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The simple connection between spin Faraday rotation and spin-Qip-Raman-scattering
(SFRS) cross section is used to deduce the SFRS cross section for donors in Cds from
Faraday-rotation measurements. The Faraday rotation also reveals an antiferromagnet-
ic exchange interaction between donors.

We have measured the Faraday rotation (FR)
due to the donor spins in n- CdS at several differ-
ent optical wavelengths and donor concentrations.
These rotations become huge at near-resonant
light excitation. In view of the very simple con-
nection between the spin-flip-Raman-scattering
(SFRS) cross section (dv/dQ) and spin FR, which
we express directly in terms of a "Raman di-
pole, " one can thus determine the SFRS cross
section by the measurement of FR. The latter is
uncomplicated by the necessity for corrections
for surface and bulk absorption, ref lectivity,
geometrical factors, etc., which trouble any
cross-section measurement as evidenced by the
orders-of-magnitude disagreement in d o/dQ
quoted in the literature. '' In addition, the near-
resonant spin FR provides a very sensitive
means of measuring interactions between elec-
trons.

In a previous communication, we showed that
for cubic symmetry, Raman scattering of a light
field Ei cos(~~t) from any two time-reversed
states ia) and ib) separated by a Zeeman energy
Acr„ is conveniently represented by matrix ele-
ments between states ia) and ib) of an effective

Raman dipole'

D~ '~ = ox Ei[n exp(- i reit) + c.c.]
+ [PE~I exp(icu~t) + c c ]. . .

Here v is the Pauli spin operator, I is the unit
matrix, and P and n are second-order matrix
elements of the electric dipole operator er of the
type

n=g-,'i (aiexin)( ni equi b) /(Z„E, —ii(ui).-(2)
n

P is the usual polarizability associated with the
dielectric constant and forward Rayleigh scatter-
ing. Spontaneous Raman scattering between

i a)
and ib) is given by the Raman electric dipole,
(b(t)iD~') ia(t)). By appropriate insertion of this
off-diagonal dipole into the classical radiation
formula, the spontaneous differential SFRS cross
section is given by

(do'/dQ)s, =4i ni'(&ui + &u~)'/c'.

However, in addition to the component of D~'~

connected with P which radiates at the unshifted
frequency ~~, there are additional diagonal com-
ponents associated with n which give rise to a
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dipole at ~~ but rotated 90' relative to the plane
of polarization of the incident light, i.e.,

(D '")..-(+, -)~&alo. Ia)&.„
x exp(- i (u~ &), (4)

where z is the direction of the external magnetic
field along which light is propagating. This cor-
responds to a Faraday rotation. The net dipole
produced will be proportional to (bio, lb)+ (ala,
x la) = (cr, ). The dipole at frequency ~~ gives
rise to a volume polarizability n(o, )N+ PN or
a dielectric constant for right- and left-circu-
larly polarized light given by

e„=1+4m(o,}aN+4mPN,
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where N is the number of scattering centers per
unit volume. The FR, y, per length, i, along z
is given by

2w(n, —n ) 8s2Ne
(6)

where e, =n„' and —,'(n, —n ) =n, the index of re-
fraction. Thus, the "spin" FR, y/l, and the
SFRS cross section in Eq. (3) involve the same
second-order matrix elements n so that (da/
dQ)sF may be simply expressed in terms of the
spin FR by'

EfQ SF

Linearly polarized light from an argon-ion la-
ser at different wavelengths was passed through
a single crystal of n-CdS with the beam direc-
tion collinear with the c axis and external rnag-
netic field. The rotation of the plane of polariza-
tion of the light passing through the crystal was
measured with a Polaroid analyzer. The crystal
was immersed in liquid He or cooled by a flow of
He gas at higher temperatures.

Figure 1(a) shows the FR, y, for A. =4965 A

measured in a sample of In-doped CdS with 7
x10" donors/cm'. In this concentration range,
the donor electrons are completely localized and
y- (v, ) should saturate as a Brillouin function
for spin —,

' with a g value of 1.79' appropriate to
donors in CdS. That, in fact, it does not results
from the presence of a temperature-independent
component, g, not related to the spins, which is
associated with interband transitions in the pure
crystal. ' This may be seen in Fig. 1(b) where
R = (dy/dII)„, is plotted versus 1/T, which gives
an intercept for T- ~ corresponding to the tem-
perature-independent rotation a=de/dH =2.8 deg/
ko mm. The pure-crystal background is tem-
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FIG. 1. {a) Field dependence of the observed FR, P,
at 4965 A and of P —&j, the spin FH obtained by subtrac-
tion of the temperature-independent part g derived as
described in the text (b) T.emperature dependence of
dpldH used to obtain r]. Different symbols for data
points represent different runs.

perature independent over the range of tempera-
tures for which data points are shown in Fig. 1(b)
as confirmed by the fact that the points fall on a
straight line. This is to be expected as the vari-
ation in band-gap energy, E„with temperature
is insignificant compared to E —A~~. At 4880 A

this condition becomes more stringent and data
points were taken only to 12 K. If g is now sub-
tracted from y in Fig. 1(a), y —q is fitted by the
above mentioned Brillouin function to a few per-
cent.

For light of 4880 A, which is just 5 meV below
the exciton bound to the neutral donor (I,) in CdS, '
the denominator in the expression for n [see Eq.
(2)] is near resonance, resulting in huge rota-
tions. This is dramatically illustrated in Fig.
2(a) where the transmitted intensity is plotted
versus H keeping the plane of the analyzer Po-
laroid fixed. The separation between successive
peaks in I~ corresponds to 180' rotation and
these points are plotted in Fig. 2(b). By measur-
ing p versus T at 4880 A, one finds that the
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FIG. 2. (a) Transmitted intensity, Ir, versus H with
fixed position of Polar'oid analyzer. Separation be-
tween peaks corresponds to 180' of rotation. (b) Curve
labeled P is plot of peaks in (a) and P —q is spin FB.

crystal background dq/dH = 8.6 deg/kG mm,
which, while a much smaller fraction of B than
at 4965 A, is still an observable correction to
the spin FR. Again y —q versus H in Fig. 2(b) is
found to follow the appropriate Brillouin function
to a few percent.

In Table I are listed the measured values for
the spin FR at three different wavelengths along
with the cross section calculated from Eq. (7).
Since CdS is not cubic, there is more than one
cross section; i.e., it cannot be represented by
one constant, n. The dv/dQ associated with the
FR in our case is that for which the electric vec-
tors of both the laser and the Raman light are
perpendicular to the c axis with H ic.

In comparing the experimental results at 4880
A with theory, it is adequate to consider only the

I, exciton as done by Thomas and Hopfield. ' How-
ever, for light of longer wavelengths it is nec-
essary to consider the bound excitons from all
three valence bands, especially the I». The re-
sults of this more complete calculation are listed
in the last column in Table I. The relatively
small discrepancies between (do/dQ)~a and (dv/
dQ), h,„could be easily accounted for by the
small uncertainties in both the oscillator strength
of the excitons and the appropriate energy de-
nominators in Eq. (2). The orders-of-magnitude
discrepancy between the experimental values of
dv/dQ quoted in Refs. 1 and 2 is probably due to
a very strong surface absorption which occurs
for mechanically polished crystals used in Ref.
2 as compared to as-grown platelets used in Ref.
1. This emphasizes the desirability of measur-
ing the SFRS cross section by FR.

Since cp —q —(v, ), R —a=d(y —q)/dH is pro-
portional to the donor spin susceptibility X, so
that the near-resonant FR provides a very sen-
sitive as well as selective way of measuring
magnetic properties of the donors. Other mag-
netic impurities such as Mn" which may domi-
nate the bulk susceptibility of the sample con-
tribute insignificantly to y at 4880 A. The utility
of the FR in measuring interaction between do-
nors is illustrated in Fig. 3 where (R —a) ' is
plotted versus T. The data do not follow a Curie
law but indicate the presence of antiferromagnet-
ic exchange interactions. Their effective mag-
nitude may be estimated roughly by extracting
from a least-squares fit to the data a Curie-
Weiss 6 of 0.3 +0.1 K. Herring and Flicker'
have calculated the asymptotic behavior of the
exchange between two hydrogen atoms. Applying
Eq. (19) of their paper to the mean donor sepa-
ration in our sample, (y) =0.55N '/'=132 A, and
using a rydberg of 30 meV' and a Bohr radius of
25 A, we find J/k =1.9 K. This comparison of J

TABLE I. Values of measured FR induced by bound donor-electron
spine, and spin-flip cross sections as determined from FR, (do/dIL) FR,
Itaman scattering, (da/d&) Rs, and theoretical calculations. FH data are
for sample containing 7&&10 6 In/cm and for T =1.63 K.

Spin FRA
(deg/kG mm)

H-
(cm )

H-
(cm ) (cm')

4880
4965
5145

363
8.8
2+1

1 gx1P «
g.gx]P»
4 x]p

4x1p &»
3x1p»&

lp 2gb

4.4x1P "
6.4x 1P
1,8x 1P

See Ref. 1. See Ref. 2.
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bR=a+
4880 A

electron gas." These results will be reported
more fully elsewhere.

We wish to thank L. R. Walker, P. Fleury, and

P. Wolff for helpful discussions and S. Bortas
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FIG. 3. Reciprocal of spin rotation, I/(R —a), ver-
sus & showing extrapolated Curie-Weiss constant, o
=0.3+0.1 K.

and 6 is intended to be order of magnitude only.
As there is an extremely broad distribution of Z

values, ' and as we do not have an exact solution
for the susceptibility of an amorphous antiferro-
magnet, it is difficult to precisely relate the 0
observed in our range of T to the J distribution.
Equally as interesting as attempts at such a fit
would be experiments at still lower temperatures
which could reveal features of ordering in an
amorphous antiferromagnet.

Measurements have been taken on more con-
centrated samples ranging up to N = 6&&10". Be-
yond N = 2 && 10' one finds only a temperature-in-
dependent FR which does not saturate with field
characteristic of the Pauli susceptibility of a
free-electron gas. By contrast, in the interme-
diate region just beyond the Mott transition (N
- 2 x 10") one finds both temperature-dependent
as well as temperature-independent components
to y, ' characteristic of a strongly correlated
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