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The luminescence spectrum of Zn,_,Cd, Se/Zn,_,Mn,Se superlattices grown by molecular-beam epi-
taxy on (001) GaAs substrates shows quantum-well confinement and Zeeman shifts due to wave-function
penetration into the barrier that are in excellent agreement with calculations using the transfer-matrix
method based on the k-p formalism. The new periodicity introduced by the superlattice causes zone
folding of the acoustic branch, allowing modes with large g vectors to become Raman active. The Ra-
man spectrum shows the folded acoustic phonons of superlattices with as few as ten periods. In addition
to the excitonic Zeeman shifts, these magnetic superlattices exhibit the Raman-electron paramagnetic
resonance of Mn?* typical of the Mn-based diluted magnetic semiconductors.

I. INTRODUCTION

As is well known, nonequilibrium growth techniques
such as molecular-beam epitaxy (MBE) and metal organic
chemical vapor deposition have enabled the fabrication of
semiconductor heterostructures (epilayers, quantum
wells, and superlattices) with constituents having submi-
crometer dimensions. Novel physics as well as optoelect-
ronic applications have motivated the development of
this area, mostly based on the ternary alloys of III-V
semiconductors. In recent years much interest has been
generated in extending the field to include II-VI semicon-
ductors. Their impressive span of energy gaps (zero for
the Hg-based compounds to 3.8 eV for ZnS), successful
growth of lattice-matched as well as strained-lattice II-
VI/II-VI and II-VI/III-V combinations in the context of
quantum-well structures, surprising band offset situa-
tions, magnetic interactions associated with the incor-
poration of transition metal ions in a II-VI compound
(e.g., Cd;_,Mn,Te) all are illustrative of the exciting
features that can be realized in MBE-grown II-VI hetero-
structures.

The incorporation of a transition-metal ion like Mn?™*
in a II-VI semiconductor such as CdTe results in a dilut-
ed magnetic semiconductor (DMS).! We note that the
magnetic ions in materials of this type replace the group-
II element in a random fashion. A DMS exhibits striking
magnetic effects, most of which can be observed spectros-
copically. For example, giant Faraday rotation? and
large spin-flip Raman shifts of donor bound electrons?® in
the Mn-based DMS’s originate from the large sp-d ex-
change interaction between the conduction and/or
valence-band states and the d electrons of Mn?". This
sp-d exchange interaction also carries over into the DMS
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submicrometer quantum-well structures.

We have previously studied Raman, photolumines-
cence, and modulated reflectivity spectra of
ZnSe/Zn;_,Mn,Se and Cd;_,Mn,Te/Cd,_,Mn,Te su-
perlattices,* and MBE-grown Cd,_,Mn Se and
Cd,_,Zn,Se epilayers.® The barriers in the superlattices
studied in the present paper consist of Zn;_,Mn,Se,
which in the bulk exhibits the zinc-blende structure for
0=x=<0.30 and the wurtzite structure for
0.30<x <0.57.! The well constituent of the superlat-
tices investigated is Zn;_,Cd,Se, which in the bulk is
also expected to have the zinc-blende structure for low x
and the wurtzite structure for high x. A recent study’
has shown, however, that epilayers of Zn,_, Cd,Se
grown by MBE on GaAs substrates exhibit the zinc-
blende structure throughout the entire composition range
0=<x = 1. Similarly, when incorporated in a superlattice,
both Zn,_,Cd,Se and Zn;_,Mn,Se have the cubic zinc-
blende structure. The lattice parameter of these alloys in-
creases linearly with x and y, respectively; thus one can
minimize the lattice mismatch at the interfaces by select-
ing an appropriate combination of x and y and fabricate a
superlattice with minimum or no strain. In this paper,
we report an investigation of the DMS superlattice family
Zn,_,Cd,Se/Zn,_,Mn,Se using photoluminescence and
Raman scattering.

II. EXPERIMENTAL PROCEDURE

The Zn,_,Cd,Se/Zn,_,Mn,Se superlattices used in
the present study were grown by MBE on (001) GaAs
substrates. The sample parameters are given in Table 1.
The sample quality and layer thickness were determined
by x-ray diffraction. Information on the MBE growth
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TABLE 1. Parameters for samples investigated: d,, and d, are nominal well and barrier widths, respectively, D is the period
(d,,+d,) as calculated from the position of the folded phonons, and 7 is the number of periods.

Sample Well Barrier d, (A) d, (A) D (A) n Orientation
1 Zng goCdyg 20Se Zng goMng 50Se 100 100 214 50 [001]
2 Zrlo'ggcd.o' 12Se Zno'goMno' 2OSe 100 100 188 50 [001]
3 Zn, 3sCdyg 1,Se Zng goMng 50Se 45 70 116 50 [001]
4 Zng g3Cdy 1,Se Zng goMng 50Se 135 100 237 50 [001]
5 Zn, 5;Cd, 13Se ZnSe 50 50 117 100 [001]
6 Zn, gsCdg 15Se ZnSe 50 50 112 50 [001]
7 Zn, 3sCd, 5Se ZnSe 60 60 10 [001]
8 Zn, 3sCdy 5Se ZnSe 40 40 10 [001]

technique relevant to the superlattices investigated in this
paper is given elsewhere.®’ The growth direction, also
referred to as the superlattice axis, is designated by Z.

Raman spectra were excited with monochromatic radi-
ation (with wavelengths A;) from Kr* or Ar* lasers.
For low-temperature measurements the power of the in-
cident beam was typically =75 mW in order to avoid
sample heating. Measurements in an external magnetic
field were carried out using a variable temperature optical
cryostat with a superconducting coil providing external
magnetic fields up to 60 kG. Scattered light was spectral-
ly analyzed with a computer controlled double (triple)
SPEX monochromator and detected with standard
photon-counting electronics. The photoluminescence
measurements were carried out on the same spectrome-
ter.

III. RESULTS AND DISCUSSION
A. Photoluminescence

The photoluminescence spectra of superlattices yield
the energy of the lowest quantum-confined level and re-
veal the quality of the heterostructure as deduced from
the intensity and width of the luminescence peak. The
comparison of the energy and Zeeman shift of the photo-
luminescence peak with the theoretically predicted values
allows superlattice parameters such as well widths and
valence-band offsets to be determined. Photolumines-
cence is also used in this investigation to establish the res-
onant conditions for Raman scattering.

The photoluminescence spectra of four
Zn; ,Cd,Se/Zn,_,Mn,Se superlattices studied in the
present investigation are shown in Fig. 1. The charac-
teristics of these superlattices are listed in Table I. The
spectra were obtained at the temperature T =5 K with
the 3638-A uv line of an Ar™ laser. The luminescence
peaks shown are attributed to the excitonic recombina-
tion associated with the lowest quantum-confined elec-
tronic states, their energy being labeled as E, (QC) in this
paper. Since the barrier composition is the same in all
the four superlattices, the differences in the position of
the luminescence peaks in Fig. 1 can be traced to the well
composition on one hand and the well and barrier widths
on the other. The peak at the lowest energy corresponds

to sample 1, the superlattice with the highest Cd concen-
tration in the well, corresponding to the lowest bulk ener-
gy gap of the well material E,(well)=2.586 eV. Superlat-
tices 2, 3, and 4 all have the same composition, so that
the effect of the well width on the energy of the lumines-
cence peak is clearly observed. The peaks at 2.666, 2.686,
and 2.710 eV correspond to superlattices with well widths
L,=135 A (4), 100 A (2), and 45 A (3), respectively: the
narrower the well, the higher the energy of the confined
levels, i.e., as expected, all the three peaks are blue shifted
from E (well)=2.656 eV. The energy gap of the well ma-
terial is calculated from the x dependence of the energy
gap in zinc-blende Zn,_,Cd, Se.’

In Fig. 2 the photoluminescence due to excitonic
recombination is compared with that due to the 2.2-eV
emission from Mn?" in  the ZnggCd, ,Se/
Ze, goMng ,0Se superlattices, i.e., in samples 3 and 4. The
spectra were again obtained at 5 K with the 3638-A uv
line of an Ar™ laser. Note that the excitonic lumines-
cence and the luminescence from Mn?*t are both ob-
served in the same spectrum. This is significant, since in
the photoluminescence spectrum of bulk DMS’s (e.g.,
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FIG. 1. Photoluminescence spectra of a series of
Zn,_,Cd,Se/Znj goMn, 50Se superlattices (No. 1: x =0.20;
No.’s 2, 3, and 4: x =0.12) showing the quantum-confined exci-
tonic transition. The energy gap of the Zn,_,Cd,Se well ma-
terial is indicated with an arrow.
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FIG. 2. Photoluminescence spectra of
Zn,, ssto 129€/Zng goMny 50Se superlamces ( No. 3: well width
L, =45 A barrier width L,=70 A and No. 4:
L,=100 A, L,=135 A) showing the luminescence from the
quantum-confined excitonic transition and the Mn2" emission.

Cd,_,Mn,Se) only the Mn?" luminescence is observed if
the energy gap E, is larger than the 2.2-eV em1ss1on line
of Mn?*.%® The concurrent observation of Mn?" and
recombination luminescence is attributed to the spatial
separation between the Mn?" in the barriers and the elec-
trons and holes in the well. Since the total well volume
and the total barrier volume in sample 4 are larger than
those in 3 (see Table I), both luminescence peaks are
more intense in the former. We can define the quantum
efficiency of the superlattice as the fraction of the number
of incident light quanta that will generate an electron-
hole pair whose recombination is detected in the photo-
luminescence spectrum. Assuming that the Mn?*
luminescence efficiency is independent of the well width,
the ratio between the intensity of the exciton and that of
the Mn?" emission can be taken as a measure of the
quantum efficiency of the superlattice. When the volume
factors are taken into account, the peak intensities in Fig.
2 indicate that the quantum-well efficiency of sample 3
(L,=45 A, L,=70 A) is a factor of 2 or more larger
than that of sample 4 (L,=135 A, L,=100 A). This
suggests that narrower barriers allow wells to collect the
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FIG. 3. Photoluminescence spectra for samples 3 and 4
showing Zeeman shifts at 5 K for H1Z, the superlattice axis.

incident radiation more efficiently, but a more extensive
investigation is required to verify this hypothesis.

Figure 3 shows the photoluminescence spectra of sam-
ples 3 and 4 at magnetic fields H of 0, 30, and 60 kG and
T =5 K, H being perpendicular to the superlattice axis.
In a magnetic field, the recombination radiation corre-
sponds to the transition from the l%, —41> state of the
conduction band to the |2,—3> state of the valence
band. At 60 kG the Zeeman shift of the photolumines-
cence from bulk Zn, g,Mn, ,,Se, the barrier constituent,
is approximately 40 meV (see Ref. 9), while as seen in Fig.
3, the Zeeman shift of the quantum-confined transition in
sample 3 is only 10 meV and that in sample 4 is even
smaller, i.e., 2 meV. The larger Zeeman shift in sample 3,
the superlattice with the narrower well, can be attributed
to the larger penetration of the confined wave function
into the magnetic barrier. Table II shows E,(QC) and
the associated Zeeman shift at 7=5 K and H =60 kG
characterized by the Brillouin function
B, (gynttpH 7k T), where pp is the Bohr magneton.

Previous studies*!® have shown a larger Zeeman shift

TABLE II. Energy of the quantum-confined excitonic transition E,(QC) and of the Mn?* emission
(in eV) at 5 K. Also listed is the Zeeman shift for E,(QC) at 60 kG. Calculated values of E, (QC) and

its Zeeman shift are given in the last two columns.

E.(QQC) Mn?* Zeeman shift at 60 kG
(eV) (eV) (meV)
Sample Expt. Theor. Expt. Expt. Theor.
1 2.628 2.623 3 2
2 2.686 2.686 3 3
3 2.710 2.710 2.114 10 9
4 2.666 2.665 2.110 2 1
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for H||Z as compared to H1Z in CdTe/Cd,_,Mn, Te su-
perlattices grown along the [111] direction, a behavior
not present in those grown along [001]. The dependence
of the Zeeman shift on the orientation of H observed in
the former was attributed to interface defects where exci-
tons were preferentially localized. Motivated by these re-
sults, we have measured the Zeeman shifts for H||Z and
H1Z in samples 2 and 3, both grown along [001], and
found that the magnitude of the Zeeman shift is the same
for both H orientations, within experimental error. Thus
the behavior of Zn;_,Cd,Se/Zn;_,Mn,Se superlattices
with Z|| [001] resembles that of CdTe/Cd,_,Mn,Te su-
perlattices with Z|| [001]. A Zeeman shift asymmetry
with respect to the orientation of the magnetic field can
also arise when the exciton radius is comparable or larger
than the width of the magnetic layer. The absence of this
asymmetry in the photoluminescence experiment thus ap-
pears to indicate that in the cases investigated here the
well width exceeds the exciton radius.

In order to confirm the identification of the photo-
luminescence peaks with the quantum-confined levels and
to verify whether the magnitude of the Zeeman shift is
consistent with the picture of the wave function penetrat-
ing into the magnetic barriers, we have carried out a
series of energy-band calculations. The theoretical model
chosen considers the valence-band offset as a parameter
that can be adjusted to fit the experiment results. Given
the fact that some of our superlattices are not lattice
matched, the theoretical model has to account for the
effect of strain which contributes to the heavy-
hole-light-hole splitting of the valence band of the
strained well, in addition to the splitting already present
due to the reduced symmetry of the superlattice.

The energies of the confined levels and the magnitude
of the Zeeman shifts in these superlattices have been cal-
culated using an eight-band Kane model Hamiltonian for
each layer and the transfer-matrix method.!! The set of
basis functions used in the calculation is that of Weiler, 12
which follows a Pidgeon-Brown model consisting of eight
combinations of s and p orbitals and spins appropriate for
the symmetry of the I'g conduction band, the I'g valence
band, and the I'; split-off band. This yields an 8X38
Hamiltonian matrix for each layer. The wave functions
in each layer must satisfy the boundary conditions of con-
tinuity at the interfaces. Following the formalism of the
transfer-matrix method, the problem can be character-
ized by a 16 X 16 transfer matrix.

The Hamiltonian for a given layer is given by

#
— V2V () +
ZmV () 4m?2c?

H= (o XV)pt+Hg,i, - (1)

The presence of a magnetic field is included by introduc-
ing the minimal gauge substitution 7k — 7%k +(e /c)A.'°
The matrix elements of the strain-free Hamiltonian (with
applied H field) are those given by Weiler. 12

The deformation potential Hamiltonian is given by'3

R. G. ALONSO et al.

4
Hstrain: Cc 2 € —a, 2 €ii _bv Zeii(‘,iz_';_‘lz)
d,

i<j

where C, is the conduction-band deformation potential
constant, a, is the valence-band hydrostatic deformation
potential constant, b, and d, are the shear deformation
potential constants, and €;; are the components of the
strain tensor. This latter term has been introduced to ac-
count for strain in the superlattice layer due to lattice
mismatch. The strain in our set of samples varies from
practically strain-free superlattices up to 1% strain. In
the well, the strain along x is obtained from the lattice
mismatch, while the strain along z is derived from the
strain-stress tensor equations, and is given by
€,=(2¢15/c11)€x.

A computer program!! has been used to solve for the
energies and the corresponding wave functions in the su-
perlattice in the presence of an applied magnetic field
parallel to Z. The input parameters used are the energy
gaps E, and A, the interband matrix element p, the
valence-band Luttinger parameters, the deformation po-
tentials for each layer, and the dimensional parameters of
the superlattice. The valence-band offset has been adjust-
ed to match the experimental results for the lowest ener-
gy transition E,(QC) and its Zeeman shift. This calcula-
tion was carried out for the magnetic superlattices listed
in Table II. As seen in this table, the calculated values
for E,(QC) and the Zeeman shifts are in good agreement
with the experimental results and are consistent with
small valence-band offsets (~25 meV). A limitation of
the present eight-band model is that it does not include
the binding energy of the exciton. The above value for
the valence-band offset is consistent with the previous re-
sult of Walecki et al.,'* who studied the effect of magnet-
ic field on the photoluminescence from a heterostructure
of Zn, ,Cd,Se/Zn,_,Mn,Se containing three quantum
wells of 105-, 42-, and 20-A well widths, respectively;
they deduced the band offset from a variational analysis
which included the excitonic effects.

B. Folded acoustic phonons

As is well known, one-phonon inelastic light scattering,
i.e., Raman and Brillouin scattering, is produced by pho-
nons of q vectors which satisfy |q|=2|k,|sin(¢/2),
where |k, |=[27/A,| and ¢ is the angle through which
the radiation is scattered. Thus the g’s probed in the pro-
cess range from O to a maximum of 2|k, |. Since the al-
lowed values of g for a crystal are confined to the first
Brillouin zone, the maximum |q| is 77/a, and hence in the
first-order inelastic light scattering with visible excitation
one encounters only the phonons with g’s near the zone
center (since 2|k;|<<w/a). For the acoustic branch,
characterized by frequencies w =uv,q in this range, (where
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v, is the sound velocity of the medium), the frequency
shifts expected in Brillouin scattering are typically of the
order of 1 cm ™! and cannot be detected with a grating
monochromator due to stray (parasitic) light.

The situation is different in the case of a superlattice.
Consider a superlattice consisting of alternating layers of
thickness d; and d,, respectively, and hence with a new
period d; +d,=D. Also let the structure sustain a prop-
agating acoustic wave along £, which is characterized by
the average elastic properties of the two types of layers.
It is clear that for the acoustic branch the Brillouin-zone
boundary will now be given by =7 /D and the conserva-
tion of q vector in the backscattering geometry is satisfied
by ¢ =tgqg +27mm /D, where gg; is the wave vector of
the wave propagating through the superlattice, m being
1,2,3,. .. In other words, these g¢’s yield the “long-
wavelength” excitations along Z of the structure having a
unit-cell dimension of D in that direction and for each m
the Raman spectrum will display a doublet. The frequen-
cy shifts corresponding to m =1,2,3,..., are
significantly higher than those of the Brillouin com-
ponents and can be discovered with a grating monochro-
mator. The intensity of the mth order of these
Raman lines, observed as a consequence of the zone
folding of the acoustic branch, is deduced from a
photoelastic mechanism!®> and is proportional to
(1/m?*)sin’(mmd /D).

For long-wavelength acoustic phonons, the superlattice
can be considered as an elastic continuum. In this ap-
proximation, the dispersion relation for folded phonons
propagating along the superlattice axis is given by'¢

(Odb

cos(g,D)= cos cos

w Uy

Cl)db

—(1+8)sin sin , (3)

Uy Up

where d, and d, are the respective thicknesses of
the well and the barrier layers, D =d, +d,, and
8="L(p, vy, — PV )* /(PP ), Where p and v are the
densities and velocities, respectively.

The Raman-scattering spectrum of the folded
longitudinal-acoustic = phonons in  Zn,_,Cd,Se/
Zn,_,Mn,Se superlattices 6 and 4 (see Table I for param-
eters) is shown in Fig. 4. The spectra were taken at 295
K in the backscattering configuration with A, =4825 and
4880 A, respectively, i.e., in close resonance with the
confined excitonic transition. Figure 5 shows the Raman
spectrum of sample 3, where the second-order (m =2)
peaks are also observed.

The dispersion relations obtained from Eq. (3) for sam-
ples 4, 3, and 2 are shown in Fig. 6. The values of the
densities p were calculated from the lattice parameters’
and atomic masses, while the velocities v along [001] are
given by v=1" ¢y /p, where the elastic constants cy;
were estimated by interpolation from the c,; values for
the binary components of the mixed crystals given in Ref.
17. The Raman shifts are shown with dots, the size of
the dots indicating the error bars. The wave-vector
transfer in a backscattering experiment is given by
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FIG. 4. Stokes (S) and anti-Stokes (AS) components
of the folded longitudinal acoustic phonons in (a)
Zny 3sCdy. 1sSe/ZnSe (No. 6) with laser power P; =80 mW and
(b) Zng g3Cdyg 1,8¢ /Zn; soMng 50Se (No. 4) with P, =125 mW.
See Table I for parameters.

q =4mn /A;, where n is the refractive index of the sam-
ple. The lines in Fig. 6 have been calculated using a su-
perlattice period D (D equals the well width plus the bar-
rier width) which gives the best fit to the observed Raman
shifts. The period deduced from the folded acoustic
phonons is in agreement with the nominal values, as can
be seen in Table 1.

We note here that gaps in the phonon dispersion will
appear at ¢ =0 and +#/D due to the periodicity D in the
£ direction of the superlattice.'® Figure 6(d) shows an en-
larged view of one of the small gaps in the dispersion re-
lation for sample 3. It can be deduced from Eq. (3) that,
for small §, the size of the gap can be between zero and
2v'28/(d,, /v, +d, /v,). Thus the size of the gap is relat-
ed to the difference in density and elastic constants be-
tween the well and the barrier as measured by 6.

Although the position of the folded phonons is very

20} Lw=454
Lp=70A
A =4825A

RAMAN INTENSITY (IO2 counts/sec)

m=2
‘ A 1 I L
-40 -30 -20 -IO (o]
RAMAN SHIFT (cm™')
FIG. 5. Stokes (S) and anti-Stokes (AS) components

of the folded longitudinal acoustic phonons in
Zn 33Cdg 12Se/Zng soMng ,08e (No. 3). The lines labeled P are
plasma lines from the Kr™ laser.
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FIG. 6. Dispersion curves for the folded LA phonons calculated using the elastic continuum theory. Observed Raman shifts are
shown with dots, the size of the dots indicating the error bars: (a) No. 2, (b) No. 3, and (c) No. 4. (d) Enlarged view of the first gap in

the dispersion curve of No. 3.

sensitive to the period D of the superlattice, it is not
difficult to show that the doublet splitting is relatively in-
dependent of D in the long-wavelength approximation. !’
In this limit, the superlattice sound velocity vg; =w/q is
given by

of a Zeeman component of the excitonic transition. This
resonant enhancement demonstrates that the underlying
mechanism for Raman-EPR involves interband electronic
transitions.! The Raman EPR shift, given by
ﬁmP2M=ganBH, yields a g factor of 2, as expected for
Mn2t,

2 2 —1/2
vgy =D jd_‘;i+d_’;+ 2(1+8) vwvb , 4) Figure 7 shows the Raman EPR lines in sample 2 at
vw Ub wvb

and the doublet splitting is given by

Aw=2vg; g =8mnvg /A . (5)

For sample 3, for example, we obtain Aw=3.1 cm™, in

excellent agreement with the experimentally observed
doublet splitting of 3.0+0.1 cm ™! in Fig. 5.

Folded acoustic phonons have also been observed in
ZnSe/Zn,_,Cd,Se superlattices, including sample 8, a
ten-period superlattice. In the latter case even though
the continuum model is not very realistic, it is quite
surprising that it can predict the phonon position to
within a 20% accuracy considering that the phonon
wavelength itself is about eight periods (almost the com-
plete length of the superlattice). Finally, it should be
remembered that the observation of folded acoustic pho-
nons in the Raman spectrum is an indication of high in-
terface quality,'® thus demonstrating that the family of
superlattices investigated here are structurally excellent.

C. Magnetic excitations

Magnetic excitations characteristic of bulk DMS’s—
such as the spin-flip transition within the Zeeman-split
3d°® multiplet of Mn2*, ie., the Raman electron-
paramagnetic-resonance (EPR)—are expected to be ob-
served in superlattices containing a DMS barrier or well.
The intensity of this Raman line is resonantly enhanced
when the energy of the scattered photon is close to that

50 T T

40r x2)| T

2

RAMAN INTENSITY (IO counts/sec)

20

1 1 | | | 1
-18 -I2 -6 (o} 6 12 18 24 30

RAMAN SHIFT (cm ')

FIG. 7. Mn?* Raman EPR lines in sample 2 at T =5 K. The
Raman lines in (a) correspond to 1PM, 2PM, 3PM, and 4PM,
which result from spin-flip transitions within the Zeeman multi-
plet of Mn?%, i.e., from mgugH with m =1, 2, 3, and 4, respec-
tively. This spectrum is obtained in the crossed polarization
z(yx)z with magnetic field H =60 kG along x and incident
wavelength of 4579 A. The spectrum in (b) shows the Stokes
and anti-Stokes component of 1PM and 2PM lines observed
with a smaller slit width.
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T =5 K. This spectrum is obtained in the crossed polar-
ization z(yx)z, with incident wavelength of 4579 A
and magnetic field H =60 kG along x. The Raman-EPR
lines labeled 1PM, 2PM, 3PM, and 4PM correspond to
spin-flip transitions within the Zeeman multiplet of the
Mn2" ion, with energies mgupH, where m =1, 2, 3, and
4, respectively. In bulk crystals the presence of the multi-
ple EPR lines 3PM and 4PM has been attributed to spin-
flip transition within a coupled Mn?" pair. In the case of
the 100-A magnetic layers in sample 2, the high intensity
of the 3PM and 4PM lines can be attributed either to an
increased number of Mn?™ pairs near the interface, or to
the relaxation of the selection rules associated with the
spherical symmetry, in which case the 3PM, 4PM, and
5PM lines become allowed in a single Mn?" ion. Multi-
ple EPR features of up to 7PM have been observed previ-
ously by Alonso et al.® in a Cdy 4Mn, Se/ZnSe superlat-
tice and were attributed to the presence of Mn?™ pairs,
which can allow for such overtones.> The spectrum in
Fig. 7 (b) shows the Stokes and anti-Stokes components
of the 1PM and 2PM transitions observed with the spec-
trometer set to a smaller slit width.

IV. CONCLUDING REMARKS

Optical studies in heterostructures containing wide
band-gap II-VI alloys offer the opportunity of observing
transitions from quantum-confined levels with energies
well into the blue region of the spectrum. The feasibility
of laser action in the blue has generated considerable in-
terest in these heterostructures. The presence of Mn?* in
II-VI heterostructures offers an additional probe into the
quality and properties of the material. For example, in
addition to the well and barrier widths and compositions,
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now the energies of the quantum-confined level transi-
tions depend on the applied magnetic field in a pro-
nounced manner, thus offering an additional sensitive
characterization technique. In the present paper we have
demonstrated that photoluminescence and Raman
scattering can provide valuable information about the
quality and properties of II-VI heterostructures contain-
ing DMS’s. The study of the magnetic-field dependence
of the photoluminescence in MBE-grown
Zn;_,Cd,Se/Zn, ,Mn,Se superlattices has provided in-
sights into the nature of the wave functions of the
quantum-confined levels, and in particular their penetra-
tion into the magnetic barriers. The interpretation of the
effects leads to an understanding of the valence-band
offsets. The lattice dynamics of the superlattices has pro-
vided characterization of their structural quality and
their periodicity. It is very encouraging that high-quality
complex structures from II-VI and II-VI-based DMS’s
can be fabricated with increasing success using MBE
techniques.
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