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Reflectivity spectra taken from wide quantum wells based on
CdTe/CdZnTe and GaAs/AlGaAs (in which the well width is much larger
than the exciton Bohr radius) were studied in magnetic fields in the plane
of the well (the Voigt geometry). The energy splitting between bright and
dark excitons and the redistribution of the oscillator strength from bright
to dark was observed and this allowed us to determine the exciton exchange
constant A. We found that exciton translational mass depends on the value
of magnetic field. Additionally, we found that diamagnetic shift also depends
on exciton wave vector. Changes in the spectra in the range of the overlap
of heavy and light hole exciton resonances were observed when the magnetic
field was inverted. Theoretical modeling of the spectra allowed us to explain
all the observed features in the reflectivity spectra and to determine some
material parameters.

PACS numbers: 71.35.—y, 71.35.Ji, 78.20.Ls, 78.67.De

1. Introduction

Exciton states in bulk materials have been well studied theoretically and
experimentally in different semiconductor compounds and under different external

(381)



382 D. Loginov et al.

fields. Because only excitons with near-zero wave vector in bulk can interact with
light, these studies were mainly limited to the case of excitons at rest or excitons
with very small momentum. In contrast, wide quantum wells provide a unique
opportunity to study excitonic states with nonzero wave vectors, i.e. excitons in
motion [1, 2]. Due to size quantization, features of exciton states with nonzero
wave vector emerge in optical spectra [3]. Exciton motion in a magnetic field is
particularly interesting for fundamental science because many new optical effects
can be expected. The first study of exciton motion in a magnetic field was reported
in the classical paper of Ref. [4], in which a notable phenomenon caused by the
inversion of the magnetic field was observed, namely a difference between the
spectra obtained for opposite field directions. However, there were no further
detailed studies of exciton motion in magnetic fields until recently, when, in the
paper [5], a new phenomenon of motional enhancement of the exciton magnetic
moment was found in magnetic fields normal to the layer plane (the Faraday
geometry) for excitons in wide quantum wells.

In the present paper we studied exciton states in wide quantum wells based
on CdTe/CdZnTe and GaAs/AlGaAs, but with the magnetic field in the plane of
the quantum well (the Voigt geometry).

2. Results and discussion

We used CdTe/Cdg.g6Zng.04Te and GaAs/Aly 3Gag 7As single quantum well
(QW) heterostructures. The structures were grown by MBE in the [100] direc-
tion. The QW width was 66 nm and 260 nm in the CdTe and GaAs structures,
respectively, which is much larger than the exciton Bohr radius in these materials
(6 nm and 13 nm, respectively). The CdTe structure was strained due to lattice
mismatch, whilst the GaAs structure was unstrained. Consequently, in the CdTe-
-based structure the energies of the light hole and heavy hole excitons with zero
translational momentum were split apart by 20 meV, whereas in the GaAs struc-
ture they were degenerate. Reflectivity spectra were measured at 2 K at normal
incidence in magnetic fields in the Voigt geometry for two opposite directions of
the magnetic fields (Bt and B™).

Figure 1 shows reflectivity spectra taken from the 66 nm CdTe/CdZnTe
QW. Pronounced oscillations were observed in these spectra at energies above
1.590 eV. These oscillations are connected with the center of mass quantization of
the optically active (bright) exciton state [2] (Fig. 1a).

In magnetic fields these oscillations become more pronounced and new os-
cillations emerge when the magnetic field is sufficiently high. Each of these new
oscillations emerges as a splitting of each of the zero field oscillations. The am-
plitude of the new oscillations and their separation from the bright exciton lines
increases with the growth of the magnetic field (Fig. 1b).

It is known that a transverse magnetic field mixes optically active bright
exciton states (with angular momentum +1) with optically inactive dark states
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Fig. 1. Reflectivity spectra taken from 66 nm CdTe/CdZnTe QW in (a) zero magnetic
field, (b) magnetic field B = 6 T. The magnetic field is applied in the plane of the QW.
Arrows indicate exciton quantized states N. Numbers N correspond to the optically
active “bright” exciton states. Solid line indicates the experimental values, dotted line

— calculation. Inset shows a splitting of bright and dark exciton states.

(with angular momentum +2). It is natural to link these additional oscillations
to magnetic field mixing of dark and bright excitons. When the magnetic field is
in the plane of the QW, the energy separation between dark and bright exciton
states increases with magnetic field B as

AE = /A2 + (upgeB)?, (1)
where A is the exciton exchange splitting, ug is the Bohr magneton and g, is the
electron g-factor.

In the reflectivity spectra we observed that each of the quantized exciton
states splits according to Eq. (1) (inset to Fig. 1b), so that the exchange constant
A can be measured. The constant A is found to be the same for all quantized
states to within experimental accuracy.

We performed calculations of these spectra as in paper [3]. The results of the
calculations are shown by dotted lines in Figs. 1a and b. For CdTe we found A =
0.03 meV, g. = 1.5, and, for GaAs, A = 0.02 meV, g = —0.45. Such parameters
were discussed theoretically in [6] and measured in several publications. (There
is a distribution of the published values. It was found for CdTe A = 0.6 meV in
[7] and A = 0.07 meV in [8], for GaAs A = 0.37 meV in [9] and A = 0.05 meV
in [10].) The values of g-factors in CdTe and GaAs coincide with our data and are
presented in [11] and [12]. We believed that our data are very close to be true.
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The dependence of the exciton translational mass on magnetic field has been
found. This dependence displays in the experiment, as the interference structure of
exciton quantization in reflectivity spectra becomes condensed in magnetic fields.
Fitting the calculated spectra to the experimental data allows us to plot the de-
pendence of exciton mass on magnetic fields (Fig. 2a). One can see that this
dependence is linear in magnetic field B, M = M(0)(1 + aB). Here « is a cer-
tain constant and M(0) = 0.8mg (mg is the free electron mass) is the exciton
translation mass in zero field. We find o = 0.0267 T~!.
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Fig. 2. (a) Dependence of exciton translation mass on magnetic field determined from
exciton—polariton dispersion curves in magnetic fields. (b) Dependence of diamagnetic

constant d on the quantization number of the exciton level.

In addition to the exciton translational mass dependence we found the de-
pendence of exciton diamagnetic constant d (the diamagnetic shift is AE = dB?)
on the exciton wave vector, i.e. the value of the diamagnetic shift is different for
different quantized states. This dependence is shown in Fig. 2b and is seen to be
linear: d = dy — BK. Here K is the exciton translational wave vector, dy is the
diamagnetic constant for excitons with K = 0 and 3 is a certain constant. We
find dy = 0.0275 meV T~2 and 3 = 1.95 x 1072 cm meV T2,

According to Fig. 2a in a small energy diapason we can express the obtained
dependence of the exciton energy on the effective mass as h; Al/(f (1 —~vB). Con-
sequently, the exciton energy contains a contribution proportional to K?B and
according to Fig. 2b it contains a contribution proportional to K B%. Both these
dependences arise from the terms in the electron and hole Hamiltonians which are
cubic in wave vector, namely the terms o Y, oik;(k?,; — k7, ) (electrons) and
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< Y Imbkim (k2,11 — k2,.5) (holes). In the presence of magnetic fields we have to
replace k; in these formulae by k; + £A;, where A; are components of the vector
potential. This will give additional contributions to the diamagnetic shift and ex-
citon effective mass. Consequently both effects presented in Fig. 2a, b are of the
same origin, namely the terms which are cubic in wave vector.

In the Voigt geometry we observed an effect of magnetic field inversion [1, 2],
consisting of a difference between the reflectivity spectra for magnetic fields +B
and —B in opposite directions (see Fig. 3a, b). This effect was strongest in the
region in which heavy and light exciton transitions coexist and is apparently caused
by mixing of light and heavy excitons by the magnetic field.

ivity.
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Fig. 3. “Effect of magnetic field inversion” in the quantum well structures with wide
QW based on GaAs (a) and CdTe (b). Solid line: —B, dotted line: +B (two opposite

directions of magnetic field).

This effect due to magnetic field inversion was studied for the first time in
[1, 2] and also in [13]. It was described by terms in the exciton Hamiltonian such
as «x K x B, which mix optically active 15 and optically inactive 2P exciton
states [14]. The present experiments indicate that the effect of inversion can also
emerge from mixing between heavy and light hole exciton states. The behavior
appears to be due to (J - K)? terms in the Luttinger Hamiltonian, which split
heavy and light holes. This question is now under a further experimental and
theoretical study.
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3. Conclusion

In wide QWs we observed a splitting of bright and dark excitons and re-
distribution of the oscillator strength from bright to dark states. This allowed
us to determine the exciton exchange constant A in CdTe and in GaAs. For the
first time we found that the exciton translational mass depends on the value of
the magnetic field. Additionally, we found that the diamagnetic shift depends on
exciton wave vector.

Changes in the spectra caused by inversion of the magnetic field were ob-
served for CdTe and GaAs in the Voigt geometry. Theoretical modeling of the
spectra allowed us to explain all the observed features in the reflectivity spectra
and to determine some material parameters.
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