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

PACS numbers: 71.35.Lk, 73.20.Dx, 73.40.Kp, 78.66.Fd

The long search for a condensed phase of excitons halsan the original energy gap, even if e droplet forms,
greatly expanded in recent years [1]. Although theoretiit must have a nonzero order parameter, and the excitonic
cally recognized three decades ago [2], experimental inphase exists even at high densities.
dications of the existence of such a phase emerged only If, in addition to being unstable, the system allows
recently. In C4gO bulk samples, The time evolution of external control over the original energy gap, then another
the excitonic line shape [3] as well as macroscopic balimportant feature arises: The density of the exciton
listic transport of excitons [4] are the most remarkablecondensate can be externally controlled, and different
manifestations of the appearance of an exciton condenselnsity regimes can thus be probed in an otherwise
phase. Indications of a two-dimensional (2D) condensat&lentical system.
under strong magnetic field in semiconductor heterostruc- In this paper we present a realistic 2D system which
tures were also reported [5,6]. exhibits an excitonic instability. Its band structure is very

Two major obstacles interfere in forming an exciton sensitive to externally applied electric fields. In particular,
condensate. One is the recombination process whicliby application of field, one can continuously open an
apart from producing heat, can be fasterl(ns) than energy gap ranging from zero to a few meV. The negative
the thermalization and condensation times. In@uits  (semimetallic) case is not discussed here.
unique crystal structure results in a dipole-forbidden re- We rigorously study the system using the Keldysh-
combination time of~10 us. A usual way to increase BCS theory, described later. Starting from the large-gap
the exciton lifetime in 2D structures is to introduce astate, we find an excitonic-condensate phase transition
wide barrier material between separated electron and hoteccurring exactly when the gap reaches the value of
materials [5]. This procedure, however, also reduceshe exciton binding energy,. Closing the gap further
the electron-holegth) Coulombic interaction, and so de- increases the condensate densityup to ndi ~ 4 at
creased’., the critical temperature for condensation. Thezero energy gap.dy = 2i/+/2me, is the exciton Bohr
second obstacle is the usually more favorable formationliameter §: is the reduced effective mass). We use
of ane-h droplet. Although that liquid phase may have zero temperature and isotropic band structures of the
a nonzero condensate order parameter, this is usually supaderlying materials. However, in view of the instability
pressed by the interactions leading to the formation of therigin of the condensed phase, low finite temperatures,
droplet. It was suggested that these interactions can be resarping, and imperfections should not change the results
duced by strong magnetic fields [7], or in a sophisticatedsignificantly.
heterostructure design [8]. A prototype of the studied heterosystem was described

Both obstacles are immediately eliminated in a thermoin Ref. [11]. Its energy profile is shown in Fig. 1. In this
dynamic equilibrium condensed excitonic phase. Such istaggered-gap system, the valence band edge in the GaSh
the state of a system with an excitonic instability [9,10],layer lies above the conduction band edge of the InAs
namely, a system with a semiconducting-like band structayer. Because of the strong mismatch between valence
ture, but with a single-particle energy gap which is smalleand conduction states, a thin (i.e., 2—4 atomic layers)
than the exciton binding energy. Excitons now formAISb barrier is enough to suppress amsh coupling
spontaneously, with no recombination. Compared to théetween the active materials [12], and we have a regular
unstable semiconducting (“vacuum”) state, the excitonicsemimetallic parabolic band structure. Such a thin barrier,
state has negative energy, while a state of &éeplasma  however, has a negligible effect on the interlayer coulomb
has a positive energy. Therefore, at temperatures lowenteraction. We designate this case as case (I). Without an
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(I) the band overlap decreases with field, until a zero gap
is reached, beyond which a semiconductor energy gap
opens. In case (Il), the main effect of the field is to
shift the band extrema towards smaller wave numbers.
An anticrossing energy gap of value 2—-5 meV is now
present at any field. However, it is possible to reduce
that value by means of a very narrow AISb barrier, or
any other degradation of the GaSb-InAs interface. These
results are summarized in insets (a) and (b) of Fig. 1. It
is important to note that the total charge in the system can
be independently controlled by means of a double-gated
structure with in-plane leads [11], so we are allowed to
consider a neutral sample even if the structure is originally
unintentionally doped.

An excitonic instability happens in cases (1), (II) when
the gap is smaller than the exciton binding enesgy In
case (Il) the particles at the band edges are of mixed type,
S0 gy is much reduced. We therefore treat in this work
only case (l). The formal way to treat the instability is
by renormalization of the band structure [10,14,15]. This

FIG. 1. Relevant band edges of the studied heterostructur@mounts to a BCS-like procedure, where the electrons
v, ¢ denote valence and conduction band edges, respectiveland holes play the role of opposite-spin particles in the

E,1, E. are the first confined levels. Layer widths correspondregular BCS theory. The outcome of the theory can be

to 8 monolayers GaSb and 28 monolayers InAs. Inset (ay,ymarized in terms ok (k), the BCS gap function, and
shows the in-plane spectrum of the carriers in the structuré

. 2 .
at zero electric field (solid lines). Dashed lines: Spectrum of?» the condensate density. Whedy < 1, n is actually
coupled particles in a structure without the narrow AISb barrierthe exciton density, and the condensed phase is a Bose-
Inset (b) shows the electric-field-dependence of the energy gainstein condensate (BEC) of the Kosterlitz-Thouless

Eci — E, for both cases. type. In the opposite limitp designates the density of
“Cooper pairs,” which are zero momentuah complexes
in the Cooper-pairing sense. The transition between the
AlSb interlayer, there exists quantum mechanical couplingwo regimes is believed to be continuous [15,16]. We
between the two layers [13], and an indirect-gap spectrursuggest the present system as an experimental platform to
is formed [11]. This is case (ll). examine this BEC to BCS crossover.
In both cases, small electric fields applied across the To formulate the theory we start with the-h
heterostructure greatly change its band structure. In c|a§$amiltonian

ft tf tt
> (VEayagag +qax—q + VI "bxbwbirqbk—q — 2V axbxibr+qax—q) .
k.k'.q
1)

where sﬁ’h are the electron and hole energies (beférebinding energy, as well as the BCS gap, by more than a

e t !
H = %(skakak + sﬁbkbk) + D2

renormalization), measured from their respective bandactor of three, as compared to the truly 2D case.

o

edges, andVy"~ = (2me?/eq) F*B(q).
factorsF*#(g) are found to be

The structure

As usual [10,14,15], we proceed by making a Bogoli-
ubov transformation off, which results with a numerical
(not operator) term in the Hamiltonian. Minimizing this

Faa(g) — 82 term with respect to the transformation constant leads to
(9) = LG T ) the generalized BCS equations i
1 TN
342 4ar? _ } &k =¢ex + E, — ] V.ffk,<1 - (2a)
X1+ =% — — e b 8 ; 2’
|:1 872 (472 + gg)ga (1 e ) |, o Ey ) 2)
ens v 16wt (1= e 4)(1 — e %) Ay = f Ve o= ———, (2b)
Celn (L2 + 4m?) (& + 472)
Ex = (&8 + AD'~ (2¢)

wherel,, = qLes, Lo, being the widths of the wells. It Here g = sf + ef, VPP = %(V“ + V"), and E, is
is worth mentioning that the structure factors reduce thehe energy gap.
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The integral term in Eq. (2a) results from the particle- The maximum value ofA(k), A.x, iS @ measure of
particle Fock energy. When this term is set to zero, theéhe strength of the condensate. Its value, about 3 meV,
system (2) becomes the regular BCS gap equation. Wiadicates that the condensate should be readily observed at
show later that the Fock term is uniquely responsible fohelium temperatures in fair-mobility samples. The Fock
the sharpness of the phase transition. term in Egs. (2) is again responsible for the nonmonotonic

The outcomes of the self-consistent equations (2) are théependence ofA,,x on E,. It can be understood if
BCS gap functiom\, which determines the renormalized negative values of; are considered as corresponding to

spectrumEy, and the condensate density [14] single-particle semimetallic spectrum. Then, redudiig
1 £k is equivalent to increasing the semimetallic overlap, which
n=s- <1 - E_> d’k, (3) is known [9] to reduce\.
k

o i The most obvious way to experimentally identify the
which includes here spin degrees of freedom. ~ formation of the condensate is to measure the dependence
The onset of the condensed state is found by solvingy the optical absorbtion edge on electric field. This can
Egs. (2) in the first approximation ik = Ax/Ex, Where  pe done directly or by measuring the typical temperature

they become for the temperature-activated conductivity of the system.
oh k' Starting from a wide-gap structure, the edge, which is
ek = | Vi Qm)? —Egihi. 4)  at Emin, the minimum value ofEy, equalsk,, with a

This is exactly the Schrodinger equation for the excitonicseparated excitonic peak & — s. Closing the gap

problem. It is therefore concluded that the phase transﬁ? éftzxgs)sf ;;gﬂalinttﬂ :f vtvoet;Ilint\e/;gr:iessl,q,esnvc\ilh%nlgshes

tion occurs precisely ak, = g, regardless of the shape : . - :
of the spectfum an()j/thé? finitgeowid?h of the wells P £0 Beyond_ this pomt,_the _absorbtlon edge_ dramatlca!ly
W d b Ning E o) f Lo increases with decreasing field, and that is identified with
appliee dpr\?gﬁ:ge)y Sé)e\ggﬁs f?;zl (arz dOAr Zr% gﬁ%\’/vr?ni)ﬁ] the formation of the condensate. The fact that, > E,
. . . . 2
Figs. 2 and 3. Starting from large gaps we reach aseconv(‘fhIIe the excitons are .St'l.l well separateddo <1,
order phase transition wheh, — s,. Below s, the mﬁans;hat the exm;on blndllanEgCen_I(_e;gy is greatl)l/ enhanc?d
- oo en the excitons form a . This renormalization o
condensate density gradually grows towards its value Oﬁg is attributed to the interaction between excitons, which

ndy = 338 atE, = 0. Theresults neak, = O are of less repulsive, and comes about through the particle-particle
significance, due to finite temperature effects. Screenin P ’ through the p P
xchange term. Although this interaction can be small

is also expected to become important fors > 1.
However, we see that foE, > 0.5 meV, where low
finite temperatures are irrelevant, all density regimes are
present. 4.0 - - - -
The same phase transition is also seen by considerir
the gap functionA. Unlike the BCS behaviorA(k) is
a nonmonotonic function of the wave number This is
solely due to the exchange interaction term, which act: 0T Complete
effectively as negative kinetic energy. When exchange i:
not neglected¢,; assumes negative values at small wav
numbers, and the maximum @af(k) occurs roughly when
& crosses zero.
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0.0 1.0 2.0 FIG. 3. Dependence of the condensate’s parameters on the
Gap (meV) original gap. Solid lines: Maximum ofA,. Dashed lines:
Minimum of E; (i.e., the absorbtion edge). The inset shows
FIG. 2. Density of the condensate as a function of the originalA(k) for zero gap. “Complete” and “BCS” correspond,
(not renormalized) energy gap. This gap scales linearly withrespectively, to calculations including, or excluding, the Fock
external field. term in Eq. (2a).
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for small densities, it greatly affects the binding energysystem. It is therefore expected to be robust to finite

in a ground-state condensate, where the kinetic energgmperatures and imperfections. The parameters of the

of each particle is zero. The effect is emphasized byondensate are easily controllable by virtue of applied

the fact thatVil > Vi, the latter which governs the electric field. We thus propose the material as a new

internal binding energy of the exciton. In contrast, if theplatform for studying the condensed phases of excitons.

exchange term is not included in the BCS equations, then Discussions with E.E. Mendez, J.K. Jain, and P.

the exciton binding energy (an#,,;,) remains constant Thomas are gratefully acknowledged. This research was
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