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This paper is devoted to the description of the interface between a semimagnetic semiconductor
(Cd12xMnxTe) and a nonmagnetic one~CdTe!, and to the study of its magnetic and magneto-optical proper-
ties, as revealed through the enhanced Zeeman splitting of carriers confined in heterostructures. The model
~proposed earlier on phenomenological bases! takes into account both the chemical profile of the imperfect
interface and the enhanced magnetism due to the reduced number of magnetic neighbors at the interface. We
first justify the model~for low Mn contents! by considering the statistics of Mn clusters at the interface or in
a single Cd12xMnxTe monolayer embedded in CdTe. We also show that the sensitivity of the Zeeman effect to
the presence of two-dimensional islands at the interface rapidly decreases as the island width increases; i.e., the
measure is sensitive to the presence of isolated magnetic ions and not~or less! to roughness, and it character-
izes the interface on the scale of interatomic distance. Then we apply this tool to a wide series of samples with
different nominal characteristics and different growth conditions. A unique profile~determined with a single
adjustable parameter! accounts for the enhanced Zeeman splitting observed on samples grown at low tempera-
ture ~250–280 °C! under excess of Cd, independently of the details of the carrier-wave function and of its
penetration into the magnetic barrier: this is a further~experimental! check of the calculation. The exponential
profile deduced for these samples accounts for the larger enhancement of Zeeman splitting at the inverted
interface~CdTe grown on Cd12xMnxTe), compared to the normal interface (Cd12xMnxTe on CdTe!. It points
to a complete exchange of Cd and Mn atoms between the two surface layers during growth~i.e., a segregation
process with a segregation energy determined to be zero!. We found very little influence of growth interrup-
tions and of growing the Cd12xMnxTe barrier under Te excess. As the growth temperature is raised above
300 °C, the interface further broadens, the additional broadening being identical for the two interfaces. Finally,
we found that the Zeeman effect of carriers confined in quantum wells incorporating a magnetic inverted
interface ~including symmetrical quantum wells! is completely dominated by the effect of the nonabrupt
profile, while a small contribution of the intrinsic effect seems to exist in a quantum well with only a normal
magnetic interface or heterostructures with single Cd12xMnxTe monolayers.

Determining and mastering the morphology of interfaces
is a central problem of semiconductor heterostructures. To
that purpose, a knowledge of the average profile in thez
direction normal to the interface is not sufficient, and it is
also necessary to determine a characteristic scale in the plane
of the interface. A good knowledge of the morphology of an
interface requires the use of several experimental tools, each
of them providing a piece of information at a given scale.

For example, optical spectroscopy of quantum wells char-
acterizes the interface morphology with the exciton coher-
ence length~typically the Bohr radius! as a reference scale
size.1 An interface is calledsmoothif flat terraces larger than
the exciton coherence length exist. Then the transition en-
ergy, which depends on the exact width of the quantum well,
is well defined and the linewidth is small. If terrace widths
are of the order of the exciton coherence length, strong fluc-
tuations broaden the optical line and the interface is called
rough. However if the lateral scale of interface fluctuations is
small compared to the exciton coherence length, the energy
is well averaged and the line is sharp; this is the so-called
pseudosmoothinterface. Other experimental methods have

their own characteristic length. X-ray diffraction is well
suited to measure smooth interface profiles of superlattices,2

but usually gives no information on the lateral morphology
except when grazing incidence is used. The same is true for
Raman scattering.3 Electron microscopy allows us to study
different scales,4 but nevertheless averages over the speci-
men thickness. Scanning tunneling microscopy on cleaved
samples gives extremely detailed information,5 but was not
widely used until now. As already stated,6 and justified be-
low, magneto-optics of heterostructures incorporating semi-
magnetic semiconductors is very sensitive to the presence of
isolated magnetic atoms: it characterizes the interface at the
scale of the interatomic distance.

It has been recognized for some time that, contrary to
earlier assumptions, interfaces play a key role in the mag-
netic properties of heterostructures with semimagnetic semi-
conductors as barrier material. The origin of the effect isa
priori twofold, and the relative importance of the two con-
tributions has been a matter of debate. First, the suppression
of a fraction of the magnetic nearest neighbors at the inter-
face is expected to enhance the magnetization7 by reducing
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the probability of forming antiferromagnetic pairs below its
value in bulk material~intrinsic effect!. Second, interfaces
are not perfect, and progressive dilution across a graded in-
terface may also be the cause of an enhanced magnetization
~extrinsic effect!. Recently we have experimentally shown
the relevance of the second mechanism,6 and proposed a
scheme of calculating both the intrinsic and extrinsic contri-
butions, starting from the experimentally known bulk mag-
netization and making as few assumptions as possible.8 Re-
sults were described for several hypothetical interface
profiles. In this paper we wish to~i! establish the calculation
on a microscopic basis, at least for small concentrations of
the magnetic atoms~,0.1, but probably also for significantly
larger values!, and~ii ! apply the calculation to a wide series
of heterostructures in order to figure out the most probable
profile of as-grown interfaces. The result is that the Zeeman
effect measured on all types of structures grown at low tem-
perature~250–280 °C! agrees with a complete Cd/Mn atom
exchange, during the growth of the interface, between the
two surface monolayers~the one being grown and the last
incorporated layer!, while for samples grown at higher tem-
perature ~310–320 °C! atoms are exchanged on a larger
depth.

The paper is organized as follows. First~Sec. I! we briefly
recall the main experimental results which, on qualitative
arguments, help in selecting the correct description of the
CdTe-Cd12xMnxTe interface grown by molecular-beam epi-
taxy. In Sec. II we briefly recall the method used to calculate
the Zeeman splitting in a heterostructure. In Sec. III we dis-
cuss the enhanced magnetization at the interface. Then we
describe and analyze the experimental results obtained on
samples grown at low temperature under Cd excess~Sec. IV!
and under different growth conditions~Secs. V and VI!. A
short discussion will be found in Sec VII.

I. QUALITATIVE EXPERIMENTAL RESULTS
AND THE CHOICE OF AN INTERFACE MODEL

Several experimental results are striking enough to guide
us in the choice of a correct description of interface effects.

~1! In some CdTe-Cd12xMnxTe quantum wells~QW’s!
with large concentrations of Mn in the barriers~>0.3! and
small QW thicknesses~'2 nm!, the Zeeman splitting ob-
served on excitons formed of confined carriers is larger than
the splitting of the barrier exciton.6 In an early model of such
semimagnetic QW’s, carriers are confined in a perfect square
QW, made of pure CdTe, separated by abrupt interfaces from
a Cd12xMnxTe alloy with bulklike magnetic properties. In
this description, the Zeeman effect in the barriers induces a
variation of the barrier height, which itself induces asmaller
variation of the energies of confined levels: this is measured
as the Zeeman splitting in the QW, which must be smaller
than in the barriers. The experimental result demonstrates
without further analysis the importance of interface effects,
either intrinsic or due to a smooth profile.

~2! The role of the interface profile, as opposed to an
intrinsic interface effect, was stressed by several results.

~a! The larger Zeeman splitting observed on asymmetric
Cd12xMnxTe-CdTe-Cd12yZnyTe QW’s with the magnetic
CdTe-on-Cd12xMnxTe interface~i.e., the so-called inverted
interface being magnetic!, as compared to identical

Cd12yZnyTe-CdTe-Cd12xMnxTe QWs grown in the
reversed order ~the so-called normal interface,
Cd12xMnxTe-on-CdTe, being magnetic!.9

~b! The increase of the Zeeman splitting for samples
grown at higher temperature.10

~c! The increase of the Zeeman splitting upon
annealing.11

To conclude, experimental results show, before any analy-
sis which has to be done in the frame of a detailed model,
that ~i! the Zeeman effect of confined carriers is sensitive to
interfaces;~ii ! interfaces are not perfect, and the Zeeman
effect depends on the morphology of the interface;~iii ! the
two interfaces of a QW, normal and inverted, are different.

II. ZEEMAN EFFECT OF CONFINED CARRIERS

A. Bulk

In this section we briefly recall the method used to calcu-
late the Zeeman splitting of carriers in a heterostructure in-
corporating a semimagnetic semiconductor like
Cd12xMnxTe. Further details and the discussion of the influ-
ence of material parameters are to be found in the Appendix
and in Ref. 8.

In the mean-field and virtual crystal approximations, the
giant Zeeman effect in bulk Cd12xMnxTe ~Ref. 12! shifts the
conduction- and valence-band edges from their zero-field
value by a term proportional to the average magnetization of
the Mn spins in the semimagnetic semiconductor,
Mbulk(x,B,T),which depends on the Mn contentx, the ap-
plied fieldB and the temperatureT.

The magnetization~in units ofgmB) is written

Mbulk~x,B,T!5xS̄~x!B5/2F gmBB

kB@T1T0~x!#G , ~1!

where

B5/2~y!5 6
5 coth~

6
5 y!2 1

5 cothS y5D
is the Brillouin function,

T0~x!5
35.37K

112.752x
x,

S̄~x!5S@0.265 exp~243.34x!10.735 exp~26.19x!#,

and

S5 5
2 .

Note that these parameters were deduced from measurements
of the Zeeman splitting in bulk alloys.8 This parametrization
was checked at liquid-helium temperature, low fieldB,5 T
~in particular the saturation of magnetization described by
the Brillouin function is apparent and magnetization steps
due to the Mn pairs are seen at higher fields!, and Mn con-
centrations up tox50.67.

The Zeeman shift of the conduction band is
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DECB,61/2~x,B,T!56 1
2N0aMbulk~x,B,T!

56
N0a

2N0~a2b!
DE~x,B,T!

56110 meVxS̄~x!B5/2F gmBB

kB@T1T0~x!#G .
~2!

The Zeeman shift of the heavy-hole valence band is

DEVB,63/2~x,B,T!

56 1
2N0bMbulk~x,B,T!

56
N0b

2N0~a2b!
DE~x,B,T!

57440 meVxS̄~x!B5/2F gmBB

kB@T1T0~x!#G . ~3!

In the bulk, these quantities are experimentally easy to
measure, and are well known@especially the heavy-
hole exciton Zeeman splitting DE(x,B,T)5N0(a
2b)Mbulk(x,B,T), leading to the commonly accepted val-
uesN0a50.22 eV andN0b520.88 eV#.

B. Heterostructures

The main assumption of our model8 is to apply thislo-
cally at every monolayer along the growth axis of a QW in
order to calculate the confining potentials in a heterostructure
where the local composition varies. More precisely, at a po-
sition z along the growth axis the actual composition is
x(z), and this, with the conduction- and valence-band
offsets, defines the potential profiles for heavy holes and
electrons without applied field,VVB,63/2@x(z)# and
VCB,61/2@x(z)# ~see the Appendix for numerical values!.
These potentials include the effect of mismatch strains on the
band offsets. In the presence of a magnetic fieldB applied
along the growth axis, we add to these potentials the relevant
Zeeman shifts corresponding to thelocal magnetization.
Hence the potentials under applied field are

VCB,61/2@x~z!#6 1
2 N0aM local@x~z!,z,B,T#,

~4!
VVB,63/2@x~z!#6 1

2N0bM local@x~z!,z,B,T#,

whereM local@x(z),z,B,T# is the local magnetization at posi-
tion z within the heterostructure described by its concentra-
tion profile x(z).

A crucial point is to evaluate this local magnetization
M local@x(z),z,B,T# in the heterostructure. As a first approach
one calculates the local magnetization in the monolayer at
positionz, with the concentrationx(z), by setting

M local@x~z!,z,B,T#'Mbulk@x~z!,B,T#, ~5!

and ignoring the difficulties arising from the concentration
profile around the positionz.

A better approximation, which will be justified below for
small Mn contents~,0.1!, is that themagnetization per Mn
spin in the homogeneous structure depends only on thelocal
average probability xNN for nearest neighbor in the cation

sublattice to be a Mn atom. At a~001! interface a Mn atom
has four nearest neighbors in the same~001! monolayer, four
in the preceding monolayer, and four in the following one. At
an abrupt interface between an alloy of compositionx and
CdTe, one-third of the possible Mn neighbors are replaced by
Cd, andxNN52x/3; in a Cd12xMnxTe monolayer inserted in
CdTe,xNN5x/3. If the composition changes smoothly across
a broadened interface, we calculate

xNN~z!5
x~z2d!1x~z!1x~z1d!

3
, ~6!

whered is the monolayer thicknessd50.32 nm.In practice,
in a heterostructure we replace the local magnetization per
spinM local@x(z),z,B,T#/x(z) by the local magnetization per
spin of the homogeneous alloy with the same number of
nearest neighbors,Mbulk@xNN(z),B,T#/xNN . Hence

M local@x~z!,z,B,T#'
Mbulk@xNN~z!,B,T#

xNN~z!
x~z!. ~7!

In the following we will refer to Eq.~7! as theintrinsic
model. Equation~5! neglects this intrinsic effect and is less
accurate, but remains a good approximation if the extrinsic
effect ~presence of broad interfaces! is dominant, i.e.,
xNN(z)'x(z).

Thus, in the presence of the extrinsic effect only, the con-
fining potentials with applied fields for the heavy-hole va-
lence band and for the conduction band are written directly
as

VVB,63/2@x~z!#60.4DE@x~z!,B,T#,
~8!

VCB,61/2@x~z!#60.1DE@x~z!,B,T#.

When taking additionally the intrinsic effect into account, we
use

VVB,63/2@x~z!#60.4
DE@xNN~z!,B,T#

xNN~z!
x~z!,

~9!

VCB,61/2@x~z!#60.1
DE@xNN~z!,B,T#

xNN~z!
x~z!.

Once again, the Zeeman splittingDE in bulk Cd12xMnxTe is
very well known experimentally. For a quantitative use of
Zeeman measurements, it is essential to calculate accurately
the energy of the electrons and holes confined in the potential
corresponding to their spin state@Eq. ~9!#, and then to form
the exciton: this will be done in Secs. IV and V.

When comparing the calculated exchange splitting to the
observed splitting, the direct Zeeman splitting@s22s1

5(20.0660.06) meVT213B] has to be taken into ac-
count. The values reported as experimental are obtained by
substracting the direct Zeeman splitting from the observed
one.

III. INTERFACE MAGNETIZATION

In this section we shall~1! use cluster statistics for low
Mn contents to justify the approximation introduced above
@Eq. ~7!# for the estimation of the local magnetization,~2!
examine the magnetization changes introduced for the three
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different interfaces~monolayer, inverted interface, normal in-
terface!, and~3! consider the case of roughness with a finite
lateral scale. A preliminary account was given in Ref. 13.

A. Cluster statistics

The magnetization of bulk Cd12xMnxTe, Mbulk(x,B,T),
exhibits a sublinear dependence on the Mn contentx which
is well known and attributed to the formation of pairs and
clusters of nearest neighbors coupled by antiferromagnetic
exchange. For low-Mn contents a quantitative account14 has
been given just by considering the distribution of such clus-
ters in the homogeneous alloy of compositionx. This allows
us to calculate the average spin per Mn atom, at saturation,
S̄(x). For low x it is sufficient to consider the probabilities
Pi for a given spin to be in a small cluster ofi spins:P1 to be
single @the 12 nearest neighbors are Cd atoms, henceP1

5(12x)12], P3
O to be part of an open triplet~average spin

S3
O5 5

6), andP3
C to be part of a closed triangle~average spin

S3
C5 1

6). Then the average spin isS̄5( i5configurationsPiSi
5S@P11P3

O/31P3
C/15# with S5 5

2. Similar analytical ex-
pressions can be given for an abrupt CdTe-Cd12xMnxTe in-
terface and for a monolayer of Cd12xMnxTe ~Table I!. For
higher Mn contents a numerical computation including large
clusters has been given15 which exhibits reasonable agree-
ment with experimental data.

We note that in this description the magnetization at satu-
ration is proportional toxS̄, whereS̄ is a sum over the dif-
ferent probabilities to find a given Mn spin embedded in a
cluster. As a result,S̄ depends on the particular geometry of
the heterostructure~monolayer or single interface, orienta-
tion, interface roughness, . . .! and of the successive prob-
abilities xNN of nearest neighbors,xNNN of next-nearest
neighbors, etc. Our approximation@leading to Eq.~7!# con-

sists of replacing the actualS̄local, in the heterostructure, by
S̄bulk(xNN) in the bulk alloy of compositionxNN :

S̄local~xNN ,xNNN ,...!'S̄bulk~xNN!; ~10!

i.e., we neglect the influence of further neighbors and of the
detail of the geometry.

To check this approximation, we apply it to the cluster
statistics: in Fig. 1 we plot the exact cluster probabilities
P1(x), P2(x), and P3

C(x)1P3
O(x) calculated for an atom

sitting at an abrupt CdTe-Cd12xMnxTe interface, and com-
pare them to thePi(xNN) calculated for the bulk alloy of
compositionxNN , taking xNN52x/3. For the case of the
single Cd12xMnxTe monolayer we have to usexNN5x/3 and
comparePmono(x) andPbulk(x/3). The very good agreement
observed in Fig. 1 validates the approximation for small con-
centrations where cluster statistics are meaningful.

For higherx, larger and larger clusters need to be consid-
ered: above the percolation thresholdxc there is a nonvan-
ishing probability that a given spin belongs to an infinite
cluster. For bulk Cd12xMnxTe with a three-dimensional fcc
lattice,xc'0.19, while for the Cd12xMnxTe monolayer with
a two-dimensional square lattice,xc5

1
2. However, the valid-

ity range of the approximation is probably even larger than
expected from Fig. 1 for two reasons:

~i! The magnetization per spin in a large cluster decreases
rapidly with the cluster size; as a result, numerical evalua-
tions of cluster statistics quite agree with experimental mag-
netizations measured on bulk alloys even for high
concentrations.15 Actually, the same comparison of
S̄interface(x) calculated for the abrupt interface, and bulk
S̄bulk(xNN), can be done using the calculated values of Ref.
15, with a very reasonable agreement;

FIG. 1. Solid line: probability to be single~1!,
in a pair~2!, or in a triangle~3! ~open and closed
triangles together! for a Mn atom in a monolayer
~left! or at an interface~right! as function of the
Mn concentration ~lower axis!. Dashed line:
probability in the bulk alloy of uniform composi-
tion equal to the average number of nearest
neighborsxNN5x/3 ~left! or xNN52x/3 ~right! as
a function of the Mn concentration~upper axis!.

TABLE I. ProbabilityPi that a Mn atom be in a cluster ofi spins for atoms in a bulk alloy of composition
x, for atoms at an abrupt interface between CdTe and Cd12xMnxTe, and atoms at a perfect monolayer of
Cd12xMnxTe in CdTe.y512x.

Bulk ~Ref. 13! Interface~see also Ref. 7! Monolayer

P1 y12 y8 y4

P2 12xy18 4x@y121y14# 4xy6

P3
C 24x2y22 4x2@2y161y18# 0

P3
O 18x2@2y2315y24# 2x2@6y1515y1618y1813y19110y20# 6x2@2y71y8#
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~ii ! The probability of presence of confined carriers rap-
idly decreases if the Mn content increases: hence the Zeeman
splitting of confined carriers is most sensitive to the regions
of the heterostructure with low-Mn contents.

B. Magnetization at the interface

We now apply the approximation@Eq. ~7!#, to abrupt in-
terfaces, and to the special case of dilute interfaces where
during growth a complete Cd/Mn atom exchange occurs be-
tween the monolayer being grown and the monolayer below.
That means that growing one monolayer of CdTe on top of a
Cd12xMnxTe alloy results in two monolayers of alloy with
the compositionx/2, and so on. This model of interface is
currently used16 to describe segregation at the growing inter-
face: in the general case the equilibrium between the two
monolayers is given by a mass-action law. Here we take the
same equilibrium composition for the two monolayers,
which means that the Cd/Mn atomsdo notsegregate, but the
exchange between the surface monolayer being grown and
the substrate monolayer still leads to interface broadening.

The resulting interface profile is exponential, with a tail of
low-concentration alloy at the inverted interface and a
steeper raise at the normal interface; in the case of a single
monolayer of Cd12xMnxTe, the actual profile is a series of
monolayers of decreasing concentrationx/2, x/4, x/8,...,
i.e., xi115xi /2. These profiles are shown in Fig. 2.

The following sections describe the calculated magnetiza-
tion, at apparent saturation, as it could be measured in a
classical magnetization measurement. For the Zeeman effect
of confined carriers, described in Secs. IV–VI, ponderation
by the carrier wave functions will enhance the contribution
of the more diluted parts of a QW. However, in the case of
superlattices with monolayers of CdxMn12xTe inserted in
CdTe ~Sec. IV B!, the wave function is only weakly modu-
lated, and the Zeeman effect directly reflects the magnetiza-
tion; i.e., a good estimate of the Zeeman splitting at apparent
saturation is obtained by multiplying the result of Fig. 3 by
5
2 N0(a2b)/p, wherep is the period of the superlattice~in
ML !.

1. Single monolayer

We first consider the case of a single monolayer of
Cd12xMnxTe. Figure 3 shows the calculated magnetization,
at apparent saturation, normalized to the magnetization of a
complete monolayer of uncoupled Mn spins~i.e., xS̄51
3S55/2) for the following.

~i! Bulklike alloy: we use Eq.~5! with the nominal profile,
and hence plotxS̄(x)/S.

~ii ! Nominal profile, but taking into account the intrinsic
effect: we use Eq.~7! and hence plotxS̄(xNN)/S, with xNN
5x/3.

~iii ! Broadened profile:( ixi S̄(xi)/S, i.e., we use Eq.~5!
and the summation runs over the successive layers with the
broadened profile~Fig. 2!.

~iv! Broadened profile, taking into account the intrinsic
effect:( ixi S̄@xNN( i )#/S @using Eq.~7!#.
The horizontal axis is the nominal Mn concentrationx.

Clearly both the existence of a broadened profile~extrin-
sic effect! and the intrinsic effect enhance the magnetization.
However, the two effects are not additive. We conclude that,
on such a structure, a large magnetization will be observed,
but it would be very hazardous to attribute the observed en-
hancement solely to the intrinsic effect or to a smooth pro-
file.

2. Interfaces

To discuss the case of an interface between CdTe and a
thick Cd12xMnxTe layer, we plot the difference of magneti-

FIG. 3. Single monolayer magnetization at~apparent! saturation,
calculated as a function of nominal composition. Solid line: assum-
ing a nominal profile and neglecting the intrinsic effect. Dotted line:
nominal profile taking into account the intrinsic effect. Dashed line:
exponential profile, neglecting the intrinsic effect. Dot-dashed line:
exponential profile, taking into account the intrinsic effect. Thin
straight line: magnetization of uncoupled Mn spins. Vertical unit: 1
is one full plane of uncoupled Mn spins.

FIG. 2. Interface profile for samples grown at
low temperature~closed symbols! compared to
the nominal profile~dotted line!. The vertical
scale is in units of the nominal compositionx.
The zero of the horizontal axis is the last-
deposited Cd12xMnxTe layer.
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zation between the actual, broadened structure, and the
abrupt interface separating pure CdTe from a Cd12xMnxTe
alloy with bulklike magnetization. This is done in Fig. 4, for
both the normal and the inverted interface, and for the single
monolayer to compare with. In the latter case the curves can
be deduced from Fig. 3: e.g., when taking into account the
intrinsic effect only the magnetization change in Fig. 4 re-
sults from the subtraction of the solid from the dotted line in
Fig. 3.

As expected, all interface effects are small at low nominal
concentrationx. The intrinsic effect is faint indeed at an in-
terface, and becomes significant for the single monolayer.

Note that taking into account the intrinsic effect in addi-
tion to the extrinsic one leads to a reduction of the calculated
magnetization at the inverted interface, and an increase at the
normal interface. This can easily be understood when we
deduce from Eq.~1! an expression proportional to the curva-
ture:

xNN~z!2x~z!5
x~z1d!22x~z!1x~z2d!

3
}

]2

]z2
x~z!.

~11!

When calculatingx(z)S̄@xNN(z)# instead ofx(z)S̄@x(z)# for
a profile with apositive curvature, the magnetizationde-
creases, sinceS̄(x) decreases monotonously withx.

C. Interface roughness

The preceding profile is typically a pseudosmooth profile:
the interface is not abrupt, but the lateral scale of the fluc-
tuations is small, and actually the model considers a succes-
sion of monolayers of laterally homogenous alloys, with a
varying compositionx(z) which contains all the information
on the interface. The influence of interface roughness—i.e.,
involving fluctuations of the interface at a finite scale within
the interface plane—can be estimated using the same ap-
proximation.

With the growth conditions we generally use~except for a
few samples grown at temperatures below 250 °C!, intense
oscillations of the specular reflection high-energy electron-
diffraction ~RHEED! spot are observed. Hence roughness
with three-dimensional~3D! islands, several monolayers
thick, is unlikely. We shall restrict the discussion to the case
of 2D islands, one monolayer thick, with edges along 110
directions. We consider a crude model of roughness~Fig. 5!:
an interface between CdTe and Cd12xMnxTe, with square
islands of Cd12xMnxTe protruding into the CdTe layer, one

monolayer thick,L3L in size within the plane, with a den-
sity 1/2L2 ~i.e., there is one monolayer at the interface with
an average Mn content ofx/2, distributed in square islands
of sizeL: the Mn composition isx within the square islands,
0 outside!. We shall neglect any overlap between these is-
lands. The interface~i.e., the part of the sample with modi-
fied properties! consists of the monolayer with the islands
~which is half-filled! and the alloy monolayer immediately
below: the total is 112 ML.

Then we can count the number of magnetic neighbors for
Mn atoms within the interface monolayer (xNN58x/12 for
atoms within an island, 7x/12 at the edge, or 6x/12 at a
corner! and for atoms in the Cd12xMnxTe layer below the
interface (xNN5x for an atom below an island, 10x/12 for an
atom below an edge, 9x/12 for an atom below a corner, or
8x/12 for an atom with CdTe on top!. The calculated mag-
netization is then

x

SF ~L21!2

2L2
S̄~x!1

4~L21!

2L2
S̄S 10x12 D1

4

2L2
S̄S 9x12D

1
2L226L13

2L2
S̄S 8x12D1

4~L22!

2L2
S̄S 7x12D1

4

2L2
S̄S 6x12D G .

~12!

For the same quantity of Mn at a perfectly abrupt interface
(L→`: a complete monolayer below half a monolayer! we

FIG. 4. Calculated magnetization change, at
saturation, with respect to the nominal structure
with bulk-type properties~shown as a solid line
for the monolayer!, at a single monolayer~a!, a
normal interface~b!, and an inverted interface
~c!. Dotted lines display the intrinsic effect at an
abrupt structure, dashed lines the effect of Cd/Mn
atom exchange alone, and dash-dotted lines take
both effects into account.~Vertical unit: 1 is one
plane of uncoupled Mn spins.!

FIG. 5. Sketch of a square island of dimension 535 at a~001!
interface. Edges are along^110& directions. Symbols represent the
cations in the alloy@Cd with probability (12x) or Mn with prob-
ability x]: closed symbols are in the island, open symbols in the
monolayer immediately below.
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would havexNN5x for atoms under the island andxNN
58x/12 for the other atoms in the complete Cd12xMnxTe
plane and for the island atoms; we obtain

x

SF12 S̄~x!1S̄S 8x12D G . ~13!

Note that with this model we cannot modelize the transition
from roughness (L@1) down to the case of dilution~1 ML
of alloy with a compositionx/2 randomly distributed!, since
the alloy involves isolated atoms and a distribution of the
island size should be considered. However, this crude model
is enough to evaluate the effect of roughness, and the case of
the alloy interface can be evaluated directly: it consists of 1
ML of compositionx with xNN510x/12, and 1 ML of com-
positionx/2 with xNN56x/12, hence with the reduced mag-
netization

x

SF S̄S 10x12 D1
1

2
S̄S 6x12D G . ~14!

In Fig. 6 the differences between the preceding magneti-
zations of the rough interface@Eqs.~12!–~14!# and that of the
same amount of Mn (11 1

2ML of compositionx! at an inter-
face with bulklike magnetization@i.e., 32xS̄(x)/S] are plotted
as a function of the island sizeL. One verifies that the mag-
netization changes obtained for the abrupt interface are iden-
tical to those shown for the intrinsic effect in Figs. 4~b! and
4~c!. Then Fig. 6 shows that the enhanced magnetization is
only slightly modified, by 25%, when the interface evolves
from a perfectly smooth interface to a rough interface~with
one monolayer high islands of finite lateral size! and to a
pseudosmooth one~with one interface monolayer having Mn
concentration half the nominal concentration!. In all cases

the effect of roughness is negligible compared to the effect of
dilution shown in Fig. 4, and it will be neglected in the
following.

IV. INTERFACE AT LOW GROWTH TEMPERATURE

These samples are grown17 by molecular-beam epitaxy at
250–280 °C, using a CdTe effusion cell which provides us
with stoichiometric Cd/Te fluxes, a Mn cell, and a Cd cell to
ensure an excess of metal in the beam~Cd/Te'1.5–2!.

A. Quantum wells

We have already reported9 on the application of Zeeman
studies of confined carriers to a series of asymmetric
Cd12xMnxTe-CdTe-Cd12yZnyTe quantum wells, grown in
opposite order, so that for one sample the normal interface is
magnetic while for the second sample it is the inverted inter-
face which is magnetic. In addition to the structure under
study, these samples include Cd12xMnxTe and Cd12yZnyTe
layers thick enough to check the composition of the alloys by
reflectance spectroscopy. The QW thicknesses are controlled
by RHEED oscillations, so that all relevant parameters are
accurately known in these samples.

The most striking result of the study was that the Zeeman
splitting was systematically much larger for samples with an
inverted magnetic interface than for samples with a normal
magnetic interface~up to a factor of 3!. This shows experi-
mentally the existence of a strong effect, and that the normal
magnetic interface appears much steeper than the inverted
one. The interface profile could be chosen from the magni-
tude of the Zeeman splitting measured on samples with an
inverted magnetic interface. The simplest and more probable
interpretation was the model of growth generally used to
describe segregation during growth by molecular-beam epi-
taxy. In this model the composition of the last two layers
(xi of the completed layer andxs for the surface layer being
grown! is described by a mass-action law

xs~12xi !

xi~12xs!
5expS Es

kBT
D5C. ~15!

In Ref. 9, the only adjustable parameterC was determined to
beC5160.1 ~i.e.,Es50610 meV at a growth temperature
T5280 °C!. This means a complete intermixing, during the
growth at the interface, between the just completed mono-
layer and the surface monolayer being grown: the resulting
monolayer concentrations decrease exponentially at an in-
verted interface~see Sec. III B! or increase@as 1– (1/2)i#
toward the nominal barrier composition at a normal
interface.

Henceforth we will keepC51 as determined previously.
We now use the same interface profile without any adjustable
parameter on a wide series of asymmetric QW’s with differ-
ent QW widths and different compositions of the
nonmagnetic barrier, and to nominally symmetric
Cd12xMnxTe-CdTe-Cd12xMnxTe quantum wells. Table II
summarizes important structure parameters, and in Fig. 7 we
compare the observed and calculated exchange splittings~at
1.7 K and 5 T!.

To check the relevance of the interface profile we have
studied quite different QW’s with the inverted magnetic in-
terface, with different QW thicknesses and different compo-

FIG. 6. Calculation of the magnetization change at saturation,
with respect to the ideal interface with bulk-type properties, for a
rough interface with monolayer-thick islands, as a function of the
island size@Eq. ~12!#, for nominal compositionsx50.2 ~circles! and
x50.3 ~crosses!. Arrows indicate the limit for an infinite-sized is-
land @Eq. ~13!#, and for the alloy case@Eq. ~14!#. ~Vertical unit: 1 is
one plane of uncoupled Mn spins.!
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sitions of the nonmagnetic barrier. The first four samples in
Table II are representatives of the former series9 which was
grown at 280 °C, under excess Cd flux~the typical metal/Te
flux ratio was from 1.5 to 2!. In the valence band the con-
fining potential of the nonmagnetic barrier is much lower
than for the magnetic barrier: this results in a significant
penetration of the confined heavy holes into the nonmagnetic

Cd12yZnyTe barrier. In order to probe the profile deeper into
the magnetic barriers, higher zinc concentrations are needed.
This had been done in sample 496i where a 4-ml thick ZnTe
barrier was deposited after the QW. As a result, the observed
splitting rises to 10.8 meV still in good agreement with the
calculated value of 11.4 meV.

When reducing the temperature from 280 to 250 °C the
profile is not expected to change since, in Eq.~6!, Es has
been determined close to 0. This is confirmed by the obser-
vation on sample 420i , where the splitting is still in agree-
ment with the calculations assuming the interface profile of
samples grown at 280 °C.

In these inverted QW’s the Zeeman effect of confined
carriers is dominated by the effect of dilution of Mn into the
QW ~effect of profile!, as already suggested by Fig. 4. On
QW’s with a normal interface, on the contrary, the extrinsic
effect becomes very small; as the intrinsic effect at a single
interface is small, the total Zeeman splitting is small and
probably more affected by uncertainties. However, the agree-
ment between calculated and measured splittings is good.

The following four samples in Table II and Fig. 7 are
symmetrical QW’s where the inverted and normal interfaces
simultaneously contribute to the observed splitting. When
comparing with a pair of symmetric QW’s, it is obvious that
the dominant part of the splitting in a symmetrical QW is
provided by the extrinsic effect at the inverted interface.
Thus symmetrical QW’s are a good test of the interface
profiles—even if less selective than asymmetric QW’s—and
validate the interface profile for lower Mn concentrations
around 0.20–0.24. The symmetrical QW’s all have a 20 ML
CdTe QW, but were not grown during successive runs and
not always controlled by RHEED oscillations, which prob-
ably explains the dispersion of the observed splittings.

B. Structures with single monolayers of Cd12xMn xTe

If only one monolayer of the magnetic alloy is grown, the
distinction between the normal and inverted interfaces may

TABLE II. Parameters of the asymmetric QW’s~labeled i for inverted magnetic interface andn for normal magnetic interface!,
symmetric QW’s~labeledS!, and superlattices~labeled SL!, grown at low temperature~250–280 °C! under Cd-rich conditions. Growth
interruption at the magnetic interface, if any, is performed in the vacuum. The concentrationsxZn of the nonmagnetic barrier is given for the
asymmetric QW’s. Unless specified, exchange splittings are measured at 1.7 K and 5 T.

Growth Magnetic barrier QW thickness Barrier composition Exchange splitting~meV!

Sample temperature~°C! thickness~nm! ~nm! Zn Mn measured calculated

322i 280 2.56 6.78 0.140 0.38 2.8~at 4 T! 2.6 ~at 4 T!
323n 280 2.56 6.98 0.141 0.38 0.8~at 4 T! 0.5 ~at 4 T!
336i 280 1.92 4.67 0.112 0.35 4.3 4.3
340n 280 1.92 4.32 0.117 0.32 1.7 1.7
496i 280 1.95 4.74 1 0.37 10.860.15 11.4
420i 250 1.92 4.7 0.121 0.28 4.3 4.7
163S 280 .20 6.5 none 0.23 7.3 7.5
177S 280 .20 6.5 none 0.24 7.6 7.4
178S 250 .20 6.5 none 0.21 6.5 7.7
207S 250 .20 6.5 none 0.20 8.0 7.8

337i 280 0.32 ~1 ML! 4.77 0.109 0.34 7.0 6.6
341n 280 0.32 ~1 ML! 4.35 0.119 0.33 6.4 5.8
422 SL 280 0.32~1 ML! 1.3 none 0.28 75.3 74.8
497 SL 280 0.35 1.79 none 0.34 66.5 63.4

FIG. 7. Comparison between the calculated and measured ex-
change splittings. Samples: asymmetric QW’s with inverted~up tri-
angles! or normal~down triangles! magnetic interfaces; symmetri-
cal QW’s ~diamonds!; quantum wells with a single magnetic
monolayer~circles!; and superlattices~circles!. The solid line is the
exact agreement. Note the different scales for the QW’s~lower and
left scales! and SL’s~top and right scales!.
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appear as academic. However, for the actual profile the
amount of Mn diluted into the QW is larger if the
Cd12xMnxTe monolayer is inserted at the inverted interface
of a Cd12xZnxTe-CdTe-Cd12xZnxTe QW, than if it is located
at the normal interface. This effect is observed on samples
337i and 341n ~Table II!. The difference is quite weak, since
in this case the influence of the intrinsic effect becomes sig-
nificant.

The exact amount of Mn inserted in a single
Cd12xMnxTe monolayer is easier to control if a whole
CdTe-Cd12xMnxTe superlattice is grown.

18 The whole super-
lattices were grown under Cd excess at 280 °C;
Cd12xMnxTe was obtained by simply adding a Mn flux.
Growth was interrupted for 10 s in the vacuum at each inter-
face. Before the growth of the superlattice, the buffer layer
was annealed at 340 °C under Cd flux for several minutes:
this results in intense RHEED oscillations which can be fol-
lowed throughout the growth of the first few periods of the
superlattice~Fig. 8!, and fitted with twoa priori different
growth rates for CdTe and Cd12xMnxTe ~which, as expected
for these growth conditions, are found to be nearly identical!.
This gives a first value of the superlattice period, obtainedin
situ. Note that at the end of the growth of the 300-period-
thick superlattice, RHEED oscillations are still observed, but
they are weaker and due to the small perturbation induced by
the growth interruption and/or change of flux stoichiometry.
As a result the oscillations lose their phase across the inter-
faces, and appear identical from one period to another. Hence
the only information from the RHEED oscillations recorded
at the end of the superlattice is that the CdTe growth rate did
not vary during the growth; there is no information about the
barrier thickness and the period. The layer thicknesses re-
ported in Table II are those deduced from the RHEED re-
corded at the beginning of the superlattice growth.

The fact that at the beginning of the superlattice growth
the period could be measured~i.e., the phase of the RHEED
oscillation was conserved through the interface! was checked
by x-ray diffraction ~Fig. 9!. The position of the satellite

peak corroborated the period measured by RHEED.
Finally the alloy composition was determined from the

zero-field position of the reflectance peak. Calculation
showed that the very short period of the superlattice induces
only very small modulations of the envelope wave function.
The optically determined composition well agrees with the
preliminary calibration through the relative growth rates of
CdTe and MnTe on a test sample. Hence, on such a sample,
the two relevant growth parameters~superlattice period and
Mn content! are consistently determined using independent
methods.

A very pronounced structure of the heavy-hole exciton
was observed in reflectance measurements.18 Under mag-
netic field the light-hole transition separated for the heavy-
hole transition, as expected from the spin ratio. Here again,
the calculated splittings are in very good agreement with the
measured ones~Fig. 7 and Table II!.

To conclude this section, the results obtained on samples
grown at low temperature under Cd excess are summarized
in Fig. 7. The assumed profile of the magnetic interface has
been probed by carriers with different wave functions. They
range from steep and weakly penetrating~samples with
Cd12xZnxTe as the nonmagnetic barrier! over deeply pen-
etrating ~samples with ZnTe as the nonmagnetic barrier! to
equally averaging~superlattices!. The observed Zeeman
splittings cover more than two orders of magnitude, and are
in agreement with calculations using asingle interface pro-
file.

V. GROWTH AT HIGHER TEMPERATURE

We have already shown10 that samples grown at higher
temperature exhibit a larger Zeeman splitting. In this first
analysis, however, very little was known on the interface
profile, and in particular the strong difference between the
normal and inverted interfaces was not taken into account.

To elucidate this point we have studied asymmetric
Cd12xMnxTe-CdTe-Cd12yZnyTe QW’s, grown in opposite
order at 320 °C, under excess Cd~Table III!. The measured
Zeeman splitting, when compared to the splitting calculated
in the preceding model, is slightly larger for the sample with

FIG. 8. Intensity minima of the RHEED oscillations during the
growth of superlattice sample 497~crosses! as a function of pro-
cessing time. The horizontal steps are due to the growth interrup-
tions. From the fit we deduce the growth rates of the two materials
and the superlattice periodp56.74 nm.

FIG. 9. ~004! x-ray-diffraction profile for the same superlattice
as in Fig. 8. The position of the satellite peaks gives the superlattice
periodp56.76 nm.

53 4899MAGNETO-OPTIC STUDY OF THE INTERFACE IN . . .



the inverted interface, and definitely larger for the sample
with the normal interface.

A first attempt would be to use the segregation model
again, with a segregation coefficientC different from unity:
to fit the experimental result we must increaseC up to 1.2 for
the inverted interface, and up to 4 for the normal interface;
such a difference between the two interfaces is hard to imag-
ine in a simple segregation model~and actually at low tem-
perature we foundC51, i.e., a vanishing activation energy,
so that one expects no temperature dependence in the narrow
range considered here!.

Instead of changingC we may notice that in the pair of
samples grown at higher temperature the ratio in Zeeman
splittings~ 463i over 462n) tends to unity, which means that
the interfaces become more similar. This suggests trying a
profile obtained by convoluting the preceding one~exponen-
tial! by an additional profile~Lorentzian, Gaussian, binomial,
etc.!. Because it is particularly easy to introduce the numeri-
cal calculation, we chose a binomial profilef n( i ), which
may describe interdiffusion that takes place either after the
growth of the interface, or even during the growth of the
interface over more than two monolayers:

f n~ i !5
n!

i ! ~n2 i !!
22n, ~16!

where i labels the successive monolayers, andn11 is the
total number of monolayers affected by this additional broad-
ening.

Figure 10 shows the Zeeman splitting calculated for four
samples, after convolution of the exponential profile by bi-
nomial profiles of increasing widthD5An/2 ~square root of
the second central moment!. The series comprises two sym-
metrical QW’s ~grown at 310 °C!, a pair of asymmetric
QW’s, and a superlattice.19 One observes that a good fit is
observed with the common valueD51.3 ML for the two
asymmetric QW’s, with normal and inverted interfaces, and
for the CdTe-Cd0.5Mn0.5Te superlattice, which were all
grown at 320 °C; a slightly smaller valueD51.1 ML is
needed, as expected, for symmetrical CdTe-Cd0.2Mn0.2Te
samples grown at 310 °C.

Figure 11 shows the resulting profile for samples grown at
320 °C, i.e., the convolution of the low-temperature profile
by a symmetrical broadening~binomial distribution!. At the
inverted interface, the hole wave function tests the right-hand
tail of the distribution; it is easily shown that there the tail of
the profile is merely shifted, and this has only a small effect
on the Zeeman splitting. At the normal interface, conversely,
the hole wave function tests the part which was quite steep at

low temperature, but is now significantly softened, resulting
in an increase of the Zeeman splitting.

VI. INTERFACES GROWN UNDER Te

One possible way to reduce the cation exchange during
growth could be to change the excess flux from Cd to Te.20

However, samples grown with the Te-rich surface@i.e., the
~231! reconstruction# usually have a rough surface and fea-
ture less intense and broader reflectance spectra. In order to
inhibit the development of excessive roughness, we have
grown only the Cd12xMnxTe alloy and the interfaces under
excess Te flux, the Cd excess being restored during the
growth of the CdTe QW’s.

Then good RHEED oscillations are observed during the
whole growth of a 300-period CdTe-Cd12xMnxTe superlat-
tice. Once again, during the first few periods of the superlat-
tice, the phase of the RHEED oscillation seems to be pre-
served across the interface, and here again we can follow the
oscillations over several periods and try to obtain anin situ
measure of the superlattice period. However, the period mea-
sured by x-ray diffraction is now 0.660.2 ML larger than the
period deduced from RHEED oscillations. This has to be

TABLE III. Parameters of structures grown at high temperature~310–320 °C!. Calculated splittings~at 5 T and 1.7 K! are obtained in the
model valid for low-temperature growth.

Growth Magnetic barrier QW thickness Barrier composition Exchange splitting~meV!

Sample temperature~°C! thickness~nm! ~nm! Zn Mn measured calculated~low T!

463i 320 1.66 4.96 0.13 0.39 5.4 4.5
462n 320 1.76 5.44 0.12 0.33 2.6 1.2
514 SL 320 0.32~1 ML! 4.8 none 0.5 32~Ref. 19! 22.5

162S 310 .20 6.5 none 0.24 9.3 7.4
97S 310 .20 6.5 none 0.32 9.9 6.9

FIG. 10. Calculated exchange splittings of the QW’s~left axis!
and superlattice~right axis! grown at 320 °C~closed symbols! and
310 °C ~open symbols!: asymmetric QW’s 463i ~diamonds!, 462n
~down triangles!, symmetrical QW 162~circles! and 97~squares!,
and SL 514~up triangles!, as a function of the binomial distribution
width D ~square root of variance!. Experimental values are indi-
cated by arrows.

4900 53W. GRIESHABERet al.



related to the periodic change of surface stoichiometry: at
each period, we shift from a Cd-richc~232! surface, with12
ML of Cd at the surface, to a Te-rich~231! surface, with 1
ML of Te at the surface,21 and back. That means that we add
1
2 ML of Cd when we shift from the~231! Cd12xMnxTe
surface to thec(232) CdTe surface, and12 ML of Te when
we shift back from thec~232! CdTe surface to the~231!
surface: the total is12 ML of CdTe added per period. The
same amount~ 12 ML of CdTe per period! is observed in
atomic layer epitaxy of CdTe,22 and even during the subli-
mation of CdTe under thermal cycling between the same
reconstructions.21 However, the main point here is not this
half-monolayer added per cycle, which is well explained by
the stoichiometry of the two surfaces, but the fact that is not
observed in the RHEED oscillation: hence the surface struc-
ture ~step distribution! appears to be unchanged by a single
change from the~231! to the c(232) surface, or a single
change from thec(232) to the~231! surface.

As can be seen on the samples in Table IV, the Te excess
flux and the growth interruptions under Te flux do not sig-
nificantly inhibit the cation exchange during growth. In ad-
dition to this, the structures exhibit broader lines in reflec-
tance measurements than the structures entirely grown under
excess Cd flux.

VII. DISCUSSION AND CONCLUSIONS

The study of the enhanced Zeeman effect of excitons in
CdTe-Cd12xMnxTe heterostructures bears much information
on the nature and the magnetic properties of the interface. A

quantitative study was allowed by using a simplified model
with two main assumptions.

~i! The interface can be described by successive layers of
a Cd12xMnxTe alloy with a varying compositionx(z) ~pseu-
dosmooth interface!.

~ii ! The local magnetization in the inhomogeneous mate-
rial is mainly determined by the probabilityx to find a spin
and the average probabilityxNN than a nearest neighbor be
magnetic.

These two assumptions allow us to describe the effect of
an interface using well documented expressions@Eq. ~1!# for
the magnetization of bulk Cd12xMnxTe. Within the frame of
this model, we have shown that the Zeeman effect of con-
fined excitons is only weakly enhanced by roughness~in the
form of the two-dimensional islands!: roughness only cannot
explain the enhanced Zeeman effect observed on our samples
and on the samples from other groups. On the other hand,
transmission electron microscope studies of MnTe layers23

have revealed that some roughness develops as the thickness
of the MnTe layer increases. These layers were grown under
a Te excess~under growth conditions where RHEED inten-
sity oscillations were not observed!. Such a roughness is
highly unlikely in the samples of the present study where
strong RHEED oscillations were usually observed. The pseu-
dosmooth nature of the interface is also supported by the
shape and sharpness of the optical transitions. However,
some broadening of the optical lines10 ~and the fact that
RHEED oscillations are less easily observed! suggests that a
more developed roughness exists in the samples grown at
low temperature~,280 °C!. From the present study, such a

FIG. 11. Interface profile for samples grown
at low temperature~dotted line! and at 320 °C
~closed symbols!. The high-temperature profile is
obtained by convoluting the low-temperature pro-
file ~exponential function! by the binomial distri-
bution of width D51.3 ML @i.e., n57 in Eq.
~16!# shown by open squares. Origins of horizon-
tal axes have been shifted to show the identity of
the low-composition tails at the inverted inter-
face.

TABLE IV. Parameters of structures partially grown under Te-rich conditions. Splittings are measured at and calculated for 5 T and
1.7 K.

Growth Magnetic barrier QW thickness Barrier composition Exchange splitting~meV!

Sample temperature~°C! thickness~nm! ~nm! Zn Mn measured calculated

459i 280 2.08 5.76 0.12 0.35 3.3 3.5
460n 280 0.32 ~1 ML! 5.44 0.12 0.34 5.9 5.6
493i 280 1.76 6.40 1 0.33 5.2 6.1
494i 280 1.73 4.80 1 0.34 11.1 11.4

469 SL 280 0.32 1.52 none 0.35 67 70.9
495 SL 280 0.48 1.85 none 0.27 65.7 60.2
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roughness would not alter the value of the Zeeman splitting.
Roughness also is quite probable in samples entirely grown
under a Te excess, which may exhibit very small values of
Zeeman splitting,20 but also exhibit broader optical transi-
tions and no RHEED oscillations during the growth. In those
samples~Cd12xMnxTe grown at low temperature, MnTe,
heterostrutures entirely grown under Te excess! the total
width of the interface would include a contribution from
roughness in addition to the profile deduced from the Zee-
man splitting.

The scheme proposed for the calculation of the enhanced
Zeeman effect, and the assumptions which permit the calcu-
lation, are validated both theoretically~statistics of Mn clus-
ters in the heterostructure! and experimentally~study of a
large series of samples with very different penetrations of the
wave functions into the Cd12xMnxTe barriers!. Of course the
pertinence of cluster statistics is questionable for alloys with
a large Mn content; however, the probability of presence of
the confined carriers is larger where the Mn content is
smaller, and this may extend the usefulness of the present
calculation to heterostructures including alloys with high Mn
content together with CdTe. In this case one should keep in
mind that the value of the Zeeman splitting carries no or little
information on the Mn-rich parts of the sample: it is mostly
sensitive to the tail of Mn concentration extending into the
CdTe. Other methods or other types of heterostructures must
be considered~with great care to the possible contribution of
the interface! if the low-dimensional magnetic properties of
the alloy itself are to be studied.24,25

An exponentialx(z) function is the most likely profile for
samples grown at low temperature: this single profile ac-
counts for the Zeeman splittings measured on samples with
only the inverted~CdTe-on-Cd12xMnxTe) interface, the nor-
mal (Cd12xMnxTe-on-CdTe) one, both normal and inverted
interfaces, or single Cd12xMnxTe monolayer embedded in
CdTe, grown at 250–280 °C. This exponential profile in-
duces a larger enhancement of the Zeeman effect of confined
excitons at the inverted interface~with a long tail of highly
diluted Mn! than at the normal interface~with a steeper rise
of the Mn concentration!. Note, however, that other methods
where Cd and Mn would be treated on the same footing~e.g.,
measurement of the chemical contrast in transmission elec-
tron microscopy! would not conclude for such a profile that
the normal interface is more abrupt than the inverted one.

This profile naturally arises if during the growth a com-
plete equilibrium takes place, with the same composition,
between the last two surface monolayers~the surface being
grown and the last incorporated monolayer!. This model is
currently used to describe segregation during growth by
molecular-beam epitaxy,16 but in the case of CdTe/MnTe we
determine the segregation energy to be zero, i.e., there is no
segregation. It has been noted elsewhere9 that no segregation
takes place also in the Bridgman growth~at higher
temperatures! of bulk Cd12xMnxTe.

26 Hence the
CdTe/Cd12xMnxTe interface appears steeper than the
GaAs-Ga12xInxAs interface, where segregation of In out of
the growing Ga12xInxAs alloy broadens the interface, and
slightly broader than the GaAs-Ga12xAl xAs interface,3

where either segregation or incomplete equilibrium between
the two surface layers27 allows steeper interfaces.

Interfaces grown at 320 °C exhibit an additional broaden-

ing. This broadening is detected mostly at the normal inter-
face, which strongly suggests that it is symmetrical across
the interface~and hidden at the inverted interface by the
preceding mechanism!. We have used a binomial distribu-
tion, but the exact shape of course is not known. One pos-
sible mechanism is that at high temperature the exchange of
Cd/Mn atoms, which already exists at 250 °C, takes place
over more than two monolayers when the growth tempera-
ture is raised. As expected, this additional broadening is
smaller in samples grown at 310 °C; it is probably already
present, even if too weak to be measured, in samples grown
at 280 °C.10 Bulklike interdiffusion occurring during the
whole growth of the top barrier seems to be ruled out by the
low interdiffusion coefficient measured in annealing
experiments.11,28 Also a symmetrical further broadening is
supported here by the study of the pair of asymmetric wells,
while in Ref. 29 it was concluded that a simple exponential
profile seemed to work better than a convolution with a
Gaussian one in the analysis of samples annealed at 450 °C.
In the case of growth at high temperature, interdiffusion may
be faster within the first few monolayers below the surface,
and hence stronger during growth immediately after the
growth of the interface, than during the post-growth anneal-
ing of a deeply buried interface.

The intrinsic effect~due to the lack of magnetic neighbors
even at an abrupt interface! is introduced in our calculation
by the fact that the local magnetization is taken to be propor-
tional to xS̄(xNN), wherexNN is the average probability to
have a magnetic neighbor. Two conclusions follow from the
present study.

~i! At the inverted interface, the extrinsic effect~smooth
profile! severely masks the intrinsic contribution. Actually,
due to the positive curvature ofx(z) at the inverted interface,
the average probability that a nearest neighbor is magnetic,
xNN , is larger thanx(z), so that the intrinsic effectreduces
the magnetization. The profile effect at the inverted interface
also dominates if both interfaces are present, such as in a
symmetrical QW~Ref. 7! from which very little can be
learned about the intrinsic effect.

~ii ! At the normal interface, and on single monolayers, a
sizable contribution of the intrinsic effect appears, and its
order of magnitude agrees with the result of our calculation;
however, improved interfaces are still needed for a truly
quantitative study.

Atomic layer epitaxy, or migration enhanced epitaxy,
where metal~Cd, Mn! and Te are sent separately and allowed
to diffuse on the surface,22 could be a good way both to
understand the role of the different surface reconstructions in
determining the step distribution at the growing surface and
the interface profile,30 and to achieve more abrupt interfaces
by limiting the exchange of Cd and Mn atoms.
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APPENDIX

Calculations were made using the following values of the
effective masses along the~001! growth direction: me*
50.096 for electrons andmh*50.51 for heavy holes; the
valence-band offset ratios for Cd12xMnxTe and
Cd12yZnyTe wereaMn50.3 andaZn50.06, respectively.

The values of the band gapEg of Cd12xMnxTe and
Cd12yZnyTe were

Eg
Cd12xMnxTe~x!51.606 eV11.592 eV3x,

and

Eg
Cd12yZnyTe~y!51.606 eV10.5253y10.26 eV3y2.

Lattice parameters were taken from Ref. 31. We assumed
~after calculations of Ref. 32! a ratio of hydrostatic deforma-
tion potentials of conduction and valence bandac /an522
and, since we are concerned with relatively low mole frac-
tions, we take the deformation potentials of CdTe:33,34

a523.85 eV andb521.15 eV for CdTe,

a525.48 eV andb521.3 eV for ZnTe.

For MnTe we take the same values as for CdTe. The elastic
constants are those of Ref. 35.

Our structures were grown either on thick buffer layers of
the Cd12xMnxTe barrier material~in the case of nominally
symmetric QW’s! or on Cd12yZnyTe buffers with concentra-

tions ynom lattice matched to the nominal Cd12xMnxTe bar-
rier concentrationxnom ~for asymmetric QW’s! (xnom/ynom
52.7). In the presence of a given Mn concentrationx and Zn
concentrationy at a given pointz along the growth axis, the
conduction and valence-band potential profiles can be writ-
ten as

VCB,61/251.606 eV11.1144 eV3x10.0336 eV

3~xnom2x!10.4935 eV3y10.2444 eV3y2

10.0903 eV3~ynom2y!,

VVB,63/250.4776 eV3x10.0433 eV3~xnom2x!

10.0315 eV3y10.0156 eV3y2

10.1152 eV3~ynom2y!.

The exciton binding energy was calculated using the
model of Ref. 36. When comparing the calculated exchange
splitting to the observed splitting, the direct Zeeman splitting
@s22s15(20.0660.06) meVT213B# has to be taken
into account. The values reported as experimental are also
obtained by subtracting the direct Zeeman splitting from the
observed one.

Calculations37 using other Luttinger parameters@leading
to mh*50.72 along~001!# and including the effect of strain
on the QW width, lead to slightly higher~10.08! values of
C, and confirm the weak dependence of our conclusions on
calculation parameters demonstrated in Ref. 8.
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