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The method of spin-flip Raman scattering is used to study the spin correlations in a donor- 
electron + magnetic-impurity system in the semimagnetic semiconductor Cd, -, Mn, S 
(x = 0.005). It is shown that the exchange interaction with the magnetic impurity not only in- 
creases the paramagnetic susceptibility of the donor electron but also splits its spin state in the 
absence of a magnetic field. This splitting amounts to ~ 7 c m - '  at T = 1.8 K and decreases with 
increasing temperature. The splitting of the spin state of the donor is accompanied by an ordering 
of the magnetic moments of the Mn atoms within the volume of the donor wave function. The 
magnetic moment of the magnetic-impurity subsystem that is associated with the donor is deter- 
mined from the degree of circular polarization of the Stokes component of the spin-flip Raman 
scattering and is found to be =40p, for x = 0.005 and T = 1.8 K. 

PACS numbers: 75.30Et, 75.30.Hx, 75.25. + x, 78.30.Gt 

§I. INTRODUCTION 

Mixed solid solutions of magnetic and nonmagnetic se- 
miconductors are usually called semimagnetic semiconduc- 
tors.' What is generally meant are A"Bvr semiconductor 
compounds in which a fraction of the cations are replaced by 
Mn atoms. Examples of semimagnetic semiconductors are 
Cd, -, Mn, Te, Cd, -, Mn, Se, and Cd, -, Mn, S.'-' The 
presence of localized magnetic moments due to the uncom- 
pensated d electrons of Mn in the matrix of these semicon- 
ductors leads to anomalous magnetic properties even at low 
concentrations of the magnetic impurity (x- lo-' - 
where the band structure and band parameters of the com- 
pounds are not yet markedly different from those of the base 
semiconductor. The strong s-d and p-d exchange interac- 
tion between the spins of the nonequilibrium carriers (elec- 
trons and hole) and the magnetic moments localized at the 
magnetic-impurity atoms leads to a giant increase in the 
paramagnetic susceptibility of the carriers in semimagnetic 
semiconductors at liquid-helium temperatures. The spin 
splittings at mole fractions of the order of lo-' Mn can 
reach3 tens of meV, values corresponding to an effective g 
factor of g = 20-30. The change of the energy spectrum of 
the semimetallic semiconductors Cd, -, Mn, S and 
Cd, -, Mn, Se (with the wurtzite structure) as a result of the 
exchange interaction with the magnetic-impurity subsystem 
was investigated in Refs. 4 and 5. These papers give an expla- 
nation in terms of the effective-molecular-field approxima- 
tion for a number of anomalous magnetooptic effects ob- 
served in hexagonal semimagnetic semiconductors and 
provide estimates of the values of the exchange integrals. 

A convenient tool for investigating exchange effects in 
semimagnetic semiconductors is inelastic Raman light scat- 
tering, by the weakly bound electrons, of a shallow donor 
impurity, accompanied by a flip of the spin of the donor 
electron (spin-flip Raman scattering, SFRS). Since this scat- 
tering process changes the spin state of the electron, the 
spectral shift of the SFRS lines is directly related to the spin 

splitting of the donor state. The first SFRS experiments in 
Cd, - , Mn, S (Ref. 6) and Cd, - , Mn, Se (Ref 7). have shown 
that the exchange interaction with the magnetic-impurity 
subsystem causes an initial spin splitting of the donor state, 
which is manifested in the SFRS spectra as a finite spectral 
shift of the SFRS line in zero magnetic field. The tempera- 
ture dependence of this shift gives an explicit indication of 
the importance of spin correlations in the shallow-donor + 
magnetic-impurity system and of the possible ordering of the 
Mn magnetic moments interacting with the donor electron. 
In this paper we investigate these correlations with the aid of 
determining the magnetic-impurity-subsystem effective 
magnetic moment that is associated with an individual do- 
nor. The effective magnetic moment can be measured experi- 
mentally by studying the SFRS in the Faraday geometry 
(with the observation direction along the magnetic field). In 
this case the Stokes and anti-Stokes components of the SFRS 
are circularly polarized. The depolarization of the SFRS in 
weak magnetic fields is due to the deviation of the exchange 
field associated with the effective magnetic moment of the 
magnetic-impurity subsystem from the direction of the ex- 
ternal magnetic field; the degree of circular polarization 
serves as a measure of this deviation. By studying the depen- 
dence of the degree of circular polarization of the SFRS on 
the magnitude of the external magnetic field, one can mea- 
sure the magnetic susceptibility of the donor + magnetic- 
impurity system in CdMsS and thus determine the effective 
magnetic moment associated with the donor. 

52. EXPERIMENTAL TECHNIQUES 

The Cd, _ , Mn, S crystals used in this study were 
grown from the melt by the Bridgman method. The Mn mole 
fraction, determined by atomic-absorption analysis, was 
x ~ 5 . 1 0 - ~ ,  corresponding to a concentration N M ,  ~ 1 0 ' ~  
cm-34. At room temperature the samples had n-type con- 
ductivity. The carrier concentration, according to Hall mea- 
surements, was ND. - N, ~ 2 . 1 0 ' ~  ~ m - ~ .  Samples with di- 
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mensions of 3 x 3 X 5 mm were cut from the Cd, - , Mn, S 
single crystal in such a way that the hexagonal axis C6 of the 
crystal was normal to the large face of the sample. The sam- 
ples were mechanically polished and then placed in an opti- 
cal cryostat inside a superconducting solenoid. Magnetic 
fields up to 40 kOe were used in this study. 

The excitation of the crystal was provided by a cw Ar+ 
laser. Predominant use was made of two lines of the Ar+ 
laser: A = 4965 A and A = 5017 A, which fall in the trans- 
parency region of the crystal near the exciton-absorption 
edge and give rise to a nearly resonant SFRS process. The 
maximum power of the emission in these lines was P e 2 0 0  
mW. 

In the Voight geometry the sample was placed in the 
solenoid in such a way that C61H; here the excitation was 
applied either normal to the surface of the crystal (back- 
scattering) or through a lateral face (90" scattering). 

The layout of the apparatus for studying the SFRS spec- 
tra in the Faraday geometry is shown in Fig. 1. Since CdS is a 
uniaxial crystal, the detection of the circularly polarized 
SFRS light must be done along the crystal axis k, llC611H. 
The excitation in this case was in the a polarization through 
a lateral face of the sample. The light scattered into the mag- 
netic-field direction along the axis of the crystal was directed 
to the exit window of the cryostat with the aid of a glass 45- 
degree total-internal-reflection prism placed above the sam- 
ple. The excited region, which formed a vertical strip 5-mm 
wide and 100-pm long in the image plane, was then focused 
by a lens onto the entrance slit of the spectroscopic device. A 
/Z /8 plate compensated the phase difference introduced by 
the total-internal-reflection prism. An analyzer for circular- 
ly polarized light, which was a polarizer combined with a 
quarter-wave plate, permitted recording of the SFRS spectra 
in the a+ and a- polarizations. 

The spectroscopic device was a DFS-24 double mono- 
chromator having diffraction gratings with 1200 lines/mm 
and a linear dispersion of 4.5 A/mm, giving a resolution of 1 
cm-' or better for 30-pm slits. Photoelectric detection was 
provided by a liquied-nitrogen-cooled FEU-79 photomulti- 
plier operating as a photon counter. 

The measurements above 4.2 K were made with the aid 
of a special insert-a hermetic cell with small windows, in 
which the sample and a deflecting prism were placed. The 
temperature of the sample was changed by a heater. The 
temperature was monitored with a calibrated germanium 
thermistor. 

The useful SFRS signal for 30X 30-prn spectral slits 
was at the level of 3- lo4 counts/sec in the case of the Voigt 
configuration and 5.103 counts/sec in the Faraday configu- 
ration. 

93. EXPERIMENTAL RESULTS 

In CdS crystals without a magnetic impurity the SFRS I 
spectrum appears as very narrow Stokes and anti-Stokes 
components which are spectrally split off from the Rayleigh 
line by an amount pBgDH, with a donor-electron g factor 
g, = 1.76 (Ref. 8). In Mn-doped crystals the spectral shift of ' 

the SFRS lines is significantly larger (Fig. 2). The depen- 
dence of the exchange field on the parameter H / T  leads to 
saturation of the spectral shift A v ( H )  in the region of large 
magnetic fields. Thus illustrating the magnetic-field depen- 
dence of the magnetization of the magnetic-impurity subsys- 
tem. The SFRS line in Cd, _, Mn, S is appreciably broad- 
ened in comparison with that of pure CdS. Its half-width in 
small magnetic fields amounts to 1.5 A and increases to 2.2 
A in saturating magnetic fields. The appreciable width of the 
SFRS line is evidently due to inhomogeneity of the Mn dis- 
tribution in the sample and to thermal fluctuations of the 
magnetization of the magnetic-impurity subsystem within 
the volume of the wave function of each individual donor. 

The most interesting behavior of the SFRS line occurs 
in small magnetic fields. As the field becomes weaker, the 
spectral shift A v  decreases; however, it does not go to zero at 
H = 0, but remains finite. This is evidence of an initial spin 
splitting of the donor state even in the absence of magnetic 
field. 

As the temperature of the crystal rises, the spectral shift 
of the SFRS line decreases, as does the size of the residual 
splitting in zero magnetic field. At high temperatures, begin- 
ning at approximately 6 K, the anti-Stokes component of the 

FIG. 1 .  Schematic of experimental apparatus for observing SFRS in the FIG. 2. SFRS spectra in Cd, MnxS (x = 0.005) in magnetic fields: 1) 
Faraday configuration: L , ,  L2, andL, are1enses;A /2,A /4,A /8 are phase H = 0, 2) H = 8.5 kOe, 3) H = 30 kOe. Excitation is by the A = 5017-A 
plates; P is  a polarizer; S is an intermediate slit; PCS is a photon-counting line at a power P = 100 mW. The temperature is T = 2 K.  The inset shows 
system; R is an xy recorder. In the upper right-hand corner is a diagram of the magnetic-field dependence of the spectral shift Av(H) of the SFRS line 
the experimental geometry; Pr is a 45-degree glass prism and Cr is the at temperatures: 1 )  T = 2 K, 2) T = 4.2 K, 3) T = 13 K. Thedashed line (4) 
sample. shows the dependence of the spectral shift Av(H ) in pure CdS. 
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SFRS begins to appear on the high-energy side of the Ray- I 
1 2 J  

leigh line. The intensity ratio of the Stokes and anti-Stokes 
components is well described in terms of the temperature of 
the crystal, and this is evidence that the different spin states 
of the donor are in thermodynamic equilibrium. 

The anti-Stokes component of the SFRS is character- 
ized by a smaller spectral shift than that of the Stokes com- 
ponent. As the temperature rises, the difference between the 
spectral positions of the Stokes and anti-Stokes peaks be- 
comes smaller, and at temperatures of the order of 20 K the 
spectral shifts of the SFRS components practically coincide. 

The fact that the spin splitting of the donor state in zero 
magnetic field is temperature dependent indicates an order- 
ing of the Mn magnetic moments within the volume of the 
donor and the formation of an effective magnetic moment 
associated with the donor electron in the magnetic-impurity 
subsystem. In order to study this effective moment we made 
polarization measurements of the SFRS in the Faraday ge- 
ometry (Figs. 3, 4). In this case the SFRS line is circularly 
polarized, with opposite signs of the circular polarization for 
the Stokes and anti-Stokes components. At low tempera- 
tures T<2K the circular polarization of the SFRS line is 
complete even in fields as low as ~3 kOe. As the magnetic 
field is reduced, thecomponent of the opposite polarization 
begins to appear in the SFRS spectrum (Fig. 4,b,c), and at 
H = 0 the line is completely depolarized. Reversing the 
magnetic field reverses the sign of the circular polarization 
of the SFRS. The degree of circular polarization p of the FIG. 4. SFRS spectra in Cd, _ x  Mnx S recorded in the polarizations U+ 

(solid curve) and o- (dashed curve) in magnetlc fields: a) H  = 0 kOe, b) 
Stokes components of the SFRS is not constant over the H =  0.5 kOe, c) H = 1.3 kOe, d) H  = 2.5 kOe. The temperature of the 
bandwidth-it decreases toward the edge of the spectrum sample was T = 1.8 K. The points glve the degree of c~rcular polarization 
nearer the laser and increases toward the far edge. This P ~ f i h e  Stokes component of the ~ F R S .  

- 

causes the spectral positions of the Stokes peak in the SFRS 
to be different in the o+ and o- polarizations. As the polar- orientation of the effective magnetic moment associated 
ization of the SFRS decreases, there is a leveling of the differ- with the donor, while the size of the initial splitting of the 
ence in the spectral positions. donor state is related to the magnitude of this moment. With 

At higher temperatures the behavior of the polarization rising temperature the moment of the magnetic- 
properties of the SFRS remains qualitatively the same, ex- impurity subsystem decreases in magnitude, and the zero- 
cept that the onset of the circular polarization occurs at field spectral shift *,,(* = O) along with it, and at high 
higher values of the magnetic field. temperatures the SFRS line is not resolved (Fig. 5). 

The degree of polarization of the SFRS is related to the 

FIG. 3. SFRS spectra in Cd, Mnx S, recorded in the polarizations u+ 
(solid curves) and u- (dashed curves) in a field H = 17 kOe at temp5ra- 
tures: a) T = 12 K, b) T = 21 K, c) T = 30 K. Excitation A = 5017 A, 
P = 100 mW. 

FIG. 5. SFRS spectrum in Cd, _ x  MnxS in zero magnetic field at tern- 
peratures: 1 )  T =  2 K, 2) T = 4.2 K, 3) T  = 10 K ,  4) T =  28 K .  
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In summary, the main experimental features of the 
SFRS in Cd, -, Mn, S can be formulated as follows: 

1) The spectral shift of the SFRS line is anomalously 
large in comparison with pure CdS and is saturable in large 
magnetic fields; the linewidth is substantially larger than in 
pure CdS. 

2) As the temperature is raised, the size of the spectral 
shift decreases, and the anti-Stokes component of the SFRS 
sets in; the spectral shift of the anti-Stokes component is 
smaller than that of the Stokes component. 

3) In zero magnetic field there is an initial splitting of 
the donor state, which decreases in size as the temperature is 
raised. 

4) In the Faraday geometry the SFRS line is unpolar- 
ized at H = 0, but becomes substantially polarized even in 
small magnetic fields; the signs of the circular polarization of 
the Stokes and anti-Stokes components of the SFRS are op- 
posite. 

5) The degree of circular polarization is not constant 
within the SFRS bandwidth, but increases with distance 
from the laser line. 

94. DISCUSSION OF EXPERIMENTAL RESULTS 

For the spin-flip Raman scattering of light by conduc- 
tion electrons, Yafet,9 using states in the valence band as 
intermediate states, obtained the following expression for 
the scattering cross section: 

here e, and e, are unit vectors describing the polarization of 
the incident and scattered light, w,  and w, are the frequen- 
cies of the incident and scattered light (%I, = b, _f AE"), 
m i s  the electron mass, and p is the momentum operator. The 
summation is over all intermediate states. In the case of CdS 
these are the states of the A,  B, and C valence bands. 

In SFRS the electron changes its spin state, so the size of 
the spectral shift of the SFRS line is a direct reflection of the 
size of the spin splitting of the electron state. The exchange 
interaction with the magnetic moments of the Mn atoms 
appreciably alters the energy of the spin states of the elec- 
trons in the conduction band: 

Here No is the number of cation states in a unit volume of the 
crystal, x is the mole fraction of Mn, a is the constant de- 
scribing the exchange interaction of a conduction electron 
with a manganese atom, and the last factor in (2) is the aver- 
age value of the magnetization of the magnetic-impurity 
subsystem. At mole fractions x( 1% the average distance 
between Mn atoms is several lattice constants. In this case 
the direct Mn-Mn interaction can be neglected, and the 
magnetization is relatively well described by a Brillouin 
function B, (t ) with j = 5/2, i.e., 

It is this exchange interaction which is responsible for the 

anomalously large spectral shift of the SFRS line that is ob- 
served in Cd, -, Mn, S in a magnetic field at liquid-helium 
temperatures. The saturation of the spectral shift A v ( H )  of 
the SFRS line in large magnetic fields and the decrease of A v  
with increasing temperature are governed by the H  and T 
dependence of the average magnetization of the magnetic- 
impurity subsystem. 

The presence of spin splitting of the donor state in zero 
magnetic field and the temperature dependence of this split- 
ting indicate that the donor is surrounded by a spontaneous 
exchange field due to the local polarization of the magnetic- 
impurity subsystem. The role of the exchange interation in 
shaping the energy spectrum of the shallow-neutral-donor 
+ magnetic-impurity system has been studied theoretically 

by several authors for the case of ferromagnetic and antifer- 
romagnetic ~emiconductors.'~." The variational methzds 
developed by Kr iv~glaz , '~  which take into account the fluc- 
tuations of the magnetization of the magnetic-impurity sub- 
system, were recently applied to the case of a semimagnetic 
semiconductor by Diet1 and Spalek. '* The basic idea of these 
calculations is to take into account not only the exchange 
field of the magnetic-impurity subsystem which polarizes 
the donor electron, but also the inverse effect, i.e., the ex- 
change filed G, of the donor electron which polarizes the 
magnetic-impurity subsystem. This field is proportional to 
the probability of finding an electron in a crystal containing 
manganese atom, namely 

where aB is the Bohr radius of the neutral donor. 
The spin splitting of the donor state and the average 

value of the magnetization M(r) of the magnetic-impurity 
subsystem are obtained through a self-consistent calcualtion 
of both these fields. 

Let 

M (r) =gM,~sSrS (r-r,) 

be the distribution of the magnetic moments of the Mn 
atoms in the lattice of the semiconductor as obtained from 
such a self-consistent solution. The magnitude of the ex- 
change field acting on an electron will then be" 

This field corresponds to an effective magnetic moment of 
the magnetic-impurity subsystem 

If the variation, due to thermal fluctuations, of Me, 
about its equilibrium value is slow enough, the donor elec- 
tron will adiabatically follow this variation. The splitting of 
the donor state in this case will be proportional to IM,, 1, and 
the spin of the donor electron will be polarized in the direc- 
tion of Me,. Under these assumptions the shape and position 
of the SFRS line reflect the statistical distribution of the ef- 
fective magnetic moments over their absolute value IM,, I .  
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The degree of circular polarization at fixed frequencies with- 
in the SFRS spectrum will therefore reflect the angular dis- 
tribution of the effective magnetic moments with a given 
value of I Me, I. 

As the temperature of the crystal is lowered, the role of 
the spin correlations in the donor- + -magnetic-impurity 
system becomes increasingly important, and the magnetic- 
impurity subsystem becomes more highly polarized. This 
leads to a shift of the distribution of Me, toward larger val- 
ues of the effective magnetic moment, and this is manifested 
in the SFRS spectrum as an increase in the spectral shift of 
the SFRS line in zero magnetic field. 

The SFRS linewidth in Cd, - , Mn, S is governed by the 
scatter in the absolute values of the effective magnetic mo- 
ment associated with different donor states. The main causes 
of this scatter are: 

1) The inhomogeneity of the Mn distribution, i.e., the 
random nature of the positions of the Mn atoms in the lattice 
of the semiconductor, 

2) Thermal fluctuations of the magnetization of the 
magnetic-impurity subsystem for a given configuration of 
the Mn distribution in the crystal. For magnetic fields in the 
saturation region the magnetic-impurity subsystem is com- 
pletely polarized and the thermal fluctuations of the magne- 
tization are equal to zero. In this case the SFRS linewidth is 
determined exclusively by the inhomogeneity of the Mn dis- 
tribution in the crystal. As the magnetic field is decreased in 
strength the role of the inhomogeneities is substantially re- 
duced, while the thermal fluctuations grow in size. Thus, 
both mechanisms contribute to the SFRS linewidth in the 
region of small magnetic fields. 

Let us consider how the scatter in \Me, 1 influences the 
line shape and the intensity of the anti-Stokes component of 
the SFRS. The Stokes I , (v ,  - A v )  and anti-Stokes 
I,  (v,, + A v )  components of the SFRS, which are shifted with 
respect to Rayleigh line by an amount Av,  correspond to a 
transition between spin states of the donor which are split by 
the exchange interaction by an amount AlT = hAv. The in- 
tensity of the anti-Stokes component will in this case be 
weaker than that of the Stokes component in proportion to 
the Boltzmann factor, which reflects the population of the 
spin states of the donor electron, i.e., 

Z.(vo+ A v )  =I,(vo--Av) exp ( - h A v l T )  . ( 5 )  

This accounts for the observed difference in the spectral po- 
sitions of the Stokes and anti-Stokes peaks in the SFRS (Fig. 
6)-  

Let us turn now to the polarization measurements made 
in the Faraday geometry. In the absence of magnetic field the 
effective magnetic moments associated with the different do- 
nor states are directed at random, and the SFRS line is unpo- 
larized. A magnetic field orients these moments and gives 
rise to a circular polarization of the scattered light. Large 
values of the spectral shift A v  correspond to large values of 
the effective moment Me,, and so the degree of polarization 
of the SFRS should increase with distance from the Rayleigh 
line of the laser, in agreement with the experimental results 
(Fig. 4). 

FIG. 6. a) Intensity of Stokes (solid curve) and anti-Stokes (dashed curve) 
component of SFRS as a function of the size of the spectral shift A v  from 
the laser Line. H = 12 kOe, T = 8 K. ExcitationA = 4965A, P = 200 mW. 
b) Intensity ratio of Stokes and anti-Stokes components of the SFRS as a 
function of the spectral shift Av.  

The angular distribution of the magnetic moments Me, 
in a magnetic field H is given by the formula 

P ( M e f f ,  8) dQ=Z exp ( M e ,  H cos 0 / T )  dO, 

- 1 

Z= ( J exp (M.,  H cos BIT)  d ~ )  

If the SFRS matrix element is independent of the angle, 
i.e., IMsFRs 1' = const, then the degree of circular polariza- 
tion of the scattered light is described by the Langevin func- 
tion L (t ): 

Allowance for the angular dependence of IMsFRs I ', how- 
ever, substantially alters the form ofp(H ). 

In the case of the Faraday geometry, the light was de- 
tected along the C, axis in the a+ polarization, while the 
excitation was in the ?z polarization, so that e, IIC,. In this 
case the states in the A band are spectroscopically inactive, 
and the intermediate states for the SFRS process are those in 
the valence subbands B and C. 

In principle, the exchange interaction can substantially 
alter the energy spectrum and wave functions of the elec- 
trons of the valence band.4.5 However, in the low-field re- 
gion, where the polarization measurements were made, the 
splittings of the valence band are small compared to the crys- 
talline-field constant A,, and spin-orbit interaction constant 
A,, . One may therefore neglect the change in the energy 
denominator in (1) due to the exchange field and use for the 
wave functions of the intermediate states the unperturbed 
wave functions of the B and C bands of CdS. These functions 
are of the form 
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where X f = 2-'I2(x + iy); x, y, and z transform like the 
atomic functions p, , p,, and p, and C: = 0.54 and C: 
= 0.46 for CdS (Ref. 4). 

If Me, (and, accordingly, the electron spin a) forms an 
angle 8 with the C, axis of the crystal, one can write the 
electron states in the following form (omitting the spatial 
part of the wave function): 

1 Si>=-cos(B12) I t >-I- sin (01.2) 1 +>, 

IS>=-s in(B/2)  1 t )+cos ( W 2 )  14). (9) 

The matrix elements for spin-flip Raman scattering from 
states to states (the Stokes component) through interme- 
diate state 11; are written 

Ms+=(S1 (eLzl  $,'>($,'I e,+I SZ>=CICzMz c o s Z ( 0 / 2 ) ,  

Ms-=(SiI eLZ I + , '> ($Bi  1 e.- I SZ)=O. 
(10) 

The matrix elements for SFRS via the intermediate states 
$;, $&, and $2, are calculated in a similar way. The summa- 
tion over all intermediate states leads to the following depen- 
dence for the SFRS intensities: 

Z , + ~ c o s 4 ( 6 / 2 ) ,  Jc-msin4(B/2) .  (1 1) 

Using these expressions together with distribution function 
(6), we obtain 

I ~ + = z  I cosA (6/2) erp ( d l e f f  H car BIT) dQ, 

Is-=Z sin' ( W 2 )  erp ( M e f f  H cos 0 / T )  dR. (12) 

The degree of polarization of the Stokes component of the 
SFRS at the frequency v = v,, - A v  will be 

[+- I -  x ( x  c th  x -1 )  
p =-= W ( x ) =  , x = -  

I++I- xZ+ I-x c th  x 
. (13) 

T 

The function W can be expressed in terms of the Langevin 
function as 

The function W (x) behaves like L (x) in the saturation region 
x > > 1, but has a different expansion about x = 0, i.e., 
W(x)*x/2, whereas L ( x ) ~ x / 3 .  

Taking several spectral points within the SFRS band- 
width (denoted by arows 1, 2, and 3 in Fig. 4), plotting the 
degree of circular polarization of the SFRS versus the mag- 
netic field at these points, and approximating these curves by 
the function W(x), one can determine the magnitude of the 
effective magnetic moment associated with the donor (Fig. 
7). At the peak of the SFRS line, corresponding to the most 
probable configuration of magnetic moments, approxima- 
tion by W (x) gives a value Me, ~ 4 0 , u , ,  corresponding to the 
combined moment of approximately eight Mn atoms. Thus, 
the experimental dependence can be described well in terms 

electron, and the magnitude of this moment can be deter- 
mined experimentally on the basis of polarization measure- 
ments in a longitudinal magnetic field. 
The experiments on SFRS in Cd, -xMnx S permits us to 
refine the value of the exchange integral a describing the 
interaction of the magnetic moment of the Mn atoms with 
the conduction electrons, which was previously estimated in 
magnetooptic studies of the excition reflection ~pec t r a .~  Us- 
ing the value of the spin splitting d B  Eat ~4 meV in saturat- 
ing magnetic fields at a magnetic-impurity concentration 
N M ,  rr 10 20cm-3, we obtain in accordance with formula (2) 
the value N& = (0.3 + 0.03) eV. 

We did not measure the absolute sign of the circular 
polarization of the SFRS in Cdl _ Mnx S. The sign of the 
exchange interaction of the conduction electrons with the 
Mn atoms in these crystals thus remains an open question. 

Q5. CONCLUSION 

The model we have used to describe the exchange inter- 
action in the donor + magnetic-impurity system is a quali- 
tative one. We consider it very important to do more detailed 
calculations of the energy spectrum of such a system with 
allowance for the inhomogeneity of the Mn distribution in 
the crystal and for thermal fluctuations of the magnetization 
in order to obtain the shape and width of the SFRS spectrum 
in semimetallic semiconductors and determine the sponta- 
neous magnetization of the magnetic-impurity subsystem as 
a function of temperature and the distance from the center of 
the donor. 

From an experimental standpoint it is extremely inter- 
esting to study semimetallic semiconductors at high concen- 
trations of the donor impurity, near the Mott transition. In 
this case the wave functions of different donor electrons be- 
gin to overlap, and the individual donors can no longer be 
regarded as independent of one another. Under these condi- 
tions one expects that a macroscopic magnetic moment can 
arise in the magnetic-impurity subsystem. At still higher 

FIG. 7. Degree of circular polarizationp of the Stokes components of the 
SFRS as a function of the magnetic field at T = 1.8 K. Curves 1 ,  2, and 3 
correspond to the spectral positions indicated by arrows 1,2, and 3 in Fig. 
4. The dashed curves show the functions W ( x )  approximating the experi- 
mental dependence [see formula (14)]. The numbers at the right of the 
curves indicate the values obtained for the effective magnetic moment of - 

of an effective magnetic moment associated with the donor the magneitc-impurity subsystem. 
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concentrations of the donor impurity the carriers in the se- 
miconductor form a degenerate Fermi system. Such a sys- 
tem would represent a qualitatively new object of study for 
investigating exchange effects in semimetallic semiconduc- 
tors. 

In closing, we wish to thank M. P. Kulakov for growing 
the Cd, -, Mn, S crystals used in this study. 
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