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Considering the lowest-order electron-light coupling, we present a theory of multiple
spin-flip (b,S =n; n =2, 3, ) Raman scattering based on the interaction of impurity spin
states with virtual bound exciton states. The strength for the ~8 =a process is strongly
magnetic field dependent and becomes comparable to the ~8 =1 case at low fields. The
~~ =+ peak is at slightly lower energy than the +th overtone energy. These predictions
may be checked experimentally.

In this Letter we consider the theory of multi-
ple spin-flip Raman scattering in semiconductors,
with particular emphasis on recent results on
CdS. Spin-flip scattering in CdS has been studied
in detail by Hopfield and Thomas. ' They observed
a very strong peak in CdS corresponding to a
transition of an impurity electron from one mag-
netic state to the other (AS=1), the change in en-
ergy being + gp. B, where g is the g factor and B
is the applied magnetic field. The spin-flip tran-
sition is allowed because of the following consid-
erations. In the absence of a magnetic field the
spins are taken to be quantized along the c axis.
As the field is turned, however, the impurity
spins follow the field, mhereas the valence-band
states remain frozen because of spin-orbit cou-
pling (the spin-orbit splitting in CdS is 70 meV
))gp, H).

Recently Scott and Damen' have observed strong-
ly field-dependent multiple spin-flip scattering
from CdS. The latter data show that the AS =1
intensity is field independent as expected, ' but
the multiple spin-flip strength decreases rapidly
with increasing magnetic field. Another anoma-
lous feature of the Scott-Damen data is the shift
of the 48=2 peak energy slightly below 2gp. B.

The above Raman structure near 2gp, B cannot
be explained in terms of higher-order electron-
light scattering processes: Such processes mould
be expected to give a very small cross section
for the 4S = 2 transition, provided that the scat-
tering is in the spontaneous regime as in the
above CdS studies. Furthermore, such second
Stokes processes would give a field-independent
intensity for the AS= 2 transition, in contrast to
the experimental observation. '

In Fig. I we show the energy-level diagram and
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FIG. 1. Schematic illustration of the energy levels
involved in the spin-flip transition. &F is the Fermi
energy measured relative to the valence band. Incom-
ing light is absorbed and creates an intermediate elec-
tron- {&) hole pair (exciton) state bound at a neutral
impurity site. The spin-up (t) electron at the same
site fOls the vacant valence state, leaving only a spin-
down (() electron, and emits light.

schematic illustration of the single spin-flip pro-
cess studied by Hopfield and Thomas. ' The in-
coming light excites an electron- [spin down (&)]
hole pair, ' which forms an exciton state bound to
a neutral donor site. ' Then the electron [spin up
(&)], at the same site, drops into the hole in the
valence band, accompanied by the emission of
light whose frequency is shifted by 4e = c ~

—e ~

= g/J, H.
In Fig. 2 we present Feynman diagrams for the

spin-flip Raman processes. The simplest case
[Fig. 2(a)] represents incoming light creating an
electron-hole pair which is assumed to be non-
interacting; subsequently, the hole state is filled
by an electron from the & ~ state and light is
emitted. As mentioned above, the situation in
CdS is more complex because the electron-hole
pair interact strongly to form an exciton which in
turn is bound to the impurity site. These inter-
mediate state interactions are denoted by the
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FIG. 2. Feynman diagrams for the spin-flip Raman
scattering processes discussed in the text. Wavy lines
represent light, solid lines propagating forward (back-
ward) in time denote electron (hole) states, the solid
dot denotes the interaction & between the mixed-spin
valence hole with an impurity electron {as modified be-
cause of the presence of the spin-down electron}, and

the shaded regions represent electron-hole interactions
(see text). (a) Incoming light creates an electron-hole
pair; subsequently, the hole state is filled by an elec-
tron from the e t state and light is emitted. (b) Scatter-
ing process pertinent to CdS where the intermediate
state interactions are important. The spin-down elec-
tron state is coupled to the hole state, forming an ex-
citon, which in turn is bound at the impurity site of the
initial spin-up electron. (c}The double spin-flip pro-
cess in CdS involves an additional spin-flip at a neigh-
boring site (middle electron line} by an exchange in-
teraction between the spin-down electron of the bound

exciton (upper electron line) and the electron at the
adjacent impurity site.

shaded regions of Fig. 2(b). Since the valence-
band state with spin along the c axis acts as an
intermediate state, the transition amplitude de-
pends on the projection of the impurity electron
spin states on the c axis. Thus the intensity ex-
hibits an angular dependence of the form I(b.8= 1)
(x sin'0, where 0 is the angle between the field
and the c axis. '

The physical mechanism we propose for the
multiple spin-flip scattering is shown diagram-
matically in Fig. 2(c) for the case b,S =2. It is
apparent that all of the spin-flip processes shown
in Fig. 2 are of the same lowest order in the elec-
tron-light coupling. The incoming light excites
an electron- (&) hole pair which forms an exciton
bound to a neutral impurity site just as in the 4S

= 1 process. In contrast to the single-spin-flip
transition, however, the double-spin-flip (&S=2)

process involves a spin-flip interaction of the
intermediate bound exciton state with an electron
at a neighboring impurity site. This interaction
between the impurity electron and the electron
constituent of the exciton is due to the exchange
coupling. In estimating this interaction, however,
one should take into account the overlap of the
exciton wave function with the nearby impurity
site,

Clearly the intermediate exciton state can have
a spin-flip interaction with more than one neigh-
boring impurity electron and therefore give rise
to even higher-order spin-flip processes such as
AS = 3. The above mechanism suggests that the
multiple spin-flip processes should exhibit the
same selection rules as the LS=1 case.

As indicated above, the multi-spin-flip pro-
cess involves interactions between the bound ex-
citon and an electron at a nearby impurity site.
The strength of these interactions cannot be cal-
culated accurately. Therefore we introduce a
parameter V to represent this interaction; we
discuss an order-of-magnitude estimate of V be-
low.

A very unusual feature of the Scott-Damen' re-
sults is the shift of the AS = 2 peak below twice
the ~S = 1 peak energy by an amount E~= 0.1
cm '. A possible explanation for this shift is the
exchange interaction J between spin states at
adjacent impurity sites. We give below an esti-
mate of J taking into account overlap of the im-
purity wave functions which is of the same order
of magnitude as E~.

Starting with the spin-dependent part of the
Hamiltonian H = -Q„.J„S,~ S&-gp H.Q,S, in
terms of the applied field H along the z direction,
one can see that the energy difference corre-
sponding to a one-spin-flip process is

Ec& =gpH +Jg,

where

is the total exchange interaction at site 1. On
the other hand, in the AS=2 process involving
spin flips at two adjacent impurity sites (1 and 2)
the energy difference should be

Ae, =2gpH+ Q (J„.+8„.) =2bs, —2J».

The above description of the spin-flip processes
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implies an associated line broadening due to the
random distribution of both J~ and J„.Note, how-
ever, that the 4S = I process should give rise to
a narrow line in the Haman spectrum because of
the averaging over all neighboring impurity sites.
On the other hand the 4S = 2 peak should have a
larger width since the process involves only ad-
jacent impurities. To a first approximation we
expect the latter width to be of the order of the
observed shift E~. It is interesting to note that
the closest allowed (see below) impurities wouM
dominate the double spin-flip process and there-
fore the sites with the largest J» would be fa-
vored. Consequently the line should be asym-
metric and weighted towards the largest energy
shift (-E~). The observed line shapes' are con-
sistent with the above considerations. A quan-
titative calculation of the line shape requires a
careful study of the probability distribution of the
impurity sites, which mould yield a distribution
of J values. Further experimental line-shape
studies are needed in order to check the detailed
predictions of the above mechanism. Similar
considerations apply for the higher multiple spin-
flip processes.

The Raman scattering cross section for the bS
= I process is given by the well-known expres-
sion'4

(d 0'/dQ) gg -
g
~ (&d g

—4)o) q
A(d = 6e gq (2a)

where v, is the incoming light frequency, ~p de-
notes the energy of the intermediate bound exciton
state (see Fig. 1), and h~ is the frequency shift
of the scattered light. The ~S= 2 process in-
volves an additional intermediate state in which

the spin of an adjacent impurity site is flipped.
The Raman cross section for the latter case can
be obtained by standard perturbation theory' and
is of the form

(do& 1

(dQ] g, =, ((v, —(u,)' ((u, —~, —gpH)"
(2b)

AcU = 26Ej 2J»

where we have omitted the small energy shift of
the intermediate state due to the exchange cou-
pling. This shift is much smaller than gp. H.
Similar expressions can be obtained for the high-
er-order spin-flip processes by a straightfor-
ward extension of the above discussion.

Our results [Eq. (2b)] show a strong field de-
pendence for the multiple spin-flip cross section
provided that the incident light is nearly reso-
nant with co„ i.e., the intensity of the 4S = 2 peak

varies as (&u, —eo —gpH) , . Such a dependence is
consistent with the available data' and suggests
(JL)p

'

(Jo j I0 cm ' in CdS. Experimental studies
of the field dependence of the hS =2 processes
may provide accurate determinations of the in-
termediate state energies. It should be noted
that the above estimate is consistent with the es-
timate given in Ref. I.

To estimate the exchange parameters J and V

we consider a typical impurity concentration n- IO.' cm ' which gives an average impurity sep-
0

aration Rp 120 A Following Toyozawa' we ob-
tain J„=1.3U[(1+nR,)e "0]', where U is the
intra-atomic Coulomb repu1sion and n ' is the
hydrogenic radius of the impurity wave function.
Using an effective mass m, =0.2m and dielectric
constant%=8 for CdS, 'we estimate n '=20 A,
U=—500 cm ', and therefore Jy2 0.2 cm 'which
is of the required order of magnitude (E~ =0.1
cm ').

A proper estimate of V requires detailed knowl-
edge of the bound exciton wave function. Although
it is generally accepted that the exciton moves as
a unit weakly bound to the neutral donor, "de-
tailed information for the wave function is not
presently available. Utilizing the above physical
picture of the bound exciton we expect V to de-
pend on the overlap of the bound exciton wave
function with the adjacent impurity site. Thus,
we obtain V=1.3U[(1+nR)e "]'y, where R=R,
—R,„„y-0.04 takes into account the normaliza-
tion of the excitonic wave function relative to the
impurity wave-function normalization; here R,„,
is the radius of the orbit traced by the exciton
around the donor impurity to which it is bound.
Furthermore in the formula for V we have con-
sidered the decay of the excitonic wave function
to be the same as that of the impurity in accord
with the estimates in Ref. 8. Taking R,„,=40 A, '
we obtain V= 0.2 cm ', corresponding to a typi-
cal impurity separation R, = I20 A. In view of
the uncertainty in our knowledge of the exciton
wave function, the above value for V is at best
an order-of-magnitude estimate. Nevertheless
the above value is consistent with experiment.

Since the impurities are randomly distributed,
a non-negligible number of pairs will have a sep-
aration R & 120 A. Clearly these pairs would ex-
hibit a stronger exchange interaction than the
above case and therefore would give rise to a
larger shift of the bS= 2 peak (E~&0.2 cm ') as
well as substantial broadening of the 4S= I and
AS = 2 peaks, in contrast to the experimental
observations. This discrepancy would be re-
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moved if impurities whose separation is smaller
thRD R cr1tlcRl VRlue cRDDot conti'lbute to the
Haman spectrum. A possible explanation for this
feature is that an exciton interacting equally
strongly with more than one impurity cannot be
bound and serve as necessary intermediate state.
Using the same parameters as above, i.e., 8,„,
= 40 A and o. '= 20 A, the critical separation
would be 8, -120 A; although this estimate is
crude, a more accurate determination requires
the study of the complex interaction of three neu-
tral entities.

In conclusion we.propose further Raman studies
of spin-flip transitions at lower magnetic fields
to check the detailed field dependence of the
multi-spin-fl1p peRks. It 1s evident from the
discussion following Eq. (1) that the higher-order
peaks 48= 3 4 ~ ~ ~ may become observable at
sufficiently low fields, and exhibit a strong field
dependence. Note, however, that oux predictions
require low temperatures such that k BT&gp. H.
Since the parameters in our theory are very sen-
sitive to the form of the wave functions, the mul-
tiple spin-flip experiments may provide a check
on futux e calculations on excitons bound to neu-
tral irn.purities.

%e are indebted to J. F. Scott for stimulating
oux' 1Dtel'est 1D this problemg Rnd to Ws Fs Brlnk-

man for valuable comments.
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%'e point out the possibility that the potentially important dielectric effect first consid-
ered by Gox'kov and Eliashberg for minute metallic particles may vrell occur in the re-
cently identified one-dimensional metals formed by the mixed-valency planar complex
compounds of Pt. Our idea is conditional on the validity of a recently proposed model
of interrupted metallic strands.

Following the original work of Kubo' on the
electronic properties of small metallic particles,
Gor'kov and Eliashberg' (GE) made in 1965 the
most remarkable theoretical prediction that the
electronic polarizability of a metallic particle
=--sufficiently minute that its electronic energy
levels are discrete should be enormously en-
hanced with respect to the classical polarizability
which one would have expected on the basis of
elementary electrostatics. The effect should
have been observable in electric fields and at ab-

solute temperatures such that the discrete elec-
tronic energy levels of the minute particle re-
main unmixed, i.e., under the physical condi-
tions for which the minute-metallic-particle sys-
tern could be regarded as a dielectric irisulator.
Besides the considerable intrinsic physical inter-
est of the effect, such an anomalous enhance-
ment of the electronic polarizability of a minute
metallic particle would have important technolog-
ical application, a fact fully realized by GE.2

UnfoI'tunately, however, several recent experi-


