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Bose-Einstein condensation of excitons in two dimensions
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Bose-Einstein condensatidBEC) is shown to exist for a noninteracting system in two dimensions, pro-
vided that the single-particle energy levels have a discrete spectrum below the continuum of extended states.
This BEC, unlike that for three-dimensional Bose gases, possesses off-diagonal order only of finite range, and
is thus not in violation of the Hohenberg theorem. The observation of such a BEC in the transport properties
of excitons moving on the heterointerface of a type-1l semiconductor superlattice is suggested, bearing in mind
the fact that the random potential fluctuations would give rise to localized states on such surfaces.
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Recently, Bose-Einstein condensati®EC) has been ob- states in the entire continuous spectrum is given by summing
served in some dilute alkali atomic gase3This discovery over the corresponding Bose-Einstein distributions
is strongly dependent on the technology of trapping enough
atoms in a very small region by laser cooling and magnetic 1
trapping. The transition temperature for these alkali atomic Next states 2 N&= 2 a1 (1)
gases is tremendously low<2 wK). This is due to the K k enarii—1
heavy mass of these atoms and their low density. The pop
lation in the ground state of the alkali gases in general is ve
low, varying from 1000(Ref. 1) to 1P (Ref. 3 as a conse-
guence of the inevitable loss of atoms during the cooling an
trapping processes.

If we turn to condensed matter physics, examples of the
effects of BEC abound. The condensation of Cooper pairs No— Vap fw 2mkdk _ f” ple)de @)
gives rise to superconductivity. That of liquid helium leads *(2m2)o eflam 1 Jo gflemm_1’
to superfluidity. As a result of the much lower electron mass
in the former and the much greater density in the latter, thdf the chemical potentigl is allowed to approach zero from
critical temperatures for these cases are much highethe negative side, the above integral would diverge because
roughly fromT_~4 K for helium to tens of degrees K for of the zero denominator at the lower integration limit. This is
superconductors. However, the role of interaction in thefrue as long ag(e) approaches a constant as-0, thereby
former and the overlapping of the Cooper pair wave func-giving rise to the familiar absence of BEC in 2D. Physically
tions in the lattet render the role played by BEC less clear- the divergence oN., asu—0 means the maximum popu-
cut. lation in the extended states is infinite. These states in the

The effect of BEC has also been measured in excitonicontinuum could then accommodate as many particles as
systems in bulk semiconductdrsuch as C40. The singlet they come.
paraexcitons rather than the triplet orthoexcitons are favored On the other hand, in the presence of an additional dis-
to form a Bose-Einstein condensate since the electron-holerete spectrum consisting, without loss of generality, of en-
interaction causes the former to have a lower ground state. lergy levelsey and €;, such thatey<e;<<0, the chemical
confined systems, the situation is rather different. The finitepotential x can no longer be allowed to become zero since
size effect on an ideal Bose liquid was studied by Barber anthe physical requirement
Fisher® Mei and Lee used the pseudopotential method to
calculate the energy spectrum, free energy, and other ther- 1
modynamic functions of an interacting hard-sphere Bose gas N(ep) =
in a thin film® Most recently, suggestions and efforts were
tmu;dsvéﬂ.%FIny the effect of BEC on the excitons in a quanimposes the condition thaty— u=0 or —u=—eo=|eq|,

In exactly two dimension$2D) it is well known that no e, .(_ #)min= €| The populatiqn of exyended .states, ac-
BEC exists for free bosons. This situation is changed drasti(—:Ordlng to Eq.(2), now has to satisfy the inequality
cally, as we shall see, for noninteracting two-dimensional
bosons with localized states. N Vap fw 2mkdk _ Vap fw 2mkdk

Let us assume that a boson moving in two dimensions eX‘_(zw)Z 0oeBle—mw_1 (27r)2J) o eflectlel — 1"
possesses a discrete spectrum below its continuous spectrum (4)
of energy levels, much like the case of potential wells. In an

N-boson system, the number of particles populating théfhe maximum ofngy, is

Y¥here e;=7%2k2/2m even though the wave function may not
e a plane wave over the entire spatial region. Converting the
um in Eq.(1) into an integral involves the density-of-state
actor p(eg). Thus we have

()

_—=
e,B(EO*M)_ 1
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160 ' ' ' erator (x;) into the complete set of eigenstatés;}

={¢y; di} of the Hamiltonian of our present system. There-
fore,

C<>?1.>22>=2 ; ¢F (X1) di(Xp)(ala)r

14.0

—ik’ xl ik x2
VZDZ 2 e e <ak ag)

X
=, 12.0 v v t
K T2 2 5 0x) d(Xo) @y a)
b!
=3 e g 3 8 (%) do(Xo)(No)r
k
10.0
=Cextt Ciocal s (8
where the cross terms between the extendedstates and
the boundb) states make no contribution sin(:a;fab>=0.
oo . . . The first term in Eq(8) arising from the extend states can be
107 108 109 calculated exactly. We find for=|X;— X,|>\7,
Exciton density ( cm_2)
- - J2mr e X!
FIG. 1. The transition temperatuiie. versus the density of ex- Cex(X1:X2) = A% /1’ ©)

citons in type-ll (GaAs)/(AlAs), superlattices. The exciton is
made of an electron with effective masg=0.066m, and a heavy  where |=(\1/\4m) e(ﬂmax%%/Z), and Npa,= — (1A32)In(1
hole with effective massn,,=0.50m,, wherem, is the bare elec- _eﬁ\eo\). This term, which is present even without BEC, de-
tron mass. The ground energgp|=6.8 meV (Ref. 2. cays exponentially on the length scald pthe corresponding
coherence length. The second contribution in B).from
(Nex) max - the macroscopically populated localized or bound states in
(Next)max= N P'”(l—e Pledl), (5  BEC depends obviously on the range of the individual local-

T ized wave functions. ThisCjocai(X1,X5) iS nonvanishing

where the integral in Eq(4) has been evaluated exactly. Only when bothx; andx, are within the range of the indi-
Here = (27%2/mksT) 2 is the thermal wavelength. vidual localized states. Upon transition into tbe *phase of
The existence of the upper limitng)max Means that BEC, the off-diagonal order characterized BYx;,X,) is
whenever the actual density exceeds this limit, the extra thus seen to have only a finite range, of the order of the range
amountn — (Ng,) max Will spill over to the discrete states, i.e., of localization. This is in contrast to the BEC in 3D, which
possesses off-diagonal—long-range or@@DLRO).*? This
also shows that the BEC in our system does notl%/iolate the
_ _ Hohenberg theorem that no ODLRO can exist in“2D.

N~ (Nexmax=N(€o) T N(€1)- © Strictly speaking, the condensation is only into one single
localized state, namely, the lowest state with energyThe
population in the higher localized states would be given by
the BE distribution function with the chemical potentjal
set equal to the negatiwg. However, the actual populations
of the localized states may differ, depending on the nature of
interaction between bosons. If the interaction upon close
contact is repulsive or hard spherelike, the BE condensation

- -1y of the bosons into the, state of finite spatial extent would

where Bc=(kaTc) =, A=M(Tc). A plot of T, versus the eventually saturate and spill over to the next highgestate,
etc. This would lead to successive saturation of the localized
states one by one as the temperature dips bdlpwpopu-
lating them macroscopically as a whole. The relative distri-
bution among the localized states in each of which the par-

ticles are packed together would thus depend significantly on

the interaction and the spatial range of these states. If the
o edensityn should become so large that- (Ney) max €XCeeded
Indeed, the single-particle density matriC(X;—Xz)  the total capacity of the localized states, the superfluous par-
—<¢//T(x1) z//(x2)> can be obtained by expanding the field op- ticles would feed back the extended states that must now be

Eq. (7) determines a critical temperatufe in terms of the
densityn, the lowest energy leved,, and the boson masas:

1
n:_P(l_e*Bc‘Eol), (7)

c

densityn for given mass and, is shown in Fig. 1.

As T is decreased below., n becomes greater than
(Nexd max @nd the extra particles — (Ngy) max Will be Bose
condensed into localized states in macroscopic quanti:
ties. This is much like the familiar BEC for free bosons in

3D, except that the latter condensation is into a sirjﬁle
=0) state that ranges coherently over the entire volum
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modified somewhat by the interaction. Yet the conclusion inbids the changing sides of electron and hole. These ground-
Eq. (6) that the total population of the localized states be-state excitons are identical bosons that hug the interface and
comes macroscopically large in the BEC phase should resan move bodily on the surface. They constitute a perfect
main generally valid, in spite of the interaction. boson system in 2D as long as the exciton size is small
One may work out the heat capacity and the various thercompared to the spacing between them. This is in contrast to
modynamic function&!* The most important characteristic the excnc())nléf moving within a quantum well of finite
of this BEC in 2D, however, is its transport properties. Uponth'Ck”esslv ““which is only a quasi-two-dimensional system
the decrease of temperature acrdssof Eq. (7), a macro-  SINce very often the thickness is comparable to the size of the
scopically large number of particles would precipitously fall €XCiton. Furthermore, the unavoidable disorder or potential

into the localized states. which renders them much less md‘l_uctuationé9 at the heterointerfaces inevitably give rise to
bile. A measurement of the outward diffusion current densityocalized state? that are of crucial importance to our con-
(but not just the diffusivity from the source region for neu- Sidérations. Indeed, in a recent experiment by Gillland
tral bosons, or of the electrical conductivity and magneticet al,“" it was determined that the mobile excitonic states are

susceptibility for charged bosons, should show telltale signgP0out 6.8-1.5 meV higher in energy than the distribution of
of the BEC. For instance, in the case wh@ide,|>1, the Iocf'ihzed states for a certain (GgASXAIAS)q superlattlt;e,

BE distribution of the mobile particles becomes BoltzmannWhich means in our considerations thap| in Eq. (7) is
like for T<T.. The electrical conductivityr can then be about 6.8 meV. A technique similar to that remarkable opti-
approximated by the classical Drude model. Ignoring thet@l method developed by these workers whereby excitonic
particles condensed into localized states, we immediately of2hotoluminescence can be spatially and temporally resolved

tain, by using Eq(5) and assuming a mildly temperature- My provide a suitable means to observe the transport prop-
dependent mean free time that erties of the BEC and verify the relatiofY) between the

energy |eo|, densityn, and T, in these two-dimensional
bosonic systems. On the other hand, while a mobile exciton

e?r within a type-l quantum welf may be trapped by the donor
F”: T>Te dopants, it is unlikely that the trapped exciton can retain its
o= (10) internal structure intact. It would just become a different spe-
e?r e Flel cies of composite particles, not relevant to the consideration
o B e of BEC.

Generally speaking, if there are localized states in a Bose
system of 3D, the BEC of the particles would again be into

rﬂwe localized states rather than tHe=0) state, with off-
iagonal order only of finite range. The essential difference

This attests to the sharp decreaseriasT falls belowT¢.

Note the presence even in this Drude model of the quantu
. 2 . -y _

mechanical prefactof/#<, in addition to the Boltzmann ex is that there would always be localized states in a two-

nential f r th Il mpani ntial trapping., . ) Lo )
ponential factor that usually accompanies potential trapp dimensional system with macroscopic disorder or potential

This prefactor is a distinguishing vestige from the bosonicﬂ tuati hile th t of disord ¢ d
coherence as expressed in the off-diagonal order of(&q. uctuations whiie the amount of disorder must exceed a cer-

L “7 tain threshold for localized states to appear in%3D.
grl]zdc(next)max of Bq. (5) that accompany phase transition into In the highT, cuprate superconductors, it is widely ac-

The remaining question is where best to find a tWO_cepted that the Cooper pairs in the copper oxide layers play

dimensional bosonic system with localized states. A goo crucial role. If we postulate the existence of such pairs even
place to look is the heterointerfaces of type-Il superlattices O?efore the cuprate becomes superconducting, the random po-

semiconductor layers. For example, in a superlattice of alte _ential fluctuations in thes_e layers would give rise to I_ocal-
nate GaAs and AlAs layers, excitons are formed by the Cou'—zed states for the hosonlike Cooper paje$ small spatial

lomb attractive interaction of holes residing at thgoint of gteer?é ISStIS?rﬁluognT:i% tt)r?got?esh:anvigf?r? t')%i’ﬁ rtr:T;:ar):otr?ﬁgl
the GaAs layers with the electrons residing at tKe

; 3
conduction-band edges of the AlAs layérd® These type-lI and the superconducting stafés:
excitons are thus indirect in both real and momentum We would like to express our deep gratitude to Professor
space-’ Each of these excitons straddles the heterointerfac.D. McCombe for his invaluable information and helpful
with the electron on one side and the hole on the other. Thdiscussions on the feasibility of experimental observation of
ground state pertaining to the internal structure of such aBEC within a quantum well in the initial stage of this wark.
exciton has a binding energy somewhat less thah Bg* We thank J. Haetty for an illuminating seminar, and Profes-
(Ref. 19 owing to the special boundary condition that for- sor A. Petrou for helpful conversations.
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