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Combined Exciton-Cyclotron Resonance in Quantum Well Structures
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A combined exciton-cyclotron resonance is found in photoluminescence excitation and reflectivity
spectra of semiconductor quantum wells containing an electron gas of low density. In external magnetic
fields, an incident photon creates an exciton in the ground state and simultaneously excites one of the
resident electrons from the lowest to one of the upper Landau levels. A theoretical model is developed,
which gives a good quantitative description of the energy position and the intensity of the combined
exciton-cyclotron resonance. [S0031-9007(97)04535-3]

PACS numbers: 71.35.Gg, 76.40.+b, 78.66.Hf

The energy spectrum of quasi-two-dimensional exci-bility for electrons to tunnel from the SL’s into the QW, as
tons in quantum well semiconductor heterostructures hasompared to holes, due to the difference in effective mass.
been extensively studied and is understood fairly well fortConsequently, the electron concentration in the QW can
two extreme cases: (i) When the exciton states are unpebe varied accurately by the intensity of Ar-ion laser illu-
turbed, in the absence of free carriers in the quantum wellsination with a radiation energ{fiw;;; = 2.41 eV) ex-
(QW’s), and (ii) when the exciton states are completelyceeding the SL band gap. Photoluminescence (PL), PL
screened, at high concentrations of free carriers, such a&xcitation (PLE), and reflectivity spectra were measured
in modulation-doped QW structures or under high-densityat 1.6 K and in magnetic fields up to 20 T applied perpen-
excitation [1]. However, the transition regime betweendicular to the QW layers. An acousto-optical modulator
these two limiting cases, when a two-dimensional electromvith a time resolution of 100 ns was used in time-resolved
gas (2DEG) of low density, is present, has not been in- experiments. A dye laser with a photon enel@yvi:)
vestigated in detail. First indications that interesting phebelow the SL band gap was used for direct creation of ex-
nomena appear in this regime are the observation of negaitons in the QW.
tively charged excitonsX "), i.e., two electrons bound to  The PL spectrum of the QW, which consists of two
one hole, reported for CdT€dZnTe and GaASAIGaAs  lines, is shown in Fig. 1. Th& line is due to recombi-
modulation-doped QW's [2,3], and enhanced energy andation of excitons, and has a linewidth of 1.5 meV. The
phase relaxation rates for excitons in the presence of back™ line, corresponding to the negatively charged exciton,
ground electrons [4—6]. These examples are by no mearis at 3.5 meV lower energy than théline [2]. Increas-
the only possible manifestations of the exciton-electroring the background electron concentration by illuminating
interaction. In this Letter, we demonstrate the existencéeads to an enhanced intensity of the line relative to
of a new three particle optical resonance, which appearthe X line, as expected for a charged exciton. The tem-
in the absorption spectrum of a QW containing a low denporal dependence of the intensity increase shows a rise
sity 2DEG in an external magnetic field. In this case, artime of 1.5us (see inset of Fig. 1). It is determined by
incident photon creates not only an exciton, but, in addithe electron collection into the QW from the SL's. The
tion, excites a background electron from one Landau levedlecay time of the effect of 2.4s is due to the indirect
to another, which can be described aabined exciton- recombination of the QW electrons with holes located
cyclotron resonancécombined EXCR). in the SL’s. Note that the recombination time of exci-

To study the above mentioned effects of the excitontons in the QW is 200 ps [7], which is much shorter than
electron interaction, we have chosen a CATéMgTe the discussed dynamical processes. The critical concen-
guantum well system, which is known to exhibit strongtration for exciton screening in CdTe QW'’s equals units
excitonic effects, as witnessed by the first observation obf 10'! cm™2 [2,8]. We have not noticed exciton screen-
X~ in asimilar system [2]. The necessary variation of theing appearances in the studied structure up to illumination
electron density was achieved by external optical illumi-densities of 20 Wcm?, where the illumination effect sat-
nation exploiting a specially designed layer compositionurates. Therefore, the maximal electron concentration in
The type | CdT¢Cd,7Mgg.eTe heterostructure grown the QW provided by the external illumination is estimated
by MBE consists of a 75 A QW, which is sandwiched to be abouts X 10'° cm~2.
between 1000 A thick superlattices (SL’s) (3030 A). In an external magnetic field, a new line (EXCR line)
The QW is separated from the SL’s by 200 A barriersappears in the PLE and reflectivity spectra which can-
(see inset of Fig. 1), which leads to a much higher probanot be attributed to the normal magnetoexciton peaks [see
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the energy of the 4 state of the heavy-hole exciton{1

hh). This linear shift of the EXCR line, as opposed to the
quadratic one for heavy-hole excitonss(2s, 3s, and 4
states [10], also displayed in Fig. 3), shows that the free
electrons contribute to the observed process. The Zeeman
splitting of the EXCR line is similar to that of theshh
excitonic state. The EXCR line is strongly” polarized
[compare curves anddin Fig. 2(b)], when the spin of the
photoexcited electron is parallel to the free electron gas po-
larization in the external field direction [11].

The experimental behavior of the EXCR line indicates
the following process: An incident photon creates an
exciton and simultaneously excites a background electron
from the zeroth to the first Landau level. The mechanism
of the exciton-electron interaction responsible for such a
combined exciton-cyclotron resonance is discussed below
with the aim to establish theoretically how the background

FIG. 1. Photoluminescence spectra of a 75A GCHTe electrons modify the excitonic absorption spectrum in a
Cdo7Mgo26Te QW taken under different excitation conditions: magnetic field.

1—direct excitation in the QW only, 2—direct excitation and
illumination above the SL band gap, and 3—illumination only.
The inset shows temporal changes of tkie line intensity

measured under pulsed illumination (open circles).

Fig. 2(a)]. The energy position of this EXCR line is in the
range of the Coulomb bound states, but it behaves very

Considering a QW withN electronsN being equal to
the electron 2D density, multiplied by the QW area, the
absorption spectrum was calculated as the imaginary part
of the polarizabilityy .z, given by the following equation:

1 < (Dol Pa| W) (W|Pg | Do)
Xos =3 e O
v P 0 w io

differently. For instance, the intensity of the EXCR line 44,0 |db) and |¥) are the wave functions an#, and

increases strongly for higher illumination intensities (i.e.,

Evy are the energies of the ground and excited states of

for largern,.), whereas the magnetoexciton lines are inseng, o system. (®y| P, | W) is the matrix element of theth

sitive to this factor [see Fig

. 2(b)].

Furthermore, Fig. 3
shows that the EXCR line shifts linearly with magnetic field
with a slope of 1.14 me¥XT, which is comparable to the
electron cyclotron energy in CdT€Cd,Mg)Te QW's. An

component of the dipole moment operatar = x,y, z),
w is the photon frequency, antl— 0 is an infinitesimal
imaginary increment of the frequenay.

extrapolation of this shift to zero field meets approximately

1.67
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FIG. 2. (a) PLE and reflectivity spectra measure at a magnetic 9 Mm
field of 7.5 T. The signal was detected on ti€ line in FIG. 3. Magnetoexciton fan chart of a 75A CdTe

o~ circular polarization.
is shown by the dashed line.

Here, the PL is detected on theline in o~ polarization, with

The calculated absorption spectrumCd,,/Mdg.sTe QW. Closed and open symbols correspond to

(b) PLE spectra taken undedifferent spin orientations of the exciton states excitedoby
different intensities of the illumination (labeled in figure). ando* polarized light, respectively. The solid lines show the

result of a calculation according to Ref. [9]. The new EXCR

o~ ando™ polarized excitation for the solid and dotted lines, line is plotted by triangles with a dashed line as a guide for the

respectively.

eye (only the strongr~ polarized component is shown).

3975



VOLUME 79, NUMBER 20 PHYSICAL REVIEW LETTERS 17 NVEMBER 1997

The following approximations were used: with coordinate vector,. R is an in-plane coordinate
(i) The carrier cyclotron energiesfiw. . = and Q is the wave vector of the exciton center of mass,
ehH/m,mc are much smaller than the energy dis-and ¢(r, — r;) is the exciton envelope wave function.
tance between quantum confined levels and also muchhe energy of the stat¢¥?) measured fromkE, is
smaller than the exciton binding energy, i.e., the excitorEq = E(Q) and atQ = 0 it corresponds to the exciton
Bohr radius ag < Ly, where Ly = +/fic/eH is the resonance.
magnetic length. In this case, modification of the exciton (ii) excited states, responsible for the combined EXCR,

wave function by a magnetic field can be neglected. with one exciton with momentun@ and one electron
(i) The exciton states were treated as purely twoexcitederom Landau level = 0 into Landau level >
dimensional. 0: |W,yxox,)=C'J[dr.d’r,eQRp(xr, — ry)a”

(i) All background electrons occupy the lowest Lan- (re)b+(rh)anxaox0 |®y). The energy of this state is
dau level with their spins oriented parallel to the field @ ox, = Eex(Q) + nliee..

direction: o = 1,(1); kT < fiw., and kT < ppg H, To calculate the dipole moment operator, the wave
where . is the Bohr magnetorg, is the electrorg fac-  ¢,¢tions of the photocreated electrm(= 1), X] were
tor, ando = £1 is .‘h? elgenvalug of the Paqll_ operator expanded in the eigenfunctions of an electron in a
(low temperature limit). .It IS Va.d'd for the filling fac- magnetic field. In the EXCR process, the photoexcited
g):: ({ r(1) dﬁiolr% foBret%?euzlee C?Iolgi%%igtrﬁ?a:;);i IV\Zzha\llte hole[n(= 1), —X] interacts with the background electron
; ) B (n = 0,Xp) and forms an exciton with a momentuf

means that electrons do not modify the excitons. ’ ' ! . : .

In what follows, the Zeeman splitting term will be -rlm-qrz)er;\eefr?trl?r;qt(ge;nndal;r:a;[je(():ftrtgf iﬂr?ﬁgsztstaa(n e>$:|';c()]n with
omitted in order to simplify our equations. The spin- N
dependent properties will be discussed later in relation t% Poepg:gsr?glmg ];(;]réthrﬁozxuﬁﬁgnsfufgﬂvgf T%\nelig?:::r

the polarization properties of the EXCR line.
The ground state of the system is given ko) = component of the electrofn = 0,X,) and hole[n(=

[Tx a,—0.x10), wherea,y is the creation operator of a 1), —X] wave functions localized by the magnetic field on
2D electron in thenth Landau level with a Landau the characteristic lengthy,. Calculation of this Proba-

oscillator coordinate&X = L3, p, /i, andEy = Nhw../2  bility gives a value of(n!) "' (Q?L7/2)" exp(— QL5 /2),
is the ground state energy. which appears in Eg. (2) in the EXCR term. The maxi-
The excitonic states of the system are mum of this probability corresponds @ = 2n/Ly.

(i) single exciton states:|¥Q) = C [ [d?r.d*> x  We emphasize that this theoretical approach accounts for
e QRp(r, — rp)at(x)b* (ry)|Po), where a*(r,) allorders (_)f perturbation_the(_)ry. _
[a(r.)] andb ™ (r,) are creation [annihilation] operators of ~ The optlcal spectrum is given (in lowest order of the
an electron with a coordinate vector and a heavy hoIe| parametern,az) by

IMxap = 7d*|$p(O)?8(iw — Eex(0))8ap

2
t nd? f el f Q- QZLH/2>Z - (2 LH) Slhw — Ea(Q) — nfioe)das. (2)

Here,d is the band-to-band dipole matrix element. TI|1eenergy shift of then = 1 state with the massea, =
first term of Eq. (2) reflects the free exciton transition and0.11my andm;, = 0.48m, [10] gives 1.24 meVYT, close
the second term corresponds to the combined ExCR statm the measured shift of the EXCR line of 1.14 m@v

For a quadratic exciton dispersiafi(Q) = E(0) + So far, we have neglected, in the EXCR term, the
R2Q?%/2M, with M = m, + my,, simply integrating the Coulomb interaction between the electron and the hole
ExXCR term gives created by the photon. This interaction manifests itself
ExCR M M AQ, \" in the formation of an exciton that plays the role of a
My, 5" = 4775a,3neaBd Z < ) virtual state. Including this interaction results in a strong
mnl\m, hoc, . I . .

increase of the EXCR contribution to the polarizability by

% exp(—ﬂ &) (3) @ resonant factof4E (0)/ w..* = 2L% /ag, by which
me ho,, the right part of Eqg. (3) and the second term in Eqg. (2)
whereAQ), = — Ex(0) — nhiw... Itfollows from  should be multiplied. The calculated ratio of the integral

Egs. (2) and (3) that the absorption spectrum of thentensity of the first combined peak to the intensity of the
system in magnetic fields consists of a free exciton lineexciton line S, is SE*CR /Sy = 8n, L}, = 4fo/m, where
and several lines shifted to higher energies. The peak, is the electron occupancy of the zero Landau level.
positions of these additional lines correspond to energye calculate the excitonic absorption spectrum at 7.5 T,
distances ofnhw..(1 + m./M), n = 1,2,3,..., with taking into account the resonant factor and usfpas a
respect to the exciton resonance. An estimation of théitting parameter [see the dashed line in Fig. 2(a)]. The
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shift of the EXCR frequency and a small, of the order of
(n.a%)?, correction to the ExCR amplitude.

An alternative explanation, namely, that the ExXCR
originates from the interaction of the photogenerated exci-
ton with background electrons due to exciton polarization
(induced by the electrons), can be ruled out since the am-
plitude of this process is proportional o2 (¢ = 10 is
the dielectric constant). Therefore, this process gives a
small contribution in absorption (proportional £64) that
(2) electron n=0,% exciton, +2 does not depend on pola_riza_tion.

In summary, the excitonic energy states of a QW
containing a 2DEG of low density in the presence
of a magnetic field has been found to possess new
states, namely, aombined exciton-cyclotron resonance,
which has indeed been observed experimentally in the
PLE and reflectivity spectra. The theory shows that, in
contrast to the conventional excitonic absorption where
FIG. 4. Diagrams of the combined exciton-cyclotron reso-the exciton is formed from the photocreated electron
gﬁgﬁfatﬂhggﬁmgé nat';](é I"r‘]’::gl (22] dcggglgga(t); St.he electron Sp'nand_ hole, the dominating mechanism responsible for this

exciton-cyclotron resonance is the formation of an exciton

from the photocreated hole and a background electron.
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We suppose the exciton Bohr radius to be much smaller[s] B. M. Ashkinadzeet al., Phys. Rev. B51, 1938 (1995).
than the magnetic length. This approximation is valid [6] R. Harelet al., Phys. Rev. B53, 7868 (1996).
for magnetic fields less than 10—-15 T. At higher fields, [7] W. Ossauet al., Superlattices MicrostructL6, 5 (1994).
the squeezing of the exciton wave function will result in [8] V.D. Kulakovskii et al., Phys. Rev. B54, 4981 (1996).
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and eigenfunctions originating from the Coulomb interac{10] The pattern ‘of heavy-hole exciton states in magnetic
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no Wigner crystallization phase transition occurs in our magnetoexcitons suggested in Ref. [9]. A reduced exciton
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electron system, since the Coulomb electron-electron in-

oS It leads to electron and in-plane heavy-hole effective
teraction is smaller than the temperature or electron level  \asses:m, = 0.11my andm, = 0.48m,.

electron n=0,T exciton,-1

(1)
heavy hole nz0, l

photon,-1 electron n#0,|  exciton,-1 electron n,

heavy hole n;bO,T

photon,+1 electron n#0,y exciton,+1 electron n,

inhomogeneous broadening due to potential fluctuationg1] in cdTe g, = —1.77 and at the temperature of 1.6 K
in the QW. Under this condition, the corrections can be wpg.H > kT is satisfied for magnetic fields stronger than
neglected because they give a small, of the order, of;, 15T.
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