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The second reduced electron-hole density matrix is shown to have the property of off-diagonal
long-range order for a Bose-condensed system of Wannier excitons. From the equations of motion for
this density matrix the conservation laws for the density, the particle current density, and the energy
density of the excitons are derived, as well as the equation of motion for the velocity of the
condensate. These equations are obtained by projecting the electron-hole density matrices into the
exciton space. From the above-mentioned conservation laws the two-fluid model is deduced, which
describes the superfluid flow of excitation energy. In the low-density limit all hydrodynamical quantities
are calculated explicitly. Extensions to the case of condensation in the presence of static homogeneous
electromagnetic fields and to the case of indirect semiconductors are given.

I. INTRODUCTION

The idea of a Bose condensation of Wannier exci-
tons was first discussed by Blatt et al. ! in terms of
an ideal Bose gas. They noted that due to the small
effective masses in semiconductors the critical ex-

_citon concentration for a Bose condensation at he-
lium temperatures is of the order of 10" cm™,
Casella? investigated more closely the following
problem: in which types of semiconductors these
concentrations of excitons could be obtained in a
quasiequilibrium situation. The excitons system
is in a quasiequilibrium if the thermal relaxation
time of the exciton gas is much smaller than the
exciton lifetime. Subsequently, several authors
discussed, in analogy with superfluid helium, as-
pects of the superfluidity of such a condensed sys-
tem of exciton bosons, both in terms of a Landau
two-fluid model® and in terms of a Landau-Ginzburg
theory.? In recent years, theoretical interest has
turned to the statistical properties of excitons at
high densities. Owing to the Fermi statistics of
the electrons and holes, the exciton statistics de-
viate from the simple Bose statistics. This is
evident at exciton concentrations #, for which
naf®~1, where a*is the exciton Bohr radius. At
these concentrations, the bound exciton states
merge into the ionization continuum, i.e., the
exciton system goes over into a electron-hole
plasma. But even at concentrations far below
the Mott transition, where na}3<< 1 and where the
Bose condensation is supposed to occur at suffi-
ciently low temperatures, the influence of the un-
derlying Fermi statistics is important. The prob-
lem is closely related to that of composite particles
in nuclear physics. It is therefore not surprising
that the same methods which have been proven to
be successful in nuclear physics found application
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in the exciton problem. Keldysh and Kozlov® used
a BCS-type pairing theory for the electrons and
holes and found a Bogolubov spectrum for the ele-
mentary excitations in a condensed system. Hana-
mura® made use of a boson description by Usui’ and
Marumori, ® in which the real excitons are pro-
jected into an ideal boson space. Deviations of the
exciton statistics from that of bosons results in ef-
fective interactions between the excitons. The
methods of Refs. 5 and 6 have been shown to be
equivalent in the lowest order of exciton concen-
tration.® Kohn and Sherrington!® pointed out that
only composite bosons, which are built from Fermi
particles, show off-diagonal long-range order
(ODLRO) in the reduced particle density matrices.
Composite bosons consisting of particles and holes,
such as excitons, show diagonal long-range order
(DLRO) in the reduced particle density matrices.
Because ODLRO in this sense is a necessary and
sufficient condition for superfluid flow of charge
and mass, Kohn and Sherrington concluded that an
exciton system can never become superfluid.

It is the purpose of this paper!! to investigate
the connection between the long-range order in the
reduced density matrices and the possibility of
superfluidity in a condensed exciton system again.
The characteristic long-range order in an exciton
system is the correlation between an annihilation
of an exciton and the generation of another one at
distant locations. Such a correlation is described
by the second reduced electron-hole density matrix
and not by the second reduced particle density ma-
trix which has been considered by Kohn and Sher-
rington. The reduced electron-hole density ma-
trices will be shown (Sec. II) to have ODLRO for a
condensed exciton system (this corresponds to the
DLRO found by Kohn and Sherrington for the re-
duced particle density matrices). Subsequently, it
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will be shown that the property of ODLRO of the
reduced electron-hole density matrices leads di-
rectly to a two-fluid model, which describes the
superfluid flow of excitation energy in contrast to

a superfluid flow of charge or mass. For this pur-
pose, we project the electron-hole reduced density
matrices into the exciton space to obtain reduced
exciton density matrices, which obey the equations
of motion which are typical for an interacting Bose
system (Sec. II). %

The resulting exciton-exciton interaction is re-
pulsive for spinless electrons and holes owing to
the Pauli principle. From the equations of motion
for the exciton density matrices we deduce (Sec.
IV) the conservation laws of the density, the parti-
cle current density, and the energy density of the
excitons, together with an equation of motion for
the velocity of the condensate component (which is
equivalent with the velocity of the superfluid com-
ponent). The equations form the basis of the two-
fluid model. In the low-density limit na%®<« 1, to
which we confine ourselves, all hydrodynamic
quantities of the two-fluid model can be evaluated
within the Bogolubov approximation (Sec. V). This
derivation provides us with the dependences of all
hydrodynamic quantities on the temperature, the
exciton concentration, and the relative velocity be-
tween the super and the normal component of the
exciton system. In Sec. VI we will extend the
treatment to the case of excitons in static, homo-
geneous electromagnetic fields and to the case of
excitons in indirect semiconductors.

II. ODLRO OF THE REDUCED ELECTRON-HOLE DENSITY
MATRICES

The correlation of the annihilation of one elec-
tron-hole pair and the generation of another one at
a different location is described by the second re-
duced electron-hole density matrix
P5MRy, o Xy X0) =X )X )P ENIE,)) -
Here, Zb(;{e) and ¢(§,,) are the electron and hole field
operators, respectively, which obey Fermi statis-
tics. The reduced density matrix can be calculated
for a low-density exciton gas by making use of the
BCS-type theory of Ref. 5. The leading term of
the result is

(2.1)

z ik (R-R*)

PE X, Xej X 1y X )= ()@ ()ne , (2.2)

where ¢(7) is the wave function of the internal ex-
01ton motmn in the lowest state. The coordinates
* and R are given by

r=X,-X%, and R=aX,+BX,, (2.3)
with

a=m,/M and B=m,/M,

where M =m, +m, is the translational mass of an
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exciton. K is the center-of-mass wave vector, n
is the exciton density. The same result can be de-
rived within the boson formalism of Ref. 8, by as-
suming a coherent antisymmetrized Glauber state
for the condensed exciton system. The form (2. 2)
shows complete ODLRO in the sense, that pi™ does
not decay as the pair (xe, x,,) is taken far apart from
the pair (x/, X,), i.e., r~r’'~0 and R-R’ l-’°°
If only a fraction of all excitons is condensed, pi™
will be of the form

05 Ros X1 X0)=0* (N0 (M) (R; R'),

p(R; R =R R) +5,(R; R'),
where p,(R; R’), which is only a function of the
center-of-mass coordinates of the excitons, will
be _called the first reduced exciton density matrix.
¥(R) is the exciton order parameter, which in a
fully condensed and homogeneous system [Eq. (2.1)]
is of the form ¥(R) = n12¢ KR The function
pI(R R ) stems from the noncondensate and decays
as R-R’ gets large. The product of the pair wave
functions ¢* (v )o(7) appears as a factor in front of
both the condensate and the noncondensate of the
excitons, reflecting the fact that both fractions con-
sist of bound electron-hole pairs. This has to be
contrasted with the case of a superconductor, in
which the second reduced particle density matrix
ps has ODLRO in the form

o (XA, Y¥; ¥ ¥, X ) =W E OP(T V)
X<w(y*)w(xf)>+5z. (2.5)

Here the Cooper pair functions (#(y+)d(x+)) appear
only in the condensate part, because these bound
pairs are formed not until the process of condensation,

The first reduced exciton density matrix can be
obtained from Eq. (2.4) as

py(R; RY) = f dr J dr' * () (r Vs Xy Xo5 Xny XJ)
(2.6)

(2.4)

and the exciton order parameter as
¥R)= [ a7 o* (O ENE,))

Equations (2. 6) and (2. 7) can be considered to be
slightly more general definitions of p, and ¥ than
the ones given in Eq. (2.4). The definitions [(2. 6)
and (2. 7)] are motivated by the fact that we are not
interested in the internal motion of excitons, but in
the long-range correlation of the center-of-mass
motion of excitons. Therefore, we introduce the
projection of the electron-hole density matrix and
of the electron-hole order parameter {¢(X,)¥(X,))
into the exciton space. This is done by multiplying
these functions with the wave functions of the in-
ternal motion of the excitons and by integrating with
respect to the internal coordinates.

For the fourth reduced electron-hole density ma-
trix we generalize Ey. (2.4) to

(2.7)
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IR K1 Ry Ros Ky Kay Xpty Re') = 0 (r "* (v Np(Mp(r " pp(R'", B; R, R")

— o* &= F* & =X (Me(r " NpeR", R; Ruge,ag s Rugaye) -

The second term is the exchange term, which is
obtained by forming the pairs (x2, X)) and (X', X}).
R,,; « and ﬁxu ; are the center-of-mass coordi-
nates of these palrs The pairs (x5’, x4'’) and

(§h, 5{}) are kept fixed as a reference system. The
exchange contribution will be shown to be essential
in producing the repulsive exciton-exciton interac-
tion. All the formulas for the exciton density ma-
trices given in this chapter should only be applied
in the low-density limit na%3<«< 1,

III. EQUATIONS OF MOTION FOR THE REDUCED
EXCITON DENSITY MATRICES

In this section we will study the time develop-
ment of the exciton order parameter \Il(R) and of the
reduced exmton density matrices pl(R R ") and
pz(R R'; R, R’). The equations of motion for these
three quantities are needed for the derivation of the
four basic conservation laws of a superfluid.’® The
kinetics of the reduced exciton density matrices
can be obtained from the equations of motion for
the reduced electron-hole density matrices by ap-
plying the projection techniques described in Sec.
1I.

We will limit ourselves to the investigation of a
spinless electron-hole system. In a system of par-

(2.8)

ticles with spin, the interaction between the exci-
tons has been shown to be attractive, which leads

to the formation of exciton molecules, !* which them-
selves can undergo a Bose condensation.!* Fur-
thermore, we will not study the subtle problem of
how the exciton interaction is modified due to their
interaction with phonons. The assumption is made
that the thermal relaxation time of the exciton gas
is small as compared to the exciton lifetime. Under
these conditions one can take into account the action
of an external pump field (e.g., laser excitation)

by means of chemical potentials for the electrons
and holes. Otherwise, we do not include any ex-
plicit interaction of the system with photons. Es-
pecially, we do not study the complications for the
condensation which are brought about by the polari-
ton effect. Both assumptions, that of a long life-
time and that of the absence of the polariton effect
are fulfilled in indirect band-gap materials. In the
following sections we will treat the slightly simpler
case of direct semiconductors. In Sec. VIB the
modifications are given, which are necessary for
excitons in indirect semiconductors. If the coupling
to the phonons is too weak to guarantee a thermal
quasiequilibrium distribution, one could try to
establish the condensation by a selective accumula-
tion of excitons in one % state by means of a specific
optical excitation. °

The total Hamiltonian of the electron-hole system in the effective mass approximation is

H= fdsxe pr(;e)[(— h’z/Zme)V’z‘e = He +Eg ]d)(ie) + f deh ¢T(§h)[(" ﬁz/zmh)vsh - U

+% f &, f & V(%

- [ @5, [ @r V(-2 W E)S EDo G,

Ao&,)

Xg— xe| Y ( e)d’f(x )zb(x )d’(xe) +5 fd3xh f daxh V(] Xp = xhl )¢f(xh)¢f(xh)¢(xh)¢(xh)

(3.1)

where p, and u, are the chemical potentials of the electrons in the conduction band and of the holes in the
valence band, respectively. E, is the gap energy, and V(#) is the Coulomb potential 2/ €,%, where ¢ is the

static dielectric constant.

The time derivative of the electron-hole order parameter can be obtained from the Heisenberg equations
for the field operators ¥(x,) and ¢(x,), which have the following form

) = [0E), H= = (2/2m) V2, + By - w W) + [ dol! VIR - %) 0 G Wz W)

- [ xR R Do ENeEIE,)
‘and

inip(X,) = [ (72 /2m) V2,

(3.2)

- oG+ [ dx VIR - K)o &6 Ge G
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~ [ @R -ED GG (3.3)

From these equations we obtain
i S SENIE) = (= (1/2m )2, = (12 /2my) 02, = V(| %y = Fal ) = (o 1) + E, KO GO
+ @ %, -1 - Vi % -2 DI RINED EIE))

AR (AR N LA AT AT A AN (3.4)

Multiplying this equation with ¢* () and integrating over the relative coordinate F, we find [according to Eq.

@.7]

iR = [ (72/2M)V% + B = B = (ho = i) [ MR + [d*r [ @) [ o 06 -Z) V(% -%2]) - (| %, - 2]

XU ENESENE) G )+ [ @7 [dx) [ax! 8@ - KV F,-Fi]) - V(K -FiD)

X (T @D RV V() Yo* (1), (3.5)
where the exciton binding energy E’;x =e?/ 2€0a’5 is the lowest eigenvalue of the Wannier equation
(- (72/2m)V2 - V(1)) (r) = - Ebo(r). 3.6

The reduced mass m is given by m,m,/M. The exciton Bohr radius a} is equal to ¢,%#%/me?. In the po-
tential terms of Eq. (3.5) 0 functions have been inserted to obtain formally the two unpaired field operators
at different locations. As a next step, we transform these density matrices into complete electron-hole—
pair density matrices by inserting the missing electron and hole operators and by averaging over the rela-
tive motions of these pairs, because we are only interested in situations in which nearly all electrons are
bound into the lowest exciton states. The integrations over X, and X/’ (or X, and X,’) in the first (second) po-
tential term are now changed into integrations over the center-of-mass coordinates R’ and R”. In the low-
density limit, where the excitons are well separated and the overlap is very small, we can approximate the
0 functions by

0%, ~ X' )= 0, - X} )= OF(R' - R").
This approximation holds as long as na}®< 1. Equation (3.5) then takes the form
in¥(R) = [~ (7 /2M)V} + By = g = (o + ) JU(R)
+fd3,rfd37,/ fda'r"fdaR' fdaR” 63(i?—{' -—ﬁ”)[Vd ﬁ_ﬁl+a(;_;l)|)
-V(R-R -gr-a’N+V(R-R - T -1)|)- V(|R- R’ +a7 - g'] )]
X (W ()97 )9 Gy () S KV (E o™ (Me* (r o (). (3.7

It is shown in the Appendix that the procedure of supplementing each unpaired field operator by its corre-
sponding partner in the bound state and of subsequent averaging over the internal exciton motion is correct
in the low-density limit na}3<< 1, where the contribution of the higher-excited exciton bound state and of the
ionization continuum states to the reduced density matrices is still negligibly small and where the excitons
are spatially well separated.

The electron-hole density matrix is again decomposed into the product of the wave functions of the in-
ternal motion of the three pairs and into an exciton three-leg function p,, which describes the center-of-
mass motion

WSSy R Fv Ro))= 0% (' )0 (r N (Mpg (R, R R (3.8)
- (P* (r ")<P(1’xe.x;,)‘?("’x;,x,,)93 /a(ﬁx;.xh ’ ﬁxe,r;," ﬁ”) s

where as in Eq. (2. 8) the exchange terms have been taken into account. The exchange contribution simpli-
fies considerably if the masses of electron and hole differ strongly. For a heavy hole mass, e.g., one has
a=1, B=0. In this case Eq. (3.7) can be written as
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i U(R) = [~ (72/2M)% 4 E, - B = (o + i) N + [ R W R-R' oy R, B B, (3.9)
where the effective scattering potential between two excitons is given by
w(R-&'])= fdsyfd%'[vdﬁ-ﬁ'l)+V(|ﬁ-§'+F-F'|)
-V(R-R - ¥ ) - V(IR-R'+FD)l o[ ("] ?

—o(|T+R-R)g*e(| ¥ +R - R)p*(r")]. (3.10)

The same effective potential has been found in the framework of the boson treatment for excitons.® In
Ref. 6 it has been shown that due to the exchange term the potential W(IR’ — Rl) is repulsive. The Pauli
principle, which governs the statistics of the constituting electrons and holes causes thus a repulsive inter-
action between two excitons. For particles with spin the Pauli principle is not so influential. The interac-
tion between two excitons in which both electrons and holes have opposite spins is attractive and leads to the
formation of exciton molecules. The interaction between these bi-excitons can in turn be shown to be re-
pulsive! so that the condensation of bi-excitons can be treated in analogy to the exciton condensation.

Equation (3. 10) has apart from the appearance of the excitation energy E, - E,, the same form as the order
parameter equation of an interacting Bose system.? If we factorize the three-leg function

psp(®, R'; R) = ¥R 2¥(R) +5,(R; RNER") +5,(R'; R)¥(R) +5,(R, R (R')
=py(R'; R)U(R) +5,(R; R)UR') +5(R, B)P*®R). (3.11)

Equation (3. 10) takes the form which for He II has been derived by Frohlich,!® if one neglects the anomalous
function p,,(R R') In equilibrium, where the space and time derivatives are zero, we find for the chemical
potential [neglecting the noncondensate part in Eq. (3.11)]

W= o+ iy~ Eg— EX +nfd3R'W(|§’—f{|), (3.12)

which has been shown in Ref. 6 to be equal to
p~E,— EL(1 - ma}®) . (3.13)

The same result has been derived by Keldysh and Koslov.®

Now we turn to the derivation of the equation of motion for the first reduced exciton density matrix. As
above, we start with the equation of motion for the corresponding electron-hole density matrix which is ob-
tained directly from Eqgs. (3.2) and (3.3). One finds

2 EDO RIS EIED = (g 7, = o 92, = V[
it 35 G ES O EINED =(- g V3, = o = VIR, =)
2 2
+2im; Vi z}fn v E -] ))<¢'<xé)¢>*(xh)¢(x,,)w(xe)>

+ [ @ R -0 D - v R -FD) - v &= R D+ v R - R )]
X (WD STEDD EDE ) (XR)D(E,))

[dS V(%= ) - v %= %0 ) = V(| %o = %3 1) + V(| R =23 ])]

X &G XL V(XA VD KpW(E,)) . (3.14)
i
We proceed precisely ws above., First, we project electron-hole reduced density matrix according to
Eq. (8. 14) into the exciton space by multiplying Eq. (2.8) and arrive in the case m,> m, at
with ¢*(*)e(7’) and by integrating over 7 and 7’. 5 o
In the potential terms we insert the corresponding ih’sz py(R; R = o (v% - VZ,)pl(ﬁ; R')

partners to the unpaired operators and average
over the internal motion of these newly generated

3p 2t 5 D S O
pairs. Finally, we decompose the fourth-order + fd R [W(] R-R , )- W(l R-R l )]
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xpy(R, R R”, R"), (3.15)
where again the interaction potential W appears,
which has been defined in Eq. (3.10). Equation
(3. 15) has again the same form as the equation of
motion for the first reduced density matrix of a
system of Bose particles, whlch 1nteract through
the two-particle potential W(IR’ - R!). 12

In Sec. IV we will also need the time derivative
of the diagonal elements of the second reduced ex-
citon density matrix. From the equation of motion
for the fourth reduced electron-hole density matrix
we deduce
in 2 pg(R, R'; B, R =~ [Voi(®, B) - Vi@, B,

(3.16)

where

- T - -
HE, B =gy Him (v = Veo®, B'; B, B,

This result too is of the same form as that for an
interacting Bose system.!? The obtained equations
of motion for the exciton order parameter ¥ and the
reduced exciton density matrices p, and p, show
that the kinetics of a condensed exciton gas is in-
deed that of a Bose gas with an effective interac-
tion potential W and lent thus further support to the
boson method of Ref. 6.

IV. CONSERVATION LAWS

The equations of motion for ¥, p,, and p, allow
one to derive the conservation laws for the particle

H. HAUG AND E.
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density n, the particle current density f, the energy
density E, and for the extra hydrodynamical vari-
able which is characteristic for a condensed sys-
tem, namely, the superfluid velocity i:

(4.1)

9
atv +V(2V +u/M)=0.
Here, il is the stress tensor and 6 the energy cur-
rent density. The exciton density is given by the
diagonal element of p,:
n(R)=p\(R; R). (4.2)
From Eq. (3.15) we find at once the first of the
conservation laws Eq. (4.1) with an exciton particle
current density

J(R)= hm (Ve - V)0, (R; R). (4.3)

'2'17

Applying the off-diagonal derivative to Eq. (3. 15),
one finds in the limit R’~ R the conservation law
for the exciton current density. After some calcu-
lations (for details of the derivation see Ref. 12)
the stress tensor turns out to be

@I‘

ﬁ(ﬁ)_____}_l‘__ llm (V® V)PI(R RI 1 fds 3W(’V) r >

aM g5

xf dtpz(ﬁ+(t—l)£, ﬁ+(t+1)£; §+(t-1)£, §+(t+1)§>. (4.4)
-1

The symbol ¢ is the sign for a tensor product. The last term simplifies in the hydrodynamic limit [which
means the case of negligible spatial variations on a scale given by the range of the effective potential W(#)]

--é— fdarimre L pz(ﬁ, R+7; R, R+1).

97 s (4.5)

This form was first derived by Martin and Schwinger.!” In order to obtain the third conservation law, we
have to calculate first the exciton energy density from the electron-hole Hamiltonian [Eq. (3.1)]. Taking
the expectation value of Eq. (3.1) and applying the techniques which have been developed in Sec. III, we find

<H>=fdaR J'daR'fd%fd%'cp*(y)(p(y')am(ﬁ-ﬁ')
X[~ (72/2M)V% —(R2/2m)V 2 = V() = (ke + up) + B [RUCHENCHIICAICRY
+% fdstdsR'f(fR"fdaR'" fdarfdwfd%"fd%"'5<3’(§-§")5‘3>(§'-§’")
X @(Mp(r Ng* (r "Ng* (r" VR - R’ +a(F - 1)+ VR - R’ - 8F - T") - VR - R’ + of - 67)

~VR-R' +at - DI, XXX XLNEL DX VOEL) (4.6)
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To obtain this result, one has to give special care to the treatment of the electron-hole interaction term

of the Hamiltonian [Eq. (3.1) (last row)].

Firstly, we consider the operators #'(x!) and ¢'(x}) [and similar-

ly qb(x,,) z,b(xe)] as paired and obtain thus the electron-hole interaction V(7) in the Wannier-Hamiltonian of

the exciton.

Then, we get the next-higher-order contribution of this term by considering the operators as
unpaired and by supplementing each of the four operators with the corresponding partner.

In this manner

we obtain a contribution of the effective interaction between two excitons [the two negative contributions in

the last term of Eq. (4.6)].

Introducing p, and p, by Eqs. (2.4) and (2.8), we obtain from {H) + uN = [ E(R)d°R the energy density

ER)= lim [+(H2/2M)V v ! + E,— ED Ipy(R; R') +% f @R'W(R-R'| )0,(R, R; R, R"),
R~

(4.7)

which is apart from the appearance of the excitation energy of the same form as the energy density of .an in-

teracting Bose system (see Ref. 12).

The time derivative of E(R) together with the equations of motion for

p; and p, [Eqs. (3.15) and (3. 16)] give the third conservation law with an energy current density

- > - ind N - -
Q(R)= J(R)(Eg - E’;x) +1237 ii];n% (Ve - VR')(VR - an)zm(R; R’)

16M

; f d°R W(R R)V(R R') -

v has been defined in Eq. (3.16). The first term
in Eq. (4.8) is specific to the exciton problem. It
shows that the exciton energy current density is
primarily given by the flow of excitation energy.
The remaining terms in Eq. (4.8) are the same as
those appearing in Q for liquid helium. ¥ In the hy-
drodynamic limit the last expression in Eq. (4. 8)
reduces to

-3 [ IR, ReDT@F, D]V, w}
(4.9)
Finally, we will derive the last of the hydrody-
namic equations given in Eq. (4.1), namely, the
equation of motion for the superfluid velocity v,.
Writing the order parameter in the form

Y(R) = [no(R)]2 0,

one obtains the contribution of the condensate to the
current density from Eq. (4. 3) in the form

1o/ M)V 8(R) = n,v,(R) . (4.10)

Equation (4. 10) defines v, as the gradient of the
phase of the order parameter. Equations of motion
for both 7y and v can be obtained from Eq. (3.9)
for \If(R) However, the equation for #n, is no extra
hydrodynamic equation, because 7, approaches al-
ways its equilibrium value very fast, i.e., ina
nonhydrodynamical way. For the comparison with
the theory for superfluid helium in Ref. 12, one
has to take into account the explicit appearance of
the chemical potentials in the Hamiltonian [Eq.
(3.1)]. This gives rise to a phase factor in the
order parameter which is equal to e**/*, Using

st (aw(ﬂ)‘
X{Flet[ﬁ(ﬁMt—l)g, ﬁ+(t+1)—§)+r7(ﬁ+(t+1)§, ﬁ+(t—1)§)]}.

(4.8)

I
the identity 0= (¥/¥ — ¥*/¥*)/2i and Eq. (4.10),

we obtain the equation of motion for \78 from the or-
der parameter equation (3. 9) with a chemical po-
tential

p=E;— EZx
ere( [ R! W - s o, 5 BVOED).

(4.11)
In equilibrium and under the neglection of the non-
condensate, Eq. (4.11) reduces to the result, Eq.
(3.12),

We have now completed the derivation of the four
basic conservation laws for a superfluid. In the
following chapter, we will use explicit approxima-
tions for the reduced density matrices in order to
get the full hydrodynamic and thermodynamic two-
fluid model for an exciton system.

V. TWO-FLUID MODEL

The four conservation laws [Eq. (3.1)], together
with the hydrodynamic relations between the vari-
ous quantities which appear in these equations, de-
scribe the hydrodynamics of a superfluid complete-
ly.® The thermodynamic relations are especially
simple in a coordinate system K° in which the con-
densate and thus also the superfluid component is
at rest, i.e., v0=0 and 0=V, - V,, where v, is the
velocity of the normal component. Here one has

(5.1)
(5.2)

n=ng+mn,,

-
- 0
= nnvn H
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9, =p0y;+ Muog ol

Q°=VUE® +p - myp),
where p is the pressure.
given by

nST=E%+p —ny — Mn,(v0) .

(5.3)
(5.4)
The entropy density S is

(5.5)

The Galilei transformations for the quantities in
(5.1)-(5.4) are given in Ref. 18. Though the phe-
nomenological two-fluid model for superfluid heli-
um and for condensed excitons is the same, one
has to keep the physical differences between the two
systems in mind. While in the case of helium M
is the real mass of a helium atom, it is for exci-
tons just the effective total mass which describes
the dynamical behavior of excitons in the crystal.
Thus, for excitons the two-fluid model does not
describe the superfluid flow of real mass but that
of excitation energy.

In the following we will calculate the relevant
hydrodynamical quantities of the superfluid exciton
system. The derivation of the conservation laws
expressed the quantities in terms of the reduced
exciton density matrices. Now, we will evaluate
these density matrices by assuming local thermal
equilibrium. The evaluation is simplified by the
fact that the exciton gas is equivalent to a system
of boson particles, which interact through the ef-
fective potential W(IR - R’ 1), as has already been
shown in Ref. 6 and has been demonstrated again
‘from a different point of view in the preceeding
sections. The range of the validity of the given
derivation has been shown to be na®<< 1. On the
other hand, the Bogolubov approximation for a con-
densed Bose gas is valid as long as the depletion
of the condensate is small, i.e., (n-7n,)/n<1. We
can approximately __rep_l.ace the effective potential
W(R - R’) by W5(R - R’), where W, is given by

Wo=%1E%a%’ (5.6)

[see Egs. (3.12) and (3.13)]. This procedure is
equivalent to expressing the action of the potential
in terms of a scattering amplitude.!® Then, one
can show that at 7=0 (see, e.g., Ref. 12)

n -, nl/z (MW0)3/2

n 3nZ\ 72 (5.7

Inserting W,, E% and using the definition of the ex-

VO(R) =ng,
P?(R; R')= My +51(R" R'),
BUR; R') =(I(RYI(R))eLOED o1

p3(R, R'; R)=[ pA(R, R')+pd(R’, R)+pAR;R")] nd”,

PUR, R) = URI(R) e~ 1oRoE,
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citon Bohr radius, one finds the following condition
for the validity of the Bogolubov approximation

(M/m)rat®<1. (5.8)

This condition is more restrictive than na}3 <1,
especially in the case of strongly different electron
and hole masses. For the following, we will as-
sume that this more restrictive low-density cri-
terion is fulfilled.

It is now straightforward to evaluate the exciton
reduced density matrices, which are given by

¥R) =R,

py(R; R =(I'RN®R,

psa(R, RGR) =R IR MR,

(R, R R”, R =R I'R")HR IR,
where 2‘13, {DT are Bose field operators. In a homo-

geneous situation the field operator is according to
Bogolubov?® given by

(5.9)

¥(R)=¥(R) +J(R)
=elo@®( 12 o125 KR £ +LK§}()
e (no +V Ze A-LZy2)
A (5.10)
where £, £} are the operators in which the Hamil-
tonian is diagonal
H=H, +Zl Exg;r(gk ’

where

(5.11)

Hy=n(E, - Ey,) +nW, (n +Z' LK> .
The excitation spectrum E, and the transformation
function L, are given by
E%=(T% +2TxA), Lg=(Ex-Tx—-A)/A,
Ty =W2K%/2M, A=nW,.

(5.12)

In thermal equilibrium the number of elementary
excitations is given by

(E}(é,{) =n,(v), T)={exp[(Ex -~V EK)/kyT]-1}71.

(5.13)
In the coordinate system K the reduced exciton
density matrices are within the Bogolubov approxi-
mation given by

(5.14)
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PY(R, R'; R, R") = +no[ BY(R, R') +33R’; R) +BY(R; R) +AR’; R)+pY(R, R) +pl(R, R")].
The equations (5. 10)—(5. 14) allow us to calculate n, j°, 11°, E°, @, and u according to the formulas de-
rived in Sec. IV. Because the calculations of these quantities are, with minor differences, the same as

those given in Ref. 12, we will just list the results up to second order in the relative velocity 53. For the
total density [Eq. (4.2)] one finds
3/2 0
n=1, +? (MA> L Z —5-—-——+A ( n (0, T) + M(;}")ZTK Z’é(zo T)) (5.15)

At T=0, the depletion is given by the second term on the right-hand side of Eq. (5.15). This result was

used in Eq. (5.7). The exciton current density [Eq. (4.3)] is obtained as

an,(0, T) m(vf’,)2 8%,.(0, T)
i [31/2 TK( KBEK 5 Lk sz?( )]

=V3nn , (5. 16)
which defines the normal fluid density #,. Further, we find for the pressure [Eqs. (4.4) and (5.1)]
p=E'-(E,-E%) - 2V 3. ((EK— Ty = A)Eg - Ty) +5 Te(Ty + A, (0, T)
2
MvY 92
-2 T a0, T)Tz(TK+A)>EK , (5.17)
for the chemical potential [Eq. (3.13)]
17T,-E T M(v")2 Ty %1, (0, T)
u=E, Ee,+Wo{n+ VZ( ————KEK E 4 1.(0, T) 5= 13 3 Eﬁ 5%3 , (5.18)
for the energy density [Eq. (4.7)]
M0y 0, T
E°=n(E, - Eg,) +3Won? +3- Z (1(EK—TK—A)+nK(O, T)E, + (”) ——’i(-,é—) TKEK> (5.19)
and for the energy current density [Eq. (4.13)]
= T - 2 81, (0, T) M(v2)P? 8%,(0, T)
0_30 b 0 K K
Q=] (Eg"Eex "3V Z EK( 0F, + 5 8E3 Ty . (5.20)

The listed results fulfill the two-fluid relation [Eq. (5.4)].

(5.5)]

Finally, one gets for the entropy density [Eq.

nST——*Z [nx(o T)(E +§ TK(TK"'A)) M@ azn,gg)z T)<EKTK_§7§M)].

By 3

The results are in such a form that it is natural to
use n, T, and v, as independent thermodynamic

variables. For these variables the following ther-
modynamic identity holds

dF°= pdn - nSAT - Mj®+d7", (5.22)
lwhere F° is the free-energy density
Fn, T, VO =E° = nTS =MW +i%==p+nu. (5.23)

Finally, we mention that in the low-temperature
limit n,, E° #, Q°, and #ST all vary with the fourth
power of the temperature.

VI. EXTENSIONS
A. Static homogeneous electromagnetic fields

An interesting question is, how one can establish

E, (5.21)

r

a gradient in the chemical potential, which could
cause an acceleration of the superfluid component.
One obvious way to achieve this is to generate a
gradient in the exciton concentration. One might
further think to influence the chemical potential via
electromagnetic fields. For the time being, we
will 11m1t ourselves to static and homogeneous
fields H and E (for interactions of a condensed ex-
citon system with a light field see Ref, 21). As
usual, we choose the magnetic vector potential
A(r) in the form

A(T)=4HExD. (6.1)

Then, the electron-hole Hamiltonian takes the form
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A= [ @y [C—f LR e))

+exe E+E

e

where H,,, is the same potential operator as in Eq. (3.1).

H. HAUG AND E. HANAMURA 11

e]zp(ie)
(6.2)

From the work on single excitons in static elec-

tromagnetic fields, one knows (see, e.g., Ref. 22) that one can treat this problem by making the following

ansatz for the exciton wave function

YoelF, B)=V 2 exp{ilK - (ee)AD)] - R} 0 (), (6.3)
where ¢(7) obeys the equation
e _ h‘zvz_ e? denf1 1
- Eu(H, E)w(”)—[’%— €0-y+ P (7—‘1: —%>A(1‘) v
+—""2' Az(r)——A(r) K +eE - r] (r). (6.4)

2mce

The field-dependent additional terms in the reduced
Wannier equation are the Zeeman term, the dia-
magnetic term, the Lorentz force term, and the
Stark term. The last two contributions can be put
together to produce an effective electnc field term
eTE gp=er - -[E+ (¥ xH)e/c], where v=%K/M. Making
use of the ansatz (6. 3) we can generalize the deri-
vation of the equations of motion for the reduced
exciton density matrices. The assumption of
ODLRO now takes the form

WG @ EIED = exp (i F - Gx )

X g* (r Yo ()py(R; R').

Similarly, the order parameter is given by

(6.5)

Y@= [ dr ENEN exp(~ S (FxRF)o* ()
(6. 6)

With Egs. (6.5) and (6. 6) one gets in the presence
of fields formally the same results as in Sec. III,
with the only difference that ¢(7) is now the lowest
solution of Eq. (6.4) and that the exciton binding
energy E,,,lw is replaced by the field-dependent eigen-
value of (6.4), i.e., by E? (H E). With the same
modifications the conserva’uon laws and all the two-
fluid expressions remain valid. Specifically, the
chemical potential is given by

p~E,—E(H, E)1-2ma}?), (6.7)
showing that one could indeed generate gradients in
the chemical potential by spatially, slowly varying
electromagnetic fields.

B. Indirect semiconductors

In an indirect-band gap material with isotropic
effective masses near the extrema at p =7k, and
Py=—-TK,, thekinetic part of the Hamiltonian is
given by

2
Hypn= fdsxed)f(ie)(é%(ivxe - Eeﬂ)z +E, - I~L3>¢'(§e)

fd % (Xn)< (195, = Kol - #h) &

(6.8)
while the potential part is again unchanged. The
Wannier equation of an exciton in such an indirect
semiconductor can be transformed into a hydrogen-
like equation by

VoulF, R) = V1120t KRty () (6.9)

where E0=aﬁeo + BE,,O is the relative wave vector at
the extrema. ¢(7) obeys the usual reduced Wannier
equation

h«z 2 2
<_§E VT——‘>¢(7’)=—E“¢(1’). (6.10)
The total exciton energy is given by
E=E, - E5 +(n2/2M)(K - Ko, (6.11)

where ﬁfﬁw - E,,o is the center-of-mass wave vec-
tor at the extrema. The assumption of ODLRO
therefore takes the form

(W& (xR (XV(E,))

= pilFpe(F-F11 o* (r o ()py(R; R’ (6.12)

and

Y= [EroENENGF e (6.13)
With Eqs. (6.12) and (6. 13) one can follow the der-
ivation of motion for ¥, p,, and p, of Sec. III. All
the results remain valid provided that iV is re-
placed by ({Vy;-K,). The lowest chemical potential
[Eq. (3.13)] is no longer obtained for a constant-
order parameter but for an order parameter which
varies as ¥(R)=ni/? e'¥0°R § .., for a condensate
which moves with a velocity v, = n K,/M. Pulling
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the extra phase factor out of the order parameter =7 I'EO/M. In this coordinate system the formulas
and the reduced dens1ty matrlces, e.g,, TQR) of Sec. IV for the hydrodynamic quantities ex-
_\If°(R)e'K0‘R and p,(R; R")=p)(R, R )eiFo" E- R'), we pressed in terms of the reduced density matrices
go over to a coordinate system moving with v, (with index 0) are valid.

]

APPENDIX

We will check the validity of supplementing each unpaired field operator with its partner in the bound state
and of subsequent averaging over the internal exciton motion. For this purpose we confine ourselves to
T=0 and to a ground state for a system of N excitons, which is of the form

<§19§29' c I'ZN; §1> S;Z,' c ey §Nl 0> =(VNN!)-1 ;(" l)P III(p(;{I ’ §Pl)’ (Al)

where ¢(§,, ¥,) is the lowest exciton wave function for an electron at i, bound together with a hole at y,. P
generates all permutations of the N indices. In (Al) no contributions of higher-excited exciton states are
taken into account. This is correct if the zero point energy due to the localization of the excitons in the
system is much smaller than the exciton binding energy, i.e., #n®°/2M <« e?/2a*¢,, which yields
ndg®(m/M)y*"%< 1,

A typical expression which we have to evaluate is

WEWED = [ T s ye o Fos Froe oo, Tl VGG Fp oo o, Fs Tpoe o, T (42)

At T=0 the density matrix operator is simple p= 10)0!, so that (A2) gives

- - - - - - e - - - - - -
Zf H B, Py Kyye ooy Xy Tipeoer Val 0)<0|x1,...,xl._1, Koy Xjuppe e ey Xy Yoo o, Y20 (X; -X,)
7 i

1)P+P’ - > - > - -
-2 [ Wenay, 2 S0 To oo o0, -5,). (43)

P, p?

Decomposing the permutation P’=P +@Q, we can sum over the permutations P and find
a2 [ I axa, 2 (- 1° [To*@, 0, 7009, -,). (a4)
1

The contribution of the off-diagonal elements QI #! is by a factor (a}3/V)N =na}® smaller and can in the low-
concentration limit be neglected. The result is

AN [ @y,0* G )06, 7)) =n. (a5)
i
On the other hand, we approximated in Sec. III expressions such as (A2) in the following manner
[ @, TLan, doy 39G, -Z X Ep e, s e, Tl PR DS S)

X ¢(§h)w(§e)l i1’ ceey §N; ;1) sy §N>§0(7’I)¢7* (7) d31,d3,rl . (A6)

This expression is equal to

31H3 3y 58 TN/ > Tz e v v. v v
2 fdxe' dxidyié (Xa—xe‘)<xly""}xj-1’ Xe» Xj+1""’x1v1 Y1)"'7Yj~1’ yh’ Yj+11""YNlo>

-

X <0, XipeoesXjugy Koy Xjpgye ey Xy Yipo ooy Vis Vo Vistre o V) o(r Ng* (7)5(3)(§/ -X,)0%( S;j - §h)d37d31’ !

1 .- ,
=i 2 [ @xt [ldndy O, -%) 2 (- 1P
L P,pP*

x I:Iqo*;,(:?z, V9 &, Yp)d P&, = X0)0 (T, - To)o(r Vo* (NdPrdr (A7)

where we indicated by the index j’ that in ¢¥ one has to substitute ij—-i . and §j- ¥4 The main contribution
Q=0 yields

f d°x [3%(%, - X Do* (X4, T Do, T)O* (Po(r NdPrdr’ . (A8)
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Going over to an integration over R’, we get with (X, -x )~ 5P (R ~R’) again the result (A5). The last
approximation is justified, if the mean exciton separation is much larger than the extension of an exciton,
i.e., {(IR=-R'I)=n"®>a¥ or na}3«< 1. So we see, that the procedure used in Sec. II is correct in the low-
density limit, where higher-excited states do not contribute and where the excitons are still well separated.

*This work is partly a project of the Sonderforschungs-
bereich 65 Darmstadt-Frankfurt “Festkdrperspektro-
skopie” financed by special funds of the Deutsche For-
schungs-gemeinschaft.
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