VOLUME 72, NUMBER 2

PHYSICAL REVIEW LETTERS

10 JANUARY 1994

Superfluidity of Excitons in a High Magnetic Field
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In a high magnetic field, such that the distance between the Landau levels exceeds the exciton Ryd-
berg, the triplet interaction term becomes the lowest state of the system. Under these circumstances, a
weak pair interaction in the triplet ground state opens a new opportunity to forming the Bose-Einstein
condensate and a superfluid state of excitons at a relatively high temperature. The existence of the Bose
condensate due to an essential decrease of the interaction between excitons and an increase of their bind-
ing energy in a high magnetic field are established. We show that the excitation spectrum satisfies the
Landau criterion for superfluidity, and discuss the observable effects of the Bose condensate of excitons.

PACS numbers: 71.35.+z

The problem of the Bose condensation of excitons in a
semiconductor has attracted a number of authors over the
last two decades [1-10]. The idea is that the small
effective mass of an exciton can make the condensation
temperature quite high even at a relatively low concen-
tration of excitons. Indeed, as is known [11] the critical
temperature of an ideal Bose gas is kg7,
=3.31h2N*3/M, where N is the concentration of the
system and M is the mass of the particle. For large-
radius excitons, so-called Wannier-Mott excitons (only
this type of exciton will be discussed throughout the pa-
per), the total effective mass of an excitonic atom is
M=m,+mp~10"2-10"% g and the condensation
temperature could be quite noticeable, 7.~ 100 K, at the
concentration N~10'® cm ™3, In principle, there is no
difficulty in creating the electron and hole concentration
of this order by optical excitation [6,7,12], but the bind-
ing energy of the exciton, which can be evaluated in the
case of Wannier-Mott excitons by the Bohr formula, is
rather small, Rex~1072-1073 eV. On the other hand,
the exciton radius is quite large, ao=¢h?*/me?~10"°
cm, and becomes of the same order as the average dis-
tance between excitons. It was shown [3] that the exciton
operators obey the Bose commutation relations with ac-
curacy to terms of the order of Nag. That implies the re-
striction from above on the concentration of the exciton
gas Nag < 1. Thus, we cannot expect more or less high
temperature of the transition of excitons into the Bose
condensate. Another restriction comes from the possibili-
ty of formation of an excitonic bound state of the
hydrogen-molecule type. Such a state arises mostly in
semiconductors of the type A'"'BY where the mass of one
of the particles (holes) is much larger than the other. Be-
cause of all these reasons, the creation of a dense exciton
system for observing the effects of quantum statistics still
remains a very difficult problem [10].

In the previous publications [13-15] we demonstrated
that a strong magnetic field B, such that the distance be-
tween the Landau levels, eAB/m.c, exceeds the Coulomb
unit of energy, 2R =m,e*/h?, dramatically changes the
properties of a hydrogenlike gas. Under the circum-
stances, the triplet (when the total electronic spin is equal

to unity) evidently becomes the lowest state for the pair
interaction between the atoms. In this state the pair in-
teraction is strongly anisotropic and pretty weak [13].
The weak pair interaction and the small overlap of the
atomic wave functions lead to a remarkable situation
when the behavior of hydrogen and deuterium gases be-
comes similar to *He and He, respectively. The transi-
tion to a superfluid state at a relatively low temperature is
now possible for hydrogen and deuterium in an ultrahigh
magnetic field [14,15].

A high-density gas of hydrogenlike excitons in semi-
conductors is the unique object for laboratory studies of
extreme states of matter in an ultrahigh magnetic field.
Since the excitonic binding energy is Re=me*/2e?h?
~1072-10 73 eV, where £~ 10 is the dielectric constant,
and m =m,mp/(m.+my) is the reduced effective mass of
the electron and the hole, the “atomic” scale of a magnet-
ic field for the hydrogenlike excitons B, =m Ze3c/e?h 3 be-
comes available in a laboratory. This scale of a magnetic
field may be a few orders of magnitude smaller than for
hydrogen atoms. In the fields B> B.=m?%e3c/e’h’, ic.
B*=B/B,> |, the main interaction parameters of the ex-
citon system are completely changed and it may give a
real chance of observing phenomena related to the Bose
condensate and the superfluidity of excitons in different
types of semiconductors. In this case, as a first approxi-
mation, we can treat the motion of the electron and the
hole inside a single excitonic atom as one-dimensional
motion in a Coulomb potential, while considering the
motion only in the magnetic field in a perpendicular
plane. The expression for the ground-state wave function
at a zero excitonic momentum can be written approxi-
mately as [16]

- Ll ] S

aopa

Yo(r) = exp

2
exp[*—ﬁz—]

1
V2rmA
where we chose the z axis in the direction of the magnet-
ic field, A=vh/eB =ao/~B*, a=1/InB*, and p*=x2
+y2. So the size of each exciton becomes smaller by the

factor InB* in comparison with the Bohr radius in the
direction of the magnetic field, and smaller by the factor
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VB* in a plane perpendicular to this direction. In the
presence of a high magnetic field, a large binding energy
of the exciton, Eg= RexIn>(B/B.) > Rex, and a small
characteristic size, as well as a substantial decrease of the
pair interaction between hydrogenlike excitons in the
triplet ground state, allow us to hope that the Bose con-
densation and the superfluidity will not be suppressed by
the collective effects leading to an electron-hole liquid at
a high density of the system. The weak pair interaction
between the excitons in a high magnetic field ensures that
the scattering amplitude of two excitons as a function of
their energy has no poles on a real axis; i.e., there is no

InSb, the reduced effective mass is 0.01-0.02m, and the
dielectric constant is e= 13-16. As a result, a magnetic
field in the range of 16-20 T corresponds to B* ~100.
Under these circumstances, the binding energy of the ex-
citon is relatively large, ~10-15 meV (0.6 meV without
a magnetic field), and at the concentration of excitons
N~10"8 cm 73 the average distance between excitons is
approximately 10 times as large as their effective size.
Therefore, the formation of the superfluid state becomes
perfectly realistic in a high magnetic field even at a rela-
tively high temperature.

The Hamiltonian of the system of electrons and holes

“molecule” of two excitons. For a semiconductor of type | in a high magnetic field has the form

H=Y{le.(p) —uclajap+len(p) — uslb by +]5 Zk Vilajatap+vap—c+ bbby sxbp—x—2albibpysrap-il, (2)
P PP

where Vy=4re?h?/ek? is the Coulomb interaction, a]
and b} are the Fermi operators describing creation of
electrons and holes, while ap and b, describe electron and
hole annihilation, respectively. The chemical potentials
of the electrons u, and the holes u; are determined by
the conditions

Ylatap) =2 biby) =n, 3)
3 P

where n is the dimensionless exciton number density, and
the dependence of the electron (or hole) energy on the
momentum p in a high magnetic field is
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The electron and hole spin projections are equal to —1
and +1, respectively. This spin configuration corresponds

—
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This equation is reduced in the first approximation in
vpo~n '/ to the Schrodinger equation for the single exci-
ton bound state in a high magnetic field,

[ee(p)+s;,(p)—y]vp—z Vp—prp=0. 7
-

The chemical potential in this approximation coincides

with the energy of the ground state, uo=—F,. In the

next order in perturbation theory, we can obtain the

correction to the chemical potential. We have

(8

with dvp being orthogonal to vpo. Taking (7) and (8)
into account, we rewrite, accurate to terms linear in évp
and terms of the order of n*2, the condition of the stabili-
ty of the ground state (6),

lee(P)+£n(p) + EolSvp— 3 Vp—pdvy = — Bp+rpodu
P
9)

vp=vpot+dvp, u=—Eo+du,

where

Ve-pupry=0.

to the lowest energy state in a high magnetic field.

The analysis of the properties of the ground state and
its stability in the presence of the condensate of excitons
is carried out by defining a new set of creation and an-
nihilation operators which is known as the Bogoliubov
canonical transformation,

(5)

where dp, and b, are operators of quasielectrons and
quasiholes, respectively, and u2+c2=1. The functions
up and vp are determined from the conditions of min-
imum energy and of stability of the ground vacuum state
of the system.

Having transformed the Hamiltonian in accordance
with (5), we can write out the condition of the stability of
the ground state [3,17] with accuracy within terms of the
order of n*? inclusively, which gives the equation
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Projecting (9) onto vpo, we obtain the correction to the
chemical potential,

su=23y Vp-p¥o(p ) ¥o(p)

2 pp
x [4¥§(p) —4¥o(p)¥o(p)+ ¥ (p)]. (10)
After integrating (10), the final result for u is
Su=6nR/B*)P(B), an

where ®(B) is a dimensionless slowly varying function of
the magnetic field. It changes from 0.42 at B* =10 to
0.6 at B* =100.

The excitation spectrum of excitons in the condensed
state is determined by the poles of a two-particle Green’s
function. In fact, we must introduce two exact Green’s
functions: the normal Green’s function G,(P;p,p')

271



VOLUME 72, NUMBER 2

PHYSICAL REVIEW LETTERS

10 JANUARY 1994

describing the propagation of an electron-hole pair
through the medium and the anomalous Green’s function
G(P;p,p') describing the appearance of two electron-
hole pairs from the condensate. Here P=(P,E) is the
summary momentum and frequency of the exciton;
p=(p,w) and p'=(p’,0') are the relative momentum
and frequency of the exciton. It is worth pointing out
again that, if the pair interaction of excitons corresponds
to the triplet ground state in a high magnetic field, the

formation of a molecular state can happen under no cir-
cumstances. The vertex Z(P;p,p') (which describes the
scattering of an exciton by excitons of the condensate)
and Z(P;p,p') (which describes the creation of two exci-
tons with opposite momenta from the condensate and
their departure to the condensate) therefore have no pole
character and the perturbation theory can still be applied
in the present case. The analytical form of Dyson’s equa-
tions can be written, accurate to terms linear in all three

| parameters n, E, and P%/2M, as follows [3]:
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Here G.(p) and G,(p) are the Green’s functions of a free electron and hole in a high magnetic field. In the presence of
an external field G, (p), for example, is a function of two momenta [18,19],

D(p11,p2.)

Ge(p) =G (p1;p2®) =G.(p,,p11:p:,P21;0) =

where

(14)

2m0 o — (p2/2m, —p,) +isl
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Here rl=|rl|=\/x2+y2, pl=|pl|= px2+py2. The |

similar expression also holds for G, (p).

The solution of (12)-(13) indicates that the two-
particle Green’s function of an excitonic gas in a high
magnetic field formally coincides with the single-particle
Green’s function of a dilute nonideal Bose gas [20] with
the correction to the chemical potential u which strongly
depends on the magnitude of the magnetic field. The ex-
citonic spectrum in the presence of the condensate has the
usual form for a low-density Bose gas,

EP)=26ueP)+*(P) . (15)

The dependence of the energy of a free exciton in a high
magnetic field e(P) on its momentum is [21]

e(P)=PZ2M+(P2+P})/2M,, (16)
where M =m,+my is the total effective mass of the ex-
citon, and the finite transverse mass appears as a result
of the Coulomb interaction in the excitonic atom: My
=Mada/A*=MB*/\nB*.

Thus, the spectrum of an exciton gas in a high magnet-
ic field becomes

*

*
E(P)= [% [c0529+ lnBB sinZB]P2

4
+P2 *
aM B

ng* 21172
’cosze+ n sinZB] } , o an
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where 0 is the angle between the direction of the magnet-
ic field and the momentum P. The excitation spectrum
vanishes linearly as P— 0, with a slope equal to a macro-
scopic speed of sound; i.e., this spectrum satisfies the Lan-
dau criterion for superfluidity. The macroscopic speed of
sound in the superfluid state of the exciton gas depends
on the direction of the magnetic field,

V“= _é&
M

*

I B* 1/2
cos?6+ [; sin29” . (18)

Thus, the superfluidity arises in the excitonic system in
a high magnetic field and, as could be expected, it is like-
ly to appear in directions close to the direction of the
magnetic field. Our analysis shows that a high magnetic
field helps to resolve those main problems of stability of
the many-exciton system at high density, the problems
which became the main obstacles on the way to achieving
an exciton quantum liquid.

The system of excitons allows the formation of the
Bose condensate in a high magnetic field and behaves it-
self as an almost ideal Bose gas does. The excitons can
transfer their excitation energy and also their angular,
electric, and magnetic moment if there is any. Therefore,
the superfluidity of excitons could imply, for instance, the
existence of a superflow of energy in the absence of a
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temperature gradient and a chemical-potential gradient;
that is, the existence of superthermal conductivity. One
can also expect that after the transition into the super-
fluid state, the anomalous diffusion of the excitons will
take place. The expansion rate of the excitons from the
point where they were created can be 2-3 orders of mag-
nitude greater than that predicted by simple diffusion.
The excitons can penetrate into the crystal over a dis-
tance which is a few orders of magnitude larger than the
classical diffusion length. Besides the interesting kinetic
and thermal properties, it is perfectly natural to expect a
manifestation of the excitonic Bose condensate in unusual
optical properties of a semiconductor. For instance, one
possible experimental evidence for the Bose-Einsetein
condensed state can be the appearance of a sharp spike in
the luminescence spectrum at zero wave vector of exci-
tons.

As was pointed out [5], in the presence of the exciton
condensate the expression for the dielectric polarizability
can be approximately written as

1+ Np _ Np
o+uy—EMP)+i§ w+pu+EP)+is |’

(19)

where o is the frequency of an external electromagnetic
field and Np =[6u+&(P) — E(P)1/ZE (P) is the distribu-
tion function with respect to P of the supercondensate ex-
citons. The imaginary part of the dielectric polarizability
which determines the absorption is

2(0,P)~ —

1" (0,P)~ (1+Np)s(w+uo—EP))

—Nps(w+uo+EP)). (20)

The complex dielectric constant can be represented in the
form of the dispersion formula

ew)=1+Cy, Qn

where C is the constant depending on the properties of
the medium. We see that in the presence of the conden-
sate there is an increase in the absorption at the frequen-
cy w=Eo+E(P). This absorption comes from the pro-
cess in which the energy of the absorbed quantum goes
into the formation of an exciton. Besides the increasing
absorption, amplification of the light at the frequency
w=FEqo—E(P) takes place, where E(P) is given by ex-
pression (17). The amplification of the light comes from
stimulated annihilation of excitons in the presence of the
condensate. Finally, the dielectric constant is equal to
unity at the frequency o =Eo— 6u — &(P), where £(P) is
given by (16). In effect, the crystal would seem to be to-
tally transparent. The “laser” effect, supertransparency,
and other exotic properties of semiconductors would take
place only in the presence of the exciton condensate.

In conclusion, we would like to emphasize that the
Bose condensation and superfluidity for hydrogenlike ex-

citons in a high magnetic field become quite realistic even
at room temperatures because these phenomena are not
suppressed in a high magnetic field by the collective ef-
fects leading to an electron-hole liquid without a magnet-
ic field at a high density of the system. It opens new pos-
sibilities of studying and creating a great number of new
phenomena relating to hydrogenlike quantum liquids.

We are grateful to His Majesty Carl Gustaf Berna-
dotte for the hospitality in Sweden and Borje Johansson
for the support of this work and useful discussions.

[1] J. M. Blatt and K. W. Boer, Phys. Rev. 126, 1621 (1962).

[2]1 S. A. Moskalenko, Fiz. Tverd. Tela (Leningrad) 4, 276
(1962) [Sov. Phys. Solid State 4, 199 (1962)].

[3] L. V. Keldysh and A. N. Kozlov, Zh. Eksp. Teor. Fiz. 54,
978 (1968) [Sov. Phys. JETP 27, 521 (1968)].

[4] E. Hanamura and H. Haug, Phys. Rep. 33, 209 (1977).

[S]1 V. A. Gerel’, R. F. Kazarinov, and R. A. Suris, Zh. Eksp.
Teor. Fiz. 53, 544 (1967); 54, 298 (1968) [Sov. Phys.
JETP 26, 354 (1968); 27, 159 (1968)].

[6] Excitons at High Density, Springer Tracts in Modern
Physics Vol. 73, edited by H. Haken and S. Nikitine
(Springer-Verlag, Berlin, 1975).

[7] Electron-Hole Droplets in Semiconductors, Modern
Problems in Condensed Matter Sciences Vol. 6, edited by
C. D. Jeffries and L. V. Keldysh (Elsevier, New York,
1983).

[8] V. B. Timofeev et al., in Proceedings of the Sixteenth In-
ternational Conference on Physics of Semiconductors,
Montpellier, France, 1982, edited by M. Averous
(North-Holland, Amsterdam, 1983).

[9] D. W. Snoke, J. P. Wolfe, and A. Mysyrowicz, Phys. Rev.
B 41, 11171 (1990).

[10] E. Fortin, S. Fafard, and A. Mysyrowicz, Phys. Rev. Lett.
70, 3951 (1993).

[111 L. D. Landau and E. M. Lifshitz, Statistical Physics
(Pergamon, Oxford, 1980), Pt. 1.

[12] A. Mysyrowicz, J. Phys. (Paris) 41, Suppl. 7, 281 (1980).

[13]1 A. V. Korolev and M. A. Liberman, Phys. Rev. A 45,
1762 (1992).

[14] A. V. Korolev and M. A. Liberman, Physica (Amster-
dam) 193A, 347 (1993).

[15]1 A. V. Korolev and M. A. Liberman, Phys. Rev. B 47,

14318 (1993).

[16] R. Elliott and R. Loudon, J. Phys. Chem. Solids 15, 196
(1960).

[171 C. Comte and P. Nozieres, J. Phys. (Paris) 43, 1069
(1982).

[18] A. A. Abrikosov, L. P. Gor’kov, and 1. E. Dzyaloshinski,
Methods of Quantum Field Theory in Statistical Physics
(Dover, New York, 1975).

[19] T. A. Onishenko, Dokl. Akad. Nauk SSSR 235, 78
(1977) [Sov. Phys. Dokl. 22, 383 (1977)].

[20] S. T. Belyaev, Zh. Eksp. Teor. Fiz. 34, 417 (1958) [Sov.
Phys. JETP 7, 289 (1958)].

[21] L. P. Gor'kov and 1. E. Dzyaloshinski, Zh. Eksp. Teor.
Fiz. 583, 717 (1967) [Sov. Phys. JETP 26, 449 (1968)].

273



