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We present inelastic-light-scattering data and analyses for spin-flip scattering from conduc-
tion electrons in CdS and ZnSe. Cross sections, linewidths, and line shapes are studied as
functions of magnetic field, temperature, scattering angle, and donor concentration. Both
free-conduction-electron spin-flip processes and spin-flip processes involving conduction
electrons bound to shallow donors are observed. These processes exhibit different selection
rules and temperature dependences; the free-electron spin-flip processes exhibit only a
scattering in which i #j and ¢ or j | H as expected, while the bound-electron spin-flip processes
also exhibit strong a,, and a,, scattering (z is the [0001] optic axis), in agreement with the
selection rules calculated for shallow donors at C3y Cd sites by Thomas and Hopfield. For
right-angle scattering, the free-electron linewidth increases from 0.05cm ™! (half-width at
half-height) at 2 °K to about 4 cm™! at ~150 °K in both ZnSe and CdS. This broadening is not
due to a decrease in spin lifetime, but rather to a spin diffusion, as directly confirmed by the
angular dependence of the spin-flip linewidth. The linewidth is observed to vary as qz, where
q is the momentum transfer in the light-scattering process. Bound-electron scattering ex-
hibits a linewidth which is independent of scattering angle and nearly independent of tempera-
ture over the 2—150 °K range. The spin-diffusion model is thus not applicable to bound-elec-
tron scattering. The double spin-flip process observed involves two interacting electrons
with an apparent attractive energy of 0.25= 0.05 cm™!, Selection rules, relative cross sec-
tions, field dependence, and binding energy of the double spin-flip transition are discussed.
At sufficiently high input powers (=3 MW/cm? the CdS single spin-flip scattering becomes
stimulated, resulting in a tunable, visible, spin-flip laser.

I. INTRODUCTION

In an earlier paper' we reported spin-flip scat-
tering from free conduction electrons in the wide-
gap semiconductors CdS and ZnSe. Reference 1
emphasized the determination of selection rules,
gyromagnetic ratios (g values), and absolute scat-
tering cross section and indicated the existence of
anomalous linewidths. In the present work? we
have systematically studied the spin-flip line
shapes, the dependence of linewidth upon tempera-
ture, magnetic field, and scattering angle, and
change in selection rules as the sample tempera-
ture is reduced below the exciton binding energy.
We have examined scattering cross sections as
functions of several parameters (temperature,
field, laser power, laser frequency, donor con-
centration); and finally, we have studied a new

two-electron scattering process involving simul-
taneous spin-flip scattering of two electrons bound
to nearby donors., The latter process is highly
resonant, involves a total spin change of AS =+2,
and exhibits a spin-spin interaction energy of
0.03-0.04 meV (0.2-0.3 cm™),

In Sec. II we present line-shape and linewidth
measurements as functions of temperature, field,
and scattering angle, In Sec. III we present tem-
perature and field dependences of cross sections
and briefly mention the observation of stimulated
spin-flip scattering in CdS. In Sec. IV the selec-
tion rules at different temperatures are discussed.
Section V is concerned with the double spin-flip
process, including its selection rules, resonant
cross sections, and dependence upon donor con-
centrations,

The basic theory of spin-flip scattering is at
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this time well known. Experiments on free-elec-
tron spin-flip processes have been reported on
InSb, 3 InAs,* and PbTe,® in addition to CdS and
ZnSe.! Bound-electron spin-flip scattering in
CdS was studied in some detail by Thomas and
Hopfield, ® who concluded that both electrons and
holes bound to shallow impurities yield very large
cross sections. Electrons (or holes) and photons
in the crystals interact according to the Hamilto-
nian

H=(1/2M) 2[5 - (e/c)K]* )

where P; is the momentum of the ith electron and
A is the vector potential of the electromagnetic
(photon) field. Inelastic spin-flip scattering in a
semiconductor requires only two things, as dia-
grammed in Fig, 1: a finite spin-orbit coupling,
so that the valence band shown is neither pure
spin up nor pure spin down; and an external mag-
netic field, which splits the electron-spin levels
in the conduction band by ZAw = pggH. The spin-
flip scattering arises from the interband p- A
matrix elements between the conduction band and
the spin-orbit-split valence band. Other mech-
anisms for spin-flip scattering have been pro-
posed” but have not been observed to date.

The prospect of observing spin-flip scattering
from mobile carriers in the visible portion of
the spectrum was first suggested by the electron-
scattering experiments on CdS in zero field,
where both collective-plasmon and single-particle
electron scattering were observed.® Such H=0
scattering for CdS with #=4x10'® cm™ is shown
in Fig. 2 for a,, scattering (z is the optic axis).
For single-particle scattering from a degenerate
electron gas, the spectrum in absence of colli-

y
IigH{ T £=1
______________ ~ LANDAU
Ef * LEVELS
1 £=0
&
&
&

> q,
MOMENTUM ALONG H

FIG. 1. Spin-flip scattering in a degenerate semicon-
ductor. The valence band has mixed spin symmetry
al t) +bl ) due to spin-orbit coupling.

sions at zero temperature should increase linearly
with frequency shift, peak at about 0.75¢Vj, and
terminate abruptly at ¢Vz.° Vg is the Fermi ve-
locity, g is the wave-vector transfer. The com-
bined effects of nonzero temperature and particle
collisions distort the observed spectrum in Fig, 2
from this simple shape. Figure 3 shows a similar
spectrum for nondegenerate CdS with »=1x10®
cm™, The observed spectral distribution function
in Fig. 3 can be reasonably described by a sim-
ple Gaussian form

I(w)=Te /A1) 2)

Ordinarily for single-particle Doppler-shifted
scattering in the absence of collisions, A(T) is a
product of the squares of the momentum transfer
g and the thermal velocity v,, for particles obey-
ing a Maxwell-Boltzmann velocity distribution, *
However, the v, required to fit the data of Fig. 3
corresponds to too high a temperature (7=133 °K).
The excess width is probably due to collision ef-
fects, since the electron collision time for this
sample is ~1071*~10"!* sec. As the temperature
increases, both the intensity and width of the
single-electron scattering increase. These spec-
tra are observed as background “skirts” or “pla-
teaus” on all our spin-flip data, Moreover, they
appear for some polarizations where free-elec-
tron spin-flip scattering is forbidden. For ex-
ample, at 130 °K and 80 kG, spin-flip scattering
is observed in #n=10'" ecm™ CdS only for a,, and
a,, with the field along y, but very strong single-
electron (no-flip) scattering is manifest for a,,.
The fact that the single-electron scattering is ob-
served for off-diagonal polarizability-tensor com-
ponents indicates that it arises from spin-density
fluctuations rather than charge-density fluctua-
tions, which are subject to efficient screening in
high-carrier-concentration semiconductors. °**

II. LINEWIDTHS

In our earlier paper! we showed that in an ex-
ternal magnetic field one observes spin-flip tran-
sitions in these mobile carriers in CdS and ZnSe
at frequencies

We = p’BgH/ﬁ ’ ®)

in good agreement with those calculated using ear-
lier estimates of the electron g values. 1 How-
ever, the observed linewidths T did not correlate
well with those which were calculated from I
=1/T,. T, is the spin-lattice relaxation time given
by Yafet’s formula'®

en(EE)

where 7 is the collision time and E, is the band
gap. In the present work we have found that line-
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FIG. 2. Single-electron scattering in zero field at 10 °K
for n=4x10'® cm™ CdS. ay; polarizability (Z =optic
axis). The sharp line at 235 cm™! is an E{ symmetry TO
phonon. A=5145 A,

widths vary by nearly two orders of magnitude as
temperature is varied from 2 to 150 °K, and are
not lifetime dominated.

The linewidths (half-width at half-height) of two
samples of CdS and ZnSe, each having z~5x10"7
cm™ (indium doped), are shown versus tempera-
ture in Fig. 4. These data are for right-angle
scattering at 5145 A with an applied field of approx-
imately 56 kG. Several other magnetic field
strengths were employed, with no discernible
change in linewidth. With the exception of low-
temperature (<10 °K) data in Fig. 4 taken with a
Fabry-Perot interferometer, all the data presented
were obtained with a Spex 0. 75-m double mono-
chromator and 20-pum slit width, The linewidths
were determined by deconvoluting the observed
line shape from the spectral response function of
the spectrometer. Specifically, the assumed line
shape [Eq. (5)] was combined with the instrumental
response function, and the parameters appearing
in (5) determined by the best fit to the observed
spectral shape. This was performed numerically
and yielded the line shape, as Wwell as width, as
shown in Figs. 5(a) and 5(b). The deconvoluted
spectral distribution function S(w) was found to be
simply related to the free-spin susceptibility:

7w)+1

S(w)=- Imy, (w)
n(w)+1 wT
ST Xo (W= w P+T2 ’ )
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FIG. 3. Single-electron scattering in zero field at
85 °K for n=1x 106 ¢cm® CdS. The dot-dashed curve is
fit to the Gaussian profile of Eq. (2).

where 72(w)= (e"“/*¥T ~ 1)!; x, is the w=0 suscep-
tibility; w, is the Zeeman splitting pzgH/%; and
T" is a phenomenological frequency-independent
damping constant. The expression for Imy,(w) in
Eq. (5) differs by a factor w/w, from that usually
quoted for the Bloch equations (6)-(8), and cor-
responds to the- “modified” Bloch equations®® in
which the assumption that yHT,>>1 is not required
and the magnetization is taken to relax toward H
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FIG. 4. Linewidth versus temperature ir: ZnSe and CdS
having n ~5x 10~ em™3, CdS data at 5145 A; ZnSe at
4880 A. 20-pm slit width; 56 kG. Right-angle scattering.
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Cds where y=-gugh; M is the magnetization ; and H
S o oaAPE is the total field HZ + H, (¢), with H, the applied
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FIG. 5. (a) Line shape observed for right-angle scat-
tering at 56 kG in n=5x 10! cm™ CdS at T=75°K. Dots
are observed values; solid curve is calculated from Eq.
(5). (b) Line shapes in CdS versus temperature, theory,
and experiment, as in (a).

rather than toward ﬁoz

sz__ T < T XOHz_Mz

dt —Y(MXH)3+ 7‘1 ’ (6)
de_ NI S BT X[)Hx"‘Mx

ar = Y(MXH), 2= (1)
aM - - H, ~
_y_z.y(MxH)erxLL_Mx (8)

dt T, ’

static magnetic field and H; the oscillating field
at the spin frequency wq.

In relating Eq. (5) to Eqs. (6)-(8) one identifies
T with 1/7,. However, in general the measured
width for spin transitions will not be 1/7T,, but will
be dependent upon both homogeneous- and inhomo-
genous-broadening mechanisms, Whereas two dif-
ferent transverse relaxation times T, and T, are
commonly employed in NMR literature to describe
such contributions to linewidths, we do not find it
useful to make detailed contact with this terminol-
ogy here, We do emphasize that 7, estimated from
Eq. (4)is several orders of magnitude larger than
our measured 1/T"; thus, we believe longitudinal
relaxation plays a negligible role in broadening ZnSe
and CdS spin-flip-scattering lines.

Our measurements of linewidth for near-forward-
direction scattering show that I" increases from
0.05 cm™ at 4°K to 0.5 cm™ at 100 °K. Since
there is very small momentum transfer in this
geometry the width receives negligible contribution
from spin diffusion. The residual g-independent
width is, therefore, a measure of spin lifetime and
allows us to estimate T,as ~7 X 10%secat4 °K and
~7x10™! sec at 100 °K. This is to be compared
with a collision time 7 of about 3 X10™® sec in the
same samples, and T, estimated from Eq. (4) as
107 sec.

Angular Dependence

Inaddition to the temperature dependence reported
above, we have measured the spin-flip linewidth as
a function of momentum transfer g, or scattering
angle 6 (g=2K,sin36; K, is the laser wave vec-
tor). Scattering angles of 0°, 28 °, 90 °, and 152 °
were employed. The results for one CdS sample
are summarized in Fig. 6, and in Figs. 7(a) and
7(b) actual data are shown to illustrate the dramatic
line narrowing observed for small-angle scattering.
This g dependence shows clearly that the linewidths
presented in Fig. 4 are not due to spin lifetimes,’
but to spin diffusion. Such phenomena have been
studied recently in InSb both experimentally and
theoretically by Brueck, Mooradian, and
Au Yang. *''® The basic interpretation is that of
motional narrowing.

Motional narrowing is well understood in NMR
and the analysis found in Kittel’s text and else-
where stems basically from the early work of
Bloembergen, Purcell, and Pound. 6 Because the
electrons in a crystal are in rapid relative mo-
tion, and because the electrons interact with each
other (dipole-dipole interactions among the spins),
the local field H; fluctuates rapidly in time. The
simplest algebraic treatment is that of Kittel'
who supposes that the local field is H; for a short
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6
where T, is the linewidth for momentum transfer
along the field direction; ¢ is the momentum trans-

(13)
fer | I—(’L—I—(.SI with K, =2mw,, Kg=2mmwg, and
w;, wg are the laser- and scattered-photon fre-

quencies, respectively; kg7, the thermal energy;
m*, the effective mass; and 7(7T), the collision
lifetime determined from Hall-mobility or plas-
mon-linewidth measurements, Wolff!® has sug-

gested that Eq. (13) can be modified for momentum
transfer perpendicular to H by

FL:TII/[1+(wcT)2] ’ (14)
where w, is the cyclotron-resouance frequency.
In systems such as CdS or ZnSe, w,7<1 even at
100 kOe. Thus, T',=T),. Physically, this means
that spin diffusion transverse to H is about as
likely as along H in low-mobility semiconductors.
As shown in Figs. 4 and 6, the two qualitative
features of Eq. (13) have been experimentally con-
0 A1 1 1 1 |
0] 30 60 90 120 150 180
SCATTERING ANGLE, 8 (DEGREES)
FIG. 6. Linewidth versus internal scattering angle for’
n=5x10" ecm=® CdS at T=80 and 110 °K. Solid curves are
of form T'(6, T)=A(T) +B(T)q%, where ¢ is proportional
to sin (36).

firmed for CdS in the present work, namely, the
quadratic dependence upon ¢ and linear (approxi-
mately) dependence upon 7 are verified, However,
the absolute magnitude of I" for large-angle scat-
tering is about ten times less than calculated.
time 7 and then changes by + H;,.

The only parameter appearing in (13) which is

sample dependent is the collision time 7.
7 the spin will precess an extra +yH;T compared

having 7=3%10
During the time
to precession in the applied field H,. After » time
intervals of length 7 the rms dephasing angle is
<¢)2>1/Z=n1/271{4 T,

ever, the data for Figs. 4-7 are for a sample
-13

How-
sec as determined from Hall-
mobility measurement, Thus we believe that the
disagreement of a factor of 10 between theory and
experiment for absolute linewidth represents a
failure of the theory. McWhorter!® has suggested
that Eq. (13) may be generalized in a way to pro-
vide better accord with CdS data,
(9)
III. CROSS SECTIONS
assuming random-walk processes. Hence, the
number of steps n necessary to dephase by 1 rad Cross-section measurements have been made
is, from (9), on a number of samples of CdS. These include
n= 1/72H§ 2 , (10) commercially supplied material (Eagle Picher
UHP, In, and Ga doped; samples from Harshaw;
which occurs in time vapor-transport-grown platelets; and Br-doped
Ty=nt= 1/72H§T (11) pla'telet.s). No sample of CdS has been examined
which did not exhibit either free- or bound-elec-
Thus, the linewidth I'=1/ T, is given by tron spin-flip scattering.
= (yH,)’r=AT (12)
The ideas involved in motional narrowing and in
spin diffusion are slightly different: In the first
case, collisions prevent the spins from dephasing:
in the second case, collisions prevent the spins
from diffusing. In each case a linewidth propor-
tional to 7 is obtained.

ZnSe samples studied, only one showed spin-flip

chemical analysis.
Equations of the form given in (12) have been

In contrast, of the four
scattering. This sample from Eagle Picher was
the most heavily doped of the four, containing a
the order 10'7 cm™
derived by both Brueck!* and Au Yang®® for spin-
flip light scattering. Au Yang’s formula for mo-
mentum transfer along H is

few times 10 In per cm3, according to spectro-
sults in a net estimated carrier concentration of

(Compensation of the In re-
CdS and ZnSe samples having n~10" cm™ ex-
excitation,

hibited field-independent cross sections for 5145 A
From 40 to 95 kG the cross sections
varied less than 10%.

In contrast, one heavily
doped CdS specimen (#~10" cm™®) exhibited a broad
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FIG. 7. (a) Line-shape data for 5x 10!7 cm™ CdS at
scattering angles 6=28° and 152°, T =80 °K, Slits 20 u.
(b) Line-shape data for 5x 101" ¢m™ CdS at scattering
angles 6=28° and 152°. T=110 °K. Slits 20 u.

spin-flip-scattering spectrum whose integrated in-
tensity varied roughly linearly in H (see Ref. 1).

Temperature dependences of cross sections in
ZnSe and CdS were quite dramatically different,
That for ZnSe at 5145-A excitation is shown in
Fig. 8; here the peak height is plotted. When this
curve is multiplied by the linewidth (shown in Fig,.
4), the resulting integrated intensity is found to
decrease slowly with increasing 7. However, in
CdS (n=5x10' ¢cm™) the peak height is complete-
ly independent of T between 10 and 150 °K! Hence,
the integrated intensity increased rapidly with in-
creasing 7, as implied by linewidth measurements
in Fig. 4. We cannot explain these dependences in
detail, butqualitative observations areinaccordwith
this explanation: (i) As T increases the exciton
states which act as intermediate states in the scatter-
ing process boraden out and become less effective
(this is also observed in resonant-phonon scatter-
ing), thus decreasing the resonant cross section
in ZnSe; (ii) in CdS this decrease is more than
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compensated by the fact that the band gap and ex-
citon levels become more nearly resonant with the
laser energy with increasing T.

The cross sections vary somewhat with scatter-
ing angle 6 [see Figs. 7(a) and 7(b)]. However,
this is difficult to measure quantitatively, due to
the change in effective scattering volume and solid
angle.

The change in cross section with angle<I> be-
tween q and H has already been noted. Cross
sections were eight times greater for q H=0 than
for ®=45°, This has not been explained. The
linewidth was also observed in Ref. 1 to increase
by ~1 cm™ for ®=45°, We can now attribute this
to ¢, transfer (z is the field direction), i, e., to
nonvertical transitions in Fig. 1.

Finally, the cross sections measured are com-
patible with those given in Ref, 1 (~10" cm?® per
spin at 5145 A) and about two orders of magnitude
less than those given in Ref. 6 (for q LH in both
CdS and ZnSe).

The scattering was extremely resonant, CdS
spin-flip scattermg was observed at 5145, 5017,
4965, and 4880 A and several 1ntermed1ate fre-
quencies, increasing by ~ 10% from 5145 to 4880 A
It was also observed above the band gap at 4765 A.
The strong resonant cross sections together with
the narrow linewidths observed in the forward
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FIG. 8. Peak intensity for spin-flip scattering in ZnSe
vs temperature. Right-angle scattering: H=80 kG.
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direction have allowed us to produce stimulated
spin-flip scattering in CdS. The spin-flip-scat-
tering power output exhibited a sharp threshold

at about 3 MW/cm? when pumped with 1 kW from
an esculin dye laser at 4925 A. Power output is
shown versus input in Fig. 9. The dye laser was
focused to 100- um spot size and attenuated by
means of calibrated neutral-density filters, A
1-10-Hz repetition rate was used with 500-nsec
pulse length. Longitudinal pumping (forward scat-
tering) with q LH was employed., Other details will
be published in a separate paper.

IV. SELECTION RULES

At moderate temperatures (80—300 °K) CdS and
ZnSe with #~10'" cm™ exhibit the expected free-
spin selection rules: a,;;#0 only for ¢#j and i or
jIH, Despite the fact that CdS is uniaxial, no
anisotropy of cross selections or g values is ob-
served (i.e., HIC axis is the same as HIC; ¢
=[0001]). These simple selection rules are not
observed in some other systems; for example,
they hold" in InSb at 5.3 pm but not?® at 10. 6 wm.
We have found that these selection rules are also
violated in CdS at low temperatures. As T de-
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FIG. 9. Power output vs power input for spin-flip scat-
tering in CdS, showing threshold at 3 MW/cm?. Details
are given in the text.
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creases below 80 °K, both a,, = a,, and a,(HI¥)
scattering become very strong. The scattering
for these polarizability components is H indepen-
dent, which is compatible with the selection rules
of Ref, 6 for donor scattering from a C3, sym-
metry site, It is not compatible with acceptor
scattering., We interpret this observation as evi-
dence that the free-electron scattering is dominated
by more intense bound-electron scattering at low
temperatures.

Additional evidence for bound-electron spin-
flip scattering in low-carrier (2 <5x10'" cm™)
CdS at low temperatures is manifest in the lack
of thermalization for Stokes and anti-Stokes lines.
For nominally pure CdS (Eagle Picher UHP), the
Stokes—anti-Stokes ratio was nearly unity even at
low temperatures (2.0 °K). Hence the electron
population was “hot” and thermalization did not oc-
cur. In contrast, CdS and ZnSe having 10'®-10'°
In or Ga showed complete thermalization (no
detectable anti-Stokes intensity at 2 °K). This
trend toward thermalization with increasing im-
purity concentration was also observed by Thomas
and Hopfield® with Br-doped CdS. This has not
been explained in detail, but it appears physically
reasonable that thermalization should occur among
spins when there are larger numbers of interact-
ing spins,

V. DOUBLE SPIN-FLIP SCATTERING

Double spin-flip scattering has been observed in
CdS samples having 7 < 5x10'7 cm™ with 4880-A
excitation, Typical data are shown in Fig. 10,

In Fig. 11 the extremely narrow linewidth is
shown clearly. For this #x10'® cm™ sample, the
relative intensity of the double spin-flip to single
spin-flip line is about 1.5%. This ratio is field
independent at temperatures =10 °K, but de-
creases noticeably with increasing H at 2, 0 °K,
as shown in Fig. 12, Figure 12 also shows an
inverse monotonic variation of I(AS=2)/I(AS=1)
with temperature,

The double spin-flip scattering is observed with
equal intensity for a,,, a.,, and a,, polarizability
components (Z_LH), and is also observed only at
low temperatures (<25 °K). This is one indication
that the double spin-flip process involves two
donors and is not a free-electron process. We
note that no AS=+2 processes have been previous-
ly observed via light scattering. a

The intensity ratio I(A S=2)/I(A S=1) increases
to about 10% in CdS samples doped to ~10'® cm™
with In or Ga donors at 90 kG and 2 °K. This
further indicates that the double spin-flip process
is a two-donor phenomenon. Spectra are shown
for 10'® cm™ In in Fig. 13,

It is significant that the A S=+2 energy shift
is slightly less than twice that of AS=x1 (see
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Two single spin-flip transitions at ¢=% and ¢

=—k could then give rise to a w(AS=2) frequency
less than twice w(AS=1). A second mechanism

is that of completely localized spins which do not
interact in the ground state (electrons bound to
donors), but which may interact by exchange in the
excited state,?® The 0.2~0.3-cm™ shift of
w(AS=2) in this dispersionless case is viewed as
an electron-pair binding energy. This model has
been treated theoretically by Economou, Ruvalds,
and Ngai,® who are able to account for the es-
sential features of our AS=2 spectra. However,
neither this theory nor the data presented here
are sufficiently detailed to rule out wave-vector
dispersion or slight spin-delocalization effects.

It is important to note that any dispersion will
modify the line shape, and that, therefore, a care-
ful study of line shape and its dependence upon 7,
T, H, etc., will supply information on the degree
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of localization of the spins. Further experimental
and theoretical work on this double spin-flip phe-
nomenon is required,

Finally, we have observed a AS=- 3 process in
one CdS sample (10'%-cm™ In), which has 8-10%
of the AS=- 2 line intensity and which lies at
[3w(AS=1)-0.8 cm™]. Such higher-order pro-
cesses are predicted in Ref, 23,
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