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Raman electron paramagnetic resonance in Zn,_,Cr, Te and Cd,_,Cr,Te

X. Lu, S. Tsoi, I. Miotkowski, S. Rodriguez, and A. K. Ramdas
Department of Physics, Purdue University, West Lafayette, Indiana 47907, USA

H. Alawadhi
Department of Basic Sciences, University of Sharjah, Sharjah, United Arab Emirates

(Received 21 November 2006; published 25 April 2007)

Raman electron paramagnetic resonance (Raman-EPR) of the transitions due to the spin flip of the 3d
electrons of Cr* in Zn;_Cr,Te and Cd;_,.Cr,Te is observed at Awpy=g(Crf)uzB with g(Cr")
=2.0041£0.0095 and 2.0039+0.0093, respectively. The appearance of Raman lines at w;p+nwpy, n=1, 2,
and 3 results from the strong Frohlich interaction with the zone-center longitudinal-optic phonon. The intensity
of the Raman-EPR of Cr* can be enhanced through the photogeneration process by simultaneous illumination
with photons having an energy close to the excitonic band gap; photoluminescence spectra reveal signatures of
excitons bound to Cr* acceptors in Zn,_,Cr,Te specimens. The resonance profile of Cr* Raman-EPR shows
that the strong resonant enhancement is mediated via an exciton bound to a neutral acceptor.
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I. INTRODUCTION

The electronic structure of a free chromium atom is
3d4s' rather than 3d*4s?, the half-filled 3d shell being a
more stable configuration. As a constituent of a II-VI ternary,
chromium replaces the cations substitutionally, resulting in a
Cr-based diluted magnetic semiconductor (DMS),! e.g.,
Zn,_,Cr,Te or Cd,_,Cr,Te. This substitutional incorporation
with the completion of the tetrahedral bonding can occur in
several ways: (1) The electronic configuration of Cr can be
3d*4s%,” with the two 4s electrons incorporated in the tetra-
hedral bonding scheme, resulting in Cr** as an isoelectronic
center (X°). (2) In a second scenario, an electron is “bor-
rowed” from the valence band of the host, resulting in the *
3d4s*” configuration; in this case, only one 4s electron of
Cr is incorporated in the tetrahedral bonding scheme, making
it Cr* and causing the other electron ‘borrowed’ from the
valence band to result in a negatively charged center (X) to
which the hole is bound. (3) Chromium can also be in Cr3*
state in which one 4s and one 3d electron are incorporated in
the bonding scheme, while another 3d electron is donated to
the conduction band, leaving the Cr center positively charged
(X*); the X* center can bind the free electron, making Cr a
single donor. The electronic configuration of the Cr** ion is
3d3. The energy-level structure of the chromium ion, which
when incorporated substitutionally replaces the cation of a
zinc-blende II-VI host and hence has T site symmetry, fol-
lowed by a crystal field, a spin-orbit interaction, and a Jahn-
Teller distortion (when appropriate), is discussed in Sec.
I B.

Cr-based DMSs share with the other DMSs remarkable
magnetic and magneto-optic properties, originating in the so-
called “sp-d” exchange interaction between the band carriers
and localized 3d electrons. The most striking difference be-
tween Cr-based DMSs, on the one hand, and the Mn-, Co-,
and Fe-based DMSs, on the other, is the ferromagnetic p-d
exchange interaction between valence-band electrons and Cr
ions in the former, and the antiferromagnetic interaction in
the latter. The ferromagnetic character of p-d exchange in-
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teraction in Cr-based DMSs has been investigated
theoretically>? and manifested through magneto-reflectance
measurements*~’ in Zn,_,Cr,Se, Zn,_,Cr,S, Zn,_,Cr,Te, and
Cd,_,Cr,S. The ferromagnetic sp-d exchange interaction
may also mediate the ferromagnetic coupling between Cr
ions. Recently, magnetic circular dichroism in Zn;_,Cr,Te
films (with x=0.2) has revealed the occurrence of room-
temperature (300 K) ferromagnetism.® Saito et al.® claimed
that Zn;_,Cr,Te is the third real ferromagnetic DMS after
In;_Mn,As and Ga;_MnAs, in which the sp-d exchange
interaction could be used to develop spintronic'® devices.
Pekarek et al.!' showed that even in bulk Zn,_,Cr,Te with
small x (x=0.0033), due to the low solubility of Cr in ZnTe
and thus the inhomogeneity of the crystal, the magnetization
in a Cr rich region exhibits ferromagnetism with a transition
temperature well above room temperature, viz., 365 K.

The Cr?* state in Cr-doped II-VI DMSs has been observed
in electron paramagnetic rosonance (EPR)!'%!3 and optical
absorption,'# as well as in magnetization and specific heat
measurements.*!>-18 It was discovered that by illuminating
the specimens containing Cr?>* with photons of an appropri-
ate energy, Cr* can be photogenerated. EPR and photo-EPR
studies of Cr* state in Cr-doped II-VI DMSs have been re-
ported in ZnS,'*2* ZnSe,>*2° ZnTe,>*?® and CdTe.”’ Cr**
state has also been reported to exist in Cr-doped ZnSe.?

The microscopic mechanism for the unique magnetic
properties and the astonishing p-d exchange character of Cr-
based DMSs is yet to be identified. EPR or Raman-EPR can
provide important insights into the electronic configuration
of the 3d transition metal ion (TMI) in the DMS alloy di-
rectly responsible for the magnetization and magnetic prop-
erties of the material investigated. We report and discuss our
results on the Raman-EPR of Cr* in ZnTe and CdTe in this
context.

II. EXPERIMENT

Zn,_Cr,Te and Cd,_,Cr,Te crystals were grown using the
modified vertical Bridgman method with nominal Cr concen-
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FIG. 1. (Color online) Wavelength modulated reflectivity spec-
tra of (a) Cd,_,Cr,Te and (b) Zn,_,Cr,Te at 8 K displaying the free
excitonic signatures. The spectra are shifted vertically for clarity.

trations limited to <2% due to Cr’s low solubility. The tech-
nique for obtaining wavelength modulated reflectivity
(WMR) is discussed in detail in Ref. 29. Photoluminescence
(PL) and Raman spectra were recorded with a double-grating
monochromator (and a third grating operating in tandem for
a more rigorous rejection of parasitic radiation when neces-
sary) and a photon-counting detector incorporating a cooled
photomultiplier. A Janis superconducting optical cryostat was
employed in the application of magnetic fields up to 6 T and
to achieve temperatures as low as 1.8 K. Measurements were

performed on oriented (11_0) cleaved surfaces, allowing a
magnetic field to be applied along [001], [110], and [111].
The samples were excited with a 5208 A line from a Kr*
laser, a 5145 A line from an Ar* laser, a Coherent 599 Dye
laser (with coumarin 7 dye), or with a Coherent CR 899
tunable Ti:sapphire laser.

III. RESULTS AND DISCUSSION

A. Characteristics of the excitonic band gap

WMR spectra of Cd;_,Cr,Te and Zn,_,Cr,Te for several
nominal values of x are shown in Figs. 1(a) and 1(b), respec-
tively. The excitonic band gaps (E,) deduced from the peak
fits for the signatures in WMR spectra for Zn;_,Cr, Te show
distinct shifts (AE) from that for pure ZnTe, from
-2 to 4 meV; the AE’s for the two Cd,_,Cr,Te specimens
are 3 and 6 meV. Even in the absence of a precise knowl-
edge of x and of its departure from the nominal value for the
specimens investigated, we can conclude that (i) ternary al-
loys of Zn,;_,Cr,Te and Cd,_,Cr,Te have formed and (ii) the
excitonic band gap [E,(x)] of Cd,_,Cr,Te shifts to values
higher than that of pure CdTe; the negative shifts of E,(x) in
the two Zn,_,Cr,Te specimens below that of pure ZnTe may
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be an indication of bowing as in ZnSe,Te,_, (Ref. 30). It
appears that for a definitive statement about the x depen-
dence of E,(x) in Cd,_,Cr,Te and Zn,_,Cr,Te, one has to
resort to nonequilibrium growth techniques, such as molecu-
lar beam epitaxy (MBE) or metal-organic chemical-vapor
deposition (MOCVD). Indeed, Mak et al.' have reported a
significantly larger range of x in MBE grown Zn,_,Fe Se.

B. Electronic energy structure of Cr in ZnTe and CdTe

Villeret et al.3? have systematically investigated the low-
lying levels and Zeeman splittings of TMIs (with the 34"
electronic configuration, n=1-9) in DMSs having the zinc-
blende or the wurtzite structure. The electronic energy struc-
ture of Cr** including the Jahn-Teller effect has been re-
ported in several papers,'>!# for example, in Fig. 10 of Ref.
13. The ground state of a Cr®* free ion is D(L=2,5=2) with
an orbital and spin quintet. The crystal field with 7,; symme-
try splits °D into an orbital triplet 5F5 and an orbital doublet
°T';. The °T'5 state is very sensitive to a static tetragonal
Jahn-Teller distortion, which leads to further splitting of the
ground state into an orbital doublet 5F5 and an orbital singlet
5F4. The spin-orbit coupling results in still further splittings.
The °T', state breaks up into a singlet I',, a doublet I's, and
two unresolved singlets I"; and I',. For Cr in ZnTe and CdTe,
due to a strong covalency effect,'*3? the singlet I, is the
ground state, followed by I's, and I';,T",. Since the ground
state of Cr2* in ZnTe and CdTe is a singlet, but with excited
states close enough to contribute to magnetic properties, the
magnetization of Cr>* exhibits a paramagnetism intermediate
between those of the van Vleck and Brillouin cases. The
magnetization measurements by Pekarek e al.'”'® showed
that majority of Cr ions in ZnTe and CdTe are in the Cr**
state.

The ground state of Cr* is °Ss, (S=5/2,L=0) with a
sixfold spin degeneracy. Under the crystal field of 7; sym-
metry, the ground state splits into a I'y quadruplet and a I';
doublet with a very small splitting.>* With spin-orbit interac-
tion absent (since L=0), the ground state of Cr*, similar to
that of Mn?*, can be treated as an atomic °Sy,, level. The
magnetization of Cr* should display a paramagnetism which
follows a Bs, Brillouin function just as Mn-based DMSs do.

Cr’* ion has the same electronic configuration as V>* and
thus the two have a similar electronic energy structure as
well. The ground state *F (L=3,5=3/2) (see Ref. 35) in a
tetrahedral crystal field with T, site symmetry is an orbital
triplet ‘", (Ref. 32), which results in an orbital singlet ‘T,
with a fourfold spin degeneracy3® when a Jahn-Teller distor-
tion is combined with spin-orbital coupling. Cr** thus dis-
plays a paramagnetism which follows a Bj,, Brillouin func-
tion, as shown by Tsoi et al® for V** in CdTe.

C. Magnetic-field-induced Raman excitations in Zn;_,Cr,Te
and Cd,_,Cr,Te

Figure 2 shows the Raman spectrum of Zn,_,Cr,Te re-
corded at 8 K in an external magnetic field of 6 T parallel to
[001]. The Raman shift labeled “PM” and its multiples up to
the fourth order are clearly observed in the Stokes, and up to
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FIG. 2. (Color online) The Stokes Raman line labeled “PM” and
its multiples up to the fourth order, as well as the anti-Stokes Ra-
man line up to the third order measured in Zn;_,Cr,Te. The excita-
tion energy is fiw;=2.3481 eV (from a Coherent 599 dye laser with
coumarin 7 dye) with incident power ~150 mW, and the spectrum
was recorded at 8 K and 6 T.

the third order in the anti-Stokes, spectrum. The Raman shift
for PM as a function of applied field up to 6 T, shown in the
inset, is linear in B and yields g=1.9964. The values of g for
BII[110] and [111] are 2.0023 and 2.0130, respectively. We
thus conclude that, within experimental errors, the Raman
shift of the PM feature in Zn;_,Cr,Te is isotropic with an
average g=2.0041+0.0095. The results for Cd;_,Cr,Te are
shown in Fig. 3 for BII[001]. The linearity of the Raman shift
as a function of B yields g factors of 1.9971, 2.0092, and
2.0054 for B along [001], [110], and [111], respectively.
Based on this isotropy within experimental errors in
Cd,_,Cr,Te, an average g=2.0039+0.0093 is deduced.
Magnetization measurements by Pekarek et al.'”'3 show
that a large majority of Cr ions in Zn;_,Cr,Te and
Cd,_,Cr,Te are in the Cr?>* charge state. Thus, one expects to
see the electronic transitions between the low-lying energy
levels of Cr?* [a singlet I', with m;=0, a doublet I's with
my==+1 occurring 2.3 cm™! above I’y at B=0 (Ref. 13), and
the two unresolved I';, I', singlets with m,=+2] and their
Zeeman sublevels in the presence of magnetic field. In addi-
tion, due to a strong Jahn-Teller effect, the EPR of Cr?* in
ZnTe and CdTe (Refs. 12 and 13) shows anisotropic features,
most of them being nonlinear with respect to B. The EPR of
Cr** is expected to be similar to that of V>* [e.g., V?* in
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FIG. 3. (Color online) The Stokes Raman line labeled “PM” and
its multiples up to the third order, as well as the anti-Stokes Raman
line up to the second order measured in Cd;_,Cr,Te. The excitation
energy is fw;=1.5885 ¢V from the Coherent CR899 tunable Ti-
:sapphire laser with incident power ~150 mW, and the spectrum
was recorded at 8 K and 6 T.

CdTe (Ref. 36) and ZnTe (Ref. 37)], which exhibits an an-
isotropic g factor as a result of the Jahn-Teller distortion; in
addition, theoretical calculations by Oshiyama et al.® predict
the g factor of Cr** to be ~1.95. We therefore rule out Cr**
and Cr’* as being responsible for the isotropic Raman feature
PM discussed above and for its linear shifts with B. In con-
trast, Cr*, with its ground state identical to that of
Mn?*(°Ss,,), should exhibit a ground-state Zeeman multiplet
given by E(m,)=gugBmyg; here, the projection of S along B,
mg, is =5/2, =3/2, —=1/2, 1/2, 3/2, or 5/2. One can thus
attribute the isotropic PM line to Amg=+1 and consider its
linear shifts as a function of B to Cr* in ZnTe and CdTe,
arising from the electron spin-flip transitions between adja-
cent sublevels of the Zeeman multiplet of Cr* in Zn,_,Cr,Te
and Cd;_,Cr,Te. Following Refs. 40 and 41, we label them
as Raman electron paramagnetic resonance (Raman-EPR).
Within experimental errors, the g factors of Cr* in ZnTe and
CdTe deduced from our Raman-EPR measurements show
excellent agreement with those measured from EPR, viz.,
2.0023+0.0005 in ZnTe (Ref. 25) and 1.9997+0.0003 in
CdTe (Ref. 27), and with the theoretically calculated value of
1.999 in ZnS.?® We note that the g factors of Cr* and Mn?*,
say, in CdTe, are ~2, due to the negligible mixing of the
ground state with higher-lying orbital states (in Cd;_,Mn,Te,
the next level is about 2.4 eV higher than the ground level).
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FIG. 4. (Color online) Raman spectrum showing LO phonon in
Zn,_Cr,Te and its satellites at frequency shifts w;o+wpy,
wror2wpy, and wpox3wpy. The excitation energy is fiwg
=2.3798 eV (5208 A line from a Kr* laser) with incident power
~150 mW, and the spectrum was recorded at 8 K and 6 T.

The nearly identical g values of Cr* in ZnTe and CdTe show
that the small difference in covalent bonding observed in
microwave EPR measurements of Title? is not noticeable in
Raman-EPR due to the larger experimental error in the latter.

Figures 4 and 5 show the Raman spectrum of the zone-
center LO phonon* with satellites at w; % wpy, ©70=20py,
and w;p+3wpy, in Zn;_,Cr,Te and Cd,_,Cr,Te, respectively.
In the [110] backscattering geometry employed in the experi-
ment, the LO phonon is forbidden in all polarization configu-
rations (see Ref. 42); its appearance with a large intensity in
the forbidden geometry for a zinc-blende crystal has been
ascribed to the resonance enhancement coupled with the
Frohlich interaction,*® as has been noted by Limmer et al.**
The microscopic process resulting in w; o+ wpy, involves the
creation of an LO phonon and the excitation of a Cr* to the
next higher sublevel of the Zeeman multiplet of the ground
state, and the shift of w;y—wpy, involves the creation of an
LO phonon and the deexcitation of a Cr* to the next lower
sublevel of the Zeeman multiplet.

The absence of the internal transitions of Cr** in our Ra-
man measurements on ZnTe and CdTe could be due to the
strong intensity of the Raman-EPR of Cr" under resonance
conditions overriding the weak internal transitions of Cr+,
e.g., the 23 cm™!' I'y,—T5 transition.”> In addition, in
Raman-EPR, with the incident light having an energy close
to the band gap to achieve resonance enhancement, the Cr?*
appears to experience photoconversion into Cr*.

Figure 6 shows the intensity of the Raman-EPR of Cr* in
ZnTe when subjected to a simultaneous illumination with
radiation having an energy close to the band gap, recorded at
8 K and 6 T. In Fig. 6(a), the incident radiation power I,
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FIG. 5. (Color online) Raman spectrum showing the combina-
tion of LO phonon in Cd;_,Cr,Te and its satellites at frequency
shifts w;pxwpy, Wrox2wpy, and w;p+3wpy,. The excitation en-
ergy is w; =1.5885 eV from the Coherent CR899 tunable Ti:sap-
phire laser with incident power ~150 mW, and the spectrum was
recorded at 8 K and 6 T.
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FIG. 6. (Color online) Comparison of the Cr* Raman-EPR in-
tensities in ZnTe in the presence of simultaneous illumination of
radiation with an energy close to the band gap, recorded at 8§ K and
6 T. The incident radiation (/;) is the Kr* 5208 A line; the simul-
taneous illumination radiation () is the Ar* 5145 A line. (a) I
=10 mW, 1,=0; (b) I;,=10 mW, ,=100 mW; (¢) 7;,=10 mW, I,
=200 mW.
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FIG. 7. (Color online) Comparison of the Cr* Raman-EPR in-
tensities in ZnTe at LO+PM, recorded at 8 K and 6 T, for three
different crystal growth methods: (a) Bridgman method, Cr-doped
ZnTe; (b) Bridgman method, Cr-doped and Ga-codoped ZnTe; and
(c) Cr diffusion into ZnTe at 1100 °C for 3 days.

=10 mW of the Kr* line at 5208 A, and the Raman spectrum
shows signatures of the LO phonon, accompanied by the
Stokes and anti-Stokes Raman lines at w;p+wpy. In Fig.
6(b), the 5145 A line from an Ar* laser with I,=100 mW
illuminates the same spot on the sample as that of the inci-
dent radiation. As can be seen, the intensity at w;p+wpy,
increases by a factor of 2, while that at w;, remains un-
changed. Thus, the increased intensity of w;o+wp), in Fig.
6(b) can be attributed to an increase in the Cr* concentration
in ZnTe as a result of the simultaneous illumination with the
5145 A line, as a result of the conversion of Cr** to Cr* by
photoconversion. The underlying microscopic mechanism is
as follows: the 5145 A photon creates an electron-hole pair,
an electron in the conduction band and a hole in the valence
band; the electron in the conduction band then binds to Cr?*,
generating Cr* as an acceptor center. An increase in I, be-
yond 200 mW broadens w; o+ wpy, without changing the in-
tegrated intensity, as can be seen in Fig. 6(c). A similar ex-
periment to observe the photoconversion of Cr** into Cr* in
CdTe was not successful.

Another possible way of increasing the Cr* concentration
is by the introduction of the trivalent ions (e.g., Ga®*), as
suggested by Vallin et al.'* Figure 7 shows the intensity com-
parison of Raman lines at w;,+ wp), with different crystal
growth methods: (a) Bridgman method, Cr-doped ZnTe; (b)
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Bridgman method, Cr-doped and Ga-codoped ZnTe; (c) Cr
diffusion into ZnTe at 1100 °C for 3 days. The intensities of
LO features in all three cases are comparable, indicating
good and similar crystal quality. The intensity at w; o+ wpy,
Raman lines in Fig. 7(a) is much stronger than that in Fig.
7(b), demonstrating that codoping with Ga has not effec-
tively increased but may have somewhat decreased the con-
centration of the Cr* acceptor centers. In other words, the
photoconversion process Cr** — Cr* is a more effective way
to produce Cr* centers. Diffusion of Cr into ZnTe at high
temperature can also incorporate enough Cr in ZnTe to ob-
serve Cr, as can be seen in Fig. 7(c).

D. Photoluminescence spectra of acceptor-bound exciton

In Figs. 8 and 9, we present the PL spectra of ZnTe and
CdTe doped with Cu, Ag, and Cr as well as those nominally
pure. Following Venghaus and Dean,® the spectral signa-
tures at 2.3750 and 2.3745 eV in Fig. 8 are attributed to
excitons bound to Cu and Ag acceptors, respectively. (The
corresponding positions in Ref. 45 are 2.3749 and
2.3740 eV, respectively.) The strongest peak in the nomi-
nally undoped ZnTe occurs at 2.3745 eV, presumably due to
inadvertently introduced Ag acceptors. The strong 2.3753 eV
PL feature in Cr-doped ZnTe can be assigned to excitons
bound to a Cr acceptor.

For CdTe, the principal acceptor-bound exciton features
have been reported*® at 1.5896 eV for Cu and at 1.5885 eV
for Ag. Our PL spectra for Cu- and Ag-doped CdTe, as
shown in Fig. 9, reveal the Cu- and Ag-acceptor-bound ex-
citon features at 1.5894 and 1.5888 eV, respectively. The
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FIG. 8. (Color online) Photoluminescence (PL) spectra of Cu-,
Ag-, and Cr-doped ZnTe as well as that of pure ZnTe. The spectra
were excited by a 5145 A line from an Ar* laser and recorded at
T=8 K. A,, stands for the acceptor-bound exciton and A,,-LO for
the combination of A,, with LO.

155206-5



LU et al.

25

1 E,=2.409 eV

20 — T=8K o

CdTe+10" Ag

CdTe+10" Cu

Intensity (10° counts/s)

5 =
| Pure CdTe
CdTe+ 10" Cr X5 |
N W | A o)
0 T I T I T
1.52 1.56 1.6

Energy (eV)

FIG. 9. (Color online) Photoluminescence (PL) spectra of Ag-,
Cu-, and Cr-doped CdTe and pure CdTe recorded at 7=8 K. The
spectra were excited by a 5145 A line from an Ar* laser. A,, stands
for the acceptor-bound exciton and A,,-LO for the combination of
A,, with LO.

“undoped” pure CdTe, with the principal feature at
1.5893 eV, shows the dominant Cu impurity often present in
the starting material. Cr-doped CdTe, however, shows no lu-
minescence features; the absence of the acceptor-bound ex-
citon in PL and the weak free exciton in WMR in Cr-doped
CdTe are not fully understood. The near coincidence of the
acceptor-bound exciton features for Cu and Ag in ZnT-
e(CdTe), as comprehensively investigated and intepreted to-
gether with the PL of other acceptors (i.e., Li, Na, and Au) in
ZnTe and in CdTe by Molva et al.,*’ indicates very small
central-cell corrections, almost independent of the nature of
the acceptor at the cation site. The valence-band parameters,
and thus the effective-mass acceptor states in CdTe and
ZnTe, are similar. The striking similarity of the acceptor-
bound exciton features for Cu-, Ag-, and Cr-doped ZnTe in-
dicates that Cr is also an acceptor.

E. The microscopic mechanism of Raman-EPR of Cr* in ZnTe
and CdTe

The polarization dependence of the Stokes and anti-
Stokes Raman-EPR lines in Cd,_,Cr,Te, in a “pseudo-right-
angle” scattering geometry [see Fig. 10(a)], is displayed in
Fig. 10(b). With the magnetic field along z, ¢,=(1/+2)(X
+i§) and 6_=(1/\2)(X—i¥) are circularly polarized incident
radiations of positive and negative helicities, respectively;
scattered radiation analyzed along Z then yields the (J,,Z)
and (6_,Z) polarization configurations. In (&,,Z), the Stokes
component is much stronger than the anti-Stokes, whereas
the opposite is the case in (6_,Z). The leakage observed in
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FIG. 10. (Color online) (a) Raman scattering geometry: BS is a
Babinet-Soleil compensator and A is a linear analyzer. The compari-
son of the polarization dependence of the Stokes (S) and anti-Stokes
(AS) Raman lines generated by (b) spin-flip Raman transitions be-
tween adjacent sublevels of the Zeeman multiplet of Cr* in CdTe
and (c) spin-flip Raman scattering of donor-bound electrons in pure
CdTe. Both the spectra are recorded at 6 K and 6 T, the correspond-
ing Raman mechanisms being (d) for the former and (e) for the
latter.

both configurations can be attributed to the fact that the
“pseudo” scattering geometry is not exactly right angle (and
hence the label). The exciting radiation Zw; needs to be very
close to the excitonic transitions for resonance enhancement,
on the one hand, but this requirement restricts the scattering
to a small volume, on the other; thus the strict exclusion
expected in the polarization configuration is not fully real-
ized, but is nevertheless qualitively consistent with the selec-
tion rules. The Raman transitions with shifts of nfiwp,, (n
=3) in Figs. 2 and 3 do not satisfy angular momentum con-
servation in contrast to those with n=1,2 and a different
mechanism has to be invoked, as discussed in Refs. 48 and
49.

The intensities of the Stokes and anti-Stokes Raman lines
as a function of the incident and scattered photon energy, i.e.,
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the resonance profiles, are shown in Fig. 11. The Raman-
EPR intensity as a function of the incident photon energy, as
displayed in Fig. 11(a), shows distinctly different peaks for
the Stokes (at 1.5885 eV) and anti-Stokes (1.5869 eV) com-

ponents, separated by 2Awpy,. Adapting Loudon’s theory for

[:IeR|nS’b><mS +1,b ]:Iex|isa><n1_ l,a
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optical phonons,’® the differential scattering cross section for
the Stokes component, described by a three-step Raman pro-
cess as schematically illustrated in Fig. 10(d), can be written
as

do <Vls+],0
—

dQ) [, = (0, = wpp) [, = @]

where the ellipsis represents five additional terms. Here, I:IER

is the electron-photon interaction Hamiltonian, H,, is the
Hamiltonian describing the exchange interaction between
magnetic ions and band electrons, n; and ng are the occupa-
tion numbers of incident and scattered photon modes, and
hw,, hw, are the intermediate excitation energies of the vir-
tual electron-hole pair. Equivalently, the intensities of the
Stokes and anti-Stokes Raman-EPR plotted as a function of
the scattered photon energy [Fig. 11(b)] show that their
maxima coincide; this indicates that the resonance effect
arises with the scattered photon energy #(w; — wpy,) equaling
fiwy, in Eq. (1), i.e., it is due to out resonance. The zero-field
free exciton energy of pure CdTe is 1.5966 eV [see Fig.
1(a)], and the free exciton energy of Cd;_,Cr,Te can be ex-
pected to occur at a still higher energy. On the basis of the
~10 meV difference between the peak energy for the out
resonance in the resonance profile (1.5877 ¢V) and that for
the free exciton energy (=1.5966 eV), one can rule out the
possibility that the Raman-EPR in Figs. 3 and 5 is mediated
by a free exciton. In contrast, the energies of an acceptor-
bound exciton, as shown in Fig. 9 (1.5888 eV for an Ag
acceptor and 1.5894 eV for a Cu acceptor), are close to the
peak energy of out resonance. It is thus reasonable to at-
tribute the microscopic process of the Raman-EPR of Cr* in
CdTe as mediated via an exciton bound to a neutral acceptor
(Cr, Ag, and/or Cu), analogous to the role played by an ex-
citon bound to a neutral donor® in spin-flip Raman scatter-
ing from donor-bound electrons in pure CdTe.

The initial and final states of the Raman process mediated
by an exciton bound to a neutral acceptor in a magnetic field
as depicted in Fig. 10(d) are the Zeeman components of the
ground state of the neutral acceptor (A). The intermediate
state is one of the Zeeman levels derived from the ground
state of an exciton bound (BX) to the neutral acceptor. The
Zeeman components of the ground state of a neutral acceptor
(A), i.e., an acceptor-bound hole, are those of a hole. The
Zeeman levels of an exciton bound (BX) to a neutral accep-
tor are those of an electron, since the spins of the two holes
are antiparallel. The reasons for the ordering of the Zeeman
sublevels of an electron and a hole in Cd,_,Cr,Te are ex-
plained in the next paragraph. Thus, the excitonic Zeeman
level scheme of an exciton bound to a neutral acceptor is
similar to that of a free exciton. The Stokes process of the
Raman-EPR can be described as follows:*® (i) in the first

H z|n;,0
eR|”1 >+ le, (1)

step, an incident photon of polarization &, excites an elec-
tron from |—1/2), to [1/2)ys (ii) in the intermediate step, the
electron interacts with a Cr* ion, through a simultaneous spin
flip of the electron with AM(e)=—1, that of the Cr* ion with
AM (Cr*)=1; (iii) and in the final step, the electron deexcites
from |-1/2)gy to the initial |-1/2), by emitting a photon of
polarization Z yielding a net photon energy fiwg=fw;
—hwpy. In the Stokes process, the Cr* ion experiences
AM(Cr*)=1 transitions between its Zeeman sublevels.
Similarly, the anti-Stokes process corresponds to the deexci-
tation of Cr* to the next lower Zeeman sublevel with
AM (Cr*)=-1.

It is interesting to note that, unlike the electron spin-flip
transitions between Zeeman multiplets of Cr*, the spin-flip

2000 1.5885 ¢V

fa -
3 1600 — Cd, CrTe
s s 1.5869 eV ® Stokes
§ 1200 & anti-Stokes
S 4
= 800
~
1%} .
~
S 100
= 4

0 T T T T T T T

1.58 1.584 1.588 1.592 1.596
Incident phota energy (eV)
2000 1.5877 ¢V

2 i
> 1600 — cd, Cr.Te
‘S 4 ® Stokes
§ 1200 — & anti-Stokes
)
= 1T ®
2 800 —
S
g -
§ 400 —
S i

0 T T T T T T T

1.58 1.584 1588  1.592
S aattered photon energy (eV)

1.596

FIG. 11. (Color online) Resonance profiles of Stokes and anti-
Stokes Raman lines for the Raman-EPR of Cr* in CdTe as a func-
tion of (a) incident photon energy and (b) scattered photon energy.
The circles and squares are experimental data. The solid curves are
Lorentzian fits to the data. All the data are recorded at 8 K and 6 T.
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Raman scattering (SFRS) of donor-bound electrons in pure
CdTe, as shown in Fig. 10(c), exhibits opposite polarization
selection rules. For comparison, the Raman process for
SFRS of donor-bound electrons mediated by a free exciton®
is shown in Fig. 10(e). The difference between Fig. 10(d) and
Fig. 10(e) is the ordering of sublevels of the electron, as well
as those of the hole (or valence-band electron). In pure CdTe,
the Zeeman sublevels are ordered, as shown in Fig. 10(e).
However, in Fig. 10(d) for Cd,_,Cr,Te, the ferromagnetic s-d
exchange interaction dominates, reversing the sequence of
the [1/2) and |-1/2) levels; similarly, the ferromagnetic p-d
exchange interaction in Cr-based DMSs also reverses the or-
dering of the valence-band Zeeman sublevels,’ in compari-
son to that in Mn-, Fe-, and Co-based DMSs,***8 which
show an antiferromagnetic p-d exchange interaction.

IV. CONCLUDING REMARKS

The isotropic g factor of the Raman-EPR close to 2, char-
acteristic of Cr*, not of Cr?* and Cr*; the photoconversion
of Cr?* into Cr*; the close similarity in PL spectra of the
excitons bound to Cr* centers with those of Ag and Cu ac-
ceptors in ZnTe; etc., these experimental results emerging
from the present investigation constitute a convincing case
for the existence of Cr* as an acceptor in both ZnTe and
CdTe, originating in the 3d° electronic configuration of the d

PHYSICAL REVIEW B 75, 155206 (2007)

shell of Cr*. Taken together with magnetization, it is clear
that Cr* is a minority electronic configuration, in contrast to
Cr?* which is dominant. Nevertheless, the Cr* state has been
selectively observed in EPR and Raman-EPR.

The synthesis of Cd;_,Cr,Te and Zn,_,Cr, Te employing
the nonequilibrium growth techniques such as MBE or
MOCVD may produce specimens with x significantly larger
than those available to date. It would be of particular interest
to investigate the sp-d exchange interaction using magne-
toreflectivity for such high Cr-based DMSs for a direct ob-
servation of the striking ferromagnetic p-d exchange interac-
tion. With the introduction of donors, e.g., Ga or Cl, in these
DMSs, the exploration of the spin-flip Raman scattering
(SFRS) from donor-bound electrons would be another inter-
esting problem worthy of study. Twardowski et al. have
reported®! the observation of SFRS from donor-bound elec-
trons in Cd,_,Cr,S, while Herbich et al.>> have explored
theoretically the nature of the magnetic polaron in Cr-based
DMSs. We also note here that we have observed SFRS from
donor-bound electrons in Cd,_,Cr,Se.>?
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