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The spin-flip Raman scattering of electrons bound to donors in CdTe/Cd& „Mn„Te multiple-

quantum-well structures at 1.6 K in magnetic fields up to 6 T has been studied for a range of samples

forming two series in which, first, the CdTe quantum-well width and second, the Cd& „Mn„Te barrier
composition x were varied systematically. For structures with x (0.1, two spin-flip Raman bands are
observed, which can be assigned to electrons located in the quantum wells and bound to donors located
either in the quantum wells themselves or in the barriers of the structure. Measurements of the excita-
tion spectra of the two Raman bands and of the quantum-well photoluminescence support this assign-

ment. A variational calculation allows us to simulate the form of the observed spectra and also gives a
quantitative description of the dependence of the Raman peak positions on the well width and barrier
composition. The calculation allows us to derive a value of 0.060+0.005 eV for the conduction-band
offset when x =0.07.

I. INTRODUC:rrON

Dilute magnetic semiconductors (DMS) such as
Cd, „Mn„Te are of special interest because of the large
exchange interactions between the charge carriers and
the magnetic ions. As a result of this interaction, the
magnetic properties of the electrons and holes are consid-
erably enhanced and at low temperatures it becomes pos-
sible to produce significant changes in the energy posi-
tions of the band edges simply by applying an external
magnetic field. This band-edge tunability assumes special
importance when DMS alloys are incorporated into
multiple-quantum-well (MQW) structures, since it can be
used to vary the band offsets in a given specimen and thus
to investigate aspects of quantum-well behavior in a way
that is impossible in conventional semiconductor materi-
als. The most studied of DMS heterostructure systems is
CdTe/Cd, „Mn„Te and several photoluminescence (PL)
and photoluminescence-excitation (PLE) spectroscopy in-
vestigations have been reported, with special emphasis
attached to the determination of band offset ratios and to
the behavior of exciton energies in confined layers in the
presence of magnetic fields. Considerable insight into the
magnetic properties of bulk Cd& „Mn„Te has also been
gained from spin-flip Raman (SFR) scattering experi-
ments " and a number of such studies have also been
made of MQW structures based on Cd& „Mn„Te.'

1n the present study, we have concentrated on the
properties of electrons that interact with donors in
CdTe/Cd, „Mn„Te MQW structures. We have used
magnetic fields to vary the heights of the conduction
band barriers presented by the Cd& „Mn„Te layers and
spin-Sip Raman spectroscopy to investigate the conse-
quent changes in the energies of the electrons in the CdTe
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FICx. 1. Schematic diagram of a CdTe quantum well between
Cd& „Mn„Te barriers. 6, is the conduction-band offset; 5E,
and 6E are the splittings in energy of the barrier and well elec-
tron states with m~ = +

2
and m,.= —

2
in an applied magnetic

field.

wells. In these systems, the depth of the electron poten-
tial well depends markedly on the spin state (Fig. I), so
that the energy levels of the electrons in the well are split
into two, in a manner that depends sensitively on the
magnetic fields and on the conduction-band offset, 6, . It
is this energy splitting, 5E, that is measured directly in
the SFR experiment.

In a uniformly-doped n-type structure with wide quan-
tum wells, the electrons in the well regions will consist of
two types. First, there will be those bound at the donors
in the wells themselves and, secondly, there will be those
which originated from the donors in the barriers, but
which are now trapped in the well region. As the well
width is decreased, the effect of the well potential on the
wave functions of the neutral donors in the wells will be-
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come increasingly important. At the same time, the
influence of the Coulomb field of the ionized donors in
the barriers on the electrons that they have lost to the
wells will become significant. In the Raman experiment
to be described, we have been able to distinguish between
these two types of electrons and thus to study the interac-
tion between electrons in the well regions and ionized
donors in the barriers. This has been made possible by
the use of low manganese concentration in the barriers,
so that the conduction-band offsets are sufBciently small
for the Coulomb field of the ionized donors in the bar-
riers to affect strongly the behavior of the electrons in the
wells. The SFR signals associated with the two types of
electron are then distinct.

Brief accounts of some of the present results have been
given already. ' ' In the present paper, we give further
experimental data (including data on the resonance
effects of the Raman signals} and discuss in more detail
the theoretical model and the differences between our re-
sults and those reported for similar systems. %e are also
to deduce a value for the conduction-band offset and
hence find (for x =0.07} that the valence-band offset for
CdTe/Cd, „Mn„Te is larger than proposed in some of
the earlier studies of these materials.

Specimen
number

CdTe well
width

(A)

Cd, „Mn„Te
barrier width

(A)

Barrier
manganese

concentration

M395
M360
M296
M362

35
50
75
85

First series
150
150
150
150

0.07
0.07
0.07
0.07

M468
M469
M470
(M 360)
M484

50
50
50
50
50

Second series
150
150
150
150
150

0.01
0.02
0.03
0.07
0.12

M394
M387
M213

Other samples
none thick epilayer

15 150
75 75

0.066
0.094
0.24

TABLE I. Sample parameters. Each specimen has 15 quan-
tum wells, with the exception of M394, which is a single layer.

II. EXPERIMENTAL DETAILS

The specimens were grown by molecular-beam epitaxy
at about 240'C on 1000 A buffer layers of CdTe on (001)
substrates of InSb. ' The MQW structures each consist-
ed of 15 CdTe layers between the Cd, „Mn„Te barriers,
there being no capping layer. Two series of specimens
were studied, all with barrier widths of 150 A. In the first
series, the manganese concentration in the barriers was in
the region of 0.07, with CdTe well widths ranging from

50 to 85 A. In the second series, the well width was kept
constant at 50 A while the manganese concentration x in
the barriers was varied between 0.01 and 0.12. The
relevant details are given in Table I. The well thicknesses
were checked by x-ray double crystal rocking curve mea-
surements, which showed that the structures were of high
quality with good uniformity of period, while the barrier
concentrations were confirmed via photoluminescence
spectra and photoluminescence excitation spectroscopy.
A thick epitaxial layer of CdQ 93MnQ Q7Te was also studied
in order to check the manganese magnetization under the
conditions of our experiments. Further details of the
growth procedure are given elsewhere. ' Though not in-

tentionally doped, the material grown is typically n-type,
with net (i.e., uncompensated) neutral donor concentra-
tions at low temperature of order 10' cm, as deter-
mined by capacitance-voltage measurements in thick lay-
ers.

The Raman experiments were carried out with the
specimens immersed directly in superfluid helium at
about 1.6 K inside a superconducting split-coil magnet in
magnetic fields up to 6 T. A titanium-sapphire laser
pumped by an argon-ion laser was used as the tunable ex-
citation source, care being taken to keep the power
sufficiently low for there to be no dependence of the Ra-
man shifts on excitation density (as can occur if there are

sample heating efFects). The scattered light was analyzed
with an Instruments SA (Jobin-Yvon} triple monochro-
mator using an Astromed charge-coupled-device array
detector. The dependences of the Raman signal intensi-
ties on the wavelength of the laser (the Raman resonance
profiles} were measured with an automated scanning
technique that has been described elsewhere. ' Photo-
luminescence excitation spectra were determined by mon-
itoring the PL intensity as the excitation laser was
stepped in fixed wavelength intervals; correction was
made for any small variations in incident laser power.
Care was taken to determine Raman resonance profiles
and PLE spectra for the same region of the specimen, and
using the same experimental conditions.

The Raman spectra were taken in the backscattering
geometry, with the light being incident in the [001]direc-
tion (Z) perpendicular to the magnetic field, which was in
the plane (XF) of the epitaxial layers (the spectra report-
ed here are thus for normal incidence and differ from
those in Ref. 15 which were for light incident on the
specimen at 45'). As demonstrated in Sec. IV, the Raman
scattering is very strongly enhanced when the incoming
or outgoing photon energies are in resonance with the en-

ergy of what is presumed to be an excitonic transition.
The spin flip of an electron in a scattering process re-
quires that the angular momentum of the outgoing pho-
ton differs by unity from that of the incoming one. The
selection rules are satisfied if the incoming light is o. po-
larized, the scattered light being ~ polarized. In terms of
the Damen, Porto, and Tell' notation, this is written
Z(o, m )Z, where the symbols outside the brackets refer to
the directions of incidence and observation and where
(o, m) denotes the sense of polarization of the electric-
field vector [the inverse process Z(m, o. )Z would also be
allowed by the selection rules].
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III. THE RAMAN SPEC.j.RA

We begin with the spin-flip scattering for specimens
with x =0.07 in the barriers. An unusual feature of the
spectra from each of these specimens is the occurrence of
two distinct peaks, which we denote by SF1 and SF2 [for
example, for a well width I. of 50 A, signals occur at 38
cm ' (SF1) and 51 cm ' (SF2) at a

field

o 6T at 1.6 K].
As the magnetic field is increased from zero, the Ra-

man shifts corresponding to SF1 and SF2 increase as
shown in Figs. 2(a) and 2(b) (for the specimen with
x =0.07 and L =50 A, number M360). The behavior is
characteristic of SFR signals from samples containing
DMS material, in which the exchange field follows the
manganese magnetization and eventually saturates. It is
well established that in bulk Cd& „Mn„Te the conduc-
tion band splits under the action of a magnetic field ac-
cording to'

5E, = xNoa—(S, ) "+g,paB,
where g, is the electron magnetogyric ratio, pii is the
Bohr magnetron, (S, ) " is the therinal average of the
Mn + spin projection in the field direction, a is the ex-
change constant for the conduction band (normalized to
the unit cell volume), and No is the number of cations per
unit cell.

At the temperatures and manganese concentrations
used in the current experiments, the Cd& „Mn„Te is in

200

(c) epilayer, x=007

2 4 6 8 '|0

Mag netic Field ( Tesla )

FIG. 2. The spin-Hip Raman (SFR) shift as a function of the
applied magnetic field for a multiple-quantum-well sample
(M296) with a well width of 75 A and a barrier Mn concentra-
tion of 0.07 at nominal temperature 1.6 K, for (a) the SF1 and
(b) the SF2 signals. For comparison, (c) shows the SFR shift ob-
served in an epilayer of Cd093Mn007Te, sample M394. The
points are experimental data and the curves are fits using the
modified Brillouin function (as described in the text) and a nor-
mal conduction-band Zeeman term.

the paramagnetic state. ' It is well known, however, that
the effective magnetization is reduced relative to that ex-
pected for an assembly of noninteracting Mn + ions be-
cause of the tendency for those ions that are nearest
neighbors to align antiferromagnetically. This can be
modeled satisfactorily' by replacing x by an effective con-
centration X (where X is less than x) and by using a Bril-
louin function Bs&z(y) in which the argument is modified
to y =SgM„p&Blk&T«, where S=—', , gM„ is the Mn +

magnetogyric ratio, ka is the Boltzmann constant, and

T,s =(T+ To) is an effective temperature. Values of the
magnetization splitting and of To for different concentra-
tions x have been measured for epitaxial material by vari-
ous groups, ' ' whose data agree well for x &0.10 and
indicate that, for x =0.07, the value of X is about 0.04
and To is about 2.2 K. At low temperatures and
moderately high fields, the magnetization of the Mni+

spin system approaches saturation ((S, ) tends to ——', )

and the value of the Cd, „Mn„Te band splitting is now

given by

5E,= ,'xNoa+g—,paB . (2)

For values of x of about 0.07, the saturation condition is

approached at 1.6 K at about 6 T.
The electron energy level in the well splits by an

amount g,p~S due to the standard Zeeman interaction
(we take g, to have the same value in the well and in the
barrier) plus an amount which is proportional to 5E,
(provided that 5E, is not too large compared with the
band offset b,, ). The electron spin-flip energy should thus
be the sum of a term linear in field (g,paB) and a term
that follows the form of the modified Brillouin function
B~&z(y). The size of the second term depends on the ratio
of 5EO to b,, (it is in essence a measure of the electron
penetration into the barrier) and is thus sensitive to the
band offset.

To fit the data we use the value g, = —1.59 measured
for CdTe. In Fig. 2(c) we show the results for electron
spin-flip scattering for a "bulk" layer of the same concen-
tration as the barriers. The splitting for the bulk layer al-
lows us to obtain the quantity ( ,xNoa) witho—ut having to
measure the concentration x. The value obtained (165
cm ') is, however, consistent with x =0.07. We find that
the values of To found for the SFR energies of electrons
in the wells are slightly lower than those that are report-
ed for bulk materials of the same manganese concentra-
tion as the barriers. '

The observation of two SRF signals (SF1 and SF2) as-
sociated with the well region is the distinct feature of our
spectra: we shall show later that they are due, respective-
ly, to electrons bound at neutral donors in the wells and
to electrons that are present in the wells as a result of the
ionization of donors in the barriers. We shall show that
these two types of electron do indeed lead to different
SFR energies, thus accounting for the existence of the
two signals.

Before proceeding, we must ask whether or not one
should expect to observe SFR from specimens containing
only 10' neutral donors per cm . We note that Gu-
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IV. THE RESONANCE BEHAVIOR
OF THE RAMAN SIGNALS
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cussed in more detail recently by Hirsch, Meyer, and
Waag.

There remains the difference between the resonance en-

ergies of SF1 and SF2, as illustrated in Fig. 4. This
difference is attributed to the difference in the positions of
the donors responsible for the two signals SF1 and SF2,
since the donor position affects the localization energy of
the exciton at that particular donor, and therefore the
resonance energy of the SRF signal associated with that
donor. The observation of a higher resonance energy for
SF2 than for SF1 supports our model for the origin of the
SFR signals, since the exciton localization energy would
be expected to decrease when the donor impurity is locat-
ed in the barrier, leading to a resonance energy for SF2
closer to the transition energy of a free exciton.

U. INTERPRETATION OF THE SFR SPECTRA

0 for ~z, ~

~a
V, (z, )= '

for Iz, l
~a (4)

To obtain the electron energies we use a variational ap-
proach. Following Tanaka, Nagaoka, and Yamabe, we
assume a solution in factored form and use a trial wave
function

f(z )e
—b r +z—

where b is a variational parameter, z=(z, —zd), and

In this section, we calculate the spin-flip energies ex-
pected for an electron subject to the combined effects of
the well potential and of the Coulomb potential of the
donor. We shall show that the result is sensitive to the
position of the donor relative to the well center and that,
under appropriate circumstances, a SFR spectrum is pre-
dicted with two distinct peaks, as observed experimental-
ly in our range of specimens with x =0.07. The peak sep-
aration is found to be sensitive to the value of the
conduction-band offset and we exploit this fact to obtain
an experimental measure of 6,.

We work within the effective-mass approximation, in
which the Hamiltonian % of an electron in the Coulomb
field of a donor ion in a quantum well has the form

iii 1 8 8 1 8 8
r +-

r Br dr r BgP Bz

2

+ V, (z, ),
47reQs„'}r/[r +(z, —z~) ]

where m,' is the effective mass of the electron and cg, is
the permittivity of the material.

In the cylindrical polar coordinates (r, P,z), the z direc-
tion is taken to be perpendicular to the layer planes. The
quantities z, and z& define the positions along z of the
electron and donor, respectively, while r defines the
electron-donor separation in the layer plane. The origin
of the z axis is taken to be zero at the center of the poten-
tial well, whose depth in zero field is 6, and whose width
is 2a . The electron potential is thus of the form (in zero
field)

+g,pii/2 for ~z, ~

~a

b,,+6E3/2 for ~z, ~
&a~, (7)

where 5E, is given by Eq. (2) and includes the small elec-

tronic Zeeman term g,pii8/2.
The variational calculation is now repeated for both

directions of the electron spin and the difference gives the
spin-flip energy at that particular magnetic field. We
take the values s„=9.4 (Ref. 27) and m,*=0.096m, (Ref.
28) for CdTe and, in the absence of other information as-
sume the same values for CdQ 93MnQ Q7Te (this also
simplifies the interface continuity equations). In Fig. 5
we show the calculated binding energy Ed due to the
donor as a function of donor position. For a donor in
the center of the well, ~Ed ~

exceeds the hydrogenic three-
dimensional bulk value of 14.8 meV (calculated using the
values of m,' and s„given above), as expected. As the
donor moves into the CdQ 93MnQ Q7Te barrier, ~E~ ~

falls
rapidly but even when the donor is at a distance of 100 A
from the interface, the binding energy is still 4 meV.

In comparing the spin-flip energies of the different
structures we find it convenient to use the data taken at
6 T. At this field, the magnetization of the manganese
spin system is almost saturated and Eq. (2) is valid. In
Fig. 6 we show the calculated spin-flip energies at 6 T for
all possible donor positions in M296 (75 A CdTe wells,
150 A CdQ 93MnQ Q7Te barriers}, the value of 6, being tak-
en to be 0.06 eV.

The shape of the curve in Fig. 6 is the key to the under-
standing of our observed spectra, since it shows two turn-
ing values, at zd =0 and at zd just inside the barrier. The
observed spectrum will be the superposition of signals
due to the differently located donors in the structure and
hence, if a uniform spatial distribution of donors is as-
sumed, there will be two peaks in the Raman spectra,
corresponding to the turning values of Fig. 6. To make
this clearer, we indicate at the edge of Fig. 6 how the
SFR spectrum may be simulated by assuming the donors
to be uniformly distributed in the wells and barriers on
discrete sites of the zinc-blende crystal structure. First,

f(z, ) is the appropriate finite quantum-well envelope
wave function, thus,

cos(k, z, ) for Iz, I

~ a

p, exp( —q, )z, ) } for (z, I

~ a (6)
L

Here q„k„and A, are obtained from the interfacial
continuity condition on f(z, ) and its derivative. The en-

ergy E„„is now calculated following the approach of
Greene, Bajaj, and Phelpsz and is minimized with

respect to the variational parameter. The binding energy
of the electron to the donor can be obtained by subtract-
ing E„„from the finite well confinement energy in the ab-

sence of the donor, determined from the envelope func-
tion f(z, ).

When a magnetic field is applied, the depth of the po-
tential well seen by electrons of different spin alters, as
described earlier. Thus, for the two spin states we can
write
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FIG. 6. The calculated spin-flip Raman shift of an electron

bound to a donor, as a function of the position of the donor
(measured from the center of the quantum well and along the

0

growth axis} for a quantum well of width 75 A and a barrier Mn
concentration of 0.07 in an applied magnetic field (6 T) at which
the barrier magnetization is saturated. The vertical dashed line
indicates the position of the barrier/we11 interface. The "stick"
diagram at the left shows how the calculated curve may be used
to simulate the experimental spin-flip spectrum, as described in
the text.
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FIG. 5. The calculated binding energy of an electron to a

donor as a function of the distance (along the growth axis) of
the donor from the center of a quantum well of width 75 A and
a barrier Mn concentration of 0.07, in the absence of a magnetic
field. The origin is chosen to be the center of the well and the
vertical dashed line represents the position of the barrier/well
interface. Successive points are one half of a lattice parameter
apart.

0
each donor within the range zd=0 —60 A is assumed to
give an identical contribution to the spectrum (as
represented by the 5 functions at the left of the diagram).
Each 6 function is then replaced by a Gaussian line shape
of full width at half maximum of 1.6 cm ' (the choice is
not critical and the value chosen is typical of spin-flip sig-
nals from bulk inaterial). The resulting composite spec-
trum then contains two peaks similar to those observed
experimentally.

It should be noted that the different contributions to
the spectrum (arising from difFerent donor positions} have
been assumed here to be equal in magnitude. The relative
intensities of the two peaks of the experimental spectra
are therefore not expected to be reproduced accurately,
since the different resonance behavior of the SF1 and SF2
features (described in Sec. III) has not been accounted
for. These resonance effects lead to a variation of the rel-
ative intensities of the SFl and SF2 signals with laser
wavelength, though fortunately the Raman shifts at the
peaks are only weakly dependent on the excitation wave-

length (a detailed discussion of these points will be
presented elsewhere, though we note here that because
excitons bound at donors with values of zd beyond about

0
20 A into the barrier are out of resonance with the laser
in most of our experiments they have not been included
as contributing to the composite spectrum at the edge of
Fig. 6).

To test the model further we have calculated the ener-
gies of the SF1 and SF2 peaks as a function of well width
for the specimens with barrier concentrations of x =0.07,
assuming a conduction-band offset of 5, =0.06 eV. Al-

lowance was made for the fact that the barrier magneti-
zation has not quite saturated even at 6 T. The predicted
shifts (Table II} agree excellently with those observed,
both in their absolute values and in the differences be-
tween SF1 and SF2. The exception is M395, which has a
thin well of only 35 A and in which the effects of
interdiffusion are believed to be important (see below).

One can de6ne a parameter y which represents the
fraction of the total band offset that lies in the conduction
band; the value of 5, =0.060 meV corresponds to

y =0.54, given that the total band-gap difference between
CdTe and Cd& „Mn, Te is 1.592x eV' at 2 K. The calcu-
lated spin-flip shifts are sensitive to the value assumed for
the conduction band offset (in effect, the only adjustable
parameter in the calculation). If y is varied, the calculat-
ed Raman shifts become larger (because the penetration
of the electron envelope wavefunction into the barrier in-
creases): for example, for y =0.45 (b, , =0.050 eV), all the
saturation spin-flip shifts for the specimens with x =0.07
increase by about 4 cm ' (compared with the experimen-
tal uncertainty of +2 cm '). To fit our observations, we
thus find that b, , (strained) =0.060+0.005 eV; for the
CdTe/Cd, p 93Mnp p7Te system, the strain contribution
to 6, is about —3 meV, so that the "zero strain" value of
the conduction-band offset is 0.063 eV (or, equivalently,

y =0.57). We discuss our result for y more fully in Sec.
VII.

In the same manner, we can predict the variation in
spin-flip Raman shift for the "orthogonal" series of sam-
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TABLE II. Spin-flip Raman shifts for difFerent specimens at a magnetic field of 6 T and a tempera-
ture of 1.6 K. The calculated shifts make use of the data of Ref. 20 (in the second part of the table, the
figures in parentheses makes use of the data of Ref. 21).

Sample parameters
X Well width (A) Observed (+1 cm ')

Spin-flip Raman shift (cm ')
SF1

calculated
SF2

calculated

0.07
0.07
0.07

50
75
85

38
18.5
14

51
29
21

37.6
18.0
13.2

50.5
28.4
21.0

0.01
0.02
0.03
0.07
0.12

50
50
50
50
50

36
38

18.5
40.2

40.2

46
51

17.2(16.4)
30.0(28.0)
35.2(34.2)
41.0(37.1)
34.2(31.3)

22.2(21.2)
39.5(36.7)
47.7(44.8)
54.0(48.7)
43.8(41.0)

ples with constant well-width, but with different barrier
compositions. Table II shows the calculated Raman
shifts of the SF1 and SF2 signals for donors at the well
center and at 10 A into the barrier as a function of the
barrier Mn concentration; a fixed value of y=0. 57 was
used and asap was taken to be 220 rneV. The experimen-
tal values are given and it is clear that for the x =0.01,
0.02, 0.03, and 0.07 samples, the agreement between cal-
culation and experiment is reasonable. There is some un-
certainty in the published values of X(x) for x )0. 1 and
this uncertainty is important in the analysis of the data
for this series of samples, where x is the parameter that is
varied. We therefore performed two sets of calculations
taking different estimates for x(x), from Refs. 20 and 21
(the values calculated with the latter set of estimates ap-
pear in parentheses in Table II}. The data of Ref. 20 give
the slightly better agreement with our SFR data. For the
x =0.01 and x =0.02 samples, our model predicts that
SF1 and SF2 bands will not be sufBciently separated in
energy to be experimentally resolved: in both cases only
one SFR band is observed, with a Raman shift in agree-
ment with our predictions.

Two other samples which do not form part of the
above series are also worth mentioning here. The first is
M387, which has the narrowest quantum wells (15 A) of
all samples investigated and a barrier Mn concentration
of 0.09; this sample shows a spin-flip signal at 98.9 cm
(at 6 T and 1.6 K) compared to a calculated value for SF1
of about 100 cm '. The SF2 signal is predicted to be
very close to SF1 in this sample (at 105 cm ') and is not
clearly identifiable in the spectra due to the strong PL
background at resonance. The second sample is M213,
which has a relatively wide well (75 A) and high barrier
Mn concentration (0.24} and also shows only one resolv-
able SFR band (at about 8 crn '). In this latter case, the
degree of penetration of the electron wave function into
the barrier is negligible, and so only the SF1 signal is pre-
dicted to be observable, in agreement with experiment.

The model does not agree so well with the data for the
x =0.12 sample, M484. Only one signal is observed,
whose line shape is not well described by either one or
two Gaussian bands; we have discussed this point in a
previous work, ' where we showed by consideration of

the resonance energies that the spin-flip signal is still as-
sociated with an electron in a quantum well in the materi-
al. However, the spin-flip Raman shift is significantly
higher than our prediction for SF1 (usually the strongest
signal of the two) suggesting either a small degree of
interdiffusion, or a reduced degree of Mn spin pairing
near the interface, leading to an increased effective Mn
concentration in the barrier near the quantum well; we
discuss these possibilities in more detail in Sec. VI.

Finally, we note that using the same parameters, and in
particular, the same value for y, we have been able to
model successfully the SFR signals observed in asym-
metric double quantum-well structures composed of
CdTe and Cd& „Mn„Te; further details have been
presented elsewhere.

VI. EFFECTS OF INTERDIFFUSION
AND OF INTERFACE MAGNETISM

In analyzing our data, we have assumed that the
magnetism in the barriers is the same as that in the corre-
sponding bulk Cd& Mn„Te alloy of the same composi-
tion. We noted in Sec. III that in the paramagnetic
phase, the effects of antiferromagnetic interaction be-
tween nearest-neighbor Mn + ions is such as to decrease
the effective number of ions contribution to the
paramagnetism and (effectively) to reduce the Mn + con-
centration from x to a value x (for x =0.07, x =0.04).
While such behavior may reasonably be expected to be
true for Mn + ions in the interior of the barrier, it is like-
ly to be modified for those ions at the interface itself,
since they will have fewer Mn + nearest neighbors and,
consequently, will give a higher contribution to the
paramagnetisrn. The field-induced variation in barrier
potential at the interface itself would then be greater than
assumed in our model and, in fitting our data, we would
have underestimated the conduction-band offset. In our
specimens with relatively low barrier concentrations of
manganese (x =0.07) we do not, however, expect the
effect to be important since the wave functions penetrate
significantly into the barriers and the electrons interact
with Mn + ions on many monolayers. Furthermore, the
studies of Ossau and Kuhn-Heinrich show that for
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x &0.1, the enhancement of the Mn + paramagnetism at
the interface is small.

Of more serious concern is the possible efFect of
interdiffusion, since any manganese present in the well it-
self would give a large contribution to the electron SFR
energy. Indeed, one specimen, M398, of poor quality and
known from x-ray and photoluminescence studies to be
significantly interdiffused, shows SFR shifts much greater
than predicted by our calculation.

It is difficult to model the effects of interdiffusion
without knowledge of the concentration profile, but it is
clear that the effects should be more marked in specimens
of small well width and high barrier concentrations. A
simple approach is to assign an average Mn + concentra-
tion y to the wells, so that the MQW structures are of the
form Cd, „Mn„Te/Cd& Mn~ Te (x &&y). We consider
the particular case of M213, which has 75-A wells and a
barrier concentration of x =0.24. The observed SFR
shift is 8 cm ' (at 6 T), compared with the predicted
value of 5 cm '. The discrepancy may be due to the
offset ratio being a function of x, or to reduced spin pair-
ing at the interface, but for the moment we assume (as a
worst case) that it is due to interdiffusion. The difference
of 3 cm ' between theory and experiment can be ac-
counted for if the average Mn + concentration in the
wells (due to interdiffusi. on) is y =0.001 (compared with
the barrier value x =0.24). If we now assume that the
interdiffusion is proportional to the barrier concentra-
tions, the average well concentration in the x =0.07
series would be of order y =0.0003; such a concentration
would contribute about 1 cm ' to the Raman shifts of
Fig. 9 and would therefore not be important.

VII. THE BAND OFFSET RATIO

Our present results (for x =0.07) lead to
y=0. 57+0.05 (after correction for strain). Earlier PL
and PLE studies of excitonic transitions in

CdTe/Cd, „Mn„Te have deduced a wide range of band

offsets including a zero valence-band ofFset, y=0. 9 for
x =0.24, y =0.6 for x =0.07, y =0.7, for x =0.05,

y 0.7 for x =0.07, and y=0. 9 for x=0.20; it is

worth noting that the studies of samples of lower barrier
concentration appear to yield lower conduction-band
offsets, which are in better agreement with our result.
The interpretation of PL and PLE data is complicated by
the fact that excitonic binding energies are large and are
comparable to the depths of the valence-band potential
wells. ' The SFR experiments, on the other hand, involve

a donor-bound electron which is not part of an exciton,
and the interpretation of these experiments is therefore
not affected by this problem.

It should be pointed out that since the splitting of the
valence band of Cd& Mn„Te by a magnetic field is

greater than that of the conduction band and since the
valence-band offset is smaller than that of the conduction
band, the results of PL and PLE experiments are dorn-

inated by the magnitude of the valence-band offset. The
efFect of interdiffusion would be to reduce the apparent
valence-band offset and would thus lead to an overesti-

mate of y, in contrast to our measurements, where man-

ganese interdiffusion into the quantum wells would lead
to an underestimate of y.

In summary, for samples with low barrier manganese
concentrations, several results derived from PL and PLE
and the current electron SFR results suggest a value of
y=0. 6 for the offset ratio in CdTe/Cd, ,Mn, Te for
x &0. 10. This result disagrees with the "common cat-
ion" prediction but is close to the prediction of Tersoff.
The consistent discrepancies in the value of the band
offset as determined by different groups appear to be re-
lated to the barrier concentration of the specimens used,
and it therefore seems likely that y may be a function of
x. It may be possible to resolve this question by further
experiments of the type described in the present paper;
systematic studies of SFR (and PL and PLE) in samples
in which interdiffusion is deliberately induced would also
be of help in this context.

VIII. CONCLUSIONS

The most important aspect of this work is the demon-
stration that spin-lip Raman spectroscopy makes possi-
ble the quantitative investigation of the binding of elec-
trons to donors within quantum-well structures. The
SFR technique necessitates the use of heterostructures
containing dilute magnetic semiconductors, but the mod-
el that we have developed in order to explain the present
results is of general relevance to nonmagnetic semicon-
ductor heterostructure systems.

The interpretation of spin-flip Raman spectra is less
complicated than that of PL and PLE spectra and the
line shape and Raman shifts of the signals observed can
be modeled within the envelope function approximation,
dealing with the conduction-band states alone. We have
shown that a relatively simple model is very successful at
predicting the structure observed in the spin-flip Raman
spectra. The dependence of these spectra on two parame-
ters (well width and barrier concentration) has been stud-
ied systematically over two series of specimens and the
model reproduces the observed behavior for both series.

When the resonances of the spin-flip Raman signals are
to be understood, excitonic effects and the behavior of the
valence-band states must be taken into account. Our pre-
liminary results on the resonance behavior of the SFR
signals are consistent with the model that we have
presented, since a variation in the localization energy of
excitons to donors at different positions is to be expected.
This would give rise to a difference in the resonance ener-

gies of the two Raman signals of the kind that is ob-
served.

Finally, our model for the spin-flip Raman spectra of
these quantum-well structures has allowed us to deduce a
value for the conduction-band offset and the ratio of this
quantity to the total band-gap difFerence between wells
and barriers. Our value is consistent with earlier results
obtained by other techniques for samples of similar com-
position; our results for a large number of samples can be
explained satisfactorily without invoking any dependence
of this parameter on composition up to Mn concentra-
tions of about 10%. Beyond this concentration, the pos-
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sibility remains that the proportion of the band ofFset in
the conduction band increases, and further study is re-
quired here. Several problems in the interpretation of
magneto-optical studies at higher Mn concentrations
have been briefly discussed.
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