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We present in detail a quantitative description of Zeeman splittings of exciton states in a non-
magnetic quantum well with diluted-magnetic-semiconductor barriers which takes interface mixing
into account. For structures with high Mn concentration in the barrier we show that this effect leads
to a dramatic increase of the Zeeman splitting even to a value exceeding the barrier splitting. We
describe a method of interface characterization based on Zeeman-effect measurements. It enables
one to study the shape of the interface profile, the influence of the growth conditions on the interface,
and provides a perspective to decouple the influence of interface mixing from truly two-dimensional
magnetic effects in studies of ultrathin magnetic layers. The influence of the parameters of the model
on the results obtained and the practical applicability of the method are discussed. In particular we
show that the quantum-well profile is strongly asymmetric in relation to the growth direction and
we demonstrate the small influence of the intrinsic effect related to interface magnetism.

I. INTRODUCTION

A great deal of effort has been invested recently
in developing efficient methods for studying the struc-
ture of semiconductor-semiconductor interfaces, both
experimentally!™” and theoretically.® Interface rough-
ness has been studied by means of photol? and
cathodoluminescence,> Raman scattering,>* electron
transport,® soft x-ray reflectivity,® and high-resolution
electron microscopy.” Each of these methods has its own
scale for the observation of the interface roughness spec-
trum. For example, luminescence related methods use
excitons created in quantum-wells and therefore are di-
rectly sensitive to the roughness on a scale comparable
with the effective size of the exciton. Even in the case
of high-energy transmission electron microscopy, which,
especially when complemented by a thorough numeri-
cal analysis,” seems to supply the most faithful image
of the interface structure, some doubts remain because
the method integrates over the thickness of the studied
layer; in addition, it is destructive.

Successful growth of molecular-beam-epitaxy (MBE)
layers and structures involving diluted magnetic
semiconductors® (DMS) has opened a whole area of new
phenomena such as magnetic field induced type I-type
11 transitions!® or spin superlattices.':'2 Precise knowl-
edge of the interface of two-dimensional (2D) DMS struc-
tures is important in understanding the physics of these
structures. In particular, the wide spread of the val-
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ues of the valence band offset in the CdTe/Cd;_.Mn,Te
system published so far, attributed by some authors to
interface effects, calls for a quantitative explanation. In-
terface studies of DMS systems may also contribute to
the understanding of mechanisms of interface formation
in MBE, fundamentally important for the development
of new electronic and photonic devices.

In this paper we develop a recently proposed!® method
of studying interfaces between a DMS and a nonmagnetic
semiconductor, based on measurements of Zeeman split-
tings of exciton states localized in a nonmagnetic quan-
tum well with DMS barriers. Diluted magnetic semicon-
ductors are known for their giant magneto-optical effects,
occurring via alignment of magnetic ions in an external
magnetic field.!* A carrier (exciton) in a nonmagnetic
quantum well with DMS barriers appears to be a perfect
tool for interface studies: a magnetic field will not influ-
ence it greatly within the well (where there are no mag-
netic ions) or deep in the barriers (where the carrier does
not penetrate) but precisely in the neighborhood of the
interface. To illustrate the possibilities of the method,
we present some experimental data obtained on suitable
MBE grown structures.

We start from a description of the sample growth and
experimental procedure, followed by a qualitative discus-
sion of experimental results; we show the main model-
independent conclusions which can be obtained at this
stage: the necessity of introducing interface mixing to
explain the observed strong enhancement of the Zeeman
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effect in structures with large concentration (z > 20%)
of Manganese in the barriers, small role of intrinsic in-
terface magnetic effects, and a strong asymmetry of the
quantum-well profile. In Sec. IV we discuss the origin
of the interface broadening, interdiffusion, segregation,
roughness, and the method of describing it by a poten-
tial profile. We also introduce the strain corrections to
the band offsets. In Secs. V and VI we present the quan-
titative study of the interface effects and describe various
aspects of the model: choice of the valence band offset,
of the composition profile, and contribution of the intrin-
sic surface magnetic effect. In Sec. VII we discuss var-
ious factors influencing the precision of our description:
possible uncertainty of the quantum-well width, direct
Zeeman effect, variation of the exciton binding energy
with magnetic field, and use of a continuous concentra-
tion profile. Finally in Sec. VIII we discuss applications
of the Zeeman effect as a method of interface character-
ization and present graphs allowing us to obtain a rapid
estimation of intermixing range in CdTe/Cd;—Mn,Te
quantum-wells.

II. SAMPLES AND EXPERIMENT

Samples were grown by MBE on (001) Cd;_.Zn.Te
substrates with £ = 4-12%, using three effusion cells
to provide adapted nonstoichiometric fluxes: CdTe, Mn,
and Cd. A Zn cell allowed us to incorporate Cd;_,Zn,Te
layers in samples M336 and M340. Growth temperature
was varied between 250 °C and 310°C. Alloy composi-
tions were adjusted using reflection high-energy electron
diffraction (RHEED) intensity oscillations on a test sam-
ple; they were checked afterwards through low tempera-
ture reflectivity. We use for the free exciton energy (in
meV) versus Mn mole fraction of Cd;_,Zn,Te the ex-
pression

E..(Cd;-xMn,Te) = E..(CdTe) + E, , )
E.,(CdTe) = 1596 , E, = 1563z .
Slightly different values have been proposed for the slope
(e.g., E; = 1592z in Ref. 9). The only significance of
this dependence (taken from an unpublished part of the
results of Ref. 14) for this work is to parametrize the
energy gap of the barriers: in fact the important param-
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eter in the analysis is not the exact alloy composition «,
but the energy change E, of the exciton, which defines
the depth of the quantum well, and the Zeeman split-
ting in the alloy, which is experimentally measured as a
function of E. (Sec.VB), and E_ is measured directly
on the sample under study. The actual composition of
the alloy is needed only for rather small corrections (lat-
tice mismatch effect, interface magnetic correction, etc.,
see; below): in these cases we use z = E,/1563, but
the exact value of the slope dE,/dz is not necessary.
The thickness of quantum-wells was measured through
RHEED oscillations (for 001 growth direction, molec-
ular layer width equals 3.24 A for unstrained CdTe).
Sample M097 comprises two CdTe quantum wells QW1
and QW2 (thickness 5.5 and 20 monolayers, respectively)
with thick Cdg ¢sMng 32Te barriers. Growth was inter-
rupted in the vacuum for a few seconds at each interface.
The structure was grown without a Cd;_,Mn,Te buffer
on a thin CdTe layer, which was deposited first in or-
der to smooth the surface. The sample temperature was
rapidly decreased immediately after the growth of the
last barrier, so that the two quantum-wells were kept at
310°C only for a few minutes. Samples M162, M177,
and M178 are representative of a larger series of sam-
ples which were grown to study the influence of growth
temperature on interface mixing. Each of them contains
a 20 monolayer quantum well. Samples M336 and 340
belong to a series of samples which have been grown to
check whether the quantum-well profile is symmetric or
not. They contain CdTe quantum wells with two different
barriers: one magnetic (Cd;_.Mn,Te) and one nonmag-
netic (Cd;—,Zn,Te). The principal difference between
the two samples is related to the growth direction: in
sample M340 the magnetic barrier was grown after the
CdTe quantum well, while in the sample M336 the order
is opposite. In all the samples the substrate (buffer) lat-
tice constant and thickness of the deposited layers have
been chosen to assure pseudomorphic growth of the struc-
tures. Parameters of the samples are collected in Table
I

Magnetoreflectivity measurements were performed in
the Faraday configuration with samples mounted strain-
free in a 5 T superconducting magnet. Samples were
immersed in superfluid helium. Photoluminescence was
excited with an argon ion laser providing typically 2-
20 mW over a spot of diameter between 0.1 and 2 mm.
The zero-field reflectivity and photoluminescence spec-

TABLE 1. Parameters of the samples. Lengths in A, energies in meV, temperatures in 6 °C. For simulations, an exponential
profile and o = 0.4 were used. Letter M in the samples’ names indicates Mn content.

Sample QW width Cd;—.Mn.Te barriers | Cd;_.Zn.Te bar | Intermed.| Growth| Growth | Cd;_,Zn,Te comp.
name | Nominal| Adjusted| z | E. Width z [ Width length temp. | interrupt.| Substrate| Buffer
Mo097 17.8 17.0 0.32| 504 > 300 none 5.6 310 5s 0.04 none
64.8 65.8 6.1 58
Mi62 64.8 72.5 0.23| 383 > 300 none 6.6 310 none 0.04 none
Mi177 64.8 63.4 0.24| 375 > 300 none 4.4 280 2 min 0.04 none
M178 64.8 61.2 0.22| 336 > 300 none 3.1 250 2 min 0.04 none
M336 46.7 0.35| 559 19.2 0.112 73.3 4.7 280 0.12 0.11
M340 43.2 0.32| 509 18.6 0.117 75.5 see text 280 0.12 0.12
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FIG. 1. Energy of magnetoreflectivity structures corre-
sponding to exciton ground states in the barrier and in both
quantum-wells of sample M097, plotted versus magnetic field.
Circles: ot polarization, squares: o~ polarization. Contin-
uous lines: model described in text; dashed lines added to
guide the eye.

tra obtained on sample M097 have been shown in Ref.
13 (Fig. 1). We identify the two most intense lumines-
cence lines as related to heavy hole ground state (e'h?')
excitons of both quantum wells. The two corresponding
reflectivity structures as well as the barrier free exciton
reflectivity structure are marked by arrows. The influ-
ence of a magnetic field on the reflectivity spectrum is
presented in Fig. 1. Barrier data allow us to determine
the uniaxial stress in the barriers from the heavy hole—
light hole splitting (hidden in the line width at zero mag-
netic field). On the basis of that splitting (14 meV) we
calculate the uniaxial stress in the CdTe layer equal to
the one expected assuming pseudomorphic growth. Thus
the strain in both Cd;_.Mn_ Te and CdTe layers is well
defined.

III. EXPERIMENTAL RESULTS
AND A QUALITATIVE DISCUSSION

This section describes experimental results obtained
on samples of Table I, which can be qualitatively under-
stood, and will help in choosing the right approximations
for the quantitative interpretation. In particular, they
demonstrate the necessity of introducing interface mix-
ing, the fact that the two interfaces of a QW are very
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different, and give an upper limit to intrinsic magnetic
effects at a sharp interface.

Figure 1 reveals an interesting fact: the Zeeman split-
ting of the exciton localized in a nonmagnetic QW1 is
larger than that of the barrier exciton, in spite of the
fact that the influence of the magnetic field is mediated
by the Mn** ions, present only in the barrier. This re-
sult shows clearly that a natural approximation, in which
the ratio of the quantum-well state splitting to the bar-
rier splitting measures the probability of the presence
of the exciton in the barrier,!® is completely useless. A
better description, commonly used to describe similar
structures, expresses quantum-well Zeeman splittings as
a spin-dependent variation of the confinement energy,'®
resulting from a strong variation of barrier heights in the
magnetic field. Such a description cannot explain the
observed splitting values either. Two principal physi-
cal mechanisms can be responsible for the enhancement
of the quantum well Zeeman splittings: interface mix-
ing and/or intrinsic magnetic interface effects. The idea
of the interface mixing in CdTe/(Cd,Mn)Te system!":18
and its role as a source of difficulties in a quantitative
description of the Zeeman effect in DMS 2D structures!®
has already been discussed by several authors. Magneto-
optical measurements on excited states of excitons in
quantum wells have been proposed?® to determine in-
terdiffusion in a CdTe/Cd;_,Mn,Te structures. Other
authors attach primary importance to particular mag-
netic properties of thin layers?! or intrinsic magnetic
properties of the near-interface region in semimagnetic
semiconductors.?? It is well known that in alloys such as
Cd;_.Mn,Te with large = the paramagnetism is strongly
reduced by the short range exchange interaction between
the Mn spins.® Thus the Mn spins sitting at the CdTe in-
terface having less Mn neighbors should exhibit a larger
magnetization than the spins lying deeper inside the
Cd;_.Mn_Te layer.

Experiments performed on samples M336 and M340
containing quantum wells with only one magnetic bar-
rier supply very interesting data related to these prob-
lems. Figure 2, representing Zeeman shifts of the quan-
tum well exciton ground state in both samples, shows
a striking difference between the Zeeman splittings: 1.4
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FIG. 2. Energy of e'h' magnetoreflectivity structures of
samples M336 and M340, plotted versus magnetic field. The
dotted curves are guides for the eye.
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meV at 5 T in M340 vs 4.5 meV in M336. These results
show clearly two facts: first, the normal (Cd;_.Mn,Te
on CdTe) interface is very different from the inverted
(CdTe on Cd;—Mn,Te) one; second, the intrinsic mag-
netic interface effect alone without a broadening of the
interface cannot be responsible for the observed Zeeman
splitting values, since it would be the same for both sam-
ples. Furthermore, since the smaller of the two split-
tings (sample M340) constitutes an upper bound for the
contribution of the intrinsic magnetic interface effect to
the Zeeman splitting, we see that this effect introduces
a small contribution to the Zeeman splitting measured
on sample M336 and, most probably, for any compara-
ble quantum well with both barriers containing magnetic
ions. We can conclude at this stage that the above ex-
perimental facts confirm our explanation given in Ref. 13,
that the principal reason of the observed enhancement of
the Zeeman splittings is the facility with which ions in
the broadened interface can align with the magnetic field,
acquired by dilution. We shall proceed to a quantitative
analysis of these phenomena in the following sections.

IV. CdTe/Cd;_.Mn,Te INTERFACE
A. Roughness, interdiffusion, and segregation

As pointed out in the preceding section, in order to
explain the experimental facts we need a dilution of mag-
netic ions at the interface leading to a decrease of ion-
ion exchange interaction (the latter being of very short
range??). Such an effect would not occur if the inter-
face imperfection had the form of long range roughness
(Fig. 3), as in the case of the rather broad islands usu-
ally encountered in the GaAs-Ga;_ Al As system at the
normal interface (Gaj—,Al,As on GaAs). Then only the
atoms at the step edges have a number of metallic neigh-
bors which differ from those at the flat interface, and this
should make a small contribution, smaller indeed than
the interface magnetic corrections which will be evalu-
ated later on. However, it is well known that the in-
verted interface (GaAs on Ga;_,Al;As) has fluctuations
on a shorter scale, due to the usually smaller diffusion of
the Al atoms at the growing Ga;_,Al;As surface: such
a mechanism in the CdTe-Cd;_Mn,Te system would
result in an enhanced Zeeman effect at the inverted in-
terface CdTe-on-Cd;_,Mn,Te. We should mention that
roughness has been measured by high-resolution trans-
mission electron microscopy on MnTe layers, so that the
CdTe-on-MnTe interface broadens as the thickness of
the MnTe layer increases, while the MnTe-on-CdTe in-
terface remains sharp;2* this was observed, however, at

FIG. 3. Schematic images of interface broadening effects:
(a) roughness, (b) intermixing.
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growth temperatures where no RHEED intensity oscilla-
tions could be recorded for MnTe, which indeed suggests
that roughness develops. On the contrary RHEED oscil-
lations were observed during the growth of the present
Cd;_Mn,Te samples. While the long-scale roughness
is not of concern here, the short-scale roughness can be
represented in the model we develop, and cannot be ex-
cluded in the CdTe-Cd;_.Mn,Te structures.

Another source of dilution of the magnetic ions is a
possible interdiffusion at the interface: this is easily rep-
resented by a dilution profile in a continuous description.
In Ref. 13 we used an error function profile identical
at both interfaces, corresponding to bulk-type interdif-
fusion: this description will be fully adapted to stud-
ies of after-growth annealing. Significant interdiffusion
is observed upon annealing of CdTe-Cd; —.Mn,Te struc-
tures, but at temperatures higher that those used dur-
ing growth, or for longer times. In as-grown structures a
clear asymmetry of the quantum-well profile is evidenced
by the experiments performed on samples M336-M340.
Such an asymmetry could result in a surface enhanced
diffusion: one would then have to assume that defects
diffuse from the surface through the thin CdTe layer
to enhance interdiffusion at the CdTe-on-Cd;_.Mn,Te
interface, and that the diffusion of the same defects is
slower in the Cd;_.Mn,Te layer. The resulting profile
would have to be described in our model using functions
similar to the previous one (bulk diffusion), but with a
different width at each interface. A quite similar pro-
file should also describe the effect of a depletion in Mn
at the short growth interruption usually realized at the
interface. We have measured such a depletion over up
to more than ten monolayers during interruptions of the
Cd;_.Mn_Te growth under a Cd flux: if the effect exists
when the growth is interrupted in the vacuum, or even
during the formation of the first CdTe layer, it is smaller
than under Cd flux, but difficult to exclude.

Segregation (or more generally exchange of Cd/Mn
atoms between the last incorporated monolayer and the
surface layer) naturally results in asymmetric profiles:
the easiest way to represent it is an exponential func-
tion. If we assume an excess of Mn at the growing
Cd; —.Mn,_Te surface, as is observed for In in the growth
of G;_.In,As,?® for compositions around 20-30% the
magnetic dilution will be more efficient at the inverted
interface (where Mn progressively incorporates at a large
dilution in the growing CdTe) than at the normal one
(where the alloy will be only a little bit more diluted
than expected). This asymmetry is very well represented
in the following model.

The above mentioned cases of dilution at the interface
are easily described in a continuous model. However, the
discrete nature of the interface can also play a role. The
difference between the continuous model and the discrete
one in the preceding cases is negligible, as will be shown
later in the paper. However, a continuous model cannot
be developed if only one monolayer is concerned at the
interface. This is the case if the interface width is due to
the fact that the beam shutters were activated during 2D
growth while the last monolayer was not completed. If
surface diffusion is large enough the surface will reorga-
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nize to form broad islands, one-monolayer thick, with no
enhancement of the Zeeman effect. However, if surface
diffusion is small in the extreme case the single mono-
layer at the interface can be described as an alloy with
a reduced Mn content. A similar profile should exist if
the surface reconstruction corresponds to an incomplete
surface layer (this is indeed the case of the ¢(2 x 2) sur-
face of CdTe, for which the topmost layer is a half-filled
Cd layer?®). If this is realized on a short scale, then on
switching from one material to the other only a fraction
of the sites remain available and the one monolayer at
the interface will have a smaller Mn content. This kind
of profile can be described in the model, see the end of
Sec. VII.

Finally, we also have to keep in mind the possibility
of different local magnetic properties at a perfect abrupt
interface, due to the reduced number of magnetic neigh-
bors at the interface as compared to bulk. We shall call
this intrinsic effect “interface magnetic corrections” in
the following. The description of a truncated disordered
magnetic system is difficult, and it seems that even the
range of these corrections (strictly local or over a cor-
relation range) is not obvious and could depend on the
magnetic structure of the alloy, hence on the composi-
tion, the temperature, and the applied field. The present
model directly correlates the local magnetization and the
local composition, but it can be slightly modified to in-
corporate separately the chemical profile and the magne-
tization profile: this is done in the last part of Sec. VI
under the assumption that the magnetization depends
on the local composition and on the composition of the
neighboring atomic planes.

To sum up, to separate ions from their neighbors we
need a roughness or a dilution on the atomic scale. This
makes us choose a continuous model, which can en-
compass several causes of interface broadening, although
most examples in the following will be given for the spe-
cial profile adapted to segregation. But we must remem-
ber that the Zeeman effect will give us little information
on medium and large scale interface roughness. Those
will contribute to the overall quality of the sample and
influence such parameters as line width and photolumi-
nescence Stokes shift. Therefore, to obtain complete in-
formation about the interface, it is desirable to combine
different methods of interface characterization. These in-
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teresting problems will be treated in a forthcoming publi-
cation, devoted to the influence of the growth conditions
on the quality of MBE grown structures.

B. Interface profile

According to the above remarks, we shall represent the
interface mixing by a continuous variation of the compo-
sition across the interface. Any variation in the interface
plane will be neglected. Let us introduce an interface
profile function P(z). It is convenient to represent it as
a convolution of the perfect (step) profile with a broad-
ening function g(z):

+oo0
P(z) = / 9(u)O(z —u)du ,

—00

where O is the Heaviside step function. It is easy to see
that the broadening function g(z) is simply the derivative
of the profile function P(z). For example, if we choose
for P(z) an erf function, g(z) will be the corresponding
Gaussian function. We normalize these functions in such
a way that the zeroth moment (integral) and the second
moment, if it exists (22 mean value), of the g(z) function
are equal to 1 and choose the z origin to make the first
moment vanish. In the case of long range profiles, where
the second moment diverges, the scale of the z axis must
be chosen otherwise (arctg profile in Table II). We shall
then have of course P(—o0) = 0 and P(o0) = 1.

Using the above definitions we may express the varia-
tion of the crystal composition across the interface from
z = 0 to ¢ = z¢ in the form z(z) = zoP(z/ly), where o
is the rms intermixing length. For a CdTe quantum well
of width w between barriers of Mn mole fraction zo the
composition profile will be

(2)

where Pqw(z,w,lo) = P (z—w/z) -P (z+lw/2) +1is the

IO {1]

z(z) = zoPqow(z,w,lo) ,

quantum-well profile.

A few examples of profile functions are collected in
Fig. 4 and Table II. The actual width of the interface is
defined by lo; for example, in the case of diffusion (e.g.,
annealing for a time ¢ at a temperature where the diffu-

TABLE II. Examples of interface profiles.

Profile name Profile function

z+v3
linear P(z) = { ;‘/5 Izl < V3
O(z) |z =3

Generating function Remarks
L 2] < V3

g(z) = 2v3 1 extreme short tail
0 |z| > V3

P(z) = erf(z2)

error function

g(z) = \/% exp (_ é) diffusion case

exp(z—1) z2<1

exp(z—1) 2<1

exponential P(z) = g9(z) = segregation case
1 z>1 0 z2>1
acr tangent P(z) = Larctan (f) +1 g(z) = p% extreme long tail;

rms range infinite




50 MAGNETO-OPTICAL STUDY OF INTERFACE MIXING IN THE. ..

@ " (b)

FIG. 4. Examples of quantum-well potentials with various
interface profiles. Quantum-well width equal to ten units of
intermixing range. (a) Error function; (b) exponential profile.

sion coefficient is D), the function g(z) is Gaussian and
lo = (2Dt)}/2. Unless stated otherwise, for the calcu-
lations performed in this work we use the exponential
profile.

C. Band offsets

In order to calculate potentials for electrons and holes
we have to divide the barrier-well band gap difference
between the conduction and the valence band. We shall
denote by o the valence band offset of Cd;_,Mn,Te rel-
ative to the band gap difference,

_ E,(CdTe) — E,(Cd;_,Mn,Te)
*= E,(Cd;_,Mn,Te) — E,(CdTe)

There is no consensus on its value in the CdTe/
Cd;_.Mn,Te system. Numbers from almost zero® to
0.4627 have been published. The idea of interface effects
being responsible for these discrepancies is beginning to
be accepted among the physicists involved.!®28 We shall
discuss this problem in detail later. For most of our cal-
culations, following Ref. 18, we choose a = 0.4. Vari-
ous simulations show that the essence of the conclusions
reached in this paper remain valid if we choose a smaller
value of the valence band offset, e.g., 0.3.

The definition of a, which does not take into ac-
count the strain effect on the band edges, gives what
is sometimes called “chemical offsets.” In real struc-
tures they must be corrected for strain effects. The de-
formation potentials of CdTe have been given by sev-
eral authors?® and elastic coefficients by Greenough and
Palmer.3° P. Maheswaranathan et al.3! have found elastic
constants of Cd; _.Mn_Te not very different from those of
CdTe. Assuming the same deformation potential also for
Cd;_.Mn,Te, we obtain strain corrections to the band
offsets proportional to the difference of strains in the two
materials,

Ae) = €(Cd1—-Mn_Te) — ¢ (CdTe),

which is equal to the lattice parameter mismatch of the
two materials (¢ is the in-plane strain), independently of
the average strain in the structure, imposed by the sub-
strate or buffer layer. Using the deformation potentials
and elastic coefficients as quoted in Ref. 32, we obtain a

5517

“practical formula” for the strain corrections to the con-
duction, heavy and light hole band offsets (in meV),
lSVe = —35$Mn, 6th = 4512Mn, 6‘/", = —81.’17Mn .

On the other hand, the CdTe energy gap obviously de-
pends on the lattice parameter of the substrate (or of the
buffer if its thickness is large enough). For a Cd; —,Zn,Te
substrate (a Cd;_.Mn,Te buffer layer) with zinc (man-
ganese) concentration xz, (Tmn), the strain correction to
the CdTe energy gap is given by 6V, = —25 meV zz, or
8V, = —10 meV zpy.

V. MODEL OF QUANTUM WELL
WITH INTERFACE MIXING

In this section we describe in detail the model which is
used to describe the effect of a diffuse interface quantita-
tively. Without external magnetic field, see Sec. V A, we
just have to solve the Schréodinger equations for the en-
velope functions of electrons and heavy holes, where the
potential profile is calculated by combining Secs. IVB
and IV C above. In the presence of a magnetic field, see
Sec. VC, the potential profile is obtained by adding, to
the zero-field potential of each spin component of each
carrier, the Zeeman shift experimentally observed for
bulk material with a uniform composition = equal to the
local composition z(z). Hence it is necessary to have an
accurate numerical representation of bulk Zeeman shifts
for any composition, which is given in Sec. V B.

A. Zero field case

Let us first consider a quantum well of width w without
magnetic field. For a single carrier (electron or hole) the
Schrodinger equation for the envelope function will have
the form

2 2
{_:—m%+V(z)—E}\Il(z)=0- (3)

It is generally recognized that the gap variation as a func-
tion of Mn mole fraction in Cd;_.Mn_,Te is linear (see
Sec. II). Then, taking into account also strain effects,
the potential of the quantum well is proportional to the
composition profile

V(s) =va() 22 (@

where dE;/dx is given by Eq. (1) and v = a +
0Vin/(dE4/dzx) for the heavy hole and v = (1 — a) +
8V./(dEy/dz) for the electron. It follows from Egs. (2)
and (4) that V(2) can be written as

dE
V(z) = vzoPow(z,w, lo)—;l?g .

We now define natural (carrier-dependent) energy and
length units
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n

%= vV 2’ITLCV() ’

that is the potential barrier height and the minimum
penetration depth of the carrier into the barrier (m. is
the carrier effective mass). Introducing dimensionless re-
duced energy and length ¢ = E/V and ¢ = z/zp we
obtain the Schrédinger equation in the simple form

{ ddcz + Pqw (¢, n,/\)—e} T(¢)=0, (6)

where 77 and A express the well width and the intermixing
range in 2o units.

We see from Eq. (6) that using the above-defined units,
we can express the one carrier zero-field energy for a given
profile type as a universal (material-independent) func-
tion of well width and intermixing length. In Fig. 5 we
show this dependence computed for the exponential pro-
file. The influence of intermixing decreases for very small
and very large values of the quantum-well width: for the
large width, because the intermixing range becomes rela-
tively small, and for the small width, because the energy
of the ground state is very close to the barrier height,
whatever the intermixing range. The results computed
for the error function (erf) function profile are almost
identical, except for a small scale change (maximum value
equals about 0.23).

Let us point out that the introduced units have a com-
position dependence (Vo o« z and zp o« z~!/2) which
is the same for electron and hole. Therefore, choosing
any common units with this composition dependence, we
shall obtain composition-independent Schrédinger equa-
tions, one for the electron and one for the heavy hole.
Hence for a given material (carrier masses and band off-
sets) we can compute electron and hole energies and
therefore express the interband transition energy as a
single function of the quantum-well width and intermix-
ing length, valid for any concentration of magnetic ions
in the barrier material. The results calculated for a
CdTe/Cd;_Mn,Te system using the exponential profile
are presented in Fig. 6.

dE
Vo = YZo _d—:ltg and

(5)
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FIG. 5. Eigenenergy shift of a carrier in a quantum well
due to interface mixing, plotted versus well width for several
indicated intermixing length values lo. Energy in units of bar-
rier height (i.e., F/Vjy), lengths in units of carrier penetration
depth [i.e., lo/20 and w/zo; see text, Eq. (5)]; exponential pro-
file. The figure is in reduced units and material independent.
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FIG. 6. Sum of the confinement energies of the e' and h'
ground states in CdTe/Cd;_,Mn. Te quantum-wells as a func-
tion of the well width, for four values of the intermixing length
(exponential profile). Energy in units of E, [see Eq. (1)],
lengths in units of electron penetration depth zo [Eq. (5)].
Relative valence band offset @ = 0.4. Reduced coordinates
allow us to use the plot for any composition of the barrier.
Solid line, lo/zo = 0; long dashed, 1; dashed, 2; dotted, 2.5.

In order to compare these results with experimental
data, it is necessary to know the exciton binding en-
ergy. We performed a calculation for the exponential
profile and a medium value of intermixing length (4 A).
We used the method developed by Berroir and Bastard
and co-workers®33* which remains valid at small and/or
negative (type II structures) valence band offsets. Us-
ing the technique developed by Leavitt and Little3® we
integrate numerically the Schrédinger equation for the
relative motion of the electron and hole in the quantum-
well potential. This integration is easily performed for
any potential profile. Details of the calculation are given
in Ref. 32. Using values of Luttinger coefficients from
Ref. 36 and dielectric constant ¢ = 10.6¢9%7 we obtain
the results presented in Fig. 7. Having checked that
the interface mixing has little influence on the calculated
exciton binding energy, we can use Fig. 7 to correct the
interband transition energies (Fig. 6) for exciton effects,
and compare the results with the measured transition en-
ergies. The latter as expected are slightly larger than the
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FIG. 7. Binding energy of e'h' excitons calculated as a
function of quantum-well width w and barrier Mn mole frac-
tion z. Exponential profile, intermixing length 4 A.
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exciton energy calculated for an ideal quantum well. It
would be premature to try to determine the intermixing
length at this stage, because of the small sensitivity of
the zero-field energy to the interface profile and insuffi-
cient precision in the knowledge of some parameter values
(well width, band offsets, etc.).

B. Bulk Zeeman splittings

In order to compute the influence of the magnetic field
on quantum-well states one has to know the Zeeman
splittings of the bands at each point across the inter-
face profile. We shall start from a rough approximation,
assuming that Zeeman splittings of the bands in the inter-
face at a point of (local) Mn mole fraction  are equal to
those in bulk material of the same z value. This approx-
imation neglects interface magnetic properties resulting
from a different number of magnetic neighbors of an ion
in the interface, compared to an ion in bulk material of
the same composition. We shall return to this problem
later.

J

AE*(E,) = Ezaexp [(—%) + cexp (—%) + e] and Ty(E.) =

where a = 0.4595,b = 36.06,c = 1.272,d = 252.5,e =
0.01258, f = 0.02263, and g = 0.001761. We choose to
express the Brillouin function parameters not as func-
tions of alloy composition z, but as functions of bulk free
exciton energy related to its CdTe value: [see Eq. (1)].
Experiments of several authors show that the free exci-
ton energy is a linear function of the alloy composition,
but slightly different values of the proportionality coefi-
cients are given in various papers. Using a directly mea-
surable value, we get rid of the related uncertainty. The
parameter values were obtained by fitting the Zeeman
splitting values for 18 samples; the reader may judge
the accuracy from Fig. 8, where Zeeman splittings cal-
culated using Eq. (8) are compared to the experimen-
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FIG. 8. Experimental values of bulk Zeeman splittings of
Cd;_-Mn.Te free excitons vs the ones calculated using the
fit of Sec.V B. Continuous line represents identity.
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In order to obtain the bulk Zeeman splitting values,
we have performed a series of measurements on MBE
layers of (Cd,Mn)Te and used some magnetoreflectivity
data obtained by Coquillat and Lascaray3® on Bridgman
grown samples, in the composition range up to z = 0.67.
The heavy hole exciton splitting as a function of magnetic
field can, in our experimental conditions (pumped He
temperature, fields up to 5 T), be represented with a
good accuracy by a modified Brillouin function®

AE(B):AE’BJ( usJB ) ()

kB(T + To)

where Bj(z) = 223! coth (253 z) — 2L coth (&) is the
Brillouin function, J = 5/2, g = 2, up, and kp are the
Bohr magneton and Boltzmann constant, respectively,
and T denotes temperature. The two parameters of this
description, the saturation value AE® and the tempera-
ture shift Tp have been found to obey the following em-
pirical expressions:

fE,

— 8
1+gE;;’ ()

[
tal values. At low z values Ty and AE® can be deter-
mined independently and have a clear meaning in a mean
field approximation.%’ However, at high z values, Tp and
AE?® become correlated, therefore for z > 0.2 one should
not pay too much attention to each of them taken sepa-
rately; our purpose here is to get a reasonably accurate
parametrization of the Zeeman splittings.

C. Influence of the Zeeman effect on the band offsets

Using the established empirical description of the
bulk Zeeman splittings, and the well known exchange
integrals® NoB = 0.88 eV and Ny = 0.22 eV in the va-
lence and conduction bands, respectively, we determine
the magnetic variations of the +3/2 heavy holes and of
the £1/2 conduction band edges as

AV(£3/2) = +0.4AE(B)
and
AV(£1/2) = £0.1AE(B),

where AE(B) is the heavy hole exciton Zeeman splitting
given by Eq. (7). For example, Fig. 9 shows the variation
of the energy of the upper (—3/2) spin component of the
heavy hole band edge calculated as a function of mag-
netic field for several Mn mole fraction values. Adding
these variations to the zero-field potential, Eq. (4), we
determine one-carrier potentials under applied magnetic
field as a function of local alloy composition.

In addition to the quantitative description of interface
effects, we can determine from Fig. 9 the field range (if
any) for which a type II superlattice will be formed. In
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such a manner we determine the type I-type Il transi-
tion lines in the composition-magnetic field plane, cal-
culated for several assumed values of the valence band
offset. Assuming a valence band offset parameter « in
the commonly accepted range, 0.2-0.4, for the structures
studied in this paper, with manganese compositions of
the barriers larger than 0.2, the type I to type II transi-
tion is never reached.

VI. DISCUSSION OF PRINCIPAL FEATURES

Using the potential profiles obtained for each spin com-
ponent of each type of carrier in Sec. V, we can solve
numerically the corresponding Schrédinger equation: the
results are given now and compared to experimental data.
In addition we discuss in this section several aspects of
the model: the choice of the band offset value, the math-
ematical form of the composition profile, and the influ-
ence of the intrinsic magnetic correction present even at
a perfectly abrupt interface.

A. Magnitude of the Zeeman effect

The results of the calculations can be directly com-
pared with experimental data; for the quantum wells of
sample M097 this has been done in Fig. 1. Another way
of presenting the data is shown in Fig. 10. We chose
to represent quantum-well exciton Zeeman splitting as a
function of the barrier splitting, since the magnetic varia-
tions of the band offsets are proportional to this splitting.
As pointed out in Ref. 13, the following conclusions can
be drawn from these results

(i) Interface broadening leads to a dramatic increase of
quantum-well Zeeman splittings, for two reasons: first,
we dilute the magnetic ions in the interface region, de-
creasing the influence of ion-ion interaction and therefore
increasing their magnetization3® and in turn the band
splittings; second, a broadened interface profile makes
carrier penetration easier. In particular, the striking fact
that the QW1 splittings are greater than the barrier split-
tings is reproduced by the calculations.
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exciton Zeeman splitting vs heavy hole barrier exciton split-
ting for sample M097: (a) QW1 (w = 17 A) and (b) QW2
(w=66 A). Values of intermixing length indicated in A.

(ii) Whereas for a perfect quantum well [without in-
termixing, lp = 0 in Fig. 10(a)] the Zeeman splitting
is a slightly superlinear function of the barrier splitting,
interface mixing makes it sublinear. This results from
a contribution of the lower Mn content in the interface
and therefore a tendency to saturate faster with mag-
netic field (lower Ty value). The experimentally observed
sublinear dependence supports the image presented here,
consistently with previous qualitative observations.'819

We must stress that using a single adjustable parame-
ter (intermixing length ly) we are able to describe both
the absolute values and field dependence of the Zeeman
splitting in two different quantum wells of sample M097.
In spite of very different well widths (by a factor of 4)
and splitting values (by a factor of 7) we obtain very close
values of the fitting parameter for both wells, [ = 6.1 A
and 5.6 A in Table I.

B. Band offset

Measurements of Zeeman splittings have been often
used in attempts to determine the valence band offset
in CdTe-Cd;_,Mn,Te. Two questions arise: (i) Is the
present study of interface dilution sensitive to the reparti-
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tion of the band gap which is assumed in the calculation?
(ii) How does interface dilution affect various estimates
of the valence band offset?

In order to examine the sensitivity of the calculated
results to band offsets, we present in Fig. 11 curves cal-
culated for three valence band offset values: 0.2, 0.3, and
0.4 of the total band gap difference. Results for the nar-
rower QW1 [Fig. 11(a)] do not depend significantly on
the band offset, enabling us to determine the intermix-
ing length independently of possible uncertainty in the
band offset value. In case of QW2, where the valence
band offset value influences the calculated Zeeman split-
ting, any realistic value (even =0.2) leads to much lower
splittings than the experimental ones if intermixing is ne-
glected.

A detailed calculation reported by Chang et a
yields Zeeman splittings consistent with their experimen-
tal data under the assumption of a very small valence
band offset (1/14 of that of the conduction band). That
results in a strong asymmetry of the computed Zeeman
shifts in 0% /o~ polarizations (1:2), in contrast with the
experiment. Such an asymmetry has been indeed ob-
served, e.g., in a ZnSe/(Zn,Mn)Se system!? possessing
negligible valence band offset. Such a large asymmetry
does not appear if the enhanced Zeeman effect is due to
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FIG. 11. Zeeman splittings calculated for quantum wells
QW1 (a) and QW2 (b) of sample M097 for several values of
relative valence band offset (solid line, & = 0.2; dashed line,
a = 0.3; dotted line, @ = 0.4), plotted versus barrier heavy
hole exciton splitting. Exponential profile with intermixing
length 6 A (upper curves) and square quantum well (lower
curves).

interface dilution. The other extreme value of the va-
lence band offset, a = 0.46, has been reported by Halsall
et al.,2” who deduce it from electron spin flip Raman scat-
tering in multiple quantum wells. Given our results, it is
easy to explain the difference: interface mixing strongly
enhances the Zeeman splitting of the band states. De-
pending on whether the experiment primarily detects the
valence band splitting (excitonic magneto-optics) or the
conduction band splitting (spin flip Raman scattering),
an analysis neglecting interface effects will tend to artifi-
cially decrease the offset of the carrier in question in order
to increase its sensitivity to the barrier splitting. There-
fore one can expect an overestimation of the value of rel-
ative valence band offset a for spin flip measurements?”
and an underestimation for excitonic Zeeman splitting
measurements.'®

Of course these interface effects will be larger in het-
erostructures with large manganese concentration in the
barriers. This explains the unusual variation of the va-
lence band offset with the Mn concentrations shown by
Kuhn-Heinrich et al.2® At small Mn concentration the
interface effects are smaller but then the type I-type II
transition of the —3/2 heavy hole potential profile is ap-
proached at moderate magnetic fields and the accompa-
nying variation of the exciton binding energy has to be
carefully taken into account.*! It is interesting to note
that valence band offsets determined using a method less
sensitive to interface effects, i.e., the analysis of the light-
heavy hole splitting converge to a value a in the range
0.3-0.4, whatever the Mn concentration.*!:42

Finally in Fig. 12 we give an example of fitting the
data of Ref. 43 using the present model. Using a va-
lence band offset a equal either to 0.2 or to 0.4 we as-
sign unambiguously the lines observed at 1692 and 1735
meV (see Fig. 1 of Ref. 43) to ejhs and ezhy excitons,
respectively. As shown in Fig. 12, once again a good
agreement is obtained if one introduces interface dilution
(with a value of the interface width, lo = 7 A, quite sim-
ilar to those of Table I) and an intermediate value of the
valence band offset («=0.3). Some other recent papers
consider excited states of CdTe/Cd;_.Mn,Te quantum
wells; Harrison et al.2° express the opinion that a simul-
taneous analysis of the ground state and of excited states
of the quantum-well exciton is a good way to determine
the interface broadening. While not rejecting that idea,
we must stress that the ground state, whose penetration
depth is the smallest, is the best suited to study inter-
face magnetization: note, however, that in Fig. 12 the
agreement is quite good for all the electron-heavy hole
transitions.

C. Composition profile

To choose the intermixing profile that best matches
the reality we may consider two principal mechanisms:
interdiffusion and segregation. In Ref. 13 we chose
an error function profile, having no direct experimen-
tal evidence allowing us to determine its shape. In the
present work we are able to shed some light on this prob-
lem. Bulk-type interdiffusion, commonly assumed to pro-
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FIG. 12. Experimental data of Kuhn-Heinrich et al.*? and
our simulation results. Solid line, a = 0.2; dotted line,
a = 0.4. Exponential profile with intermixing length 7 A (a);
no interface broadening (b).

duce an error function profile, may be eliminated in our
case since annealing experiments show that diffusion in
CdTe/Cd;_.Mn,Te superstructures starts at tempera-
tures higher than those presently used in the growth
process. Moreover, bulk-type interdiffusion would lead
to a symmetrical profile, with both interfaces exhibit-
ing the same profile. Segregation, which would produce
an approximately exponential profile,?® is one possible
mechanism of the observed intermixing. An important
feature of the exponential profile is its asymmetry rela-
tive to the growth direction (see Fig. 4). The evidence
of an asymmetric quantum-well profile is given by the
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magnetoreflectivity measurements on samples M336 and
M340 containing each a CdTe well with one magnetic
(Cd1—zMn,Te) and one nonmagnetic (CdZnTe) barrier.
The principal difference between the two structures is
the order of growth of the two barriers. Any significant
difference in the Zeeman splitting between the two sam-
ples proves that for the exciton localized in the quantum
well, the CdTe/Cd;_,Mn,Te interface is different from
the Cd;_Mn,Te/CdTe one. The experimental magne-
toreflectivity data presented in Fig. 2 for the two samples
show a difference by a factor of 3 in the Zeeman split-
tings, proving beyond any doubt a strong asymmetry of
the quantum-well profile. A complete analysis of results
obtained on asymmetric samples is out of the scope of
the present paper; fitting the experimental data for sam-
ple M336 with an exponential profile, we obtain an in-
termixing length lg = 4.7 A (Fig. 13). The measured
values of the splittings for sample M340 are small, and
we expect a larger relative contribution of the intrinsic
interface effect and of the direct Zeeman effect. This does
not allow us to deduce an [y value. The simulation per-
formed for the sample M340, Fig. 13(b), shows that the
experimental results are consistent with an /g value close
to 4.7 A i.e., the value determined for M336. The steep
initial rise of the inverse exponential interface profile in
this case (M340) makes the influence of the intermix-
ing very small. An additional argument supporting the
choice of the exponential profile is a better agreement
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between the intermixing range values obtained for both
quantum wells of sample M097. While in Ref. 13, us-
ing the error function profile, we obtained 4.3 A and 6
A for the two quantum wells, the exponential profile gives
much closer values 5.6 A and 6.1 A, respectively (see
Table I). Discussing the profile choice, we may consider
other possibilities which were recalled at the beginning
of Sec. IV. Some of them (short-scale surface roughness
during growth of Cd;_,Mn,Te, enhanced diffusion close
to the surface, Mn depletion at the Cd;_,Mn,Te surface
etc.) can be tentatively described with a broad Gaussian
profile at the inverted (CdTe on Cd;_.Mn,Te) interface
and a sharper one at the direct (Cd;_Mn,Te on CdTe)
interface. The influence of such interface broadening on
the magnitude of the Zeeman effect has been calculated
and differs little from the case of an exponential profile.

Another profile could be introduced in case of two-
dimensional (2D) growth and would contain one mono-
layer of an intermediate composition between the barrier
and the well. The composition of that layer (the pa-
rameter of the profile) would correspond to the fraction
of an atomic layer of the barrier grown before switching
the effusion cells to grow the well, or to the incomplete
metal coverage of the growing surface. Such a profile
(which cannot be defined in the same way as those from
Table II) can be defined as a combination of the “layer-
by-layer” calculation with zero interface length discussed
in Sec. VII below. Attempts to fit the data, e.g., for
QW1 of sample M097, show that whatever the value of
the parameter, the calculated splittings are at least five
times too small. However, such profiles could represent
an upper limit to the abruptness of interfaces realized
without attempting to modify the stoichiometry of the
growing surface (surface reconstructions) and its shape
(island size).

The present discussion is based on the assumption of a
continuous profile, while at the present stage it is difficult
to separate the influence of interface roughness. There-
fore in our opinion no definitive conclusions on the shape
of the intermixing profile can be reached yet. Combining
different methods to characterize interfaces of the same
samples should be the best way to handle this problem.
In spite of this difficulty, our conclusions about the phys-
ical mechanism of the enhancement of the Zeeman effect
remain valid, as they are not very sensitive to the detailed
profile shape.

D. Estimation of the intrinsic magnetic correction

As we pointed out previously, the magnetic ions in an
atomic plane in the interface will have in general a differ-
ent number of magnetic neighbors than in a bulk crystal
of the same composition as that of the layer. If we want
to count only the nearest neighbors of the cation sublat-
tice, for the (001) growth direction, each cation will have
four neighbors in its atomic plane and four in each of the
two adjacent planes. We cannot therefore expect that
local magnetization will correspond precisely to the local
alloy composition; it must be also influenced by the ad-
jacent atomic layers. This fact will modify the observed
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magneto-optical results by a value that we shall call the
interface magnetic correction (intrinsic, as opposed to the
dilution effect). For a quantitative analysis, it is very im-
portant to know the relative contribution of intermixing
and interface magnetic correction to the final result. The
results discussed above, obtained on samples M336 and
M340 (Figs. 2 and 13) supply a striking direct proof not
only of the asymmetry of the quantum-well profile, but
also of the relatively small importance of the interface
magnetic correction. An estimate of this correction can
be obtained by defining an effective alloy composition

et (2) = [2(2) + (2 — a) + z(z + a)]/3 (9)

that is the composition of a bulk crystal in which the ions
have the same number of nearest magnetic neighbors as
those in our atomic layer [a denotes the layer thickness,
equal to half of the lattice constant; this neighbor count
is valid for nearest neighbors only and (001) growth direc-
tion]. Now we shall assume that each ion in the interface
is aligned by an external magnetic field in the same way
as in a bulk crystal of composition z.g. The local mag-
netization will be thus equal to the bulk magnetization
corresponding to a composition z.g, multiplied by the ra-
tio z/zes (to account for a different density of magnetic
ions). The same will hold for the splittings of the bands,
ie.,
T

AE;'corret:ted(m) = AE(iEeﬁ')x T .

Figure 14 shows heavy hole potentials in a field of 5 T,
calculated for the parameters of the thinner quantum-
well of sample M097. The potential splitting, i.e., the
difference of potential values for the two hole spin orien-
tations, is presented below. We see a strong enhancement
of the splitting in the interface regions, caused by the di-
lution of magnetic ions (dotted line, no intrinsic magnetic
correction). The splitting at the left interface is further
enhanced by the magnetic correction (continuous line).
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FIG. 14. Top: Heavy hole potentials for both (+3/2) hole
spin orientations in a field of 5 T, calculated for the parame-
ters of the thinner quantum-well of sample M097 (10 = 5.6 A,
w=17 A). Below, the difference of the two potentials. Dashed
line, no interface magnetic correction; solid line, with inter-
face magnetic correction.
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We notice also an additional peak of the splitting at the
right interface, resulting from a smaller number of mag-
netic neighbors of the ions from the first atomic layer of
the barrier. However, there exists a region in the right
interface where introduction of the magnetic correction
leads to a decrease of the splitting. This is due to a bigger
number of magnetic neighbors of the ions in this part of
the interface, compared to a bulk alloy of the local com-
position. It is clear, from the expression of z.g, that we
can expect such a decrease in regions of positive second
derivative of the profile function.

Figure 15 shows how these two opposite effects com-
bine to produce a 2D magnetic correction to the inter-
band transition energy for the thinner well, QW1, of sam-
ple M097. While at small intermixing range values the
correction causes a rather strong increase of the Zeeman
splitting, for higher intermixing length values it produces
a slight decrease of the Zeeman splitting . For the param-
eters of the samples discussed in the present work (except
M340), our estimate of the 2D magnetic correction is al-
ways small enough to be neglected. These estimates are
based on a local model, which takes into account only the
change in the number of nearest neighbors without any
reference to a correlation length of the magnetic order:
on the other hand results of sample M340 clearly show
that for such alloy compositions and layer thicknesses the
2D magnetic corrections are experimentally small. They
may become important for very thin magnetic barriers
and/or very high Mn concentration.

VII. FACTORS INFLUENCING THE PRECISION
OF THE DESCRIPTION

The nominal well width values of our samples have
a limited precision (usually to a fraction of one atomic
layer). In a certain range of parameters (large Mn mole
fraction in the barriers and small intermixing range), a
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change of the well width mainly shifts the absolute energy
of the optical transitions, while the intermixing length
primarily influences the Zeeman splitting. This may not
be quite true in a general case. In particular, for param-
eters close to those of quantum wells of samples M162,
M177, and M178, such a separation does not occur. We
often have to slightly adjust the well width to fit the zero-
field exciton energy: this does not imply that we consider
all the fitting procedure to be accurate at the scale of the
meV, but it allows to compare the intermixing length in
samples with different but similar quantum-well param-
eters (e.g., M162, M177, M178 in Table I).

Besides the exchange-mediated Zeeman splittings, we
always have the direct influence of the magnetic field
on the carriers, producing usual (direct) Zeeman split-
tings, diamagnetic shift of the excitonic energy and, in
sufficiently strong magnetic field, Landau quantization.
All these effects in the magnetic field range used in this
work are below 1 meV for 1s exciton states as shown
by magneto-optical measurements on CdTe-Cd;_,Zn,Te
multiple quantum wells.** Therefore if the observed split-
tings are important compared to 1 meV (e.g., the case of
sample M097) we can neglect the direct effects. In the
opposite case (e.g., sample M340), we must take them
into account.

In the final fits we take into account the exciton bind-
ing energies and their variation with magnetic field. For
the structures described in this paper (with high Mn con-
centrations in the barriers), the magnetic variation of the
binding energy is small and the accuracy of their calcu-
lation (see above) is sufficient. For structures with small
Mn concentration in the barrier the situation is quite
different: the application of a magnetic field may induce
a type I-type II transition for the —3/2 hole potential,
resulting in a drastic variation of the corresponding ot
exciton binding energy.3®*! A reliable determination of
that variation should take into account valence band mix-
ing effects which would imply complicated numerical cal-
culations. This is one of the reasons why our technique
is not suitable for the characterization of interfaces in
heterostructures with small Mn concentrations.

In our calculations we use, in the spirit of the effec-
tive mass method, a continuous model for the quantum-
well potential, whereas the real structures have of course
atomic layer structure. To test the validity of our ap-
proach, we performed some test calculations in a discrete
model, where we replaced the continuous potential by a
steplike function, calculated on a grid of atomic layer dis-
tances. Introducing a grid we face an additional degree
of freedom, having to choose the origin of the z axis re-
lated to the grid. Physically, it corresponds to the choice
of the moment of switching the sources in the MBE pro-
cess. The results of the test calculation as a function of
that displacement, performed for parameters correspond-
ing to one of the quantum wells of sample M097, show
a certain variation in the calculated energies, less than
0.3 meV, which does not significantly modify any con-
clusions we may draw from the analysis of our results.
Furthermore, the energy averaged over possible values of
the z origin displacement is with an excellent accuracy
equal to the value obtained from the continuous model.
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VIII. APPLICATION OF THE METHOD

In Fig. 16 we present results obtained for the series of
three samples grown at different temperatures. It is in-
teresting to note that, in spite of some differences in the
quantum-well width and the composition of the barriers
(see Table I), it was possible to choose independent y-axis
scales for each sample in such a way that the curves calcu-
lated for the same intermixing length values coincide to a
good approximation. Thus the relative position of exper-
imental points on such a plot allows to compare the inter-
mixing values of different samples. We can see that the
intermixing length increases with growth temperature in
the range 250 °C to 310 °C and that the magneto-optical
method detects important differences between samples
grown at different temperatures. Even using a simplified
version of the method, while we cannot guarantee precise
values of the determined intermixing length, we can de-
tect its variation with enough sensitivity to optimize the
growth process. Besides growth temperature, the influ-
ence of other growth parameters may be examined, e.g.,
growth interruptions, relative values of fluxes of the ef-
fusion cells, etc. We have performed such a study on a
series of samples; it will be reported in a future publica-
tion.

In view of the results of this work extreme caution
must be applied when looking for 2D magnetic effects in
thin layers of magnetic semiconductors. Although both
intuitive arguments and simulation results allow us to
expect dramatic effects in very thin layers, any realis-
tic interface mixing will drastically modify the expected
results. Figure 14 shows that intermixing may do this al-
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ready at intermixing range values of the order of 1 A and
in our experiments we never encounter such low values
(see Table 1). Therefore in any 2D magnetic studies on
Cd;_.Mn_,Te or similar materials the growth procedure
must be carefully optimized to produce the sharpest pos-
sible interface, and a detailed analysis must include the
influence of interface mixing.

Several problems discussed above influence the useful
range of the application of the magneto-optical method
of interface characterization. If we want to have a re-
liable method and a simple (and fast) numerical pro-
cedure, we will be interested in getting rid of a maxi-
mum number of complications. To do this we should
satisfy three conditions: (i) stay away from type I-type
II transitions (complicated and unreliable exciton bind-
ing energy calculations), (ii) have the Zeeman splittings
large compared to 1 meV (direct Zeeman effect), (iii)
have a sufficiently precise knowledge of the quantum-
well width, for instance through RHEED oscillations, or
otherwise be assured that the two adjustable parameters
(well width and intermixing length) are not correlated.
The first condition will be fulfilled if we use barriers of F,
above 300 meV (Mn mole fraction above 0.2; see Fig. 9).
From Figs. 17(a)-17(d) it is clear that the second con-
dition is satisfied if we use barrier compositions above
15% and quantum-well widths below 60 A. An idea on
the third condition can be obtained by calculating a grid
well width—intermixing length in the Zeeman splitting—
zero field energy plane for various compositions of the
barriers: determination of the two quantum-well param-
eters at low concentration of Mn in the barriers will be
much less precise because of their stronger correlation (at
constant intermixing length the Zeeman splitting shows
large variations with the quantum-well width). Summa-
rizing, we should try to use Mn concentrations in barriers
at least 20% and well width below 50 A in order to be
able to use the simplest version of the method. Step-
ping outside the safe area requires a more careful (and
cumbersome) analysis of the results.

Figure 17 can also be used to get a preliminary es-
timate of intermixing without making specific numerical
calculations. We find the point corresponding to the zero-
field energy and Zeeman splitting values, and read from
the plot the barrier energy (E,.). This we repeat for fig-
ures calculated for different intermixing range values and
we chose the one where the read E, value agrees best with

the experimental one (we know it from the free exciton
energy of the barrier material). Of course, interpolation
may be useful.

IX. CONCLUSIONS

We have presented a coherent description of magneto-
optical splittings of excitons in CdTe/Cd;_.Mn,Te
quantum wells. We have shown that the observed strong
enhancement of the Zeeman splittings results primarily
from dilution of magnetic ions in interfaces and allows us
to measure the interface mixing range. We pointed out
possible sources of errors which may be introduced by ne-
glecting the interface mixing in determining band offsets
and in studies of 2D magnetic properties. We have shown
that the quantum-well profiles are strongly asymmetric
and that the influence of intrinsic interface magnetism in
simple wells is small within the studied range of experi-
mental conditions. Although the exact shape of the in-
terface profile is not yet known (we chose the exponential
profile as the most probable), our method gives quite pre-
cise information allowing us to compare samples grown
under various conditions. Any future improvement of the
knowledge of interface shape will probably introduce only
a slight scaling of our results. The presented method of
interface characterization is sensitive primarily to short
range order of magnetic ions and therefore requires com-
plementary characterization tools when information on
long range interface perturbation is important.
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