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We propose a method for tailoring the radiative properties of two-dimensional magnetoexcitons. First, we
show that the magnetoexciton-photon coupling is purely bilinear in the strong-magnetic-field limit, implying
that optical nonlinearities appear through the breakdown of bosonic commutation relations at high densities.
The dispersion curve of magnetoexcitons may be modifiedngineeredusing external electric or optical
fields. We show that the application of an in-plane electric field will render the ground-state magnetoexcitons
stable against radiative recombination, as a result of the momentum conservation. Based on this effect, we
propose a particular geometry which should allow for the investigation of condensation effects and superflu-
idity in direct-band-gap semiconductof§0163-18206)51344-5

The condensation phenomenon is strongly influenced bys suppressed, the field operators for the lowest Landau level
the dispersion relation of the participating bosonic partitles.in the lowest-energy subbands are given by
In particular for semiconductor excitons, the effective mass
and radiative lifetime are fundamental parameters that deter-
mine whether a quantum degenerate gas of excitons and su- N -
perfluid motion can be observed at a given temperature and zp(r)—% ikl 18k, @
density?? ) o

In this paper, we propose a method to control and modiﬁwhereei,k d_enotes the an_nlhllatlon operator for tkitn elec-
the dispersion relation of excitons using static electric andron mode in the conduction £ 1) or valence (=2) bands.
magnetic fields. The basic system that we envision is a semiei (r) =L~ "?exdiky]p(x+kag)u (r) is the single-particle
conductor quantum wellQW) with a strong magnetic field wave function: Herel. denotes the lateral dimension of the
B applied along the growth directioa,.*~® For simplicity, ~ Sampley; ((r) is the periodic part of the Bloch function, and
we assume that the semiconductor is direct band gap withh(x) = (ag\/7) ~ Y2exd —x%/(2a3)] is the harmonic oscillator
symmetric (and parabolit conduction and valence bands. wave function. Identifying the electron and hole annihilation
We show that(i) in the strong magnetic field limit under operators ag,=e;, and hk:é;fk respectively, we can di-
consideration, the magnetoexciton photon coupling is purelagonalize the single electron-hole pair Hamiltonian using the
bilinear; and(ii) a static electric field applied perpendicu- magnetoexciton operator
lar to the magnetic field will shift the minimum of the dis-
persion curve to a nonzero magnetoexciton wave vector
along the directionBXE, with the possibility of making nt ag\2m Kadat )
ground-state excitons stable against radiative recombination, dk L 2 e an"eKquhKy/zfq- 2
due to momentum conservation. Reversible coupling of mag- d
netoexcitons to an optical cavity mode may be combined (ne of the amazing results obtained by Lerner and
with the transverse electrlc fleld§ to modify the effective Lozovik* and Paquetet al® is the fact that ground-state
mass of the magnetoexcitons. Finally, we propose a neéw — () magnetoexcitons are noninteracting particles to the
cylindrical device geometry that should allow for the inves-gyiant that virtual interactions with higher-energy Landau
tigation of superfluid motion of condensed magnetoexcitongeyels can be neglected. This is justified in the strong-
or polaritons withtunable mass and adjustable superfluid magnetic-field limita,<ag. As noted in Ref. 5 however,

velocity. . . o . magnetoexcitons with nonzero wave veckorinteract with
Two dimensional electron-hole pairs in strong magnetic

) . : each other since they have a nonzero electric dipole moment.
fields have been studied extensively over the past detdde. Y P

: . . ; We first consider the interactions of magnetoexcitons with
In particular it has been theoretically demonstrated that in thg. . ,diation field reservoir. We start from the second-

limit where the magnetic lengitt,= yA/eBis much smaller g antized interaction Hamiltonian for two-dimensional
than the pare exciton Bohr radiag , the grounqjstatt'e exci- glectron-hole gas in the electric-dipole form
tons are ideaknoninteracting bosons. In addition, it was
shown that transverse electric fields result in exciton motion
alongBXE as indicated earliet.To the best of our knowl- - - "
edge, however, radiative properties of magnetoexcitons in Hint—rad:f d?ryt(ryer-Eyg(r), (©)]
transverse electric fields have not been previously explored.

We follow Paquetet al® and represent the electron and whereE denotes the electric field operator, with correspond-
hole wave functions using Landau orbitals and choose théng annihilation operatoray . If we assume that the quan-
Landau gaugéA =xBa,. When the spin degree of freedom tum well is embedded inside a microcavity structure, we
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only need to consider coupling to a single opti¢akial)
cavity mode® Provided that the lattice constaay, is much
smaller thara,, we obtain

Hin-ra=ifi 2> gk(dkéx—akdy), @
K=K,
where
1/2
ng< 3 ) thv LKl (5) '
2€hVcqy 2 8o V!
1
|\ )
. . 1
Here, w, €, and V,, denote the frequency, dielectric con- — ' > &,
stant, and effective volume of the optical cavity moge, K=0 Kphoton Kmin

denotes the valence-to-conduction—band dipole matrix ele-

ment. Extension of this result to a three-dimensiofiiae)

radiation field reservoir is straightforward; in this case, the FIG. 1. The dispersion curve of magnetoexcitons wittack
magnetoexcitons couple to a continuum of modes with arbicurve and without(gray curve an applied in-plane electric field.
trary momentunK along thez direction[modified version T.he. dottgd lines correspond to the dispersion curve of the free ra-
of Eq. (4) that corresponds to this case is included in @ diation _fleld. Only those excitonic states _that lie in between the
below]. Since the magnetoexcitons are two-dimensionaldotted lines decay by radiative recombination.

only the transverse momentum is conserved in the interac- o ] o
tion. As shown in Fig. 1, the effect of the in-plane electric field is

The exact result of Eq.(4) indicates that the tO move the minimum of the magnetoexciton dispersion

magnetoexciton-photon interaction Hamiltonian retains a biffom K=0 to K,=K,=(8\2meas/e)&,. Equivalently,
linear form irrespective of the magnetoexciton density. Thisthe ground-state magnetoexcitons have a nonzero momen-
implies that all nonlinearities such as phase-space fillingum in a direction perpendicular to both the magnetic and
(PSH effects, appear via the breakdown of the bosonic ComE'ECtI’iC fields. If the density is Iarge enough to Satisfy the
mutation relations. Physically, this can be traced back to th@nset of Bose condensation in the particular transverse con-
fact that the magnetoexciton annihilatieer creation opera-  finement potentiat,the excitons will preferentially populate
tor has an equal contribution from all electron-hole operatorghe state with K, ,K,) =(0Ky,). If we in addition assume
with the same total momentufig. (2)]. Therefore, PSF for an exciton gas with a low-filling factor such that the exciton-
K=0 excitons is determined by the total density. In Contrast,eXCiton interactions can be neglected, the total Hamiltonian
bare-exciton wave functions ahecalizedin the momentum can be written as
space of free electron-hole pairs, leading to an enhanced PSF
contribution fromK=0 states.

We now turn to magnetoexcitons interacting simulta- N ~ton At n
neously with an optical and an in-plafdc) electric field. As H= ; {[Eexd K) + Egap]dKLdKl +haopK)aax}
shown in Ref. 5, the application of an electric field of mag-
nitude &, along thex direction, leads to a new interaction , A oA atn
Hamiltonian which can be reduced to +; % gy, (dy Ak —axdk, ), ®)

5 e whereE g,,= 7 v, is the band-gap energy of the semiconduc-
Hint-e= —eaogxz Kydgdg - ®  tor and wp(K) denotes the photon mode frequency. For a
free field w,(K)=cK, whereas for a single axial cavity
- _ . mode wy(K)=cyK2+7?/LZ,, with ¢ and L, denoting
As noted by Paquett al.” this new term in the Hamiltonian he speed of light in the semiconductor and effective cavity
corresponds to the energy of the electric-dipole carried bYength, respectively.
the magnetoexciton and may be regardednagnetoelectric Radiative properties of magnetoexctions can be analyzed
Stark effectlt is straightforward to show that in the presence sing a master equation approach starting from the Hamil-
of the in-plane electric field, the single magnetoexciton disyonian of Eq.(8).2 ML If we setK > we,/C, it is straightfor-
persion curve becomes ward to show that the coupling between the ground-state
excitons to the radiation field modes will not be dissipative,
due to the impossibility of conserving energy and in-plane
e? \/E K?a3\ [KZ?a3
EexdK)=— drmeag V2T T 4 4 energy of magnetoexcitons wit,, has no imaginary com-
) ponent. This is one of the principal results of our paper: by
—egtKy. (7)  using an external static electric field we can generate a de-

momentum simultaneously. Equivalently, radiative self-

lo
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generate magnetoexciton gasiat;, with an adjustableand (a)
in principle arbitrarily long radiative lifetime. This result is

valid for all exciton densities and is illustrated in Fig. 1; only

excitonic states that lie between the dashed lif@soton

window) are allowed to emit/absorb photons. We remark,
however, that elastic momentum scattering induced by inter-

face roughness will result in a finite radiative lifetime, unless

Eexd 0)— Eoyd Kmin) is large enough that such a scattering

process into optically allowed modes is energetically forbid-

den.

Despite several recent ingenious propo$ais the short
radiative lifetime of ground-state excitons have so far limited
the observation of condensation effects in direct-band-gap
semiconductors, such as GaAs and ZnSe. We believe that the
introduction of moderate strength electric fields= 10°
V/cm) may solve this problem without increasing the Bohr
radius, which is undesirable since it makes the system more (b)
prone to PSF. Condensation effects in the present system
may be observed either by resonant or nonresonant optical
pumping. In the former, one could adjust tkg;, so that the
optically generatedK =0 magnetoexcitons can reach the
ground magnetoexciton state by a single longitudinal acous-
tic (LA)-phonon emission event. Suchnaatter laserthat
generates coherent magnetoexcitons Witp= K, could
have an extremely lowthreshold densitydue to reduced
losses and efficient pumpird.For a GaAs quantum-well
structure with a;,=80 A (B=10 T), an electric field
strength of 18 Viem givesK = Khoton-

The possibility of obtaining a radiatively stable exciton
condensate with an adjustable group velocity is especially
important if one is mter.eSted in studying SUD?rﬂUI&@":Ig_ erfluid motion of magnetoexcitons. It is assumed that the device is
ure Z_a) s_hows the dev_lce geometry_vv_e consider: We assum mmetric, with equal voltages applied to the top and bottom con-
a cylindrical sample with a QW equidistant from the top and,cts, and grounded side contacts extending over the whole device.

bottom electrical contacts, where an eq(dsitive) voltage  The electric field lines in the quantum well are in the radial direc-
is applied. When the cylindrical side gate contacting the QWion (b).

is grounded, the electric field lines in the QW plane are in the
radial directionr [dotted lines in Fig. &)]. SinceB|a,, the

ground-state magnetoexcitons will have momentum in th
direction BXE. If in addition, the magnetoexcitons are

FIG. 2. The cylindrical geometr{a) for the observation of su-

of Eq. (8), the evaluation of the dispersion curve of magne-
Efopolaritons in transverse electric fields presents no difficul-

K fined t . =0 usi lied st ties. It is in principle possible to condense magnetopolaritons
(weakly) confined to a region wi using applied Stess 4 5 finite momentum state. Even though the change in the

or |Inhon}ot%en§ous tmatgnetlg fields, dorlethobta:|n(js_ the fex??gdiative recombination rate induced by the electric field is
anajog ot the ring structure discussed in the studies of ro aﬁegligible, the orders of magnitude reduction in the effective
tional superfluidity in Hell. In this geometry, it should also mass may render such a system useful for the observation of

be possible to changé afte.r' the condensation has takerl condensation effects and superfluidity at high temperatures
place and study the nonequilibrium phenomena by observin =3 K)

the weak fluorescence from the rotating magnetoexcitons. In summary, we have investigated the radiative proper-

However, we remark that even though the modification Ofeq o tyy.-dimensional magnetoexcitons in transverse

Lh;s g‘:g:ziogxecétor:ed!ng;']c;ner?ﬁ?gnd;ihtgsgorgie'lqtzigoglectric fields. We showed that moderate electric field
udied previousiyne ex ' u strengths can inhibit the spontaneous emission rate of

tnhoet Eg:ﬂag"'inezogﬁg?rigﬁs fg:t?nr?eg;?iﬂderﬁgsggges ?ﬁ ound-state magnetoexcitons and allow for the observation
’ 9 94 f condensation effects into finite momentum states. We

can be studied using the system of Fig. 2 is the value of th‘5’;1Iso discussed a particular device geometry that could be

Cr'%ﬁlailé?ﬁgtliuv'g Xqi?hcétg.for modifying the dispersion rela- used to study the rotational superfluid motion of condensed
9 P magnetoexcitons.

tion of excitons is by introducing strong reversible coupling
to a single microcavity mod&'®>1€In this regime, one ob- The author wishes to thank Professor J. Kotthaus for
tains microcavity exciton-polaritons as the relevant quasiparstimulating discussions. This work was in part supported by
ticles, with an effective mass predominantly determined byan NSF Career Award and QUEST, an NSF Science and
the cavity-photon dispersion. As seen from the HamiltoniarEngineering Center for Quantized Electronic Structures.
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