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The Raman spectrum of the diluted magnetic semiconductor Cd, _, Co,Se (x =0.035 and 0.082)
exhibits a line (wpy) associated with the transition between the Zeeman-split orbital I', ground-state
levels of Co?" and is characterized by g =2.32. Below 20 K, this Raman peak shifts to higher fre-
quencies, signaling the onset of magnetic ordering. At low temperatures, spin-flip Raman scattering
from electrons bound to shallow donors (wg) is observed. The Raman shift as a function of magnet-
ic field and temperature shows a large s-d exchange interaction (@ Ny =320 meV) and clear evidence
of a bound magnetic polaron. Evidence of magnetic ordering at low temperatures, indicated by the
temperature dependence of wpy, and the large antiferromagnetic temperature (T 5f) required to fit
the temperature and magnetic-field dependence of wg, indicate a significantly larger Co?*-Co?* an-
tiferromagnetic coupling than is the case for Mn?*-Mn?* in, for example, Cd,_, Mn, Se.

I. INTRODUCTION

Diluted magnetic semiconductors (DMS’s) are alloys in
which the group-II atoms of a II-VI semiconductor are
randomly replaced by magnetic atoms.? DMS alloys
with manganese as the magnetic substitute have been
widely studied in recent years. Several phenomena have
been traced to the presence of Mn?": for example, Ra-
man electron paramagnetic resonance (EPR) of Mn?%
ions and magnetic phases due to antiferromagnetic cou-
pling between Mn2" jons have been observed. There also
exists a strong sp -d exchange interaction between the lo-
calized spins of the d-like Mn?" electrons and the spins
of the s-like (p-like) conduction- (valence- ) band elec-
trons, which manifests itself in large effective g factors for
the band electrons. This sp -d exchange interaction leads
to large values for interband and exciton Zeeman split-
tings® and the resultant giant Faraday effect,>* and spin-
flip Raman scattering from donors.> A systematic study
of spin-flip Raman scattering in n-type DMS alloys con-
taining manganese as the magnetic constituent can be
found in Peterson et al.®

The atomic ground state of Mn?*, 6S;,, in a
tetrahedral crystal environment characteristic of, say, a
zinc-blende structure undergoes a crystal-field splitting
into a T'y quadruplet and a T'; doublet.” Experimentally
this crystal-field splitting is very small and can be ig-
nored,® allowing the ground state to be viewed as an or-
bital singlet with S =3. Recently, the interest in DMS al-
loys has extended to magnetic ions other than man-
ganese. The atomic configuration of Fe?* is 3d® with a
free-ion ground state of >D,. Experimental observations
on CdTe:Fe?* (Ref. 9) have shown that the T, crystal po-
tential is much larger than the spin-orbit interaction; the
D term splits into an orbital doublet (I';) and higher-
lying orbital triplet (T's), each with S =2. Spin-orbit cou-
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pling  further  splits the °I'; levels into
r,+Tr,+I;+ s+, with the nondegenerate, and hence
nonmagnetic, I'; as the ground state. Indeed, such a sys-
tem will exhibit temperature-independent Van Vleck
paramagnetism at low temperatures. Infrared magneto-
absorption measurements on Hg,_,Fe, Te show that Fe-
based DMS alloys also have a large sp-d exchange in-
teraction'® and indeed exhibit Van Vleck paramagnetism.

Another class of II-VI DMS alloys is based on Co?™,
which has a partially filled 3d’-electron configuration.
By virtue of Kramers’s theorem, the odd number of elec-
trons dicates that Co®>' must always exhibit ordinary
paramagnetism. The magnetic behavior of Co?" in a
DMS alloy is determined by the nature of its ground state
when introduced into the crystal. This arises from the
splitting of the 28-fold-degenerate *F term as a result of
crystal-field and spin-orbit interaction and is discussed in
Sec. III.

In this paper we present results on Raman scattering
from n-type Cd,_,Co,Se showing spin flip of magnetic
ions and electrons bound to donors!! and discuss them in
the context of the above issues.

II. EXPERIMENTAL

The Cd,_,Co,Se samples used in our investigations
were single crystals grown by the modified vertical Bridg-
man method. This DMS system has a wurtzite structure
and thus has a sixfold axis of crystal symmetry €. The
samples were not intentionally doped but were n type as a
result of having “anonymous” donors. They were opti-
cally polished, using successively finer abrasives and pol-
ishing compounds, the final polish being accomplished
with 0.05 ym alumina powder. The samples had typical
dimensions of 5X5X3 mm? The magnetic ion concen-

trations were determined by electron-microprobe
analysis.
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The Raman spectra were excited using the 6764- and
6471-A lines of a Kr*-ion laser. Care was taken to
prevent the incident laser beam from heating the samples;
this was ensured by methodically decreasing the incident
laser power until the position of the spin-flip feature was
no longer affected. The scattered light was analyzed with
a Spex double (and, when greater scattered light rejection
was desired, a triple) monochromator and detected using
standard photon-counting techniques.

The samples were cooled in a variable temperature op-
tical cryostat!? equipped with a superconducting coil cap-
able of attaining magnetic fields of up to 60 kG. The
temperature was monitored with a calibrated carbon-
glass resistor located immediately above the sample and
could be stabilized with a temperature controller over the
range of 1.8-300 K.

Raman /§pectra were taken in the backscattering
geometry, k;|lk,, where k; and k, are the incident and
scattered wave vectors, respectlvely Backscattering
geometry was used in view of the strong absorption below
the energy gap arising from intra-ion transitions of Co**
The magnetic field was perpendicular to k Measure-
ments were performed in either “parallel” (€;]|€;) or
“crossed” (€;1€,) polarizations, where €; and €, are the
polarizations of the incident and scattered electric fields,
repectively.

III. RESULTS AND DISCUSSION
A. Co?* spin flip

In Fig. 1 we show the Raman spectrum of
Cd,_,Co,Se, x =0.035, in a magnetic field (H) of 60 kG
and at a temperature (7) of 60 K in which Stokes and
anti-Stokes Raman peaks labeled “PM” (PM denotes
paramagnetic) can be seen at 6.50 cm~!. The PM peak
shifts linearly with magnetic field and appears in the
crossed polarization. Figure 2 displays the temperature
dependence of wpy, the position of the PM peak, mea-
sured at 60 kG. Below ~20 K there is a distinct change
of the PM position to higher Raman shifts, reaching 7.1
cm ™! at 1.8 K. Figure 3 shows the linear magnetic-field
dependence of wpy at 60 K and at 1.8 K. While the
linear fit of the data for 60 K passes through the origin,
that for 1.8 K suggests a finite Raman shift at 0 kG; in
addition, the slope of wpy versus H increases by 7% upon
cooling from 60 to 1.8 K. The PM peak for
Cd;_,Co,Se, x =0.082, shows a similar behavior, the
shift of the peak being even larger than that for x =0.035
as the temperature is lowered, having a value of 7.4 cm ™!
at 1.8 K. In addition, the PM peak for this sample was
not observed with H||C.

We attribute the PM peak to Raman scattering be-
tween levels of the Zeeman-split ground state of the Co?™
ion, i.e., to the Raman EPR of Co?*. The magnitude of
this splitting is given by

ﬁwPM:gCOZ+/-‘BH ’ (1)

where g >+ is the Landé g factor for the Co®" jons and

pp is the Bohr magneton. From the above results, the g
factor for CdSe:Co?* is deduced to be 2.32+0.04. The

D. U. BARTHOLOMEW et al. 39

5T||||11||||
Cdj-x CoxSe , X=0035 PM(S)
60K ,60kG ,z(x,y)Z

3 4L i

& PM(AS)

2

c

8

"o

S 3 -

>

|

(%]

-4

w

-

z

z 2f -

s

<<

[+ 4
- i
ol v vy
10 0 -10

RAMAN SHIFT (cm ')

FIG. 1. Stokes (S) and anti-Stokes (AS) Raman lines labeled
PM at wpy, resulting from Am; ==1 spin-flip transitions within
the Zeeman multiplet of Co?* in Cd,_,Co,Se, x =0.035. The
wavelength of the exciting laser line is 6764 A; the exciting
power is 5 mW; the crystal orientation is %|&||[27110],
$1/€//[0001], and 2[b||[0T10]; the applied magnetic field H=60
kGc.

PM peak has previously been observed in Mn-based DMS
alloys, yielding a g factor of 2.0 as expected for the 6S5 P
ground state of the manganese ion.!> Unlike Mn?™", the g
factor for Co*™ in II-VI semiconductors varies from host
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FIG. 2. Temperature dependence of the position of the PM
peak, wpy, at a magnetic field of 60 kG for Cd;_,Co,Se,
x =0.035.
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FIG. 3. Linear magnetic-field dependence of wpy for

Cd,_,Co,Se, x =0.035, at 60 and 1.8 K. The lines are linear
least-squares fits.

to host; for example, 8cor+ (CdTe)=2.3093 (Ref. 14),
while gc°z+(ZnS)=2.248 (Refs. 14 and 15). The excess of
the g factor from the spin-only value of 2.00 is a result of
the mixing of the higher-lying orbital states with the
ground state by the spin-orbit coupling.

In order to discuss the nature of the g factor of Co?* in
Cd,_,Co,Se we describe the *F multiplet in the crystal
potential. The site symmetry of Co®* in a wurtzite (C¢,)
crystal is C;,. This reflects the tetrahedral coordination
with its four nearest-neighbor Se atoms including a trigo-
nal distortion along €. The *F multiplet splits into
‘T (C,,), two *T'5(Cy,), and two *T'5(C;,) levels.” As-
suming that *“T’,(C;,) is the lowest orbital state, symmetry
considerations allow us to write the spin Hamiltonian as

&

H==

[L—(8€)]+usHES, @)
where g is a diagonal uniaxial tensor whose components
are g, =2 and g, =2—(12A/A); A, is the energy separa-
tion between the lowest ‘T')(C;,) and the doublet
“T3(Cy,) corresponding to angular momentum along €
equal to =1. Experimentally, contrary to these predic-
tions, the g factor of Co?™ in Cd,_,Co,Se, x =0.035, is
found to be isotropic and close to that found in ZnS:Co?*
and CdTe:Co**. If the trigonal distortion is small and
the largest components of the crystal field have T; sym-
metry, the corresponding spin Hamiltonian for *T',(T,),
assumed to be the lowest state, is

H=gugS-H, (3)

where g is isotropic and given by 2—(8A/As,); now As,
defines the energy separation of *T",(T,) and *T'5(T,;). We

5867

note that the small angular variation in the g factor of
Co?* in many II-VI host crystals, found by Ham et al.,*
is too small to have been observed in our experiments.
Admixture of the *F states with higher excited multiplets
(e.g., *P) has also been disregarded in this model.'® The
ground-state orbital singlet *T',(T,) becomes TI'g(T,)
when the spin is taken into account. The small trigonal
distortion splits this level into the two Kramers doublets
I'y(C;,) and T's;4(C;,) corresponding to m ==L and
+3, respectively. Their energy separation, 2D, was found
to be 1.34 cm™! in CdS:Co?* with T',(C,,) being the
lower. 7

The g factor in Cd,;_,Co,Se was found to increase
slightly with decreasing temperature. From the data in
Fig. 3, for x =0.035, we deduce an increase in the g fac-
tor from 2.29+0.03 at 60 K to 2.46+0.04 at 1.8 K. A
nearly identical trend was seen for x =0.082. This sug-
gests that A /As, is temperature dependent or, alternately,
affected by short-range magnetic ordering between the
Co?* ions as discussed below.

The increase in the wpy, at low temperatures, as seen in
Fig. 2, may also be explained as a thermal population
effect. For gCOH,uBH>2|D|,’8 three PM Stokes peaks
should be present with frequency shifts of
goo+pH—2D for [—3)—|—3), g .+pupH for
|=1)—|+1), and g +pupH+2D for |+1)—|+3).
For high temperatures, with kzT>g_.,+upH, one
should see three peaks (or a single broad peak if they are
not resolved) centered at g >+ppH. As the temperature

is decreased, the relative intensities of these three PM
peaks will change. Ultimately, only the | —2)-spin sub-
level will be populated and the PM peak at
8co,2+MpH —2D will dominate the spectrum. Through a

similar argument, the nonzero intercept for wpy at 1.8 K
seen in Fig. 3 would represent 2D. The |£3) sublevels
should be the ground state at H =0 (the sign of D should
be negative) for this effect to explain the trends shown in
Figs. 2 and 3. This is unlikely since the [£1) sublevels
are the ground state at H =0 in CdS:Co?*, which closely
resembles CdSe:Co®*.!7 Finally, our measurements were
unable to resolve three PM peaks which implies that 2D
is smaller than the spectrometer resolution of 0.6 cm ™!
The increase in the PM Raman shift at low tempera-
tures, as seen in Fig. 2, and the nonzero intercept for
opy at 1.8 K, seen in Fig. 3, is similar to that seen in
Mn-based DMS’s and could indicate the approach of a
paramagnetic to spin-glass phase transition. That is, the
PM peak continuously evolves into the high-frequency
component of the one-magnon excitation which has been
split by the magnetic field (M ).!3 Extrapolation of the
linear magnetic-field dependence of the PM peak at 1.8 K
for the two samples suggests a magnon frequency of
0.18+0.02 cm ™! for x =0.035 and 0.60+0.26 cm ™! for
x =0.082. This strongly suggests that the increase in the
PM position at low temperatures is due to the formation
of a magnon and is not solely due to the increase in the g
factor of the Co?* ion. The increase in the magnon fre-
quency with increasing x has been observed in Mn-based
DMS’s. It is consistent with the notion that antiferro-
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magnetic clusters are present in DMS alloys, their size in-
creasing with x; this will create an increased “effective-
exchange” field between adjacent Co’™ moments, leading
to a larger magnon frequency. '’

Finally, the resonant enhancement of the PM peak
when the incident photon energy approaches that of the
band gap suggests a Raman mechanism involving inter-
band transitions in conjunction with a mutual flip of a
band electron spin and a Co** spin via the sp -d exchange
interaction, as has been invoked to describe similar be-
havior for the Raman EPR of Mn’>* in Mn-based DMS
alloys. 13

B. Donor spin flip

Figure 4 shows a Raman peak labeled SF (SF denotes
spin flip) for Cd,_,Co,Se, x =0.035, which exhibits
higher Raman shifts with increasing applied magnetic
field. Figure 5 shows its position (wgp) at various temper-
atures as a function of the magnetic field H along €. The
intensity of SF decreased with increasing temperature
and the peak disappeared for T >80 K. Experimentally
it was found that SF for a given magnetic field occurs at
the same position for H||C and HIC. These features,
characteristic of spin-flip' Raman scattering from elec-
trons bound to donors, are clearly seen in Fig. 5: large
Raman shifts at moderate magnetic fields, becoming even
larger as the temperature is decreased, evidence of satura-
tion of wgp at high magnetic fields and low temperatures,
and an indication of a finite Raman shift at zero magnetic
field at approximately 2.5 cm ™ 1.

Figure 6 shows a set of spin-flip Raman data for
Cd,_,Co,Se, x =0.082, at 1.8 and 10 K with either H||c
or HIC. As can be seen, wgp in this sample exhibits an-
isotropy as the orientation of H is changed; the anisotro-
py was present at all temperatures for which the SF peak
was observed. The inset in Fig. 6 shows the variation of
wgg with angle 6 between H and €; the dashed curve is
sin®0 fitted to pass through wge(6=0°) and wgp(6=90°).

The large g factors, deduced from the linear regions of
Figs. 5 and 6, are due to the presence of the exchange in-
teraction between the spins of the s-like conduction
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FIG. 4. Raman spectra of Cd,_,Co,Se, x =0.035, showing
the spin flip of electrons bound to donors (SF) for three values
of magnetic field (H|C).
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FIG. 5. Magnetic-field and temperature dependence of the
Raman shift associated with the spin flip of electrons bound to
donors in Cd,_,Co,Se, x =0.035, with H||¢. The theoretical
curves result from Egs. (3) and (4) with XaN,=7.78 meV and
Tar=5.91 K. Note that the experimental data have a finite in-
tercept at H=0 and T=1.8 K at ~2.5 cm™}, indicating the
presence of a bound magnetic polaron.

(donor) electrons and those of the d-like Co?™ electrons,
the so-called “s-d”’ exchange interaction. The s-d ex-
change coupling can be approximated by a Heisenberg
interaction. The magnetic portion of the Hamiltonian for
the donor has the form

Fp(S;,8)=—aNy3S;-s+g*ugH:'s , (4)

where « is the exchange integral between the localized
Co** spins (S;) and that of the donor electron (s), N, is
the number of cations per unit volume, and g* is the in-
trinsic g factor of conduction electrons, taken to be 0.52
for CdSe.® The second term describes the intrinsic Zee-
man splitting of the conduction band. The first term
yields an additional Zeeman splitting at k=0 of 64,
where

64 =a M
8co2tHMB

> (5)

and M is the magnetization of the Co?™ ions.?° For small
x and assuming 2D is small, the magnetization can be ap-
proximated by a Brillouin-like function Bg,?!

Ec+bpH

R 6)
kg(T +Tap)

M =g 2+ppXNySBg

where X and T,r (AF denotes antiferromagnetic) are
empirical constants introduced in order to take into ac-



count small amounts of antiferromagnetic coupling be-
tween the Co®" ions, and S =1 for Co-based DMS alloys.

In the mean-field approximation, we neglect the finite
Raman shift at zero field, the so-called bound magnetic
polaron (BMP), and consider only those portions of the
spin-flip Raman shift data which are linear in H. The
effective g factor is given by??

el ™ 4k p(T + Tap)

8co+ T8* =8 T8" . )
In Fig. 7 we show a plot of g, ! versus T for the two
Cd,_,Co,Se samples. The results for 7' <40 K are fitted
with a linear least-squares fit,?* yielding T, =5.91 K,
XaNy=7.78 meV for x =0.035 and T,z=13.01 K,
XaN,=11.7 meV for x =0.082 with HIC; the dashed
lines in Figs. 5 and 6 are theoretical curves of wgg versus
H based on Egs. (5) and (6) and these parameters. It is
interesting to note that for x =0.035 the curves deviate
significantly for high magnetic fields at 5 and 1.8 K.
However, a fit of the experimental data for x =0.035,
specifically for 5 and 1.8 K, yields XaN;=6.7 meV,
Tor=3.87 K and XxaN,=5.44 meV, T,x=3.54 K, re-
spectively; the fits to the data at these two temperatures
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FIG. 6. Magnetic-field and temperature dependence of the
peak spin-flip Raman shift (SF) associated with the spin flip of
electrons bound to donors in Cd,_,Co,Se, x =0.082, with ei-
ther H|[¢ or H1€. The theoretical curves for H1¢ result from
Egs. (3) and (4) with XaNy=11.7 meV and T,g=13.0 K. The
inset shows the dependence of SF on the angle 6 between H and
¢; the dashed line is sin?@ fitted to pass through wse(6=0°) and
wsp(0=90°).
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FIG. 7. The inverse g factor (g,”!) vs temperature in the
Cd,_,Co,Se samples. The straight lines are fits to the experi-
mental data for T <40 K.

are then significantly better. The theoretical curves for
x =0.082 (the dashed curves in Fig. 6) also deviate some-
what for 1.8 K, although the departure is not as dramatic
as for x =0.035. The origin of these effects is not clear.
However, it is not unexpected, given the phenomenologi-
cal character of Eq. (6).

We note here that the values for Ty in Cd;_,Mn,Se
are 1.38 K for x =0.051 and 2.28 K for x =0.104. The
values for T in Cd,_,Co,Se for comparable values of
x appear to be at least 5 times greater than those in
Cd,_,Mn,Se. Although T, is a phenomenological con-
stant, it reflects approximately the strength of the ex-
change interactions between Co>" spins including more
distant neighbors.?* Thus it appears that such exchange
interactions are stronger for Co?*' ions than those for
Mn2" ions in CdSe.

It is clear that the variation of X with x in Cd,_, Co, Se
has to be known in order to deduce aN, from XaN,.
Shapira et al.?® have derived expressions for the x depen-
dence of x /x for Mn-based DMS alloys considering the
probability that a Mn?" ion belongs to one of several
types of clusters: viz., isolated singlets (P,), pairs (P,),
open triplets (P3), or closed triplets (P,); their expression
fits known values of X /x very closely for x =0.10. Equa-
tion (8) from Ref. 22, after a slight modification for Co?t
having a total spin of 3, yields?®

% /x =(P,+P;/3+P,/9)

+[(1_P1—P2_P3_P4)/5]- (8)

Equation (8) yields X/x =0.69 for x =0.035 and
X /x =0.46 for x =0.082. With this, the s-d exchange
constant aN, is estimated to be 322 meV for x =0.035
and 318 meV for x =0.082 with HI¢. For comparison,
we note aN, =261 meV for Cd,_,Mn,Se.?’

The origin of the anisotropy in the spin flip versus H
plot for Cd,_,Co,Se, x =0.082, seen in Fig. 6, is not
clear. It cannot be attributed to any spatial variation of x
within the sample; the spin-flip peak position at 5 K and
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60 kG varied by 0.5 cm ™! over the surface of the sample,
suggesting a variation in x of only 1%. It is worthwhile
to note that anisotropy of this type has not been observed
in Cd,_,Mn,Se or Cd;_,Mn,S.?® Referring to Eq. (5),
the observed anisotropy could arise if aN,, g cottr Of M
depends upon the angle 6 between H and €. The ex-
change interaction «a is not expected to show any depen-
dence on 6 due to the symmetric nature of the s-like
conduction-band wave functions.?’ The g factor for
Co*™" is expected to vary with 6, although for Cds: :Co?t
this variation is only 1% between H.L¢ and H|[¢; " this is
much smaller than the ~10% variation for SF shown in
Fig. 6.

Anisotropy of the magnetic susceptibility (y=M /H)
in Zn;_,Co0,0, x =0.00034, has been observed by
Brumage;>° this anisotropy increased with decreasing
temperature, varying from 1.3X 1077 cgs emu at 23 K to
24.2X 1077 cgs emu at 4.2 K, where X1(6=90°) exceeds
X;(6=0°). Both CdSe and ZnO have wurtzite structure.
Thus, we expect the magnetization of Co?* in CdSe (and,
hence, SF) to display some anisotropy. The anisotropy of
SF in Cd,_,Co,Se, x =0.082, is constant between 1.8
and 20 K, but decreases slightly for 40 K; this insensitivi-
ty for T'<20 K may be due to the large effective tempera-
ture T + T o, where Top = 13.1 K. Like ZnO:Co**, Fig.
6 suggests that, for CdSe:Co?™, X1>X;- Brumage also
states that the susceptibility should vary as sin’6 between
X, and x;. The inset of Fig. 6 indicates that this depen-
dence is true for Cd;_,Co,Se, x =0.082, although we
note that, for 5 K and 60 kG, SF (and, hence, the magne-
tization) displays a slight saturation. It is unclear why no
anisotropy was observed for SF in Cd,_,Co,Se,
x =0.035. Preliminary measurements on a sample with a
nominal Co?* concentration of x =0.06 also show a de-
gree of SF anisotropy intermediate to the previous two
samples. We plan to study a variety of additional
Cd,_,Co,Se samples in order to determine whether this
behavior is due to some accidental characteristics of the

“sample.

In order to discuss the experiental results on the bound
magnetic polaron, we use the theory of Dietl and Spatek®!
reviewed in Ref. 6. According to this theory the
magnetic-field-dependent peak position of the spin-flip
Raman line, A, satisfies

A2F2e,A—AAcoth —4€,kp T=0, 9)

e U
de,kpyT

where F refers to the Stokes and anti-Stokes com-
ponents, €, is the characteristic BMP energy for an s-like
wave function with an effective Bohr radius of g,
Ay=g, upH +g*ugH [in the mean-field approximation of
Eq. (7)], and

w3

= (10)
0" 4ky(T + Thp)
where, in the notation of Heiman et al.,?
X(aN,)?
wi=2 200 (1
32 Ta NO
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Using Eq. (9) to fit the low-magnetic-field SF data yields
Tor=5.62 K, XaN,=7.69 meV, and W;=0.143 meV
for x =0.035, and T, =10.6 K, XaN,=10.07 meV, and
W,=0.532 meV for x =0.082 (HL¢). For x =0.035 the
values for Thr and XaN, are in good agreement with
those deduced earlier in the paper ignoring BMP effects,
whereas those for x =0.082 are somewhat smaller. The
adjustable parameter W, is a measure of the effective
Bohr radius, which can be compared with 43.1 A for
CdSe).® Using Eq. (11) and assuming
No=Ny(CdSe)=1.78X10”? cm™ %% a is 69 A for
x =0.035 and 30 A for x =0. 082 The Bohr radius for
x=0.082 is consistent with the notion that the formation
of the bound magnetic polaron causes the orbit of the lo-
calized donor electron to shrink. The origin of the large
a for x =0.035 is the small value of W, and implies a
peak position of the BMP of 1.5 cm ™!, which is smaller
than that observed. From Fig. 5, the position of the
BMP peak is about 2.5 cm~! at 1.8 K, which yields
W,=0.370 meV and a =37 A, this Bohr radius shows
the expected trend, viz, a decreases with increasing mag-
netic susceptibility.

As discussed in the preceding section, both of the
Cd,_,Co, Se samples that were studied showed evidence
that a paramagnetic to spin-glass magnetic phase transi-
tion is being approached as the temperature decreases in
the range of 7 <10 K. The theory for the BMP
developed by Dietl and Spalek is valid for x well below
the onset of any magnetic freezing, where the magnetiza-
tion can be well characterized. Thus, the above BMP
analysis should be viewed with due reservations.

IV. CONCLUSIONS

The measurements reported in this paper have shown
spin-flip Raman scattering from Co?t ions in
Cd,_,Co,Se yielding a g factor of 2.32. The g factor
displayed no anisotropy with the direction of the magnet-
ic field with respect to the ¢ axis; the expected anisotropy
is too small for these measurements to detect. Even for x
as small as 0.035, wpy, shifts to higher frequencies for
temperatures less than 20 K, a behavior characteristic of
PM evolving into the high-frequency component of a
magnon in a magnetic field; this is indicative of the pres-
ence of magnetically ordered clusters of Co®>" spins. A
comparison of similar behavior observed in Cd; _,Mn, Te
indicates that the CoZJr -Co?" exchange interaction is
larger than the Mn’"-Mn2" exchange interaction in
Mn-based DMS alloys.

Spin-flip Raman scattering from electrons bound to
donors observed in this investigation demonstrates the
existence -of a large s-d exchange coupling between the
spins of the donor electrons and those of the Co®™ ions,
with aN,=320 meV, 23% larger than that found in
Cd,_an Se The bound magnetic polaron appears at
~2. 5 cm™!, which is smaller than its position of ~7
cm™! in Cd,_,Mn,Se; the origin of this smaller BMP is
the total spin of 3 for Co2+ (as opposed to total spin of 2
for Mn2") as well as the large effective temperature
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T +T,g found in Co-based DMS alloys. The values of
T ,r are found to be 5 times larger than those found in
Cd,_,Mn, Se having equivalent x; this indicates a larger
interion exchange interaction between Co?" ions. This
result is in qualitative agreement with the magnetic-
susceptibility measurements of Lewicki et al.’*> on
Cd,_,Co,Se, which indicate a nearest-neighbor (NN) ex-
change constant Jyy/kz ~40 K. The wgg data for high
H and T >35 K can be adequately described using mean-
field theory, although for lower temperatures the effects
of magnetic ordering need to be taken into account.
Based on magnetic-susceptibility anisotropy in
ZnO:Co**, one expects (at least in principle) to observe
some anisotropy in effects involving the s-d exchange
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processes in Cd;_,Co,Se; such effects were seen for
x =0.082, but not for x =0.035.
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