
Magnetic tuning in excitonic Bragg structures of „Cd,Mn…Te/„Cd,Zn,Mg…Te

J. Sadowski*
Laboratoire de Spectrome´trie Physique, Universite´ Joseph Fourier Grenoble 1, CNRS (UMR 55 88),

Boı̂te Postale 87, F-38402 Saint Martin d’He`res Cedex, France
and Institute of Physics, Polish Academy of Sciences, al. Lotniko´w 32/46, PL-02668 Warszawa, Poland

H. Mariette, A. Wasiela, R. Andre´, and Y. Merle d’Aubigne´
Laboratoire de Spectrome´trie Physique, Universite´ Joseph Fourier Grenoble 1, CNRS (UMR 55 88), Boıˆte Postale 87,

F-38402 Saint Martin d’He`res Cedex, France

T. Dietl
Laboratoire de Spectrome´trie Physique, Universite´ Joseph Fourier Grenoble 1, CNRS (UMR 55 88), Boıˆte Postale 87,

F-38402 Saint Martin d’He`res Cedex, France
and Institute of Physics, Polish Academy of Sciences, al. Lotniko´w 32/46, PL-02668 Warszawa, Poland

~Received 29 April 1997!

We demonstrate that giant spin splitting specific to diluted magnetic semiconductors offers a tool to tune the
light wavelength~corresponding to the exciton energy! across the Bragg or anti-Bragg resonances in appro-
priately designed long-period multiple-quantum-well structures. In particular, an unusually strong influence of
the magnetic field upon the shape, magnitude, and spectral position of polariton reflectivity is observed in the
case of high-quality periodic structures, in which thick barriers of Cd0.93Mg0.04Zn0.03Te separate 20 thin
equidistant quantum wells of nonmagnetic CdTe and magnetic Cd0.96Mn0.04Te placed alternatively. The spec-
tra obtained experimentally are well reproduced by theoretical calculations which incorporate effects of thesp-
d exchange interaction into the formalism of transfer matrices.@S0163-1829~97!50928-3#

Soon after the discovery1 that thesp-d exchange interac-
tion between the mobile carriers and the localized Mn spins
leads to strong magneto-optical effects in diluted magnetic
semiconductors~DMS! ~Ref. 2! a concept ofspin superlat-
tices was put forward. This notion, introduced by von
Ortenberg3 and explored in more detail by Kossut and
Furdyna,4 has encompassed such phenomena which might
result from the effect of the giant spin splitting of electron
bands upon the confinement energies ofcarriers in quantum
structures of DMS. Among the most important confirmations
of those expectations is perhaps the demonstration by means
of exciton spectroscopy that the magnetic field can drive the
type I to type II transition in II-VI superlattices of suitable
constituencies.5

It has recently been shown that rather efficient control
over optical properties can be achieved byphoton mode
engineering,6 that is by modifying the coupling between light
and electronic degrees of freedom. In particular, a strong
modulation of polariton effects has been theoretically
predicted7,8 and observed experimentally9–12 in long-period
multiple-quantum-well~MQW! systems. These are Bragg
structures, in which both the real and imaginary part of the
refractive indexn are relevant. In such structures, interfer-
ence of light reflected by particular QW’s leads to a large
enhancement of the exciton reflectivity and its radiative re-
combination rate, provided that the periodP of the MQW is
equal tol/2. Here,l52pc/v0nb(v0) is the light wave-
length in the barrier material corresponding to the photon of
the energy of the ground-state exciton in the QW,EX5\v0 .
By contrast, destructive interference occurs if the anti-Bragg
condition is fulfilled, P5l/4. It is also known that exciton

spectra are affected by the thicknessC of the cladding
layer.7,12,13 This is due to the interference of light reflected
by the surface and by the exciton polariton in the MQW
structure. In particular, when varying the thicknessC from
l/2 to l/4 the shape of the reflectivity changes from the
emissionlike to the absorptionlike.

In this paper, we show that MQW structures containing
DMS can be driven across the Bragg or anti-Bragg resonance
by the magnetic field. Actually, we demonstrate that in ap-
propriately designed structures the field tuning between these
two extreme situations is possible in a single sample, result-
ing in a rather unusual sensitivity of reflectivity spectra to the
external magnetic field and temperature. It is worth noting
that such a field tuning has also been explored in order to
determine the Rabi splitting in a microcavity containing a
DMS component.14

The studied MQW structures were grown by molecular
beam epitaxy~MBE! on Cd0.95Zn0.05Te substrates in a II-VI
Riber 32P system, equipped with CdTe, ZnTe, Cd, Te, Mg,
and Mn effusion cells. The particular samples differ by the
arrangement of Cd0.96Mn 0.04Te and CdTe QW’s but in all of
them both the barriers and the cladding layer are formed of
Cd0.93Mg 0.04Zn0.03Te. This choice of the barrier material en-
sures a sizable confinement potential for both electrons and
heavy holes.15–17 Being aware of a strong sensitivity of po-
lariton effects to disorder,12 an elaborated epitaxy procedure,
described in detail elsewhere,18 was employed. In order to
control precisely the composition and the thickness of par-
ticular layers, prior to the growth of proper MQW structures,
the fluxes from all effusion cells were calibrated by monitor-
ing the oscillations in the intensity of reflection high-energy
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electron diffraction~RHEED! during the deposition of test
films. Afterwards, two buffer layers were grown, the first of
which was a 250 nm thick layer of Cd0.95Zn0.05Te. The sec-
ond served to minimize effects of both the interference in the
buffer layer and 0.1% lattice mismatch between the substrate
and the barrier material. This was achieved by gradual di-
minishing of the Zn content from 5% to 3% and by simulta-
neous increasing of the Mg concentration to 4% over the
thickness of about 100 nm. The growth of the MQW struc-
ture was interrupted at each interface between the barrier and
the QW in order to improve the morphology of the
Cd0.93Mg 0.04Zn0.03Te surface by its annealing in the Te flux.
This procedure also revived oscillations in the RHEED in-
tensity, and thus made it possible to control the epitaxy of
the whole 1.2mm thick structures by the RHEED recording
system. The QW’s were grown thin enough to avoid the
formation of misfit dislocations by strain relaxation. The ob-
tained structures were characterized by x-ray diffraction,
which provides the precise values of the periodP. Satellite
peaks up to seventh order were seen, which in the case of a
MQW system with only ten periods points to high structural
quality of the samples.

Two kinds of the MQW structures were examined by
normal-incidence magnetoreflectivity at 1.6 K. The layout of
these samples is depicted in Fig. 1, while the corresponding
reflectivity and photoluminescence spectra are shown in Fig.
2. Sample 1 consists of ten 10 nm thick QW’s of

Cd12xMnxTe, wherex50.40 according to the value of the
energy of the QW exciton. The distances between the QW
centersP and between the front surface and the center of the
adjacent QWC are designed to correspond tol/2 andl/4,
respectively, wherel is the light wavelength in the barrier
material corresponding to the exciton energy in the QW. The
periodP5117.2 nm is determined by fitting x-ray diffraction
results.

Sample 2 contains additionally ten equidistant QW’s of
CdTe. Their thickness is 1.95 nm and they are inserted in the
middle between QW’s of Cd0.956Mn 0.044Te, as showed in
Fig. 1~b!. Furthermore, the thickness of the barrier and the
cladding layers is enlarged in order to make them commen-
surate with the wavelength of the exciton energy in the QW
of CdTe. The actual value ofP provided by x-ray diffraction
is 120.3 nm.

We assign the two dominant reflectivity lines~at ;
1655–1660 and 1670–1677 meV in the absence of the ex-
ternal magnetic field! in Fig. 2 to the ground state of the
exciton polariton in the CdTe@Fig. 2~b!# and Cd12xMnxTe
@Figs. 2~a! and 2~b!# MQW’s, respectively. SinceP5l/2 the
exciton reflectivity is amplified by the interference effects.
At the same time, they lead to an absorptionlike shape of the
exciton line in the case of the Cd12xMnxTe MQW’s, for
which C5l/4 @Figs. 2~a! and 2~b!#. By contrast, an emission
form of the signal is observed for the MQW’s of CdTe in
sample 2@Fig. 2~b!# as for the latterC5l/2. While polariton
thermalization and localization preclude a detailed interpre-
tation of the photoluminescence,19 spectral positions of its
maximas substantiate the above assignment of the reflectivity
lines. This is consistent with theoretical calculations of 1s
e1h1 exciton energies, which give 1659 meV for the QW of
CdTe in sample 2 as well as 1671 meV~sample 1! and 1675
meV ~sample 2! in the case of the QW’s of Cd12xMnxTe.
The strain17 was included in the computation, and the
valence band offset was taken as 30% of the
band-gap difference between Cd12xMn xTe and
Cd12yMg yTe,15,16 where x and y denote the Mn and Mg
concentrations in the QW and in the barrier alloy, respec-

FIG. 1. Layout of the studied structures: Sample 1, upper panel;
Sample 2, lower panel. Sample 1 consists of ten Cd0.96Mn0.04Te
quantum wells embodied by Cd0.93Mg0.04Zn0.03Te barriers. Sample
2 contains additionally ten quantum wells of CdTe. The samples are
designed to have the periodsP twice the thickness of the cladding
layer C. According to x-ray diffraction P5117.2 nm, while
Ca5Cb5P/2558.6 nm.

FIG. 2. ReflectivityR in the region of the 1s e1h1 exciton for
sample 1~left panel! and sample 2~right panel! in the magnetic
field B50, 1, 2, and 3 T~except for data atB53 T, the subsequent
ones are shifted byR50.25). Photoluminescence in the absence of
the magnetic field are shown by dashed lines. The arrows mark the
exciton energy in the Cd12xMnxTe quantum well. The layout of the
structures is shown in Fig. 1.
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tively. Furthermore, a variational procedure was adopted to
determine exciton binding energies. Guided by the results of
this calculation we relate structures in the high-energy part of
the spectra to the excitede1l1 exciton states. These weak
lines will not be further analyzed.

While a moderately strong magnetic field has virtually no
influence on the exciton polariton in the case of nonmagnetic
MQW systems,12 its striking effect on reflectivity spectra in
the structures involving magnetic components is clearly seen
in Fig. 2. Depending on the direction of circular light polar-
ization, the magnetic fieldB perpendicular to the interfaces
either diminishes (s1) or increases (s2) the exciton energy.
The initial rate of the exciton splitting is 35 meV/T for
Cd0.96Mn 0.04Te at 1.6 K,20 and the splitting reaches its satu-
ration value of 75 meV when the Mn magnetic moments
gmBS become totally polarized,gmBSB@kBT. Now, the
shift in the exciton energy changesP/l and C/l, and thus
alternates the shape of the exciton reflectivity in a way that
depends on the architecture of the MQW structure.

In the case of sample 1, which contains only QW’s of
CdMnTe, the results of Fig. 2~a! demonstrate how the mag-
netic field, by changing the exciton energy, detunes the sys-
tem of the Bragg resonance. The resonance condition
P5l/2 is seen to be met fors1 polarization at 0.2 T, where
a rather perfectly symmetric reflectivity line is observed. As
shown, not only the position but also the shape of the line
varies strongly when the magnetic field is driven away from
the resonance. It is worth noting that the tuning across the
Bragg resonance makes it possible to determine rather pre-
cisely the value of the refractive coefficient of the barrier
material. We obtain in this waynb53.1860.01 for our
Cd0.93Mg 0.04Zn0.03Te at 167061 meV.

Particularly interesting are the results for sample 2, in
which by increasing the magnetic field it makes it possible to
tune the system from the Bragg to the anti-Bragg resonance.
This is illustrated in Fig. 3~a!, which presents reflectivity
spectra in the region corresponding to the exciton energy in
the CdTe QW’s, for which the Bragg condition is met, so
that both the amplitude and the width of the exciton reflec-
tivity are very large. When increasing the magnetic field the
exciton energy in thes1 polarization shifts down in
Cd12xMnxTe, so that at 1.2 T it becomes equal to that of the
excitons in CdTe QW’s. This means that in this field the
anti-Bragg resonance occurs,Pe f f5l/4. Accordingly, the
exciton reflectivity becomes very small in this region. It is
worth noting that most of the change of the spectrum occurs

over a field range as small as 0.2 T, demonstrating the effi-
ciency of the modulation of optical properties by the mag-
netic field in such structures. By comparing the resonance
energy to the periodP5120.3 nm as given by x-ray diffrac-
tion we obtainnb53.1160.01 for Cd0.93Mg 0.04Zn0.03Te at
165861 meV.

The above qualitative considerations are strongly sup-
ported by a theoretical calculation presented in Fig. 3~b!. A
model discussed in detail elsewhere12 together with the
known20 dependence of the exciton energy on the magnetic
field in Cd12xMn xTe has been adopted for this calculation.
In view that the radiative and inhomogeneous broadening
energy,G050.08 meV andg50.7 meV, respectively, were
the only adjustable parameters the agreement between the
measured and calculated reflectivity spectra is to be regarded
as very good.

In summary, we have proposed and demonstrated the fea-
sibility of a method for the efficient modulation of optical
properties. The method makes use of a strong dependence of
the exciton energy on the magnetic field in diluted magnetic
semiconductors. This dependence allows for the tuning of
the exciton wavelength across the Bragg resonances in ap-
propriately designed multiple-quantum-well structures,
which is accompanied by strong changes in optical response.

The authors are grateful to J. Cibert for valuable sugges-
tions.
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