
VOLUME 77, NUMBER 5 P H Y S I C A L R E V I E W L E T T E R S 29 JULY 1996

nergy
etailed
lectric
, the
ensity
BCS

900
Excitonic Instability and Electric-Field-Induced Phase Transition
Towards a Two-Dimensional Exciton Condensate
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Racah Institute of Physics, The Hebrew University, Jerusalem 91904, Israel
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We present an InAs-GaSb–based system in which the electric-field tunability of its 2D e
gap implies a transition towards a thermodynamically stable excitonic condensed phase. D
calculations show a 3 meV BCS-like gap appearing in a second-order phase transition with e
field. We find this transition to be very sharp, solely due to exchange interaction, and, so
exciton binding energy is greatly renormalized even at small condensate densities. This d
gradually increases with external field, thus enabling the direct probe of the Bose-Einstein to
crossover. [S0031-9007(96)00671-0]

PACS numbers: 71.35.Lk, 73.20.Dx, 73.40.Kp, 78.66.Fd
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The long search for a condensed phase of excitons
greatly expanded in recent years [1]. Although theore
cally recognized three decades ago [2], experimental
dications of the existence of such a phase emerged o
recently. In Cu2O bulk samples, The time evolution o
the excitonic line shape [3] as well as macroscopic b
listic transport of excitons [4] are the most remarkab
manifestations of the appearance of an exciton conden
phase. Indications of a two-dimensional (2D) condens
under strong magnetic field in semiconductor heterostr
tures were also reported [5,6].

Two major obstacles interfere in forming an excito
condensate. One is the recombination process wh
apart from producing heat, can be faster (,1 ns) than
the thermalization and condensation times. In Cu2O, its
unique crystal structure results in a dipole-forbidden
combination time of,10 ms. A usual way to increase
the exciton lifetime in 2D structures is to introduce
wide barrier material between separated electron and h
materials [5]. This procedure, however, also reduc
the electron-hole (e-h) Coulombic interaction, and so de
creasesTc, the critical temperature for condensation. T
second obstacle is the usually more favorable format
of an e-h droplet. Although that liquid phase may hav
a nonzero condensate order parameter, this is usually
pressed by the interactions leading to the formation of
droplet. It was suggested that these interactions can be
duced by strong magnetic fields [7], or in a sophistica
heterostructure design [8].

Both obstacles are immediately eliminated in a therm
dynamic equilibrium condensed excitonic phase. Such
the state of a system with an excitonic instability [9,10
namely, a system with a semiconducting-like band str
ture, but with a single-particle energy gap which is smal
than the exciton binding energy. Excitons now for
spontaneously, with no recombination. Compared to
unstable semiconducting (“vacuum”) state, the excito
state has negative energy, while a state of freee-h plasma
has a positive energy. Therefore, at temperatures lo
0031-9007y96y77(5)y900(4)$10.00
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than the original energy gap, even if ane-h droplet forms,
it must have a nonzero order parameter, and the excito
phase exists even at high densities.

If, in addition to being unstable, the system allow
external control over the original energy gap, then anot
important feature arises: The density of the excit
condensate can be externally controlled, and differ
density regimes can thus be probed in an otherw
identical system.

In this paper we present a realistic 2D system wh
exhibits an excitonic instability. Its band structure is ve
sensitive to externally applied electric fields. In particula
by application of field, one can continuously open
energy gap ranging from zero to a few meV. The negat
(semimetallic) case is not discussed here.

We rigorously study the system using the Keldys
BCS theory, described later. Starting from the large-g
state, we find an excitonic-condensate phase transi
occurring exactly when the gap reaches the value
the exciton binding energý0. Closing the gap further
increases the condensate densityn, up to nd2

0 , 4 at
zero energy gap.d0 ­ 2h̄y

p
2m´0 is the exciton Bohr

diameter (m is the reduced effective mass). We u
zero temperature and isotropic band structures of
underlying materials. However, in view of the instabilit
origin of the condensed phase, low finite temperatur
warping, and imperfections should not change the res
significantly.

A prototype of the studied heterosystem was describ
in Ref. [11]. Its energy profile is shown in Fig. 1. In thi
staggered-gap system, the valence band edge in the G
layer lies above the conduction band edge of the In
layer. Because of the strong mismatch between vale
and conduction states, a thin (i.e., 2–4 atomic laye
AlSb barrier is enough to suppress anye-h coupling
between the active materials [12], and we have a reg
semimetallic parabolic band structure. Such a thin barr
however, has a negligible effect on the interlayer coulo
interaction. We designate this case as case (I). Withou
© 1996 The American Physical Society
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FIG. 1. Relevant band edges of the studied heterostruc
y, c denote valence and conduction band edges, respecti
Ey1, Ec1 are the first confined levels. Layer widths correspo
to 8 monolayers GaSb and 28 monolayers InAs. Inset
shows the in-plane spectrum of the carriers in the struc
at zero electric field (solid lines). Dashed lines: Spectrum
coupled particles in a structure without the narrow AlSb barr
Inset (b) shows the electric-field-dependence of the energy
Ec1 2 Ey1 for both cases.

AlSb interlayer, there exists quantum mechanical coup
between the two layers [13], and an indirect-gap spect
is formed [11]. This is case (II).

In both cases, small electric fields applied across
heterostructure greatly change its band structure. In c
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(I) the band overlap decreases with field, until a zero g
is reached, beyond which a semiconductor energy
opens. In case (II), the main effect of the field is
shift the band extrema towards smaller wave numbe
An anticrossing energy gap of value 2–5 meV is no
present at any field. However, it is possible to redu
that value by means of a very narrow AlSb barrier,
any other degradation of the GaSb-InAs interface. Th
results are summarized in insets (a) and (b) of Fig. 1.
is important to note that the total charge in the system
be independently controlled by means of a double-ga
structure with in-plane leads [11], so we are allowed
consider a neutral sample even if the structure is origina
unintentionally doped.

An excitonic instability happens in cases (I), (II) whe
the gap is smaller than the exciton binding energy´0. In
case (II) the particles at the band edges are of mixed ty
so ´0 is much reduced. We therefore treat in this wo
only case (I). The formal way to treat the instability
by renormalization of the band structure [10,14,15]. Th
amounts to a BCS-like procedure, where the electr
and holes play the role of opposite-spin particles in t
regular BCS theory. The outcome of the theory can
summarized in terms ofDskd, the BCS gap function, and
n, the condensate density. Whennd2

0 ø 1, n is actually
the exciton density, and the condensed phase is a B
Einstein condensate (BEC) of the Kosterlitz-Thoule
type. In the opposite limit,n designates the density o
“Cooper pairs,” which are zero momentume-h complexes
in the Cooper-pairing sense. The transition between
two regimes is believed to be continuous [15,16]. W
suggest the present system as an experimental platfor
examine this BEC to BCS crossover.

To formulate the theory we start with thee-h
Hamiltonian
H ­
X
k

s´e
ka

y
kak 1 ´h

kb
y
kbkd 1

1
2D2

X
k,k0,q

sV ee
q a

y
ka

y
k0ak01qak2q 1 V hh

q b
y
kb

y
k0bk01qbk2q 2 2V eh

q a
y
kb

y
k0bk01qak2qd ,

(1)
n a

li-
l
s

to
where ´
e,h
k are the electron and hole energies (bef

renormalization), measured from their respective b
edges, andV

ab
q ­ s2pe2yeqd Fabsqd. The structure

factorsFabsqd are found to be

Faasqd ­
8p2

zas4p2 1 z 2
ad

3

∑
1 1

3z 2
a

8p2 2
4p2

s4p2 1 z 2
adza

s1 2 e2za d
∏

,

Fehsqd ­
16p4

zezh

s1 2 e2ze d s1 2 e2zh d
sz 2

e 1 4p2d sz 2
h 1 4p2d

,

whereze,h ­ qLe,h, Le,h being the widths of the wells. I
is worth mentioning that the structure factors reduce
e
d

e

binding energy, as well as the BCS gap, by more tha
factor of three, as compared to the truly 2D case.

As usual [10,14,15], we proceed by making a Bogo
ubov transformation ofH, which results with a numerica
(not operator) term in the Hamiltonian. Minimizing thi
term with respect to the transformation constant leads
the generalized BCS equations

jk ­ ´k 1 Eg 2
Z

V
pp
k2k0

√
1 2

jk0

Ek0

!
d2k0

s2pd2
, (2a)

Dk ­
Z

V eh
k2k0

Dk0

Ek0

d2k0

s2pd2
, (2b)

Ek ­ sj2
k 1 D2

kd1y2. (2c)
Here ´k ­ ´

e
k 1 ´

h
k, V pp ­

1
2 sV ee 1 V hhd, and Eg is

the energy gap.
901
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The integral term in Eq. (2a) results from the partic
particle Fock energy. When this term is set to zero,
system (2) becomes the regular BCS gap equation.
show later that the Fock term is uniquely responsible
the sharpness of the phase transition.

The outcomes of the self-consistent equations (2) are
BCS gap functionDk, which determines the renormalize
spectrumEk, and the condensate density [14]

n ­
1

2p2

Z µ
1 2

jk

Ek

∂
d2k , (3)

which includes here spin degrees of freedom.
The onset of the condensed state is found by solv

Eqs. (2) in the first approximation inck ; DkyEk, where
they become

´kck 2
Z

V eh
jk2k0jck0

d2k0

s2pd2 ­ 2Egck . (4)

This is exactly the Schrödinger equation for the excito
problem. It is therefore concluded that the phase tra
tion occurs precisely atEg ­ ´0, regardless of the shap
of the spectrum, and the finite width of the wells.

We proceed by solving Eqs. (2) for anyEg (i.e., any
applied voltage). Results forn and D are shown in
Figs. 2 and 3. Starting from large gaps we reach a sec
order phase transition whenEg ­ ´0. Below ´0, the
condensate density gradually grows towards its value
nd2

0 ­ 3.8 atEg ­ 0. The results nearEg ­ 0 are of less
significance, due to finite temperature effects. Screen
is also expected to become important fornd2

0 ¿ 1.
However, we see that forEg . 0.5 meV, where low
finite temperatures are irrelevant, all density regimes
present.

The same phase transition is also seen by conside
the gap functionD. Unlike the BCS behavior,Dskd is
a nonmonotonic function of the wave numberk. This is
solely due to the exchange interaction term, which a
effectively as negative kinetic energy. When exchang
not neglected,jk assumes negative values at small wa
numbers, and the maximum ofDskd occurs roughly when
jk crosses zero.

FIG. 2. Density of the condensate as a function of the origi
(not renormalized) energy gap. This gap scales linearly w
external field.
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The maximum value ofDskd, Dmax, is a measure o
the strength of the condensate. Its value, about 3 m
indicates that the condensate should be readily observ
helium temperatures in fair-mobility samples. The Fo
term in Eqs. (2) is again responsible for the nonmonoto
dependence ofDmax on Eg. It can be understood i
negative values ofjk are considered as corresponding
single-particle semimetallic spectrum. Then, reducingEg

is equivalent to increasing the semimetallic overlap, wh
is known [9] to reduceD.

The most obvious way to experimentally identify t
formation of the condensate is to measure the depend
of the optical absorbtion edge on electric field. This c
be done directly or by measuring the typical temperat
for the temperature-activated conductivity of the syste
Starting from a wide-gap structure, the edge, which
at Emin, the minimum value ofEk , equalsEg, with a
separated excitonic peak atEg 2 ´0. Closing the gap
shifts these signals to lower energies, and diminis
the exciton peak, until it totally vanishes whenEg ­
´0. Beyond this point, the absorbtion edge dramatica
increases with decreasing field, and that is identified w
the formation of the condensate. The fact thatEmin ¿ Eg

while the excitons are still well separated,nd2
0 ø 1,

means that the exciton binding energy is greatly enhan
when the excitons form a BEC. This renormalization
´0 is attributed to the interaction between excitons, wh
is repulsive, and comes about through the particle-par
exchange term. Although this interaction can be sm

FIG. 3. Dependence of the condensate’s parameters on
original gap. Solid lines: Maximum ofDk . Dashed lines:
Minimum of Ek (i.e., the absorbtion edge). The inset sho
Dskd for zero gap. “Complete” and “BCS” correspon
respectively, to calculations including, or excluding, the Fo
term in Eq. (2a).



VOLUME 77, NUMBER 5 P H Y S I C A L R E V I E W L E T T E R S 29 JULY 1996

g
r
b

h

h

th
w
u
m
o

t
o
t
ll
le
e
e
w
e
g
,

n
n
m
w

s
e
m
e

th
d
l
d
it

e

le
b

e

ic
n

th

ite
the
ed
ew
.
P.
as

red

of

ge,

v.

tt.

v.

.

.

.

Sb
ht

n.

z.
for small densities, it greatly affects the binding ener
in a ground-state condensate, where the kinetic ene
of each particle is zero. The effect is emphasized
the fact thatV

pp
kk0 ¿ V eh

kk0 , the latter which governs the
internal binding energy of the exciton. In contrast, if th
exchange term is not included in the BCS equations, t
the exciton binding energy (andEmin) remains constant
until nd2

0 , 1.
The results provide a strong motivation to study t

proposed material in the goal of achieving a strong, we
defined, stable, condensed phase of excitons. Unlike o
proposed or experimentally studied structures, here
present a condensate which is inherent to the struct
and constitutes its equilibrium ground state even at te
peratures as high as 0.5 meV. The density of the c
densate can be easily changed here by means of e
tric field. Everything else being unchanged, the BEC
BCS crossover can thus be readily studied. Two previ
works concerned excitonic phases in InAs-GaSb rela
structures. In [6] experiments were done in semimeta
conditions under strong magnetic fields. In [17] sing
exciton binding energies were calculated for different w
widths. Such calculations cannot account for the cond
sate even at very low densities where, as we have sho
many-body effects are of extreme importance. The eff
of electric field on the condensate in these staggered-
structures, and the externally induced phase transition
recognized here for the first time.

Delicate questions concern the problem of wheth
the exciton condensate is superfluid. As is well know
macroscopic condensation in the ground state is
sufficient for superfluidity. Degeneracy of the quantu
mechanical phase is also necessary. Indeed, It
argued [10,18] that the exciton condensate cannot
superfluid. The arguments are based on the suppres
of superfluidity by interband transitions. Unanswer
questions remain about the superfluid behavior in the li
when the matrix elements for those transitions are v
small. Experiments in Cu2O exhibit macroscopic ballistic
transport of excitons [4], which can be interpreted as
result of superfluidity. Lozovik and Yudson [19], an
Shevchenko [20] showed that if the electrons and ho
are separated, the condensate can become superflui
that case it actually becomes a double-layer “capac
superconductor”). Shevchenko recently presented a ph
diagram for that case [21]. In the presently studi
structure, electrons and holes are separated in type
structures. In type (II) structures the low-energy partic
are of mixed type, and are spread across the dou
layer. Based on existing knowledge, one expects
experimentally find different superfluid behavior betwe
the two structures, and so base the ideas behind
suppression of superfluidity on firm grounds.

In conclusion, we presented a prototype system wh
we believe should exhibit a condensed phase of excito
This phase is the thermodynamic equilibrium state of
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system. It is therefore expected to be robust to fin
temperatures and imperfections. The parameters of
condensate are easily controllable by virtue of appli
electric field. We thus propose the material as a n
platform for studying the condensed phases of excitons
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