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Raman spectroscopy of the paramagnetic spin flip in Cd;_.Mn_Te,
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We have studied the paramagnetic resonance signal (PRS, Am = +1) of the 3d® spin of Mn?**
in Cdi—-Mn,Te epilayers and, less extensively, in a quantum-well structure by means of Raman
spectroscopy in an external magnetic field of 6 T at low temperatures. The exciting laser or the
scattered light were in resonance with electronic transitions (free exciton transitions) between the
valence and the conduction band. The resonances have been observed by continuously tuning the
wavelengths of the exciting dye laser in Voigt and Faraday backscattering geometries. For the off-
resonance case the PRS is only expected in Voigt geometry with crossed polarizations of incident
and scattered light (single resonance case, either ingoing or outcoming). Contrary to that, in reso-
nance, the transition appears with large intensities as double resonances in the “forbidden” parallel
polarizations and also in Faraday configuration. These results can be interpreted by considering a
spin flip of a nucleus with I > % (***cd, '3Cd, ?°Te, **Mn) simultaneously with the reorientation
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of the electronic spin of the 3d shell.

I. INTRODUCTION

Semimagnetic semiconductors exhibit a number of fas-
cinating magnetic phenomena, which at present find
widespread interest.}? Especially the AL _Mn,BV! com-
pounds have been investigated in great detail. Here the
percentage 100z of the cations in the semiconducting II-
VI compound of the cubic zinc-blende structure has been
substituted by Mn ions, which with their half-filled 3d
shell (3d°) display a total spin of § = 5/2, L = 0 (55)
in the ground state. The band gap E, of the material
increases linearly with z, especially for Cd;_.Mn,Te ac-
cording to Eq = (1.606 + 1.592z) eV at T' = 2 K. Due to
the strong exchange interaction between the localized 3d
states of Mn and the sp® valence- and conduction-band
states the effective g factors of the latter are strongly
enhanced, causing a giant Zeeman splitting of the band-
edge states, a very large Faraday rotation, and, most in-
teresting, the formation of bound magnetic polarons. At
low z (z < 0.15) most of the Mn2* ions are in the para-
magnetic state. With increasing concentration clusters of
antiferromagnetically coupled Mn2* ions are formed and
a spin glass state is encountered at low temperatures.
In this spin glass phase magnonlike spin excitations are
observed.

In the following we concentrate on the low-z case,
where another magnetic excitation, the spin flip Amg =
+1 of a single Mn2* ion within the S ground state, is ob-
served. This signal shifts linearly with the magnetic field
B, g = 2. It is the well known paramagnetic resonance
signal (PRS, Fig. 1), which we have studied by means
of Raman resonance spectroscopy. We have followed the
integrated intensity of the PRS, which shows resonance
with the laser excitation or the scattered radiation or
both, due to electronic transitions near the band edge
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in the sample. This yields additional information on the
energy levels near the band edge and on the interaction
mechanism between the localized spins and the charge
carriers in the valence band (VB) and conduction band
(CB), i.e., the role of band gap excitons as intermediate
states in the scattering process is emphasized.

In Fig. 2 we have schematically plotted the energies of
the CB with I'¢ symmetry and the I's VB states in an
external magnetic field, which show the well known para-
magnetic saturation following a Brillouin function.? Due
to the large splittings the corresponding dipole transi-
tions of these band-gap excitons can be separated clearly.
As the band gap Fy is smaller than the energy of the
64, ©* T, transitions in the 3d shell of the Mn?* ions
for the x values considered (Fig. 1), resonances observed
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FIG. 1. Energy levels (schematic) of the 3d® shell of Mn?*
in Cd;--Mn_Te. The irreducible representations I'; are of the
point group Ss (= T2 ® H,) (Ref. 5).
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FIG. 2. The I's valence-band (VB) and the I's conduc-
tion-band (CB) states of Cd;_.Mn.Te, £ = 0.135, in a mag-
netic field. Eo = 1.815 eV, AV = 30 meV, and AC = 21
meV. The numbered arrows symbolize the electric dipole tran-
sitions with the polarizations indicated (see Figs. 5, 6, and 8).

in the spectral range of Ey must be attributed to band-
gap states. We have also investigated, although in less
detail, the PRS in a quantum-well structure and give
some preliminary results.

The PRS has already been observed previously by
means of Raman spectroscopy.®* Petrou et al.3 suggested
a Raman mechanism involving interband transitions in
conjunction with the exchange interaction between band
electrons and holes and the 3d electrons in Mn?*. Our
results fully support and prove this interpretation, but
extend it to the nuclei in the lattice which display an an-
gular momentum I (I > 1/2). Peterson et al.* have ob-
served resonances of the PRS Raman signal at fixed wave-
lengths A of the exciting laser but by varying temperature
T and magnetic field B. We have observed Raman reso-
nances at fixed T and B by varying ) over a broad range
and using additional polarization geometries.

II. EXPERIMENTAL PROCEDURE

We have studied a molecular-beam epitaxy (MBE)
grown, nominally undoped epilayer (d = 1.6 um and
z = 0.135 £ 0.01 below the percolation limit, i.e., only
Mn clusters of finite size exist) on a Cdg.g¢Zng.gsTe sub-

strate ([001]) which keeps the bidirectional stress in the

layer as low as possible (—Aa—“ = 0.03%). The spatial fluc-

tuations Az of = averaged over the size of the laser spot
amount to Az = 0.001. All measurements have been
performed by immersion of the sample in liquid helium
at T = 1.85 K in a split-coil magnet (B < 7.5 T) either
in the Voigt or in the Faraday configuration. We used a
dye laser (dye: DCM with two different sets of dielectric
mirrors, tuning range 1.71 eV < hv < 1.98 eV) with a
prefilter monochromator, polarization optics, and cylin-
drical lenses to produce a line focus of ~ 0.2 x 3 mm?
on the sample in order to average over a larger sample
area and to reduce sample heating, at the expense of a
possibly increased linewidth due to the presence of a con-
centration gradient. Power densities of 1.0 W cm™2 on
the sample surface have been applied, which result in a
negligible local heating in the focus area of approximately

0.1 K. The scattered radiation has been analyzed using a
computer controlled triple monochromator (f = 50 cm)
equipped with an optical multichannel detector (OMD).
The observed linewidth of the laser at 1.81 eV was 0.22
meV and the observed width of the PRS was 0.26 meV
in all spectra at B > 6 T, corresponding to three chan-
nels of the OMD. No absorption corrections have been
applied to the observed resonance profiles; the plotted
cross sections are in arbitrary units only. They have been
corrected, however, for the varying intensity of the laser
and the spectral sensitivity of the spectrometer including
its OMD. Circular polarization for varying wavelengths
has been produced by applying a Soleil-Babinet compen-
sator, while a quarter-wavelength plate in first order plus
a linear polarizer has been used as an analyzer. The cor-
rect orientations of both have been controlled by the ob-
servation of circularly polarized luminescence according
to Fig. 2.

The polarization selection rules for magnetic dipole
Raman scattering can be obtained by the usual group-
theoretical procedure: The point group of the zinc-blende

structure is Ty, which is reduced to S (4) under appli-

cation of a magnetic field B parallel to a cubic axis,®
[notations of irreducible representations (IR) follow Ref.
5. A magnetic dipole moment R (Am = +1) trans-
forms, according to Iy of Ty, to I'; (R, is antisymmetric),
and T'; and I'y (R, and Ry) of S, if B || Z. Quadrupo-
lar transitions (Am = 0,+2) transform according to I's
and I's (Ty) or to I'y (symmetric), 'z, I's, and 'y of
S4. The representation of the ground-state multiplet of
Mn?* is spanned by the double group IR: I's, I'g, 2I'7,
and 2I's (Fig. 1), the transitions between neighboring
levels, transform according to I's (Am = +1) and T4
(Am = -1), according to I'; for Am = %2, and, of
course, to I'y for Am = 0. The Am = 1 transitions are
thus observed in Raman scattering for the —z(yz, zy)z
orientation, where the direction of y is parallel to the
external magnetic field and z is the growth direction of
the epilayer, i.e., in a backscattering experiment only the
Voigt geometry should be applicable for the observation
of the PRS. The quadrupolar transitions (Am = 0, £2),
which are forbidden in first order for magnetic dipole
transitions, can be observed both in the Voigt geometry
{—Z(:II,CC)Z, (FhAm = 0) or (F27 Lm = 12)1 —z(y,y)z,
(T1)} and in the Faraday geometry (B || [001],2) us-
ing circularly polarized radiation for the incoming and
the outgoing radiation: —z(¢%,0%)z and —2(07,07)z,
(Am =0) or —z(6%,07 )z, —z(07,0")z, (Am = £2).5
The usual selection rule

T~ fen x (6 x &) 1)
for Raman scattering at magnetic excitations in para-
magnetic systems of isotropic or cubic symmetry®7 is in
full accordance with the results above. Here o is the
scattering cross section and €p, €;, and &, are the unit
vectors of the static magnetic field and of the polariza-
tions of the incident and the scattered radiation. For
Raman backscattering experiments gg— is maximum for
€ L &, (“allowed” crossed polarization) and €p in the
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plane of the Cd;_,Mn,Te layer (Voigt geometry). The
parallel polarization (€; || €,) is forbidden according to
this rule, which states that one unit of angular momen-
tum has to be transferred between the crystal and the
radiation field for a single spin flip to occur. The Fara-
day geometry (€p L €;,¢€,) also results in g—: = 0. In the
Voigt orientation the light is m polarized if the E vector
is oriented along y and o polarized if it is along « || [100];
it is always o polarized in the Faraday orientation.®®
This selection rule is derived” assuming symmetry re-
lations for the electric susceptibility of a magnetic ma-
terial [x*/ (M) = x7%*(M)], which are only valid in the
nonresonance case. In the case of linear absorption of
either the ingoing or outcoming radiation this rule (1)
is severely violated and has to be replaced by the more
general group-theoretical considerations given above.

III. EXPERIMENTAL RESULTS

In Fig. 3 we have plotted the Raman spectra taken at
B = 6 T in crossed (o,n) and parallel (7, n) polariza-
tions. In both spectra we observe the LO phonons (Cd-
like at 20.7 meV and Mn-like at 24.4 meV). The strong
electronic spin-flip Raman line, which nearly coincides
with the phonon at this magnetic field, appears at 21.0
meV only in (o, 7). Very close (0.695 meV Stokes shifted
at B = 6 T) to the exciting laser near 1.81 eV (close
to the band edge) the weak PRS is found, however, with
non-negligible intensity also in the “forbidden” (m,7) po-
larization. A combination transition of the PRS with
both phonons also occurs in both spectra. No additional
structure near the PRS is observed due to the excitation
of spin clusters (see below). The Raman line at 2wpgs,
which was observed by Petrou et al.3 and by Peterson et
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FIG. 3. Raman spectra of Cd;—-Mn.Te, z = 0.135 at
T = 1.6 K, B =6 T (Voigt geometry B || [010]), in crossed
and parallel polarization of incoming and scattered light. Be-
sides the LO phonons and the electronic spin flip, the para-
magnetic resonance signal (arrows) and its combination with
the phonons and luminescence transitions due to a spillover
of the strong 1(o) transition ( < 1.78 eV) and the weak 2(7)
transition (at 1.785 eV) are depicted. The zero intensity of
the (o, ) spectrum is shifted and marked by horizontal lines.

al.,* did not occur in our spectra with appreciable inten-
sity for further evaluation.

The linear Zeeman shift of the PRS with B has been
determined from the combination of the Mn-like LO
phonon with the PRS, because this combination can be
followed to lower B values than the isolated PRS close
to the Rayleigh line. The results have been plotted in
Fig. 4. A g factor of 2.00 £ 0.10 is fitted to these data,
which compares well with the more precise EPR value:
g = 2.010.° The width of the PRS is determined by in-
strument resolution at all B values. These results agree
with those of Rodriguez and Ramdas.? We did not ob-
serve a temperature dependence of g or of the width of
the PRS as was reported in Ref. 10 for lower magnetic
fields.

Figures 5 and 6 display the intensities of the PRS near
the Rayleigh line as a function of the quantum energy of
the exciting laser in the Voigt geometry for two ortho-
gonal polarizations (Fig. 5) and for parallel polarizations
(Fig. 6), normalized by the intensity of the incident ra-
diation. Distinct extrema of the scattering cross section
are found, which can be related to the various excitonic
transitions indicated in Fig. 2 and which are marked
by the arrows above the energy axes of Figs. 5 and 6.
We have determined these excitonic transition energies
by photoluminescence and photoluminescence excitation
experiments and by resonance Raman experiments with
the electronic spin flip. For the precise numbers we had
to consider values for the exciton binding energy (=~ 3.7
meV) and its donor binding energy [(D?, X) ~ 3.7 meV].
For details see Refs. 11 and 12. Figure 7 gives an example
of the spectra and Raman resonances used to establish
these energies.

In Fig. 8 the resonances for Faraday geometry are de-
picted. Here right and left circular polarization have
been applied. Resonances are observed for identical po-
larizations (0+,0%) and (6~,07), but not for orthogo-
nal polarizations (6+,07) or (67,0%).® Spurious effects
for the latter polarizations have to be attributed to the
nonideal performance of the polarizer and analyzer and
to the use of metallic mirrors at 45° incidence between
sample and polarizer. The resonance enhancements and
the halfwidths are comparable to the results found in the
forbidden orientation above. The resonances in Fig. 8 are
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FIG. 4. Optically detected Zeeman shift of the PRS,
g = 2.00 £ 0.10.
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FIG. 5. Intensities of the PRS (Raman resonances) as a
function of the exciting laser energies in allowed (crossed) po-
larizations at B = 6 T (B || [010], in the epilayer), T = 1.85
K. The numbers, energies, and arrows on the top refer to the
transitions indicated in Fig. 2. The lettering (a)-(d) corre-
sponds to the different processes compiled in Table I. The
observed Raman transitions are of I's type (Ams = +1).

interpreted as double resonances (see below).

The PRS phonon companions (Fig. 3) also show reso-
nance behavior which coincides, however, with the reso-
nances of the nearby phonon. Both resonance profiles in
Fig. 5 show a strong increase when the laser approaches
the intense band-edge luminescence (No. 1, and tran-
sition 1 in Fig. 2). No reliable measurements could be
performed in this region because of the overlap of the
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FIG. 6. Same as in Fig. 5, but in forbidden (parallel) po-
larizations, B || [010]. The observed Raman transitions are
I'1 (Am = 0) and T'2 (Am = +2) for the (zz) spectra and I'y
for the (yy) spectra. Note the change in scale at 1.815 eV in
the —z(yy)z spectrum. Between (a) and (b) the signal drops
to ~ 0.4 a.u. and virtually disappears between (c) and (d).
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FIG. 7. Examples of the electronic spin-flip (SF) reso-
nances in allowed polarizations (z = 0.135, B = 6 T, and
T = 1.85 K); the energy difference AV equals the VB splitting
of the light holes. Also plotted is the luminescence spectrum
corresponding to transition (1,0) in Fig. 2. The energies of
the dipole-allowed transitions 1, 2, and 3 (Fig. 2), as given in
the top row here, differ slightly from the corresponding values
found in Figs. 5 and 6 because of excitonic localization.

scattered and the spontaneously emitted light. This in-
crease may be due to the increasing transparency of the
crystal, i.e., the increase of the scattering volume, when
the laser energy comes close to the band gap.

In the —z(z,y)z polarization (lower part of Fig. 5)
two distinct maxima [(a) and (b) at 1.811 and 1.834
eV] and a very weak one at 1.860 eV are observed.
Resonance (a) is in good agreement with transition
(4,0%;13/2,-1/2) + |1/2,1/2)) (Fig. 2). Resonance (b)
corresponds to (5,m;|3/2,1/2) < |1/2,1/2)), although
there remains an energy difference of 5.5 meV. No other
plausible identification of this transition exists, how-
ever. The resonance at 1.860 eV could be attributed
to transition (6,07;|3/2,3/2) « |1/2,1/2)). However,
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FIG. 8. PRS resonances in the Faraday configuration
B || [001]. B =6 T and T = 1.6 K. The z value differs slightly
from the previous sample. o and o~ are right and left circu-
larly polarized light. The (¢%,0%) and (67,0 7) transitions
are of I'; type (Ams = 0).
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a spillover from the forbidden polarization —z(z,z)z
(see below) is more probable. The strong increase to-
wards lower energies can be identified with transition
(1,0%;13/2,—-3/2) + [|1/2,—1/2)). Again the distinct
increase with decreasing laser energies may be due to the
increasing transparency of the crystal. It should be taken
into account that the amplitudes of the cross sections
given in Figs. 5 and 6 for different polarizations can only
be compared qualitatively (i.e., with rather large error
bars) for various experimental reasons (see below).

The orthogonal polarization —z(y,z)z (upper part of
Fig. 5) also displays three maxima: two are clearly re-
solved [(c) at 1.839 eV and (d) at 1.860 eV] and a weak
shoulder at 1.807 eV. (c) can obviously again be identi-
fied with (5,7;(3/2,1/2) + |1/2,1/2)). Resonance (d) is
related to (6,07;(3/2,3/2) «+ |1/2,1/2)); there is, how-
ever, a distinct energy difference close to 7 meV. (d) is
not well defined and riding as a shoulder on the descent
of (c). The weak shoulder (1.807 eV) might be iden-

tified with (4,0%;|3/2,—-1/2) < |1/2,1/2)); however, a
spillover from —z(z, z)z is again more probable. The half
widths of these resonances are on the average rather large
(14 — 19 meV; see Table I). Between the resonances the
scattered intensity remains finite.

In the Voigt geometry in the forbidden (parallel) po-
larization directions the same g factor of the PRS is ob-
served as above within experimental limits. Surprisingly
there exist very clear resonances (Fig. 6), with clean po-
larization properties, i.e., no spillover is observed beyond
experimental uncertainties. The half widths of the reso-
nances are reduced as compared to the allowed polariza-
tions to about 2/3 of the previous values (Table I), while
the maxima of the scattered intensities have attained val-
ues more than one order of magnitude larger than in the
allowed spectra. (The vertical scales of Figs. 5 and 6
can only be compared with some caution as the laser-
illuminated spots on the sample surface are not necessar-
ily identical in both spectra after polarization reversal.)

TABLE 1. Resonances of the Raman scattering cross sections for crossed (allowed) and parallel
(forbidden) polarizations in the Voigt configuration (B || [010]) and in the Faraday configuration
(E || [001]). Shown is a comparison between observed frequencies and values calculated from
observed excitonic transitions. e and h are scattering mechanisms (Figs. 10 and 11) with a virtual
spin flip of an electron or hole, respectively; FWHM denotes full width at half maximum. The
resonance intensities are in arbitrary units (arb.); these data have not been corrected for sample

absorption or for change of polarization.

Voigt configuration

Polarization —z(z,y)z —2z(y,x)z
Resonance (Fig. 5) (a) ) (c) (d)
Dipole transition (Fig. 2) 4 5 5 6
Type of resonance incoming outgoing incoming outgoing
Scattering a, 3 B d, € €
Mechanism (Fig. 10) e,h h e,h h
Observed position (eV) 1.811 1.834 1.839 1.860
FWHM of resonance (eV) 0.017 0.019 0.014 0.019
Intensity (arb.) 2.4 2.0 3.7 2.9
Calculated position 1.810 1.840 1.840 1.867
of resonance (eV)
Polarization —2(y,y)z —2(z,x)z
Resonance (Fig. 6) (a) (d) (c) (d)
Dipole transition (Fig. 2) 2 5 4 6
Type of resonance double double double double
Scattering mechanism (Fig. 11) ~a,B,v ~a,fB,y a, B,y X oa,y
Observed position (eV) 1.786 1.839 1.809 1.868
FWHM of resonance (eV) 0.009 0.012 0.009 0.014
Intensity (arb.) 247 15 26 3.0
Calculated position
of resonance (eV) 1.789 1.840 1.810 1.867
Faraday configuration
Polarization —z(ot,0%)z —2(07,07)z
Resonance (Fig. 8) (a) () (c)
Dipole transition (Fig. 2) 4 (1) 3 6
Type of resonance double double double
Scattering mechanism (Fig. 11) a, B, ~ a,fB,v X oa,y
Observed position (eV) 1.809 1.819 1.861
FWHM of resonance (eV) 0.008 0.011 0.015
Intensity (arb.) 163 108 113
Calculated position
of resonance (eV) 1.807 1.815 1.864

*Transition 1 is not detectable due to band-edge luminescence.
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In between two resonances the signal is usually very low,
much lower than for the crossed spectra, i.e., the selection
rule (1) is obviously obeyed for the off-resonance case, but
seriously violated in resonance. In this case the selec-
tion rules for the absorption or emission of single quanta
(incoming or outgoing resonance, or both) are strictly
obeyed. The resonances in these orientations can be con-
sidered as almost perfect double resonances because both
the incoming and the outgoing radiation have the same
polarization and their frequencies display a difference of
less than 0.7 meV, i.e., the two transitions start or end
at the same CB or VB state (see Fig. 11). While the spin
flip in allowed polarization has already been studied in
Ref. 3, the resonance profiles have not been taken and
the transitions in the forbidden Voigt geometry and in
the Faraday geometry have not been observed previously.
They are too weak in the off-resonance case for observa-
tion, but are strongly enhanced in resonance because of
the double resonance of both incoming and outgoing ra-
diation.

The positions of the observed resonances can again be
attributed unambiguously to excitonic transitions. De-
tails have been indicated in Fig. 6 and compiled in Table
I. The agreement between observed values and those cal-
culated from the luminescence experiments is definitely
better in this case than for the allowed polarizations.
Resonances for 7- or o-polarized radiation are found as
expected from Fig. 2 with the exception of transition
(3), expected at 1.819 eV, which cannot be traced re-
liably in the —z(z, )z spectrum. If present it should be
smaller than resonance (d). The resonances in Fig. 6 are
most remarkable because the amount of angular momen-
tum, which is exchanged by the crystal with the radiation
field during the scattering process, is either zero or two
units %, while mg of the Mn2* ground state changes by
Amg = +1. This will be discussed in more detail below.

Forbidden resonances are also observed in the Faraday
geometry, both in (6%,0%) and in (07, 07) polarization
(Fig. 8). A resonance, except of some spillover, is ob-
served neither in (0%,0~) nor in (07, 0™") polarization.
Again, as in Fig. 6, the resonances are stronger and their
widths are reduced as compared to the allowed polariza-
tions, and the selection rules for the polarizations are as
expected from Fig. 2. Here the resonance (3) is occurring
prominently in the (¢~,07) spectrum. Again, as in Fig.
6, the transfer of angular momentum between the pho-
tons and the crystal is zero, but the Mn2* spin changes
by A.

IV. DISCUSSION

As the observed resonances of the scattering cross sec-
tion are coinciding with the excitonic interband transi-
tions (Table I), the experimental results presented above
indicate that the nonlocalized excitonic band-edge states
of the VB and CB are involved in the scattering processes
considered here. This proves that for the spin flip of the
Mn?* ion an exchange process as indicated schematically
in Fig. 9 has to be considered, in accordance with Ref. 3.
It does not mean that excited localized 3d° states are not

Mn2* 3d shell Ve - CB
+1/2
cB v‘le)_1/2
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+5/2 (\o?,/ o
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FIG. 9. Mechanism of Stokes scattering of PRS via ex-
change coupling between the spin of a CB electron and the
electronic spin of a Mn®* ion in its ground state (Ref. 3). ot
and 7 indicate virtual electric dipole transitions due to the
incoming laser radiation (1) and the outgoing scattered ra-
diation (3). Process (2) indicates the simultaneous spin flips
of the electronic (CB) and the Mn?®* spins. A corresponding
process can be constructed for a spin flip in the VB [“hole
process”; see Eqs. (2) and (3), and Fig. 10]. The energy
scales for the (Mn?") spin states and the electronic spins in
the VB or CB differ by more than one order of magnitude.

participating at all in the scattering process. However, if
such a 3d contribution exists (E3¢ > 2.3 eV), it cannot
be observed in our material with a small Mn2* concen-
tration because of the strong absorption due to the lower
lying sp transitions at the band edge near 1.82 eV.

In the example depicted in Fig. 9 two excitonic band-
gap states take part in the process as intermediate states
(three step scattering mechanism): A virtual transition
to the my = +1/2 CB state is induced by absorption of
a ot photon, followed by an electronic spin flip to the
my = —1/2 state and subsequently by a virtual (or in

o) B) y)
L2 4

m,=+1/2 CB

my=-1/2

Y

-z(x,y)z

0 my=-3/2
Y V m=-1/2
J
ft v my=+1/2 VB
my=+3/2

mJ=+1/§ CcB

m;=-1

-z(y,x)z

my=-3/2
my=-1/2

\ ft mj=+1/2 vB

IR my=+3/2

M2+ Img+ 1 >un2t

FIG. 10. Various possible virtual steps in the Raman scat-
tering mechanism for allowed polarizations for the PRS (Fig.
5), involving transitions Amys = —1 of band electrons (a,)
or holes (3,7,¢,(). Case (a) has already been shown in Fig. 9
(from Ref. 3).
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resonance real) recombination of the electron from the
my = —1/2 (CB) state to the m; = —1/2 (VB) state
with 7 polarization. The virtual spin flip (Am; = —1) is
coupled by the sp-3d exchange interaction with a spin flip
Amg = +1 of the 3d® shell. As a result of the process the
orientational energy of the Mn2* spin has increased by
2upB (up is Bohr’s magneton) and the electronic system
has returned to its initial state. For more details see Ref.
3.

The exchange interaction between a Mn2* ion and a
CB electron or a VB hole is described by the following
Hamiltonian (see references cited in Ref. 3):

Ho =Y [Je(Fe = Ba)Sn - 5o+ Jn(7n — Bn)Sn - 5. (2)

n

Here 7., 7, and 3., 35, are the position and spin operators
of electrons or holes, respectively, R,, and S,, refer to the
nth Mn?* ion, J, and J,, are the exchange integrals, and
c = z z 1 + . .— 1. +
Sy - 8e = SZsZ + QS" s +§Sn -7, 3)
The shift operators S;s; and S;; s} result in

e

]mS)nlmJ>e - |m5 + 1>n'mJ - 1>e’
(4)

'mS - l)nImJ + 1)e7

respectively.

We now concentrate on a more detailed discussion of
the states involved in the scattering process. From Fig. 9
it is evident that for allowed (crossed) polarizations the
CB or VB splittings are much larger than the energies
of the PRS. Accordingly, only one of the intermediate
states can be in resonance with the incident [w; coincides
with the energy of the dipole transition in step (1) (Fig.
9): incoming resonance] or scattered light [w, coincides
with transition (3): outgoing resonance] (see Table I). In
the case of the parallel polarization double resonance is
possible (see above), which reduces the spectral widths

of the resonances.

In Fig. 9 only one scattering process has been shown
schematically; others are equivalent and have been dis-
cussed previously by Petrou et al.> The various virtual
transitions occurring in the VB and the CB, which can be
conceived with respect to the allowed transitions in Fig.
5, are depicted in Fig. 10, following Ref. 3, and are com-
piled in Table I. Resonances (a) and (b), Fig. 5, can be in-
terpreted (most probably) as the incoming and outgoing
resonances of mechanism ((3), which is a hole process (the
virtual spin flip occurs in the VB). Resonance (a¢) may
also be due to an electron mechanism (a). The outgoing
resonance of (a) with 7 polarization and expected near
1.789 eV is not observed, but may be buried under the
strong increase of the scattered intensity towards lower
energies. As (b) occurs in an (z,y) spectrum, it must be
interpreted as outgoing resonance of process ().

Correspondingly, we interpret the resonances (c) and
(d) again as incoming and outgoing resonances of pro-
cess (), Fig. 10, but resonance (c) can also be attributed
to the electron-process (§). The outgoing partner of (9),
however, is expected near 1.82 eV (o), but is again miss-
ing. All observed resonances may thus be attributed to
hole processes only; however, electron spin flips in the
CB may also contribute weakly. This is in agreement
with the result of Gaj et al.,! where the ratio of the ex-
change integrals a/3 of CB and VB electrons with Mn2+
has been determined to be —0.25. On the other hand,
it should be taken into account, first, that the expected
hole process ({) is completely missing here (its ingoing
resonance might be covered by strong luminescence at
1.79 eV, however) and, second, that the in- and outgoing
resonances (a) and (b) are separated only by 23 meV,
but almost 30 meV are expected from the splitting of
the light hole states in the VB at B = 6 T. The lat-
ter objection can be rejected considering Eq. (5), which
describes the scattered intensity I, for an incoming res-
onance at wy;, full width at half maximum (FWHM) T';,
and an overlapping outgoing resonance at w;;, FWHM
I'j, neglecting effects due to alloy fluctuations and to
the density of states:

M SrMy; (5)

I, ~ ’
; . Tos T )
’ ((wL —wi) — 1 7‘") ((‘UL — WpRS — Wjk) — ¢ 73 )

where Mj; are the electric dipole transition matrix el-
ements between states of the VB and the CB, Sy, is
a matrix element of the sp-3d-exchange interaction, wy,
is the frequency of the incoming laser light, and w;; =
wir £ AV (AC), where AV (AC) is the splitting in the
VB (processes 3, v, €, and ¢ in Fig. 10) or in the CB
(a, 8); wis, jr are the energy differences indicated by the
arrows in Fig. 10. It is easily calculated that the ob-
served resonance doublet displays a reduced frequency
separation as compared to |wj; — wjk|, in agreement with
our result, if the observed I';; and I';; are introduced in

Eq. (5). In addition, if we compare the intensity of dou-
ble resonances with a single resonance, where either the
first or the second term resonates (incoming or outgoing
resonance), we find a reduction of the single resonance
intensity by two to three orders of magnitude. This com-
pares well with the experimental data in Figs. 5, 6, and
8.

The resonances in forbidden (parallel) polarization
(Fig. 6) are almost perfect double resonances, occurring
between identical states with I';; = I'jg, 'y > wprs.
This is indicated by the large values of the intensities
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attained. Under these circumstances the scattered in-
tensity is maximum at wres = wi + 1/2 wprs and the
FWHM is reduced by roughly a factor v/2 as compared
to the single-resonance case, which is in agreement with
the values given in Table I. Examples of the virtual
transitions in and between the VB and the CB which
may occur here are shown in Fig. 11. The most impor-
tant contribution to the resonance (c) in the —z(x, )z
spectrum is due to the (6%,0™) mechanisms (transition
13/2,—1/2) > |1/2,+1/2)), labeled (o), (8), and (v) in
Fig. 11. With these mechanisms one up- and one down-
spin flip are connected with a total Amjy; = 0. Such a
process will occur, if besides the Mn?* spin there ex-
ists another spin excitation with an orientational energy
undetectably small in Raman spectroscopy, but which
balances the angular momentum and couples with the
charge carriers either in the VB or the CB. This part-
ner probably is a nucleus in the lattice which carries an
angular momentum I > 0.

In Fig. 11 we have also plotted processes, which are
singly resonant, i.e., which should contribute only a small
intensity (< 1%). These are the (c*,07) or (Amy = 2)
processes with either transition 4 (Fig. 2) as an ingoing
resonance and 6 as an outgoing resonance (¢) or with 3
as an outgoing (o~ ) resonance (n); the latter is not ob-
served. Other singly resonant processes are the (c*,0™)
mechanisms (8) and (e), for which the second resonance
is expected at transition 1, where it might be covered
by the strong luminescence. In the lower part of Fig.
11 all possible virtual VB-CB transitions have been com-
piled concerning the (z, z) resonance at transition 6. The
doubly resonant process (6,0 ~) has contributions from
spin flips both in the VB and in the CB (i, k). We cannot

3 B) y!)

w3 CB

o*| of| ot of| o] o

st of o*| o*| of| o| of| o

T
—_ _HTT' v VB
R R VY A
U XU~ T CB

VB

Uf g

FIG. 11. (Upper part) Various possible virtual transitions
in the forbidden (Am = 0) doubly resonant transitions
(67,0") (resonance c) in Fig. 6 (Voigt) and (a) in Fig. 8
(Faraday geometry); compare Fig. 10. Other doubly reso-
nant processes with 0~ or w transitions behave accordingly.
(Lower part) Examples of singly resonant processes (incoming
or outgoing resonances) in forbidden polarizations.

discriminate between these alternatives. Singly resonant
processes [(6F,07), (transitions 4,6; Amy = 2), ({)] or
[(e=,07), (6,3; Amy = 0), (A, p), not observed] should
again play a minor role.

The processes underlying the spectra taken in the Fara-
day orientation (Fig. 8) have already been treated by the
examples given in Fig. 11 [(¢F,07), (4,4), (a, B, 7)]. Res-
onances at other transitions behave accordingly. Because
of the strong resonance enhancement observed, doubly
resonant processes are again prevailing here. Besides the
(0~,07) process (3,3), which is only observed in this po-
larization, there are in addition two singly resonant pro-
cesses [(67,07), (6,3), (A, i, Fig. 11)] conceivable, where
actually one of the spin flips induced by the charge carri-
ers via exchange coupling should occur in the anti-Stokes
spectrum.

In conclusion we can state that each of the forbidden
spectra either in the Voigt or in the Faraday orientation
can be interpreted by double-resonance processes, which
agree with the strong increase of the observed scattered
intensities. Only in a few cases singly resonant transitions
may occur. In addition all forbidden transitions may
be interpreted as (Amjy = 0) transitions; only in a few
exceptions (Amy = +2) transitions may also contribute.

There appear three possible routes for an interpreta-
tion of the apparent “violation” of the angular momen-
tum conservation in our experiments. First, the mag-
netic field along one of the cubic axes may intermix the
free-ion wave functions of the S multiplet in the ground
state of 3d® and the quantum numbers mg are ill de-
fined at B > 0. However, electron paramagnetic res-
onance (EPR) experiments in (Cd,Mn)Te or (Cd,Mn)S
(Refs. 9, 10, 14, and 15) have shown that ms is fully
conserved because crystal-field effects are much smaller
than the hyperfine interaction. In these EPR spectra the
transition rules Amgs = +1 and Amj; = 0 are strictly
obeyed even at high fields. A second approach which
has to be discussed here is the existence of spin clusters
(exchange-coupled pairs, open and closed triplets, and
more complex configurations of Mn?* ions), which ex-
ist at the Mn2* concentrations used in this work. The
energy eigenvalues of pairs and triangles have been stud-
ied in detail.'®'7 Spin doublets display excitations en-
ergies at 2J,,6J.,12J,..., where J. is the Mn?*-Mn?*
exchange constant in a Mn?* complex. For a closed
triangle energies at 3J.,8J.,15J.,... are found and for
an open triangle 5J.,7J.,10J.,... have been computed.'®
The nearest-neighbor exchange constant J./kp has been
determined in (Cd,Mn)Te as (—6.2+0.2) K for z = 0.047
(Ref. 18) and (—7.7 4+ 0.3) K for z = 0.05.° If we as-
sume for the present z value (0.135) a somewhat lower
value (|J./ks| = 5 K), we expect energies in addition to
the PRS greater than 0.86 meV, which should be clearly
resolvable in our experiment but which have not been ob-
served. The exchange interaction of a single band elec-
tron (or hole) has been invoked in Ref. 4 to interpret
the appearance of Raman PRS with 3wprs, 4wprs, and
5wprs in singly resonant [(z,y),z] spectra (Amy = 1),
where angular momentum is also not conserved. The
argument is, simply stated, that the local symmetry of
an exchange coupled pair or triangle in a magnetic field
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is generally lower than Ty or S4, respectively; ms is no
longer a good quantum number due to the breakdown of
rotational invariance and selection rules are accordingly
relaxed.

These arguments do not apply in the interpretation of
the present results, as the doubly resonant transitions
in the forbidden polarizations are essentially (Am = 0)
transitions only and are in fact strictly allowed when
point symmetry S, is applied. Even a single Mn?™ ion on
a Cd site violates translational symmetry and lowers the
site symmetry of the tetrahedrally bound Te ions next
to it2° because of a difference in bond strength between
Mn-Te and Cd-Te. This reduction of symmetry does not
induce, however, new magnetic resonance transitions in
our spectra.

Larger clusters with larger Mn?* distances and ex-
change constants J; (< J) will display a quasicontinu-
ous energy spectrum!? and may change their total angu-
lar momentum by one unit, but may contribute only a
small amount of magnetic moment due to their compli-
cated spin structure. If these large clusters were involved
in the scattering process, we would expect an inhomo-
geneously broadened PRS, which is, however, also not
observed. The width of the PRS remains narrow and
the observed g factor is constant (Fig. 2) at all observed
fields. So, as a third approach, it appears most proba-
ble that the magnetic nuclei in the lattice are involved in
this scattering process. These nuclei are *Mn (I = 5/2,
100% abundance, p/py = +3.469), 1Cd (1/2, 12.8%,
-0.596), 13Cd (1/2, 12.2%, —0.622) and '?°Te (1/2,
7.14%, —0.888), where p is the magnetic moment of the
nucleus and pn = eh/4mwm,, is the nuclear magneton (m,
is the proton mass). The model sketched in Figs. 9 and
10 is extended to include a nucleus (*Mn in Fig. 12),
which interacts with the conduction electron of s-type
symmetry via the contact interaction. The conduction
electron performs two subsequent virtual spin flips be-
tween the m; = +1/2 states of the CB (Fig. 12). After
the process the CB electron has returned to its initial
state and the 3d® spin and the nuclear spin both have
altered their angular momenta by one unit in opposite
sense [A(mg + myr) = 0]. On the energy scale only the
3d® spin flip counts because the nuclear orientation en-
ergy is too small to be traced in the Raman shift of the
PRS. Evidently this scattering process gives rise to the
observed double resonances, as wprs < I'; (T'; is the half
width of resonance 1).

NMR experiments in (Cd,Mn)Te have been reported
only recently.20:21 35Mn, 113Cd, and !25Te NMR signals
have been detected. It is found that the predominant in-
teraction in nonconducting samples is the transfer hyper-
fine interaction of the Mn2* ion with the Cd or Te nuclei.
The shifts of the Cd and Te NMR lines due to this trans-
fer interaction depend on the number of bonds separating
the Mn ion from the Cd or Te ion. On the other hand,
the shell-nucleus interaction in the 3*Mn ion gives rise
to the prominent and well known hyperfine phenomena
in the ESR spectra of Mn?* compounds (compare Refs.
9, 10, and 25). No direct evidence for a hyperfine inter-
action between a CB electron and magnetic nuclei has
been reported up to now in CdTe. However, this type of
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FIG. 12. Example of simultaneous interactions between
virtual transitions of electronic spins in the CB (spin fluc-
tuations) with the 3d shell of Mn?* via exchange interaction
and with the **Mn nucleus via contact interaction (6). B > 0,
energies not in scale. If Cd or Te nuclei are involved (I = 1),
only two levels are found (m; = +3) with m; = } being the
lowest, because of the negative sign of the gyromagnetic ratio
v (~ 7‘%, see text). The nuclear spin flip [arrow (3), right]
occurs in the opposite direction.

interaction is well known in the isomorphous III-V com-
pounds (e.g., in GaAs), where a whole research field has
been established (“optical orientation” of electrons and
nuclei?>23) and important applications have been devel-
oped. In fact, our experimental procedure of shining cir-
cularly polarized laser light on the sample in resonance
with electronic transitions near the band edge is known
to produce an easily detectable dynamic nuclear polar-
ization in semiconductors without paramagnetic centers
due to the generation of an effective magnetic field by
the conduction electrons at the nucleus. The shift of the
NMR frequencies due to this field is the Overhauser ef-
fect.

The hyperfine interaction due to the contact between
s electrons (spin S) in the CB and nuclei with angular
momentum 7 is

Huyp=AS-T. (6)

The hyperfine constant A is proportional to the proba-
bility of finding an electron at the nuclear site 7,:

2 .
A= 2 pogphi [T (7). (7)

n is the gyromagnetic ratio of the specific nucleus, g is
the free-electron g factor, and ¥(7,) is the amplitude of
the lattice-periodic part of the electron Bloch function at
the site of the nucleus n.24726 Due to this interaction a
very large nuclear polarization (I,) beyond the thermal
expectation value (I.)therm should be expected at high
magnetic fields, where the paramagnetic fluctuations are
suppressed, which otherwise increase the spin-lattice re-
laxation rate:

(Iz) = <Iz>therm(1 + VS), (8)

where S is the saturation parameter of the CB electrons
[0 < § <1, S large in (Cd,Mn)Te at high fields] and V
is an enhancement factor
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V = (g"uB)/(hm). 9)

[g* is the (very large) effective electronic g factor in semi-
magnetic (Cd,Mn)Te.2%]

The p-type holes in the VB may couple by a magnetic
dipole-dipole interaction, which, when decomposed into
raising and lowering operators S* and I*,2%25 provides
both simultaneous electronic and nuclear spin flips [Eq.

M HES, St My;

(4)] and nuclear flips alone. This dipole-dipole interac-
tion is generally weaker than the contact mechanism,®
but the enhanced strength of the exchange integral of
holes may partially compensate this deficit. Accordingly,
the contribution of the hole processes depicted in Fig. 11
is not clear at the moment.

Now the Raman intensity [Eq. (5)] has to be extended
to

) (10)

where w;; = wg; and H,I;I,F,‘k is a matrix element of Eq.
(6). Equation (10) clearly displays the double resonances
for w; = w;; and the reduced half width; in the case of
resonance it compares directly with Eq. (5) and the large
intensity of the forbidden resonances can be understood
considering the high density of states at k' even if HIF <
Ski-

This discussion can be summarized as follows.

Our results fully support the model of Petrou et al.,3
which interprets the optically detected paramagnetic res-
onance signal as due to an exchange process with virtu-
ally excited electrons or holes in the CB or the VB (Fig.
10). The model has to be extended, however, by consid-
ering additional transitions (doubly resonant processes,
Fig. 11), which give rise to forbidden resonances. These
can be understood by considering a second partner in-
volved in the PRS, which adds one unit of & but whose
contribution to the magnetic moment is undetectably
small in an optical experiment.

There are severe indications that the fluctuating spins
in the system of the charge carriers both in the VB
and the CB couple not only with the 3d shell by ex-
change interaction, but also with the magnetic nuclei
via contact or dipole-dipole interaction. These fluctua-
tions are induced by the resonantly excited optical tran-
sitions. The spectrum of the fluctuating exchange field
or of the dipolar magnetic field comprises resonance fre-
quencies both for electronic and nuclear transitions. In
the allowed polarization only the electronic spin reori-
ents; in the forbidden polarization a simultaneous flip
of two spins Am = A(ms + my) = 0 occurs (compare
electron-nuclear double resonance measurements). Ad-
ditional experiments, e.g., with varying concentration z,
with improved spectral resolution and at high fields and
in the anti-Stokes spectrum are desirable for further clar-
ification.

Our results give evidence of the important role, that
the magnetic nuclei can play in the semimagnetic com-
pounds. It appears that such an influence has been, up
to now, widely neglected in most discussions, e.g., of the
magnetic polaron and of lifetime effects. A reconsidera-
tion of some arguments might be advisable in light of the
results presented here.

2
kek 1 . Tus . T
((wL —wp) — 1 %’*) ((wL — WPRS — Whki) — & %‘)
.

V. RESONANCES OF THE PRS SIGNAL
IN QUANTUM WELLS

The observation of the PRS in a quantum-well struc-
ture with Cd;_.Mn_Te barriers and a CdTe well, where
the gap Fy at the I point in the barriers opens with grow-
ing z according to E = (1.606 + 1.592z) eV at T = 2 K,
adds some specific features to the problem.

(i) The degeneracy of light holes (LHs) and heavy holes
(HHs) in the bulk material is raised and the resonances
due to the LH and HH exciton transitions are expected
to be separated by the effects of confinement and biaxial
strain, which are different for LHs and HHs.

(ii) Furthermore separate luminescence frequencies are
observed in the barriers and in the wells; the latter also
depend on z because the tails of the excitonic wave func-
tion penetrate from the (diamagnetic) well into the semi-
magnetic barriers.

(iii) Due to the diffusion of the charge carriers from
the barriers into the wells, the luminescence intensity at
the frequencies of the barrier is drastically reduced as
compared to the bulk in favor of the lower energies of
the wells. Accordingly, Raman transitions covered under

@ (O I o e B S s e e e s s
-‘é - 50K well laser: -
S 1.637 eV 1.753 ev
. 8 ¥ .
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o] 1.612 ev
N~ 6 [ _
» substrate
-
= - -
g 4l 18R well
(@] 1.662 eV
barrier
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FIG. 13. Luminescence spectrum of a Cd;_—.Mn,Te/CdTe
quantum-well structure with three different well widths.
z = 0.082, B = 6 T, B L growth direction (Voigt geome-
try), and T = 1.8 K; the substrate is CdTe. Exciting field
|| B and the polarization of luminescence is o.
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FIG. 14. Resonance of the PRS in allowed polarization
(squares) and luminescence from the barrier and the 18 A well
in a quantum-well sample; the data are the same as in Fig.
13. The intensity scales differ for both plots.

the strong band-gap luminescence in the bulk material
become observable in heterostructures.

We have used a quantum-well structure (z = 0.090)
with three wells of different widths (Fig. 13). The struc-
ture was grown on a CdTe [100] substrate with a 200
nm CdTe buffer and 100 nm barriers of Cd;_,Mn,Te
between the wells. From photoluminescence excitation
spectra (PLE) in the barrier z = 0.0896 + 0.0012 was
determined. We have calculated the joint effects of lat-
eral strain and confinement for the 50 A well in this
sample. We arrive at the same z, at an effective well
width of 45.5 A, and a VB offset of 10.5%. The centers
of the split LH and HH VB states do not coincide. In
Fig. 13 the luminescence spectrum for the exciting field
along the direction of B (y, Voigt geometry) is depicted,
showing peaks from the three wells, from the substrate
and the barrier. In luminescence we expect the (2m)
and (1o) transitions (Fig. 2), which are observed at 1637
meV (HH) and 1646 meV (LH) (Fig. 15) at B =6.0 T
for the 50 A well. The PLE maxima at B = 0 T are
found at 1654 meV (HH) and 1667 meV (LH). Figure 14
shows an enlarged section of the luminescence and su-
perimposed the Raman resonances of the PRS from the
barrier and the narrowest well in (o, 7) polarization. In
both cases there is a shift between the resonance and
the luminescence peaks. Such shifts are also known from
the electronic spin flip!! in bulk material and could be
interpreted quantitatively*®'? to elucidate the nature of
the intermediate state in this spin-flip Raman process.
In the case of quantum wells the available data are less
complete in this report at the moment. A full treatment

laser energy (eV)

8 T T T T T T
- 1.647 eV -

- 1.639 eV

intensity (arb. units)

1.63 1.64 1.65 1.66
energy (eV)

FIG. 15. Resonance of the PRS in allowed (circles) and for-
bidden (squares) polarization and luminescence in the region
of the 50 A well, showing light hole and heavy hole transi-
tions. The forbidden (y,y) double resonance (different scale)
only occurs in the light hole spectrum; the narrow line in the
lower spectrum is the Raman signal from the electronic spin
flip. Other data are the same as in Fig. 13.

has to await the results of further experiments. Figure 15
is a continuation of Fig. 14 to lower energies. In the lower
half the two luminescence peaks due to light and heavy
holes and the narrow Raman transition of the electronic
spin flip in (o, w) polarization are depicted; in the up-
per part the Raman cross sections of the PRS are shown
both in allowed (o,7) and in forbidden (w,w) polariza-
tion in the Voigt geometry. Light hole (27) at 1647 meV
and HH (10, 1639 meV) resonances are separated. As
before the allowed resonances are broader (= \/5) and
weaker (= 10) than in the forbidden polarization, where
a weak shoulder at 1655 meV, not visible in Fig. 15, is
clearly indicating the double resonance (5, LH, Fig. 2).
The correlation of the resonances with the luminescence
peaks is evident; obviously the LH transition at 1.646 eV
corresponds to the decay of the LH free exciton. It is re-
markable that the strong (m,7) resonance coincides with
the LH exciton decay: The (Am = 0) transition (double
resonance) is only possible between the CB and the LH
in the VB.
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