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We present a Raman-scattering, reflectivity, and photoluminescence study of Cd,_,Mn,Se epi-
layers grown by molecular-beam expitaxy on (001) GaAs substrates. These epilayers exhibit the cu-
bic (zinc-blende) structure, even though in bulk crystal growth this alloy crystallizes in the wurtzite
form. The energy gap as a function of x is studied by reflectivity and photoluminescence. We also
present a Raman study of the frequency of the zone-center optical phonons as a function of x, ex-
tending the previous work to higher values of x. The magnetic-field dependence of the spin-flip Ra-
man shift of donor-bound electrons and of the free-excitonic photoluminescence shows the huge
Zeeman shifts typically encountered in diluted magnetic semiconductors, allowing an estimate of
the ratio between the conduction (a) and valence () -band exchange constants, |a/B].uic=0.80, a
value somewhat larger than that in the wurtzite structure. We also investigate the Raman features
associated with spin flip of donor-bound electrons in epilayers with large x, where the strong anti-
ferromagnetic coupling comes into play. In addition, we report the anomalous behavior of photo-
luminescence peaks observed for high values of x, which we have attributed to deep impurity levels
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resulting in transition energies just above the 2.2-eV emission of Mn2™*.

I. INTRODUCTION

The tetrahedrally coordinated II-VI diluted magnetic
semiconductors (DMS’s) have been thoroughly studied in
the bulk, in either the zinc-blende or the wurtzite struc-
ture.! Earlier work on DMS’s includes magnetic phe-
nomena such as giant Faraday rotation? and spin-flip Ra-
man scattering associated with donor-bound electrons,’
where the large magnetic effects originate from the large
spin-spin exchange between the d electrons of Mn?t and
the s electrons of the conduction band and the p electrons
of the valence band (the so-called ‘“sp-d exchange”). The
Raman electronic paramagnetic resonance (Raman EPR)
of Mn?" observed in DMS’s focuses on the ground-state
Zeeman multiplet of Mn2", whereas its resonance
enhancement for incident photon energies close to that of
the excitonic transitions once again illustrates the unique
role played by the sp-d exchange interaction in these ma-
terials.® The antiferromagnetic coupling between the
magnetic ions is demonstrated by the observation of (a)
the Raman spectrum of Mn2" pairs,* (b) the magnon
feature® [Raman antiferromagnetic resonance (AFMR)],
and (c) the evolution of the Raman EPR line into the
high-frequency component of Raman AFMR in an exter-
nal magnetic field.®

In a previous paper’ on cubic Cd;_,Mn,Se and
Cd,_,Zn,Se, grown on (001) GaAs substrates by
molecular-beam epitaxy (MBE),®° we confirmed, on the
basis of our Raman-scattering study, the cubic (zinc-

s}

blende) nature of these epilayers by comparing our results
with those on bulk-grown (wurtzite) counterparts. The
study also yielded the composition dependence of the
zone-center optical-phonon frequencies in these alloys.
Photoluminescence at zero magnetic field allowed a
determination of the energy gap (E,), whereas the
effective g factor of the band electrons was deduced from
its Zeeman shift. In addition, magnetic excitations (Ra-
man EPR and spin flip of donor-bound electrons) were
observed in two superlattices containing Cd;_, Mn,Se
layers.

Recently, we have extended our previous work on
Cd,_Mn,Se in several directions. With many MBE-
grown samples in the 0.50 <x <0.75 range and with the
introduction of gallium doping, also achieved with MBE,
we are now able to study and discuss phenomena over a
large concentration spanning 0=<x <0.75. We first
present results of our reflectivity and photoluminescence
studies on the position of the fundamental gap as a func-
tion of x. This extends previous work’ ° to significantly
higher values of x, allowing a more quantitative assess-
ment of the difference between fundamental gap in the
zinc-blende and the wurtzite structures. Furthermore,
we have observed additional emission bands close to the
Mn?* emission in Cd,_,Mn,Se epilayers with high x.
We also present and discuss the vibrational Raman spec-
tra of these epilayers, extending our previous results’ to
high values of x. Finally, the introduction of Ga donors
in a controlled manner offers an opportunity to investi-
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gate spin-flip Raman signatures of donor-bound electrons
in this cubic DMS alloy over a large range of x, including
concentrations where the antiferromagnetic coupling of
the Mn?" ions cannot be neglected.

II. EXPERIMENTAL PROCEDURE

A. Reflectivity

The Cd,_,Mn,Se epilayers used in the present study
were grown by molecular-beam epitaxy on (001) GaAs
substrates. The epilayer thickness ranged from 0.3 to 3.7
pum. The lattice parameter (and therefore the composi-
tion) of the samples were determined by x-ray diffraction.
The epilayers were found to be of zinc-blende structure,
with (001) surfaces (the growth direction is designated by
z||[001] in this paper, x and y being taken along [100] and
[010], respectively).

In a reflectivity spectrum the onsets of direct and in-
direct transitions and the associated excitonic features
are typically superposed on a strong continuous back-
ground. On the other hand, if the sample is subjected to
a periodic perturbation (such as piezomodulation) and
the reflected light detected with a phase-sensitive lock-in
technique, pronounced ‘derivativelike” signatures are
observed in the modulated reflectivity spectrum at ener-
gies close to the electronic transitions. The slowly vary-
ing background is essentially ignored in the modulated
spectrum. The zinc-blende Cd;_,Mn,Se epilayers used
in our reflectivity study produce a strong interference
effect due to multiple reflections from the front surface
and the epilayer-substrate interface. Thus strong in-
terference fringes (channeling) occur in the piezomodulat-
ed reflectivity spectrum for photon energies less than E,
where the epilayer is transparent. The occurrence of
these fringes obscures the direct observation of excitonic
signatures. These interference fringes disappear rather
abruptly for photon energies larger than E,. It is thus
possible to deduce E, by merely noting the cessation of
the channeled spectrum in a reflectivity spectrum even
without resorting to piezomodulation.® It is of interest to
note that the dispersion of the refractive index can be de-
duced from the spacings of the interference fringes.
From the pronounced increase in the refractive index as
the photon energy approaches excitonic transition ener-
gies, one can once more deduce E,.

In the reflectivity measurements a glass optical cryo-
state was employed for low-temperature measurements.
A Perkin-Elmer (model E-1) double-pass grating mono-
chromator, with a tungsten halogen lamp as a source and
an uv-enhanced Si photodiode, constituted the spectrom-
eter. The signal, after digitizing, was acquired with a mi-
crocomputer. !

B. Raman scattering

Raman spectra were excited with monochromatic radi-
ation from Kr™ or Ar™" lasers. The power in the incident
beam was typically limited to less than 75 mW in order to
avoid sample heating. Measurements in an external mag-
netic field were carried out using a variable temperature
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optical cryostat with a superconducting coil providing
external magnetic fields up to 60 kG. Scattered light was
spectrally analyzed with a computer-controlled double
(triple) SPEX Industries monochromator and detected
with standard photon-counting electronics. The photo-
luminescence measurements were carried out on the same
spectrometer.

III. RESULTS AND DISCUSSION
A. Reflectivity and photoluminescence

1. Fundamental gap as a function of x

As mentioned earlier, the onset of channeling in the
reflectivity spectrum observed in the low-energy side of
the absorption edge can be used to deduce Eg.8 In this
manner we have determined E, of the zinc-blende
Cd;_,Mn,Se as a function of x over a large composition
range. We once more emphasize that bulk Cd,_, Mn,Se
has wurtzite structure, whereas the MBE-grown epilayers
exhibit the zinc-blende structure. Figure 1(a) shows the
channeling in the reflectivity spectrum of an epilayer of
CdSe, while Fig. 1(b) shows it for an epilayer of
Cd, ,sMng 45Se, both spectra being measured at 7~10 K.
In Fig. 2 we show the piezomodulated reflectivity spec-
trum of CdSe, where the free-exciton feature of CdSe at
1.747 eV and the free-exciton signature of GaAs at 1.513
eV are clearly observed. Note that the onset of absorp-
tion at 1.75 eV in CdSe [Fig. 1(a)] is in excellent agree-
ment with the value deduced from the position of the sig-
nature labeled “CdSe” in the piezomodulated reflectivity
spectrum. In Fig. 1(b) the position of the absorption edge
at 2.73 eV corresponds to the free-exciton energy of
Cdy ,sMny 55Se.

Figure 3 shows the index of refraction as a function of
energy for zinc-blende CdSe and Cd, ,sMng 45Se at T =10
K. The change in the refractive index with photon ener-
gy was calculated from the channeled spectrum, using the
layer thickness values of 3.7 um for CdSe and 3 um for
Cd, ,sMng 45Se as estimated from the MBE-growth rates.
Near the energy gap there is a steep increase in the index
of refraction, as expected from a “single-harmonic oscil-
lator” model. This model assumes that the dispersion of
the refractive index is dominated by the free exciton. A
least-squares fit with this model yielded E, =1.751+0.08
eV for CdSe and E, =2.731+0.08 eV for Cd, ,sMng 75Se,
in agreement with the values deduced from the onset of
the channeling.

Most DMS’s exhibit a linear dependence of the exciton
energy with x, as expected from the virtual-crystal ap-
proximation. In some DMS alloys (e.g., Zn,_,Mn Se) a
downward bowing near low x has been observed at low
temperatures,” a behavior attributed to the exchange in-
teraction between the Mn?" ion and the band electrons
(the so-called “sp-d interaction”), which gives rise to
corrections in the energy gap in second-order perturba-
tion theory.'? Figure 4 shows the position of the energy
gap in zinc-blende Cd,_,Mn,Se as a function of x at
T =10, 80, and 300 K. A downward bowing in the ener-
gy gap versus x curve can be observed, but in this case
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FIG. 1. Reflectivity spectrum of (a) CdSe epilayer and (b) Cd,_,Mn,Se, x =0.75. Both spectra were recorded at T~ 10 K.

the bowing is more pronounced at high x. On the other
hand, for wurtzite Cd,_,Mn,Se, this bowing has not
been previously observed in the limited range of x avail-
able in bulk [i.e., for 0<x <0.50 (Ref. 11)]. It appears
that the bowing occurs only in the cubic phase, and may
be associated with strain as an additional factor.
Photoluminescence is also a useful technique to obtain
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FIG. 2. Piezomodulated reflectivity spectrum of a CdSe epi-
layer grown on (001) GaAs substrate. The modulated spectrum
was recorded at T =10 K and shows the free-exciton feature of
CdSe at 1.747 eV and the free-exciton signature of GaAs at
1.513 eV.

the position of the energy gap in Cd,_,Mn,Se, but for
x >0.4 the strong 2.2-eV Mn?" luminescence dominates
the spectrum, preventing the observation of the excitonic
feature. Our previous photoluminescence spectra’ are in
agreement with the reflectivity measurements presented
above. Figure 4 shows both the photoluminescence and
the reflectivity results on zinc-blende Cd;_,Mn,Se. For
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FIG. 3. Index of refraction of CdSe, Cd,,sZng ;sSe, and

Cd,.,sMn, 55Se as a function of photon energy. 7 =10 K.
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FIG. 4. Energy gap deduced from reflectivity and photo-
luminescence in zinc-blende Cd,_,Mn,Se as function of Mn?*
concentration x. The reflectivity measurements were obtained
at T=10, 80, and 300 K, while the photoluminescence results
are given for T =5 K. For comparison, the energy gap of bulk
Cd,;_,Mn,Se with the wurtzite structure as a function of x is
also included and labeled Hex. The horizontal line denotes the
onset of the 2.2-eV Mn?" photoluminescence. The points indi-
cated with a square were obtained from piezomodulated
reflectivity measurements.

comparison, the reflectivity results on wurtzite
Cd,_,Mn,Se are also included. We note that the zinc-
blende structure differs from the wurtzite in having only
one excitonic feature, a smaller energy gap, and a bowing
in the E, versus x curve not observed in the hexagonal
structure in the range of x accessible to bulk growth.

2. Emission spectra near the Mn’" ion transition

In the Mn-based DMS’s a photoluminescence emission
band occurs around 2.2 eV, observed in the Cd-based
DMS’s only when x >0.4. This emission band has been
attributed! to a transition from the lowest *G crystal-
field-split excited level to the ground state of Mn?% in its
tetrahedral environment (see Fig. 5). The *G level is split
into four levels which are labeled * 4 1 ‘E, 4T2, and 4T1,
following the group-theoretical notation associated with
the symmetry of the crystal field."!! A good review of
experimental optical studies of the Mn2* levels in II-VI
DMS’s is given in Ref. 13. The emission spectrum of an
epilayer of cubic Cd, 4Mng ¢Se is shown in Fig. 6. The
spectrum was excited at T =35 K with the 4579-A line of
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FIG. 5. Intra-ion energy levels of Mn2" in the T, crystal en-
vironment of II-VI DMS’s.

an Ar* laser. As can be seen, in addition to the peak la-
beled A, which we associate with the ®4,-*T; intra-ion
transition, two other peaks B and C are observed on the
high-energy side of 4.

Peaks B and C, also observed in Cdy sMn sSe, are ten-
tatively interpreted as impurity levels. Although these
impurities have yet to be identified, we describe some of
their characteristics, since their eventual identification is
important in the context of MBE growth of II-VI com-
pounds, where the control of defects is clearly desirable.

Figure 7 shows the temperature dependence of the en-
ergies of A4, B, and C showing, at low temperatures, a
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FIG. 6. Photoluminescence emission spectrum of

Cd,_,Mn,Se, x =0.60, at T =5 K. The spectrum was excited
with the laser line A; =4579 A having a power of 3.6 mW. The
peak A corresponds to the °T,-*4, intra-ion transition of
Mn2%, while the peaks B and C are attributed to emission from
impurity levels.
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FIG. 7. Temperature dependence of the emission peak ener-
gies in Cd, 4Mng ¢Se. The emission spectra were excited with
Ap=5145 A.

negative slope with increasing temperature. Although
the °4,-*T, and ®4,-*4,,*E transitions are expected to
have a similar temperature dependence and energies as
those of B and C (Refs. 14 and 15; see also Table I for
comparison with other DMS’s), their assignments based
on this behavior have to be discounted for the following
reasons: First, it is unlikely that the higher levels will be
populated sufficiently to produce observable emission.
Second, the result of a “pseudoexcitation” experiment,
described below, does not support such an interpretation.

The energies of the Mn®" transitions obtained from
emission are lower than those obtained from absorption
because the emission is shifted to longer wavelength due
to lattice relaxation.!® This Stokes-shifted emission is un-
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derstood in simple terms from a configuration coordinate
diagram associated with a localized emission center. If
the emission is from a band, a momentum diagram is
more appropriate and, in principle, there is no difference
between the absorption and emission energies, except for
the possible involvement of crystal excitations such as
phonons.

Based on previous measurements on absorption and
emission peaks in several DMS systems,'® we can esti-
mate the position of the absorption features of the *G
split levels of Mn?" in Cd, ;Mn, (Se. A pseudoexcitation
experiment was carried out by exciting the luminescence
of a given peak with energies both above and below the
corresponding absorption; if the peak is to be associated
with a localized level of Mn2, it should be observed only
when the exciting energy is above the corresponding ab-
sorption peak. This was found to be the case for line 4,
but not for B and C, indicating that only 4 can be associ-
ated with the Mn?>" absorption. We thus tentatively as-
sign peaks B and C to unknown deep impurity levels in
the band gap, with emission energies exceeding that of
the Mn?* lowest transition. These impurities are most
likely different from the donors giving rise to the spin-flip
Raman scattering from donor-bound electrons (see Sec.
III C2 below), since peaks B and C do not exhibit the
large Zeeman shift characteristic of the exciton and shal-
low levels.

Peak B has an interesting behavior as a function of in-
cident intensity. For low intensities (less than 3 mW), it
is very weak. As the incident intensity is increased, the
intensity of A increases linearly, but that of B increases
much faster, overtaking the intensity of 4 at about 5.5
mW, as displayed in Fig. 8. A nonlinear behavior often
appears in association with competing channels of decay,
energy-transfer mechanisms, or saturation processes.

TABLE 1. Interband 3d transitions of Mn?" in a T crystal field. The transition energies are given
in eV. The values marked with an asterisk correspond to the emission peaks attributed to deep impuri-
ties. The values for Zn, ¢sMng 35Se are given for parallel polarization; the values for perpendicular po-
larization are somewhat higher. For a more complete table including other DMS’s see Ref. 13. All in-

formation is given for 7'=5 K.

Alloy x S4,-*T, $A4,-4T, °A,-*4,,°E Reference
Cdl,anXSe
Emission 0.50 2.141 2.256* Present work
0.60 2.144 2.260* 2.350* Present work
0.45 2.13 Moriwaki et al.
(Ref. 27)
Absorption 0.45 2.3 Morales et al.
(Ref. 28)
0.48 2.3 Morales et al.
(Ref. 28)
Zn;_,Mn,Se
Absorption 0.23 2.380 2.510 2.680 Morales et al.
(Ref. 29)
0.35 2.393 2.522 2.864 Morales et al.

(Ref. 29)
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FIG. 8. Relative intensity of the Mn?* emission spectra as a function of the incident intensity.

The mechanism in this particular case has yet to be estab-
lished, and further experimental studies are needed in or-
der to determine the origin of B and C. In this context,
(i) excitation photoluminescence, where the emission
peaks can be associated with the corresponding absorp-
tion peaks; (ii) direct absorption measurements, which
have been exploited!® for locating the *G split levels of
Mn2* in the other DMS alloys (its application to the epi-
layers would require removing the GaAs substrate by
etching); and (iii) time-resolved photoluminescence, use-
ful in identifying the competing centers, appear particu-
larly promising.

3. Effect of a magnetic field on the energy gap

As mentioned earlier, excitonic photoluminescence can
be observed, unobscured by the intra-Mn?" transitions,
for x <0.4.” From a study of its Zeeman effect one can
deduce the effective g factors characterizing the band ex-
trema. It is of interest to carry out this study in a doped
crystal, since in addition to excitonic luminescence, spin
flip of donor-bound electrons can then also be observed.
This in turn permits a comparison of the Zeeman shifts of
the exciton and of the conduction band (see Sec. III C2).
For this study we choose a Ga-doped epilayer of cubic
Cdy oMng ;Se, since hexagonal Cd,¢Mn,;Se has been
previously studied,!’”!° thus allowing a direct compar-
ison of the phenomenon in the zinc-blende and wurtzite
structures.

The photoluminescence spectrum of a
Cd,y ¢Mn, ;Se:Ga epilayer, at T =5 K with incident wave-

length of 4880 A, is shown in Fig. 9 for H =0 and 60 kG.
The position of the exciton peak at 1.861 eV for H =0 is
consistent with the results shown in Fig. 4.

The magnetic field shift of the photoluminescence peak
is large, as is typical for DMS’s. The Zeeman shift
of the A exciton is given by the expression
AE=INy(a—B)x(S), where a and B are the
conduction- and valence-band exchange integrals, X is the
concentration of Mn?* ions that contribute to the mag-
netization, and (S') is the magnitude of the thermal aver-

age of Mn?*t spins.!” In the linear (low-field) region
60 T T T
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FIG. 9. Photoluminescence spectrum of an epilayer of cubic
(Zinc-blendoe) Cd;_,Mn,Se, x=0.10, at T=5 K, with
A; =4880 A, for H =0 and 60 kG.
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TABLE II. The g factors associated with the energy gap (E

Cd,_,Mn,Se at T=5 K.

R. G. ALONSO et al. 43

gap) and the conduction band in

Symmetry x e Egap) g.7(Conduction band) Impurity
Zinc blende 0.10 106.1 93.7 Ga
0.16 159.7
0.41 52.5
0.50 30.1 unknown
0.60 30.0 unknown
0.65 23.1 unknown
0.75 20.1 unknown
Wurtzite 0.10 180° 94.3° In
0.10 280°¢
0.30 67.2° In

#Photoluminescence data for H||c (Ref. 17).
°Spin-flip data (Ref. 18).

“Value at 5 K calculated from magnetoreflectance data at 1.5 K given in Ref. 19. The difference be-
tween the magnetoreflectance and photoluminescence results for x =0.1 is not clear.

AE =gugH. Based on this we obtain a g factor of 106 at
5 K (see the third column of Table II).

It is of interest to compare the magnitude of the Zee-
man splittings in the wurtzite and zinc-blende structures
for the same x (see Table II). The g factor for wurtzite
Cdgy oMn, ;Se at T =5 K, previously obtained from the
photoluminescence of the donor-bound exciton, is
8hex ~ 180 (for H||c),!” somewhat larger than that for the
cubic structure. These differences can be attributed to
different values of (@ —f3) in the two structures.?’

B. Vibrational Raman spectra

In this section we present a Raman-scattering study of
the vibrational modes of cubic Cd,_,Mn,Se epilayers,
which extends our previous work’ where the maximum x
investigated was 0.41. The increase in x up to 0.75, now
available, allowed us to extend the study (and thus the

S0 T T T T
Cdo.25Mno.75Se LO,
T=5K

70

1 I ] !
I7TO 190 210 230 250 270
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FIG. 10. Raman spectrum of a (001) epilayer of zinc-blende
Cd,;_,Zn,Se, x =0.75, at T =5 K. The spectrum was recorded
in the backscattering geometry z (xx)z with A, =4965 A. The
peaks observed are associated with the zone center LO; and
LO, optical phonons.

understanding of the cubic Cd,_,Mn,Se alloy system)
significantly.

Figure 10 shows the Raman spectrum of a (001) epi-
layer of cubic Cd;_,Mn,Se, x =0.75, recorded in the
backscattering geometry z(xx)z. The spectrum was
recorded at 5 K using the 4579-A line of the Ar™ laser.
The Raman peak labeled LO, can be traced to the zone-
center LO phonon of CdSe as x —0, whereas that labeled
LO, evolves from the local mode of Mn®>" in CdSe as x
increases (and extrapolates to the LO-phonon mode of
cubic MnSe as x —1) These extrapolations can be appre-
ciated from the frequencies of the relevant Raman lines
as a function of x displayed in Fig. 11.
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FIG. 11. Composition dependence of the zone-center
optical-phonon frequencies in zinc-blende Cd,_,Mn,Se. The
solid lines were calculated with the MREI model for mixed
crystals (Ref. 21). The assignments of the modes follow the
scheme in Genzel et al. (Ref. 22).
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In Fig. 11 the optical phonons of Cd,_,Mn, Se show a
composition dependence corresponding to a “two-mode”
behavior. In the two-mode behavior the modes (LO and
TO) of each of the two binary crystals involved in the al-
loy maintain their character throughout the concentra-
tion range and are referred to as “CdSe” modes and
“MnSe” modes. As x —1, the CdSe-mode frequencies
extrapolate to that of the gap mode of Cd in MnSe. On
the other hand, as already mentioned above, the MnSe
modes at x =1 become the local mode of Mn?* in CdSe
as x —0. At x =0, the local mode of Mn?* in CdSe has
a frequency higher than those of the two modes of CdSe,
as expected from the fact that the Mn?' mass is
significantly smaller than that of Cd.

The calculated curves in Fig. 11 are generated from a
modified-random-element-isodisplacement (MREI) mod-
el.721:22 The macroscopic parameters used in the model
are listed in our previous paper (see Table III in Ref. 7).
The data points for high x obtained in the present study
modified our previous estimate of the frequency of the
impurity mode of Cd in the hypothetical MnSe crystal,
i.e., of w;(MnSe:Cd), from 180 to 186 cm~'. This neces-
sitated only a small correction in the force constants ob-
tained from the MREI model.?* The additional data give
a more quantitative picture of the compositional depen-
dence of the two-mode behavior.

We refer the reader to our previous work’ for addition-
al comments on the vibrational spectra of cubic
Cd,_,Mn,Se, such as the MREI model as applied to the
present case, a comparison with the “intermediate-mode™
behavior observed in Zn,_ ,Mn, Se, and a comparison be-
tween the frequencies of the zone-center Raman lines ob-
served in cubic and uniaxial'” Cd,_,Mn,Se.

C. Raman studies of sp-d exchange

In the absence of direct magnetic measurements (which
are not available at this time, and are quantitatively
difficult due to the unavoidable contribution of the sub-
strate), optical spin-flip studies provide us with the only
information on the magnetization M (H, T,x) in these lay-
ered systems. In this section we present a Raman-
scattering study of the sp-d exchange interaction in the
zinc-blende epilayers of Cd;_,Mn, Se as manifested in
the spin-flip of donor-bound electrons. In the first part
we estimate the value for the ratio of the sp-d exchange
constants /8 based on the spin-flip Raman and photo-
luminescence measurements. In the second part we focus
on the behavior of the spin-flip Raman shift in crystals
with x >0.4, where significant antiferromagnetic order-
ing can occur.

1. Spin-flip from electrons bound to donors

A striking Raman feature associated with magnetic ex-
citations encountered in a DMS is the spin flip of elec-
trons bound to donors, enhanced by the s-d exchange in-
teraction. Figure 12 shows the Raman spectrum of zinc-
blende Cd;_,Mn,Se, x =0.10, doped with Ga, where
such a spin-flip Raman line is observed. The spectrum is
obtained at 5 K in the backscattering configuration
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FIG. 12. Raman spectrum associated with the spin-flip of
electrons bound to donors in Cdgy¢Mng ;Se:Ga epilayer. The
spectrum is obtained at 77=5 K in the crossed polarization
z(yx)z, with H =60 kG along x and A, =6471 A.

z(xy)z, with a magnetic field of 60 kG along x. As in a
bulk DMS, the Raman shift of the donor spin-flip line ex-
hibits a Brillouin-function-like behavior, as can be seen in
Fig. 13. Since the spin-flip Raman mechanism also in-
volves interband electronic transitions,® one observes a
resonant enhancement for incident frequencies close to
excitonic excitations.

The spin splitting of the donor ground state in DMS’s
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FIG. 13. Magnetic field and temperature dependence of the
spin-flip Raman shift in the CdyoMny,;Se:Ga and
Cdy ,sMng ;5Se epilayers, with external magnetic field in the
plane of the (001) layers. The spectra were obtained in the cross
polarization z (xp)z with A, =6471 A.
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is determined by the macroscopic magnetization of the
Mn?" ions and the “intrinsic”’ Zeeman effect, i.e.,

a

fiospr = My(H)+g*upH =gegupgH , (1)

HBE pp2+

where a is the exchange integral characterizing the in-
teraction between the spins of Mn?* ions and those of the
s-like 'y electrons; up is the Bohr magneton; M (H) is
the macroscopic magnetization; g,, »+ =2 is the g factor

of Mn?*; g* is the intrinsic g factor of the band elec-
trons; and g.y is the effective g factor of the conduction
band, consisting of the sum of the two preceding mecha-
nisms. Because of the strong s-d exchange interaction,
the term involving a in Eq. (1) dominates the spin split-
ting.!® The spin splitting can also be written in a form
which makes explicit the behavior as a function of tem-
perature and magnetic field, i.e.,

fiospr =5XaNoBs ,(gupH /kp T)+g*upH , (2)

where Bj , is the Brillouin function B; for J =2, and N,
is the density of cations.

From the slope of the linear (low-field) portion of the
spin-flip data for zinc-blende Cd, 4Mn, ;Se:Ga shown in
Fig. 13, we obtain g.s=94 at 5 K, which is consistent
with that observed in bulk (wurtzite) Cd, {Mn, ,;Se within
experimental error (see Table II). This seems to indicate
that the exchange constant a has a comparble value in
both the wurtzite and the zinc-blende structures. This is
to be expected, since the number of nearest neighbors and
the cation-cation distance—both of which determine
magnetization—are the same in both structures.

The results on the magnetic-field dependence of the
low-energy excitonic peak observed in photolumines-
cence, discussed in Sec. IIT A 3 (see also Table II), indicat-
ed that (a¢—p) in wurtzite Cd, (Mn, ;Se is larger than
that in the zinc-blende epilayer. Since the values of a are
the same, this difference has to be attributed to a
difference in the values of 5. From the spin-flip and pho-
toluminescence measurement we obtain |a/Bl,.,=0.57
and |a/Bl.;,=0.80. The values for |a/Bly., previously
reported are 0.22,%* 0.23,'° and 0.4.%° As pointed out in
an earlier section, this discrepancy needs to be resolved.

2. Spin-flip Raman shift in high-x crystals

An important aspect of spin-flip Raman scattering is
its dependence on the Mn concentration. Here we focus
on zinc-blende Cd,_, Mn, Se with high Mn?" concentra-
tion, with x in the range 0.50<x <0.75—a region
which, before the MBE growth, was not accessible for
this alloy—where the antiferromagnetic interactions be-
tween neighboring Mn?" ions become important. This is
well above the concentration required for the onset of lat-
tice frustration (X ercomation=0.17-0.19) and the oc-
currence of the spin-glass phase.

Figure 14 shows the Raman spectrum of zinc-blende
Cd,_,Mn,Se, x =0.60, where a Raman line consistent
with spin-flip is observed. The spectrum is obtained at 5
K in the backscattering configuration z (xy)Z, with a mag-
netic field of 60 kG along x. This Raman line shows a
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FIG. 14. Raman spectrum associated with the spin-flip of
electrons bound to donors in Cdy 4Mn, ¢Se epilayer. The spec-
trum is obtained at 7=5 K in the crossed polarization z (yx)z,
with H =60 kG along x and A, =6471 A.

linear dependence on magnetic field, as can be seen from
the data included in Fig. 13, and a weak dependence on
temperature. This sample was not intentionally doped,
but exhibits n-type properties due to the presence of un-
known donors. The spin-flip Raman shifts for x =0.60
correspond to a g factor of 30. The x dependence of the
conduction-band g factor is given in Table II.

The x dependence of spin-flip Raman scattering
reflects the dependence of the magnetization on the com-
position x, in addition to its Brillouin-function-like be-
havior with H and 7. The manner in which the magneti-
zation enters the g factor is shown explicitly in Eq. (1).

Figure 15 shows the x dependence of the g factor ob-
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FIG. 15. Comparison between the x dependence of the mag-
netization deduced from spin-flip Raman shift of donor-bound
electrons (solid circles) and that deduced from Faraday-rotation
experiments (open triangles and circles); the x dependence of
the magnetization is deduced from the x dependence of the Ver-
det constant as reported by Oh et al. in Ref. 2(c).
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tained from spin-flip Raman scattering. The shape of the
curve is due to the x dependence of the magnetization
which, for small x, increases with increasing x, but for
higher x shows a striking decrease due to the antiferro-
magnetic interaction between the larger concentration of
Mn?" neighbors. It is interesting to compare this behav-
ior with Faraday rotation, which also depends on the
magnetization M (H,T,x) in a similar manner,? and we
include in the figure the Faraday-rotation data observed
at the same temperature in bulk hexagonal Cd;_,Mn,Se
and bulk cubic Cd,_,Mn, Te over a similar range of x.

It is clear that Eq. (2) for the spin-flip Raman shift in
low-x crystals cannot describe the weak temperature
dependence of the spin-flip Raman shift observed in
high-x samples. It has been previously proposed'® that
Eq. (2) should be modified by replacing T by T + T s,
where T, is a phenomenological constant inserted to ac-
count for weak antiferromagnetic interactions. This ap-
proach allows an interpretation of the data very well up
to x =0.75, where the antiferromagnetic effects are ex-
pected to be very strong. An estimate of the antiferro-
magnetic temperature T and the effective Mn?>* con-
centration X can be obtained by using the mean-field ap-
proximation; these parameters describe the deviation
from the paramagnetic behavior, Thz>0 and X <x, in a
more quantitative manner.

In the mean-field approximation, we neglect the
bound-magnetic-polaron energy, and consider only those
portions of the Raman-shift data that are linear in the
magnetic field. In this approximation,

a 35x%(aNy)
fiospr =8, = ——M,(H,T,x)~

—_— H .
gis 12kp(T +T 1) 512

(3)
Hence the effective g is
1 dA; 35x(aNy)

8er gtg*=g,tg*.

In order to determine X(aN,) and T, for each sam-
ple, the values of (1/g.¢) as determined from the slope of
the A, versus H curves are plotted in Fig. 16. All the
samples show a linear dependence given by

L (T+T,p) for T<40K .

8efr

From these plots, a least-squares fit was used to deter-
mine T,p and m, the latter being proportional to
(XaN,y)~!. These results are summarized in the lower
part of Table III. For comparison, in Table IIT we also
give the values for N, and T, in the hexagonal
Cd;_,Mn,Se.!® For a given x the values of these param-
eters do not differ much, as would be expected, since the
magnetic sublattices are the same in both structures in
terms of nearest-neighbor interactions.

The parameters XaN, and T g listed in Table III ex-
hibit some general trends. As expected, XaN, and T g
increase with x. The antiferromagnetic temperature T ,f
shows a gradual increase with x up to x ~0.25;!8 when x
exceeds this value, there is clearly a dramatic increase in
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FIG. 16. ug(dA, /dH)" ' vs temperature in the Cd,_,Mn, Se
epilayers. dA, /dH is the slope of the linear portion of the Ra-
man shift vs H, where the intrinsic Zeeman contribution has
been subtracted. The straight lines are fits to the experimental
data. See Table III for parameters.

T or showing a clear difference between low-x samples
below percolation and high-x samples above percolation
for which there is presently no theory to describe
M(H,T,x) below the critical temperature Tg.1 The in-
crease of T,y with increasing x can be correlated to the
corresponding increase of the strength of the antiferro-
magnetic coupling. We note that the hexagonal bulk
phase has not been grown for x >0.50, so that higher x
values are available only in the zinc-blende phase of
Cd;_,Mn,Se. Note that T, for x =0.75 is, remarkably,
~450 K. Since T, was introduced as a phenomenologi-
cal term for the low-x limit [see Eq. (3)], it is interesting
that (g.q)” ! is linear with T even for very high concen-
trations. Qualitatively similar behavior was also noted in
Ref. 26, where T,y deduced from Faraday rotation of
high-Mn-concentration Cd,_,Mn,Te indicated a very
large T for x ~0.70.

TABLE 1III. Parameters for spin-flip curve fitting in
Cd,_,Mn,Se.
faNo TAF
Symmetry x (meV) (K)
Wurtzite? 0.01 2.18 0.85
0.05 7.06 1.38
0.10 10.1 2.28
0.13 11.5 3.10
0.31 16.2 13.3
Zinc blende 0.10 10.7 2.8
0.50 89.0 195.1
0.60 90.5 199.3
0.65
0.75 134.1 446.8

“Reference 18.
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IV. CONCLUDING REMARKS

The Raman scattering, emission, and reflectivity stud-
ies reported in this paper for the zinc-blende
Cd,_,Mn, Se epilayers extend the previous investigation
on this DMS now available by MBE growth up to
x =0.75. Here we present a study which includes the x
dependence of the energy gap, impurity emission near the
2.2-eV transition of Mn?", Zeeman shifts of the conduc-
tion and valence bands, and associated exchange con-
stants, and we give special attention to the investigation
of spin-flip of donor-bound electrons in the high-
manganese-concentration range. The energy gap E,(x)
in the zinc-blende structure is smaller than that for the
wurtzite structure throughout the investigated range of
compositions, and shows a downward bowing, a feature
which could be attributed to the strains arising when a
crystal which naturally grows with wurtzite symmetry is
forced to assume a zinc-blende structure. The spin-flip
studies indicate large values of T, for high-x crystals, a
clear evidence of antiferromagnetic ordering, typical of
DMS. This adds to the list of DMS’s where magnetic or-
der can be addressed experimentally. Attempts to ob-
serve a magnon signature w,, have not yet been success-
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ful, detectable peak intensities requiring larger scattering
volumes than typically available in an epilayer. Perhaps
the use of multichannel detection such as is feasible with
charge-coupled devices, which allow large integration
times, may make such studies more accessible. The
present study sets the stage for the investigation of het-
erostructures based on this alloy. Superlattices and single
quantum wells involving Cd,_,Mn, Se have already been
grown and our preliminary results indicate that their
structural quality is quite good.
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