE, the filling factor v = v* basically deter-
mines the underlying physics and it can not be changed arbitrarily. Instead of the perturbation
theory on the filling factor v, the exact numerical diagonalization for a few number of particles
N <10 proved to be the most powerful tool in studies of such systems [5]. The spherical geome-
try for these calculations was proposed [10, 14], considering a few number of particles on the

surface of a sphere with the radius R = N , so as the density of the particles on the sphere to be
equal with the filling factor of 2DEG. The magnetic monopole in the center of the sphere creates
a magnetic flux through the sphere 2S¢,, which is multiple to the flux quantum ¢, =27zhc/e.

The angular momentum L of a quantum state on the sphere and the quasimomentum & of the
FQHE state on the plane obey the relation L = Rk . Spherical model is characterized by continu-
ous rotational group, which is analogous to the continuous translational symmetry in the plane.
The properties of the symmetric 2D electron-hole (e-h) system (i.e., 2 =0), with equal
concentrations for both components, with coincident matrix elements of Coulomb electron-
electron, hole-hole, and electron-hole interactions in a strong perpendicular magnetic field also
attracted much attention during last two decades [15-22]. A hidden symmetry and the multipli-
cative states were discussed in many papers [19, 23, 24]. The collective states such as the
Bose-Einstein condensation (BEC) of two-dimensional magnetoexcitons and the formation of
metallic-type electron-hole liquid (EHL) were investigated in [15-22]. The search for Bose-
Einstein condensates has become a milestone in the condensed matter physics [25]. The re-
markable properties of super fluids and superconductors are intimately related to the existence
of a bosonic condensate of composite particles consisting of an even number of fermions. In
highly excited semiconductors, the role of such composite bosons is taken on by excitons,
which are bound states of electrons and holes. Furthermore, the excitonic system has been
viewed as a keystone system for exploration of the BEC phenomena, since it allows to control
particle densities and interactions in situ. Promising candidates for experimental realization of
such system are semiconductor quantum wells (QWs) [26], which have a number of advan-
tages compared to the bulk systems. The coherent pairing of electrons and holes occupying
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only the lowest Landau levels (LLLs) was studied using the Keldysh-Kozlov-Kopaev method
and the generalized random-phase approximation [20, 27]. The BEC of magnetoexcitons takes
place in a single exciton state with wave vector k, supposing that the high density of electrons
in the conduction band and of holes in the valence band was created in a single QW structure
with size quantization much greater than the Landau quantization. In the case k£ #0, a new
metastable dielectric liquid phase formed by Bose-Einstein condensed magnetoexcitons was
revealed [20, 21]. The importance of the excited Landau levels (ELLs) and their influence on
the ground states of the systems was first noticed by the authors of papers [16-19]. The influ-
ence of the ELLs of electrons and holes was discussed in detail in papers [21, 22]. The indirect
attraction between electrons (e-¢), between holes (h-h), and between electrons and holes (e-h)
due to the virtual simultaneous quantum transitions of the interacting charges from LLLs to the
ELLs is a result of their Coulomb scattering. The first step of the scattering and the return back
to the initial states were described in the second order of the perturbation theory.

Das Sarma and Madhukar [28] have investigated theoretically the longitudinal collec-
tive modes of spatially separated two-component two-dimensional plasma in solids using the
generalized random phase approximation. It can be implemented in semiconductors hetero-
junctions and superlattices. The two-layer structure with two-component plasma is discussed
below. It has long been known that two-component plasma has two branches of its longitudi-
nal oscillations. The higher frequency branch is named optical plasmon (OP). Here the two
carrier densities of the same signs oscillate in-phase and their density fluctuation operators

[)e’l(Q) and p,, (0) form an in-phase superposition
Por(Q) = Py (D) + P,.,(0).

In the case of opposite signs of electron and hole charges, they oscillate out-of-phase and their
charge density fluctuation operators f)e(Q) and p, (O) combine in out-of-phase manner

bOP Q)= /3e O)- /3/1 (-0).
The lower frequency branch is named acoustical plasmon (AP). Now the carriers of different
signs oscillate in-phase, whereas the carriers of the same signs oscillate out-of-phase. Their
charge density fluctuation operators combine in the form
Pir(0)= P, (D)= p.,(Q); p1p(Q)=p.(0)+p,(-0).
The optical and acoustical branches of two-component electron plasma have the dispersion
relations in the long wavelength region as follows

@op(@) =G (@)~ g5 q 0.
The plasmon oscillations in one-component system on the monolayer in a strong perpendicular
magnetic field were studied by Girvin, MacDonald, and Platzman [13], who proposed the
magnetoroton theory of collective excitations in the conditions of the fractional quantum Hall
effect (FQHE). The FQHE occurs in low-disorder, high-mobility samples with partially filled
Landau levels with filling factor of the form v =1/m, where m is an integer, for which there is

no single-particle gap. In this case, the excitation is a collective effect arising from many-body
correlations due to the Coulomb interaction. Considerable progress has recently been achieved
toward understanding the nature of the many-body ground state well described by Laughlin
variational wave function [7]. The theory of the collective excitation spectrum proposed
by [13] is closely analogous to the Feynman’s theory of superfluid helium [29]. The main
Feynman’s arguments lead to the conclusions that, on general grounds, the low lying excita-
tions of any system will include density waves. As regards the 2D system, the perpendicular
magnetic field quenches the single particle continuum of kinetic energy leaving a series of dis-
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crete highly degenerate Landau levels spaced in energy at intervals 7, . In the case of filled

Landau level v =1 because of Pauli exclusion principle, the lowest excitation is necessarily the
cyclotron mode in which particles are excited into the next Landau level. In the case of FQHE,
the LLL is fractionally filled. The Pauli principle no longer excludes low-energy intra-Landau-
level excitations. For the FQHE case, the low-lying excitations, rather than the high-energy
inter-Landau-level cyclotron modes, are of the primary importance [13]. The spectrum has a
relatively large excitation gap at zero wave vector k/ =0 ; in addition, it exhibits a deep mag-
neto-roton minimum at &/ ~ 1 quite analogous to the roton minimum in helium. The magneto-
roton minimum becomes deeper and deeper with decreasing filling factor v in the row 1/3,
1/5, 1/7; it is the precursor to the gap collapse associated with the Wigner crystallization,
which occurs at v =1/7 . For largest wave vectors, the low lying mode crosses over from being
a density wave to becoming a quasiparticle excitation [13]. The Wigner crystal transition oc-
curs slightly before the roton mode goes completely soft. The magnitude of the primitive recip-
rocal lattice vector for the crystal lies close to the position of the magneto-roton minimum. The
authors of [13] suggested also the possibility of pairing of two rotons of opposite momenta
leading to the bound two-roton state with small total momentum, as it is known to occur in
helium. In difference from the case of fractional filling factor, the excitations from a filled
Landau level in the 2DEG were studied by Kallin and Halperin [30].

Fertig [31] investigated the excitation spectrum of two-layer and three-layer electron
systems. In a particular case, the two-layer system in a strong perpendicular magnetic field
with filling factor v =1/2 of the LLL in the conduction band of each layer was considered.

Inter-layer separation z was introduced. The spontaneous coherence of two-component two-
dimensional (2D) electron gas was introduced.

Fertig has determined the energy spectrum of the elementary excitations within the
frame of this ground state. In the case of z = 0, the lowest-lying excitations of the system are
the higher energy excitons.

Because of the neutral nature of the kK =0 excitons, the dispersion relation of these ex-
citations is given in a good approximation by hw(k)=E, (k)—E, (0), where E (k) is the
energy of exciton with wave vector k . This result was first obtained by Paquet, Rice, and
Ueda [19] using a random phase approximation (RPA). In the case z = 0, the dispersion rela-
tion w(k) vanishes as k* for k — 0, as one expects for Goldstone modes. As was shown by
Fertig [31], for z> 0, w(k) behaves as an acoustical mode w(k) ~ k in the range of small &,
whereas in the limit £ — o0 @(k) tends to the ionization potential A(z) .

In the region of intermediate values of &, when &/ ~ 1, the dispersion relation develops
the dips as z is increased. At certain critical value of z=z_, the modes in the vicinity of the
minima become equal to zero and are named soft modes. Their appearance testifies that the
two-layer system undergoes a phase transition to the Wigner crystal state.

The similar results concerning the linear and quadratic dependences of the dispersion
relations in the range of small wave vectors ¢ were obtained by Kuramoto and Horie [32],

who studied the coherent pairing of electrons and holes spatially separated by the insulator
barrier in the structure of the type coupled double quantum wells (CDQW).

2. Hamiltonian of the supplementary interaction

The Hamiltonian of the Coulomb interaction of the electrons and holes within the frame
LLLs has the form
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~ 1 N aa, A A A ~ A A
a ZEZQ: W, A(D)p-0)-N, =N, |- N, = 1, N, + Hy,. (1)
where W, is the Fourier transform of the Coulomb interaction within the frame of LLLs, Ne

and N , are the operators of the numbers of electrons and holes on the LLLs. They are deter-

mined below. I-AISuppl is the supplementary indirect attractive interaction between the particle
lying on the LLLs in view of their virtual transitions on the ELLs and their return back [22]

1
Hsuppl = _5 Z ¢e—e (p7 q, S)a;a;aqﬂap_s —
P.q.s
1 (2)
_E z ¢h—h (p’ q, S)b;b;qursbp,s - z ¢e—h (p, q, S)a;b;bwsapﬂ .

P.q,s P-q,s

Here the creation and annihilation operators a;,ap for electrons and b;,bq for holes were
introduced. The matrix elements of indirect interaction ¢, (p,q,z) are described by the
common expressions [22]

ﬁ_j(p,q,s) = Z ﬁ—/(Paq,Z;n,m) .

v Mho, +mha,

)

In the case of electron-electron and hole-hole interaction, expression (3) has the form [22]

b (p.qzmm) = D W W, exp(ix(p—gq—1)I*)x
t,K,0 (4)
xexp(ia(p —q —t—z)lz)(t+i7<)"+’"(t—z+i0)”+’",
but in the case of electron-hole interaction, it is
b, (pgrzmm)= > W W, exp(i(c+0)(p+q)I* ) o
t,k,0 5
x(t+ix)"(t—ik)"(t—z+io)" (t—z—io)",

where
2 T+ k)’
W= Lexp _u ) VVs,k = VV—S,—k = W—s,k =W, ;. (6)
g, SNs* +k° 2
Hamiltonian (2) has a Hermitian conjugate form, if the requirements are fulfilled
¢[*—j(p_saq+s;_s):ﬁfj(paq;s)’ i:j:e’h' (7)

Hermiticity requirement (7) can be deduced, for example, in the case of electron-electron in-
teraction as follows

4 (p-z.q+z—znm)= Y W, W exp(-ik(p—q—2z—-1)")x
oo ®)
xexp(—ioc(p—q—t—2)*)t—ix)"" (t+z—ic)"".
Introducing the new summation variables

t=t'-z, K=—0', o=-k' 9)
and taking into account the properties (5) we will obtain exactly expression (4), what proves

the affirmation. In the same way, we can write

b (p-z.g+zi—znm)= Y W, W, exp(-i(c+K)(p+q))x
1.k, (10)
x(t—ixk)' (t+ix)" (t+z—io)" (t+z+io)",
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which after substitution (9) coincides with expression (5). There are two other properties of
the coefficients ¢,_;(p,q;s), namely, their reality and parity, that is,

¢ (0.0:8)=0_,(p.4:8); b_ (=P, —4:=5) = b_;(P.¢;9). (11)
They can be proved as was demonstrated above using the substitution o =—c"' and x =—«"',
when the reality is considered and the substitution ¢ =—¢', 0 =—0c', and k =—«x"' when the

parity is discussed.
Side by side with the properties demonstrated above, there is another property related
with the translational symmetry of the system in one in-plane direction, which does exist in

the Landau gauge description. As a result, the coefficients ¢, ;(p,g;s) do not depend sepa-
rately on the variables p and q but in their linear combination as follows
$./(P.q:8) =9, (8,K);  K=p—q-=s;

- (12)
b4 (D:q:8) =9, ,(s,0); oc=p+q.

They have the properties
¢i—j (=s,0)= ¢i—j (s,0); ¢i—j (s,0)= ¢i—j (s,0); ¢i—j (=s,—0)= ¢i—j (s,0). (13)
Their Fourier transforms are

v, (s.0)=3 _,(s.5)exp(ixol’). (14)

Their symmetry properties follow directly from the previous ones
v, (s,0)=vy, (=s,—0);  hermiticity
v, (5,0)=y, (s,-0);  reality (15)
v, (=s,—0)=y, (s,0). parity.
They lead to the conclusion
v, (s,0)=y, ;(s,0). (16)
These properties will be used below during the transformation of Hamiltonian (2) written in

terms of the single particle operators a;,ap,b;,bp to the form expressed through the two-

particle operators of the electron and hole densities ,Be (é) and ,Bh (é) of the type
2. (é) _ Z eiQ}.tl a;i%aH%; 2, (@) _ ZeiQJ,tl blgb 0.- (17)
t 2 2 4 2

(—Zx
2

The relations between two sets of operators are

1 ~
a a =— s, k) exp(—ix pl*);
s NZK‘, p.(s,x)exp(=ixpl’)
1 ~ ) IsK
a'a, :WZ pe(—s,K)exp(—zKplerlej; (18)
1 ~ ) IsK
a;aqﬂ :ﬁz p.(s,K) exp(—llfql2 —712}

where N :S/ 271>, S is the layer surface area and [ is the magnetic length. Here the
0 —Kronecker symbol was used

%Zexp(zmo—x)ﬂ):@,(o, K). (19)

Taking into account that
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1 ~ ~
z ¢e e(p Q’s)apap saqaq+s :Nzl//e—e(s’ O-)pe(_S7_0-)pe(s7 G)’

s
b (pp=5:5)=D 0. (5.0=B, (20)
Zalap N Zb;bp —Niw: N=N.+N,
and the similar expressions for the hole-hole interaction we can write
= Z b .(p.a:s)ajaa,. a, +— Z b1 (P-@:9)bybib, b, =

pqv pqv Q1)
=——B N+ —ZW, (s, 0)[/%( 5,-0)P,(5,0) + p,(=5,-0)p, (s, 0)}

The supplementary electron-hole interaction can be transformed as follows

1 ~ ~
z ¢e—h (p’ q3 S)a;b;bq+vap s = W z We—h (Sﬂ O-)pe (_‘S’ _O-)ph (_‘S’ _0) N (22)
P.q.5 s,0
The Hamiltonian of supplementary indirect attractive interaction (2) has the form

H Ip &

ot =5 BN 2N2w,,(s 0)| P.(=5.-0)P.(5.0)+ P, (=5.-0)p, (5.0) | -

(23)

_Wz Ve (Sﬂ G)pe (_Sa _O-)ph (_Sa _O-)'

Instead of density operators for electrons and holes, we can introduce their in-phase and in
opposite-phase linear combinations

p(0)=p,(0)- p,(=0); D(O)=p,(0)+p,(-0);

£.0) =40+ DO ]: 0= [D-0)- (-0, i
They lead to the following relations
P.(-0)p.(0)+ ,(-0)5,(0) == [p( 0)p(0)+D(-0)D(0) |;
2V Q)| A=0)D(0)-D(-0)p(0) | = gwe_h@[ﬁ(—@b@) -D(©O)p(-0) |=
and to the final expression
H oy = ;B N——ZV(Q)p(Q)p( Q)——ZU(Q)D(Q)D( 0), (25)
where
H@v (@1 @ =
The estimations show that
U(0)=24_; ¥(0)=0; %% U(0)=B.,+A(0).
It means that one can suppose the dependences
V@ =00 T : V0=V ©)=0. (27)
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3. Bose-Einstein Condensation of magnetoexcitons in two alternative descriptions

BEC of 2D magnetoexcitons was considered in [20, 21] within the frame of Keldysh-
Kozlov-Kopaev method [27], when the influence of the ELLs was neglected. The main results
of this description will be mentioned below.

The creation d'(P) and annihilation d(P) operators of the 2D magnetoexciton have
the form

—iP, tl2 F .
hZ
z+7 —z+—

’ (28)

d'(P)=

iP, tl

ﬁZ .
—z+— z+—
2 2

d(P)=

The energy of the two-dimensional magnetoexciton E, (P) depends on the two-dimensional
wave vector P and forms a band with the dependence
E, (P)— -1, (P)— -1, +E(P)

P2 272 W. = 29
L.(P)= 1e41(P4lj \fz 29

The ionization potential /, (P) is expressed through the modified Bessel function /,(z),

which has the limiting expressions

z° e
I(z2)=1+—+..; [,(2)= . 30
I N s 0
It means that the function E(P) can be approximated as follows
_ P 2 i, N2/ hc
E(P)= ;. M=M(O 2/ ; E(P)=1,(1- ;o IP=—. (31
P(—>0) 2M 0= V4 ezl P(—>oo) 3 Pl ) eH G1)

To introduce the phenomenon of BEC of excitons, the gauge symmetry of the initial Hamilto-
nian was broken by means of the unitary transformation DA(«/NM) following the Keldysh-

Kozlov-Kopaev method [27]. We can shortly remember the main outlines of the Keldysh-
Kozlov-Kopaev method [27], [33] as it was done in papers [20, 21]. The unitary transforma-

tion lA)(‘/Nex) was determined by formula (8) [20]. Here N, is the number of condensed ex-

citons. It transforms the operators a,,b, to other ones «,, S, , as is shown in formulas (13)

and (14) [20], and gives rise to the BCS-type wave function ‘wg (l€)> of the new coherent

macroscopic state represented by expression (10) [20]. These results are summarized below
D(IN,,) =exp[y/N,, (d" (k) - (k)) = D(IN,)|0

A k A k .
= DapDT =ua, —V(p—?")b,l_p; B, = DprT = ubp+v(?‘—p)a,%_p; (32)

k.. k,
ap =uap +V(p_?x)ﬁkx,p; bp ZUﬁp _V(?_p)a/z—p.

a,[0)=0,|0)=0: &, v, ())=B,|v,(k))=0

. N, ? :
u=cosg; v=sing; v(t)=ve kit ; g=\27n; n, = Sfx =#; g=V; v=Sinv. (33)
T
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The developed theory [20, 21] holds true in the limit v’ ~ Sin’v, what means the restric-
tionv’ <1. Within the frame of this approach, the collective elementary excitations can be
studied constructing the Green’s functions on the base of operators «,, 8, and dealing with

the transformed cumbersome Hamiltonian 7 = D(, IN,, YHD' ({/ N, ).

We propose another way, which is supplementary but completely equivalent to the pre-
vious one and is based on the idea suggested by Bogoliubov in his theory of quasiaver-
ages [34]. Considering the case of a 3D ideal Bose gas with the Hamiltonian

thz j
H:Z( —uldla,, (34)
> 2m pp

where a,”,a, are the Bose operators and u is the chemical potential, Bogoliubov added the

term

—n\/;(aoei‘/’ +a,e””) (35)
breaking the gauge symmetry and proposed to consider the BEC on the state with p=0
within the frame of the Hamiltonian

7 n’p’ i i
H:Z( 251 —,uJa;ap—n\/;(age‘p+aoe ), (36)
P

where

N,
n =g == ~L=fn,. (37)

Y7,
We will name the Hamiltonian of type (36) the Hamiltonian of the theory of quasiaverages. It

is written in terms of the operators a,",a, of the initial Hamiltonian (34).

Our intention is to apply this idea to the case of BEC of interacting 2D magnetoexcitons
and to deduce explicitly the Hamiltonian of type (36) with the finite parameters g and 7 but
with the relation of type (37). We intend to formulate the new Hamiltonian with broken sym-
metry in terms of the operatorsa,,b, avoiding the obligatory crossing to the operators

a,, B, (32) at least at some stages of the investigation where the representation in the a,,b,

operators remains preferential.
It is obvious that the two representations are completely equivalent and complement each
other. We will follow quasiaverage variant (36) instead of u, v variant (32, 33), because it opens

some new possibilities, which have not been studied up till now, to the best of our knowledge.
For example, the Hamiltonian of type (36) is simpler than the Hamiltonian
# = D(/N,)HAD'(\/N,,) in the a ,» B, representation, and the deduction of the equation of

motion for operators (35) and for the many-particle Green’s functions constructed on their base
is also much simpler. We will take this advantage at some stages of investigation. On the con-
trary, for the calculations of the average values of different operators on the base of the ground
coherent macroscopic state (27) or using the coherent excited states, as we have done in pa-

pers [20, 21], the most convenient way is to use the «,, B, representation. We will use, in a

wide manner, the two representations. The new variant in the style of the theory of quasiaverages
can be implemented rewriting the transformed Hamiltonian D(\/N,, YHD' (N, ) inthe a,,b,

representation as follows below. To demonstrate it, we will represent the unitary transformation
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ﬁ(\/N_“)=ef‘=iX'; D'(YN,)=e", (38)

n=0 n.
where
X =N_(e"d"(K)-e™d(K)); X' =-X. (39)
The creation and annihilation operators d”(k), d(k) are written in the Landau gauge when

the electrons and holes forming the magnetoexcitons are situated on their LLLs. This variant
was considered firstly without taking into account of the ELLs, as one can see in [20]. The
BEC of 2D magnetoexcitons was considered on the single-exciton state characterized by two-

dimensional wave vector & . Expanding in series the unitary operators D(y/N,.),D'(\/N,,),

we find the transformed operator 722’ in the form
A= et = e[ e XKoo 2 [ A ]|+= 22472 40)
1! 2! 3!
Here the Hamiltonian % contains the main contributions of the first two terms in the series
expansion (40), whereas the operator A gathers the all remaining terms.
As one can see looking at formulas (39), the operator X is proportional to the square
root of the exciton concentration /N, , which is proportional to the filling number v. One

can see that the contributions arising from the first commutator [)A( JH J are proportional tov,

the contributions arising from the second commutator [)A( ,[)? JH ﬂ are proportional to v’

and so on. Following the Bogoliubov’s theory of quasiaverages, the linear terms of the type
(d+(k)ei" +e‘”"d(k))v arising from the first commutator [)A( JH J were included into 7 .

The Hamiltonian 7 with the broken gauge symmetry describing the BEC of 2D mag-
netoexcitons on the state with wave vector k=0 being written in the style of the Bo-
goliubov’s theory of quasiaverages has the form

# =H+\N_(a-EK)*d (K)+ed(K)). (41)
For the case of an ideal 2D Bose gas, we rewrite the coefficient —77\/? in Hamiltonian (36) in

the form —n\/ﬁ and, comparing it with deduced expression (41), we find
n=(Ek)-F)v. (42)
Relation (42) coincides exactly with relation (20) of the Bogoliubov’s theory of quasiaver-
ages. In the case of ideal Bose gas, r and (E (k—u ) both tend to zero, whereas the filling
number is real and different from zero. In the case of interacting exciton gas, both the parame-
ter 77 and (E(k)— 1) are different from zero.
The chemical potential 7 was determined in the HFB approximation in [21, 22]. In the

first of them, only the simplest case of first ELLs was discussed; in the second one, a more
general case representing the influence of the all ELLs was described. We shall mention the
last results. They were obtained making the (uv) transformation (32) from the initial opera-

tors a,,b, to new operators «, B, in the starting Hamiltonian A (1). After its normal order-
ing within the frame of the operators a;, a,, ;, ,Bp , the transformed Hamiltonian DHD" will

contain a constant part playing the role of ground state energy, a quadratic Hamiltonian H,
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containing the diagonal terms of the type a;,ap and ﬁ;, B, as well as the nondiagonal terms

of the type a;ﬂ,jx_p and B, ,a,, and a quartic Hamiltonian /', which is neglected in the

HFB approximation.
The quadratic Hamiltonian /, was represented by formula (32) in [22], which is re-

peated below
H,= Z[E(k, Vi, )+ (B =240 (1-2v*)+ 2V (1 - VZ)A(k)](a;ap + ﬂ;ﬂp) +
- k (43)
+y [uv(?" -p)B._,a, +uv(p —?‘)a; B w2, 1)+ 2v* (B—24+ A(k)) - (k).
Here ];:he notations of [20] were used
E&,V, 1) =2vu’ (k) +1,(v*" =vu’) —%(u2 —v?), (44)

w (VP 1) = 27T 4 Lo (R)(1-20) + .
The coefficients A(k), 4, ;, and B, ; were deduced in [22]. They are

12
A4 ,=——8; S~0481;
mho,
2
B . = 2/, T; T=0.216;
whao,
2
A(0) = 2/, 0.344.
rho,

Putting to zero the last bracket in equation (43), i.e., compensating the dangerous diagrams
describing the spontaneous creation and annihilation of quasielectron-quasihole pairs in the
new vacuum state (32), we determine the chemical potential x# of the system in the HFB ap-

proximation
p =T )+ 2 (B=24+ ] (k)= 1)) = =] (k) + 2V} (B=24+A(k) - E(k)).  (45)
Here the renormalized ionization potential of magnetoexcitons fex (k) containing the correc-
tion due to influence of all ELLs was introduced
L(k)=L,(k)+Atky;  L(k)=1,—E(k);  E,(k)=—L,(k). (46)
Upon introduction of the value £ in the remainder part of the first line of (43), the Hamil-

tonian A, will take the form
Lk, . . o
H, :Z LXZ( )(apap+,6’pﬂp). (47)
P

This Hamiltonian describes the single-particle elementary excitation extracting it from a sin-
gle-exciton state with wave vector k of the condensed magnetoexcitons. To extract from the

condensate one pair of new quasiparticles, the energy cost 1~ex (k) is equivalent to unbinding
energy. For this reason, the excitation energy for one quasiparticle is fex (k)/2. Notice that the

chemical potential """

in the point v’ =0 coincides with the position of the renormalized
magnetoexciton energy band on the energy scale l:?ex (k)= —I~ex (k), while in the point v’ =1 it

amounts to the value —/, + B—24 and does not depend on k. The concentration corrections to
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1" are determined by the term 2v*(B—2A4+ A(k)— E(k)). The term —E(k) appears within

the frame of the LLLs and was obtained in [20, 21]. It determines the instability of the ground
state within the HFBA when the corrections due to ELL are neglected. The term B—2A4 ap-
pears in both phases, not only in the case of BEC of magnetoexciton but also in the case of
EHL. The term —24 is related with the average Hartree terms of the supplementary e—e, h-h,
and e-h interactions; the term B, with the average exchange terms of the supplementary e—¢

and h-h interactions. The term 2v’A(k) is related to e-h interaction and Bogoliubov u-v
transformation and is named the Bogoliubov self-energy term.

Below, we shall construct the equations of motion for the operators of creation d'(P)
and annihilation d(P) of magnetoexciton and density fluctuation operators for electrons
p(0) and holes D(Q) on the base of Hamiltonian (1) in the quasiaverages theory approxima-
tion (QATA).

4. Equations of motion for the two-particle operators and for the corresponding
Green’s functions

The starting Hamiltonian in QATA has the form
~ 1 - - A oA . -
7 =22 Wy POp(-0) =N, =N, |- N, - 4, N, -
0

SN (¢ () e () + 1B, N - (48)

—LNZV(Q)/”)@M—Q)——ZU(Q)D@D( 0).
0

The density fluctuation operators (24) with different wave vectors P and Q do not commute,
which is related with the helicity or spirality accompanying the presence of a strong magnetic
field [18]. They are expressed by the phase factors in the structure of operators (6) and by the
vector-product of two 2D wave vectors P and Q and its projection on the direction of the
magnetic field. These properties considerably influence the structure of the equations of mo-
tion for the operators and determine new aspects of the 2D electron-hole (e-h) physics.

The equation of motion for the creation and annihilation operators d” (k), d(k) (28) and
for the density fluctuation operators (24) are

ih%d(f’) =[d(P), 1= (- + E(P)~ A(P))d(P)~2iy W (O)Sin (%Jﬁ@d(ﬁ— 0)-
0

DP).
\/N’

ih%d"’ (-P)=[d"(~P), 1= (i— E(~-P)+ A(~P))d' (-P) + (49)

—%Zu@c@{%}D@d(ﬁ—Q)—ﬁﬁe"”&k,(ﬁ,0>+ﬁew
(¢

+212W(Q)S n[[P OL.! jd"‘(—f’—é)ﬁ(—QH
+%§U(Q)Cos(ﬂjcﬂ( ~P-0)D(-0) +7Ne™5, (P,0)~ e j—)
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i () =[P A -
=~/ S Qi [P oL/ J[p(P 0)p(0)+ HOYH(P-0))+
5wl PXOL N pb 0 DODB-O
; 2N§U(Q)Sm[ : ][D(P 0)D(0)+ DO)D(P-0) |:
in L D) =[D(P), 7] =
dt
—iZW(@Sm[%J[b@)D(ﬁ—@+15(13—Q>/3@)]+
0
+§ZU(@£{%][E@@(?—®+/3(13—Q>15(Q>]+
o
+2ﬁﬁ[e-’¢d(13)—e"/’d*(—ﬁ)].

Here
i =(E, (k)= p)v = (E(k) - Ak) - @)v; E, (k)=E, (k)—A(k)=~1,— A(k)+ E(k);

E, (k)=-I,+E(k), E(K)zzzWQSinz([szQ]zlzj;
0
F=ptl;  v=vh N, =V'N; W(Q):W_LWQ);

A(k) = Z¢_,,<p ~p—k,s)e" =—Zl//_h(Q)eXp(lk><Q]l)

Following equations of motion (49), we will 1ntr0duce four interconnected retarded Green’s
functions at 7 =0 [35, 36]

G(P.) = ((d(P.0x X' (P.0))):
Go(P)=((d" (Pt X' (P.0)));

G(P.1) =<<—’3%t);)2*'(ﬁ, 0>>>; (0

G.(P.1) :<<D3%t) X1(B, 0)>>

They are determined by the relations

G =(( 4 ) ==io){[ A0, BO)]);

A(y=e" de " ; (51)
[4,8]- 8- 54,
where A is Hamiltonian (48).

28



S.A. Moskalenko, M.A. Liberman et al.

The average < > will be calculated at 7 =0 in the HFB approximation using the ground

state wave function ‘I,Vg (k)> (32). The time derivative of the Green’s function is calculated as

follows
d d
in—G(1) = zhE«A(t); B(0))) =
_ h5(r)<[21(0), B(O)]> + <<ih%A(r); B(O)>> _ (52)

—hS(1)C+ <<[2(r), zﬂ;é(O)».

C will stand for the average values, which do not depend on #. They are not needed in an ex-
plicit form for the determination of the energy spectrum of the elementary excitations.
The Fourier transforms of Green’s functions (50) will be denoted as

G, (P.w)=({d(P| X" (P)))

Gs(P.o)=((d'=P)| X"(P)))
G13(13a )= <<ﬁ(T?

G, (f’, )= <<@

2
[0

2]

)”(*(13)>> .

2]

JN

The two representations are related as follows

G(P,w) = j e"w’G(ﬁ,t)dzzj ¢ G(B, )dt
-0 0

where the infinitesimal value 6 — +0 guarantees the convergence of the integral in the inter-
val (0,00) for the retarded Green’s function G(P,?).

The equation of motion in the frequency representation can be deduced on the base of
equation (52)

['e] ['e]

© iot—o0t
j dtein 9D _ i j dre- 450 _ iy j dtG(t) de” " _
J dt ) dt ) dt
(54)

=(hw+id)G(w)=C + ]O d;<<[ A), H] ; 1;(0)>> e

Green’s functions (53) will be named one-operator Green’s functions because, in the left hand
side of the vertical line, they contain only one summary operator of the types d(P), d'(P),

p(P) and D(P) . At the same time, these Green’s functions are two-particle Green’s func-
tions, because the summary operators are expressed through the products of two Fermi opera-
tors. In this respect, Green’s functions (53) are equivalent to the two-particle Green’s
functions introduced by Keldysh and Kozlov in their fundamental paper [27], forming the
base of the theory of high density excitons in the electron-hole description. However, in con-
trast to [27], we are using the summary operators which represent integrals on the wave vec-
tors of relative motions.
The equations of motion for the Green’s functions are
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(ho+i5 + i — E(P)+ A(P))G, (P, ) =

= C-2 Y W (Q)Sin (%j ((p(@)d(P-0)| X)) -
0

—%ZU(Q)COS([PEQLI j((D(Q)d(P—Q)lX )) +iG,(P.w)e";
0

(he+i6 — i+ E(~P)— A(~P))G, (P, ) =
—C+ 212 W(Q)Sin ( [PxQL.I j<<arT (-P-0)p(-0)| X>>w +

+-{(@'P-0DCQ)|X)) -G (P,
(ho+id)G,(P,w) =

_ C—iZVf/(Q)Sin([szQ]zlzj<<p(P %p(g> p(Q)p(P 0) yy X>

+—ZU(Q)S in

[PxQlej <D(P 0)D(©Q) D(Q)D(P 0) X>
2 N

(hw+i8)G,(P,w) =
[PxQ].I? D P- D(P-0)p(Q)
( 2Q j<< (Q)\/;(N ), D( Qp |X>> b s
i [PxQL1 /[ D@Q)p(P-Q) , p(P- Q)D(Q)
+3 ZU(Q)Sn( 5 j<< N |X>

+277 e G, (P, ) -G, (P, ®) |.

=C- zZW(Q)

5. Dyson equation and self-energy parts

Using the Zubarev’s procedure [36] for the Green’s function, we obtain a closed system
of Dyson equation for the Green’s functions in the form

4
> G, (P,w)s ,(P,w)=C,; k=1,23,4. (56)

J=1

There are 16 different components of the self energy part of the 4x 4 matrix X, (P,w) as follows
> (P,w)=ho+id+ i — E(P)+A(P) -

2/ A 2 [ﬁxQ]lz
(D(4)D(-4)) U (Q)Cos ( 2 j |
N? SGho+io+u-EP-0)+AP-0)
> (P, @) =0;

S [Px Q) [Px Q1
R O o e )
N? & ha)+i§+ﬁ—E(P—Q)+A(P—Q)

>, (Pw)=i
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>, (P,0) =—fe" +U(P)<\/(N)>

(O 5 = = L[ [PxO)?
<D(A)d(—A)\/N> W(Q)U(P)-U(Q - P))Sin (2j

+2 _ - _
N oop  ho+io+u—-EP-0)+A(P-0)

=5 o [PxOI
<D(A)d(— A)W> U(Q)U(P)Cos (2j
- N? Q,tpha)+i5+ﬁ—E(]3—Q)+A(]3—Q)’
zlz(ﬁa C!)) = O’
>, (P,w)=ho+i6 -+ E(P)— A(~P) -
(D(AD(-4)) Voo {[szg]lj

N> fho+io-a+E(-P-0)-AP-0)

A A e (PO o ([PxO)
B o {d"(DEaN) U(Q>U(—Q—P>Cos[ ) jSln( : J
32( 60) i Nz & ha)+i5—ﬁ+E(—P—Q)—A(_ﬁ_Q)
s (4'©)
42(P w)=fe " —U(-P)—* NI
70 5B = L[ [PxOIP
2<d*(A)D<—ANN> W (O)U (-0~ P)=U(P)Sin {2j
B N & ho+io-a+E(-P-0)-A-P-0)
- - 5 [ﬁxé]lz
<d*(A)D(—A)JN> U(QWU(-P)Cos (2J |
) N’ Fho+is -+ E(~P-Q0)~A(-P-0)’
213(ﬁ w) =0; 223(13 w)=0;

233(ﬁaw):hw+i5_%; (O)U(-0)-U(Q - P))Sin ([szQ]l j;
23 (P, w) =0;
>, (P,0) = -27e";
i (P.o) =27je";
2 (13: ) =0;

_— o 2ADADA) o s e [Px Q)
Y. (Po)=ho+id Noris) Q;W(Q)(U(Q P)—-U(P))Sin (—2 J+

(57)
(DA)D(- A)> (P01
N o) 2V QUB)-UCOYsInt| T
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The self-energy parts X, (P,w) represented by formulas (57) contain the different average
values of the two-operator products. They were calculated using the ground state wave func-
tion ‘wg (0)> (32) taken with £ =0 and have the expressions

(DO)D(-0)) = 4™ N;
i =-A0)+2v'(B_, —2A_.+A0));
(D(©)d(-ONN ) =(d"(O)D(-OWN ) =-2ur’'N;
(d)=(d"(0)) =uIN;  7j=~(A©0)+z)v.

All these averages are extensive values proportional to N or JN, they essentially depend on

(58)

the small parameters of the types u’v> or uv’, or uv.
The cumbersome dispersion equation is expressed in a general form by the determinant
equation

det\z,.j(ﬁ, a))\ =0. (59)

We can substitute the self-energy parts % (P,w) (57) in formula (59), and the determinant

equation (59) disintegrates into two independent equations. One of them concerns only optical
plasmons and has the simple form

2, (P;0) =0, (60)
whereas the second equation contains the self-energy parts Z,,, 2,,, Z,,, 2,5 24> 2os> 2
and the quasi-average constant 7

3, (P, @)%, (P, 0)2,,(P,0) — 2, (P, 0)%,, (P, 0)%,,(P;0) — 2, (P, 0)%,, (P, 0)%,,(P;0) = 0 .(61)

The solutions of dispersion equation (61) will be discussed in two limiting cases. One of them
is the point v* = 0, where the system behaves as an ideal Bose gas and the other case is v* #0.

All  contributions to the  self-energy parts contain the  averages
(D©O)D(-0)), <D(Q)d(—Q)JN>, (d(0)), which do not vanish in the point £ =0. The 2D
magnetoexciton system now is not at all a pure ideal gas. It was an ideal gas when the influ-
ence of ELLs was neglected. This unusual result was revealed for the first time by Lerner and

Lozovik [15-17] and was confirmed by Paquet, Rice and Ueda [19]. In the case v’ =0, due to
the vanishing of averages (58), the self-energy parts become

0,,(P,w) = ho— E(P); H+A(0)=0;
P,»)=hao+ E(-P); 7=0;
Uzz(ﬁ ) (=P) n ) (62)
o, (P,0) =ho;, A(P) = A(0);
0., (P, o) = ho; vV =0; k=0,

the excitonic part of the dispersion relation and the acoustic plasmon frequency look like
ho, (P)=*E(P);,
heo,(P)=ho,(P)=0.

The acoustical and optical plasmon branches have the frequencies equal to zero. This case is
presented in Fig. 1.

(63)
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Fig. 1. The energy spectrum of elementary excitations of magnetoexcitons in the case when
concentration corrections are not taken into account, the filling factor equals zero.

If we keep terms proportional to uv in formulas (58), then the self-energy parts in-
cluded in (56) can be rewritten in following form

0, (P,0)=ho+ i — E(P)+ A(P);
(0))
JN

0, (P,w)=ho— g+ E(P)—A(-P);

o, (P,w)= 77+U(P)<

0-42(P ®)=n-U(- P)< r(0)>

IN
o, (P, w) = -27; (64)
024(15, ) =27,
o, (P,w)=ho+id;
1 =-A0)+2v*(B._ —24, . +A(0));
7 =—(A0)+ )y =-2v(B,_, —2A4._ + A0));

PZ]Z
AP)~A(0); k=0; v’#0; UP)=U(@0)e >, U(0)=24,,.
Dispersion equation (61) in this case looks like

ho \/( - E(P)+ A(O)) +4 (77 —%]. (65)
In the Ref. [22] the coefficient (B, , —24, ,+A(0))/1, was determined to be 0.025 at the ratio
r=1/ho=1/2.1t was used in the present calculations leading to the main parameters z and
i (E+A0)/1,=2v+0.025=0.05v*, 77=—(z+A0)v/I,=-21"0.025=-0.05v", and
U (0)<d (0)> / I l\/ﬁ =24 _uv/I,=0.15uv. Introducmg the  dimensionless energies
ho=hw/l1, and E(P)=E(P)/I , one can transcribe solution (65) as follows
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7P212
ho =+ \/(O.OSVZE(P))2+O.2VZ (0.05v2+0.15uve 2 ] (66)

Their solutions are presented in Fig. 2. The excitonic branch of elementary excitations is char-
acterized by a roton-type behavior at the small and intermediary values of the wavevectors and
by a monotonic increasing at higher values of the wavevectors. The acoustical and optical
plasmon branches have frequencies equal to zero because the sums in expressions (57) con-

taining the coefficients U*(Q), as well as W (0)U(Q), were not included in these calculations.

The neglected terms in the expressions for X, (P,w) and X “ (P,w) can be calculated
using the approximation (27) U(Q) = U(0)exp[-Q*I® / 2], whereas the terms proportional to
U? (Q) in the expressions 211(13, ®) and X, (P,w) must be summarized together with the
denominators of the types @ +i8 + i F E(+P— Q)+ A(xP - Q) . They were represented as

ho+id+aFEEP-Q0)+A(£P-0)—iy
(ho+is+TFE(EP-0)+A(£P-0))* +7*
and the approach was proposed
Pf _hotuFE(XP)+A(XP)
ho+aT E(XP-0)+A*P-0) 7 '

In this rude approximation for denominators, using the known expressions for WQ and U(0),

the sums on O were calculated; the results are represented in Figs. 3-5.
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Fig. 2. Two exciton branches of the energy spectrum of collective elementary excitations of the
Bose-Einstein condensed magnetoexcitons on the wave vector £ =0 calculated in HFBA using self-
energy parts (64) and the filling factor v> = 0.1.
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Fig. 3. Two exciton branches of the energy spectrum of collective elementary excitations of the

Bose-Einstein condensed magnetoexcitons on the wave vector k =0 calculated in HFBA using self-
energy parts (57) and the filling factor v’ =0.1.
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Fig. 4. The dispersion law of acoustical plasmon branch in the presence of the BEC of magnetoexci-

tons on the wave vector k =0 calculated in HFBA using self-energy parts (57) and filling factor v* = 0.1.

/I

0.5

1.0 1.5 20 2.5

pl
Fig. 5. The dispersion law of optical plasmon branch in the presence of the BEC of magnetoexcitons
on the wave vector k =0 calculated in HFBA using self-energy parts (57) and the filling factor v* = 0.1.
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Conclusions

The energy spectrum of the collective elementary excitations of a 2D e-h system situ-

ated in a strong perpendicular magnetic field in a state of BEC with wave vector k=0 was
investigated within the frame of Bogoliubov theory of quasiaverages. The starting Hamilto-
nian describing the e-h system contains not only the Coulomb interaction between the parti-
cles lying on the LLLs but also the supplementary interaction due to their virtual quantum
transitions from the LLLs to the ELLs and return back. This supplementary interaction gener-
ates after the averaging on the ground state BCS-type wave function the direct Hartree-type
terms with attractive character, the exchange Fock-type terms giving rise to repulsion as well
as the similar terms arising after the Bogoliubov u —v transformation. The interplay of these
three parameters gives rise to the resulting nonzero interaction between the magnetoexcitons

with wave vector £ =0 and to stability of their BEC as regards the collapse. It influences also
the energy spectrum as well as the collective elementary excitations. It consists of four
branches. Two of them are excitonic-type branches, one of them being the usual energy
branch whereas the other is the quasienergy branch representing the mirror reflection of the
energy branch. The other two branches are the optical and acoustical plasmon branches. The
exciton energy branch has an energy gap due to the attractive interaction terms, which is
needed to be got over during the excitation as well as a roton-type section in the range of in-
termediary values of the wave vectors. At higher values of wave vector, its dispersion law
tends to saturation. The optical plasmon dispersion law is gapless with quadratic dependence
in the range of small wave vectors and with saturation-type dependence in the remaining part
of the spectrum. The acoustical plasmon branch reveals the absolute instability of the spec-
trum in the range of small and intermediary values of the wave vectors. In the remaining
range of the wave vectors, the acoustical plasmon branch exhibits a very small real value of
the energy spectrum tending to zero in the limiting case of high wave vectors.
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