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Charged “Few-Electron–Single Spatially Separated Hole” Complexes in a Double Quantum
Well near a Metal Plate

V. I. Yudson*
Institute of Spectroscopy, Russian Academy of Sciences, Troitzk, Moscow reg. 142092, Russia

(Received 26 April 1996)

It is shown that the presence of a metal plate near a double quantum well with spatially separated
electron and hole layers may lead to a drastic reconstruction of the system state with the formation of
stable chargedcomplexes of several electrons bound to aspatially separatedhole. Complexes of both
Fermi and Bose statistics may coexist in the ground state and their relative densities may be changed
with the change of the electron and hole densities. The stability of the charged complexes may be
increased by an external magnetic field perpendicular to the layers plane. [S0031-9007(96)00943-X]

PACS numbers: 73.20.Dx, 71.35.–y, 73.50.Gr
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Double layers [semiconductor double quantum w
(DQWs)] of spatially separated two-dimensional (2
electrons (e) and holes (h) are a subject of considerab
research interest. The Coulombe-h interaction leads to
interlayer correlations of the carriers and to the poss
ity of a transition to the superfluid excitonic phase [1,
There is a rapidly increasing amount of publications
voted to both theoretical [3–5] and experimental [6,7]
vestigations ofe-h coupling in DQWs; see also referenc
in [4,5,7]. Some experimental evidence has been repo
[7] for a stable excitonic ground state in a strong magn
field which favors the stability of the excitonic phase [8

In contrast to the locally neutral “excitonic insulato
phase of a bulk sample [9], the excitonic phase of
spatially separatede and h would not possess thelocal
electrical neutrality and the motion of strongly coupl
spatially separated charges would be accompanied
nonzero electric currents counterflowing one andh layers
[1]. However, these currents are of equal magnitud
which means that thetotal current along the QWs plan
equals zero.

The question addressed in the present Letter concer
existence of stablechargedbound complexes of few elec
trons and holes in the double-layer system withnonequal
2D densitiesne andnh of spatially separatede andh. The
two simplest charged (quasi-)Fermi and (quasi-)Bose c
plexes (“electronic molecules”) would bee2h ande3h, re-
spectively (for definiteness, we will assume the nega
total charge). The charged bosonlike complexes wo
be of special interest due to the possibility of their Bo
Einstein condensation and superfluidity accompanied
a nonzerototal current along the DQW plane.

The fermion moleculee2h known as a negativel
charged exciton (X2) does exist in bulk samples as we
as in QWs and quantum dots. A magnetic field favors
existence of theX2 state (see, e.g., [10,11]), and even
series of fermionic “homologies”X2

K (i.e., eK11hK) with
K ­ 2, 3, . . . has been predicted recently [11].

However, no chargedbosonbound states offewe andh
(not to be mixed with mesoscopic electron-hole drop
where the big numbers ofe and h may differ slightly)
64 0031-9007y96y77(8)y1564(4)$10.00
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have been found up to now. Their existence is hinde
because of the high increase of the Coulomb energy ca
by extraelectrons. This concerns especially the system
spatially separatede andh where the Coulomb repulsion o
electrons dominates over their attraction to a distant ho

In this Letter we draw attention to a novel physic
situation which takes place in the DQW system of sp
tially separatede andh layers located near a parallel met
plate (MP). When the MP is close to one of the layers (
definiteness, to thee layer), thee-e Coulomb repulsion is
suppressed considerably by the “image charge” polar
tion of the MP [12]. The influence of a MP on the intera
tion and collective properties of low-dimensional electr
systems is not a new subject; it is known, for instance, t
the MP hinders the crystallization of the 2D electron g
(“cold melting” of the 2D electron Wigner crystal [13])
However, to the best of our knowledge, the advantage
using this suppression of thee-e repulsion in systems o
spatially separatede andh has not been studied yet.

We demonstrate that the MP close to thee layer may
lead to the formation of stable mobile charged comple
eNh of several (N) electrons bound to aspatially sepa-
rated hole. We considerN electrons confined to the 2D
layer and a single hole located at another parallel laye
a heightl over thee layer. Thee layer is at a heightd
over the surface of a metal plate. The potential energ
thee-h system is given by

U ­ 2
X

i

fV sri 2 rh; ld 2 V sri 2 rh; l 1 2d dg

1
1
2

X
ifij

fV sri 2 rj; 0d 2 V sri 2 rj; 2d dg , (1)

where ri (i ­ 1, ..., N) and rh are 2D radius vectors
of the electrons and the hole, respectively;V sr; ld ;
se2yed fr2 1 l2g21y2, e is the dielectric constant of a
surrounding medium.

Our present consideration is restricted to the case w
l is large as compared to the characteristic quan
lengths, which are the effective Bohr radiiae,h of e and
h or the magnetic lengthlH (if a strong magnetic field
H is applied perpendicular to the DQW plane). In th
© 1996 The American Physical Society
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limit, classical configurations play the crucial role a
determine the leading contribution to the system ene
This is the feature of systems with spatially separatee
and h; in systems with no spatial separation ofe and
h quantum mechanics is the only remedy against
collapse of the classical charges. Surprisingly, it turns
that even the classical configurations of the DQW-m
system are quite nontrivial. Later we will also discu
effects of quantum fluctuations.

For further comparison, first we describe classical c
figurations in the double-layer geometry without the M
(i.e., d ­ `). We introduce the rectangular coordina
system (̂x-ŷ axes) on thee layer and set the coordina
origin O exactly under the hole. The only stable class
state [“eh” complex (N ­ 1)] corresponds to the elec
tron located at pointO. The energyU1 ­ 2e2yseld of
this bound state defines the characteristic energy sca
the system. There exist also unstable equilibrium cla
cal configurationseN h with 2 # N # 4 electrons located
symmetrically at a ring centered atO. The ring radiusr
is given by

r ­ tanu, u ­ arcsin

"
1
4

N21X
i­1

1
sinspiyNd

#1y3

, (2)

which provides a saddle-point extremum of the pot
tial energy (1) at2 # N # 4. Energies of these con
figurations areU2 ø 20.94jU1j, U3 ø 20.51jU1j, and
U4 ø 23.3 3 1023jU1j, respectively. These configur
tions are unstable and decay into the stableeh state and
free electrons. Though the unstable classical config
tions might manifest in nonstationary processes (e.g., o
cal absorption), they are not important in the equilibriu
According to Eq. (2), atN . 4 equilibrium classical con
figurations eNh do not exist at all. To summarize, n
stable classical configurationseNh with N . 1 exist in
the DWQ without a neigboring MP.

The presence of a MP at the distanced down from
the electron layer may change the situation qualitativ
This is particularly pronounced ath ; dyl ø 1 and we
begin with this range of parameters. The simplesteh state
(N ­ 1) corresponds to the electron located at pointO.
The classical energy of this state is

U1shdyjU1j ­ 22hys1 1 2hd ø 22h 1 Osh2d , (3)

where the second equality refers to the caseh ø 1. On
the contrary, with the increase ofh, U1shd tends to the
energyU1 ­ 2e2yel of the classicaleh configuration in
the absence of the MP.

At h ø 1, the radius r of the equilibrium clas-
sical configurations e2h obeys d ø r ø l and is
determined as the extremum of the following a
proximate expression for the potential energy Eq.
UyjU1j ø 24h 1 6hsryld2 1 h2slyrd3y4. We obtain
r ø 0.57h1y5l which justifies the approximations abov
The classical energy of thee2h configuration is given by

U2shdyjU1j ­ 24h 1 5 3 223y5h7y5

ø 24h 1 3.29h7y5. (4)
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Thus, due to the image charges which decrease thee-e
repulsion, the charged complexe2h has the lower energy
(4) than the energy (3) of the neutral complexeh. The
e2h complex is thestable classical ground stateof the
“two-electron–single hole” system. At the same tim
2U1shd , U2shd, which guarantees the stability of theeh
complexes with respect to the reaction2eh ! e2h 1 h.
This means that as far as the electron densityne does not
exceed the hole onenh, all the electrons are bound int
the eh complexes. (Here and below bothne and nh are
assumed to be sufficiently low so that we neglect all
screening effects; the temperature is also assumed t
sufficiently low.) In the rangenh , ne , 2nh, boson
eh and fermione2h complexes coexist and their densiti
equal2nh 2 ne andne 2 nh, respectively. The stability
of complexes with respect to adhering to one anot
is provided by the mutual hole repulsion which is le
affected by relatively distant image charges.

For the simplest charged boson complexe3h we meet a
new phenomenon which has not occurred in the abse
of the MP—there aretwo possible classical equilibrium
configurationse3h-a ande3h-b described as follows: (a
three electrons form a regular triangle centered atO;
(b) one of three electrons sits at centerO (an “inner
shell”) and the others are located symmetrically w
respect to the first one (an “outer shell”). We obta
the radiir ø 0.72h1y5l andr ø 1.01h1y5l of e3h-a and
e3h-b configurations, respectively, and the correspond
energies

U3ashdyjU1j ­ 26h 1 5 3 32y5h7y5,

U3bshdyjU1j ­ 26h 1 10s17y16d2y5h7y5.
(5)

As U3ashd , U3bshd, the configuratione3h-b is un-
stable with respect to the transition into the low
energy “isomer” configuratione3h-a. Indeed, the stabil
ity analysis of thee3h-b configuration reveals an unstab
mode which tends to distort the electron configuration
wards the triangle arrangement of thee3h-a complex. As
U3ashd , U2shd , U1shd at smallh, the charged boson
complex e3h-a realizes the classical ground state of t
system of “three electrons and one hole” (note in adva
that the roles ofe3h-a ande3h-b isomers will interchange
when h is not small). At the same time, the inequa
ties 3U1shd , U3ashd, U1shd 1 U2shd , U3ashd, and
2U2shd , U3ashd 1 U1shd forbid the reactions3eh !

e3h-a 1 2h, eh 1 e2h ! e3h-a 1 h, and 2e2h !
e3h-a 1 eh, respectively. This means that the charg
boson complexese3h-a may appear only atne . 2nh.
In the range2nh , ne , 3nh, the bosone3h-a and the
fermion e2h complexes coexist; their densities equ
ne 2 2nh and3nh 2 ne, respectively.

The problem one meets at higherN is a variety
of possible isomer configurations which correspond
different arrangements of electrons over “shells.” T
energies of type “a” (the “electron ring”) and type “b
(with an electron at the center of the electron rin
configurations ath ø 1 are given by
1565
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UNsshdyjU1j ­ 22Nh

1 5N

"
ks 1

1
16

N212ksX
i­1

1
sin3fpiysN 2 ksdg

#2y5

h7y5,

(6)
whereks ­ 0 andks ­ 1 for the a and b configuration
respectively. AtN . 5 configuration b becomes a low
energy than configuration a. It is not clear yet whet
there are even more favorable configurations. Comp
consideration of a “periodic” table of complexes rema
a subject for further research. Here we estimate o
the maximal allowed value ofN (i.e., the numberNc

of stable classical complexes in the table) at a gi
h. A lower bound for this value is determined by t
first violation of the conditionUN shd , UN21shd, which
reduces to≠UN shdy≠N ­ 0 for large N. If the ground
state corresponds to the type b configuration, we ob
the following estimate forNc:

Nc ­ Cyh1y3 ¿ 1 , (7)
whereC ­ 2ps2y11d5y6. If other configurations becom
important, the functional dependence Eq. (7) might s
be valid although the numerical factorC might change
According to Eq. (7), at smallh the world of stable
charged complexes may be rather rich. However, t
binding energies at smallh are small, which is no
favorable for experimental realizations.

Whenh increases (i.e., the metal plate is removed fr
the DQW), the binding energies of possible stable c
figurations increase but the number of these configurat
decreases. Our further consideration is restricted
the representative configurationseh, e2h, e3h-a, and
e3h-b. Their energies in the intermediate range ofh

are plotted as functions ofh in Fig. 1. In the interval
0 , h , 1.32 the fermionic complexese2h are stable
[U2shd , U1shd] and therefore they would be prese
at the system ground state atnh , ne # 2nh. As to
the charged boson complexes (at2nh , ne # 3nh), they
are present in thee3h-a isomeric configuration at0 ,

h , 0.39. At h ø 0.39 the isomer configuratione3h-b
becomes more favorable. The latter remains stabl
the interval0.39 , h , hc ­ 16 but it does not exis
even as an unstable equilibrium state ath . hc. The
existence of the critical value ofh is a consequence o
the fact that no equilibrium configuration of type b m
exist in the DQW without the MP. As follows from
Eq. (1), atdyl ­ h ! hc 2 0 the radius of thee3h-b
configuration tends to infinity:ryl ø 194y

p
16 2 h;

correspondingly, the energy of losing the outer elect
shell (i.e., the “ionization” energy) decreases drastica
U1shd 2 U3bshd ~ s16 2 hd5y2jU1j.

A succession of the formation of charge comple
with the increase of the electron density differs for d
ferent intervals ofh. At 0 , h , 1.32, this succession
(eh ! e2h ! e3h) is similar to one described for sma
h (with the replacement of the a isomer by the b i
mer ath ø 0.39). However, at1.32 , h the fermionic
e2h complexes are not stable, and atnh , ne # 3nh only
1566
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FIG. 1. EnergieshUj of the classical configurationseh, e2h,
e3h-a, ande3h-b in units of jU1j ­ e2yel (along the vertical
axis) as functions ofh ­ dyl (the horizontal axis).

boson complexeseh (with the density3nhy2 2 ney2)
and e3h-b (with the densityney2 2 nhy2) may coex-
ist at the ground state of the low densitye-h system at
1.32 , h , hc ­ 16. At h . 16 only the neutraleh
complexes may exist in the ground state and the res
electrons (atne . nh) remain free.

To increase the typical energy scalejU1j ­ e2yel of
the classical configurations it is desirable to decre
the interlayer distancel. However, this would increas
quantum effects and eventually would make the class
description inadequate. The criterion of the classical
proach validity is j ø r, where j ,

p
h̄ymv0 is an

amplitude of “zero” oscillations of the charges arou
their classical equilibrium positions andv0 is a “charac-
teristic” frequency of intracomplex oscillations. For th
range of smallh ­ dyl and moderateN , the oscillation
frequencies differ only by numerical factors (for com
parable values ofe and h effective massesm ­ me ,
mh) and scale as̄hv0 , jU1jdayl2 (a ­ h̄2yme2). This
givesj , lsaydd1y4 and determines the range of validi
of the classical approach at smallh:

aslyad4y9 ø d ø l . (8)

In the intermediate range ofh (i.e., d , l) the situation
is more favorable. Typical intracomplex oscillation fr
quencies are now estimated asv0 , se2yml3d1y2 and the
requirementj ø r reduces to

a ø d & l , (9)

which is weaker than Eq. (8). These estimations sh
that in the well pronounced classical regime the ty
cal classical energy scalejU1j ­ e2yel is considerably
smaller than the exciton Rydberg. However, Eqs. (8) a
(9) are only sufficient but not necessary conditions. W
may expect that the complexes survive even when
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strong left inequalities in Eqs. (8) and (9) are replaced
the usual ones.

Quantum effects may be suppressed by applicatio
a strong magnetic fieldH perpendicular to the layer
plane. The magnetic field has no influence on
structure of classical configurations but it induces
rotation of the electron ring (the Ampère “persisten
current) and reduces the quantum oscillation amplitu
of the charges. AtlH ­

p
h̄cyeH , j , lsaydd1y4,

the oscillation amplitudes will be of the order oflH

and at sufficiently strong magnetic fields the condit
lH ø r , lsdyld1y5 provides the existence of stab
classical charged configurations even ata , d & l, i.e.,
when the classical energies are comparable with
exciton Rydberg. It might also be favorable to use II-
semiconductor DQWs wherea is smaller than in currently
used GaAsyAlGaAs and InAsyAlGaSb DQWs [6,7].

To describe the most favorable range of parameters
simplified quasiclassical consideration should be exten
to the quantum one. More elaborate study has to be d
to describe the shell structure of this new kind of “art
cial atoms,” to calculate the spectrum of their vibration
and rotational modes, and to fill the “table of complexe
Collective phenomena in the low-density system of co
plexes and, particularly, the tempting possibility of t
Bose-Einstein condensation of the chargede3h “bosons”
also deserve special research.

The presence of the charged complexes may man
in the Hall conductivity and cyclotron resonance measu
ments, drag experiments, and microwave absorption
intracomplex degrees of freedom. Experimental sea
for the charged boson complexese3h (or eh3, if the
MP is closer to theh layer) of the most interest woul
be, perhaps, more convenient for valuesdyl which fall
into the windows0.2 , h , 0.3 (for e3h-a isomer) and
1.2 , h , 1.5 (for e3h-b isomer): see Fig. 1. Even i
these windows, the ionization energy ofe3h complexes
amounts to only 2%–4% ofjU1j ­ e2yseld, which means
that experimental investigations of these relatively frag
objects would be more difficult than investigations of t
neutraleh excitons. The efforts might be justified by
rich variety of physical phenomena in the novel world
mobile charged electron-hole complexes.

To summarize, the analysis above demonstrates
possibility of the existence of a rich family of stab
charged complexeseNh (or ehN ) in the double-layer
system near a metal plate. These mobile comple
repel each other and may exist in the ground state
the low-densitye-h system. Changing densities of th
carriers gives rise to a succession of the ground s
transformations associated with the change of rela
densities of boson and fermion complexes. In the c
of the Bose-Einstein condensation of charged bo
complexes, the condensate motion would be accompa
by a nonzero totalelectric current along the QW plan
Experimental realization of the suggested system wo
be of considerable interest.
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