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We report the observation of the resonance enhancement of the Raman line in Cd,_,Mn, Te asso-
ciated with the LO phonons in combination with the spin flip of Mn?*. The resonance condition is
fulfilled when the large magnetic-field-induced exciton splitting allows one of its components to be
brought into coincidence with the Raman line. The exciton splittings are due to the large effective g
factors of the conduction and valence bands arising from the strong Mn?*—band-electron exchange
interaction. The associated.temperature tuning is also observed at a constant magnetic field. The
feasibility of magnetic field tuning of resonance conditions for Raman scattering in diluted magnetic
semiconductors is a result of the sensitive manner in which excitonic splittings depend on magnetic

- field, temperature, and concentration of magnetic ions. In addition, new higher order spin-flip Ra-
man scattering is observed; an interpretation for their occurrence is presented.

I. INTRODUCTION

The substitution of a magnetic ion—typically
manganese—for the group II host atom in a II-VI semi-
conductor results in a class of semiconductors known as
diluted magnetic semiconductors (DMS). Thanks to the
strong exchange coupling between the 3d electrons of
Mn?t and the band electrons, these semiconductors exhib-
it novel semiconducting and magnetic properties."? The
free exciton in Cd;_,Mn,Te, for example, undergoes a
large Zeeman splitting® even in moderate magnetic fields
and underlies the observed very large Faraday rotation.*
These effects can be described in terms of an effective g
factor for the band electrons that is two orders of magni-
tude larger than that for CdTe. This g factor is a strong
function of the applied magnetic field H, temperature 7,
and manganese mole concentration x, showing a charac-
teristic saturation at large H /7. In contrast, the 3d elec-
trons of Mn?* exhibit g=2 as has been deduced from
the Raman—electron-paramagnetic-resonance (Raman-
EPR:wpy) experiments.>® Even in these experiments the
authors noted that the Raman-EPR signals show a
dramatic increase when the exciting laser energy fiw; ap-
proaches interband transition energies Eg; a microscopic
picture involving virtual interband transitions between the
valence-band maximum - and the conduction-band
minimum accompanied by a spin flip of Mn?* through
exchange interaction has been invoked to explain the ef-
fect. Being a polar crystal, the Raman EPR can also ap-
pear ‘in conjunction with the exciton of LO phonons, i.e.,
Raman lines appear with frequency shifts w; o+ wpp.>®

The focus of the present paper is a striking and novel
manifestation of resonance enhancement of the w; ot wpy
Raman lines when the energy of the scattered radiation
equals that of a Zeeman component of the exciton, the
resonance condition being produced by magnetic field or
temperature tuning.

II. EXPERIMENTAL RESULTS
AND INTERPRETATION

The phenomena described in this paper—the Raman
and photoluminescence spectra—were recorded with a
variable temperature optical magnet cryostat, a Krt laser,
and a computer controlled grating spectrometer and asso-
ciated photon counting electronics.>’ The scattering

geometries are described in Ref. 6; in the following, k,
denotes the direction of the scattered radiation whereas
6.+=(%+i9)/V2, the circular polarizations of positive
and negative helicities, and 2 the direction of H, the ap-
plied magnetic field. The results reported in this paper
were obtained in the right-angle scattering geometry with
the magnetic field H| |ﬁs The scattered light was
analyzed with a quarter-wave plate as either & or 6 _, al-
lowing the (2,6 ) polarization configurations in some of
the experiments and are specified in the figure captions.
Figure 1 shows the Raman spectrum of Cdg ¢sMng osTe
in the right-angle scattering geometry excited with the
7525-A line in an external magnetic field, H =60 kG, and
at a temperature T=5 K. The exciting radiation is near
resonance with the free exciton transitions. The sharp,
magnetic-field-induced Raman line labeled PM, attributed
to the spin flip of the 3d electrons of the Mn* ions, has
been studied in detail by us in DMS, in particular
Cd;_,Mn,Te.® In the paramagnetic phase, the applica-
tion of an external magnetic field lifts the sixfold degen-
eracy of the %Ss,, ground state of the Mn?* ion. (The
crystal-field splitting, too small to be observed in Raman
scattering, is ignored here.) The Zeeman multiplet of the
ground state of Mn?* is thus characterized by
E(mg)=gugHmg, where g =2, up = the Bohr magneton
and mg, the spin projection along H. The PM line
originates from the Amg=+1 spin-flip transitions be-
tween adjacent sublevels of the Zeeman multiplet yielding
a Raman shift of #iwpyy=gupH. The Stokes line is ob-
served in either the (& ,2) or (2,6 _) polarization config-
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FIG. 1. Stokes Raman lines at nwpy (n =1,2,3,4) resulting
from Amg= +n spin-flip transitions in the Zeeman multiplet of
the ground state of the 3d shell of Mn?* in Cdg¢sMng sTe. Ex-
citing wavelength A, =7525 A, power P, =90 mW; applied
magnetic field H =60 kG and temperature T=5 K. The spec-
trum for shifts greater than 15 cm™! is the average of ten scans.
Right-angle scattering geometry was used and scattered light,
propagating parallel to the magnetic field, was not analyzed.

urations, while the anti-Stokes component appears in
(6_,2) or (Z,6,). Under conditions when the laser pho-
ton energy approaches that of the band gap, we observed
Raman features which can be attributed to the Amg=+2
spin-flip transitions as well as combinations of the
Amg=+1 transitions with the LO phonons.® The Stokes
component of the Raman line at 2wpy is observed in
(6,0 _) whereas the anti-Stokes occurs in (6 _,8 ), both
in the forward scattering geometry.® The combination of
the spin-flip transition with either of the two LO pho-
nons®® in Cd;_,Mn,Te occurs with shifts oy o+wpy in
the (6'4,2) or (2,0;) configurations. In Fig. 2 the Raman
spectrum of Cdy 9¢Mng ; Te showing the wy o+ wpy lines is
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FIG. 2. Raman spectra of Cd,_,Mn,Te, x =0.10, showing
Raman lines with shifts of wLo, TwpMm and wLo,t@pm, where
LO, and LO,, respectively, are the “CdTe-like” and “MnTe-
like” LO phonons. Incident light along ’lE,H [T10], polarized
along [170]||H||Ks, the scattering direction. Scattered light
analyzed for &, in (a) and @_ in (c) and along [001] in (b).
T =120 K, H=60 kG, and A; =7525 A.

reproduced from our results reported in Ref. 6. Since
these lines appear only under band-gap resonance and in-
volve only the LO phonons and, hence, the Frohlich in-
teraction, an interband, or equivalently an excitonic, Ra-
man mechanism was proposed.® This mechanism pro-
vides an explanation for the polarization and resonance
characteristics of the Raman transitions. The scattering
amplitude for this Raman mechanism is proportional to
the magnitude of the exchange coupling between the
Mn?* ions and the band electrons which is especially
strong in these alloys. Adapting Loudon’s theory for opti-
cal phonons,’ the scattering cross section for such a
three-step process can be written as being proportional to

lHeR 'nL10> 4o

(wp +wpm— 0 Nwz —or)

where the ellipsis represents five additional terms. Here
H,p is the electron-photon interaction Hamiltonian, H,,
is the exchange Hamiltonian describing the exchange in-
teraction between 3d-localized states of Mn?* and con-
duction (valence) electrons, n;,ns are the occupation
numbers of the incident and scattered photon modes,
respectively, and #iw,,%iw, are the intermediate excitation
energies of the virtual electron-hole pair. The other five
terms in Eq. (1) are the remaining permutations of the
three steps of the Raman process. It is clear that the first
term will dominate when w,~w; or wp~(w;
—wpMm) =wg, producing a double peak in the frequency
dependence of the cross section. The condition of “in res-
onance” results from the matching of the incident photon
energy with that of an electronic excitation whereas “out

I
resonance” occurs when the scattered photon energy
equals the energy of such a transition.!”

In Eq. (1) above, #w, and #w, are the energies of exci-
tation of two states of the exciton with angular momenta
differing by one unit. For example, following Twardowski
et al.,’ for a (2,6, ) Stokes line

#w,=E,—34+B,
(2)
#wp,=E,—34 +3B ,
where E, is the exciton energy and

A=1xNoa(SM") ,
3)
B=1xNyB(S}"™) .
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In Eq. (2), it is assumed that the electron-hole exchange
and correlation energy is insensitive to H. In Eq. (3), Ny
is the reciprocal of the volume of the primitive cell; a(/3)
is the exchange integral of the 3d states of Mn?* and con-
duction (valence) electrons and (SM") is the average value
of the component of Mn?* spin along H given by
(3)Bs,5(gupgH /kgT) in the paramagnetic phase. Thus
the energies 7w, are characterized by an effective g fac-
tor which is a nonlinear function of (H /T).

In Figs. 3(a) and 3(b), we show the photoluminescence
spectrum of Cd;_,Mn,Te, x=0.05, at 5 K in the ab-
sence of a magnetic field. The feature labeled X is at-
tributed to free-exciton recombination!! and has an energy
of E,=1.665 eV, an increase of 70 meV from the value in
CdTe.!? We emphasize that the energy of line X includes
the additional binding energy due to the mutual spin po-
larization of the carriers and of the Mn?* within the exci-
ton orbit, the so-called ”bound magnetic polaron” effect.
For x =0.05, this effect is small as shown in Fig. 2 of
Golnik et al.!! and should be unimportant even at a rela-
tively small magnetic field. The energy of this exciton
varies linearly - with Mn?t  concentration'* in
Cd;_xMn,Te and the value measured here is in good
agreement with that expected. The feature labeled 4°X is
attributed to the exciton bound to a neutral acceptor!!
with a binding energy of 9 meV. The feature at 1.608 eV,
"~ when corrected for the change in the energy gap, corre-
sponds to the 1.54-eV feature in CdTe which may result
from free-electron—to—acceptor transitions;'* the features
at 1.587 and 1.566 eV are the LO phonon replicas of this
transition. Similarly, the series of luminescence peaks be-
ginning at ~1.5 eV are the LO phonon replicas of the
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FIG. 3. Photoluminescence spectra of Cdy¢sMngosTe at
T=5 K with H=0 for (a) and (b)), H=60 kG for (c),
AL =7525 A for (a) and (c), A, =6764 A for (b), and P, =25
mW for all cases. Raman features are denoted by R. In (c), the
features between 1.55 and 1.6 eV are also displayed on a scale
reduced by 10.
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transitions associated with a vacancy-donor complex
(V& D*),'> where the donors in this case are presumed
to be interstitial copper atoms!® introduced during crystal
growth. As the magnetic field is increased the free exci-
ton peak increases in intensity and shifts to lower energy
sweeping across the A4°X feature.!! At sufficiently high
magnetic fields a splitting in the free exciton feature is ob-
served.!” Two of these are present in Fig. 3(c); the low-
energy component labeled X, appears in the & | polariza-
tion, while the other, X,, is polarized along 2. The
feature associated with the free electron to acceptor tran-
sition and its LO phonon replicas shift by 14 meV in a
magnetic field of 60 kG.

On the basis of the luminescence spectra, appropriate
choices of laser wavelength, sample temperature and mag-
netic field can be made to achieve conditions of in reso-
nance or out resonance, which can selectively enhance
specific features in the Raman spectrum. In the geometry
employed in the experiments reported in this paper, the
w1o—py line, i.e., the Raman shift with the creation of
an LO phonon and the de-excitation of the Mn?* by
Amg=—1 involves a virtual transition at an energy #w,

for the incident radiation polarized along Z and another at

#iwy, for scattered radiation having &, polarization. With
7525-A (fiw; =1.648 eV) laser line, the in resonance con-
dition is nearly fulfilled; with 4 and B in Eq. (3) for
x=0.05, T=5 K, and H =60 kG, we estimate the ener-
gies of X, and X, the components which move to lower
energies with increasing H, to be 1.636 and 1.603 eV,
respectively.!® Thus, it is clear that the in-resonance con-
dition is satisfied even more closely whereas the out reso-
nance for w;o—wpym can now be realized. The results in
Fig. 1 show the resonantly enhanced lines at
©pM> 20pM, 3wpym, and 4wpy. We discuss some of the
underlying physical considerations later. Here we em-
phasize the dramatic enhancement in the intensity of the
w10, —pym line as illustrated in Figs. 4 and 5. The spec-
tra were recorded with the incident polarization along 2,
unanalyzed scattered radiation and /lisl |H. The relatively
broad feature at ~220 cm~' is the X, luminescence
feature attributed to the exciton component at
E,—34+3B. In addition to the LO;, LO;=PM, LO,,
and LO,+PM lines, which have been reported before,®
two additional features with Raman shifts of wpo,*2wpm

are observed. A direct consequence of the out-resonance
conditions is the pronounced enhancement in the intensity
of the LO;—PM line in Fig. 4 with respect to that of
LO;+PM. In the scattering geometry and the polariza-
tion conditions used, the preferential enhancement results
from the fact that the polarization of the scattered light
for LO;+ PM is 6_, while that for LO,—PM is &,
matching that of the X transition. Under nonresonant
conditions, for T=5 K and H =60 kG, the intensity of
LO;+PM would be five times greater than that of
LO;—PM, as calculated from the Boltzmann factor. This
enhancement of LO;—PM becomes even more pro-
nounced under exact out resonance achieved by decreasing
the magnetic field to 35 kG and moving the X, lumines-
cence feature under the LO; and the LO;—PM Raman
lines; this illustrated in Fig. 5 where the LO;—PM Ra-
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FIG. 4. Raman spectrum of Cdg9sMngosTe in the region of
the LO . phonons  with T=5 K, H=60 KG,
Ar =7525 A, and P;, =30 mW. Incident light polarized along
2||H||ks and scattered light unanalyzed.

man line is more intense than the LO; line. The
LO,—PM, LO,, and LO,+PM Raman lines show simi-
lar effects as can be seen from a comparison of Figs. 4
and 5. In Fig. 6, the resonance conditions are controlled
by keeping H =60 kG but varying the temperature over
the range 4.5—25 K. As can be clearly seen, the resonance
enhancement at 7=11 K and H =60 kG is almost iden-
tical to that at T =5 K and H =35 kG. We note that the
Raman shift w; ot wpy is insensitive to temperature varia-
tion while the position of the Zeeman component of the
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FIG. 5. Raman spectrum of Cdg¢sMngosTe in the region of
the LO phonons with H =35 kG and other conditions as in Fig.
4.
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FIG. 6. Temperature variation of the resonance Raman
scattering in Cdg¢sMngosTe in the region of the LO phonons
with H =60 kG, and other conditions as in Fig. 4.

exciton and, hence, the resonance conditions are strongly
temperature dependent for the reasons already em-
phasized.

We now discuss the origin of the Raman lines in Fig. 1
with shifts of 3wpy and 4wpy, corresponding to Amg= 3
and 4, respectively. Multiple spin-flip Raman scattering
from electrons bound to donors!®?° has been reported in
the literature and explained invoking either an exchange
coupling among donor spins?! or multiple scattering.?
The multiple spin-flip features in DMS can be accounted
for in terms of excitations within neighboring pairs of
Mn?t ions coupled antiferromagnetically and assuming
an anisotropic exchange interaction between the ground-
state multiplet of one and an excited state of the other; in
this model we replace the intermediate step in Eq. (1), i.e.,
(mg+1,b | H., | mg,a), with one in which the exchange
interaction is now between the electron and a pair of
neighboring Mn2*. In fact, a pair of neighboring Mn?*
in their %S5, states in a magnetic field H||Z can be
described by the Hamiltonian

H=gugHS,—J(S*— %), 4

where J is a Mn?*t-Mn?* exchange interaction and
S=S8Y1+8?. In a Raman transition, one of the Mn?*
ions can experience a virtual excitation to an L =1 state.
The exchange interaction between a Mn2t ion in its
ground state and another in an excited state will, in gen-
eral, lack rotational invariance. Thus, virtual transitions
to intermediate states need not conserve the total (pair +
the photon) angular momentum and S, can change by
more than one unit. Such transitions followed by a final
transition to one having a value of S equal to that of the
initial  state  but  having S, differing by
AS, =0, +1,+2,+3, +4, and +5 yields a Raman shift of
gupHAS,, i.e., a multiple of wpy;, independent of J. Of
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course, S =0 state is to be excluded as it will not result in
a Raman shift; but S =1 and higher states are populated
because |J | ~2 K in Cd,_,Mn,Te.® In our model the
intensities of wpp and 2wpy Will have contributions from
isolated Mn?* as well as Mn?* pairs. The contribution of
the latter will have a temperature dependence characteris-
tic of the population of the S =1, 2, 3, 4, and 5 multiplets
lying 2, 6, 12, 20, and 30 times | J | above the S =0 state.
The 3wpym and 4wpy Will have contributions only from
S =2, 3, 4, and 5 and hence will be correspondingly weak-
er.

III. CONCLUDING REMARKS

The magnetic field and temperature-tuned resonant Ra-
man scattering discussed in this paper is another example
of the unique role played by the strong Mn’*-band-
electron exchange interaction in DMS as manifested in
the large g factors characterizing the Zeeman splitting of
the exciton. It is also of interest to note that the Raman
scattering associated with the spin flip of Mn?* (the Ra-
man EPR of Mn?%) is mediated by the creation of an
electron-hole pair, or equivalently, an exciton. It is known

PETERSON, BARTHOLOMEW, RAMDAS, AND RODRIGUEZ 31

that Cd,_,Mn, Te exhibits magnetic ordering at low tem-
peratures’> and a one-magnon Raman line® (the Raman-
antiferromagnetic line) which splits into a doublet in an
external magnetic field.® It has also been demonstrated
that as the temperature is lowered and the magnetic order
sets in, the Raman-EPR line evolves smoothly into the
high-energy component of the one-magnon doublet. This
shows that the excitation of an antiferromagnetic spin
wave in DMS by inelastic light scattering is also mediated
by interband transitions.
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