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Magnetoreflectivity measurements of the 1s and 2s exciton energies in a CdTe/Cd,_, Mn, Te superlat-
tice have been made in magnetic fields up to 45 T, showing the resonant polaron coupling of electrons to
LO phonons. Strong reflectivity features are seen for both the 1s and 2s excitons, which show a strong
field-dependent spin splitting due to the dilute magnetic barriers. At B, =0, the 2s exciton feature is ob-
served lying 18 meV above the 1s state, and is shifted upward in energy by the magnetic fields. No reso-
nant behavior occurs when the 2s state passes through the LO-phonon energy of 21 meV, but at higher
fields of around 20 T, the resonances for both spin states (o *) of the 2s exciton broaden and show a
strong anticrossing behavior. These experiments are shown to be in excellent agreement with a theoreti-
cal treatment which includes the resonant polaron coupling of the electrons alone. Both experiment and
theory demonstrate an extremely strong resonant splitting of the 2s exciton states of approximately 11
meV, which is over 50% of the LO-phonon energy. The dominance of single-particle polaron coupling
is attributed to the relative sizes of the polaron (35 A) and the exciton (50 A) radius.

I. INTRODUCTION

Interband magneto-optical absorption was used for the
first observation of resonant polaron coupling in solids,
in the weakly polar material InSb, but has subsequently
only been described in one further report,? on the some-
what more polar material GaAs. In this paper we de-
scribe the observation of resonant polaron coupling for
the excitonic Landau levels in quantum wells in the
CdTe/Cd,_ ,Mn, Te material system. This system is par-
ticularly interesting since both the excitonic binding ener-
gy and the polaron coupling constant are very large in
comparison to the systems studied previously, and they
are further enhanced by the two-dimensional nature of
the system.

Resonant polaron coupling for free carriers, which
occurs at the condition

ﬁa)c :ha)LO 5 (1)

where o, is the cyclotron frequency and w;y is the
longitudinal-optic-phonon frequency, is now relatively
well understood in both bulk and two-dimensional sys-
tems (see Refs. 3—5 for a review). This is mainly through
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the experimental studies of cyclotron resonance in both
bulk GaAs and related two-dimensional GaAs structures,
where the Frohlich coupling constant a=0.07. It is now
well established that polaron coupling is significantly re-
duced by the introduction of Fermi statistics in degen-
erate systems.>’ The most polar materials for which the
coupling region has been studied in bulk systems have
values of a~0.5,%° with CdTe (a~0.3) being the most
closely studied around the coupling region.”°”!2 The
most detailed study for a strongly polar two-dimensional
system has been performed using InSe layers,'’ where
a~0.3. In this case, the cyclotron resonance was studied
through the resonant coupling region, showing reso-
nances arising from both branches of the polaron.

There have been only limited reports of observations of
bound carrier polaron effects, with the first studies re-
ported for bulk CdTe (Refs. 10 and 11) and some more
recent work on GaAs.!*!®> These occur most strongly for
a shallow donor state at the condition

Eqp iy~ Eqn=horo )

where E ;) and E,, ., are the energy levels of the 1s and
2p + states of the shallow donor. Experimental studies
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of this coupling have been made on bulk CdTe,!! al-
though the strong reststrahlen absorption and reflection
prevented observations being made close to resonance.
More recently, work on bulk GaAs (Refs. 14 and 15) has
shown a series of couplings, where E ) is replaced by the
excited states of the shallow donor state associated with
the lower Landau level such as 2p ~, 3d 2 4f 3, etc. A
number of experimental and theoretical studies'é~?° have
made similar observations for shallow donor impurities in
multiple quantum well (MQW) structures and superlat-
tices?'??2 in GaAs, where the coupling is still relatively
weak.

In the present study we have used interband
magnetoreflectivity to study the 1s and 2s excitonic ener-
gy levels of a CdTe/Cd,_,Mn,Te superlattice in high
magnetic fields (B, <42 T), which are sufficient to cover
the possible range of resonant polaron couplings. These
measurements are compared with a theoretical treatment
based on the phonon coupling to electrons alone, which is
found to provide a good description of the experimental
results. No evidence is found for a separate coupling to
the excitonic states at an equivalent excitonic resonance
condition to Eq. (2), when the level separation between
the 1s and 2s levels is equal to fiw; .

The main subject of interest in CdTe/Cd;_ ,Mn,Te su-
perlattices to date has been in the strong magnetic prop-
erties induced due to the sp-d exchange interactions be-
tween the conduction and valence bands and the Mn?™"
ions (see Ref. 23 for a review). For example, there is
some experimental evidence which suggests that the
Mn?* exchange is capable of producing a transition to a
type-II superlattice band-edge alignment for the o+ spin
states.’»?* This effect is less significant in the structures
chosen for study here, since the Mn?* content was rela-
tively high (x =0.13), which tends to suppress the large
exchange enhancement of the spin splitting due to the
presence of a significant amount of antiferromagnetic
Mn?*-Mn?* exchange. These structures can thus be
considered as relatively conventional MQW structures
with type-I confinement potentials.

II. EXPERIMENT

Low-temperature (4.2 K) magneto reflectivity studies
were conducted on a CdTe/Cd,_,Mn, Te superlattice,
grown by MBE on InSb[100] substrates,?S as a function of
magnetic field (B,) up to 42 T, using a long-pulse (~ 10
mS) pulsed magnetic-field system. The magnetic field was
applied perpendicular to the superlattice layers. The
sample chosen for particular study was a 15-period super-
lattice, with 70-A quantum wells of CdTe, and 150-A bar-
riers of Cd;_,Mn,Te with a Mn?* content of x =0.13,
grown onto a 1000-A buffer layer of CdTe. The
reflectivity signal was measured using a pulsed Xe-arc
flashlamp source, with a ~500-uS flash duration fired at
the peak field, and detected using an image-intensified
photodiode array, gated active for 500 uS at peak field.
The spectra were detected via separate input and output
fiber optic bundles and light guides, and were normalized
to the background Xe-arc spectrum. High-quality spec-
tra were recorded in steady-state magnetic fields of up to
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15 T, using multiple scan averaging. A typical series of
reflectivity spectra is shown in Fig. 1. The zero field
spectrum shows two main features, the strongest of
which corresponds to the 1s heavy-hole (HH) exciton of
the first confined state, and the second which corresponds
to the light hole (LH). Due to the high reflectivity of the
InSb substrate, the reflectivity spectrum corresponds
essentially to the absorption spectrum of the MQW struc-
ture which is quite strong due to the effective double pass
through the superlattice. On application of the magnetic
field, the HH 1s state shows a very pronounced spin split-
ting due to the large magnetic modulation of the
valence-band barrier heights caused by the exchange in-
teraction with the Mn2" ions, typical of dilute magnetic
structures.?* It should, however, be borne in mind that
this splitting is relatively smaller than that found for
lower Mn?" content alloy barriers due to the antiferro-
magnetic exchange, as mentioned above. The LH shows
a similar but weaker splitting, with the lower absorption
disappearing under the HH feature above B, ~20 T.

The main topic of interest in this paper is the behavior
of the HH 2s states, which are considerably weaker, and
can be seen at about 18 meV above the 1s state. These
are shown more clearly in the set of curves shown in Fig.
2, which were taken in steady-state fields using polarized
light. The 2s transitions rapidly become stronger at
higher fields, as is also shown in the expanded plots of
Fig. 3, until the resonant coupling region is reached. The
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FIG. 1. A series of reflectivity traces as a function of magnet-
ic field from O to 42.0 T, taken using unpolarized light. The
traces are displaced upward for clarity. The two strongest dips
in the zero-field trace correspond to transitions between the

highest confined heavy-hole and light-hole states and the lowest
confined electron level.
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FIG. 2. An expanded low-field (0-15 T) region of the
reflectivity, measured using o © polarized light. The strongest
dip corresponds to the HH 1s exciton, while the HH 2s feature
is very weak at low fields, but strengthens rapidly above 6 T.
Some additional weak features from the opposite spin states are
the result of a small amount of o~ polarized light which is not
removed by the low-temperature polarizers.
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FIG. 3. An expanded section of the high-field reflectivity
data in the region of the 2s exciton resonant polaron coupling.
The field positions assigned to the transitions are indicated.
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FIG. 4. The transition energies as a function of magnetic
field. The 1s transition energies are linked by a solid line.

2s states then show a very pronounced mixing and an-
ticrossing behavior, with the peaks all but disappearing in
the region B, =20-25 T, and becoming stronger again at
higher fields. This behavior can be seen in the plots of
transition energies as a function of magnetic field, shown
in Fig. 4. In the lower field region the 2s states show a
similar spin splitting to that found for the ls level, with
two peaks clearly seen. By contrast, only one peak is ever
resolved in the high-field, high-energy branch. Finally,
there is a second broadening of the 2s state at fields in the
region B, ~40 T, and at the same time the transition en-
ergy also shows evidence of a second coupling. This is
thought to result from a second resonant polaron cou-
pling, corresponding to the coupling to a two optic-
phonon state; however, as the data in this region are rath-
er limited, we will confine our further discussion to the
main resonant coupling.

III. THEORY

The interpretation of the above results is based on the
assumption that the measurement is studying the proper-
ties of an excitonic state formed from the interaction of
an electron and a hole in a polar material, in which the
polaron coupling of the electron (and of the hole if appli-
cable) with the lattice can be treated as the dominant in-
teraction, and the excitonic interaction added as an in-
dependent interaction, following the calculation of the
electron levels. This approach is suggested by the nature
of the observed coupling, which is occurring in the region
B,~20 T, where Eq. (1) is known to predict a resonant



50 INTERBAND MAGNETO-OPTICAL STUDIES OF RESONANT ...

interaction for the electrons alone.!!

The excitonic behavior has been calculated using the
memory function approach,?’ to describe the electron po-
laron coupling, which is then used to describe the devia-
tion from the bare excitonic energy levels. The bare exci-
ton system is modeled by replacing it with a hydrogenlike
impurity at the center of a CdTe quantum well with the
following material parameters: well width, L, =67 A;
confinement potential ¥;=100 meV; effective electron
mass mJ}=0.102m,; and the static dielectric constant
€0=10.2. The effective electron mass has been increased
over the band-edge value, in order to take account of the
nonparabolicity due to the quantum well confinement,
using the approach developed by Ekenberg?® and
used successfully to describe the properties of
GaAs/Ga;_,Al,As quantum wells by Warburton
et al.?® The system is then described by the Hamiltonian

—w2_., 08 122 2
H,(r) \% ya¢+4‘yp r+V(z), (3)

with the potential ¥ (z) given as
0, lzl<L,/2

V(2= 1100 mev, {z|>L,/2°

4)

corresponding to the electron confinement potential with
a valence-band offset @, =E,, /E,=0.2, and we use the
following units: (1) length,

at =#e,/m*e*=59.12 A ,

(2) energy,

R*=e%/2e,ad =13.34 meV ,
and (3) magnetic field,
y=e#B/2m}cR *=0.0425B(T) .

The Hamiltonian is solved through a variational ap-
proach using the following trial functions for the 1s state
(see Refs. 21 and 15 for details):

M \/p2+22)

_ 2_
W (r)=F(z)e' “1* : (5)

and for the 2s state,

(=&, —m, V p?+27)

W, (r)=f(z)e (1—=AVp*+022?), (6)

where f(z) is the lowest-energy solution of the quantum
well, with

E, =3.374R*=45.01 meV ,

and A is determined by the orthogonality condition be-
tween the 1s and 2s states.
The energy levels are then obtained by minimizing

(w1s|Hel\pls> an 0 — <\Il2s]He"I’2s)
<‘I’1sl\yls) o <‘1’251‘]?%) ’

with respect to &, and 7, and to &, 1,,, and 0.

The next step is to perform an independent calculation
of the free-electron polaron correction. The electron-
phonon interaction Hamiltonian

ES,= ™
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H =3 (Vaze v+ V;a:;e —ia) (8)
a

is used, with
| Vq|2=4ﬂ'a('ﬁwLo)3/2/q29 )

where #iw;o=21.1 meV is the LO-phonon energy and
a=0.3 the electron-phonon coupling constant.

The energy-level separations were calculated from the
resonances appearing in the magneto-optical absorption
spectrum?’

—Im3(w)
[0—w,—ReZ(0)*+ImZ(w)]? ’

9)

with o, =eB/mJ}c, and Z(w) is the memory function
which is calculated using second-order perturbation
theory and is given by

S@)=— [ “di(1—e" ) mF (1) . (10
Yo

This approach is chosen in the present case since it has
the particular advantage of being valid up to higher
values of a (Ref. 27). We take zero temperature and in-
corporate only LO-phonon scattering, and no broadening
of the density of states, which implies that Im3(w)=0
As a consequence, the cyclotron resonance frequency is
obtained from the solution w=w? of the following non-
linear equation:

o—o,—ReZ(w)=0 . (11)

Band nonparabolicity due to the in-plane motion is in-
cluded through the Kane model®

1/2

4E
1+=£
Eg

E,=—%|-1+ , (12)

where Ep is the energy for a parabolic band, E,,p the
corrected energy due to the nonparabolic band structure,
and E, =1606 meV the energy gap of CdTe.

Finally, the transition energy is obtained, first without
electron-phonon interaction:

E}=E} —E +#o} , (13)

where #iw, is the energy difference of the initial states, the
first two hole Landau levels, calculated using a hole
effective mass of 0.76m.. The electron-phonon interac-
tion can then be included as

E,=EX+ Afiw? (14)

c ?

where Aw! =0} —o,, with o} determined by Eq. (13).
We can also write this as

Afio¥=AE(N =1)—AE(N =0) ,

where E(N) is the energy of a free electron in Landau
level N and AE (N) the polaron correction to this level.
This thus represents the energies of the free-electron tran-
sitions corrected by the addition of the excitonic binding
energies for the 1s and 2s states as calculated before the
polaron correction was applied.
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IV. COMPARISON OF THEORY AND EXPERIMENT

In order to make an accurate comparison with experi-
ment and to eliminate the influence of the spin splitting
on the calculations, the splitting of the 1s and 2s states
(the equivalent of the impurity shifted cyclotron reso-
nance energy) is plotted as a function of magnetic field for
both experiment and theory in Fig. 5. This illustrates
very clearly the dominant effect of the resonant coupling
around 20 T, and the excellent agreement between the
theory and experiment for a wide range of magnetic
fields. Some details of the results require more detailed
comment, which we offer below.

(i) There is a significant weakening of the o T transition
at higher fields, and only the o~ transitions are observed
for the upper branch. This is attributed to the change in
band alignment caused by the lowering of the barrier
height for the m;=—3 heavy-hole states which, it has
been suggested, will lead to the formation of a type-II su-
perlattice alignment at high fields.?*?° The exact field for
this will depend on both the band offset assumed and the
Mn’" content of the alloy barriers, but will be coun-
teracted by the Coulomb interaction of the exciton.?>3"»
There will, however, be a steady lowering of the m = -3
barrier which will produce a significant reduction in the
excitonic oscillator strength due to the decreased overlap
of the electron and hole wave functions.

(ii) There is an apparently smaller resonant polaron in-
teraction for the o~ transition, as suggested by the exper-
imental points for the lower branch around 20 T. This
may be related to the smaller penetration of the excitonic
wave function into the more polar Cd,_, Mn, Te barriers,
although it should also lead to an increased polaron cou-
pling due to the stronger wave-function confinement
which leads to a stronger two dimensionality of the exci-
tons.

(iii) The splitting of the upper and lower polaron
branches at resonance is ~ 11 meV, which is over 50% of
the energy of the LO phonon (21.3 meV). This is larger
than that observed for the branches of the electron cyclo-
tron resonance in the two-dimensional InSe system, and
may be attributed to the slightly larger effective Frohlich
coupling constant which is the result partly of the in-
creased quantum well effective mass caused by nonpara-
bolicity of the conduction band.

(iv) No account is taken in the theory of the influence
of the polaron mixing of the zeroth and first Landau lev-
els on the excitonic binding energy. This would be a
second-order interaction mixing the excitonic and pola-
ron coupling. The most likely effect of this would be an
increase in the 2s exciton binding energy in the region
where the two Landau levels are coupled.

The main conclusion is that we have measured the ex-
citonic polaron coupling in a strongly polar semiconduc-
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FIG. 5. The experimental splitting of the 1s-2s exciton tran-
sitions for both spin plus (+%—+ %, square symbols) and spin
minus (— %— - %, triangles). The large and small symbols show
data taken using the pulsed and steady fields. The solid line
shows the results of the theoretical calculations, including pola-
ron coupling, while the dashed line shows the exciton splitting
in the absence of polaron effects.

tor superlattice and shown that it can be well described in
terms of a theoretical treatment based on a single-particle
polaron coupling with electrons alone. The excitonic in-
teraction is then added as a perturbation to the coupled
energy levels. Despite the very similar values of the
optic-phonon energy and the excitonic Rydberg (both
~21 meV), no evidence was found for any form of com-
posite excitonic polaron coupling, suggesting that the
optic-phonon coupling is dominant. This result is rather
surprising, in view of the relatively large value of the ex-
citonic binding energy. One possible explanation may lie
in the relative sizes of the polaron and excitonic radii,
which, are respectively, 35 and 50 A. Although this
difference does not at first sight seem sufficiently large to
explain the almost complete absence of excitonic polaron
coupling, it may be the case that the ordering of the
strengths of the coupling is critical, leading to the possi-
bility of a swap over to excitonic coupling for materials
with a higher exciton binding energy.
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