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The properties of near-resonance spontaneous-spin-flip Raman scattering in InSb have been studied
both experimentally using a 5-6-p,m CO laser and theoretically. The polarization selection rules for both
linearly and circularly polarized light have been investigated. The experimental results are in good
agreement with the theoretical predictions. The resonance enhancement of the spontaneous-scattering

cross section for an input photon energy near the InSb energy gap has been studied as a function of
input photon energy and magnetic field. Good agreement is found between the experimental data and a
theoretical treatment which includes both the effects of varying population factors and the k,
dependence of the spin-flip cross section. The linewidth and, where it could be resolved, the line shape
of spontaneous-spin-flip Raman scattering was studied experimentally as a function of electron
concentration (1-3 && 10' cm ), temperature (2-50 K), and magnetic field (20-80 kG). Two different

geometries were studied. In both geometries, the incident photon propagated normal to the magnetic

field H. In one geometry the scattered light was collected colinear with the incident light (q ~ .P = 0),
while in the other geometry it was collected along Q at right angles to the incident light (q:H'.+0).
The linewidth in the q H. = 0 geometry was very narrow (0.2-0.4 cm ') and almost independent of
magnetic field. The linewidth in the q If ss0 geometry was strongly dependent on magnetic field. It
varied from a maximum of 6.5 cm ' at 21 kG to a minimum of 0.2-0.3 cm ' at 80.5 kG. The linewidth

the q' n = 0 geometry was almost independent of temperature, while the linewidth in the q' H & o

geometry broadened appreciably at higher temperatures. These features of the spin-flip Raman-scattering
line shape are shown to be inconsistent with the simplest spin-relaxation theory of the line shape that
includes the inhomogeneous broadening due to the nonparabolicity of the InSb conduction band (present
in both geometries) snd the Doppler shift (in the q Iiss 0 geometry only). A theory which includes orbital
collisions that alter the k, state of the spin excitation is considered and is found to give results that are in
good agreement with the experiment.

I. INTRODUCTION

The spin-flip Haman laser' is a promising
source'of tunable high-power radiation in the in-
frared region of the spectrum. As a result, the
detailed physical properties of spontaneous- spin-
flip light scattering in semiconductors have ac-
quired enhanced significance. The near-resonance
regime with pump-laser excitation near the 5. 2-
pm-energy band gap of InSb is of particular inter-
est since it is in this regime that the low-threshold
cw operation of the spin-flip laser has been
achieved. This paper gives the results of a detailed
experimental and theoretical study of near-reso-
nance spontaneous-spin-flip light scattering from
conduction electrons in InSb. Three main features
of the spin-flip Baman scattering have been studied:
(i) the polarization selection rules, (ii) the cross-
section enhancement for photon energies near the
Insb energy band gap, and (iii) the line shape.

Observations of spin-flip light scattering in
semiconductors stem from the initial experiments
on InSb reported by Slusher et al. 7 Subsequently,
conduction-electron spin-flip light scattering has
been observed in various III-V', s II-QI, 9 and lead
salt'0 semiconducting materials. By far, the most
numerous and detailed studies have involved
InSb. ' 4' " Most previous experiments on InSb
have been performed using 10.6- p, m CO~ l.aser ex-

citation, '3'4" in contrast with the present work in
which a 5- p, m CQ laser was used. While various
aspects of the spontaneous-spin-flip light scattering
in InSbat10 pm have been reported, ' ' ' ' the only
characteristic studied in detail was the polarization
selection rules. Preliminary accounts of the
properties of the scattering for 5- pm excitation
have been given by the authors previously.

Theories of inter-Landau-level scattering in
semiconductors have evolved from the treatment
of Wolff who initially predicted the phenomena and
demonstrated the presence of a strong resonance
enhancement in the cross section for photon ener-
gies near the band-gap energy. This calculation
was extended in the low magnetic field limit to in-
clude the detailed III-V semiconductor band struc-
ture by Yafet. Subsequently, Wright et al. in-
vestigated the effects of high magnetic fields on the
cross section and the polarization selection rules.
Wherrett and Harper's and Makarov's have consid-
ered the effects of electron statistics on the cross
section. All of these theories were primarily
aimed at properties related to experiments at 10.6
p, m. They did not consider matters such as strong
resonance enhancement of the cross section and
the effects of electron scattering on the line shape
which are discussed in detail here.

The polarization selection rules for spin-flip
light scattering were investigated using a 5. 3- p.m

5253



8. R. J. BRUECK, A. MOORADIAN, AND F. A. BLUM

pump beam. Both circular and linear polarizations
mex'e studied where appropriate. The results are
in excel, lent agreement with the previously pre-
dicted theoretical polarization selection rules. ~ ' 5'6
This is in contrast to the recently reported results
of Patel a,nd Yang" for the case of 10.6-pm, exci-
tation where essentially complete depolarization
was found.

The resonance enhancement of the cross section
for spontaneous-spin-flip Haman scattering as the
incident photon energy approaches the In81 energy
gap was studied experimentally by two different
techniques. In one measurement the large number
of closely spaced laser transitions available from
the CO l.aser in the spectral range from 5. 2 to 6. 1
pm were used to vary the input photon enexgy
while the magnetic field and, consequently, the
In81 energy-level. structure was held fixed. After
correction for apparatus response and band-edge
absorption a variation of over an order of magni-
tude in the relative cross section mas found in this
spectral range. An accurate calculation of the
cross-section resonance enhancement was cax ried
out using detailed InSb band-edge wave functions
and nonparabolic energy-level structure. There
is good agreement betmeen this calculation and the
experimental. measurements over most of the range
studied. Some slight deviations for frequencies
near the energy gap are outside of the systematic
error. These may be related to impurity resonance
effects that have been excluded from the present
treatment. The second measurement of the reso-
nance enhancement involved va, rying the magnetic
field while hol.ding the input photon energy constant.
There are additional. physical effects in this mea-
surement that arise from the dependence of the
cross section on the electron statistics and orbital
quantum numbers. Again, there is qualitatively
good agreement betmeen theory and experiment for
a variation of almost an order of mggnitude in the
relative cross section.

Measurements of the spontaneous-spin-flip
Raman linewidth and, when possible, line shape
were made for various temperatures, electron con-
centrations, magnetic fieMS, and scattering geom-
etries. Due to the extremely narrow linemidth in
Some cases (& 0. 3 cm ) we were unable to obtain
accurate line-shape data for all of the parameter
variations measured. Two geometries were in-
vestigated: (i) the incident and scattered photons
mere colinear and propagated normal to the mag-

netic field (q H = 0 geometry) and (ii) the incident
photons again propagated normal, to the fieM but the
scattered photons mere collected along the field
direction (q. Hc0 geometry); here, q is the scat-
tering mave vector. Striking differences were ob-
served in the behavior of the linemidth in the two
geometries as a function of magnetic fiel.d and tem-
perature. The linemidth in the q ~ H= 9 geometry is
very narrow (~ 0, 3 cm ~) and almost independent
of magnetic field. In contrast, the l.inemidth in the

q ~ BIO geometry decreases (for n ~10'8 cm ') by
over an order of magnitude as the magnetic field
is increased from 20 to 80 ko, approaching the
narrow linemidth observed in the q. 8=0 geometry.
At all magnetic fie'id strengths, there was no ob-
servabl. e difference between the hnecenter fre-
quencies in the two geometries.

A simple spin-rel, axation theory of the linewidth
which included inhomogeneous broadening due to
energy-band nonparabolicity and the Doppler shift
was found to be inconsistent with the experimental
data. A yhenomenological relaxation-time theory,
including orbital collisions, mas formulated and
is shown to give results in qualitative agreement
with experiment. It is shomn that the orbital col-
lisions cause a motional narrowing of the inhomo-
geneously broadened spin-flip line, and can dra-
matically affect the line shape.

The remainder of this article is organized as
follows. Section II gives the theory of spin-flip
scattering including a discussion of the cross-sec-
tion calculation and the theory of the line shape.
The experimental. apparatus is described in Sec.
IG. The experimental results and the fit between
theory and experiment ax e outlined in Sec. IV. A
brief discussion of the connection between this mork
and the operation of the spin-flip Baman laser is
given in Sec. V. Finally, two appendices give.
some details on InSb mave functions which are
needed for the cross-section calculation and an al-
ternative derivation of the spin-flip line shape.

II. THEORY OF SPONTANEOUS-SPIN-FLIP RAMAN
SCATTERING

A. Integrated Cross Section

The calculation of the probability of scattering
a photon from an initial. state (k„a&„e,) to a final
state (ko, &oo, eo) with an accompanying change in
many electron states from an initial. state I to a
final state E is straightforward and the result~3'4'~6

for the differential cross section is
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where the E's are the many-electron energies, M
is the intermediate electronic state, the i's are the
polarization vectors, the ~'s are the frequencies
of the incident and scattered photons, mv is the
electron momentum operator in the presence of a
static magnetic field, and p(I) is the statistical.
probability that the initial electronic state is oc-
cupied. This term will be neglected here and the
scattering cross section for a single electron will
be evaluated. The effects of electron statistics on
the integrated cross section mill be discussed be-
low.

The single-electron eigenstates in a magnetic
field can be expanded'7 as

{r) P efk y eflux J dg e1A&Lx Q/s-)1

xc1(b, n, o) y„(k„/Ws)N, ,(r), (2. 2)

where b is a band index (c—conduction band, li-
heavy-hole band, / —light-hole band, and d—spin-
orbit split-off band), n is the Landau-level number,
and 0 is an index which indicates the effective spin
energy l.evels to which these states belong (n-
spin up and P-spin down. ). The u& 0(r) are the ceil
periodic solutions of the zero-field Hamiltonian at
the band edge (see Appendix A). The &-function

deperidence of the eigenfunctions on k„and 4, has not
been included. The y„, are harmonic-oscillator
eigenfunctions and Ws= (eH/ffc)~1 is a parameter
with dimensions of (1/length) which characterizes
the extent of the wave functions in A„, The coef-
ficients c&(b, n, 0) are given to lowest order in H
(or s) in Appendix A, and n1 is related to n and

j by the follow&ng convention: n&=n, nz=n —1,
ns=n+1, n4=n+1, ns=n, ns=n+1, nv=n- j., and

ns=n
'With the aid of this equation, the matrix elements

involved in (2. 1) can be evaluated T.hese are of
the form

Mgg = &(kg —kg+ qg) p cj~(J)c1(f)(p1, 5„5] ltÃg

+ [s(n, +1)]'~16„., „,e.+ (sn, )'~'&„, ,~ e,},
(2. 3)

where the e'e are unit vectors and e, = (e„+ie„)/v2
The matrix elements of the momentum operator p
between the N1,0(r) are proportional to the inter-
band matrix element P=i(k/m. )(Slpl. Equation
(2. 3) has been evaluated in the dipole approxima-
tion with the exception that the effects of nonzero
photon momentum have been retained in the ~ func-
tion that represents conservation of momentum in
the magnetic field (e) direction. In the present
discussion of the integrated cross section this
makes little difference; however, it is quite impor-
tant in the line-shape considerations of Sec. II B

where the fact that the transitions are non-k, -con-
serving is shown to be an additional broadening
mechanism.

It is at this juncture that the previous treatments
of spontaneous-spin-flip Haman scattering have
taken different approaches in the evaluation of the
cross section. Yafet and Makarov have ex-
panded the c1(b,n, o) to first order in the magnetic
field and have obtained analytic results for the
cross section while Wright et al. '4 have computed
the cq (h, n, 0) to all orders in H and obtained more
preci. se numerical results. Both of these ap-
proaches have been fol.lowed in this work. A nu-
merical. calculation of the photon energy and the
magnetic fieM dependences of the spin-flip Haman
scattering cross section was performed using the
Pidgeon and Brown'8 model Hamiltonian to evaluate
the InSb band structure. All of the explicit numer-
ical results presented here were obtained by this
calculation. In addition, analytic results offer a
great deal of physical insight into the spin-fl, ip
scattering process arid will be briefly discussed.
Rather than present the complete result which is
quite unwieldy, some of its more interesting fea-
tures will, be pointed out individually and finally a
more restricted expression appropriate to the ex-
perimental conditions of See. IV will be presented,
For small magnetic fields [P(e)'~1/E, « I] the mix-
ing of the states due to the magnetic field is negli-
gible and it is sufficient to take the initial- and
final-conduction-band states as simply (84) and
[ 84), 1'espectlvely, If tllel'8 wel'8 110 spin-orbit-
mixed valence-band states present, the spin-flip
cross section would be identically zero as there il
no spin operator in the coupling between the elec-
trons and the photons. It is the availability of
valence-band intermediate states such as I I, a)
= (I/v'6) I (X- iY) 0+ 2Z4), which have amixed-spin
character, that gives rise to the large spin-flip
cross section. Clearly, there is an allowed elec-
tric dipole transition from both the initial and final
electron states to such intermediate states. These
mixed-spin states arise because of the spin-orbit
llltel'Rc'tloll whlc11 ls qlllte lR1'ge ill IIISb (4 » Eg)~
where 4 is the valence-band spin-orbit splitting
energy (-0.9 eV) and E, is the optical. -gap energy
(0.236 eV at 0 'K). In the absence of spin-orbit
coupbng the split-off (d) states are degenerate
with the light- and heavy-hole states and give rise
to a matrix element of opposite phase which just
cancels the light- and heavy-hole contributions.
The el{b,I, 0) inAppendix A havebeenderivedunder
the Rppl'oxil11Rtloll 4 » fi 8/Ps~ Rnd, therefore~ do
noi exhibit this cancellation; however, a similar
treatment with the above inequality reversed and
also requiring b & (E, —k&u, ) readily shows that
do'/dQ is of order [6/(Eg —S(01)] . This ls impor-
tant in considering spin-flip Baman scattering
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from wide band-gap HI-7 compounds such as GaAs,
where 4 is very much smaller than in InSb.

At larger magnetic fields, where the intermbring
of conduction- and valence-band states is stronger,
there is a contribution to the cross section which
uses a conduction-band state I c, 1, P) as the inter-
mediate state. This term has an energy denom-
inator which is resonant for the incident-photon en-
ergy equal to the combined resonance frequency
(En=1, As=1). Because of the strong resonance
enhancement of the cross-section contributions in-
volving valence-band intermediate states, this
term is not significant in the present experiments;
however, it can become the dominant contribution
to the spin-flip scattering cross section for photon
wa, velengths of 10 p.m or longer. ' '~

Finally, consider the terms which are resonant
under the present experimental condition of a pho-
toIl encl gy neax' Eg, The dominant physical px'ocess
in the scattering is the excitation of an electron
from the valence band into the upper-conduction-
band spin level. with the absorption of an incident
photon and the relaxation of an electron from the
lower-conduction-band spin level into the valence-
band state with the emission of the scattered pho-
ton. Clearly, the resonance is between the valence-
band to

uppers-spin-level

energy and the incident-
photon energy. The l.argest contributions to the
cross section occur via l.ight-hole val, ence-band
states of Landau-level number n= -1 and via heavy-
hole valence-band states, The energies of these
states are independent of magnetic fieM in the pres-
ent band model and are taken as the zero-energy
reference, The expression fox the cross section
is

tion (the first letter indicates the polarization of the
incident photon and the second letter the polariza-
tion of the scattered photon) is smaller than the
{s, —) by a factor of 0. 7$ (the more detailed nu-
merical. computation results in a value of O. 78 for
the ratio of the intensities of the two allowed scat-
tering polarizations for a photon energy near the
energy gap). In a nonresonant case these inten-
sities are approximately equal for small magnetic
fields since the l.ight-hole contributions to the cross
section are comparable to the heavy-hole contri-
butions. At high magnetic fields there is another
mechanism which gives rise to a difference between
the two polarizations. This is the mixing of con-
duction- and valence-band states which gives rise
to the terms in a, b, and 4 in (2.4). Note that
there are no additional polarization selection rules
that arise when wave-function mixing is included.
This i.s contrary to the results of Wright et gE. '4

The expression for the cross section can be
written as a product of a factor which is weakly
dependent on magnetic field and input photon ener-
gy, and an enhancement factor of the form

(E, , ~
—Ifro, )

for the {s,-) polarization component. The cross
section is of the order of 3&&10 ' W cm /electron.
The calcul. ated variation of the cross section for a
fixed magnetic field as the photon energy is varied
is shown in Fig, 1. Note that the cross section for
(z, —) scattering is over two orders of magnitude
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and only the terms closest to resogance have been
retained. The intermediate state responsiMe for;
the first contribution to the cross section is Il,
—l., cf} and for the second it is lh, 1,P}. The terms
which arise from light-hole intermediate states
(n~ 0) are approximately a factor of 2 further re-
moved from resonance and have therefore not been
included above,

It is interesting to note that the (+, s) cross sec-
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I"IG. l. Variation of the enhancement factor va input
photon energy. Calculated for H =40 kG; both aBowed
polarizations (+, g) and (z, -) are shovrn.
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larger at 5. 3 p, m than at 10.6 p, m. The differing
behavior of the two polarization components at
low photon energies is due to the presence of the
conduction-band intermediate state discussed above.

Up to this point the effects of the electron sta-
tistics on the integrated cross section have not
been evaluated. These effects are incorporated
into the theory by integrating the cross-section ex-
pression (2. 1) to evaluate the total cross section

„„=iz(0) i'(n. -n,), (2. io)

where the additional approximation (s/4v ) f f (k,)
xfz(k, )dk, =n(( has been made. This is, of course,
exact at zero temperature and is readily shown
to be a good approximation in the low-tempera-
ture and high magnetic field region that is ap-
propriate to these experiments. Thus, there is
a sharp decrease in the spin-flip scattering inten-
sity as the magnetic field is lowered beyond the
point where a)l of the electrons are in the lowest
spin state (the quantum limit).

There are two effects that result in the k, de-
pendence of E(k,): (i) the electrons at finite k, are
somewhat further removed from resonance than
those at k, =O and therefore have smaller enhance-
ment factors and (ii) there is a k, dependence of
the scattering matrix elements. Both of these ef-
fects are smal. l for most experimental conditions
and an approximate evaluation is sufficient. For
the resonance contribution, the approximate en-
hancement factor W (2. 8) must be averaged over
k, . If the k, -dependent part of E„o,s(k, ) is small.
compared to [E„o,~(0) —Sar, ], we have

E 2

w=i
(E.., ,e(((.) ) -((~() (2. 11)

where

d~ 4 2 Ekg f2' 1 —gkIf de
«00

(2. 9)
where IE(k, ) [~ represents the k, dependence of the
cross section per particle and contains within it
the sum over intermediate states of (2. 1). For the
moment, the k, dependence of 5'(k, ) will be ignored
and only the direct popul. ation effects considered.
The effects of this k, dependence on the total cross
section wil. l be considered below. The sum over
initial states of (2. 1) has been written as the in-
tegral over k, in (2. 9) and the probability that the
initial electronic state is occupied is given by

f, (k,)[1 f~(k, )],-where f, (k, ) and f~(k, ) are the
Fermi occupation factors for the spin-up and spin-
down levels, respectively. This remaining integral
can then be evaluated to give

1 /2

(0,)„-=(, I dk, iPf„(1 f,-)

which at T=O gives
(2. 12)

(2. is)

Here k~ is the momentum of the electrons in the
I c, 0, o() level at the Fermi energy and k„ is the
momentum of the electrons in the I c, 0, P) level at
the Fermi energy. For magnetic fields and den-
sities such that EJ; & E, ~ ~, k„ is identically zero.
The cross-section calculations discussed above
were carried out using the k, =0 band-edge wave
functions of InSb. If the expansion of the eigenfunc-
tions of the magnetic Hamiltonian is carried out to
first order in k k~ /2m, E~ as well as in the magnetic
field, a modification to the dominant terms of

(2. 7) for the (z, —) polarization selection rule by

a multipl. icative factor of the form

(2. i4)

is found. This term can also be estimated by using
the value of (k,&„. Note that these effects are most
significant at low magnetic fields where the Fermi
energy is relatively high in the band. At high mag-
netic fields the electrons are all concentrated near
k, = 0 as a result of the high degeneracy of the k,
states and consequently there is little effect due
to the k, variation.

B. Line Shape

In this section a description of the l.ine shape of
spin-flip light scattering based on a phenomeno-
logical collision model is presented. This de-
scription allows insight into many of the physical
phenomena which affect the line shape and gives
reasonable agreement with the data. A detailed
microscopic theory of the spin-flip light scattering
line shape has been formulated by Davies. ' Davies
discusses additional effects which are not included
in this simple phenomenological treatment and points
out the limits of its applicability.

The experiments reported bere were carried
out in the quantum limit in which all of the electrons
are in the lowest-energy Landau level (n = 0, spin
up) in thermal equilibrium. The Raman process
is, therefore, not restricted to exciting electrons
at the Fermi surface but can excite an electron
with any momentum from the spin-up state to the
spin-down state. Because the energy of an elec-
tron spin-flip excitation is a function of its momen-
tum (its orbital quantum number k, ) there is a
resultant inhomogeneous broadening of the spin-
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FIG. 2. Ir8b models used in the line-shape calculations:
(a) inhomogeneous nonparabolicity broadening and (b) in-
homogeneous Doppler broadening.

where m, is the electron band-edge effective mass
and E~ is the band-gay energy; the contribution of
the quantum Doppl. er shift to the spin-flip frequency
is

(2. 16)

where q, is the component of the scattering wave
vector q=k, -Q along the magnetic field direction.
This was noted in conjunction with (2. 5) where it
was pointed out that conservation of momentum in
the z direction requires that k,& =k, + q„where
k, (k,z) is the momentum eigenvalue of the initial
spin-up (final spin-down) state. These inhomo-
geneous broadening mechanisms are shown sche-
matically in Fig. 2, Because of the dependence of
the Doppler broadening on the direction of the
scattering wave vector, and line shape is sensitive
to the experimental geometry.

As a result of these orbital dependenees of the
spin energy, orbital relaxation processes which
alter the k, state of a spin excitation whil. e conserv-

flip Baman scattering line shape. The two mech-
anisms responsible for this orbital dependence of
the spin-flip excitation energy are (i) nonpara-
bolicity of the InSb conduction band and (ii) Doppler
broadening arising from the momentum imparted
to the electrons by the photons, The spin-flip ex-
citation frequency is

&o, (k, ) = ar, o+ &oNp(k, )+ ~~(k, )

where co,o is the 0, =0 value of the spin-fl. ip fre-
quency and kk, is the electronic momentum along
the g-directed magnetic field. The nonparabolieity
contribution to co, is given approximately by

ing the total. number of spin excitations can signif-
icantly affect the line shape. These effects of
orbital collisions on the line shape are treated by
a theory first developed in a general form by
Davies and Blum. This theory was later sim-
plified and applied to the specific case of spin-flip
Baman scattering in the quantGDl limit by Brueck
and Blum. 6 The derivation presented here is based
on a density-matrix calculation. An alternate
derivation, based on the theory of stochastic pro-
cesses, is presented in Appendix B. The two de-
rivations, since they involve quite different ap-
proaches, present complementary views of the
underlying physics.

The theory is characterized by two yhenomeno-
logical collision times: (i) r„a time that char-
acterizes those processes that either relax the spin
excitation or randomly interrupt the phase of the
electron spin precession and (ii) r~, a time that
characterizes the orbital relaxation of this spin
excitation. This relaxation corresponds to a col-
lision which alters the k state of the spin excita-
tion but does not alter the phase of the spin excita-
tion. As shown by Davies~ ionized impurity scat-
tering is an example of a physical Dleehanism that
gives rise to such collisions.

It is perhaps of some value to make contact with

the conventions of solid-state maser terminology
at this point. The time v, corresponds to the T~

in this notation and is therefore shorter than the
spin relaxation time or T&. Previous theoretical
and experimental evaluations~3 of T, indicate a value
of 10 ~-10 ' see. There have been numerous exper-
imental investigations of conduction-electron spin
resonance in In8b. ~3'~4 On the whole these experi-
ments have been carried out in the microwave re-
gion of the spectrum and, consequently, were not
in the quantum limit even for the coDlparatively
low-density samples that were used. If the line-
widths obtained in these measurements are attri-
buted to R simple collisional process, the collision
time is Tz-10 9-10 '0 sec. The inhomogeneous

broadening mechanisms discussed above were not

important ill the Dlicx'owRve wox'k whex'e the excitR
tions were confined primarily to the vicinity of the
Fermi level. In the calculations that follow, ~,
will be taken as 10 ~0 sec, The calculated line
shapes wiH be disyl. ayed as a function of v~ and this
parameter will. be adjusted to obtain a good fit with
the experimental results. The resultant values of

v~ are comparable to the collision times evaluated
from de mobility considerations as would be ex-
pected from the identification of w~ processes with
jonized impurity scattering.

The scattering cross section is conveniently ex-
pressed in terms of the resonant off-diagonal
(in-spin) matrix elements of the one-electron den-
sity matrix which satisfies the equation of motion,
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where sp/St[ „» is a phenomenological collision
term. If this equation is linearized, specialized
to the quantum limit and Laplace transformed, the
result for the off-diagonal component of the density
matrix is

i~p, ()(k, ) =Au, (k, )p, ~(k,)+Ff,(k, )+
&p ()(k, )

co) 1

(2. 18)
where f (k, ) is the Fermi function for the }c, O, o()
level and I' is the spin-flip matrix el.ement for
which we make the band-edge approximation for
simplicity. The transverse (to the field) momen-
tum components have already been integrated over
and the dipole approximation has been made.

To obtain physically consistent results the colli-
sion term must, in general, be constructed so
that it conserves quantities such as the local. elec-
tron concentration and the local magnetic field
strength, among others Da.vice and Blum 2 have
given a general form for the relaxation term of
(2. 1V) which includes both orbital and spin relaxa-
tion processes, and have derived a general cross-
section expression for light scattering in semicon-
ductors. For the present purpose, a simplified
form of their collision model given by

= ——p.,(k.) ——[p. (k, ) -f.(k.)p. (k,)]
coll s

(2. 19}
can be used; here
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FIG. 3. Effects of orbital collisions on the line shapes
in the q 'H = 0 geometry. g =1 x 10 6 cm+, H=35 kG, and
v' =10 sec.

The differential cross section is related to the den-
sity matrix by the equation

CP& = (n„+1)fm z dk, F*p z(k,), (2. 21)
S

f dk, p, (k, )

f fo(k, ) de (2. 20)
where n is the Bose factor n„= (e / —1) '. The
scattering cross section is readily evaluated,

(2. 22)

where 1/r = 1/r, +1/7~ and the angular brackets
denote an average over k„(G(k,)) =f G(k, )f (k, ) dk, /
f f (k, )dk, . Note that in the absence of the inhomo-
geneous broadening mechanisms [ar, (k, ) =-

&u, o] the
calculated line shape is independent of v'~ and is
just a simple Lorentzian broadened by 1/v, .

The line shapes calculated from (2. 22) in the
q ~ H = 0 geometry with v~ as a parameter are shown
in Fig. 3. The parameters used in the calcul. ation
were H= 35 kG, n = 1 &10 cm 3, T= 0 K and
T = 10 ' sec; the frequency axis is labeled in wave-
number deviation from ~,0. In the absence of ~~

collisions, 7~= ~, the line shape exhibits a narrow'
high-relative-intensity structure near ~so and an
asymmetric tail extending towards smaller fre-

d() dry ' ' td —td, ():,) —(/r, ) (2. 23)

and the line shape is a simple Lorentzian broad-

I

quency shifts. This long tail results from the
spread in spin energies due to the nonparabol. icity
broadening and the sharp structure near ~,0 results
from the &

' divergence in the density of states
of the spin excitation at the band edge. The sin-
gularity is rounded over here because of the v,
collisional braodening. Davies~' and Auyang and
Wolff ' have considered the effects of a more ac-
curate treatment of the density of states on the
spin-flip line shape. For this case of 7~ = ~, Eq.
(2. 22) takes the simple form
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(+,(k~) —(u 0) I
r~ -1 (2. 24)

there will be significant effects on the l.ine shape.
This is just the usual condition for the presence of
motional-narrowing effects. The apparent broad-
ening before the onset of this narrowing in Fig. 3
is just the result of the complicated density of states
in the absence of v~ collisions. If ~e, is taken as
the width of the line in the absence of v~ coll.isions,
there is a consistent narrowing pf the linewidth as
7~ is decreased. The line shape in the limit of ex-
treme motional narrowing, where the initial den-
sity-of-states effects are almost completely ob-
literated, can be derived on the basis of a simple
heuristic argument which is closely related to the
derivation of (2. 21) presented in Appendix B. Con-
sider a spin excitation initiated at t= 0 undergoing
rapid v~ collisions. After many such collisions,
the average phase change for the spin excitation is

ened by the inhomogeneous spread in spin energies.
As v'~ is decreased below v„ there is first a,

broadening and smearing out of the sharp structure
near k, = 0, as would be expected from the addition
of more collisions. However, as v'~ is decreased
still further, the line shape narrows and becomes
quite symmetrical. . Further decreases in v'~ con-
tinue this process. The peak of the curve is shifted
towards the center of the inhomogeneous frequency
distribution and the linewidth is a strong function
pf Tp.

These striking effects on the line shape can be
understood in terms of the concepts of motional
narrowing, well known in the field of nuclear
magnetic resonance. At each v~ collision, the fre-
quency of the spin excitation is randomly increased
or decreased as a result of the random variation
in k, . If these collisions occur sufficiently fre-
quently that electrons which are in phase at t = 0
and in different k, states are scattered before they
can become significantly put pf phase, i. e. , if

= —, &(~m& —[5(~mi)~ }, (a. 26)

where the relationship between the variance of a
sum of identical independent random variabl. es and
~the variance of one such vari. able has been used.
The final. result for the linewidth is

»=o'!&=r, [(~.'(&.)) —(~.(I.))'1, (a. 29)

which is proportional to 7'~. The same result is
obtained from (2. 21) in the limit r& «r„»,v~

«1, and (ar —v,o)r~«l.
Figure 4 shows the results of applying (2. 21) to

the calculation of the line shape in the q ~ H 0 0
geometry. The effects are qualitatively the same
as in the q ~ H= 0 geometry. The much larger ex-
tent of the inhomogeneous broadening in this case
is due to the additional Doppler broadening. Since
the Doppler broadening is linear in j'p„[(2.16)] the
resultant l.ine shape extends to both sides of N p.
The peak of the I.ine shape is shifted to larger en-
ergies due to an interplay between the two inhomo-
geneous broadening mechanisms. At smaller fre-
quency shifts the two mechanisms add while at

14—
q HWO z =co

0 1Z—

O
UJ

10—

retained, but only at the price of more complicated
mathematics (see Appendix B). The number of
discrete steps is n = f/r~. Then,

d(~) ) =~(E )&~, —)&(~) i)))i)

(a. as)

and, correspondingly, the frequency of maximum
scattering intensity will be

(2. 26)

The linewidth is proportional to the variance of the
phase change 4y;

o'( v)=- ( H) —[ ( (o)1', (2. 27)

(0
(0
O 8—

UJ 6—

4J 4—
CL

-13
z = 5&10 sec1

where the E denotes the expectation value over an
ensemble of spin excitations. The phase is ac-
cumulated in a series of discrete steps, between
collisions, of magnitude b y; =&u(k, ,)r~, where the
duration of each step has been set at ~~. The dis-
tribution of coll.ision times for each step coul. d be

0
-10 -8 -4 -2 0

FREQUENCY (crn )

FIG. 4. Effects of orbital collisions on the line shapes
in the q'H~O geometry. n=l 0&10 cm, H=35 kG, and

7,=10 "sec.
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larger shifts they subtract leading to a slower
variation with A, and hence a l.arger density of
states and a larger contribution to the cross sec-
tion. The increased extent of the inhomogeneous
broadening in the case results in broader lines for
the same r~, as is predicted by (2. 29). In the ex-
treme motional. -narrowing l.imit, the frequencies
of the line-shape peaks in the two geometries are
separated only by h~q, /2m, rather than the much
larger separation of the inhomogeneously broad-
ened line shapes.

The CO laser used in these experiments was a
liquid-nitrogen-cooled flowing-gas system similar
to thatfirstdescribedby Osgood et al. ~~ The output
coupler consisted of a gemanium substrate with a
10-m radius of curvature and a dieleetrie coating
with 85+ 3% ref lectivity from 5 to 5 p,m. A gold-
coated 5.2- pm gratingblazedat 15' was used asthe
second laser mirror to allow the l.aser to be tuned
to any of about 60 lines between 5. 2 and 6 pm.
Typical multimode output powers under these con-
ditions were about 3-4 W on any of a number of
strong lines around 5. 3 p, m. With a reduction in
output power to about j. % the laser could be con-
strained to operate in a TEM00 mode by means of
a variable aperture located withi, n the optical cavity.

Two different superconducting magnets were
used. The majority of the data was taken using a
50-kG horizontal-bore (1-in. diameter) magnet
with straight-through optical access (f/3). The
bore of the magnet was in the vacuum section of the
Dewar and the samples were conduction cooled.
The second magnet, which was used to obtain some
of the line-shape data reported in Sec. IV, was a
100-ko magnet mounted vertically in a variable-
temperature Dewar. Optical access was through a
f/4 bottom window. The experiments in this mag-
net were predominantly carried out with the sample
immersed in superfluid helium (T-l. 6 K).

The scattered light was analyzed with a —,'-m
grating spectrometer (maximum resolution =0. 1
cm ') and a Cu:Ge detector (3&3X3 mm) operating
at liquid-helium temperature was used. In order
to reduce the background radiation incident on the
detector, cooled apertures (f/4) were used and in
addition a thin (0.003-in. ) sapphire window mounted
in front of the detector at liquid-helium tempera-
ture was used to eliminate most of the 300-K
blackbody radiation incident on the detector. The
electrical circuit used is described by Quiet 8 and
includes a metal-film load resistor (2 MA) mounted
on the helium block and a low-noise field-effect
transistor, operated as a source follower, mounted
on the nitrogen shield, %'ith this arrangement the
noise equivalent power at 500 K was measured to
be 10 ' W in a 1-Hz band width.

The polarizations of the incident CQ-laser beam
and the Haman-scattered beam were controlled by
using sapphire 2- and 4-wave plates. A gold-mire-
grid polarizer of polarization ratio j.:200 was used
as the polarization analyzer. All of the data pre-
sented below have been corrected for the spectrom-
eter wavelength and polarization response.

The samples used were commercially obtained,
tel. lurium-doped e-type InSb with liquid-nitrogen
temperature carrier concentrations of 0. 96-3.3
x10'6 cm ~ and mobilities of 145000-93000 cm /
V sec.

rV. EXPERmeam'AI. RESm TS

A. Spin-Flip Energy

Figure 5 shows the tuning eharacteristies of spin-
flip Baman scattering as a function of magnetic
field strength in the range 20-80 ko. The data in
the j 1T=O geometry, where measured, was used
in determining the frequency shift as the narrower
linewidth resulted in higher accuracy. The solid
curve in the figure is the 0, = 0 electron spin-flip
energy calculated by Johnson and Dickey. 39 This
calculation involved a fit to intraband data on the
electron g va1ue obtained by electron-spin-resonance
and combination- resonance experiments. It is
used here rather than the calcul. ation of Pidgeon,
Mitchell, and Brown, which is based on interband
measurements, as several authors have pointed out
a discrepancy between the intraband and interband
calculations. ~9'3'3~

The agreement between theory and experiment is
within experimental error. The dominant source
of error, as indicated in the figure, is the uncer-
tainty in the magnetic fieM calibration. As pointed
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FIG. 5. Frequency shift from incident laser line vs
magnetic field strength.



8. R. J. BRUECK, A. MOORADIAN, AND F. A. BLUM

Cll'CU tQfp

I i ( i ( i ( i ( i I

40 50 60 70 80 90 100

FREguEXCV SHRIFT (cm ')
FIG. 6. Polarization of Spin-Q. ip Reman Scattering.

The incident phctons are propagating normal tc 0 and
polarized along 5(k~„, Eg~). The scattered light is props
gating along 5(ho~) and is circularly polarized. H=35 kG
and T 30'K.

out in Sec. II 8, due to the effects of orbital. Colli-
sions on the line shape, the peak of the spin-flip
scattering line shape does not necessarily corre-
spond to the bottom of the band value of the spin-
down to spin-up energy difference. Except for the
data obtained at the lowest magneti. c fields this
effect should produce a negligibl. e alteration in the
theory of less than 1%.

8. Polarization

In Sec. DA, the polarization selection rules for
spin-fbp Haman scattering were shown to be («, —)
and (+, «), where + refer to circul. ar polarizations
of photons propagating along the magnetic field and

z refers to a photon polarized along the magnetic
fieM direction and, therefore, propagating at right
angles to the fieM. The first (second) term in each
selection rule refers to the polarization of the inci-
dent (scattered) photon Th. ese selection rules do

not imply that one of the photons must be propagat-
ing along the fieM, rather they imyly only that one
photon must be polarized along the field and one
polarized at right angles to the field. For example,
(«, z) scattering where both photons are propagating
normal to the magnetic field is included in the

(«, —) scattering polarization selection rule Within.
the model of the IQSb band structure used in Sec.
II, these selection x'ules Rre lQdependent- of crys-
tal. orientation; some of the effects of crystal
orientation on the polarization Sel.ection rules re-
sulting from more detailed models of the InSb band
structure have beeQ 88tlmated to shown to be

small.
A sample of s-type Insb of electron concentration

1x 1O'6 cm 3 was mounted in the 5Q-ko magnet with
an array of small goM mirrors so that the incident
laser couM be propagated both along the magnetic
field and normal to the magnetic field and the
scattered light couM be coBected from al, l three
orthogonal. spatial directions. The data was taken
at magneti. c fields of 35 and 40 kG and the mcident-
photon energy was 232. 0 meV. The ecattexed light
was collected from a eol.id angle inside the sampl. e
of approximately 0.001 sr (this corresponds to an
angular spread of -1') in order to avoid any de-
polarization effects due to too large a coBection
angle.

Figure 6 showers typical polarization data obtained
with the incident photons propagating normal to 5
and the scattered photons propagating along H. The
sapphire 4-wave plate in coxjunction with a I.inear
polarizer was used to analyze the circular-polariza-
tion components Because the optic a2QS of the
sapphire plate was only known to within a' ~r rota-
tion, an assignment of the two polarizations to right
and left cix cular polarization cannot be made. The
polarization measuremente are summarized in
Table I. As a result of the variation in the collec-
tion optics for different directions of propagation
of the scattered light, the results within each set
of data delineated by the double bnes are normal-
ized to the maximum theox'etical value of the al-
low&ed pola. ri.zation within the set and no comparison
can be made between these data sets. The agree-
ment between t eory and experiment ls quite good.
The slight depolarization measured can be attri-
buted, at least partial, ly, to the effects of the col.-
lection optics. Patel and Yang" have measured the
polarization selection rules for spin-flip Baman
scattering under 10.6- p.m excitation and have found
violations of these selection rules. The discrepancy
between these two measurements has yet to be re-
solved.

The xesonance enhancement of the spin-flip
Baman-scattering cross section as the pump-photon
energy approached the band-gap energy eras studied
by two different technlgues, In one measurement]
the magnetic field and therefore the Insb energy
levels were held fixed while the incident-photon
energy wae va.ried. In the second measuxement,
the incident-photon energy wae held fixed while the
magnetic fiel,d was varied. In addition to the reso-
nance variation in this case, the effects due to the
population factors and 4, dependence of the cross
section which mere discussed in Sec. IIA are also
impox tant,

figure 7 shows the results of the first measure-
ment Rt R fixed magnetic fieM of 40 kG. The CO-
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T~LE &. Polarization selection rules for spin-flip Raman scattering —comparison of theory and experiment. The
experimental values within each set of double lines are normalized to the maximum theoretical value within that set.
n=l&&10 cm", &=35 kG, and T. 30'K.
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laser photon energy was changed by tilting the
cavity grating. This alteration of the laser align-
ment resulted in slight changes in the directional
characteristics of the laser beam and in the laser
mode pattern; the optical alignment was, there-
fore, readjusted for each measurement. These
alignment variations were the dominant source of
error, about 10-15%, in measuring the magnitude
of the received signal. The experiment was car-
ried out in the (g, —) polarization geometry but
only the x component of the scattered light was col-
lected so that the data could be corrected for the
spectrometer polarization dependence. Since these
measurements were carried out very close to the
InSb band edge, absorption effects were signifi-
cant. Accordingly, the sample absorption was
measured'~ and the multiplicative correction

[(I —e &')e ~'e 0"/a, 1' (4. 1)

where e, is the absorption coefficient for the in-
cident light and eo the absorption coefficient for
the scattered light, was applied to the data. In
Eq. (4. 1), l is the length of the spectrometer slit
image on the sample (=5 mm), d is the distance
from the bottom of the sample to the bottom of this
image (~0. 5 mm), and x is the distance from the
laser beam to the sample face (=1 mm). The cor-
rected data is shown in Fig. 8 along with the the-
oretical resonance curve based on the results of
Sec. IIA. The band parameters of Pidgeon and
Brown' were used in the calculation; reasonable
variations in these parameters would have only a
small effect on the computed resonance curve.
Thus, only one adjustable parameter —an overall
multiplicative factor —was used in the fit between

theory and experiment.
There is qualitatively good agreement between

theory and experiment for a variation of over an
order of magnitude in the relative cross section.
There is some structure in the experimental results

INCIDENT PHOTON WAVElENGTH ( P, m )
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I I I I I I I I I I
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INCIDENT PHOTON ENERGY (meV)

FIG. 7. Relative cross section vs input photon energy
uncorrected for sample absorption. H=40kG and T- 30'K.
The incident photons are propagating normal to H and
polarized along H. The x-linear polari ation component
of the light scattered along H is collected.
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meV. The results, corrected for spectrometer
response, as shown in Fig. 9. As the sample ab-
sorption is small and almost invariant at both the
incident and scattered frequencies, no correction
for sample absorption was made. The drop at
high magnetic fields is due to decreased resonance
enhancement while that at low fields is due to
changing population factors and the k, dependence
of the cross section. Again there is only one ad-
justable parameter in the comparison between the-
ory and experiment: an overall seal. ing factor.
This was selected by forcing the theory and exper-
iment to fit near the peak of the curves, i.e. ,
around 30 kG. There is qualitative agreement
between theory and experiment over a range of ap-
proximately five in the relative cross section. The
fit at the low magnetic fields is reasonable, con-
sidering al.l of the approximations made in treating
the k, dependence of the cross section in Sec. HA.
There is a slight deviation at the higher magnetic
fields that is outside of experimental error. Pos-
sibly this is related to the discrepancy between
theory and experiment that was noted in the data
involving variation of the input-photon energy.

D. Line Shape

0 I

200 205
I I I I I I I

210 215 220 225 230 235 240

INCIOENT PHOTON ENERGY (meV)

Experimental determinations of the line shape of
spin-flip light scattering were carried out in the
two geometries discussed in Sec. I; the (q ~ 8= 0)
collinea. r geometry with both the incident and
scattered photons propagating across the magnetic
field and the (j.H e 0) geometry with k, j.H and

ko lt H.

FIG. 8. Resonance enhancement of spontaneous spin-
flip Raman scattering as the input photon energy is varied.
n=l x10~6 cm 3, H=40ko, and T 30'K.

10

for input-photon energies around 235 meV that is
not predicted by the theory. This might arise from
Raman processes that proceed via an impurity
level as the intermediate state. There is a Zn
acceptor level. at about 229 meV at H = 0. This ac-
ceptor level. has an energy af about 236 meV at the
magnetic field (40 kG) at which this measurement
was made. 33 These levels must be included in the
sum over intermediate states of (2. L); because of
possible interference effects, the result of includ-
ing these states is not immediately evident. Further
study is necessary to resolve this point.

The second experimental measurement of the
resonance enhancement was carried out in the 100-
kG magnet with a sample temperature of about 5
K. The experimental. geometry was the same as
that described above. Again the x-polarization
component of the scattered light was collected.
The laser photon energy was maintained at 229. 78
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PIG. 9. Comparison of theoxy and experiment for the
variation of the relative cross section vs magnetic field
strength. n=l x10 6 cm, T 5'K, 5+&=230 meV.
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FIG. 10. Line shape of spin-flip Raman scattering
(m=1 x 10 6 cm, 3, H=24 kG, and T=2'K). Spectra are
shown for the bvo geometries q H ~ 0 (top) and q H= 0
(bottom) .

In the following figures, the resolution indicated
is the full width at half-height of the spectrometer
response to excitation by a suitably attenuated
laser source. The full width at half-height of the
spontaneous scattering wiB be referred to as the
linewidth. In calculating linewidths from the data
the relationship I"~ = Fo —I'~ between the computed
linewidth I'~, the observed linewidth Fo, and the
spectrometer resolution 1 z, has been assumed.
The actual linewidths are probably smaller than

r, .
All of the data presented in this section were

taken with an incident-photon energy of 233. 46
meV (5. 30 pm). Several spectral traces were also
taken with an incident-photon energy of 230. 0 meV
(5. 38 pm). There was no observable difference
between the line shapes at the two pump frequencies.

Figure 10 shows the line-shape data taken with
a, sample of concentration 1~10' cm at a mag.-
netic fiel.d of 24 kG and a temperature of 2 K.
Spectra are shown for the two geometries q ~ 8 10
(top) and q ~ 8=0 (bottom). Note the difference in
the frequency scales. The linewdith in the q ~ H WO

geometry (4. 7 cm ') is over an order of magnitude
larger than the linewidth in q ~ H = 0 geometry
(0.3 cm ). The peak positions are identical to
within the accuracy of the measurement (~ 1 cm ').

The linewidth data as a function of magnetic field
are summarized in Fig. 11. The salient features
are: (i) the linewidthinthe q ~ H= 0 geometry is quite

10
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FIG. 11. Comparison of the experimentally observed
linewidth with the line-shape theory including orbital col-
lisions. =1 x 10 cm and 1~=10 sec.

narrow (0. 2-0. 4 cm ') and almost field independent
to within the accuracy of the experiment and (ii)
the linewidth in the q ~ H WO geometry exhibits a
dramatic variation with magnetic field from a
maximum of 6. 5 cm ' at 21 kQ to less than 0. 3 cm '
at 80. 5 kG.

The solid curves of Fig. 11 show the linewidth
as a function of magnetic field predicted by (2. 21)
with v~ as a parameter. As noted in Sec. II 8, a
v, of 10"' sec was used in this calculation. A good
fit between theory and experiment is obtained for
v'~ =4x10 '3 sec which is on the order of the elec-
tron collision time calculated from the dc mobility
(at=145000 cm~/V sec; collision time 7'-10 '
sec), In the q ~ H=O geometry, the experiments
are in the motional-narrowed limit for a v~ of
4&&10 ae sec [(had, )r~ -0.2 at 35 kG] and the line-
width is given by the approximate analytic result of
Eq. (2.28) with the exception that an additional
linewidth contribution due to the collisional v,

'

broadening must be added. The net effect is to give
a nearly field-independent linewidth which is dom-
inated at the higher magnetic fields by the v', con-
tribution and which increases as the magnetic field
is decreased because of the increasing spread in
the inhomogeneous broadening. In the quantum
limit, &a, oo 1/H and consequently b, &o, oo I /H and
the "inhomogeneous" linewidth contribution of
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(2. 28) is proportional to 1/Ha. Similar effects
occur in the q ~ H WO geometry but now the "inhomo-
geneous" linewidth contribution dominates over
the collisional term. Again, the inhomogeneous
spread in frequencies is proportional to 1/H and

the linewidth is proportional to 1/H~. Further
effects occur in this geometry because the line
shape is in a transitional region where the motion-
al-narrowing limit has not fully been reached,

[(co,(k~) —&o, (- k~)]a~-1. 2 at 35 kG. Figure 12
shows the difference in the frequencies of the spon-
taneous line-shape peaks in the two geometries as
a function of magnetic field. The solid curves
show the calculated shifts with ~~ as a parameter.
Again good agreement is obtained for a ~~ of
4&&10" sec while the theory in the absence of or-
bital collisions (v~ = ~) is totally inadequate.

Figure 13 shows linewidth data taken at a higher
temperature of - 50 K. The linewidths in the q ~ H

= 0 geometry are approximately magnetic field in-
dependent and the widths are comparable to those
measured at low temperature; the linewidths in
the q ~ H 40 geometry again show a strong magnetic
field dependence but are now considerably larger
than at 2 K. For example, at 25 kG the linewidth
at 2 K in the q ~ 8WO geometry is 4. 7 cm ' while
at 50 K it is 9 cm '. In the q ~ H WO geometry the
linewidth is now outside of the motional-narrowed
limit and the full expression (2. 21) must be used
to evaluate the linewidth.

Only limited data were obtained on the variation
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FIG. 13. Linewidth of spontaneous-spin-flip Raman
scattering vs magnetic field strength for the bvo geome-
tries q'H=O and q'H&0. +=1~ 10 cm and T=50'K.
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FIG. 12. Comparison of theory and experiment for the

peak separation of the line shapes in the two geometries
with v& as a parameter. m=1 x10 cm" and v~=10" sec.16 -3 -io

of these linewidths with electron concentration and
a detailed fit was not attempted. Figure 14 shows
the linewidth in the q ~ H 40 geometry for samples
of concentration 3.3x10'6 cm 3 (top) and 1x10'8
cm 3 (bottom) (H= 35 kG and T-20 K). For an
electron concentration of 3.3&&10', the Fermi en-
ergy is well above the energy of the upper spin
state and consequently the inhomogeneous line shape
for v~=~ is a double-peaked structure with a min-
imum corresponding to the absence of scattering
from the electrons near k, = O. The dip in the ex-
perimental curve of Fig. 13 is due to a water-vapor
absorption line and did not repeat upon successive
measurements of the line shape at slightly differ-
ent magnetic fields. For a 7~ of 4&10' sec, the
theoretical line shape has a single peak and a line-
width of 17.5 cm '; much wider than the observed
linewidth of 3. 5 cm '. Decreasing v~ to 1x10 '
sec results in a theoretical linewidth of 3.8 cm '
in good agreement with the experimental results.
This seems to indicate that v~ is inversely related
to the electron density as would be expected for
ionized impurity scattering. The fit between theory
and experiment for the shift between the peak posi-
tions of the line shape in the 1.2x10 6- and the
3.3&10 -cm 3 samples is not as aatisfactory. The
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FlG. 14. Line shape of spontaneous-spin-flip Raman
scattering. q 'H & 0 geometry, H =35 kG and T=20 'K.
The top spectrum is for n=3 && 10 cm"3 and the bottom
one for n =1 x 10' cm+.

theoretical prediction is 6. 5 cm ~; considerably
larger than the observed shift of 3. 6 cm ~.

V. DISCUSSION

The results of the previous sections can be used
to gain insight into the operation of the spin-flip
Raman laser. Some of the more evident connec-
tions such as calculations of threshold powers and
fine-tuning characteristics for the 5- p,m cw spin-
flip laser have been discussed in detail else-
where '9 and will not be repeated here. From the
line-shape and polarization results of Sec. IV, it is
clear that the optimal cavity geometry for opera-
tion of the spin-flip laser is in a q ~ 8 = 0 collinear
geometry. A collinear geometry is of course de-
sirable since it maximizes the gain length for the
stimulated scattering. The only collinear geometry
that is allowed by the polarization selection rules
is the q ~ 8 = 0 geometry with both laser beams
propagating at right angles to the magnetic field.
The linewidth results also indicate that this is a
favorable geometry since the linewidth is much
narrower than in the q ~ 840 geometry. For 10.6
pm operation of the spin-flip laser, the contribu-
tion of inhomogeneous Doppler broadening to the
spin-flip linewidth is a factor of 2 smaller
than at 5 p,m and this will result in a smaller but
still significant difference in the linewidth in the
two geometries for magnetic fields less than about
60 kG.

Some interesting features of the total tuning

range of the stimulated scattering for a fixed input
power density as a function of magnetic field and
input photon energy can be deduced from the results
on the resonance enhancement and linewidth dis-
cussed above. A larger overall tuning range for
the (first-Stokes) stimulated-spin-flip laser can be
obtained by varying the input photon energy rather
than varying the magnetic field. Quasicontinuous
tuning could be obtained by changing CO laser tran-
sitions and tuning between the transitions (which
are separated by 1-4 cm ') with small magnetic
field variations. The reason for this greater tun-
ability is evident upon examination of the energy
denominator that enters into the resonance en-
hancement factor W of (2.8). Decreasing %o; by an
amount A~&~ results in the resonant denominator
being shifted further out of resonance by just that
amount; however, if the same tuning is accom-
plished by varying the magnetic field, &H
= &»d»(m,'e/e), the resultant increase in the reso-
nance denominator is ~@e&H(1/m, + 1/m,') = 3I»&z»
because the resonance is between the input photon
energy and the energy of the upper level.
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APPENDIX A: InSb ENERGY-BAND STRUCTURE IN A
MAGNETIC FIELD

The structure of the conduction and valence bands
in Insb in a magnetic field has been the subject of
a number of studies. In analogy with Kane'sM
treatment of the zero-field case, Bowers and
Yafet35 modified the effective-mass theory of Lut-
tinger and Kohn ~ (LK) by including exactly the in-
teraction between the conduction and valence bands
neglecting only small terms arising from the lack
of inversion symmetry in fnSb. ~ They included, by
perturbation theory to order k~, the effects of
higher bands on the conduction-band energy levels
and the magnetic susceptibility. Pidgeon and
Brown'8 in a similar approach evaluated both the
conduction- and valence-band eigenvalues and the
selection rules for optical interband absorption.

In this Appendix we give the eigenvectors for
both the conduction and valence bands evaluated to
lowest order in the magnetic field and in k„ the
momentum along the magnetic field direction.
These eigenvectors are necessary in the evaluation
of the spin-flip Raman-scattering cross section
discussed in Sec. IIA. As shown by LK the eigen-
functions can be' expanded as

(r) Q»imp»»!g dy»i'[ -»i» / )1
b, n, ly X
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xc, (b, n, 0)q„,(n„/~s)u, ,(~),

%here 5 is R bRnd index~ Q the LandRQ level nQI
ber, and o the effective syin index. Here 8 = eH/
@c, +„Rre harmonic-oscillator eigenfunctions Rnd

the go~ 0(r) are the 4= 0 eigenstates in zero mag-
netic field~ viz. ~

m~0(r}= ~cn&= ~St&

, ,(r)= )I &=(l/&2)[(X+ r)t& „

u, ,(r) =
~
lo. &=(i/~6~(X- gy)t+2Z& &,

s, ,(r}=~d~&=0./~2~ (X-~r)t - Z~ &,

u, ,(r) =
~
cp&= ~st ), (A2)

u, ,,(r)= ~tP&=(l/W~~(X-~r)i&,

u, ,(r) = ~lp&=(i/~e(x+~~)~ -2' &,

~,(r) = ~up&=g/~S (x+ Sr)~+ zt & .
Here 9 is the conduction-band function which trans-
forms aa an atomic s function; X F, and S are
valence-band fllQctkons thRt transforxQ Rs RtoIMc

p functions. The labeling of the states in the rmd-
dle column of (A2} indicates the zero-field bands to
which they correspond; namely e-conduction band,
h-heavy-hole band, /-light-hole band, and d-
split-off band. The g~ are related to e Rnd j by the
follo%ing convention sg = Ns= Np sa= 8y =s —j ~ N3

=n4=n~=n+1. The coefficients q~(5, g, cr) evaluated
to first order in 8 Rnd @„aregiven in Tables H
and IH.

The energies of these StRtes Rx'8 given in this
10%est-order ayyroxlmatlon by the yaraboll. c-band

expressions:
(i) conduction band:

0

Q

II

Q

(L)
Q

GQ

8
:8
4

8
c5

R

Q

Q
bG

+

~C3

8-

(ii) heavy-hole band:

~~,n, a=0 ~

(iii) light-hole band:

(A4)

Ctl ~ qq

I

(Asa)

(iv) syin-syht-otf band:

@jan, . & Ss 88
Z, =-S+ — ' +(s+,') - +--, ,

4p tip ty vlf PFEg

(AGb) +

+
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m, m,
' S(&,+&)@' (ASb)

These results are correct for m&0. For g= —1
there are valence-band states that arise because
of the mixing of p„, z and p„z harmonic-oscillator
functions in the valence band. These states and
their energy levels are listed below:

(i) n = —1 eigenstates and eigenvalues:

C4

Q„+k

fq
~oo

I

2' ) l/3
+

S38+2' )

ld, -1, n)= poldn&+i — qolcp&,8+6 3

II~-» P)=&ol&P& ~
(AQ)

4

I

ll

0

0
C4

SS
M

gl

8-
hl ~glg+

I

+

Cg

+

CQ

APPENDIX 8: ALTERNATE DERIVATION OF EFFECTS OF
ORMTAI. COLI.lSIVNS ON LINE SHAPE

In this Appendix an alternate derivation of the
effects of orbital collisions on the spin-flip Baman-
scattering line shape is presented. The model
presented here is based on a real-time, rather
than a frequency-space, approach to the collision
problem which gives additional insight into the
physics involved.

The calculation follows the time evolution of the
scattering line shape due to a single-spin excita-
tion initiated at t= 0. The calculation is carried
out for the quantum limit; T= 0 is assumed and
the band-edge value of the spin-Qip matrix ele-
ment is used. The calculation can readily be ex-
tended to include the effects of finite temperature
Rnd partial population of the higher LRQdRu sub-
levels. The model is characterized by trvo phe-
nomenological collision times (see Sec. IIB):
(i) r„a time that characterizes those processes
that either relax the spin excitation or randomly
interrupt the phase of the electron spin precession
and (ii) 7~, a time that characterizes the orbital
relaxation of this spin excitation. This relaxation
corresponds to a collision which alters the P, state
of the spin excitation but does not affect the phase
of the spin precession. Collisions are assumed to
be independent Poisson-distributed random events.
The method of the calculation is to evaluate the
autocorrelation function of the random variable x(t)
that represents the scattering from a single ex-
cited electron. The line shape is then evaluated by
obtaining the yom'er spectral density vrhich is given
by the Fourier transform of this autocorrelation

I
.9

~pe4

Q
O~

8

c5

~~
N

0
V
Q

S
bl}

Q +

&I g"
~~
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function. The techniques used in the calculation
fonow, to a large extent, the method outlined by
Margenau and Lewis. 36

For the case of spin-flip Baman scattering, the
time function of interest is of the form

X(t) = Zs" '",
where E is the time-independent driving term and
y(t) is the total accumulated phase of the electron
spj.n precession given by

V(t) = f, Id(k, (t'))dt' . (82)

Because of orbital collisions, k, is a function
of time. If these coQisions wexe not present, the
evaluation of p(t) and subseIIuentiy the power spec-
tral density would be straightforward and would
yieM the simple inhomogeneously broadened line
shapes of (2.22). Alternatively, if there were no
inhomogeneous broadening mechanisms, as would
be the case for parabolic bands in a geometry in
which there was no Doppler shift, the orbital colli-
sions would have no effect on the line shape which
wollld 1)8 R sllllple Lol'8IltzlR11 witll R Ilnewidth (fuii
width at half-height) of 2/T, . In order to simplify
the notation somewhat, the subscript on 0 will be
dropped and the time dependence will be indicated
by the abbreviated notations 4, and k, , where k,
is the VRlue of Q Rt tlrme Tg.

The autocorrelation function R(T) of the func-
tion x(t) can be evaluated as an average over an
ensemble of electronsy 6, g

It(T) = ~[X(t+ T)X*(t)]

d9'I dTIP(&I ~ Tl)
n) Q

d&n ' dTnH&n~ T,)

X dgn~l dT„+1Pa(In+I ) Tn+1)

8+1

(p — p~ 5 T - v~, 86

where the 5 functions assure that the sum of the
phase steps between coQlsions ls p and the sum of
the time intexvals is v. Note that. there are m+1
phase steps for a path with n collisions. In the

p(tpl p TI) dp) dTI =p{kI ~ TI )dk) dTI is the pl'ob-
Rbility density tllRt t116 elec'tl'oil 1'8II1Rills ill t118 k-
state 4, for the time interval 7, such that the phase
step ls QI = (dn(kI)TI ~ Rnd Po(I))n, l~ Tn~l) d@n~I=PD(kn~l~

T„,l) dk„,1 dT„,I is the probability density that there
are no collisions in the time interval ~„,& and that
the phase step in this intexval is pn+I = &u, (kn. l)T„+l.
The 5 functions can be replaced by their expres-
sions in the Dirichlet representation, e.g. ,

+oo

&Sexp &J &—

(8V)
Substituting (8V) into (86), writing out the expres-
sion for the p„and reversing the ordex' of inte-
gration, results in the expression

= lEl Z(exp[-if Id, (k, .)dt]],
%hex'6 E denotes the ensemble Rvex'age and the
band-edge approximation has been made for the
spin-flip matrix element. Using a slightly gen-
eralized version of (82), this can be written as

&(T)= l&l'f. I,(m)e '" dm, (84)

where p~(p) ls t118 probablllty density of accumu-
lating the phase q in the time T. p, (q) is indepen-
dent of g because the collision process is assumed
to be R stationary random px'ocess and ls given
by a sum over the probabihty densities of all pos-
sible time evolutions of a spin excitation in the
time interval ~ which accumulate the correct phase
with a given number of collisions, e.g. ,

t,(~) dm = ~ I „„(m)d~
n=o

where p„,(q) is the probability density of accumu-
lating the phase q in the time v while undergoing
n collisions. Similarly, i)„„(y)can be evaluated as
a sum over all possible time evolutions which ac-
cumulate the correct phase

8k) 67) p k ~- exp —XQp k'g &] —tÃ~g

dkn+1
l

dTn+1 PO(kn+I i Tn+I)

xexp[- i(d (k„ 1)T„ I y —ixT„ I] ~ {88)

Using the probabihty distributions of a Poisson
process, the ~ integrations can readily be carried
out with the result

I'CO g+ l
( & - &

d& r d hte+)))rn'
(Rrr)' I

"
~

~ 1+r'ro. {a)Vr ) '
p

(89)
where the notation ( G(k) )= J "„p(k)G(k) dk has been
used Rlld t)(k) is tile pl'01)Rblll'ty dl.s'tl'lbutioI1 of k
values after a v~ collision. This result can be
used along with (84) and (85) to evaluate the power
spectral density

nba)=RBe
&

i dr:(rr Z
(&

. I&~,.„) /
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~sl

where the order of integration has again been re-
versed and the Pourier-transform integration has
already been performed. There is a simple pole
at x= (d —(d, —s/v, and a complicated branch cut
along ~= —~.(&)+ t/~, The «n«io»s we» be-
haved everywhere else in the complex plane and
the integral can be readily evaluated. The result

is

where 1/v= 1/v, +1/v .
This expression is identical in form with (2.21).
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