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Raman scattering study of the magnetic excitations in diluted magnetic semiconductors
in the presence of an external magnetic field
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We report the observation of Raman scattering associated with the magnetic excitations
in diluted magnetic semiconductors, Cdl „Mn„Te in particular, in an applied magnetic
field. A sharp Raman line due to the spin flip of the 3d electrons of Mn +, corresponding
to the b mq ——+1 transition, occurs in the paramagnetic phase. Close to band-gap resonance,
the 4mq ——+1 transition in combination with the zone-center LO phonons as well as the
hm& ——+2 transition are present. In addition to the internal transitions of Mn +, this reso-
nance suggests a new Raman mechanism involving interband transitions in conjunction with
the exchange interaction between band electrons and Mn +. In the magnetically ordered
low-temperature phase, the magnon feature splits into two components in the presence of an
applied magnetic field. As the temperature is lowered and the crystal becomes magnetically
ordered, the Mn + spin flip of the paramagnetic phase evolves into the higher-energy com-
ponent of the magnon.

I. INTRODUCTION

In a diluted magnetic semiconductor' —i.e., an al-
loy of a II-VI semiconductor with MnS, MnSe, or
MnTe —the transition-metal ion substitutes for the
group II element in a random fashion, e.g., in
Cdi xMnxTe, Mn + replaces Cd +. The half-filled
3d shell of Mn has a spin S=—, and, hence the ion
has a magnetic moment of 5.92 Bohr magnetons
(p&). The exchange interaction between Mn + ions
themselves, as well as that between Mn + ions and
band electrons, underlies the unique magnetic
behavior of the diluted magnetic semiconductors.
These alloys exhibit magnetic ordering at low tem-
peratures provided the magnetic ion concentra-
tion exceeds a minimum value characteristic of the
alloy. Raman scattering from the magnetic excita-
tions of the low-temperature magnetically ordered
phases in Cd& xMnx Te has recently been ob-
served. ' In this paper we report the effect of an
external magnetic field on the magnetic excitations
of diluted magnetic semiconductors in the different
magnetic phases.

II. EXPERIMENTAL PROCEDURE

The Cd~ xMnx Te crystals studied during the in-
vestigation were grown by a modified Bridgman
method. The manganese concentration (x) of the
samples was established by density and optical-
absorption measurements; the range of composition

was 0.0gx g0.70. For x p0.70, an inhomogeneous
mixture of different compositions and crystallo-
graphic phases is obtained, and hence such crystals
are unsuitable for these experiments. X-ray analysis
showed that most of these samples are single crys-
tals of the zinc-blende structure with the point
group Td. Some of the crystals, particularly those
of higher concentration, showed a hexagonal sym-
metry when examined by the Laue method. Howev-
er, the powder-diffraction method revealed that
these samples have cubic symmetry. From these ob-
servations we concluded that these crystals are
twinned.

In this paper our focus is mainly on
Cd~ „Mn„Te, though preliminary experiments have
been performed on the diluted magnetic semicon-
ductors Zn 1 —x Mnx Te~ Cd 1 —x Mnx Se~ an
Cd& xMnxS. Znj xMnxTe also has the zinc-blende
structure, while Cd~ xMnxSe and Cd& xMnxS have
the wurtzite structure. The range of composition
for Zn& xMnx Te was 0.0 g x & 0.70, for
Cd~ „Mn„Se it was 0.0&x g0.50, and the
Cdi xMnxS crystal had a manganese concentration
of 1M%.

The samples were oriented using the Laue method
and optically polished according to the following
procedure. The surfaces were ground in succession
with 600-, 1200-, and 3200-grit carborundum
powder. The initial polish was done on nylon cloth
using 6-pm diamond paste. The final polish was
done on microcloth saturated with a suspension of
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FIG. l. Geometries for Raman scattering in the pres-
ence of a magnetic field with A, ;,e, ) polarization configu-
ration, e~ being the incident and e, the scattered polariza-
tion. The geometries in (a), (b), and (c) allow the (0+,z),
(z,&~), and (&+,&~) polarizations for the incident and
scattered light, respectively. BS stands for the Babinet-
Soleil compensator, P for the polarizer, A for an analyzer,
and A, /4 for a quarter-wave plate. The axes are chosen
such that z is parallel to H.

0.05pm alumina powder in distilled water.
The Raman spectra were excited using the 7993-,

7525-, 6764-, 6471-, or 5682-A line of a Kr+-ion
laser, the 6328-A line of a He-Ne laser, or radiation
from a dye laser, with Rhodamine-590 dye, pumped
by an Ar+-ion laser. The scattered light was
analyzed using a double (triple} monochromator and
detected using a standard photon counting system.
As needed, the triple monochromator was used to
reduce stray light, enabling us to observe weak Ra-
man features to within 3 cm ' of the exciting laser
line.

The samples were inserted in an optical magnet
cryostat' equipped with a superconducting coil,
which enabled us to apply external magnetic fields
up to 60 kG. The sample temperature was measured
using a calibrated carbon-glass resistor located on
the copper sample holder, immediately above the
sample. A temperature controller" provided a sta-
bilized temperature over the range 5—300 K.

The light scattering experiments were performed
using right-angle, forward, and backscattering
geometries. In the right-angle geometry the external
magnetic field H was applied along the direction of
either the incident (k;} or the scattered (k, ) beam.
Figure 1(a) shows the right-angle geometry with

H~~k;. In this geometry the incident beam passes
through a Babinet-Soleil compensator, set to pro-
duce either left-handed (&+) or right-handed (& )

circularly polarized light, where &+ ——( I/v 2)(x+iy )

and the beam is traveling along z. The scattered
light is analyzed along the direction of the magnetic
field (z). This light scattering configuration will be
referred to as (&~,z). Figure 1(b) shows the right-
angle geometry with H~ ~k, . The incident light is po-

larized along the direction of the magnetic field (z).
The polarization of the scattered radiation is
analyzed as either &+ or 0. using a quarter-wave
plate in combination with a linear analyzer. The
forward scattering geometry is shown in Fig. 1(c).
The incident and scattered light propagate along the
direction of the magnetic field (z). The polarization
of the incident beam is either cr+ or 0, and the
scattered light is analyzed as either &+ or & . In all
three geometries the axes have been chosen such that
z is always parallel to the magnetic field H.

III. EXPERIMENTAL RESULTS
AND DISCUSSION

This paper discusses the magnetic excitations in
diluted magnetic semiconductors. Since the focus is
on Cd&, Mn„Te, we shall describe briefly the mag-
netic phases of this material as determined by
Galazka et al. using specific-heat and magnetic
susceptibility measurements. They have found that
Cdi „Mn„Te crystals are paramagnetic at all tem-
peratures for x ~0.17. For compositions in the
range 0.17 gx &0.70, the crystals are paramagnetic
for high temperatures, and as the temperature is
lowered a spin-glass is obtained for 0.17&x &0.60,
while for 0.60 &x &0.70, a paramagnetic to antifer-
romagnetic phase transition occurs.

A. Paramagnetic phase

In the paramagnetic phase the exchange inter-
action between Mn + ions is smaller than the
thermal energy k&T and the ions can be considered
as being independent of one another. The Ssp
ground state of the Mn + ion has a total spin S= —,,
orbital angular momentum L =0, ar.d total angular
momentum J= —,. The cubic crystalline field (site
syminetry Td) splits the sixfold degenerate ground
state into a I 8 quadruplet state at +a, and a I 7

doublet at —2a, where 3a is the crystal-field split-
ting. ' From electron paramagnetic resonance
(EPR) experiments, Lambe and Kikuchi' obtained
3a =0.0084 cm ' for Mn + in CdTe. This crystal-
field splitting is too small to be observed with the
resolution of our spectrometer, and, hence in our
subsequent discussion we treat the ground state of
Mn + in Cd& „Mn„Te as an atomic S5~2 level.
The application of an external magnetic field, H, re-
sults in the removal of the sixfold degeneracy of the
ground state, the energy levels being
E(m~) =gp~Hm~. Here g is the Lande g factor of
the Mn + ion, and mz the projection of S along H,

5 5
has the values ——,, ——,, . . ., + —,. These energy lev-

els form the Zeeman multiplet of the ground state
of Mn +
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FIG. 2. Stokes (S) and anti-Stokes (AS) Raman lines at
copM resulting from hmz ——+1 spin-flip transitions within
the Zeeman multiplet of Mn'+ in Cdl „Mn„Te, x =0.40.
The wavelength of the exciting laser line A, q ——6764 A; the
applied magnetic field H =60 kG; x, y, and z are along
[001],[110],and [110],respectively.
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In the paramagnetic phase Raman scattering was
used to observe the spin-flip transitions between ad-
jacent sublevels of this multiplet. The results in

Cd& „Mn„Te are shown in Fig. 2 for x =0.40. As
can be seen, a strong Stokes and anti-Stokes line are
observed with a Raman shift of mpM=5. 62+0.02
cm ' at room temperature, where PM represents
paramagnetic and with H =60 ko, the geometry be-
ing that of Fig. 1(a). The Stokes line is observed in
the (&+,z) configuration, whereas the anti-Stokes
line is seen in (&,z}. When the geometry of Fig.
l(b} is used, the Stokes component appears in the
polarization (z,& ), while the anti-Stokes com-
ponent is observed in (z,&+). Within experimental
errors the frequency shift is linear in H. With the
energy separation between adjacent sublevels of the
Zeeman multiplet given by EE=gp&H, we find

g =2.01+0.02. We have observed the Raman line at
copM in Cd~ „Mn„Te for a variety of compositions
ranging from x =0.01 to x =0.70. We have also ob-
served it in Zn& „Mn„Te, Cd& „Mn„Se, and
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Stokes anti- Stokes

m+ I
J

m„

L= I

S= 5/2

Ee Cr~ Z Z O. g Z Z Cr~

m„+I L= 0
]( S= 5/2d™s J = 5/2

FIG. 3. Raman mechanism for the copM line involving
the internal transitions of the Mn + ion. The arrows indi-
cate virtual electric dipole transitions. The energy level

scheme is not to scale and the energy difference between
the excited and ground states Eo is much greater than

~PM.

Cd& Mn„S. For a given temperature, the width of
the copM line is found to increase with Mn concen-
tration, x. We draw attention to the EPR work of
Oseroff et al. ' and Oseroff, ' which also showed

this trend in the linewidths. It is reasonable to attri-
bute this to the exchange interaction among Mn +

ions, which is expected to be significant for increas-

ing x and decreasing temperature. The above spin-

flip transition, associated with the electrons local-
ized on Mn + in the paramagnetic phase, is similar
to that recently reported for Ce + in cerium mag-
nesium nitrate. '

Following the arguments given by Fleury and
Loudon' one can consider, as a possible mechanism
for the copM Raman line, a two-step process having
as the intermediate state one of the excited states of
the Mn + ion (L= 1,S=—, ). Figure 3 shows such
mechanisms for the Stokes and anti-Stokes com-
ponents of the NpM line. For the Stokes component
an incident photon of energy %co; and polarization
o+ induces a virtual electric dipole transition be-
tween an initial and an intermediate state which
differ by hm J——+ 1; it is followed by a second elec-
tric dipole transition between the intermediate and
final states with hmJ ——0. This is accompanied by
the emission of a scattered photon of polarization z
and energy Ace, =%co;—fuopM. At the end of this
process the Mn + ion is in an excited state within
the Zeeman multiplet differing from the initial state
by bm~ ——+1. The appearance of the Stokes corn-
ponent in the (z,& ) configuration is also illustrated
in Fig. 3. Similar processes can be visualized for the
anti-Stokes component having the (&,z) or the
(z, &+ ) polarization. This mechanism correctly
predicts the experimentally observed polarization
characteristics of the Stokes and anti-Stokes com-
ponents of the copM Raman line. We note that the
selection rules are immediate consequences of con-
servation of angular momentum of the system
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comprised of the Mn + ions and the photon field.
It should also be pointed out that the Stokes scatter-
ing process in the (&+,z) configuration is the time-
reversed conjugate of the (z,&+) anti-Stokes pro-
cess'; in the same manner, the (z,& ) Stokes and
the (&,z} anti-Stokes processes are related by time
reversal.

The band gap of Cdi „Mn„Te has been observed
to increase linearly with manganese concentration. '

Exploiting the variation of the band gap with man-
ganese concentration and/or temperature, wc were
able to match the band gap of several samples with
the energy of one of the discrete lines of the Kr+
laser. In addition, the dye laser was also used to
achieve resonant conditions. %e found that the in-
tensity of the ~pM line increased by several orders of
magnitude as the laser photon energy approached
that of the band gap. For instance, its intensity for
Cd& „Mn„Te with x =0.4, recorded under identical
conditions, varies from 15 counts per second (cps}
for a laser wavelength of 7993 A to 22300 cps for
5908 A.

Our observation of this resonant enhancement in
the intensity of the ~pM Raman line prompted the
consideration of a mechanism involving interband
transitions. This mechanism involves the Mn +-
band electron exchange interaction which is
described by the Hamiltonian

H» = g J(r —R„)S„S,, (1)

where J is the exchange integral, r and S, are the
Ilosition and spin operators of a band electron, and
S„and R„arc the spin operator and position for a
Mn + ion. The term S„S,can be written as

(2)

Here S„- and S; are the spin raising and lowering
operators for a Mn + ion and band electron, respec-

and ~n a d ~e are the corresponding projec-
tions of spin along z. The second term of Eq. (2)
raises the spin of a Mn + ion while simultaneously
lowering the spin of a band electron, i.e.,

( ms), + ( m~), ( ms+1), ~ ~
mJ —1), .

(3)

In a similar fashion, the third term lowers the spin
of an ion while raising the spin of a band electron,
1.e.,

Hence these terms can induce simultaneous changes

in the spin states (simultaneous spin flips) of the
band electrons on the onc hand, and the Mn + ions
on the other, corresponding to hnis(Mn +)=+I
and hmq(e) =+ l.

In Fig. 4 we show the above-mentioned mecha-
nism for both the Stokes and the anti-Stokes com-
ponent and the two right-angle geometries of Figs.
1(a) and l(b). In the presence of a magnetic field the
I 8 valence band splits into four subbands with mJ

3 3=——,, ——,, + —,, and + —,, and the I 6 conduction
1 1

band splits into mJ ——+ —, and ——, subbands. The
possible processes for the Stokes component appear-
ing in the (&+,z) configuration are shown in Fig.
4(a). In the first process, an incident photon of po-
larization &+ is absorbed, raising an electron to the
conduction band with Am J——+ 1 and creating a hole
in the valence band. In the second step, the excited
electron interacts with a Mn + ion via the second
term of Eq. (2), resulting in Dms(Mn +)=+1 and
km J(e)= —1. Finally, the electron and hole recom-
bine emitting a photon of energy fm, =Ace; —AcopM

of polarization z~ the band electrons have thus re-
turned to their ground state, but leaving the Mn +
ion excited to thc next sublevel of the Zecman multi-
plet. In the other two processes shown in Fig. 4(a),
the hole, rather than the excited electron, interacts
with the Mn + ion, resulting, however, in identical
polarization selection rules. In the same manner,
the Stokes component in the (z,& ) configuration
follows from Fig. 4(c). The anti-Stokes processes
for the (&,z} and the (z,&+) geometries are shown
ill Figs. 4(b) alld 4(d), I'espectlvely.

In the spirit of the above discussion one can also
visualize a mechanism in which the Mn +-electron
and Mn +-hole exchange interactions result in a
similar Raman line but with a shift of 2NpM. The
processes resulting in a Raman shift of 2~pM are
shown in Fig. 5. For example, in Fig. 5(a), a photon
of polarization &+ is absorbed, virtually exciting an

1

electron from the mJ ————valence subband to the
1

2

mJ ——+—, conduction subband. The excited electron
then interacts with a Mn + ion resulting in
hrns(Mn + }= + 1 and Erne(e) =—1, while the hole
in the valence band interacts in the same manner
yielding hm~(Mn +)=+1 and hm&(e) =—1. Fig-
ures 5(b) and 5(c) show how a Stokes shift of 2copM
might arise exclusively through a Mn +-valence
electron exchange interaction; from Eqs. (1) and (2)
it is clear that such an interaction will involve two
successive Mn + spin fhps. Owing to the extended
wave functions of both the conduction electron and
the hole it should be more probable that this process
involves two Mn + ions rather than just one. Simi-
larly, the anti-Stokes components of the mechanism
are those presented in Figs. 5(d)—5(fl. Energy con-
servation requires that the energy of thc scattered
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FIG. 4. Raman mechanism for the copM line involving the band electrons. CB and VB refer to the conduction and
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photon be %co, =fuu; —2AcopM. The polarization
selection rules predicted by this mechanism are
(&+,& ) for the Stokes and (&,&+) for the anti-
Stokes components of the Raman line at 2copM.

This mechanism is expected to be significant only
close to resonance.

The Raman line at 2NpM has been observed under

resonant conditions for a variety of compositions.
The results for Cd& „Mn„Te with x=0.10 are
shown in Fig. 6; in this case, resonant conditions
were achieved by maintaining a sample temperature
of 120 K and using the 7525-A line of the Kr+ laser
as the exciting radiation. The forward scattering
geometry shown in Fig. 1(c}was used in order to ob-
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FIG. 6. Stokes and anti-Stokes components of 2')pM in

Cd~ „Mn„Te, x=0.10, recorded for the (&+,& ) and
(&,&+) polarizations using the geometry of Fig. 1(c).
The sample temperature T=120 K, H=60 kG, and
A,q =7525 A; x, y, and z are along [110],[110],and [001],
respectively. The mpM line appearing in the spectra is due
to leakage.
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tain the (&+,& ) and (&,&+) configurations. As
can be seen in Fig. 6, the Stokes and the anti-Stokes
lines appear with the expected polarizations. Under
the resonant conditions of this experiment the copM

line is extremely intense (-106 cps); although this
line is forbidden for these polarizations, it is not
surprising that the leakage observed is quite strong.
The Raman line at 2copM has also been observed in
right-angle scattering. As expected, the Stokes com-
ponent appears in (&+,y) for the geometry shown in

Fig. 1(a), while the anti-Stokes component is ob-
served in the (&,y) polarization. For the geometry
of Fig. 1(b), the Stokes and anti-Stakes components
are seen in the (x,& ) and the (x,&+) configura-
tions, respectively.

It is known that electrons and holes in polar crys-
tals interact strongly with zone-center longitudinal-
optical (LO} phonons through the Frohlich interac-
tion. ' A LO phonon can be created or annihilated
as a result of such an interaction. Referring to the
mechanism responsible for the copM line, shown in
Fig. 4, one can visualize a fourth step in which the
excited electron or hole interacts with the lattice and
creates or annihilates a LO phonon. Such a
mechanism would result in a scattered photon with
a Raman shift of coLQ+NpM. The net result for the
Stokes process with a shift of coLQ~copM is that a
LO phonon is created and a Mn + ion is excited to
the next sublevel of the Zeeman multiplet. A Stokes
shift of coLQ —copM corresponds to the creation of a
LO phonon and the deexcitation of a Mn + ion to
the next lower sublevel of the multiplet. The
coLQ+copM Stokes-Raman line is expected to appear
in the (&+,z } or the (z, & ) configurations, whereas
the cot.o—copM Stokes line is allowed for (&,z) or
(z, &~).

In addition to the above, the creation or annihila-
tion of two LO phonons in a similar process is also
possible. An electron or a hole can create or annihi-
late two LO phonons in a single step. Another pos-
sibility is that an electron as well as a hole each
separately create a LO phonon. In either case, the
scattered photon can have the following Raman
shifts: 2coLQ, NpM NLQ~+NLQ2 NpM or 2coLQ

+copM where LO& refers to the CdTe-like and LO2
the MnTe-like zone-center LO phonons. As before,
the Stokes lines involving the excitation of a Mn +

ion are expected in the (&+,z) or (z,& ) polariza-
tion geometries, while those involving a deexcitation
of a Mn + ion appear in (&,z ) or (z,&+ ).

The new lines described above should occur only
under conditions of band-gap resonance. Under
such conditions, we have indeed observed the new
Raman lines with shifts of coLO+NpM in
Cd& „Mn„Te for a variety of compositions.
The Raman spectra in the region of the

longitudinal- and transverse-optical (TO} vibrational
modes are shown in Fig. 7 for Cd& „Mn„Te with
x =0.10. The 7525-A Kr+ laser line was used to ex-
cite the spectra; the scattering geometry is that of
Fig. 1(b). The zero magnetic field LO and TO pho-
non spectrum is shown in Fig. 7(b). Here the
CdTe-like TO and LO and the MnTe-like LO modes
are quite distinct, while the MnTe-like TO appears
as a shoulder to the LO (Ref. 8). The corresponding
Raman spectra, recorded in the presence of a mag-
netic field of 60 kG and in the (z,&+) and (z,& )

configurations, are presented in Figs. 7(a) and 7(c),
respectively. The additional Raman lines with
Stokes shifts coLO+copM are clearly present with the
proper polarization characteristics. The sample
temperature was 120 K; at this temperature, the
Mn +-ion Zeeman multiplet sublevel occupation
probability ratio exp( —ficopM/ks T)=0.94. Thus
the intensity of the coLQ+NPM line and that of
coLQ —NpM are expected to be approximately equal.
The NLO+copM lines can be observed only when the
exciting photon energy is strongly resonant with the
band gap. There is no evidence of corresponding
Raman lines associated with the TO phonons, which
would have shifts of coTQ+copM. This supports the
assumption that the Frohlich interaction is respon-
sible for the appearance of the new features.

The portion of the Raman spectrum containing
the combination mode coLQ +NLQ and the over-

1 2

tones 2coLQ and 2coLQ is shown in Fig. 8 for

Cd& „Mn„Te with x =0.175. The spectrum was
recorded for T=6 K and H=60 kG in the back-
scattering geometry using Al ——6471 A as the excit-
ing line; the crystal is opaque to this wavelength.
The band gap coincides with the photon energy of
the scattered radiation ("out resonance") as indicat-
ed by the rising background due to interband
luminescence. In Fig. 8 the arrows indicate the new
features with shifts of 2coLQ +NpM and

NLQ +coLQ, +copM. For this small value of x, the

2coLQ line is weak and, in addition, it is superim-
2

posed on the luminescence background, making the
observation of the 2eii.o +CPM line difficult. At
this low temperature, processes involving the deexci-
tation of a Mn + ion are expected to have very low
probability, explaining the absence of features with
shifts 2NLQ NPM NLQ +NLQ NPM, and
2N LO2 NPM.

The Ram an lines described above
(2copM coLO+copM. . . ) were observed only under
resonant conditions involving the band gap. It is
possible that the same lines will appear when the
resonance is associated with the internal transitions
of the Mn + ion. For example, the 2copM Raman
line can occur with a mechanism similar to that in
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and LO2 are the CdTe-like and MnTe-like LO phonons. The scattering geometry used is shown in Fig. 1(b). The sample
temperature T= 120 K, H =60 kG, and A.L ——7525 A; x, y, and z are along [110],[001],and [110],respectively.

Fig. 3. For the Stokes component, a photon of po-
larization &+ induces a virtual electric dipole transi-
tion between an initial and an intermediate state
which differ by hmJ ——+1; it is followed by a
second transition between the intermediate and final

I I
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8 —H =60kG
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FIG. 8. Raman spectra of Cd~ „Mn„Te, x=0.175,
showing the combination lines 2coqo +mpM and

1

~Lo +dpi.o +copM indicated by arrows. A backscattering
1 2

geometry was used, with (110) as the scattering face. The
incident polarization was vertical (normal to the magnetic
field) and the scattered light was unanalyzed.

states with Amq ———1, and accompanied by the
emission of a photon of polarization 0 . The polar-
ization characteristics are thus the same as in the in-
terband mechanism. We note that the same number
of internal transitions are involved for both the NpM

and 2copM Raman lines. It is also possible to visual-
ize transitions similar to those in Fig. 3 in which an
additional step involves a vibrational mode which
could be either a local mode or a phonon. Clearly,
these conjectures have to be tested close to the reso-
nance Raman conditions associated with the internal
transitions of Mn +.

B. Magnetically ordered phase

As mentioned in Sec. I, Cd& „Mn„Te exhibits a
magnetically ordered low-temperature phase for
x &0.17. The transition from the paramagnetic to
the magnetically ordered phase is accompanied by
the appearance of a new Raman feature at low tem-
peratures. ' Since this excitation is associated with
magnetic order, it has been attributed to a magnon.
A distinct magnon feature was observed in
Cdi „Mn„Te for the composition range
0.40(x (0.70. We show this in Fig. 9 at T=5 K
for x =0.55, 0.65, and 0.70 having Raman shifts of
-8, 10, and 12 cm ', respectively. The magnon
feature is absent when the incident and the scattered
polarizations are parallel and appears when they are
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FIG. 9. Raman spectra of the zero-field magnon for
Cdi Mn„Te with x =0.55, 0.65, and 0.70. The spectra
were excited using A,L,

——6764 A at T=5 K. The polariza-
tion is (0+,z) and the geometry of Fig. 1(a) was used.
The data for x =0.55 and 0.65 have been displaced verti-
cally for clarity.

basis of an antiferromagnetic clustering model rath-
er than that of a spin-glass. Neutron scattering ex-
periments performed on Cdi „Mn„Te for
0.60&x (0.70 indicate that there is no long-range
magnetic ordering at low temperatures even for this
composition range; instead, the Mn + ions form an-

tiferromagnetically ordered spin clusters. In the
light of these observations it appears that the spin-

glass (0.17&x &0.60) and the antiferromagnetic
phase (0.60&x &0.70) are physically similar, with
the average size of the spin clusters increasing with
X.

As can be seen in Fig. 9, the magnon features are
rather broad and asymmetric. The width increases
with increasing x. From the theoretical calculations
of Ching and Huber based on a cluster model for a
dilute array, such a broadening with x can be ex-

pected. We now proceed to discuss the implication
of the cluster model for interpreting our data. In

Cdi „Mn„Te a given Mn + ion in the lattice may
have up to twelve Mn + ions as nearest neighbors
(NN), arranged in a type-III antiferromagnetically
ordered face-centered-cubic (fcc) lattice. Eight of
these NN sites may be occupied by ions with their
spins aligned antiparallel to that of the Mn + ion
under consideration, while the remaining four NN
sites may have ions with their spins aligned parallel.
Manganese ions would be present at all twelve NN
sites for x =1, i.e., for a hypothetical cubic MnTe
crystal.

The Heisenberg Hamiltonian for the antifer-
romagnetic exchange coupling of the Mn + ions is
given by

H=g'J(R —R„}S S„=g'J „S S„,
m, n m, n

crossed. This was found to be the case for several
crystallographic orientations as well as for polycrys-
talline samples. Such a behavior, irrespective of the
crystallographic orientation, is exhibited only by an
excitation whose Raman tensor is antisymmetric.
As the temperature is increased, the Raman shift of
the magnon AM decreases, and above a characteris-
tic Neel temperature T~(x) the feature is no longer
observable. For x=0.70, the temperature depen-
dence of AM follows a Brillouin function.

The magnon feature described above occurs both
in the spin-glass and the antiferromagnetic phase.
Its polarization characteristics as well as the tem-
perature behavior are similar in both cases indicat-
ing no qualitative difference in the excitation wheth-
er observed in the spin-glass or the antiferromagnet-
ic phase. Recent work ' ' has indeed brought out
the similarity between the two phases. Escorne and
Mauger 2 were able to interpret their magnetic sus-

ceptibility data in Cdi „Mn„Te (x(0.50) on the

where J=JNN and the summation extends only over
the manganese ions in the NN sites. From Eq. (6)
the exchange field HE is given by

zzJ(s)
E

ggs
(7)

where J „ is the exchange integral, R„ is the posi-
tion, and S„ is the spin operator for a Mn + ion.
For the zinc-blende structure the exchange constant
for next-nearest neighbors (NNN), JNNN, may be
neglected ' in comparison with the exchange con-
stant for nearest neighbors, Jzz. Hence the sum of
Eq. (5) may be limited to nearest neighbors only.

Using molecular-field theory, one can write a
single-ion Hamiltonian

H„=2JS„QS (6)
m
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where (S) is the thermal average of the Mn +-ion

spin, and Z=Z, —Z& is the difference between the
number of NN ions with their spins aligned anti-
parallel to that of the ion in question, Z„and the
number aligned parallel, Z~. As is shown in Eq. (7),
the exchange field is proportional to Z; hence any
local variation in Z will result in a corresponding
variation in HE (S.ee also Ref. 23.) The magnon
energy %co~ is expected to increase with Hz. Since
the distribution of Mn + ions in Cdi „Mn„Te is
random, one expects a local variation of Mn + con-
centration, with the corresponding variation in Z
and HE, which in turn will result in a distribution of
magnon frequencies, rather than a sharp feature. As
seen in Fig. 9, this is indeed the case; the width of
the magnon feature increases with x, due to the in-

crease in the number of probable values of Z. (See
Ref. 23.) For higher values of x a more significant
number of the ions will have the full or close to the
full complement of nearest neighbors. These ions
would constitute the cores of the antiferromagneti-
cally ordered spin clusters. Hence the magnon
feature may be viewed as the spin excitation of the
Mn + ions in the presence of a distribution of ex-

change fields derived from a distribution of Z.
The magnon feature in the presence of an external

magnetic field of 60 kG is shown in Figs. 10(a) and
10(c) for Cdi „Mn„Te, x =0.70. The spectrum
shown in Fig. 10(a) was recorded at T=5 K with

)L,L
——5682 A in the (&,z) polarization while the

spectrum in Fig. 10(c) was observed in the (&+,z)
configuration. In the following we discuss the
Stokes components of these Raman features. The
Raman shifts of the peaks of the features in Fig. 10
are AM ——8.5 cm, co~ ——12 cm ', and

co~ ——15.5 cm '. It can be shown' that a one-

magnon Raman line in an antiferromagnet should
split into two components of equal intensity separat-
ed by 2gIz~H at T=0 K, if H is along the anisotro-

py field Hz. The observed spacing between M+ and
M of 7 cm ' for 60 ko is significantly smaller
than 2gp&H =11 cm '. The polarization charac-
teristics of co~ and AM are those expected. These

results are independent of the crystal orientations
with respect to the applied field suggesting that H&
is small compared to the applied field. In Ref. 8,
HE for x=0.7 was calculated from the observed
transition temperature Tz ——40 K to be 208 kG,
while Hz was determined to be -36 kG as deduced
from Ace~ ——gpss(H„'+2H„HE)' ', strictly applic-
able to an antiferromagnet exhibiting long-range or-
der. While the value for HE is reasonable, that for
Hz must be viewed as too large in the context of the
present experimental results.

In the presence of an external magnetic field, the
total magnetic field an ion will experience is

(a)
(~, z)

H=60kG
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C I

(b)
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(~~, z)
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HE+H. In our experiments, HE &H for low tem-
peratures; the crystalline anisotropy field is as-
sumed to be negligible in view of our observation
that the magnetic field splitting of the magnon is in-

dependent of the direction of the applied field. This
allows the Mn + ions to be oriented with their
spins either parallel (m& ——+ —,) or antiparallel

(mq ————, ) to the applied magnetic field. In the

(&+,z) configuration, the M+ Stokes component
corresponds to the excitation of Mn + ions with

ms = ——, (magnetic moment p, parallel to H), while

the M anti-Stokes component is associated with
the deexcitation of ions with their magnetic mo-

FIG. 10. Effect of the magnetic field on the magnon

feature of Cd] „Mn„Te, x =0.70, at T=5 K with

A,L,
——5682 A. The geometry used is that of Fig. 1(a); x, y,

and z are along [110],[110],and [001],respectively. Ow-

ing to imperfect polarization results, leakage of the fairly

strong feature M+ appears as a small shoulder in the

(o,z ) configuration.
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ments antiparallel to H. The reverse is the case for
features with (&,z) polarization characteristics; the
M Stokes component results from the excitation of
Mn + ions with ms ——+ —, ()M is antiparallel to H),
while the M+ anti-Stokes feature corresponds to the
deexcitation of ions with p parallel to H. We note
that the feature M+ in Fig. 10(c) is broader and
more intense than either M or M . This may be
due to the distortion of the magnetic structure of the
clusters caused by the application of an external
magnetic field, which is a significant fraction of the
exchange field experienced by the Mn + ions.

We have described the Raman features associated
with magnetic excitations appearing in the paramag-
netic state as well as in the magnetically ordered
phase. The exchange interaction between Mn + ions
is negligible compared to k~T at high temperatures
becoming more important as the temperature is
lowered. It is of interest to investigate the effects of
temperature on the copM line, particularly the effect
of lowering the temperature below TN, the transition
temperature characterizing the magnetically ordered
phase. The temperature evolution of the copM line is
shown for Cd& „Mn„Te, x=0.70, in Fig. 11. The
spectra were recorded for a magnetic field of 60 ko
using the (&+,z) configuration. As the temperature
is lowered, the copM line initially broadens and then
moves towards higher Raman shifts as a conse-
quence of the increased importance of the exchange
interaction. An increase in Raman shift is observed
at temperatures well above T&-40 K. As the tem-
perature is lowered through and below TN, the line

becomes the magnon component observed in the
(&+,z) configuration.

IV. CONCLUDING REMARKS

This paper illustrates the versatility of Raman
spectroscopy in investigating a wide range of excita-
tions. In its application to the diluted magnetic
semiconductors, it has enabled the observation of a
variety of magnetic excitations. The mechanisms
underlying the Raman scattering associated with the
paramagnetic transitions within the Zeeman
multiplet —the copM Raman line—can provide mi-
croscopic insights into the internal levels of Mn +,
the exchange interaction between band electrons and
Mn +, and that between Mn + ions among them-
selves. It is the Mn +-Mn + interaction which re-
sults in the magnetic phase exhibited by the diluted
magnetic semiconductors. The ability to follow the
evolution of the copM line into the magnon feature as
the temperature is lowered through the Neel tem-
perature is particularly useful in providing an in-
sight into the nature of the magnetic phase. In this
context we note that the EPR work of Oseroff
et al. ' and Oseroff' on Cd& „Mn„Te and
Cd& „Mn„Se is limited to the paramagnetic phase
for large values of x; it is precisely in this context
that Raman scattering is effective.

Although the data reported here are for
Cdi „Mn„Te, the other diluted magnetic semicon-
ductors should show similar Ram an spectra.
Indeed, we have seen some of the excitations report-
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FIG. 11. Evolution of the Raman line at copM of Cd] „Mn„Te, x =0.70, into the magnon feature as the temperature is
lowered from room temperature to below the Neel temperature. The spectra were recorded with H= 60 kG, A,L,

——6764 A
in the (&+,z) polarization using the geometry of Fig. 1(a); x, y, and z are along [110],[110],and [001],respectively.
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ed here in Zni „Mn„Te, Cdi „Mn„Se, and

Cd& „Mn„S. The copM line has also been observed
in Cd& „Mn„S and Zni „Mn„Se by Douglas
et a/. The Raman scattering data for diluted rnag-
netic semiconductors that we have presented and
discussed in this paper are associated with the spin
flip of the 3d electrons localized in the Mn + ions.
It should be contrasted with the Raman scattering
associated with the spin flip of free electrons or elec-
trons bound to donors in large effective-mass orbits,
as first reported by Geyer and Fan in

Hgi „Mn„Te, later by Nawrocki et al. in

Cd& „Mn„Se, and by Peterson et al. in

Cdi „Mn„Te.
Finally, the conclusion that the magnetic feature

observed in the magnetically ordered phases is a
one-magnon excitation was initially deduced from
its polarization characteristics and temperature
behavior '; this is supported by the results of Ching
and Huber. The fact that this feature shows a
splitting in the presence of a magnetic field and that
the copM line of the paramagnetic phase, clearly asso-
ciated with a single-ion excitation, evolves smoothly
into the higher-energy component of the magnon,
provides a strong confirmation of this interpreta-
tion. In the same spirit, one might expect a two-

magnon feature associated with the 2copM line; how-

ever, given the intensity of the 2copM line compared
to that of the +AM line, the intensity of such a
feature would preclude its observation. A two-
magnon feature similar to that seen in MnF2 by
Fleury and Loudon' would have symmetric polari-
zation characteristics; such a feature has also not
been observed in Cd& „Mn„Te. In the light of these
experimental results, the two-magnon interpretation
advanced by Grynberg and Picquart to explain the
feature at AM is clearly excluded.
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