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Charged “Few-Electron—Single Spatially Separated Hole” Complexes in a Double Quantum
Well near a Metal Plate
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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 chargeccomplexes of several electrons bound tepatially 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

Double layers [semiconductor double gquantum wellshave been found up to now. Their existence is hindered
(DQWSs)] of spatially separated two-dimensional (2D)because of the high increase of the Coulomb energy caused
electrons ¢) and holes k) are a subject of considerable by extraelectrons. This concerns especially the systems of
research interest. The Coulonabh interaction leads to spatially separatedandiz where the Coulomb repulsion of
interlayer correlations of the carriers and to the possibilelectrons dominates over their attraction to a distant hole.
ity of a transition to the superfluid excitonic phase [1,2]. In this Letter we draw attention to a novel physical
There is a rapidly increasing amount of publications desituation which takes place in the DQW system of spa-
voted to both theoretical [3—5] and experimental [6,7] in-tially separate@ andh layers located near a parallel metal
vestigations ok-h coupling in DQWSs; see also references plate (MP). When the MP is close to one of the layers (for
in [4,5,7]. Some experimental evidence has been reportedkfiniteness, to the layer), thee-e Coulomb repulsion is
[7] for a stable excitonic ground state in a strong magneticuppressed considerably by the “image charge” polariza-
field which favors the stability of the excitonic phase [8]. tion of the MP [12]. The influence of a MP on the interac-

In contrast to the locally neutral “excitonic insulator” tion and collective properties of low-dimensional electron
phase of a bulk sample [9], the excitonic phase of thesystems is not a new subject; it is known, for instance, that
spatially separated and 2 would not possess thecal the MP hinders the crystallization of the 2D electron gas
electrical neutrality and the motion of strongly coupled(“cold melting” of the 2D electron Wigner crystal [13]).
spatially separated charges would be accompanied Wbfowever, to the best of our knowledge, the advantage of
nonzero electric currents counterflowing @and# layers  using this suppression of thee repulsion in systems of
[1]. However, these currents are of equal magnitudesspatially separatee and. has not been studied yet.
which means that thetal current along the QWs plane  We demonstrate that the MP close to théayer may
equals zero. lead to the formation of stable mobile charged complexes

The question addressed in the present Letter concerns agh of several §) electrons bound to apatially sepa-
existence of stablehargedbound complexes of few elec- rated hole. We consideN electrons confined to the 2D
trons and holes in the double-layer system witmequal layer and a single hole located at another parallel layer at
2D densities:, andn;, of spatially separateedands. The  a heightl over thee layer. Thee layer is at a height/
two simplest charged (quasi-)Fermi and (quasi-)Bose conwver the surface of a metal plate. The potential energy of
plexes (“electronic molecules”) would leeh andesh, re-  thee-h system is given by
spectively (for definiteness, we will assume the negative
total charge). The charged bosonlike complexes would U = —Z[V(r,- —rpl) =V =l + 2d))
be of special interest due to the possibility of their Bose- !

Einstein condensation and superfluidity accompanied with + 1 Z[V(l‘i —1;:0) — V(r; — r;;2d)] (1)
a nonzerdotal current along the DQW plane. 2 £ 7 7 ’

The fermion moleculee;2 known as a negatively wherer; (i = 1,..,N) and r, are 2D radius vectors
charged excitonX ) does exist in bulk samples as well of the electrons and the hole, respectively(r;!) =
as in QWs and quantum dots. A magnetic field favors thde2/e) [r2 + 12]71/2, € is the dielectric constant of a
existence of theX™ state (see, e.g., [10,11]), and even asurrounding medium.
series of fermionic “homologiesXx (i.e., ex+1hg) with Our present consideration is restricted to the case when
K = 2,3,... has been predicted recently [11]. [ is large as compared to the characteristic quantum

However, no chargeldosonbound states dewe andh lengths, which are the effective Bohr radij; of ¢ and
(not to be mixed with mesoscopic electron-hole droplets: or the magnetic lengtihy (if a strong magnetic field
where the big numbers of and & may differ slightly) H is applied perpendicular to the DQW plane). In this

1564 0031-900796/77(8)/1564(4)$10.00 © 1996 The American Physical Society



VOLUME 77, NUMBER 8 PHYSICAL REVIEW LETTERS 19 AcusT 1996

limit, classical configurations play the crucial role andThus, due to the image charges which decreasesthe
determine the leading contribution to the system energyepulsion, the charged complex. has the lower energy
This is the feature of systems with spatially separated (4) than the energy (3) of the neutral complex. The
and #; in systems with no spatial separation ©fand e,k complex is thestable classical ground statef the
h quantum mechanics is the only remedy against thétwo-electron—single hole” system. At the same time
collapse of the classical charges. Surprisingly, it turns ouU,(n) < U,(n), which guarantees the stability of thé
that even the classical configurations of the DQW-metatomplexes with respect to the reactider — e,h + h.
system are quite nontrivial. Later we will also discussThis means that as far as the electron densitgoes not
effects of quantum fluctuations. exceed the hole one,, all the electrons are bound into
For further comparison, first we describe classical conthe ez complexes. (Here and below both andn, are
figurations in the double-layer geometry without the MPassumed to be sufficiently low so that we neglect all the
(i.e., d = ). We introduce the rectangular coordinate screening effects; the temperature is also assumed to be
system -9 axes) on thee layer and set the coordinate sufficiently low.) In the range:, < n, < 2n;, boson
origin O exactly under the hole. The only stable classicale and fermione,2 complexes coexist and their densities
state [‘eh” complex (N = 1)] corresponds to the elec- equal2n, — n, andn, — ny, respectively. The stability
tron located at poinD. The energyU; = —e?/(el) of  of complexes with respect to adhering to one another
this bound state defines the characteristic energy scale &f provided by the mutual hole repulsion which is less
the system. There exist also unstable equilibrium classiaffected by relatively distant image charges.
cal configurationgyh with 2 = N = 4 electrons located For the simplest charged boson compéek we meet a
symmetrically at a ring centered & The ring radiuso  new phenomenon which has not occurred in the absence

is given by of the MP—there ardéwo possible classical equilibrium
g e 1 173 configurationse;h-a andesh-b described as follows: (a)
p = tané, 6 = arcsin — > ————| . (@ three electrons form a regular triangle centeredoat
& sin(7i/N)

) . ] (b) one of three electrons sits at ceni@r (an “inner
which provides a saddle-point extremum of the potenshe||’) and the others are located symmetrically with
tial energy (1) at2 = N = 4. Energies of these con- yegpect to the first one (an “outer shell’). We obtain
figurations areU, = —0.94|U,|, Us = —051|U\|, and  the radiip ~ 0.727'/51 andp =~ 1.017'/5 of e3h-a and
Us = —3.3 X 10 °|U,|, respectively. These configura- ..j-b configurations, respectively, and the corresponding
tions are unstable and decay into the stalflestate and  gpergies
free electrons. Though the unstable classical configura- . 2/5 15
tions might manifest in nonstationary processes (e.g., opti- Usam)/IUil = =67 + 5 X3 ! n " (5)
cal absorption), they are not important in the equilibrium. Usy(n)/|UL| = =67 + 10(17/16)*°7"/5.
According to Eq. (2), av > 4 equilibrium classica_l CON-  As Us,(n) < Usy(n), the configurationesh-b is un-
figurationseyh do not exist at all. To summarize, N0 staple with respect to the transition into the lower
stable class!cal conflggrathnsNh with N > 1 exist in energy “isomer” configuratiomsi-a. Indeed, the stabil-
the DWQ without a neigboring MP. ity analysis of thee3h-b configuration reveals an unstable
The presence of a MP at the distan¢edown from  made which tends to distort the electron configuration to-
the electron layer may change the situation qualitativelyyards the triangle arrangement of thgi-a complex. As
Thisf is partiqularly pronounced af = d/I < 1 and we Us.(n) < Us(n) < Uy(n) at smally, the charged boson
begin with this range of parameters. The simpigsstate  complex esh-a realizes the classical ground state of the
(N = 1) corresponds to the electron located at paint  system of “three electrons and one hole” (note in advance
The classical energy of this state is that the roles ofs/-a andesh-b isomers will interchange
Ui(n)/IU| = —279/(1 + 29) = =29 + 0(n?), (3) whenn is not small). At the same time, the inequali-

where the second equality refers to the case< 1. On  ti€s 3U1(n) < Usa(n), Ui(n) + Ux(n) < Usa(n), and
the contrary, with the increase of, U,() tends to the 2U2(n) < Us.(n) + Ui(n) forbid the reactionsehr —
energyU; = —e?/el of the classicabh configuration in ~ €3#-@+ 2h, eh + exh — esh-a+ h, and 2eh —
the absence of the MP. esh-a + eh, respectively. This means that the charged
At 5 < 1, the radiusp of the equilibrium clas- Poson complexegsh-a may appear only at, > 2n.
sical configurationse,h obeys d < p <1 and is In the range2n; < n. < 3ny, the bosone;h-a and the
determined as the extremum of the following ap_fermlon eoh complexes coexist; their densities equal
proximate expression for the potential energy Eq. (1)%% — 2ns @and3n, — n., respectively. _ _
U/|U\| = —4n + 6n(p/1)* + 5%(/p)?/4. We obtain The problfem one meets at hlghef)_tx is a variety
p ~ 0.577'/31 which justifies the approximations above. of possible isomer configurations which correspond to
The classical energy of the i configuration is given by different arrangements of electrons over “shells.” The

_ ~3/5_1/5 energies of type “a” (the “electron ring”) and type “b”
Ua(m)/1UM] 4n +5 X2 n (with an electron at the center of the electron ring)
~ —4n + 32997, (4)  configurations at) < 1 are given by
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UNO'(n)/lUll = _2N7] 0

N-1—k, ! 2/5
+ 5N| ky + — , 7,
[ 16 . sir[7i/(N — k(,)]} K

i=1

(6) 02 |
wherek, = 0 andk, = 1 for the a and b configurations,
respectively. AtV > 5 configuration b becomes a lower
energy than configuration a. It is not clear yet whether
there are even more favorable configurations. Complete 04 |
consideration of a “periodic” table of complexes remains
a subject for further research. Here we estimate only
the maximal allowed value oN (i.e., the numberN,
of stable classical complexes in the table) at a given
n. A lower bound for this value is determined by the
first violation of the conditio/y (1) < Uy—-1(7), which

-06

reduces todUy(7n)/0N = 0 for large N. If the ground Ui
state corresponds to the type b configuration, we obtain 08 . . ,
the following estimate folV,: "o 0.4 0.8 12 16

_ 1/3
Ne 5/6 C/m > 1, . . (7) FIG. 1. EnergiedU} of the classical configurationsi, e,h,
whereC = 2m(2/11)*/°. If other configurations become ..j-a ande;i-b in units of |U,| = ¢2/el (along the vertical

important, the functional dependence Eq. (7) might stillaxis) as functions ofy = d/I (the horizontal axis).
be valid although the numerical factar might change.

According to Eq. (7), at smaly the world of stable posoncomplexeser (with the density3n;/2 — n./2)
charged comp'lexes may be rather rich. H.owe_ver, theignd e;n-b (with the densityn,/2 — nj,/2) may coex-
binding energies at smaly are small, which is not st at the ground state of the low densityz system at
favorable for experimental realizations. 132 < 5 < 5. = 16. At 5 > 16 only the neutraleh

When increases (i.e., the metal plate is removed fromgomplexes may exist in the ground state and the rest of
the DQW), the binding energies of possible stable conglectrons (ak, > ny,) remain free.

figurations increase but the number of these configurations T¢ increase the typical energy scalé,| = e2/el of

decreases. Our further consideration is restricted tehe classical configurations it is desirable to decrease
the representative configurations:, eh, esh-a, and  the interlayer distancé. However, this would increase
esh-b. Their energies in the intermediate range mf quantum effects and eventually would make the classical
are plotted as functions of in Fig. 1. In the interval gescription inadequate. The criterion of the classical ap-
0 < m < 1.32 the fermionic complexeg,h are stable proach validity is& <« p, where ¢ ~ \/li/mw, is an
[Ua(n) < Ui(n)] and therefore they would be present gmpjitude of “zero” oscillations of the charges around
at the system ground state a < n, =2n,. AS 10 ineijr classical equilibrium positions and, is a “charac-
the charged boson complexes %af, < n. = 3n), they  teristic” frequency of intracomplex oscillations. For the
are present in thesh-a isomeric configuration a < range of smally = d/I and moderateV, the oscillation

n < 0.39. At 5 = 0.39 the isomer configuratioms-b  frequencies differ only by numerical factors (for com-
becomes more favorable. The latter remains stable iRaraple values ot and i effective masses = m, ~

the interval0.39 < n < n. = 16 but it does not exist ;) and scale agwy ~ |U;lda/1? (a = h%/me?). This

even as an unstable equilibrium staterat> 7.. The  gives¢ ~ I(a/d)"/* and determines the range of validity
existence of the critical value of is a consequence of of the classical approach at smalf

the fact that no equilibrium configuration of type b may

4/9
exist in the DQW without the MP. As follows from all/a)® < d < 1. (8)
Ed. (1), atd/l = n — n. — 0 the radius of theesh-b  In the intermediate range of (i.e., d ~ [) the situation
configuration tends to infinity:p/l ~ 194/\/16 — n;  is more favorable. Typical intracomplex oscillation fre-

correspondingly, the energy of losing the outer electromuencies are now estimated @g ~ (e2/mI*)'/? and the
shell (i.e., the “ionization” energy) decreases drasticallyrequirement < p reduces to
Ui(n) — Usp(n) = (16 = 7)°/2|U,|. _

A succession of the formation of charge complexes axd=l, ©)
with the increase of the electron density differs for dif- which is weaker than Eq. (8). These estimations show
ferent intervals ofp. At 0 < n < 1.32, this succession that in the well pronounced classical regime the typi-
(eh — esh — e3h) is similar to one described for small cal classical energy scalé/,| = ¢?/el is considerably
n (with the replacement of the a isomer by the b iso-smaller than the exciton Rydberg. However, Egs. (8) and
mer atn = 0.39). However, atl.32 < 7 the fermionic  (9) are only sufficient but not necessary conditions. We
e,h complexes are not stable, andnat< n, = 3n, only  may expect that the complexes survive even when the
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strong left inequalities in Egs. (8) and (9) are replaced by This work was supported in part by DFG. The author
the usual ones. is thankful to M. Rozman for help in computations.
Quantum effects may be suppressed by application of
a strong magnetic fieldd perpendicular to the layers
plane. The magnetic field has no influence on the
structure of classical configurations but it induces a
rotation of the electron ring (the Ampére “persistent”
current) and reduces the quantum oscillation amplitudes
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