
PHYSICAL REVIEW B VOLUME 21, NUMBER 3 1 FEBRUARY 1980

Resonance Rarnan scattering in CdcrzS4. Magnetic-circular-polarization properties
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Spin-dependent (SD) phonon Raman scattering of CdCr2S4 is studied using a circularly polar-

ized beam of a He-Ne (632.8-nm) laser in the Faraday configuration. It is found that magnetic-
circular-polarization effects on the SD scattering are due to resonance with the "red-shifting"

transitions in this ferromagnetic spinel. Anomalous temperature dependences of the Raman in-

tensity for specific phonon lines E (351 cm ) and F (394 cm ') are explained by a
phenomenological model which takes account of both resonance and magnetic-ordering effects
for the scattering process. The mechanism for SD resonance scattering is shown to be closely

connected to the absorption process which depends on magnetic ordering. Various models for
the red-shifting transitions are discussed in the light of the present resonance Raman-scattering
results for this ferromagnetic semiconductor.

I. INTRODUCTION

The chromium chalcogenide spinels ACr2X4
(A =Cd, Hg; x =S, Se) are well-known ferromagnet-
ic semiconductors which have unique optical and
transport properties associated with magnetic order-
ing. ' They have been studied intensively during the
last decade because of intriguing phenomena due to
strong correlation between the electronic and spin
subsystems. ' ' The "red-shift" phenomenon of the
absorption edge and the large negative magnetoresis-
tance effects are especially interesting problems in
these compounds. ' '

Spin-dependent (abbreviated as SD) phenomena in

the Raman spectra were first observed by Steigmcier
and Harbeke. 4 There are five first-order phonon
lines in the Raman spectra of CdCr2X4, and the in-
tensities of certain lines are found to increase below
the magnetic ordering temperature. ' Since the tem-
perature dependence of the intensities varies like the
spin-correlation function (S; SJ), this effect is called
SD phonon Raman scattering. Several models have
been proposed to explain this phenomenon: One is a
model which involves the ion-position dependence of
the magnetic exchange interaction that couples the
spin system and the phonons5; on the other hand,
Suzuki and Kamimura formulated a general theory of
phonon scattering in magnetic crystals and interpret-
ed the SD phenomena as being due to the variation
of the d-electron transfer energy with lattice vibra-
tions and/or nondiagonal exchange interactions. '

Recently, we have studied the SD phenomena by
using various wavelengths of excitation light and
found the following facts7 '0: (i) Prominent SD ef-
fects on certain phonon lines are observed with the

excitation energies corresponding to the "red-shifting"
(abbreviated as RS) transitions and strong band-to-
band transitions in CdCr2X4 (X:S,Se). (ii) Large
magnetic-circular-polarization and magnetic field ef-
fects are observed in the Faraday configuration when
CdCr2S4 is excited by red exciting light at low tem-
peratures below Tc (iii) The b.reakdown of selection
rules for the polarization property is striking for the
SD phonon lines. ' From these results, we pointed
out the important role of the resonance effect on the
SD phenomena; the electronic states in resonance are
strongly affected by magnetic ordering. It was diffi-
cult, ho~ever, to gain deeper understanding of these
phenomena because of the ambiguous knowledge of
the relevant electronic transitions in this system.

In this paper, we repor't on the study of resonance
Raman effects with thc RS transitions of CdCr2S4
measured by using circularly polarized light in the
Faraday configuration. Circularly polarized light was
adopted because two RS transitions C and A2 are al-
lowed for the right-circular polarization RCP(+) and
the left-circular polarization LCP( —), respectively. "
The following results have been obtained: The tem-
perature dependences of the intensities for the SD
lines are quite different for RCP and LCP, and they
are interpreted by a postulated phenomenological
model which takes account of the resonance effect
with the RS transitions whose absorption coefficient
increases near and below the Curie temperature
T~=84 K. We find that thc familiar spin-
correlation-type temperature dependence4 could be
accidentally observed for linearly polarized or unpo-
larized light of a He-Ne laser at 632.8 nm.

In interpreting our results, resonance Raman
scattering is seen as a two-photon process which con-
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sists of the absorption of the incident photon fol-
lowed by "hot luminescence". ' ' According to Fal-
icov et al.""and Klein, "the intensity of resonance
scattering is proportional to the product of the ab-
sorption coefficient and some relaxation factors in a
single-resonant process when only one electronic
transition is involved in the resonant-scattering pro-
cess. Comparing the temperature dependence of the
SD scattering intensity with that of the contribution
of the RS peaks to the absorption coefficient at 632.8
nm, we find similar dependences between them.
This means that the mechanism for the SD phonon
Raman scattering arises mainly from the resonance
effect of specific electronic transitions affected by
magnetic ordering. In Sec. II, the experimental
method is described, and the results will be explained
in Sec. III. Section IV is devoted to. an analysis and
discussion of these results in relation to the origin of
the RS transitions.

II. EXPERIMENTAL

Single crystals of CdCr2S4 grown by a chemical-
vapor transport method were used for the present
Raman-scattering measurements. The plane (001)
perpendicular to one of the easy-magnetization axes
was polished to a rpirrorlike surface with alumina
powder (0.05 p, m). The experimental setup is shown
schematically in Fig. 1. All the measurements were
controlled by a minicomputer (DEC PDP-11).'5 The
main feature of this system is the capability for
measuring several morphic effects. ' %e observed
here circular-polarization effects of Raman scattering
by using a quarter-wave plate whose rotation angle is
controlled by the minicomputer. Scattered photon
counts for right- and left-circularly polarized light are
stored in two memories at each monochromator step
corresponding to a Raman shift. Since the two pho-
ton counts are obtained under identical conditions,
this method is effective in obtaining the difference of
Raman signals for the two circularly polarized light
beams. The linearly polarized light of a He-Ne laser
(Spectra Physics 125) at 632.8 nm was converted into
circularly polarized light by a quarter-wave plate
which can be rotated by 90' under computer control.
The laser beam of approximately 20 mW was focused
onto the crystal surface. The temperature of the
laser spot is expected to be higher than that of the
bulk crystal. Bulk temperatures were measured by
germanium and platinum resistors. The temperature
difference between the laser spot and the bulk was
about 15 K at 20-m% irradiation. This difference
was estimated by using both the bulk temperature
dependence and the laser power dependence of the
scattered light intensity around T~.

A single crystal (3 x 2 &&0.5 mm') pasted on a per-
manent magnet SmCo5 (8 mm diam x 6 mm) was
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FIG. 1. Experimental setup for the present Raman-
scattering measurements.

III. EXPERIMENTAL RESULTS

It is known that CdCr2S4 has the normal spinel
structure with space-group Fd3m. According to
group-theoretical analyses for the spinel structure
with two molecular units in the primitive cell, there
are 42 phonon modes out of which 12 are Raman ac-
tive at k =0. As for the polarization properties, one
A ~g and one Eg modes are allowed for the diagonal
polarization configuration, and three T2g modes for
the off-diagonal configuration in the Raman-
scattering selection rule. '6 The Stokes Raman spec-
trum of CdCr2S4 consists of five first-order phonon
lines and several second-order lines. The frequencies
and mode assignments of the first-order lines are as
follows at room temperature4: A (101 cm ', T2g), C
(256 cm ', Eg), D (280 cm ', T2~), E (351 cm ',
T2g), and F (394 cm ', At~). The assignment of the

fixed on the sample holder of a temperature variable
metal cryostat. The crystal was cooled down to about
20 K through thermal conduction by liquid-He refri-
gerant. A magnetic field of 2.2 kOe which is strong
enough to make a single-domain state was applied
parallel to the [001] axis. Though the direction of
the incident beam is slightly tilted (about 15') from
this axis, the propagation vector of the light inside
the crystal is almost parallel to the magnetization
direction (Faraday configuration) since the light beam
is bent when it enters a refractive medium. The scat-
tered light was analyzed using left- and right-
circularly polarized sheets (Polaroid Co.) and was
detected by a conventional double monochromator
(Spex 1400) and a cooled photomultiplier (RCA
C31034A) with a high quantum efficiency in the red.
After the photocurrent pulses pass through a pulse-
height discriminator, they are counted, and the count
numbers are stored in the computer memory. The
spectrum is displayed on a CRT scope and plotted by
a teletype. The Raman signal was integrated for a
sufficiently long time to obtain the necessary level of
the signal-to-noise ratio.
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CdCr2 S4 H jest;001)

k= $32.8 nm

phonon modes were made on the basis of polariza-
tion properties, lattice-dynamical studies, ' and a
comparison with the spectra of nonmagnetic
CdIn2S4. ' It was found that the breakdown of the
polarization selection rule occurs under resonance
conditions at low temperatures. ' For instance, lines
E and F, which show a prominent SD effect with red
exciting light, are equally observed in both the diago-
nal and the off-diagonal polarization configurations
below Tc.8

Among the five first-order lines, four lines except
for line C show SD effects for the 632.8-nm excita-
tion light. The Stokes Raman spectra of CdCr2S4 in
the four circular polarization configurations are
shown in Fig. 2. %e found the following results:
The two spectra in the configurations (+, —) and

(—,+) are different at 94 K (slightly above Tc)
even though the two configurations are equivalent if
the magnetization vector is not taken into account.
The same kind of result has already been reported by
Koshizuka et al. ' for other excitation wavelengths
of light near 632.8 nm. They confirmed that the
spectrum for the configuration (+, —) transfers to
that for the configuration (—,+) under the reversal
of magnetization with 647.1-nm light. Therefore,
this phenomenon is clearly related to the SD effect of
phonon Raman scattering. This anomaly is observed
around the Curie temperature with 632.8-nm light,
but it disappears at lower temperatures around 47 K,
as shown in Fig. 2. This circular polarization effect
originates from the resonance Raman effect, and the
reason will be explained later.

In order to make certain that the circular polariza-
tion property is due to the resonance effect, the tem-
perature dependence of the Raman spectra was mea-
sured without an analyzer for the scattered light.
Figure 3 shows the spectra for the lines E and F at
various temperatures, where both RCP and LCP
spectra were measured in the same run. Such a large
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FIG. 3. Temperature dependences of Raman spectra of
CdCr2S4 with right(+)- and left( —)-circularly polarized

light. The scattered light is not analyzed. The applied field
is 2.2 kOe.
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change of intensity is not observed for other phonon
lines for the excitation wavelength near 632.8 nm.
The difference between RCP and LCP spectra is ex-
tremely large near the ordering temperature as seen
in Fig. 3.

The temperature dependences of the peak photon
counts of lines Eand Fare shown in Fig. 4. The
open and solid circles indicate the experimental
values of line E for RCP and LCP, respectively, and
similarly, the squares are for those of line F. In the
case of RCP, the peak counts of both lines E and F
start to increase slightly above T~ and reach the max-
imum at about 75 K. On the other hand, in the LCP
case, the peak intensity increases below Tc like the
temperature dependence of magnetization. In previ-
ous papers on SD Raman scattering, spin-correlation
function-type behaviors were reported on the tem-
perature dependence of the intensities for these lines
for 632.8-nm (Ref. 4) and 647.1-nm (Refs. 7 and 8)
unpolarized excitation light. It is easy to see in Fig. 4
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FIG. 2. Stokes Raman spectra of CdCr2S4 with various
circular-polarization configurations at T =—47 and 94 K. The
applied field is 2.2 kOe.

FIG. 4. Temperature dependences of peak counts for
phonon lines E and Fwith right- and left-circularly polarized
incident light.
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FIG. 5. Temperature dependences of the peak-count

differences between right- and left-circularly polarized light
for phonon lines E and F.

that the sum of the photon counts for RCP and LCP
shows the spin-correlation-type behavior consistent
with the previous results. 4 The temperature depen-
dence of the peak counts for RCP has the maximum
at a definite temperature; this fact suggests an impar-
tant role played by resonance effects in the SD pho-
non scattering. We will give an explanation for the
temperature dependence in Sec. IV.

It is interesting here to consider the difference of
the temperature dependences in peak counts between
RCP and LCP. We note in Fig. 5 that the deviation
of the difference from zero occurs a little above T~
where the magnetization starts to increase in the ap-
plied field of 2.2 kOe, and also that the sign of the
difference changes at about 50 K. If magnetic effects
are not considered in the phonon Raman scattering,
the peak-count difference should be zero, as men-
tioned before. Therefore, the deviation of the differ-
ence from zero is an indicator of the SD effect on the
Raman scattering in magnetic crystals.

IV. ANALYSIS AND DISCUSSION
/

In order to discuss resonance Raman effects, we
need to know the electronic structure of CdCr2S4 in
the region of the excitation energy used. The ques-
tion of the electronic-level structure near the absorp-
tion edge is one of the most intriguing problems in
chromium spinels, and the mechanism for the RS
transitions is not well understood at present. Howev-
er, some progress has been made recently in under-
standing the electronic transitions. The absorption "
and Faraday rotation spectra near the band gap of
CdCr2S4 were reported on thin films at various tem-
peratures. The temperature dependence of several
absorption and Faraday rotation peaks are shown in
Fig. 6. The notations of the absorption peaks are
due to Berger and Ekstrom, "and Koshizuka et al.
These absorption peaks lic on the shoulder of a

TEMPERATURE ( K j
I

FIG. 6. Temperature dependences of the energies of ab-
sorption and Faraday rotation peaks of CdCr2S4. The ab-

sorption peak A is due to a crystalline field transition

A2 4T2 of Cr + ions (Ref. 11). The absorption data (solid
circle) and Faraday rotation data (open circle) are taken
from Ref. 9 and the absorption data (solid square) from
Ref. 11.

strong band-to-band absorption at about 2.4 eV. The
absorption peak C is a well-known RS peak whose
energy shifts to the longer-wavelength side with in-
creasing magnetic ordering, as sho~n in Fig. 6. It
was recently pointed out by Koshizuka et al. that
peak A2 has the same RS feature as peak C. In ad-
dition to the red shift of the absorption peaks, "one
finds large magneto-optic effects such as magnetic-
circular dichroism, "Faraday, and Kerr' rotations
associated with the RS transitions.

Berger and Ekstrom found, from the magnetic-
circular-polarization properties of the absorption spec-
tra, that peaks C and A2 are allowed for right- and
left-circularly polarized light, respectively. " There-
fore, if resonance Raman scattering is measured with
circularly polarized light, the polarization properties
of resonance scattering should reflect such magnctic-
circular dichroism. This was clearly verified in the
present experiment; the Raman intensity for the in-
cident light with RCP has the maximum at about 75
K where the energy level C coincides with that of thc
632.8-nm light as seen in Fig. 6. Thus, we can
understand why the intensities of the phonon lines in
the configuration (+, —) are much stronger than
those in the configuration (—,+) near Tc in Fig. 3.
This is due to resonance with level C. At low tem-
peratures near 40 K, however, the corresponding two
spectra show quite similar patterns. Near 40 K the
two levels C and A2 are approximately equidistant
from the energy of the exciting line at 632.8 nm.
Thus, the two levels contribute an equal amount to
the resonance enhancement of the Raman cross sec-
tion. Therefore, both (+, —) and (—,+) Raman
spectra show similar appearances.



1320 N. KOSHIZUKA, S. USHIODA, AND T. TSUSHIMA 21

The important role of resonance enhancement is
thus obvious. Also some effect due to magnetic or-
dering is definitely related to the SD phonon scatter-
ing, because the enhancement depends on the order-
ing temperature and applied magnetic field. ' '

Magnetic field dependence of the SD phonon scatter-
ing was studied by using the circularly polarized light
of 647.1 nm in the Faraday configuration. The peak
height of lines E and F increases with the magnetiza-
tion of CdCr2S4. %e postulate the following
phenomenological expression for the intensity of SD
phonon Raman scattering:

I—~A+ B+ M(T)
(o+( T) —o);+iy+ Mo

where the first term is spin independent and the
second term originates in magnetic and resonant ef-
fects. The indices + and —on I and Bcorrespond to
RCP and LCP of the incident light with photon ener-

gy cv;, respectively. For the incident light of 632.8
nm with RCP, only transition C contributes to the
resonance", re+(T) is the energy of transition C, and

y+ is the damping parameter of this transition. Simi-

larly, only transition A2 contributes to the resonance
with LCP incident light"; co (T) and y are the ener-

gy and the damping parameter of transition A2,
respectively. M(T)/Mo is the magnetization ratio of
CdCr2S4 to its zero temperature value, and B+ is the
coupling parameter.

In Fig. 7, the temperature dependences of peak
counts of line I' are given again for both RCP and
LCP of the incident light. Since the thermal change
of the linewidth is small, the peak height is linearly
proportional to the integrated intensity of the phonon
line. The solid and broken curves are calculated
from Eq. (1) by using the following parameters:

A =2.2, B+ =0.36, and y+=0.035 eV for I+(F) and
A =2.2, B I= —1.14, and y =0.19 eV for I (F).

The energy values of co+( T) are obtained from Fig.
6. To get the ratio M( T)/Mo, the temperature-
dependence data of the magnetization at 2.0 koe
measured by Yokoyama were adopted. The spin-
independent term A is determined from the experi-
mental values in the paramagnetic state, and the cou-
pling parameter B+ and damping factor y+ are deter-
mined from the low-temperature values below Tc.
The calculated temperature dependences are in good
agreement with the experimental results. However,
it is necessary to consider whether or not these
parameters are meaningful. The damping parameter

y is associated with the relaxation rate of the excited
states, that is, the width of the corresponding absorp-
tion bands. In fact, the width 0.03 eV of the RS ab-
sorption band C around Tc is equal to the damping
factor y+. The agreement is excellent. The width of
the absorption band Aq is not well determined near
Tc, but it is definitely wider than that of band C.
Therefore, the present result is consistent with the
absorption data in that the damping factor y is larger
than y+. It is interesting to note that the signs of the
coupling parameter Bare opposite for B+ and B .
However, the reason for this sign difference is not
obvious.

Next we will consider the resonance enhancement
from another point of view. According to Falicov
et al. ""and Klein, ' resonance scattering is
equivalent to a real transition (absorption) into a
resonant state followed by "hot luminescence, " pro-
vided that interferences with nonresonant amplitudes
can be neglected. In the case of a single resonance,
the Raman cross section takes a very simple approxi-
mate form":

d o Raman +abs( ~) ( ytot(a) ] ' do „d(a) (2)
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FIG. 7. Experimental and calculated temperature depen-
dences of the peak counts for phonon line F. The inset
shows the temperature dependences of the contribution of
RS transitions C and A2 to the absorption coefficient n of
CdCr2S4 at 632.8 nm.

Here n, b, (a) is the contribution to the absorption
cross section of the resonant state a; y„,(a) is the
total decay rate of state a, including radiative and
nonradiative processes; and do.„d(a) is the radiative
decay rate of state a. The inset in Fig. 7 shows the
contributions of resonant transitions C and A2 to the
absorption cross section at 632.8 nm.

The total absorption spectrum in this wavelength
region consists of a broad shoulder of a strong band
due to a band-to-bard transition and relatively weak
peaks C, A2, and others which are superposed on the
background of the broad shoulder. In obtaining the
estimate of absorption due to the RS absorption
bands C and A2 shown in the inset of Fig. 7, the
background was subtracted from the total absorption.
The large uncertainty indicated in Fig. 7 for n( T) 6328
arises from the fact that the contributions from bands
C and A2 were obtained as a small difference
between two large numbers. In the temperature
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dependence of Raman cross section, the absorption
correction could be neglected because the variation of
the total absorption coefficient in this temperature
range is less than ten percent, although the thermal
change of the RS absorption bands is large, as shown
in Fig. 7. Although one cannot make rigorously
quantitative comparisons because of large uncertain-
ties, one can see the general agreement between the
temperature dependences of the absorption coeffi-
cient at 632.8 nm and the Raman-scattering intensi-
ties of RCP and LCP incident light. This means that
the anomalous temperature dependence of the Ra-
man intensity is mainly duc to the SD effect of the
absorption cross section rather than the temperature
dependence of the radiative or nonradiative decay
processes following the resonant absorption. The
magnetic-circular-polarization property of the Raman
spectra in Fig. 2 gives clear support for this explana-
tion.

Although various models have been proposed for
the SD phenomena, especially for the "red shift" of
the absorption edge, there seems to be no conclusive
interpretation in chromium chalcogenide spinels.
There are roughly two groups of prevailing theories:
(i) One is based on the band model of ideal crystals.
In this category, there are two complementary ways
of explaining thc red shift. The Haas picture ' of the
spin-polarized bands is justified in the wide-band
scheme of the conduction band, i.e., IS (& Wwhere
I and Ware the s-d interaction coefficient and the
relevant bandwidth, respectively. This theory cannot
be applied to the present system for several reasons;
for instance, it predicts the band splitting proportional
to the total magnetization. However, experimentally
the red shift is found to start above the Curie tem-
perature Tc. In contrast to this theory, the Nagaev
approach is useful under the condition IS » W.

According to this theory the red shift is due to
broadening of the conduction band with increasing
magnetic order. The energy shift is in turn propor-
tional to the spin-correlation function (S S,). This
prediction approximately agrees with the experimen-
tal results. (ii) Another group of theories is based on
the presence of imperfections such as sulfer vacan-
cies. Harbeke and Lehmann interpreted the red shift
as due to localized states near imperfections affected
by the s-d interaction. This idea was based on thc
sample-dependent behavior and the singlet nature of
the final state of the RS transition. This idea was
developed by Capek ' to a simple theoretical model
which predicts the red shift governed by the short-
range spin-correlation function. As another imper-
fection model tp explain thc red shift in CdCr2S4,
Natsume and Kamimura proposed a "magnetic-E-
center" model which consists of two electrons trapped
at an anion vacancy with their spins parallel at low
temperatures. '4

We will discuss these models on the basis of our

Raman-scattering studies. In comparing the intrinsic
band model with the imperfection model, the latter
seems to be preferable, because we found the break-
down of polarization selection rules for Raman active
phonon modes in the cubic spinel structure. Linear-
polarization properties of the Raman spectra for
CdCr2S4 are given in Ref. 8, where the breakdown of
the selection rule is clearly indicated for the SD pho-
non lines below Tc. This breakdown is far more
prominent under the resonance condition with the RS
transition (647.l-nm excitation) than with the direct
band-to-band transition (514.5-nm excitation). '
Furthermore, the circular polarization properties
shown in F&g. 2 cannot be explained by taking into
account the magnetic group 4/mm'm' for the cubic
spinel with the magnetization vector parallel to the
cubic axis. However, it is possible to explain the po-
larization properties by lowering the symmetry, for
example, to. trigonal symmetry supposed in the case
of the anion vacancy model.

As mentioned above, two imperfection models are
proposed: One is associated with the transitions from
the valence band (anion p state) to a singlet excited
state of an anion vacancy filled with 4s electrons
frpm the neighbprjng Cr atpms 22, 25 Anpther mag-
netic-F-center model is accompanied by a spin-
reversal excitation between the molecular-orbital lev-

els composed of one Cd + and three Cr'+ ions in the
neighborhood of anion vacancies. " We will compare
these two models now.

We conclude from the present work that the ab-
sorption peaks C and A2 are due to RS transitions al-

lowed by RCP and LCP light, respectively. The C
and A2 peaks in CdCr2S4 are analogous to the RS
peaks in CdCr2Se4 (Ref. 26) and ZnCr2Se4. 24 It is na-

tural to suppose that the red shift of thc absorption
subbands has a common origin for all chromium
chalcogenide spinels. The Harbeke and Lehmann
model is suitable for explaining the existence of these
two subbands which originate in the spin-orbit split-

ting of the valence band. Furthermore, the following
fact adds support to this model: The SD effects on
the phonon scattering cannot be observed for the ex-
citation wavelengths corresponding to the intra-
atomic d-d transitions, '8 that is, the resonance effect
can occur only for electronic transitions between rath-
er delocalized states. This result is consistent with

the fact that RS transition energies strongly depend
on the kinds of A and Xsite ions in ACr2X4.

On the other hand, the temperature dependence of
the Raman intensity in Fig. 7 is similar to that of the
associated absorption coefficients. The similarity is

expected if the thermal variation of the relaxation
factor in Etl. (2) is negligibly small in the measured
temperature region. It follows that the intensity of
the RS absorption itself should increase with magnet-
ic ordering due to the second term in Eq. (1). Ac-
cording to the "magnetic-F-center" model, the two-
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electron state trapped at a vacancy is unstable above
T~. " This feature is consistent with the above tem-
perature dependence of the absorption intensity. As
we discussed already, some imperfection models are
preferable for the mechanism of RS transitions.
However, more information is necessary to attain a
more comprehensive understanding of the situation.

V. CONCLUSION

We determined the details of the circular-
polarization properties of the resonance Raman spec-
tra around the Curie temperature of CdCr2S4. The
temperature dependence of the circular-polarization
spectra is interpreted using a newly proposed model
which takes into account both the resonance-
enhancement and the magnetic ordering effects on
the scattering intensity. It is found that the RS tran-
sitions C and A2 take part in the SD resonance Ra-
man effect for right- and left-circularly polarized
light, respectively. Several models for the RS transi-

tions are discussed in the light of the present
Raman-scattering study. The F-center-like vacancy
model appears to be preferable for the RS transitions
in chromium spinels. However, further information
is necessary to reach a definite conclusion. It will be
interesting in this context to determine why only cer-
tain phonon modes show the SD phonon Raman
scattering. This approach will be useful in determin-
ing which model is appropriate for the RS transitions
and to elucidate the microscopic mechanisms for the
SD scattering in ferromagnetic spinel-type semicon-
ductors.

ACKNOWLEDGMENTS

We gratefully acknowledge the valuable assistance
of D. Forsyth in computer programming for the spec-
trometer system, and would like to thank Y. Yokoya-
ma for providing single crystals of CdCr2S4. This
research was financially supported in part by a grant
from the Air Force Office of Scientific Research.

'On leave from Electrotechnical Laboratory, . Tokyo, Japan.
'See, for example, S. Methfessel and D. C. Mattis, in

Ha»dbuch der Physik, edited by S. Flugge and H. P. J. Wijn

(Springer-Verlag, Berlin, 1968), Vol. 18, Part 1, p. 389.
E. L. Nagaev, Sov. Phys. Usp. 18, 863 (1976),
C. Haas, Crit. Rev. Solid State Sci. 1, 47 (1970).

4E. E. Steigmeier and G. Harbpke, Phys. Konden. Mater.
12, 1 (1970).

5W. Baltensperger, J. Appl. Phys, 41, 1052 (1970).
N. Suzuki and H. Kamimura, J. Phys. Soc. Jpn. 35, 985

(1973).
N. Koshizuka, Y. Yokoyama, and T. Tsushima, Solid State

Commun. 18, 1333 (1976); 23, 967 (1977).
8N. Koshizuka, Y. Yokoyama, and T. Tsushima, Physica

(Utrecht) B 89, 214 (1977).
N. Koshizuka, Y. Yokoyama, T. Okuda, and T. Tsushima,

J. Appl. Phys. 49, 2183 (1978).
N. Koshizuka, Y. Yokoyama, T. Okuda, and T. Tsushima,
J. Phys. Soc. Jpn. 45, 1439 (1978),
S. Berger and L. Ekstrom, Phys. Rev. Lett, 23, 1499
(1969).

' P. Y. Yu, Y. R. Shen, Y. Petroff, and L. M. Falicov, Phys.
Rev. Lett. 30, 283 (1973).

t3L. M. Falicov, in Light Scattering in Solids, edited by M.

Balkanski, R. C. C. Leite, and S. P. S. Porto (Flammarion,
Paris, 1976},p. 9.

' M. V. Klein, Phys. Rev. B 8, 919 (1973).
S. Ushioda, J. B. Valdez, W. H. Ward, and A. R. Evans,
Rev. Sci. Instrum. 45, 479 (1974).
R. Loudon, Adv. Phys. 13, 423 (1964)~

' P. Bruesch and F. D'Ambrogio, Phys. Status Solidi B 50,
513 (1972).

' N. Koshizuka, Y. Yokoyama, H. Hiruma, and T. Tsushi-
ma, Solid State Commun. 16, 1011 (1975).

9S. Wittekock and 6, Rinzema, Phys. Status Solidi B 44,
849 (1971),
Y. Yokoyama (unpublished data).

2~C. Haas, Phys. Rev. 168, 531 (1968).
G. Harbeke and H. W. Lehmann, Solid State Commun.
8, 1281 (1970).

2 V. Capek, Phys. Status Solidi B 81, 571 (1977).
Y. Natsume and H. Kamimura, Solid State Commun. 11,
875 (1972).
H. W. Lehmann, G. Harbeke, and H. Pinch, J. Phys.
(Paris) 32, 932 (1971).

P. Hlidek, I. Barvik, V. Prosser, M. Vanecek, and M.
Zvara, Phys. Status Solidi B 75, K45 (1976).


