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Spin Degree of Freedom in Two Dimensional Exciton Condensates
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We present a theoretical analysis of a spin-dependent multicomponent condensate in two dimensions.
The case of a condensate of resonantly photoexcited excitons having two different spin orientations is
studied in detail. The energy and the chemical potentials of this system depend strongly on the spin
polarization. When electrons and holes are located in two different planes, the condensate can be either
totally spin polarized or spin unpolarized, a property that is measurable. The phase diagram in terms
of the total density and electron-hole separation is discussed. [S0031-9007(97)03434-0]

PACS numbers: 71.35.Lk

In this Letter we address the problem of a multicompo-different circular polarizations allow the experimental
nent quantum liquid: a condensate of excitons which holgtudy of the condensates. It is possible to observe how
an internal degree of freedom, namely, the third compothe chemical potentials of each kind of excitons in the
nent of the angular momentu® [1]. The multicom- condensate are different; the splitting of the exciton
ponent character is twofold: on one side, the condensalevels turns out to be strongly dependent ®r{13].
is formed by pairs of distinct particles, an electron and (ii) The second reason is related to the physical origin
a hole; on the other side, more than one kind of paiof the existence of different phases and is precisely the
exists whenV is taken into account. From the later point aim of this Letter. Each phase is characterized by dif-
of view, there is an evident analogy with some of theferent populations of each component of the condensate;
superfluid *He phases in which a condensate with twoe.g., in the case of a condensate with two components
components appears due to triplet pairing [2]. We conWith M = +1 and M = —1, respectively, it can be ei-
sider excitons generated in quasi-two-dimensional (2Djher aferromagnetigphase withv. = N andN- = 0 or
semiconductor heterostructures where carriers’ lifetime§ Paramagnetigphase withv, = N = N/2 [11]. The
can be very large. Moreover, degeneracy at the top dfé@son fo_r the existence of dlffe_rent phases is the e>_<c|u—
the valence band is broken usually leaving the highes$ion pl’lnCIple'WhICh. plays a crucial role in the interaction
hole with a third component of the angular momentumbetween excitons in semiconductors. Effective masses
equal to +3/2. Then, four types of excitons with dif- are very light so that e!ectron and hole wave functions
ferent values ofM exist, implying that different com- are very extended implying large overlaps which produce
ponents of the condensate with different populatiohs highly spin-dependeneffective interactions between ex-

for each spin are possible. The condensate properties d&lfons. We will show that the main consequence of this
pend on both the total densignd relative populations. 'S .that the g_round state can be either spin polarlzed or
Hence, the problem offers more possibilities than theSPin unpolarized. This depends on both the carrier den-

spinless exciton case considered in the literature [3_9Eity and the relative intensities of attractive and repulsive

e.g., Josephson-type effects between the different comnteractions that can be controlled by spatially separating

ponents of the condensate [10] are now possible. electron and hole gases with respect to each other.

We have two main reasons for paying attentioo Our target ig to 'study th_e ground state Mfelectrons
(i) The first is related to experiments. A promising @1dN holes lying in two different planes separated by a
way to obtain a multicomponent exciton conden-distanced. The Hamiltonian is given by
sate is to excite the semiconductor with circularly Z(
[va

: : eat ary + Z VlaJr abayi—aoa
polarized light from a pulsed laser. Because of thd? k%ko ko 772 “ke Ko Cki—qo' Tk tqo

k'.q,0”

angular momentum selection rule, two different kinds vi!

of excitons can be created, with eithéd = +1 or + <8hb1‘ bre + 2 b eubi )
—1. The light polarization produces a spin polarization kzg kTksTks k%g, 212 TRsTKS asTleras
P=(Ny — N_)/(N+ + N_) [11], where N+ are the Vgh(d) bt

populations of excitons withM = *1, respectively + 2 g bxsby—qsx+qo » 1)
[12,13]. It is interesting to study the properties of the kk'.q.0os

photoexcited carriers with unbalanced populatiovigz ~ wherek, k’, andq are 2D wave vectorsr stands for the
by time-resolved photoluminescence. There are timelectron spin+1/2 (1,]) and s for the hole spin=3/2
evolutions both on the total density due to recombinatior(f, l) along the direction perpendicular to the 2D plane.
and onP due to spin relaxation processes. FrequencyCreation and annihilation operators are labeled’asfor
and intensity of the emitted photons with the two electrons and'’s for holes with single particle energie§
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andel, respectively. L2 is the area of the sample and the gator. This causes a complicated mixing of excitations

interactionsV¢" (d) and vy’ (f = e, h) will be specified unlike other types of condensates [15].
below. In this paper we will focus on the case of resonant
It is convenient to point out some assumptions bee€xcitation of (|,f1) pairs. Under resonance conditions,
hind this Hamiltonian. First of all, we suppose that theholes do not relax their spin independently [12,16], a
electron-holg(e-h) spatial degrees of freedom are in ther-process which should producg,|) pairs with M =
modynamic equilibrium. This hypothesis is supported by—2. Instead, the main effect is a relaxation of the
the fact that roughly 1 ps after the photoexciting laser@ngular momentum of the whole exciton, by means of
pulse has finished, the-h liquid reaches a thermal mo- an intraexciton exchange spin flip, from = +1 to
mentum distribution [14]. That distribution correspondsM = —1 [12,16]. Therefore, we neglect the densities
to zero temperature when experiments are performed iff excitons with bothA = =2 and only two kinds
the resonant excitation regime. Since recombination an€élf excitons are considered: those with = —1 = (1,1}
spin relaxations are processes much slower than that theand those withf = +1 = (|,f) having densities:— =
malization [12,13], we take both the carrier density andV-/L* andn, = N./L?, respectively. Such a system
the spin polarization as external parameters in the theoryVill be characterized by two quantities, the total density
in the spirit of a Born-Oppenheimer framework. n = N/L* and the polarizatiorP. In this case, either
In order to look for exciton condensates we use a meafhie second or the third term in the denominators of
field Keldysh-Kopaev formalism, i.e., a generalization ofEgs. (3) and (4) disappears, one of thE'’s can be
the BCS treatment [3,5,6]. We define two propagaters canceled out, and each propagator only has two poles
for each fermion, and four anomalous propagaterior ~ as in the BCS or superfluidHe theory. Then one

the four pairing<1, 1), (1, 1), (1, 1), (L, M: could follow standard procedures [10] to obtain gap
. n equations forA;4(k) and Apy(k) [hereafter denoted as
Gylk,t) = —i(Tak ¢ (t)ay »(0)), A (k) andA _(k), respectively] which are coupled to each

h . 1 other solely through the Hartree contribution which is
Gl (k1) = —i(Thy 4(t)by 4(0), (@ spin independent [15]. For an homogeneous system, the
Ff;};(k,t) = —i(Tax.o(1)by.5(0)) . Hartree term can pe embedded in the chem_ical potential
as an energy origin so that the gap equations become
Each one of the anomalous propagators is associatetbcoupled to all the effects. Then, solving these gap
with a different type ofe-h pair (o,s) and with a equations is equivalent to looking for an extremal from
gap gorder parameter of the condensatk).(k) =
2q Vik—q{Taq.o(0)bqs(0)) proportional to the density (WIH = w+Ny — p-N-|¥), (5)
of e-h pairs (0,s). Following a standard mean field
procedure one obtains the propagators [10]

alal W) = [T + v alibiy)

using a wave function

Golk, ) = Y. A2 A2 ; kK’
QeQQy + QAL (k) + QA (k) _ _
= M L a) X (up + vk,alqbl,u) | 0). (6)
u+ are the chemical potentials dfl excitons and 0) is
i the ground state of the system without any photoexcited
Fh (k. ) = —A,(k)Q2 e-hpairs. Each set of parentheses in Eq. (6) corresponds
oS QgQﬁ‘QT’T’ + Qﬁ‘Atzrﬂ(k) + Q#Afr’u(k) : to one of the two components of the condensate. As in

the spinless case, this wave function interpolates smoothly
(4) between two limits,n — 0 and n — o, where it is
For simplicity we have not written the hole propa- exact [5]. The normalization conditioW’ | ¥') = 1 of
gator, G”(k,w), which has a similar expression to the condensate wave function imposes the constraints
G¢(k, ) simply exchanginge with . Q!(k,0) = (uf)* + (vi)? = 1. The trial wave function (6) is valid
—iw — [ef — uh = (k)] Q¢(k,w) = —iw + under resonance conditions, as discussed above, and it
ek — mé — 2(k) with pg and u” being electron and leads to a gap equatiof (k) = > Vﬁ(h_qmtqut. The
hole chemical potentials antl is the usual Hartree-Fock practical procedure is to fix the two chemical potentials
fermion self-energy. p+ and to minimize the functional (5) in terms of the
In the expressions for the propagators one observes thErameters;, v; in a discretizedk space. Since the
difference between the condensate we are studying ar@oulomb interaction is singular in 2D, we follow the usual
those occurring in other problems like superconductorsprocedure [6] of adding and subtracting a term that makes
3He superfluid, or the spinless exciton gas. Since the paithe singularity analytically integrable. Frony, v; we
ing occurs among two different types of fermions, eachget A~ (k) and the densityz— = >, (v )?, for each type
one with different spin, the termQ¢ Q" Q" appearing of e-hpair. So we have all the ingredients to obtain the
in the denominator produce three poles for each propasreen functions, the energy per pair, etc. Changing

4810



VOLUME 78, NUMBER 25 PHYSICAL REVIEW LETTERS 23UNE 1997

we can obtain the dependence of the energy per pair faeduced mass. Energies are taken with origin at the
each spin on botlk and P. The results so obtained for bottom of the conduction band and are given in units of
w+ as a function ofn and P are directly comparable the 2D RydberdEZ°| = 2¢%/ea.
with photoluminescence experiments which measure the Figure 1 shows chemical potentials- as a function of
energy liberated when an exciton recombines [12,13].  the density for? = 0.8 and three values of the separation
Let us discuss the physics involved in our meand. w+ are always increasing with because exciton-
field theory. We will not include screening which does exciton interaction turns out to be globally repulsive.
not depend onP when treated to the lowest order in That means that repulsive Hartree and VC terms in the
perturbation theory [17], and it does not affect the splittingenergy dominate on the attractive EC. The essential
between chemical potentiafs= .+ — u— which is our point is the behavior of6 = w4+ — u—, which is a
main interest in this paper. In this approach there ar&lecreasing function ofl for moderate densities, and it
three many-body contributions to the renormalization ofcan be positive or negative. This is shown more clearly
the single exciton chemical potential: The first is ain the inset. The first conclusion is tha is in the
Hartree term which gives the unique coupling betweerfange of meV and is consequently an experimentally
the two components of the condensate. The other tw@ccessible quantity [12,13]. Since the Hartree term is
contributions are related to the Pauli principle. OneSPin independent, it does not contribute@avhich only
is the exchange correction (EC), i.e., the reduction oflepends on EC and VC. As tieeh separation increases,
the repulsive electron-electron (hole-hole) interaction dudhe VC decreases while the EC increases as a consequence

to the fact that two identical fermions cannot occupy©f @ larger exciton size that is implied by the increase of
the same state. The last contribution is the vertexhe overlap between excitons. Therefore, for moderate
correction (VC), which represents the reduction of thedensities there is, for a critical valug., = 0.12a =

e-h attraction due to the occupation of final states inl0 A, a change of sign in the measurable quandty
e-h scattering processes. EC and VC contributions tg/Vithin our numerical precision, this critical separation
the chemical potential of a fermion with a given spin arefUrns out to be independent oR. For d < d.; VC
independent of the amount of fermions with the oppositélominates on EC givingg > 0 while for d > d.; EC
spin. This causes a nonzero splittirdy, whenever there dominates and < 0. It must be stressed that the value
is a nonzero spin polarizatio®, in agreement with ©f der iS quite low and the change of sign of the
experiments [12,13]. All these physical properties aresplitting effect could be observable, for example, applying

described by a wave function (6) for the condensaténcderately high external electric fields.

which is separable in two components in analogy to what Figure 2 shows th? phase d?agram of_the signéof
In terms of the physical magnitudes of interest in the

happens in the A phase of superfldide due toequal spin T, . -
pairing (ESP) states [2]. The exciton condensate that w@roPIem: na” and d/a. For high d or n the kinetic

present in this paper is more flexible than ESP states diner9y dominates the-h attraction and thee-h pairs
3He becaus® and s can be nonzero in the exciton case, &€ not bound having a positive chemical potential.
while they must be zero in the ESP case.

The numerical results shown in this paper are ob-
tained withV¢" (d) = —e? exp(—qd)/eq, i.e., the Fourier
transform of V¢ (r,d) = —e?/evr? + d2, andVq// =
—V(jh(d = 0), € being the dielectric constant of the mate-
rial. The single particle energy bands are supposed to be 00}
isotropic and parabolic. The spinless case has been stud-
ied by Zhuet al. [8], who considered! # 0 because the
e-hseparation increases the exciton lifetime improving the
condensation conditions and avoids formation of biexci- RPN
tons. We have an additional reason to be interested in the _os | z 01®  ena-015,P=05
cased # 0: d is a parameter which controls the relative 0o S
strengths of EC and VC which compete with each other. ‘58;..
Hence, by tuningd and n, one can obtain a quantum B °c0 1
phase transition between a ferromagnetic phase (domi-

0.5

w/IEI

o

-02
0.0 0.1 0.2 0.3 0.4 0.5

nated by exchange) and a paramagnetic phase (dominated _1, ——o T L

by the vertex corrections). This is a crucial result coming 00 02 nat" 06

out from our study of the spin degree of freedom in the o _ ) o
exciton condensate. FIG. 1. Majority u+ (continuous lines) and minorityu_—

. . dashed lines) chemical potentials as a function of the density
For all the results presented in this paper we scal for d = 0.0, 0.15, and 0.30. The inset shows the splitting

the length to thev three-dimensional Bphr radius 8=pm: — u_ as a function of thee-h separationd for
h’e/m*e?, wherem* = mem" /(m¢ + m") is the exciton na? = 0.15 andP = 0.5 and0.8.
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FIG. 2. Phase diagram for both the sign &f= u;+ — u-

phase diagram is to measure the sigr afistead of look-
ing for magnetic properties. The sign &fwould remain
as given by Fig. 2 even if other physical contributions
were to be included in our analysis. Available experi-
ments [12,13] are forl = 0 and, in the whole range of
experimentally accessible densities, alway®sults to be
positive as it happens in our phase diagram.

In summary, we have studied a condensate of 2D ex-
citons having different spin orientations. We have shown
that the spin degree of freedom plays a very important
and nontrivial role in exciton condensation. We have
analyzed the case of resonant excitation finding that the
ground state energy depends strongly on spin polariza-
tion. When electron and hole components are separated
from each other, the relative importance of exchange and

vertex correction interactions can be altered. This causes
a change of sign id. This splitting between the chemi-
cal potentials of different exciton components can be mea-
sured by time-resolved spectroscopy [12,13]. The sign of
6 is related to the minimum energy configuration of the
condensate, i.e., spin polarized or spin unpolarized. All
these features are shown and discussed in a phase dia-
gram inn andd.
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