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In a type-II multiple quantum well consisting of ZnTe/Cd:i_-Mn.Se, the Raman shifts associated
with the spin flip of donor-bound electrons in the Cdi—zMn,Se wells are significantly smaller than
in bulk Cd;—_;Mn,Se of comparable . This effect is ascribed to the decrease in the effective Mn?t
concentration as a result of the penetration of the donor electron wave function into the nonmagnetic
barrier. Raman electron paramagnetic resonance of Mn2* is also observed in these type-II quantum
wells, whose resonance enhancement is associated with spatially direct interband transitions from
states above the barrier for holes to the quantum confined electronic states. We also report the obser-
vation of confined longitudinal-optical phonons and folded acoustic phonons in strained ZnTe/MnSe
multiple quantum wells. In this heterostructure we observe an unusual combination mode involving
vibrational excitations in two different layers (ZnTe and MnSe).

I. INTRODUCTION

While quantum-well structures and superlattices in-
volving wide-gap II-VI semiconductors have a special ap-
peal in the quest for diode injection lasers in the blue and
the blue-green,! many general physical issues associated
with them need to be fully understood. For example, the
lattice mismatch and its consequences, such as the heavy-
and light-hole splitting, and the nature of the band align-
ment leading to a type-I or a type-II quantum-well struc-
ture, have to be addressed both experimentally and the-
oretically. The wave functions of the confined states for
electrons and holes offer important insights into these
questions.

II-VI diluted magnetic semiconductors (DMS’s) are
ternary compounds, where some of the group-II elements
are replaced by magnetic ions, such as Mn?t. The
spin-spin exchange interaction between band electrons
and magnetic ions in DMS’s results in a huge excitonic
Zeeman splitting. DMS’s thus provide an interesting
opportunity to study spin systems and, in particular,
DMS-based quantum-well structures allow the investi-
gation of exchange-related phenomena in the context of
reduced dimensionality. Among these, a recent study
shows that ZnTe/Cd;_;Mn;Se quantum wells possess
certain unique characteristics which can be understood
in terms of a type-II band alignment, where electrons are
localized in the magnetic wells (Cd;_,Mn,Se), spatially
separated from holes, which are confined to nonmagnetic
ZnTe layers.?2 For example, the spatially indirect transi-
tions between the valence-band maximum of ZnTe and
the conduction-band minimum of Cd;_,Mn,Se are ex-
pected to occur below the energy gap of Cd;_Mn,Se—
indeed a strong photoluminescence is observed in the in-
frared. Absorption spectra in the wvisible range also re-
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veal a strong transition, with large Zeeman splittings as
in the bulk, whereas only a very weak and broad pho-
toluminescence corresponding to this absorption feature
is observed. The absorption feature is attributed to the
transition from states above the barrier for holes to con-
fined electronic states in the well, the transition being
spatially direct. It is well known that the magnetic ex-
citations as observed in Raman scattering (such as spin-
flip transitions within the Zeeman multiplets or the spin-
flip of the donor-bound electrons) are mediated by inter-
band transitions.® Since donor-bound magnetic polarons
are observed in these type-II quantum wells,? one can
study the enhancement of the Raman scattering associ-
ated with the spin flip of the donor-bound electrons near
such interband transitions.

Another type of question arises in the context of the
reduced dimensionality. One could ask how the effec-
tive Mn?* concentration (“seen” by electrons) depends
on the confinement of the electron wave function, how
the exchange interaction between the holes and the Mn2+
ions is influenced by the spatial separation, and how the
antiferromagnetic interaction between Mn?* ions them-
selves is affected. Useful information about the wave
functions for confined electrons or holes can be obtained
from photoluminescence and the spin-flip Raman shift
of the donor-bound electrons in the superlattices where
either the well or the barrier is a DMS. The magni-
tude of the Zeeman shift in the photoluminescence in
Zn;_;Cd;Se/Zn;_,Mn,Se (Ref. 5) and the Raman shift
associated with the spin flip of the donor-bound electrons
in Cd;_,Mn,Te/ CdTe can be understood in terms of the
wave-function penetration into the magnetic barrier,® as
manifested by the larger associated effects for the smaller
well widths. The study of the spin-flip Raman scattering
in a ZnTe/Cd;—Mn,;Se type-II multiple quantum well
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(MQW) is of interest in that it represents an opposite
situation, where the DMS constitutes a well for electrons
but a barrier for holes.

We have studied the spin-flip Raman scattering of
donor-bound electrons in order to obtain an insight into
the effect of the lower dimensionality which, in turn, con-
trols the “effective” manganese concentration probed by
the quantum confined electronic levels. We also have
studied the longitudinal-optical phonon in these MQW’s;
the lattice mismatch between ZnTe and Cd;_Mn_,Se is
larger with larger x, the strain-induced shift correspond-
ingly increasing for larger x. We report a direct obser-
vation of the longitudinal-optical phonon of MnSe in a
MnSe/ZnTe MQW. Note that, in contrast to the wurtzite
(rock-salt) structure possessed by Cdj_Mn;Se (MnSe)
when grown in the bulk, these compounds assume the
zinc-blende structure when fabricated by molecular-beam
epitaxy (MBE), as in a MnSe/ZnTe MQW.”

II. EXPERIMENT

The MQW samples were grown on (100) GaAs
substrates with ZnTe buffer layers, 2 pm thick for
ZnTe/Cd;_Mn,Se and 0.5 pm thick for ZnTe/MnSe,
using MBE. The details of the growth technique are de-
scribed in Ref. 2. An optical cryostat incorporating su-
perconducting coils for low-temperature measurements
in the presence of a magnetic field was used to study the
spin-flip Raman scattering. Raman spectra were excited
with monochromatic lines from Kr* and Art lasers; the
typical power for spin-flip measurements was less than
10 mW to prevent samples from being heated. A double
monochromator and a standard photon-counting system
were used to analyze and detect the scattered radiation.
For Raman EPR (electron paramagnetic resonance) of
Mn2?*t the spectrometer was used in conjunction with a
third monochromator, in order to achieve the requisite
rejection of the parasitic radiation close to the laser fre-
quency.

III. RESULTS AND DISCUSSIONS
A. Magnetic excitations

Figure 1 shows Stokes and anti-Stokes Raman lines ob-
served in a ZnTe/Cd;_zMn,;Se MQW, 2=0.13, at tem-
perature (T)=70 K, magnetic field (H)=60 kG, and
exciting wavelength (A;)=6764 A, the thicknesses of
Cdj—zMn,Se and ZnTe being 28 A and 160 A, re-
spectively. The peak at 5.6 cm~! (labeled wpy) cor-
responds to Raman EPR, originating from transitions
within the Zeeman multiplets of Mn2*, having energies of
Msgmn2+ 4B H, where m, is an integer, gyn2+=2 is the g
factor of Mn?*, and up is the Bohr magneton.® The peak
around 30 cm™! (labeled wspr) is due to the spin-flip of
electrons bound to donors.?

It is well known that the spin flip of electrons bound
to donors in diluted magnetic semiconductors is greatly
enhanced by the s-d exchange interaction between the
s-like conduction-band electrons and the electrons in the
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FIG. 1. Stokes and anti-Stokes components of Raman
lines (electron paramagnetic resonance and spin-flip of donor-
bound electrons) observed in ZnTe/Cdi—Mn;Se MQW’s,
=0.13, at T=70 K, H=60 kG. Note that intensities of the
anti-Stokes components are significantly higher than those ex-
pected from the Boltzmann factor, presumably due to the
resonance condition under which the spectrum is taken.

d shell of Mn?* ions. The spin-flip energy (Awsrr) con-
sists of the intrinsic Zeeman splitting term and the s-d
exchange term, namely,

(67
————My(H) + g*upH, (1)
9Mn2+ 4B

AwsFr =

where o is the exchange integral characterizing the s-
d interaction, My(H) is the macroscopic magnetization,
and g* is the intrinsic g factor. The exchange term is
overwhelmingly larger than that determined by g*, and
from the magnetic-field dependence of the magnetization
one can show that the spin-flip energy follows a Brillouin-
function-like behavior given by

RwsFr = 5ZaNoBs/2[gupH/kp(T + Tar)), (2)

where Z is the effective manganese concentration® and
Tar is an antiferromagnetic temperature;!® z and Tap
are phenomenological constants which take into account
the antiferromagnetic interactions between Mn?* ions,
being introduced to fit the magnetization as a function
of magnetic field at a given temperature. The selection
rules for the spin-flip Raman scattering are discussed in
detail in Ref. 8.

In Fig. 2 we show the spin-flip Raman shifts ob-
tained from spectra such as the one shown in Fig.
1 as a function of magnetic field at several tempera-
tures; also included are results obtained on bulk wurtzite
Cd;_Mn,Se, £=0.10,% as a function of magnetic field
at various temperatures.!! Our earlier study on the spin-
flip Raman scattering in MBE-grown cubic Cd;_,Mn,Se
showed that the exchange integral a for a bulk grown
crystal (with wurtzite structure) and that for a MBE-
grown epilayer (with zinc-blende structure) agree within
experimental error.!? Thus the consistently smaller spin-
flip Raman shift in the MQW’s compared with that in
the bulk can be attributed to the electron—wave-function
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FIG. 2. Comparison of the Raman shifts associated with samples, respectively. The values for ZnTe/Cd;_sMnsSe

the spin-flip of donor-bound electrons in a wurtzite bulk
Cd1-zMngSe and in a ZnTe/Cd;_MnzSe MQW for z ~0.1
at several temperatures.

penetration into the nonmagnetic ZnTe barrier, i.e., the
effective manganese concentration Z “seen” by electrons
in the MQW'’s is smaller than in the bulk for the same
value of . Note that the saturation of the Raman shift
due to the saturation of the magnetization observed in
the MQW’s at low temperatures and at high fields is
qualitatively similar to that observed in the bulk. This
implies that the antiferromagnetic interaction between
Mn?+ (as given by Tar) with well width as narrow as 30
A is comparable to that in the bulk alloy.

At low magnetic fields, the Brillouin function in Eq.
(2) is linear in H/(T + Tar) and a plot of (aLg%m)—l
vs T is expected to be a straight line, the slope being
proportional to (ZaNg)~!. Tar and Z introduced in this
context are constants appropriate for low temperatures.
As in case of bulk (see Fig. 13 in Ref. 8), such a plot (not
shown) is linear for 5< T <40 K, but the slope as well

as the value of (a—ha“iflﬁﬁ)—l is larger than for the bulk of
the corresponding Mn concentration. In Fig. 3 we show
ZaNy as a function of Mn?* concentration, deduced from
the slopes of such plots. The well widths of Cd;_,Mn,Se
are indicated in the figure. For comparison, the solid and
open squares show the values for bulk Cd;_,Mn,Se and
Cd;_Mn,Te, respectively, obtained from Ref. 8 in the
same manner. The solid and dashed lines are theoretical
fits of TaNg, calculated from the value of alNy in bulk
Cdi_;Mn;Se =260 meV (Ref. 13) and in Cd;_,Mn,Te
=220 meV,1° respectively, Z being evaluated from the ex-
pression for (Z/z) when z <0.05, given in Ref. 9. The
formula is developed by considering the probability of
four types of nearest-neighbor Mn?* clusters: singles,
pairs, open triangles, and closed triangles for zinc-blende
structure. For II-VI materials with the wurtzite struc-
ture the probabilities are the same except for the closed

MQW'’s, shown as solid circles, are significantly smaller than
those of the bulk samples of comparable Mn concentration.
The well widths of the MQW’s are indicated in the parenthe-
ses.

triangles, where the difference is insignificant for  <0.1.
It was shown that the theoretical values of Z agree well
with experimental data up to z <0.1 for various II-VI
DMS’s. As seen in Fig. 3, it appears that the theoretical
fit is good even up to x ~0.3. The values of Z for the
MQW’s, however, are significantly smaller than for bulk
samples, with Z being smaller for narrower Cd; _Mn Se
wells. For a well width of 230 A, Z is very close to that
for the bulk.

In Fig. 1 one can also clearly observe the Raman-EPR
peaks at Aiwpy and 2hwpy. It has been argued earlier®
that the selection rules for the Raman EPR as well as its
resonance enhancement indicate that the Raman EPR
is mediated by interband (or, equivalently, excitonic)
transitions. In type-II superlattices, electrons are spa-
tially separated from holes—and thus one may expect
the Raman EPR mediated by interband transitions to
be more difficult to observe. However, we have observed
that both the magnetic and the vibrational Raman lines
clearly increase in intensity when the excitation energy
approaches the energy gaps reported in Fig. 1 of Ref. 4
as deduced from the reflectivity spectrum. We note here
that these energies correspond to spatially direct transi-
tions from quasibound states above the barrier for holes
to the quantum confined electronic states, both localized
in the Cd;_,Mn,Se layer.14

B. Vibrational excitations

Depending on the boundary conditions relevant for
the optical phonons of the constituent layers of a semi-
conductor superlattice, they may either freely propagate
or be confined to one or the other constituent. If con-
fined, features characteristic of the specific layer thick-
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ness will manifest in the q vectors of the optical phonons
observed in Raman scattering.!® Acoustic vibrations of
long wavelengths propagate freely through the superlat-
tice and exhibit zone-folding effects associated with the
larger period of the structure.'® New Raman lines appear
due to the zone folding consistent with the wave-vector
conservation required in a light-scattering process. For a
summary of various models for lattice dynamics of super-
lattices and for other types of vibrations in superlattices,
e.g., interface mode, as well as for a detailed description
of the optical and acoustic modes, we cite Ref. 17. In this
section, we discuss confined optical modes, including the
effect of strain due to the lattice mismatch between lay-
ers, and folded acoustic modes.

We have previously studied the zone-center optical
phonon frequencies of MBE-grown cubic Cd;_Mn,Se
(x<0.75) epilayers and classified them as “MnSe-
like” and “CdSe-like” since they follow a “two-mode”
behavior.'? As z — 1, the CdSe-mode frequencies ex-
trapolate to that of the gap mode of Cd?* in zinc-blende
MnSe and the MnSe-modes become the local mode of
Mn?* in CdSe. In contrast a ZnTe/CdSe superlattice is
characterized by a single LO mode ~210 cm™1!; this is
consistent with the close proximity of the frequencies of
the ZnTe and the CdSe zone-center LO phonon, at 209
and 212.6 cm™!, respectively. One thus expects propa-
gating optical phonons for this case. In Fig. 4, we show
a spectrum obtained from a ZnTe/Cd;_;Mn,Se MQW,
£=0.23, the widths of the ZnTe and Cd;_.Mn,Se layers
being 84 A and 160 A, respectively, T=5 K, A\,=6471
A. The peak at 206.5 cm~! corresponds to a propa-
gating mode arising from the “CdSe-like” LO in the
Cd;_.Mn,Se layer and the ZnTe-LO in ZnTe, since both
these zone-center optical phonons in the bulk occur ~ 210
cm™!. On the other hand the peak at 229.5 cm™! corre-
sponds to “MnSe-like” LO confined to the Cd;_,Mn,Se
layer, the arrow indicating the strain-free value expected
for a Cdj_Mn,Se epilayer.

1000 LO,
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800 x=0.23
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600
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200

160 180 200 220 240

Raman Shift (cm-)

FIG. 4. Raman spectrum of the optical phonons in a
ZnTe/Cdi-zMn;Se MQW, £=0.23. LO; and LO> correspond
to a confined “MnSe-like” LO mode and a propagating mode
(arising from “CdSe-like” and ZnTe LO phonons), respec-
tively. The arrow indicates the strain-free value of “MnSe-
like” LO frequency. “MnSe-like” TO and “CdSe-like” TO
phonons are identified as TO; and TOx, respectively.
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“MnSe-like” LO frequencies in the MQW’s are ob-
served at lower frequencies than in the epilayers of
Cd1—_zMngSe, and the difference is the largest in a
ZnTe/MnSe MQW, whose spectrum is shown in Fig. 5
with Ay =5017 A at T=5 K. The width of the MnSe lay-
ers is 33 A and that of the ZnTe layers is 115 A. MnSe LO
is observed around 246 cm~!, ~11 cm~?! lower than the
extrapolated value of the “MnSe-like” LO frequencies in
Cd;_,Mn,Se, i.e., 257 cm~! for x=1. We attribute this
mainly to a strain-induced frequency shift and partly to
the confinement of MnSe LO. There is an ~3% lattice
mismatch between ZnTe and MnSe, whereas the mis-
match is only 0.4% between ZnTe and CdSe, resulting
in the larger strain-induced shift in the phonon frequen-
cies for the larger Mn concentration.

The strain-induced effect on optical phonons can be
expressed as a superposition of a hydrostatic and a shear
component. It can be shown that dwio = AQy +
(2/3)AQ, where Swro is the shift of the longitudinal-
optical phonons and AQy and AQ are the shifts associ-
ated with the hydrostatic and shear components of the
stress, respectively.!® These shifts in turn are given by

Ci1 — C12
— €

AQyg = —2ywLo
C11

’

and (3)

- 2
AQ=_P qci+ 0126
2wrLo cu1

L

where + is the mode Griineisen parameter, p and g are the
deformation constants, c;;’s are the elastic compliance
constants, and €, is the strain in the plane perpendicu-
lar to the superlattice axis, given by €, = (a$f — a;)/a;.
Here, aiﬁ is the effective lattice constant in the plane,

given by a8 = [n(a1d1 + a2dz) + apdp]/[n(d1 + d2) +
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FIG. 5. Raman spectrum of the longitudinal-optical

phonons in a ZnTe/MnSe MQW. The arrows indicate the
strain-free values of ZnTe and MnSe LO-phonon frequencies.
The inset shows two-phonon Raman spectrum corresponding
to 2wLo(ZnTe) and wro(ZnTe)+wro(MnSe). The ZnTe LO
phonons propagate through the superlattice, allowing their

coupling with the confined MnSe LO phonons in the MnSe
layer.
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dp],!® where n is the number of periods and d’s and a’s
with the subscripts 1, 2, and B are the layer thicknesses
and the bulk lattice constants of the barrier, well, and
buffer layers, respectively. For the results shown in Fig.
5, €1 is 2.6% for the MnSe layer and —0.8% for the ZnTe
layer. In the absence of the knowledge of the relevant pa-
rameters for MnSe, we assume them to be close to those
of ZnSe, an approximation probably reasonable in view
of the small mass difference between Mn and Zn. Thus,
assuming the ZnSe values of v=0.9, (p—q)/2wi,=0.62,*
c11 = 9.29 x 10'° N/m?, and ¢;2 = 5.625 x 1019 N/m?,22
respectively, we obtain dwp,o=-11 cm~? for the MnSe LO
phonons. Thus the shift of the experimentally observed
MnSe LO from the extrapolated value of “MnSe-like” LO
frequency in Cdj—,Mn,Se epilayers appears to be pre-
dominantly strain-induced. One also expects a frequency
shift of ZnTe-LO line in the opposite direction, although
the shift is expected to be smaller due to the larger thick-
ness of the ZnTe layers than that of the MnSe layers,
as well as due to the presence of the ZnTe buffer layer.
With y=1.2,2 (p — q) /2w§%=0.6,23 c11 = 7.13 x 1010
N/m?, and c12 = 4.07 x 101 N/m? (Ref. 24) for ZnTe,
we obtain wy,0=+3 cm™!, in reasonable agreement with
experimental results. For comparison, the ZnTe LO and
MnSe LO frequencies in the bulk are shown by arrows in
Fig. 5.

Although MnSe/ZnTe MQW'’s studied in this paper
are highly strained, they display confined optical phonons
as well as three pairs of folded acoustic phonons, testify-
ing to their excellent structural quality. The peaks right
below 250 cm™! in Fig. 5 are the confined LO modes of
MnSe, corresponding to gm = mn/(d1 + a/2),2° where
™ is an even integer and d; and a are the width and the
lattice constant of MnSe, respectively. We note here that
(001) superlattices have Do4 point-group symmetry and
their long-wavelength optical phonons traveling along the
superlattice axis belong either to the By (m odd) or to
the A; (m even) representations and, in resonance (es-
pecially when the scattered photon energy approaches a
real electronic transition, i.e., in “out resonance”) Ra-
man effect, the A;’s dominate.'® With A\ =5145 A, only
one MnSe LO peak is found at 247.5 cm™!, at a fre-
quency higher than those in Fig. 5 with A;=5017 A.
We assign this to m=1 and the peaks in Fig. 5 to even
m’s. With this assignment, their measured frequencies
are in good agreement with the dispersion curve calcu-
lated in the linear chain model for MnSe and shown in
Fig. 6. In strained layers a variation in the Raman shift
may be observed when the excitation energy is changed
from below to above the band gap.?® For the former,
the laser light is transmitted, whereas for the latter light
can penetrate only the skin depth. Thus the two exper-
iments may probe different portions of the layers. In a
ZnTe/MnSe MQW with a ZnTe buffer layer, one expects
a larger strain in MnSe near the buffer layer than near
the top surface, and the MnSe LO for \;=5145 A is ex-
pected to be at a lower frequency. Since this is contrary
to the experimental observation, we rule it out. Note
that the Raman signal at 2wr,o(ZnTe), shown in the in-
set, is ~5 times stronger than that at lwpo(ZnTe). This
indicates that the “out-resonance” condition is fulfilled
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FIG. 6. The dispersion of MnSe LO phonons in strained
MnSe obtained from the Raman shifts of confined MnSe LO,,
(m=1,2,4,6) in ZnTe/MnSe MQW'’s. Here, ¢ = mmn/(d1 +
a/2). The curve is generated from the linear chain model with
a spring constant adjusted to take into account the strain
effect.

more strongly for the overtone than for the fundamental
mode, i.e., the energy of the scattered light w;, — 2wr,o is
more closely matched with interband transitions.?%

In the second-order Raman spectrum, the peak
positions correspond to 2wpo(ZnTe) and wro(ZnTe) +
wro(MnSe). It is somewhat surprising that a feature
arising from a combination mode involving vibrational
excitations in two different layers is observed in the Ra-
man spectrum. We note that, in contrast to the confined
MnSe LO, the ZnTe LO can propagate through the super-
lattice, since the dispersion curves originating from the
two phonons overlap for frequencies equal to or smaller
than the ZnTe LO at the zone center. Thus vibrations
with frequencies corresponding to ZnTe LO and MnSe

800
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1000

Raman Intensity (counts/sec)

Raman Shift (cm ™)

FIG. 7. Folded acoustic phonons in a ZnTe/MnSe MQW,
with 5682 A (a) and 5309 A (b) excitation wavelengths. Ar-
rows show positions for peaks that are reproducible though
barely observable. P indicates a laser plasma line. In the
inset, we show the dispersion of the longitudinal acoustic
phonon in the MQW, i.e, the frequency (cm™!) vs wave vec-
tor k in units of 7/D. The dots are the experimental data
obtained from the peak positions.
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LO excitations can coexist in the MnSe layer, allowing a
combination mode to be excited. It appears that a cou-
pled mode associated with two constituent layers in this
manner has not been previously reported.

The folded acoustic phonons observed in a ZnTe/MnSe
superlattice are shown in Figs. 7(a) and 7(b), obtained
at T=300 K with Ap= 5682 A and 5309 A, respectively.
(The widths of the MnSe and ZnTe layers are 65 A and
115 A, respectively.) Since the acoustic dispersion curves
of the two constituent materials of the quantum-well
structure overlap over a wide frequency range, acoustic
phonons can propagate freely through both layers. The
dispersion relation for the acoustic phonons propagating
along the superlattice axis with wave vector q is then
given by

cos(gD) = cos(wd; /v1) cos(wds /v2)
—(1 + 6) sin(wd; /v1) sin(wda /v2), (4)

where di(dz), p1(p2), and vi(v3) are the thickness, den-
sity, and the sound velocity characterizing the barrier
(the well), respectively, D = d; + d5, and § = %(plvl -
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02v2)2/(p1v1p2v2).1® From wave-vector conservation, one
can show that the wave vector of the acoustic phonons is
4mn /AL in the backscattering geometry, where n is the
refractive index and Ay, is the excitation wavelength. In
the inset of Fig. 7, we show the dispersion calculated from
the equation as well as the experimental data. Since the
velocity of the LA phonon in MnSe is not known, we
again assume c;; for MnSe to be close to that for ZnSe.
From cj; ~ 9 x 10*° N/m? (Ref. 22) and p=4.326 g/cm?,
we have v; = (c11/p)Y/? ~ 4.6 x 10° cm/s. As can be
seen, this rather crude approximation provides a surpris-
ingly good fit to the experimental data.2?
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