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Engineering of dispersion of indirect exciton by normal electric and in-plane magnetic
fields is proposed to be used for controlling of state of many-exciton system (e.g. coherent
state) and its photoluminescence and producing an inverse population in excitonic system.
The possibility of phonon laser creation on the basis of last effect is discussed. Phonon
number distribution appears to be a fingerprint of that of exciton system. Numerical
estimations for the proposed scheme are made for GaAs/AlGaAs quantum wells.

PACS: 63.20.Ls, 71.35.+2z

Essential success is achieved now in experiments on coherent states of indirect exci-
tons (1, 2], that makes search for different equilibrium phases 3] in the system of indirect
excitons and study of their unusual properties [4, 5] be promising. Recently, changing of
dispersion of indirect excitons by in-plane magnetic field has been experimentally demon-
strated [6].

In the present work we propose a new method of controlling of condensate of indirect
excitons in coupled quantum wells by normal electric and parallel magnetic fields. It
occurs that by external fields one can essentially control angular dependence and intensity
of photoluminescence (PL) of condensate, and, that is of main interest in this work, create
inverse population in the system of excitons (spatially direct and indirect ones). The latter
possibility can be used for creation of phonon laser, which frequency can be controlled
by in-plane magnetic field. It occurs that statistics of number of quanta in phonon mode
is a “fingerprint” of that for excitons.

In direct gap semiconductor in coupled quantum wells (CQW) spatially direct and
indirect excitons (SDE and SIE) are direct in momentum space. In case of identical
quantum wells (QW) both levels have two-fold degeneracy. For SIE this is due to two
different relative positions of electron and hole (e ahd h) in QW’s, and for SDE to two
different locations of exciton in one of QW’s. SDE is the ground excitonic level because
of greater Coulomb interaction in the exciton.

Due to spatial separation of e and h SIE has electric dipole momentum eD normal to
CQW, where D is interwell distance. Thus moving SIE has in-plane magnetic momentum
normal to its velocity eDkh/cM, where k is wave vector and M is effective mass of SIE.
Interaction of SIE electric dipole with normal electric field lowers one of SIE sublevel as
eDE/h and in sufficiently strong electric fields it becomes the ground excitonic level. Ve-
locity selective interaction of magnetic dipole of SIE with in-plane field eDkAH/cM being
added to quadratic dispersion law of exciton AkZ/2M shifts the minimum of dispersion
law away from radiative zone? as K,, = eDH/ch (e.g. for H = 10T and D = 10nm the

1) e-mail: lozovik@isan.troitsk.ru

2 In another approach this is equivalent to diamagnetic effect, i.e. to opposite electric currents in
CQW in parallel magnetic field [4], see also [7].
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shift is K,, = 2-10% cm™!); this was demonstrated experimentally in [6]. Thus, normal
to CQW electric and in-plane magnetic fields controll SIE dispersion while to the first
order of interaction with the fields dispersion of SDE is unaffected (Fig.1).
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é&' Fig.1. Dispersions of spatially direct and indi-
\ rect excitons; (a) without external fields; (b) in
» presence of in-plane magnetic and normal electric

K, fields, Km = eDH/ch, Aw = eDE/h

Let normal electric and in-plane magnetic fields initially be such that SIE level is a
ground excitonic state with its minimum of dispersion out of the radiative zone (Fig.2a).
After pumping 2D SIEs gather at sufficiently low temperatures near minimum of their
dispersion and form “dark” quasi-condensate with slightly fluctuating modulus of order
parameter /n,, (n, is “local superfluid density”) and short phase order; at lower tempe-
ratures in result of Kosterlitz — Thouless transition quasi-long order of phase and global
exciton superfluidity must appear. For “dark” state the process of SIE’s recombination
is a process of the second order for interaction with phonon and photon fields through
intermediate production of virtual e — h pair or exciton in radiative zone (PL frequency
after pumping can be controlled by normal electric field and can be greater than pumping
frequency).

After that by swift reducing electric field value one can tune the system to the reso-
nance of SIE’s transformation into real SDE with production of acoustic phonon. This
process has the first order of interaction with phonon field and its rate is much greater
than the rate of SIE’s recombination before tuning to the resonance. The process of SDE
recombination with production of a photon is the second stage of system evolution. For
our purposes it is sufficient to treat this process simply as decay of SDE level. There
are several resonances which are connected with different phonon bands. The first reso-
nance which is met by reducing electric field is one with production of transverse acoustic
phonon with the lowest energy among phonon bands.
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Fig.2. (a) Time evolution of exciton population in the proposed scheme (b) graphical representation of
2D momentum and energy conservation laws after tuning the system to resonance of SIE—SDE+phonon

Excitons in CQW are quasi-2D unlike 3D phonons and photons and entire system
has 2D in-plane momentum conservation law. Normal component of phonon momentum,
which is not fixed by 2D momentum conservation law, is an extra degree of freedom
of the system which gives an additional possibility to conserve energy in the process
SIE—SDE+phonon. Thus 2D momenta of resonant phonons fill continuous area. If
initial SIE has w/ | k |< ¢y, it can not create a resonant acoustic phonon because this
process is forbidden by conservation laws? (c, is a speed of sound in the medium). In
opposite case, SIE with momentum K, can produce a phonon with 2D momentum laying
in the circle C: g2 + (Km — ko — gy)? = T(E) (axis oriented as on Fig.2b). 3D wave
vectors of phonons form a prolate ellipsoid of revolution with base C and with ratio of
radii /K /ko.

Analogously, one can easily obtain that at first resonance point photons are emitted
as two rays declined to CQW plane and PL intensity abruptly increases. With further
reducing of electric field the rays widen into cones that are gradually cover entire spatial
angle and PL tends to become isotropic?.

To analyze statistical properties of phonon radiation we will treat quantum fields
as single quantum modes. In interaction representation the Hamiltonian of the system
describing SIE—SDE+phonon is:

V= i%‘ (1tDp - 1DtH).

Here I, D, P are annihilation operators of SIE, SDE and phonon modes, g is proportional
to matrix element of the transition.

% Dispersion laws of SDE and SIE are taken in the form: wp(k) = hlk|2/2M + 1/2kgcy, ko = Me, /A,
wr(k) = Bk — Km|?/2M + co(Km + T(E)/2ko), where T(E) is a linear function of electric field value.
9 Details will be published elsewhere.
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Initial condition (before tuning the system to the resonance) is populated SIE mode
and non-populated SDE and phonon modes?. An equation for density operator of the
system is

% - _5 [7,8] + 22 (2bpbt - PtPp— pP1P) +
+”’TD (209Dt - D'Dp - pD'D). 1)

Here + are decay rates of corresponding partilces. We neglected decay processes of SIE
because SIE recombination has tunneling character due to spatially separated e and A and
thus vp > 77. We use positive P-representation [9] of density operator:

_ 2 @(X) * * *
P= /d * e B falog, B, ) 10 P fued, Bi 1,

|aaﬁ’£) = Ia)PIiB)IIE)D,
X= (alaa'hﬂla ﬂ2a£1,£2)a d’x = Hd(Re(xJ)d(Im(x,)),

where |z) p(7,p) is a coherent state of phonon (SIE,SDE) field with eigenvalue z of operator
P(I, D). Positive P-representation is convenient for evaluating normally ordered products
of operators:

< (P (I (DY P Im D" >= f d*xO(x)0k BiEk ol BT €7 = abBlEhal PrEp.

Equivalent to (1) way to describe the time evolution of the system is analysis of infinite
number of equations for average values:

n

Bt H Tjn = Z Aj, (z) H zj5+ Z (Djujr + Djy i) H T 2 (2)

I=1,1#k kl Lk>l m=1,mzk,l
Ax, = &2B1 — Apar, Aa, = &102 — Apaz, A¢, = azfh — Apby, Ag, = a1fa — Apba,
Ag, = —ob1, Ap, = —a3b, Doy ey = Dgyyay = B1y Dag gy = Deyia; = Pa-
Here we used the substitution (g/2)t — ¢ and App = yp,p/g. In real semiconductors
(e.g. GaAs) the rate of SIE—+SDE-+phonon transition, as well as the rate of recombination
of SDE with photon production, is much greater than the rate of phonon attenuation in
the medium. Thus we have Ap < 1, Ap.

One can show using (2), that averages with different power of a; and as or & and &,
in other words phonon and SDE phase dependent averages, depend only on the averages
of the same type. All of them initially equal zero and thus they remain zero for all the
time with no respect to whether emitter has or has not phase properties. This is due
to that phonons and SDEs share phase of SIE system (it exists only at 7 = 0), and
independently they have no definite phases.

Using (2) one can get the equations describing time evolutlon of populations of the
modes:

2 Nplt) = C(1) - e Np(t),

5 We analyze pulse phonon laser. Stationary generating phonon laser will be described elsewhere.
See also [8].
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2 Nile) = -C(@),
%Np(t) = C(t) — 2ApNp,

2 016) = 20NpN1(e) + No(ON1(9) - Ne()Nb(t) + M) - (e + Ap)C(0),
Np(t) = a1az, Ni(t) = BiBa, Np(t) = &1, C(t) = (16261 + @25162).

We factorized four variable averages to obtain a closed system of equations. The solution
to this equations (Fig.3) gives that populations of SDE and SIE modes fade out on times
~ /\51 and population of phonon mode does on times ~ /\;1. The populations have or
have not oscillating character (i.e. the effect of SIE+SDE+phonon quantum beats) with
respect to whether parameter X, is greater or smaller than \/N;(0) (for N;(0) > 1).

N(1) (arb. units)

Fig.3. Time evolution of phonon
mode population for different values

of Ap = Ap/+/Ni1(0), Ap = 0.1

When A;l >t> /\51 all quanta initially in SIE mode are transmitted into phonon
mode, but the effect of phonon mode decay is negligible. For such times one can omit in
(2) terms proportional to Ap. In such a case the averages (a2 + 51 82)™ are the integrals
of time evolution. All averages including 8, 3; are zero so that:

<SEOEO" >, =< @OrE)” >, n=12. ®)

Phonon radiation with laser properties, i.e. low intensity fluctuations, can be viewed
as quantum mode with populated Goldstone mode that is connected with phase fluctua-
tions. Plotted as a function of variables X; = 2-V/2(Pt 4 P), X, = —i2-1/2(pt — P),
such a population is a annular with center (0,0) and with radius ~ \/N,. This can be
characterized by relative dispersion of number of quanta in the mode:

- - (2)(4) — _ 2
v (Pt(t)P(t)) _9 (t) ]I\Xf((:))z Ny(t) .

Here g®(¢) =< PY(t)Pt(t)P(t) P(t) > is second order correlation function; N, and g®»
can be experimentally observed by measurements with correspondingly one (intensity
measurements) and two (Hunburry-Brown-Twiss—like measurements) detectors.

At sufficiently low temperatures SIEs have low n, fluctuations and v(1(0)1(0)) « 1.
The lower the temperature the smaller parameter v(I1(0)1(0)) is and, therefore, the lower
intensity fluctuations phonon radiation has.
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Initial number of SIE is pS, where S is the area of CQW, and they are shared
between V,SL,/(2r)® phonon quantum states, where L, is the width of the sam-
ple in z-direction and V, is momentum space area that phonons occupy; V, charac-
terizes one-phonon space coherence that determines possible interference pattern be-
tween two points of phonon radiation. This is determined by the spread of SIE (k;),
and widths of SIE and SDE levels. The smallest value of V, correspond to T(E) =
= k& + M(yr + vp)/h and can be easily estimated from simple geometrical analy-
sis (Fig.2) as /Km/Fo (k1 + ko)? + 2M (71 + vp)/B)*? ~ 101 cm~, where we took
vp+71 = 101°c~! and ky & 10° cm™?, k; is mainly determined by inter-SIE dipole-dipole
repulsion and can be given for estimation as /U (0)pM [k, where U(0) is zero-Fourier
component of the potential. Although, Kosterlitz — Thouless transition does not directly
affect phonon radiation statistics, it increases the number of quanta in each phonon quan-
tum mode by reducing initial SIE momentum spread.

An additional condition for phonon radiation to have laser properties is a great number
of quanta in each quantum state of phonon field and thus the following inequality must
be true:

L, < p(2m)* |V, = 107**5 cm. (4)

This restriction on L, value appeared due to that phonons and SIE have different dimen-
sionality. For convenience we propose to use a heretostructure consisting of many CQW.
In such a case the distance between CQW must satisfy condition (4) for L,.

At high temperatures source of phonon radiation — SIEs — have not low n, fluctuations
and phonon mode is just a chaotic state that can be called a phonon avalanche.

In conclusion, we proposed to use SIE dispersion engeneering for controlling of many-
exciton state and for phonon laser creation. Analyzing phonon radiation statistics in the
proposed scheme we obtained that phonon radiation can viewed a laser one in case of low
temperatures and when condition (4) is satisfied.

The work was supported by INTAS and Russian Foundation for Basic Research.

1. L.V.Butov and A.LFilin, Phys. Rev. B58, 1980 (1998).

. A.V.Larionov, V.B.Timofeev, J.Hvam, and C.Soerensen, JETP Lett. 71, 174 (2000).

3. Yu.E.Lozovik and O.L.Berman, JETP Lett. 64, 526 (1996); JETP 84, 1027 (1997); Yu.E.Lozovik,
O.L.Berman, and V.G.Tsvetus, Phys. Rev. B56, 5628 (1999); L.V.Lerner and Yu.E.Lozovik, JETP
80, 1488 (1981) [Sov. Phys. JETP B8, 763 (1981)]; D.Yoshioka and A.H.MacDonald, J. Phys. Soc.
Jpn. 59 4211 (1990); J.B.Stark, W.H.Knox, D.S.Chemla et al., Phys. Rev. Lett. 85, 3033 (1990);
X.M.Chen and J.J.Quinn, Phys. Rev. Lett. 87, 895 (1991); S.Conti, G.Vignale, and A.H.MacDonald,
Phys. Rev. B87, R6846 (1998).

4. Yu.E.Lozovik and A.V.Poushnov, Phys. Lett. A228, 399 (1997); Yu.E.Lozovik and V.1.Yudson,
Zh.Eksp.Teor.Piz. T1, 738 (1976); Sol. St. Comm. 18, 628 (1976).

5. A.V.Klyuchnik and Yu.E.Lozovik, ZHETP 76, 670 (1979); J. Low. Temp. Phys. 38, 761 (1980);
S.I.Shevchenko, Phys. Rev. Lett. 72, 3242 (1994).

6. L.V.Butov, A.V.Mintsev, Yu.E.Lozovik et al., Phys. Rev. B682, 1548 (2000).

7. A.A.Gorbatsevich and 1.V.Tokatly, Semicond. Sci. Technol. 13, 288 (1998).

8. LV.Volkov, S.T.Zavtrak, and LS.Kuten, Phys. Rev. ES56, 1097 (1997); S.S.Makler, I.Camps,
J.Weberszpil, and D.E.Tuyarot, J. Phys.: Cond. Mat. 12, 3149 (2000); A.A.Zadernovskii and
L.A.Rivlin, Kvantovaia Electronika 20, 353 (1993).

9. P.D.Drummond and C.W.Gardiner, J. Phys. A13, 2353 (1980).

[

622





