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Excitons in semimagnetic semiconductor quantum-well systems: Magnetic polaron effects
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The energy of the exciton formed from an electron and heavy hole in a narrow CdTe quantum
well between barriers of Cd;_,Mn,Te is evaluated using a simple variational trial function. The
magnetic polaron effect, resulting from the exchange interaction of the carriers with localized Mn-
ion spins located in the barrier, is included. Because of its heavier mass and small quantum-well
depth, the hole is much more dramatically influenced by the magnetic polaron effect and tends to

localize near one of the interfaces.

During the past two years it has become possible to fa-
bricate high quality CdTe/Cd,_,Mn, Te superlattices by
molecular-beam epitaxy! (MBE). These novel semimag-
netic semiconductor multiple-quantum-well (MQW)
structures provide an excellent opportunity to study spin
exchange interactions of quasi-two-dimensional carriers
with the localized magnetic moments of the Mn ions in
the Cd,_,Mn,Te barrier layers. A number of experimen-
tal studies of the optical properties of such systems have
been carried out recently.>~® For samples with low or
moderate Mn concentrations in the barrier (x <0.30),
where the antiferromagnetic coupling between Mn-ion
magnetic moments is not strong enough to form spin-
ordered states, the electronic properties in the quantum
well are significantly affected by the existence of applied
magnetic fields. Recent experimental evidence from pho-
toluminescence suggests, among other things, that
(heavy-hole) excitons formed in strained (111)-oriented
structures are rather strongly localized at or near the
CdTe/Cd,_,Mn, Te heterointerfaces with an unexpected-
ly large amount of two-dimensional (2D) character.
Furthermore, on applying an external magnetic field
normal to the quantum-well layers a large spectral shift
and a decrease of the exciton lifetime are observed.
These effects appear to originate from the exchange
interaction between the exciton and the Mn-ion spins. In
CdTe/Cd;_x,Mn, Te quantum wells, the valence-band
offset is known to be small, and it has been suggested that
the origin of the exciton interface localization, even at
zero magnetic field, contains a contribution from the spin
exchange, i.e., a magnetic polaron effect.>>"8

In a previous paper,” we calculated the ground-state en-
ergy of a heavy hole in the valence band of a single CdTe
quantum well in a Cd;_,Mn,Te host. The magnetic po-
laron effect was treated, within the mean-field approxima-
tion (MFA), as a nonlinear term in the single-particle ef-
fective Hamiltonian. Our self-consistent calculation
shows explicitly that this nonlinear magnetic polaron term
can appreciably reduce the effective potential in the region
where the carrier is localized, so that for appropriate
values of the applied magnetic field, the heavy-hole-like
particle tends to localize near one of the interfaces. The
calculated energy shift of the hole as a function of the
external magnetic field agrees qualitatively with what can
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be deduced from the spectral shift of the exciton peak in
photoluminescence experiments. However, such a single-
particle calculation does not take into account the
Coulomb interaction between the electron and hole, an
essential ingredient in any study of exciton phenomena.
A more meaningful comparison with the available experi-
mental data for such a system would require a calculation
of the quasi-two-dimensional exciton energy as a function
of the applied magnetic field. Such a calculation is the
objective of this paper.

The quasi-two-dimensional nature of excitons in such a
system gives rise to anisotropic effects observed in experi-
ments.>? The large magnetic-field-induced spectral shift
depends only on the field component normal to the inter-
face. This is consistent with the fact that only the exciton
spin component in that direction is a good quantum num-
ber. We use the exchange model involving only spin com-
ponents normal to the interface and the result is indepen-
dent of the field component parallel to the interface.

We present a variational calculation of the energy of
the exciton’~!? formed through the interaction of a con-
duction electron and a heavy valence-band hole in a CdTe
quantum well. The light-hole energy levels lie much
lower than that of the heavy hole because of the uniaxial
strain in such a system. The mixing effect between the
two types of holes are negligible. Very recently,
Gongalves da Silva® calculated energies of exciton states
in heterostructure as a function of the hole position. His
results, which detail the experimentally observed field an-
isotropy in terms of coupled heavy-hole—light-hole exci-
ton states also, suggest a large penetration of the hole
wave function into the barriers, and give qualitative agree-
ment with the experiment. However, these calculations do
not lead to a solution of the exciton ground state and can-
not be compared directly with experiments. We start
from a more realistic description, taking into account the
effects of local potential fluctuations in forming an exci-
ton magnetic polaron near the interface. Under this con-
dition, we solve the exciton ground state from which an
explicit description of a bound magnetic polaron can be
deduced. In our model, the CdTe quantum well is con-
tained in a semimagnetic Cd;_,Mn,Te host, and the
magnetic polaron effect is included in the exciton Hamil-
tonian through a nonlinear magnetic potential resulting
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from the exchange interactions. Our mean-field approach
gives excellent agreement with the line shift as a function
of applied magnetic field observed in photoluminescence
experiments.>? Because of its relatively heavy mass and
the small valence-band offset, the hole tends to form a
magnetic polaron and localize near the well interface as a
result of its exchange interaction with Mn ions inside the
barrier. For the hole, this occurs even in the absence of an
external field, while the electron in the conduction band
remains confined near the center of the well even in the
presence of a very large magnetic field. With increasing
magnetic field, the hole moves further into the barrier re-
sulting in a reduced overlap between the electron and hole
wave functions. This effect causes appreciable variation
in the expectation value of the electron-hole interaction.
Although our results are based on a simple trial function,
we believe that they correctly describe the physics under-
lying the problem.

The energy levels of excitons in a CdTe/Cd;_,Mn,Te
quantum well of width L are described by the following
Hamiltonian involving the electron coordinate r, and the
hole coordinate r},:

H= 3

i=eh

[p;+(e/c)A; 2 /2m; +Vi(z;)
'—aiJ.'ZZS:S(Ti —-R,)

—eZe | r,—r, | 7" (1

The first six terms describe the kinetic energy, quantum-
well confinement potential, and the exchange interaction
with the Mn ions for the electron and the hole. The last
term describes the electron-hole Coulomb interaction.
The background dielectric constant € is taken to be the
same in CdTe and Cd,_,Mn,Te. The single-particle bar-
rier potentials are given by

V,(2)=V§O( |z | —L/2)
and
Viz)=VhO(|z | —-L/2),

where ©(z)=0 for z <0 and is equal to unity for z>0.
The sum

Ve+Ve=Eg(x)—E4(0)=1.5x eV

is equal to the band-gap discontinuity in a system with
J

Mn-ion concentration x. We ignore the possible valence-
band complexities and consider an orbitally nondegenerate
heavy hole only. For the narrow wells which we consider
(L ~ap=~60 A, the exciton Bohr radius in bulk CdTe),
the exciton is quasi-two-dimensional so that the spin-
dependent Heisenberg-type interactions in Eq. (1) contain
only the z components of relevant angular momenta.
JZ=1 for an electron and J{ =3 for a heavy hole. The
exchange constants a, and a, are taken to be those of
bulk Cd,_,Mn, Tée? although they may depend on the de-
tailed forms of particle wave functions as well.!> The or-
bital effect of the external field By, normal to the well is
substantially smaller than the influence of the external
field on the exchange interaction, and is entirely ignored
in our calculation.

We adopt the same formal simplifications to the ex-
change terms in Eq. (1) as in Ref. 7. Averaging over the
Mn-ion positions R, inside the barrier, and taking the
mean-field approximation for the Mn-ion spin polariza-
tion at a given temperature, allows us to write’

$578(r—R;)=6( |z | — +L)NoxS(r)

where
S%r)=30(x)Bs /(g1 ppBese(r) /kg(T+Ty)) .

Here Bs,, is the Brillouin function, g; the Mn-ion g fac-
tor (5 that of an electron), and o(x) and To(x) are param-
eters!® describing approximately the antiferromagnetic in-
teractions between isolated Mn-ions spins. The approxi-
mation used above is valid for systems with Mn-ion con-
centrations exceeding a few percent. The local effective
magnetic field contributing to polarizing the Mn ion at
position r is given by B.g(r)=Bj+ B,(r), where By is the
value of the external magnetic field and

glﬂ’ng(r)=aeJez|¢e(r)|2+ahJ}f|¢h(r)|2 @)

is the exchange field acting on the Mn ion arising from
the interaction with an electron in state ¥,(r) and a hole
in ¢,(r). B,(r) gives finite contribution to the effective
magnetic field only when the exciton is localized in space
and spin polarizes the Mn ions in its neighborhood (i.e.,
the magnetic polaron effect).

Within the above simplifications and approximations,
the orientational degrees of freedom of Mn ions in Eq. (1)
are readily eliminated and the effective exciton Hamiltoni-
an can be written as

Hey= 3, {p’/2m;+0O(|z;| — 5 L) Vo—VmBs,(gruupBess/kpTer)]} —e%€ ! 1, —1, | 71 (3)

i=eh

Here we have introduced the amplitudes of the exchange
potentials defined by

5
Veh=30(x)xNoa, pJZ s

and have introduced T,rr=T 4 Ty(x). Using parameters

for CdTe/Cd;_,Mn, Te quantum wells, we would gen-
erally have V§ >>V;, so that the electron is always con-
fined near the well center even at very large magnetic
fields. On the other hand, the condition V% < V! is satis-
fied for the systems under consideration. The heavy hole
may be attracted toward Cd;_,Mn,Te barrier where the
local effective field is large. The Schrodinger equation
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H 4V =EV is nonlinear since the magnetic polaron term
[Eq. (5)] depends on the eigenfunction. Our calculation
shows that this magnetic polaron effect can lead to locali-
zation of the exciton near the interface even in the absence
of an external magnetic field as suggested earler.’

To solve for the exciton energy we have performed a
variational calculation on Eq. (3). The trial function is
chosen to be of the form

W(r,,r) =1, (r )s(ry) , 4)

where

|

W) =(r,2) =7 nexp(—n*? /2)7~ /4! /2

X exp[ —vX(z —z()*/2] . (5)
The parameters 7, v, and z, take different values for the
electron and the hole, and each should carry a subscript e
or h. In assuming the simple product function of Egs. (7)
and (8), we are ignoring the apparent separability of the
degrees of freedom along the layer into center-of-mass
and relative coordinates. We do this because we believe
that the hole is localized in part by strains and fluctua-
tions in the Mn-ion concentration, effects which break
translational invariance along the layer. By using this tri-
al function, we find for the expectation value of H .,

E= 3 [#m}+ D am+ V1= 80i(EL ~20))~ $8((EL +20))]

i=eh

+ [d’r,0(|z,| —+L)V}, | 9:(r;) | *Bs 2815 Bess /kp T o)

—e™ne™! [dz exp[ —vA(z —zo +m22 ][ 1—¢(n |z |)] . ©®

In this equation

n=n.m(nt+m3)"""%,

2, 2\~
v=vv(Vi+vi) 12
and
Z20=20e—2Z0h -

The function ¢(x) appearing in Eq. (6) is the error func-
tion defined by

¢(x)=21r‘”2foxdt exp(—12) .

Although the variational wave function is of very simple
Gaussian form, we believe it gives a reasonable estimate of
the exciton energy. If this type of variational function is
used in the absence of exchange interactions, the calculat-
ed exciton energy exhibits the expected behavior as a func-
tion of well width L. The error introduced by the approx-
imation is probably smaller than that resulting from the
uncertainty of material constants of the system.

Another question to address is whether the hole would
tend to localize near both interfaces of the well, and
whether this choice would have a lower exciton energy
than the single-center wave function in Eq. (5). We have
also calculated the exciton energy by using a generalized
two-center hole wave function for comparison. In the
small and medium field range, the magnetic polaron ef-
fect localizes the hole near one of the interfaces. In the
large field limit, when the magnetization of the Mn ions
has almost reached saturation, it is energetically more
favorable for the hole wave function to be peaked near
both interfaces. However, the exciton energy is lowered
by a very small amount (<0.3 meV) compared to the
single-center wave-function result. In real systems, the
exciton localization is always associated with some local

I

potential fluctuation near one of the interfaces, so a
single-center hole wave function is more plausible.

With six possible variational parameters appearing in
¥(r,,r;), the minimization of Eq. (6) could require a large
computing effort. To simplify the numerical work we
first fix the in-plane size of the heavy hole 7; !at a value
of 15 A as assumed in Ref. 7. This assumption is based
on the fact that in real quantum wells there always exist
local potential fluctuations within the extent of a few lat-
tice constants.

Because of the deeper quantum well and weaker ex-
change interaction, the electron is not strongly influenced
by the magnetic polaron effect. The parameters Z,, and
v, are found to vary little with magnetic field, always
remaining close to their values in the absence of exchange
interactions. These “empirical” observations allow us to
simplify the computation without sacrificing accuracy.

As a specific example, we take the well width to be
L =60 A. For the effective masses we use m,=0.1m,
and mj, =0.5m,, respectively. Other material parameters
are taken for those of bulk Cd,_,Mn,Te with x =0.10
from Ref. 13. This choice is reasonable even though typi-
cal samples used in photoluminescence measurements?>
have x values in the range of 0.20 in the barriers. The ac-
tual effective concentrations near the interface are diffi-
cult to evaluate experimentally, and we use the somewhat
lower value also to account for finite gradients in the
Mn-ion concentration. In the present case, the barrier
heights are taken to be ¥§=126 meV and V=24 meV,
the latter predominantly due to strain splitting of the
valence band. The exciton ground-state energy is now cal-
culated by minimizing Eq. (6). For the parameter values
given above, the magnetic field dependence of this energy
is shown in Fig. 1. Up to moderate fields the exciton en-
ergy shifts quite linearly, while a saturation can be seen at
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FIG. 1. Exciton energy (measured from the band gap of
CdTe) versus the external magnetic field normal to the well. Pa-
rameters are either given in text or deduced from Ref. 13.
T+ Ty=5 K is used in the calculation.

large fields. The entire graph reproduces very well the
spectral shifts observed in photoluminescence.?* The total
energy shift up to Bo=10 T is roughly 18 meV, which is
quite close to the observed value. Given the uncertainty
of sample parameters, this agreement is very good. It
should be pointed out that there has been no accurate
determination on the band offsets in such a system, al-
though experimental measurements suggest that the
valence-band offset should be generally less than 20%.
Thus the choice of V¢ is rather arbitrary to this extent.
We carried out calculations for different values of V.
We find that, although the calculated exciton energy de-
pends on the specific value of Vg used in the calculation,
the shape and magnitude of the exciton line shift as a
function of the magnetic field are rather insensitive to
choosing different values of V! The possible error aris-
ing from these uncertainties is comparable to the devia-
tion of our results from the experimental observations in
Ref. 2. In Fig. 2 we plot the center of the heavy hole z,
for the same magnetic field range. In the absence of
external fields (By=0), the hole js already located quite
close to the interface (L /2=30 A). This is entirely due
to the magnetic polaron effect which gives rise to a
nonzero B, reducing the effective potential near the inter-
face. On increasing the external field, the quantum-well
confinement is reduced and the hole moves further into
the barrier. Our calculation thus gives an explicit descrip-
tion of the interface localization of excitons proposed ear-
lier. We find that in contrast to the hole, the electron is
always located near the well center, a result due to the
much higher barrier height in the conduction band. The
electron-hole overlap is significantly reduced by applying
a magnetic field. The relative displacement of the elec-
tron and the hole would induce a finite component to the
exciton dipole moment in the z direction. This fact sug-
gests that the system may now be more susceptible to
optical excitations polarized normal to the well. The
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FIG. 2. Displacement of a heavy hole from the well center,
in the same magnetic field range.

electron-hole Coulomb energy is shown in Fig. 3. This
binding energy decreases on increasing the magnetic field,
again a manifestation of the reduced overlap between the
electron and the hole.

In summary, we have calculated the exciton energy in
CdTe/Cd,_,Mn, Te quantum-well structures. Our calcu-
lation provides the first direct comparison with the line
shift observed in photoluminescence experiments. The
newly discovered interface localization of excitons in such
systems is quantitatively explained by the spin-exchange
interaction with Mn ions in the barriers. These results
should be useful in characterizing other semiconductor su-
perlattice systems containing magnetic ions. We should
also point out that the time evolution of excitons is ig-
nored in our calculation. The observed exciton lifetime is
comparable to the spin-relaxation time of Mn ions.'* Fur-
ther investigation is necessary for an understanding of the
time-resolved spectra.
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FIG. 3. The exciton Coulumb binding energy [the last term
of Eq. (6)] versus the magnetic field.
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