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Spin dynamics of electrons in n-type Cdg9sMng osSe near the metal-to-insulator transition are
probed by means of inelastic-light-scattering measurements as a function of magnetic field up to 8 T
and temperature down to 0.25 K. The observed Raman spin-flip scattering line is demonstrated to
arise from itinerant (diffusive) electrons. The spin-split energies (Stokes shifts), being determined by
the s-d exchange interaction, increase strongly as the temperature is lowered, and at 0.25 K attain
values that correspond to an effective Landé factor as large as 500. Variations of the spin-split ener-
gy with the magnetic field follow a modified Brillouin function suitable for this diluted magnetic
semiconductor in a paramagnetic phase. A better description of experimental results is obtained,
however, assuming the existence of an additional magnetization that depends only weakly on the
external magnetic field. Such magnetization could be induced by bound magnetic polarons, and,
therefore, its appearance points indirectly to the presence of local s spins on the metallic side of the
metal-to-insulator transition. Studies of the linewidth in forward- and backscattering geometries
provide information on the spin-relaxation time T, and spin-diffusion coefficient D, of itinerant
electrons. The magnitude of T, is shown to be primarily determined by (i) spin-flip scattering of
electrons by magnetic ions and (ii) motionally narrowed inhomogeneous broadening caused by com-
positional fluctuations of magnetization. It is demonstrated that, in agreement with theoretical ex-
pectations, both T, and D, are strongly affected by electron-electron interactions and localization
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corrections.

I. INTRODUCTION

Recent experimental studies of doped semiconductors
in the vicinity of the metal-to-insulator transition (MIT)!
have usually been analyzed in terms of a phenomenologi-
cal two-fluid model.2”* In this model the relevant elec-
tronic states are assumed to be made up of two distinct
components: Fermi-liquid quasiparticles and electron lo-
cal magnetic moments. The former contribute to
nonzero conductivity and are thought to be correctly de-
scribed by renormalization-group (RG) methods.> A
central result of the RG approach has been the demon-
stration that when the ratio of elastic-scattering rate to
electron Kkinetic energy increases, the low-temperature
conductivity acquires quantum corrections that result ul-
timately in quasiparticle localization. These corrections
are determined by diffusion poles of the Fermi-liquid
correlation functions. A behavior of the conductivity at
criticality, as well as the position of the MI transition
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point are, therefore, strongly affected by magnetic field,
spin-splitting, and spin-dependent scattering as these per-
turbations cut off the diffusion poles in the appropriate
correlation functions. The same formalism also describes
a divergence of the localization length of the Fermi-liquid
electrons. This length controls the hopping conductivity
and dielectric susceptibility on the insulator side of the
MIT. The local moments, in turn, contribute to magnet-
ic and thermodynamic®® properties, as well as to high-
frequency conductivity.” Formation of local moments
may involve states far in energy from the Fermi energy.
Such states are outside the scope of the RG methods and,
perhaps, are better handled in terms of a disordered Hub-
bard model.®® Because of the decoupling effect of the
Hubbard repulsion and of the intersite Coulomb interac-
tion among localized electrons, !%!! no charge transport is
allowed between local moments and the rest of the sys-
tem. However, the exchange coupling between itinerant
and local electrons may increase the spin-flip scattering
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efficiency, thereby affecting the low-frequency conductivi-
ty. Furthermore, one may expect a gradual conversion of
quasiparticles into local moments when proceeding from
the metal to the insulator. Such conversion will shrink
the phase space occupied by the quasiparticles. It has
been speculated'? that a divergence of the Hall
coefficient, which was found!>!® to occur deep in the in-
sulating phase, reflected the disappearance of the Fermi-
liquidlike states.

In this paper we report on spin-flip Raman-scattering
(SFRS) experiments carried out down to 0.25 K on barely
metallic Cd, 9sMng 3sSe:In samples with electron concen-
tration n =7X 10" cm~3.1* Measurements were carried
out at the MIT National Magnet Laboratory in a top-
loading dilution refrigerator equipped with optical fibers.
Previous comprehensive SFRS studies'>™!" of n-type
Cdy 9sMny osSe concerned material with lower net donor
concentration n <10 cm ™3, Such samples are well in
the insulating phase, as the Mott critical concentration,
estimated from the effective mass and dielectric constant
of CdSe, is about 3X10' cm™>. Therefore, the SFRS
studies provided information on spin dynamics of elec-
trons 0bound to donors, which have a Bohr radius of
~38 A. It turned out that s-d exchange interaction ex-
erted a dramatic influence on the SFRS spectrum. In
particular, the spin-splitting was nonzero even in the ab-
sence of an external magnetic field. This phenomenon,
known as the bound magnetic polaron (BMP), resulted
from the mutual alignment of the electron spin and mag-
netic spins residing within the Bohr orbit of the
donor.” 7! This spin splitting was about 0.8 meV at
T=>2 K, and increased up to 1.7 meV at ~0.13 K,
reflecting a substantial increase in the magnetic suscepti-
bility x(7) of Mn spins. !¢ The value of spin splitting in-
creased even further under the presence of the external
magnetic field, reaching about 15-20 meV when the Mn
spins became fully spin polarized.!” The SFRS line was
inhomogeneously broadened by thermal'® ! and composi-
tional®® fluctuations of the magnetization. A successful
quantitative interpretation of the above results made it
possible to determine the s-d exchange integral,'®2! as
well as provide information on magnetic susceptibility of
Mn spins down to 0.13 K.!® The values of y(T) deduced
in this way are in agreement with those yielded by direct
millikelvin magnetic measurements.?>?? Since the latter
were carried out for both a metallic In-doped sample
(n =8X10" cm™3)?»* and nominally undoped crystal*
(i.e., with n in the range 10'°~10'" cm—?), this agreement
suggests that neither a Ruderman-Kittel-Kasuya-Yosida
(RKKY)-type interaction nor BMP’s affect substantially
the total magnetic response of the system. Instead, x(7T)
appears to be mostly determined by superexchange anti-
ferromagnetic interactions which give rise to the temper-
ature dependence specific to disordered antiferromag-
nets, x( T)~T # with 0.6<B8<0.7. This dependence
holds down to ~ 100 mK, where spin-glass freezing is ob-
served. 2%

Transport studies
spanned a wide concentration range, 3X10'® cm
<n<2X10'"® cm™3. These studies revealed an unusual
sensitivity of the conductivity on temperature and mag-
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netic field. Since the corresponding effects were absent in
CdSe, it has been concluded that they have been caused
by the s-d interaction. In particular, the low-field posi-
tive magnetoresistance has been attributed>?> to the
influence of the giant s-d exchange spin-splitting on the
spin-spin correlation function. Another interesting result
was the observation, below ~0.5 K, of a sudden drop of
metallic conductivity in samples with n <10'® cm™3.2%2
For n =~6X10'7 cm 2 this drop resulted in the metal-to-
insulator transition when the temperature was lowered.
Since near the MIT the conductivity is especially sensi-
tive to the spin-dependent scattering, the scattering of
itinerant electrons by Mn-spin fluctuations was taken into
consideration. The corresponding scattering rate, how-
ever, predicted a temperature dependence and magnitude
far too small to explain the data.?»?* It has therefore
been argued,>?3 that regions of enhanced Mn-spin polar-
ization around local electron magnetic moments (i.e.,
BMP’s) constitute centers of additional spin-disorder
scattering. The estimated efficiency of this scattering
mode increases steeply with decreasing temperature and
magnetic field, so that the calculated conductivities be-
come in qualitative accord with the experimental re-
sults.?* It is also possible that the low-temperature drop
of conductivity reflects a temperature-dependent conver-
sion of quasiparticles into local moments, as the binding
energy of BMP’s grows when the temperature is lowered.
Finally, one might conjecture that the s-d coupling renor-
malizes quasiparticle properties by means of dynamic
effects.>* This renormalization could be important for
quasiparticles with energies smaller than the energy
width of the Mn-spin excitation spectrum. This problem
has recently been considered theoretically* with the con-
clusion that the dynamic effects do influence the spin-spin
correlation function. Whether these effects would
markedly perturb the conductivity is yet to be elucidated.

It is clear from the above discussion that SFRS, if
detected, constitutes a valuable tool to probe such a sys-
tem, because the SFRS spectrum is directly proportional
to the spin-spin correlation function.?® In agreement
with previous works on SFRS in metallic CdS:In (Ref. 27)
and Cd, 03sMng ;55:In,?® we find in our samples the
SFRS line to be diffusive and to grow linearly with the
magnetic field. As argued in the following sections, such
behavior indicates that the spin correlation function is
that of itinerant electrons. This is just the correlation
function that determines the conductivity near the MIT.
Moreover, the correlation function in question involves
the spin-relaxation time, which controls the degree of
luminescence polarization?® and the magnitude of pho-
tomagnetization®® under optical pumping conditions.

The outline of this paper is as follows. In Sec. II we
discuss sample characterization and experimental pro-
cedures. Section III gives experimental results and their
discussion. In particular, we present the correlation
function adopted to describe the data and then discuss
values of spin-splittings, spin-relaxation time, and spin-
diffusion coefficient deduced by a comparison of this
function with the Stokes shift measured as a function of
magnetic field and temperature. Finally, Sec. IV contains
the main conclusions of this work.
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II. EXPERIMENTAL BACKGROUND

A. Samples

The material used for this study was Bridgman-grown
Cd;_,Mn,Se:In with a nominal x value of 0.05 with In-
donor concentration of ~5X10'7 cm™3. Four samples
were cut from a single crystalline grain of volume ~0.5
cm®. Three samples were shaped into the Hall bars
with dimensions 10X2X0.4 mm®. The remaining sam-
ple, on which our SRFS experiments were performed,
was in the form of a square plate with a thickness of ~1
mm and with the c axis perpendicular to the largest sur-
face. Six electrical contacts to the Hall-bar samples were
made using indium solder. The net donor concentration
determined by room-temperature Hall-effect measure-
ments on each Hall-bar sample was n =7X10!7 cm ™3,
with scatter smaller than 8%. A systematic low-
temperature resistivity study? of such samples indicates
that the conductivity between 4.2-0.5 K is 30 (Q cm) ™!
and then drops to about 15 (Q cm)™! at 50 mK. This
temperature dependence was confirmed in the course of
the present optical work. Actually, a strong variation of
the sample resistance at millikelvin temperatures was
used to estimate the sample temperature under laser il-
lumination in the *He-*He dilution refrigerator.

B. Experimental procedure

Spin-flip Raman scattering experiments were carried
out in three different cryogenic systems for the different
temperature ranges required; a “He flowing-gas cryostat
for T>1.8 K, a pumped liquid *He cryostat for
0.4<T<4.2 K, and a top-loading dilution refrigerator
for 0.1<T <0.8 K. A fiber-optic system was used to pipe
light into and out of both the dilution refrigerator and
‘He cryostat. This system, described elsewhere, ! has in
its present version one collection and two excitation
fibers. The Raman-scattered light was collected along the
normal sample surface over a solid angle corresponding
to f3 collection optics. Two excitation fibers were
mounted in a way enabling illumination of the two oppo-
site faces of the sample. Such arrangement made it possi-
ble to perform measurements either in forward- or in
backscattering geometry. The 676.4-nm line of a cw
krypton laser was chosen for the excitation. The corre-
sponding photon energy, 1832 meV, was smaller by 50
meV than that of a luminescence maximum of the studied
sample. An 0.85-m dual-grating monochromator,
equipped with a cooled GaAs photomultiplier and an au-
tomated acquisition data system, was used to analyze the
Raman-scattered radiation. The magnetic field was ap-
plied in the direction parallel to the sample surface and
thus perpendicular to the ¢ axis of the crystal. This was
necessary to satisfy the light-scattering selection
rules.”?” The temperature was monitored by a calibrat-
ed carbon resistor located in close proximity to the sam-
ple. A strong sensitivity of Stokes shift at a given mag-
netic field upon the sample temperature was used to
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determine an optimum excitation power, which on the
one hand gave a reasonable signal-to-noise ratio, and on
the other did not cause excessive heating of the sample.
Such optimal power corresponded to the maximum
power below which the Stokes shift became relatively
power independent. Of course, since the thermal bound-
ary resistance between the sample and surrounding liquid
grows upon cooling, the optimal power decreases with
decreasing temperature. Therefore, our dilution-
refrigerator measurements at the lowest temperature
were carried out with such a laser power on the sample
(50-100 W) that ensured that after a few hours scan
time an adequate signal-to-noise ratio was obtained at the
expense of some overheating. In order to reliably esti-
mate sample temperature under these conditions, a sam-
ple with electrical contacts was immersed in the dilution
refregerator. By measuring sample resistance with and
without laser illumination, we estimated that during the
SFRS experiments the lowest sample temperature was
0.25+0.05 K. At the same time the temperature of the
3He-*He mixture was as low as 0.1 K, while its value with
the laser off dropped down to 0.05 K.

III. RESULTS AND DISCUSSION

A. Spin-flip Raman scattering spectra

Figure 1 shows examples of the Stokes-shift spectra,
which we have attributed to the electron spin-flip transi-
tions. Since the excitation power had to be reduced when
the temperature was lowered, the intensity of scattered
radiation diminished accordingly. It is seen in Fig. 1(b)
that the Stokes-shift maximum at a given magnetic field
increases with decreasing temperature, and in Fig. 1(c) at
a given temperature it increases with the magnetic field.
The Stokes shift of ~3 meV at 0.25 K and 1 kOe points
to an effective Landé factor g as large as 500. This direct-
ly confirms a dramatic influence of the s-d exchange in-
teraction upon the spin splitting of electronic states.

By comparing results displayed in Fig. 1 with those for
bound’®~?! and itinerant®”?® electrons, we note several
features of the spectra which demonstrate that itinerant
electrons are being probed. First, the linewidth in Fig.
1(a) is larger in the backscattering geometry (open cir-
cles), consistent with a delocalized character of the spin
states involved. Second, the line shape is Lorentzian, in
contrast to the Gaussian line shape observed for bound
electrons. >~2° In particular, at high temperatures (T > 1
K), where the signal-to-noise ratio is the best, the fitting
of the line by a Lorentzian function gives a mean-square
deviation by at least a factor of 2 smaller than in the case
of a Gaussian function. Finally, as illustrated in Fig. 1(c),
the scattering intensity at constant laser power increases
approximately linearly with the spin splitting in propor-
tion to the excess number of spin-down electrons. This is
again in contrast with SFRS spectra of bound electrons
for which, once the BMP polarization vector becomes
parallel to the magnetic field, the scattering intensity be-
comes field independent. Since the polaron magnetic mo-
ment!” 1% is large, ~1gup, the alignment of the polaron
quantization axes takes place at rather small magnetic
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fields gugH <kzT. (At very low temperatures, this
alignment probably occurs for gugH of the order of the
anisotropy energy or characteristic energy of exchange
interactions between neighboring donor electrons.)

As mentioned previously, the SFRS spectrum is pro-
portional to a spin-spin correlation function. Thus, for
itinerant electrons characterized by spin-splitting
spin-diffusion coefficient D, and spin-relaxation time T,

150 T T

100

50

(counts / s)

(counts / s)

(counts / s )

b o o
0

5 10 15
Stokes shift ( meV )

FIG. 1. Spin-flip Raman spectra of itinerant electrons in
Cd,_,Mn,Se:In, x=0.05, n =7X10!" cm ™3, with solid curves
showing fits to Eq. (1). The solid circles represent experimental
data for forward scattering (¢ ~0), and open circles are for back
scattering (¢ =5X10° cm™'). The temperature dependence is
shown in (b) for H=2.5 kOe. The magnetic field dependence is
shown in (c) for T=0.25 K. All spectra were taken with 1.832
eV laser excitation, and the instrumental resolution is illustrated
by the vertical bars.
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the SFRS intensity as a function of the frequency shift »
and scattering wave vector q assumes the form?2%323

G(1+F/2) ol
S(w,q) <«
(@,q) I+exp(—#w/kpT) | I+ (0—w,)?
r
+— , (la)
P+ (o+ta,) ?
with
r=D,q*+1/T, . (1b)

Here, G is the thermodynamic density-of-states at the
Fermi energy €5, and 1+F /2 is an enhancement factor
arising from the effects of electron-electron interactions.
The same factor renormalizes both » and w, (inside the
large parentheses), but in order to conserve the standard
form of the response function it has been absorbed into
the definition of I".3%3* Expression (1) should be valid for
fio, <<ep as well as in the hydrodynamic limit, i.e.,
w<<1/7and I" <<1/7, where 7 is the momentum relaxa-
tion time. The above inequalities are fulfilled in our case
because #/7~¢ep~20 meV, as estimated from the elec-

tron concentration n =7X10"7 cm™3, conductivity
0=30(Q cm) !, and electron effective mass
m*/my=0.13.

Formula (1) was fit to experimental spectra treating w,
and T, together with a proportionality factor and back-
ground intensity, as adjustable parameters (solid lines in
Fig. 1). Having ' for both ¢g=0 (forward-scattering
geometry) and for ¢=5X10° cm™! (backscattering
geometry), T, and D, were evaluated, taking into account
corrections for the instrumental linewidth. The values of
w,, T, and D, obtained in this way are discussed in sub-
sequent sections. Before presenting this data, three addi-
tional remarks are in order. First, because of the o factor
in the numerator of Eq. (la), the fitted values of w; are
slightly smaller than positions of the Stokes-shift maxima
®,,. In particular, if #w,, >> kT, then o, =(w?, —T?2)!/2,
This demonstrates once again that a proper determina-
tion from spectroscopic studies of the energy of an ele-
mentary excitation requires knowledge of the response
function of the system. Second, while SFRS experiments
provide rather accurate information on w,, and thus on
w,, the values of I' could be affected by several extrinsic
effects. In particular, an inhomogeneous broadening of
the line may arise from, for instance, from macroscopic
inhomogeneities in the crystal composition or tempera-
ture gradients. Such effects will tend to diminish the
measured values of T, but will cancel when determining
D,. Furthermore, an additional uncertainty in the deter-
mination of T, and D; may be brought about by parasitic
reflected laser light, which could perturb the purity of the
scattering geometry. It is easy to see that the latter effect
will diminish the apparent values of both T, and D,. The
above indicates that, strictly speaking, SFRS measure-
ments provide a lower bound for the intrinsic values of T,
and D,. Third, our discussion will be based on the as-
sumption that w, is determined by the mean-field part of
the s-d interaction, while the difference between exact
and mean-field s-d Hamiltonian will be treated only as a
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source of electron scattering (which makes T, finite).
Such an approach (adiabatic approximation) disregards
dynamic aspects of the s-d coupling, i.e., effects of the
coupling on the real part of electron self-energy. Because
of the nonzero instrumental spectral width and a de-
crease of the Raman scattering intensity for «—0, we
were able to probe only quasiparticles with relatively
large energies o ~w, = 1 meV. Such energies are compa-
rable to, or even greater than the width of the excitation
spectrum of the interacting Mn subsystem in diluted
magnetic semiconductors. It is plausible, therefore, that
under our experimental conditions dynamic effects have
not renormalized significantly the parameters of the
response function.

B. Spin-splitting

Within the mean-field approximation w, is determined
by a macroscopic magnetization M according to

a
gUp

where aN,;=0.28 eV (Ref. 18) is the (ferromagnetic) s-d
exchange energy; N, is the cation concentration; g=2.0
and g*=0.5 are the Landé factors of Mn d electrons and
band electrons in CdSe, respectively. In general, if local-
ized and delocalized electrons coexist M (T, H) may con-
sist of two terms. The first of these is the background
magnetization of Mn spins, possibly enhanced by the
RKKY-type interaction. The Mn-based diluted magnetic
semiconductors this part of M can be parametrized by a
modified Brillouin function B;s,, (T, H) for the spin S=3
of Mn?* ions. The second part of M is brought about by
magnetic moments of BMP’s. In the magnetic field of in-
terest these moments are already aligned, and thus to a
good approximation, produce a field-independent contri-
bution, ﬁa)ﬁm( T). Hence, Eq. (2) can be rewritten in the
form

fio (T, H)=—"—M(T,H)+g*uzH , %)

fio (T,H)=[g(T)fs,(T,H)+g*lugH +#02(T) .  (3)
Here,
g(r)=2X1) @)
14751

is the effective Landé factor arising from the s-d exchange
interaction, Y(T) is the zero-field magnetic susceptibility,
and

f)=3B,(y»)/[(S+1)y], (5)
with
y=gupH/[kg(T +Ty)], (6)

where T, =T,(T) accounts for distant-neighbor interac-
tions between Mn spins, including those mediated by
itinerant electrons. Since a mean magnetic moment asso-
ciated with each BMP is 1gup, the spin-splitting offset
#0'9(T) takes the form

% ’(T)=N,ag(T)/2g , (7N
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where N, is the concentration of those BMP’s which are
visited by itinerant electrons. It is interesting to note that
if N, is equal to the total BMP concentration, M (T,H) in
Eq. (2) corresponds to the macroscopic magnetization
M, , as given by direct magnetic measurements on the
same sample [apart from a small diamagnetic correction
and a paramagnetic correction involving g*, not g(T)].
This is in contrast to the case of localized electrons whose
spin splitting is determined by a local magnetization, in
general greater than the mean magnetization M,,.

As a first step, we fit the experimental values of o, to
Eq. (3), treating g(T) and T(T) as adjustable parameters
and putting ©!”(T)=0 (solid lines in Fig. 2). Results of
the fitting procedure with «°((T) as an additional free
parameter are shown by dashed lines on the same plot.
The evaluated values of g(T) in these two ways are
displayed as a function of temperature in Fig. 3. In order
to compare this data with theoretical predictions of Eq.
(3), we note that magnetic susceptibility measurements on
a similar sample had been carried out.?’> These studies
show that over the temperature range of interest, y(T) (in
emu) is well approximated by

X(T)=1.8X1073[T(K)] %62 (8)

Taking these values of x(7') we get g(T), as shown by the
straight line in Fig. 3. Since this curve does not involve
any fitting parameter, the agreement between experimen-
tal and theoretical results is quite satisfactory. This
agreement proves once more that the mean-field approxi-
mation accurately describes the s-d exchange interaction
when dealing with electrons associated with a wide band.
Furthermore, the above agreement confirms the known
fact that electron-electron interactions [neglected in Eq.
(3) for w,] do not affect the spin-resonance frequency, as

10 T T T T T
— -
- I
:
5
— Cdl_anXSeiIn
x =0.05
@ n=7x10""ecm3
3 4
e
0 1 1

OI2I4 6.8.10.12
MAGNETIC FIELD ( kOe )

FIG. 2. Temperature dependence of the Stokes energy shift
vs applied magnetic field obtained using spin-fip Raman
scattering from itinerant electrons in Cd,_,Mn,Se:In, x=0.05,
n=7X10" cm 3. Values for 7w, were obtained by fitting spec-
tral data to Eq. (1). The open circles are for forward scattering,
the solid circles are for backscattering. The curves show fits to
Eq. (3) neglecting (solid lines) and taking into account a field-
independent BMP energy (dashed curves).
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FIG. 3. Exchange-enhanced Landé g factor vs temperature
for itinerant electrons in Cd,_,Mn,Se:In, x=0.05, n =7X 10"
cm 3. Results were obtained from the fits in Fig. 2 neglecting
(solid circles) and taking into account (open circles) a field-
independent BMP energy. The solid line represents g(7) ex-
pected for a previously measured x(7), with no adjustable pa-
rameters [Eq. (4)].

expected from Kohn’s theorem. Putting this in a more
general perspective, we note that the exchange interac-
tions between electrons of the probed system (in our case
Fermi-liquid electrons) do not affect the spin-resonance
frequency. At the same time, the exchange coupling to
an external system (in our case d electrons) does influence
this frequency. We shall return to this problem later on.

We now turn to the spin-splitting offset %o'”(T). Its
value obtained from the fit to the data increases from
%o\’ =0.110.2 meV at 1.9 K to #»!”=0.6+0.2 meV at
0.25 K. Assuming N,=3X10" cm™>, from Eq. (7) we
also get 0.2 meV <7w®'?) <0.6 meV in the same tempera-
ture range. We conclude that our results concerning
#fiw (T,H) are consistent with the conjecture about the
existence of BMP’s, and thus leads to the identification of
local electron moments on the metallic side of the MIT.
A question arises, however, why SFRS of BMP’s were
not seen directly in our study, particularly in the low
field-region, where the efficiency of light scattering by
itinerant electrons is small. A half-day of data collection
showed no discernable BMP peak. It is probable that
this negative result reflects the disappearance in the me-
tallic phase of bound exciton states, which are known to
constitute intermediate states for the SFRS involving lo-
calized electrons.

C. Spin-relaxation time

The dependence of T, on #w, is shown in Fig. 4 for
two different temperatures. The data at 1.9 K were taken
up to 80 kOe, where #iw, =19 meV. In general, T, ap-
pears to be determined by two effects: a spin-orbit cou-
pling and the s-d exchange interaction. A comparison of
our T, values to those resulting from the SFRS measure-
ments on nonmagnetic CdS:In?’ demonstrates that the
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FIG. 4. Spin-relaxation time vs spin-split energy for itinerant
electrons, obtained by comparing forward and backward spin-
flip Raman scattering in Cd,_,Mn,Se:In, x=0.05, n =7 X 10"
cm 3. Solid (open) circles represent data for T=1.9 (0.25) K.
The solid curve, from Egs. (9), (17), and (18), represents scatter-
ing from fluctuations of magnetization, including the enhance-
ments due to electron-electron interactions and localization
from nonmagnetic scattering. [The dashed curve, Egs. (9)-(14),
ignores these enhancements.] The dotted curves show the effect
when compositional fluctuations are ignored.

spin-orbit coupling gives a negligible contribution. The
same conclusion stems from a previous evaluation of the
spin-orbit relaxation rate for Cd,_ Mn, Se:In.?> Thus,
assuming the s-d interaction to be the dominant spin re-
laxation mechanism we have

1/Ty=2/1,+2/7, , )

where 1/7,, is the scattering rate involving off-diagonal
component of the s-d exchange Hamiltonian,
~ 3, 5.5\, while 1/7,, is determined by the difference

between the diagonal part of the s-d Hamiltonian and its
mean-field form. It is convenient to separate three
scattering channels that can contribute to 1/7; in the
paramagnetic phase: (i) thermodynamic fluctuations of
magnetization; (ii) statistical fluctuations in the distribu-
tion of magnetic ions in the random alloy (compositional
fluctuations); (iii) randomly distributed ferromagnetic
clouds of Mn spin around local electron moments (i.e.,
BMP’s). As a first step we neglect electron scattering by
BMP’s. Furthermore, we disregard effects of electron-
electron interactions and assume itinerant electrons to be
described by plane waves. Following a standard pro-
cedure we get

and
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1 kem* [akyT X(T,H)=x (T,H)=M(T,H)/H , (14a)
= ——=X(T,H)

7 4k | gup ¥,(T,H)=x,(T,H)=3M (T,H) /3H . (14b)

X (1—x) | dfiwg(x) " Since no detailed information of 7}, ,.(w) is available, we

N, dx ’ I shall use the above high-temperature approximation in

where the second term in Eq. (11) arises from composi-
tional fluctuations, with x denoting Mn content in the al-
loy. In general, x, (7T, H) in the above equations depend
on the energy € of quasiparticles that take part in the
SFRS process (in our case € =#w,). This dependence
reflects the fact that taking interactions among Mn spins
into account, the s-d scattering is inelastic. For kzT <<g
we obtain

’

B Xxxzz(w w
Xoy(T,H)= fl—exp )’ (12)

where S=*#/kgzT. In the opposite limit, kT >>¢, we
have

~ B2 ' X, 2z (@' )d @'
T, H)="— .
Xl ) T f [exp(Bow')—1][1—exp(—Bw’)] (13)

Here Y. (») and Y,,(w) denote, respectively, the trans-
verse and longitudinal imaginary parts of the Mn-spin
dynamic susceptibility for g <2ky. If the energetic width
of the Mn-spin excitation spectrum in the above g-range
is smaller than kz7, the denominators of Egs. (12) and
(13) can be expanded to lowest order Bw. In this high-
temperature case )?LH(T,H) reduce, via the Kramers-
Kronig relation, to the transverse and longitudinal static
susceptibilities according to

our quantitative calculations. In the case of ¥, this ap-
proximation certainly breaks down in extremely high
magnetic fields gugH >k T, as x,.(w) has a strong
maximum at the EPR frequency fio=gugzH*, where H*
is the sum of the external field and the molecular field of
electrons. There exists an indirect argument which sup-
ports the validity of the high-temperature approximation
in the low-field region: it can be shown that the BMP en-
ergy is proportional to ¥(7) as given by Eq. (12) rather
than to the static susceptibility of Eq. (14). Analysis of
the measured BMP energy down to 0.13 K suggests a nu-
merical accord between these quantities. !¢

We have evaluated T, at 1.9 K from Egs. (9)-(11) and
(14). The results are shown as a dashed curve in Fig. 4.
We see that the calculation misses an important in-
gredient. We therefore take into account spin-disorder
scattering by BMP’s. First, we consider the range of
magnetic fields in which polarons are already aligned. In
such a case a BMP located at R; and characterized by the
localization radius ap produces an additional magnetiza-

tion of the form!®!°
ax(T,H)
M(r)=———5——exp(—2|r—R;|/ap), (15)
2mapgup

where M is directed along the magnetic field. We might
regard BMP’s as a source of an additional spin-dependent
potential, which elastically scatter the itinerant electrons.
Within the first Born approximation we get

This formula gives T,, =700 /2 <240 ps for N,=3X10"
cm™3 at T=19 K. In v1ew of this small scattermg rate
we next examine how 1/7T, is enhanced by electron-
electron interactions®*3® and by localization effects, that
is, by nonmagnetic impurity scattering.3

In order to visualize how electron-electron interactions
contribute to 7, we note that the molecular field pro-
duced by Mn spins induces a spin-dependent redistribu-
tion of quasiparticles. The exchange interaction of an
electron with Mn spins is, therefore, accompanied by an
exchange interaction with the spin-polarized quasiparti-
cles. This additional exchange interaction leaves, howev-
er, the electron-spin-resonance frequency intact. Thisis a
well-known fact, which occurs because in the response
function of Eq. (1), both w; and w are renormalized by
the interactions in the same way. Now, since the corre-
sponding renormalization factor, 1+F /2, is absorbed
into the definition of I' it causes a reduction in the mea-

sured values of both D; and 1/T,. In addition, the ex-
change interaction of the electron with the spin-polarized
quasiparticles affects the spin-relaxation rate 1/7T, direct-
ly, and is proportional to the mean square of the random
molecular field experienced by the electron. In the static
and long wavelength limits, this quasiparticle redistribu-
tion enhances 1/7T, by (1+F /2)% Finally, taking these
two contributions into account, the net effect of electron-
electron interactions is to increase 1 /7T, by 1+F /2.
Another correction to T, arises from electron scatter-
ing by nonmagnetic impurities. Such scattering allows
the diffusing electron to return to the starting point and
thus interact with a given Mn spin several times. If suc-
cessive interaction events occur within the phase coher-
ence time, the individual acts of scattering by the Mn ion
cannot be regarded as independent. This leads to an
enhancement of the cross section, and thus of 1/7T, by in-
terference terms absent in the case of ballistic motion of
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electrons.

We have evaluated the influence of the above two
effects on T',, expressing the spin-disorder relaxation rate
in terms of spin-spin correlation functions of the Mn and
itinerant spin subsystems. The correlation functions can
be related, in turn, to the g-dependent dynamic magnetic
susceptibilities of Mn spins and electrons, respectively.
Assuming that the hydrodynamic description of the elec-
tron liquid holds up to g =v'31"!, where [ is the mean-
free path for elastic collisions, the scattering rate for ther-
modynamic and compositional fluctuations is expressed
as

1 (1+F/2) 3V73 T —
— = 1+ 1———= ,
Tox 0 m(kgl)? 2v2 Vo
(17)
i
L=<1+£)/2) 1+ 3 32 , (18)
T 7l m(kpl)

where 79 and 7.2’ are given in Egs. (10) and (11).

In order to carry out a quantitative calculation of T,
we take / =4.8X 1077 cm and 7=2.0X 107 s, as given
by conductivity 0 =30 (Q cm) ™!, and electron concentra-
tion n =7X10'7 cm 3. Furthermore, we adopt F=3, a
value deduced from previous studies of the spin-
splitting-induced magnetoresistance in similar samples of
Cd, 9sMn, osSe:In.2* The results of the calculation are
shown for 1.9 K by the solid curve in Fig. 4. We see that
the present theory, with no adjustable parameters, de-
scribes correctly the experimental results.

We have also calculated T, neglecting compositional
fluctuations of magnetization, as shown by the dotted
curves in Fig. 4. The results demonstrate that composi-
tional fluctuations constitute the main mechanism of the
line broadening in the high-field region.

Electron-electron interactions as well as scattering by
nonmagnetic impurities may also affect the efficiency of
scattering by BMP’s. Actually, the corresponding
enhancement factor is relatively large, as magnetization
produced by BMP’s varies slowly in space. The polaron-
limited relaxation time is evaluated to be

e
L _205F2) (1 33| g

T,, 'r;z) m(kgl)
where 70 is given by Eq. (16). The above formula im-

plies that T,, would be as long as 32 ps at 1.9 K, for
H—0, and N,=3X 10" cm™3. The polaron scattering
may, however, dominate at lower temperatures. This is
because the efficiency of scattering by thermodynamic
fluctuations [proportional to Tx(7)]decreases with de-
creasing temperature while the efficiency of scattering by
BMP’s [proportional to y*(T)] increases sharply when
the temperature is lowered. For the sample under con-
sideration we have from Eq. (19) T,,~2.5 ps at 0.25 K
and for H —0, a value about four times smaller than the
expected relaxation time due to scattering by thermo-
dynamic fluctuations [Egs. (9), (17), and (18)]. Unequivo-
cal experimental information on scattering by polarons
would require accurate linewidth measurements at lower
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temperatures and smaller magnetic fields than those at
which we were able to detect the SFRS signal.

D. Spin-diffusion coefficient

In addition to the spin-splitting and spin-relaxation
time, our SFRS experiments have provided some infor-
mation on spin-diffusion processes. As shown in Fig. 5,
the spin-diffusion coefficient D; at 1.9 K, estimated from
the SFRS linewidth, falls in the range 2-4 cm?/s.
A priori, spin diffusion may proceed via charge transport
or exchange interactions among electrons. In the former
case D is related to the conductivity o according to the
Einstein relation

242
D= THhg , (20)
(1+F/2)e*m*kyp

where a reduction of D, by the electron-electron interac-
tion has been taken into account following arguments
presented in the previous section. Taking material pa-
rameters suitable for our sample, we get D,~2 cm?/s.
This number is in agreement with the measured values,
indicating that the spin diffusion is mostly caused by
charge transport, as could be expected for delocalized
electrons.

Earlier transport studies of n-type Cd,_,Mn,Se near
the metal-to-insulator transition®23-2° have revealed a
large positive magnetoresistance. This magnetoresistance
was shown to arise from the influence of the spin splitting
upon quantum corrections to the conductivity.?> More
precisely, the spin splitting strongly affects scattering-

(82}
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FIG. 5. Spin diffusion coefficient vs spin splitting for

itinerant electrons, obtained by comparing forward and back-
ward spin-flip Raman scattering in Cd,_,Mn,Se:In, x=0.05,
n=7X10" cm™3. The solid points represent data for T=1.9
K. The solid curve shows the frequency-dependent diffusion
arising from the influence of localization corrections that result
from interference of scattered waves, given by Eq. (21).
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modified electron-electron interactions but has a negligi-
ble influence on that localization correction which results
from interference of scattered waves.® The positive mag-
netoresistance implies, via the Einstein relation, a de-
crease of D, with the increasing magnetic field. This ex-
pectation is at variance with the experimental results of
Fig. 5, which point to an increase of D, with the spin
splitting. We assign this apparent inconsistency to the
fact that in contrast to d.c. transport measurements, the
SFRS experiment determines the diffusion coefficient at
nonzero frequency, w=~w,. Actually, it is known® that
the magnitude of the quantum corrections decreases
when the frequency increases. At the same time, the
diffusion coefficient is expected to acquire an imaginary
part, D, (). In the case of the correction caused by the
interference, the frequency dependence of the diffusion
coefficient is given by’

3V3 Vor
2V2 (kpl)?

D (@)=D,(0) [1+ (1—i) | . (21)

The real part of D (w), calculated for o =wy, is plotted as
a solid curve in Fig. 5. We conclude that the effect in
question is responsible, at least partly, for the dependence
of D; on w;.

Still another role is played by the imaginary part of
D (w). It is easy to show that D;'(») induces a shift of
the resonance frequency according to w,—w, +D. (w)q>.
If indeed, as Eq. (21) suggests, D.'(o) <0, we may expect
w, determined in the forward-scattering geometry (¢g=0)
to be greater than w, determined from the backscattering
spectra. Experimental results summarized in Figs. 1(a)
and 2 tend to confirm this expectation.

An additional dependence of D; on w,, qualitatively
similar to that of Eq. (21), will presumably result from
effects of scattering on electron-electron interactions.
While an exact formula has to be worked out, it appears
that a correction to Eq. (21) should be small, as the con-
tribution from electron-electron interactions is described
by two terms of a similar magnitude but opposite sign. 5

IV. CONCLUSIONS

Our work has demonstrated the feasibility of probing
band electrons by means of inelastic light scattering at
subkelvin temperatures. Such studies are particularly re-
warding in diluted magnetic semiconductors because of
strong variations of material properties with temperature.
We have found, in particular, that in the case of n-type
Cd, 9sMng osSe the Stokes shift associated with the elec-
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tron spin-splitting increases sharply with decreasing tem-
perature to attain at 0.25 K a value which corresponds to
an effective Landé factor as large as 500. A quantitative
description of the spin splitting as a function of the tem-
perature and magnetic field has confirmed the applicabili-
ty of the mean-field approximation to the s-d exchange
interaction when dealing with delocalized electrons in a
wide conduction band. An accurate examination of the
data in weak magnetic fields has shown, however, that
the spin splitting tends to nonzero value for the vanishing
magnetic field. This effect has been explained by us in
terms of the two fluid models of electronic states near the
metal-to-insulator transition. Within this model the
zero-field spin splitting of itinerant electrons is induced
by the permanent magnetization that exists inside the lo-
calization orbit of local s spins. A comparison of numeri-
cal estimates with experimental results has supported this
interpretation.

Another piece of interesting information has emerged
from our analysis of the line broadening mechanisms. In
the forward-scattering geometry the linewidth appears to
be determined by fluctuations of the Mn spin magnetiza-
tion, the thermodynamic fluctuation giving the dominant
contribution in weak magnetic fields, with the effect of
random distribution of magnetic ions taking over in
strong fields. The above broadening mechanism has
turned out to be strongly enhanced by both electron-
electron interactions and localization effects. The
influence of the above effects has been particularly large
under our experimental conditions because of the prox-
imity to the metal-to-insulator transition. In the back-
scattering geometry the spin-diffusion processes contrib-
ute, making the linewidth larger. Again, the spin-
diffusion coefficient has been shown to be affected by
electron-electron interactions and localization correc-
tions.
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