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Raman electron paramagnetic resonance in Zn1ÀxCoxTe and Cd1ÀxCoxTe
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Electronic Raman transitions due to the spin flip of the 3d electrons of Co21 in Zn12xCoxTe and
Cd12xCoxTe (x<0.01) are observed at\vPM5g(Co21)mBH with g(Co21)52.29560.010 and 2.310
60.002, respectively. The intensity of Raman electron paramagnetic resonance~Raman-EPR! shows strong
resonant enhancement when the incident or scattered photon energy coincides with that of a Zeeman compo-
nent of the free exciton. Under resonant conditions, the Raman spectra display ‘‘ZnTe-like’’~or ‘‘CdTe-like’’ !
and ‘‘CoTe-like’’ longitudinal optical~LO! phonons in combination with the spin-flip transitions, a conse-
quence of the Fro¨hlich interaction. In Zn12xCoxTe, even the ZnTe-like TO phonon exhibited EPR sidebands
but mediated by the deformation potential; the largep-d spin-spin exchange interaction in Co21-based II-VI
diluted magnetic semiconductors is the underlying microscopic mechanism.

DOI: 10.1103/PhysRevB.63.125208 PACS number~s!: 78.30.Fs, 75.50.Pp, 76.30.Fc
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I. INTRODUCTION

In diluted magnetic semiconductors~DMS’s!, where the
cations in a tetrahedrally coordinated II-VI semiconduc
are randomly replaced by a member of the 3d-transition
metal ions~TMI’s !, the two 4s electrons participate in the
tetrahedral bonding scheme, whereas the 3d electrons remain
localized around the TMI subject to the crystal field. T
TMI’s are typically characterized by a large magnetic m
ment. In contrast to their nonmagnetic counterparts suc
Cd12xZnxTe, the II-VI DMS alloys exhibit remarkable mag
netic and magneto-optic properties,1 originating in the ‘‘ef-
fective’’ spin-spin interaction between the band electro
and the 3d electrons of the TMI, the so-calledsp-d exchange
interaction.2 The most extensively studied DMS’s are th
II-VI ternaries with Mn21, which with its half filled 3d shell
display a total spin ofS55/2 andL50 in its ground state
and a magnetic moment of 5.92mB , wheremB is the Bohr
magneton. They exhibit a hugeeffective gfactor for the band
electrons, often as high as two orders of magnitude lar
than that for the non-magnetic host II-VI semiconductors.
contrast, theg factor of the 3d electrons of Mn21, for ex-
ample, is approximately two. The ground state of Mn21

splits into its Zeeman sublevels under the external magn
field and the inelastic light scattering from the magnetic
citations involving these Zeeman sublevels is known as
man electron paramagnetic resonance~Raman-EPR!.3 The
Raman-EPR is a powerful spectroscopic technique in
study of the magnetic splittings of the ground state of a T
in II-VI DMS’s, its excitonic resonance enhancement, and
interaction with phonons.4

The other TMI’s have been much less studied, mainly d
to their lower solubility limit in the II-VI’s and the techno
logical difficulties in growing crystals based on them.5 Given
this background, the recent success in the growth
Zn12xCoxTe and Cd12xCoxTe with significantly high Co21

concentration in our crystal growth facility6 provided a
unique scientific opportunity to explore and delineate
magnetic excitations in the Co-basedzinc-blendeDMS’s.
0163-1829/2001/63~12!/125208~7!/$15.00 63 1252
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Such an investigation, besides expanding the scope of
subject, has a special appeal in view of the electronic ene
level structure of Co21 in contrast to that of Mn21. More
specifically, the focus of this paper is the Raman-EPR of
3d electrons of Co21 in Zn12xCoxTe and Cd12xCoxTe and
its striking resonant enhancement when the energy of
scattered photon equals that of a Zeeman component o
free exciton, which is measured with wavelength modula
reflectivity.

II. EXPERIMENT

Single crystals of Zn12xCoxTe and Cd12xCoxTe were
grown using the Bridgman technique. The waveleng
modulated reflectivity spectra were recorded using a SP
~Model 1870! 0.5 m monochromator with a tungsten lamp.
vibrating mirror inside the monochromator modulated t
wavelength of the monochromatized light at 85 Hz. The lig
reflected by the optical specimen was detected with a sili
photodiode followed by a lock-in amplifier. The sample w
typically cooled down to a temperature~T! of 10 K in a Janis
Superconducting Magnet cryostat. A SPEX~Model 14018!
0.85 m double-grating monochromator and an RCA~type
C31034A! photomultiplier with a standard photon countin
electronics were used for photoluminescence and Ra
measurements. The samples were excited with 514.5
501.7 nm lines from a Spectra-Physics Ar1 laser or continu-
ously tuned monochromatic light from a Coherent CR8
tunable Ti:sapphire laser.

III. RESULTS AND DISCUSSION

A. Electronic level structure of Co2¿ with Td site symmetry

The energy level spectra and the associated magn
properties of substitutional Co21 in DMS’s with Td site sym-
metry have been studied by Villeretet al.7 The electronic
configuration of Co21 is @Ar#3d7 with 4F9/2 ground state.
The total orbital angular momentumL53 and total spin an-
gular momentumS53/2 give a 28-fold degeneracy to th
©2001 The American Physical Society08-1
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4F9/2 ground state. Under the influence of the crystal field
the Td site symmetry that characterizes Co21 in CdTe and
ZnTe, the sevenfold orbital degeneracy splits into a4G2 sin-
glet, a 4G5 triplet, and a4G4 triplet in the order of increasing
energy. The energy separation between the first two cry
field split levels, the ground state4G2 and the first excited
state 4G5 , D, is 390.6 and 427.7 meV for CdTe and ZnT
respectively.8 Therefore, only the ground state is populat
at low temperatures. Spin-orbit coupling then splits both4G5
and 4G4 into G61G712G8 levels as shown in Fig. 1. Th
ground state4G2 does not split but becomesG8, retaining its
fourfold spin degeneracy, leading to the low-temperat
paramagnetism of Co21 ion with an effective spinS53/2.

B. Raman-EPR of Co2¿ in CdTe and ZnTe

In dilute concentrations, the Co21 ions are sufficiently
apart, causing the exchange interaction between them t
negligible; the ions can thus be treated as being independ
The application of an external magnetic fieldH removes the
fourfold degeneracy of theG8 ground state atE0, the ener-
gies of the Zeeman sublevels being given byE(mS)5E0
1gmBHmS , whereg is the Lande´ g factor of the Co21 ion
andmS the projection ofS alongH is 23/2, 21/2, 11/2, or
13/2. The electron spin-flip transitions between adjac
sublevels of this Zeeman multiplet can then be observed
Raman-EPR shifts; the results for Cd12xCoxTe are shown in
Fig. 2. Both Stokes and anti-Stokes components are obse
with a Raman shift ofvPM5(6.4060.04) cm21 at 10 K
with H56 T for DmS561, respectively; here, PM stand
for paramagnetic. The polarization dependence of the Sto
and the anti-Stokes Raman-EPR lines in Cd12xCoxTe, with
the scattering geometry shown in Fig. 3, is displayed in F

FIG. 1. Schematic diagram of the energy levels of Co21 in the
zinc-blende Zn12xCoxTe and Cd12xCoxTe taking into account crys
tal field and the spin-orbit splitting.~After Ref. 7.!
12520
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4. The small Co21 concentration (x) compelled us to employ
an excitonic resonance condition to observe the Raman-E
lines. However, the short penetration depth of, and the sm
volume probed by, the incident laser radiation led to a
partures from the exact (ŝ6,ẑ) configuration. The Stokes
line is observed strongly but with a small leakage of t
anti-Stokes component in (ŝ1,ẑ), whereas in (ŝ2,ẑ) the
anti-Stokes line is dominant and the Stokes much wea
The ‘‘leakage’’ observed in both configurations can be
tributed to departures from the exact right-angle geometr

The Raman EPR of the 3d electrons of Co21 in
Cd12xCoxTe can be explained either by invoking a virtu
transition to one of its excited states or through virtual int
band transitions, together with thes-d or the p-d exchange
interaction.9 Although both mechanisms predict the expe
mentally observed polarization characteristics of the Sto
and anti-Stokes components of the Raman-EPR lines
rectly, only the latter is consistent with the observed reson
enhancement in the intensity of the Raman-EPR lines as
laser energy (\vL) approaches the excitonic energy g
(EXg). Hence, only the latter mechanism involving interba
transitions will be discussed in what follows. It involves th
exchange interaction between the excited electron and Co21,
which raises the spin of a Co21 ion while simultaneously
lowering that of the band electron or vice versa, leading
DmS(Co21)561 andDmJ(e)571. In Fig. 3, one of the
several such virtual transitions9 is schematically illustrated
for both the Stokes and the anti-Stokes processes with
right-angle geometry shown in the box. In the presence o
magnetic field, theG8 valence band splits into four subband
and theG6 conduction band splits into two subbands. In t

FIG. 2. Stokes~S! and anti-Stokes~AS! Raman lines atvPM

generated by spin-flip transitions within the Zeeman multiplet
Co21 in Cd12xCoxTe with x50.006. The energy of the exciting
laser line\vL51.605 eV; the applied magnetic fieldH56 T.
8-2
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first step of the Stokes process, an incident photon of po
ization ŝ1 is absorbed, exciting an electron to the condu
tion band withDmJ511 and creating a hole in the valenc
band. In the second step, the excited electron interacts w
Co21 ion via spin-spin exchange coupling, resulting
DmS(Co21)511 and DmJ(e)521. Finally, the electron
and the hole recombine emitting a photon of energy\vs

5\v i2\vPM of polarizationẑ; the band electron has thu
returned to its ground state, but leaves the Co21 ion in the
next sublevel of the Zeeman multiplet. Note that the el
tronic transitions arevirtual, with energy being conserve
only in the overall scattering process. In the same man
the anti-Stokes process occurs as shown in Fig. 3, deexc
the Co21 ion to the next lower sublevel of the Zeeman mu
tiplet. The Raman-EPR signatures for Zn12xCoxTe are dis-
played in Fig. 5.

For both CdTe and ZnTe,\vPM is linear in H within
experimental errors as shown in the insets of Figs. 2 an
respectively. Theg factors for Co21, extracted from our
Raman-EPR measurements, are 2.31060.002 in CdTe and
2.29560.010 in ZnTe, in excellent agreement with the v
ues from microwave electron-spin resonance measurem
viz., 2.3093 and 2.2972, respectively.10 They are signifi-

FIG. 3. Raman mechanism for thevPM line involving the band
electrons.CB and VB refer to the conduction and valence band
respectively, which are labeled by the electronic magnetic quan
numbermJ . The single arrows indicate virtual electric dipole tra
sitions, while the double arrows refer to transitions induced by
band-electron-Co21 exchange interaction. In the box, the geome
for Raman scattering in the presence of a magnetic field w

(ŝ6 ,ẑ) polarizations for the incident and scattered light, resp
tively. BS stands for the Babinet-Soleil compensator andA for an

analyzer. The axes are chosen such thatẑ is parallel toH.
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cantly larger than theg factor of 2.0 for Mn21 in Mn-based
DMS as expected for its6S5/2 ground state.9 The deviation of
the g factor from the spin-only value of 2 results from th
mixing of the ground state with the higher-lying orbital stat
by the spin-orbit interaction. For Mn21 in zinc-blende semi-
conductors withTd-site symmetry, the mixing of the groun
state with higher-lying orbital states is negligible, due to t
large value ofDMn21.2.4 eV, thus yieldingg52.0. For
Co21 in the same environment (DCo21.0.4 eV), the mix-
ing cannot be ignored and accounts for the increase of thg
factor by;0.3. It is very interesting to note that multiples o
\vPM up to the fourth order are clearly observed as Ram
shifts. In order to explain Raman transitions with shifts
n\vPM (n53,4), which do not satisfy the angular mome
tum conservation unlike the\vPM and 2\vPM transitions, it
is necessary to invoke a new microscopic mechanism.11,12

Petersonet al.11 observed Raman-EPR signatures of Mn21

with shifts of n\vPM (n53,4) and accounted for the mu
tiple spin-flip features in terms of excitations within neare
neighbor Mn21 pairs coupled viad-d exchange interaction
in Cd12xMnxTe. Therefore, the multiple Raman-EPR sign
tures observed in Zn12xCoxTe can be attributed to excita
tions within nearest neighbor Co21 pairs.13 Although the
Co21 concentration (x50.01) in our Zn12xCoxTe specimen
is smaller than the Mn21 concentration (x50.05) in
Cd12xMnxTe for which Petersonet al. observed multiple
Raman-EPR signatures of Mn21, it appears that the much
strongerd-d interaction between Co21 ions in ZnTe (J1
538 K) than that between Mn21 in Cd12xMnxTe (J1

,
m

e

h

-

FIG. 4. Polarization dependence of the Stokes~S! and anti-
Stokes~AS! Raman lines atvPM generated by spin-flip transition
within the Zeeman multiplet of Co21 in Cd12xCoxTe with x
50.006. The energy of the exciting laser line\vL51.600 eV; the
applied magnetic fieldH56 T with the scattering geometry a
shown in Fig. 3. The base lines are shifted vertically for clarity.
8-3



te

n
a
y
n
a
he

e

he
id
ig

y

th

-
e

th

als
g

,
n
ng
-
ift
e

te

xci-
t.
n
a-
nd

ci-

d
y
be

t

non

d

LO
n

o
r

-
ar

y
-
um,
es
The
the

M. J. SEONGet al. PHYSICAL REVIEW B 63 125208
56.1 K)14 allows excitations within nearest-neighbor Co21

pairs in Zn12xCoxTe to be observed even withx50.01.
The strong excitonic resonance enhancement in the in

sity of the Raman-EPR of Co21 in Cd12xCoxTe is displayed
in Fig. 6. Raman-EPR intensity as a function of incide
photon shows a distinctly different peak for the Stokes
compared to that for the anti-Stokes component as displa
in Fig. 6~a!, strongly indicating ‘‘out resonance,’’ rather tha
‘‘in resonance;’’ the ‘‘out-resonance’’ character is emph
sized in Fig. 6~b!, where Raman-EPR intensities for both t
Stokes and the anti-Stokes display a maximum at 1.6046
when plotted as a function of scattered photon energy. The
solid lines represent fits with two Lorentzian peaks for t
Stokes, as well as for the anti-Stokes components. Bes
the main peaks at different incident photon energies in F
6~a!, there are shoulders at thesame incident photon energ
~1.6084 eV! for both components, indicating anin reso-
nance. The out resonance at 1.6046 eV is associated with
excitonic transitionG8 :u23/2&→G6 :u21/2&, while that as-
sociated withG8 :u21/2&→G6 :u21/2& is responsible for the
in-resonance at 1.6084 eV.15 As a result of this out reso
nance, the anti-Stokes component is more resonantly
hanced than the Stokes for the exciting energy\vL
,1.603 eV, as seen in the illustrative example shown in
inset.

C. Raman-EPR and optical phonons in Cd1ÀxCoxTe
and Zn1ÀxCoxTe

It is well known that electrons and holes in polar cryst
interact strongly with the zone-center LO phonons throu

FIG. 5. Stokes~S! and anti-Stokes~AS! Raman lines atvPM

generated by spin-flip transitions within the Zeeman multiplet
Co21 in Zn12xCoxTe with x50.01. The energy of the exciting lase
line \vL52.409 eV; the applied magnetic fieldH56 T. The ex-
ternal magnetic fieldH ~Faraday axis! was applied along the direc
tion of the scattered beam and the incident beam is perpendicul
H ~Voigt axis! and linearly polarized alongH.
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the Fröhlich interaction.16 Being polar semiconductors
Cd12xCoxTe and Zn12xCoxTe can exhibit the Raman EPR i
conjunction with the excitation of LO phonons, appeari
with frequency shifts ofvLO6vPM, as first reported by Pe
trou et al.3 for Cd12xMnxTe. The Stokes process with a sh
of vLO1vPM involves the creation of an LO phonon and th
excitation of a Co21 to the next sublevel of its ground-sta
Zeeman multiplet, whereas the Stokes shift ofvLO2vPM
corresponds to the creation of a LO phonon and the dee
tation of a Co21 to the next lower sublevel of the multiple
The Raman spectrum showing ‘‘CdTe-like’’ LO phono
(LO1) and its EPR satellites is displayed in Fig. 7. The R
man spectrum displaying combinations of LO phonons a
EPR signatures obtained in Zn12xCoxTe are shown in Fig. 8.
Again, the Raman signatures of LO16PM and LO162PM
are distinctly observed. The Co concentration of the spe
men (x.0.01) is high enough for the ‘‘CoTe-like’’ LO pho-
non ~LO 2) to be observed distinctly. Although the mixe
mode behavior of Zn12xCoxTe has yet to be systematicall
investigated, it is reasonable to speculate that it should
similar to that of Zn12xMnxTe,17 the atomic mass of Co
~58.9! matching that of Zn~65.4! more closely than does tha
of Mn ~54.9!. The very low-solubility limit of Co21 in ZnTe
has precluded a comprehensive delineation of the pho
mode behavior of bulk Zn12xCoxTe. The LO21PM is dis-
tinctly observed whereas LO22PM appears as an unresolve
shoulder to the left of the intense LO1. In the nearly@110#
backscattering geometry employed in the experiment, the
phonons are almost forbidden in all polarizatio

f

to

FIG. 6. Resonance profile for the Raman EPR of Co21 in
Cd12xCoxTe with x50.006 as a function of incident photon energ
~a!, and scattered photon energy~b!. The solid curves are Lorentz
ian fits to the experimental data. In the inset, a Raman spectr
excited with \vL51.602 eV, is displayed where an anti-Stok
component is more resonantly enhanced than is the Stokes.
incident beam is along the Voigt axis, and the scattered along
Faraday axis.
8-4
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FIG. 7. Raman spectrum displaying ‘‘CdTe-like’’ LO phono
(LO1) and its EPR satellites at frequency shiftsvLO1

6vPM ,
vLO1

62vPM . The sample was excited with\vL51.6215 eV. The
incident beam is along the Voigt axis, and the scattered along
Faraday axis.

FIG. 8. Raman spectrum displaying ‘‘ZnTe-like’’ (LO1) and
‘‘CoTe-like’’ (LO 2) LO phonons together with their EPR satellite
at frequency shiftsvLO6vPM , vLO62vPM . ZnTe-like TO (TO1)
phonon and its EPR satellites are also displayed and enlarge
ten. The inset shows the Raman spectrum without an external m
netic field. The sample was excited with\vL52.409 eV. The in-
cident beam is along the Voigt axis and the scattered along
Faraday axis. The base lines are shifted vertically for clarity.
12520
configurations.18 The larger intensity of the LO phonons ca
be due to a depolarization of the scattered light near re
nance induced by Fro¨hlich interaction, as has been noted b
Limmer et al.19

A striking feature of the Raman spectrum in Fig. 8 is t
unmistakable appearance of the ZnTe-like TO (TO1) mode
in combination with the EPR signatures; this is in contras
the corresponding spectra for Zn12xMnxTe and
Cd12xMnxTe. We note here that both the Fro¨hlich interac-
tion and the optical phonon deformation potential can c
tribute to the electron-phonon interaction in the case of
LO phonon while TO phonons can interact with electro
only via the optical phonon deformation potential. In zin
blende semiconductors, the optical phonon displacement
G4 symmetry and the matrix element of the optical phon
deformation potential between two nondegenerates-like G1
conduction band states is zero, prohibiting deformatio
potential interaction between the lowest conduction ba
electrons and optical phonons in direct band gap semic
ductors. In contrast, with the valence band being ofG4 sym-
metry ~ignoring spin!, the deformation potential interactio
with the TO phonon is indeed allowed.20 Hence, Raman-EPR
transitions in combination with TO phonons have to be m
diated by the exchange interaction between the valence-b
electrons and thed electrons of the TMI (p-d interaction!.
The p-d exchange interaction in the II-VI DMS’s for Co21

is experimentally found to be significantly larger than th
for Mn21.14 Zielinski et al.21 report a value of (23030

e

by
g-

e

FIG. 9. Resonant Raman profiles for the ‘‘CdTe-like’’ LO pho
non and its EPR satellites in Cd12xCoxTe with x50.004 as a func-
tion of scattered photon energy. The solid curves are Lorentzian
to the experimental data. The data for LO11PM and LO12PM are
enlarged by 2 and 20, respectively. In the inset, Raman spe
excited with\vL51.6210 and 1.6195 eV, are displayed as illust
tive examples showing out resonance for LO11PM and LO1, re-
spectively. The incident beam is along the Faraday axis and
scattered along the Voigt axis.
8-5
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6150) meV for N0b, the p-d exchange constant, in
Zn12xCoxTe, which is significantly larger than (21120
6240) meV for Mn21 in Zn12xMnxTe, for example.22 It is
also significant that the Co21 d-d exchange constant in
Zn12xCoxTe, known to scale withN0b,23 is four times
larger than the corresponding constant for Mn21 in
Zn12xMnxTe. The occurrence of TO16PM in Zn12xCoxTe
and its absence in Zn12xMnxTe can be attributed to th
above physical arguments.

The Raman intensities of the ‘‘CdTe-like’’ LO phono
and its EPR satellites in Cd12xCoxTe exhibits strong reso
nance enhancement when\vL fulfills the condition for ex-
citonic ‘‘out resonance.’’ The Raman intensities, as a fu
tion of scattered photon energy, are displayed in Fig.
where the solid lines are Lorentzian fits to the experimen
data. LO1, LO11PM, and LO12PM show strong out reso
nance with the excitonic transition at 1.599 eV, correspo
ing to the excitonic Zeeman transition fromG8 :u23/2&
→G6 :u21/2&. In the inset, the Raman spectra, excited w
\vL51.6210 and 1.6195 eV, are displayed as illustrat
examples showing out resonance for LO11PM and LO1,
respectively.

IV. CONCLUDING REMARKS

The results reported in this paper have revealed exam
of Raman EPR in DMS’s, viz., those due to the spin flip
the Co21 3d electrons in Zn12xCoxTe and Cd12xCoxTe,
yielding g factors of 2.295 and 2.310, respectively. T
strong excitonic resonance enhancement in the intensit
.
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the Raman EPR of Co21, achieved by employing a tunabl
Ti:sapphire laser, emphasizes that the underlying mic
scopic mechanism is the strong exchange interaction
tween Co21 and band electrons in the DMS’s. The role
the Fröhlich interaction is brought out in the appearance
the Raman lines atvLO6vPM. The largesp-d exchange
interaction characteristic of the DMS’s emerges in a strik
manner in the resonance enhancement ofvLO6vPM. It is
anticipated that sufficiently large crystals of Zn12xCoxTe and
Cd12xCoxTe will become available in the near future. Th
will enable right-angle Raman scattering experiments w
well-oriented specimens, allowing a full exploration of th
selection rules governing the Raman-EPR transition of Co21

with its Td site symmetry. In addition, with concentration o
Co21 significantly larger than that available to date, it wou
be of great interest to investigate antiferromagnetic inter
tion between Co21 ions as manifested in magnon excitatio
observed in Raman scattering.9,24 With the introduction of
donors, e.g., Cl or In, in these DMS’s, the discovery a
characterization of the spin-flip Raman scattering from el
trons bound to donors would be yet another important pr
lem worthy of study.
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