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In this paper we discuss the recent results of stimulated Raman scattering (SRS) from mo-

bile carriers in semiconductors.

Single-particle as well as collective excitations of the

electron gas in semiconductors can lead to tunable Raman scattering, which is of considerable
interest. We show that some of the possible scattering mechanisms have Raman gain large
enough to obtain tunable SRS. The specific case is our recent report of the first observation
of tunable SRS in the infrared. This SRS process involves the spin flip of conduction electrons
in InSb. Its frequency wg is tunable by varying a dc magnetic field B as wg=w,— gugB, where
wy is the frequency of the pump, g is the g value of electrons, and kg is the Bohr magneton.
With Q-switched CO, laser at 10.6 u as the pump, the spin-flip Raman laser is tunable from

10.9 to 13.0 p (B~15-100 kG).

The tunable coherent power is ~10 W for an input power

of 1.0 kW. The tunable SRS has a linewidth of £0.03 cm™ at w ~800 cm! and its tuning
linearity and resettability exceeds 1: 3x10%, We will discuss in detail the physics underlying
the tunable SRS and describe the possible applications of such a tunable coherent radiation.

I. INTRODUCTION

In this paper we discuss some of the experimen-
tal and theoretical results of stimulated Raman
scattering (SRS) from conduction electrons in semi-
conductors, Studies of spontaneous Raman scatter-
ing from mobile carriers have shown that both the
collective as well as the single-particle processes
can give rise to tunable Raman shifts. In Secs. II
and III, we evaluate the Raman gains for various
scattering processes and show that for some of
them, the calculated Raman gain (using the pres-
ently available lasers as pump) can be greater than
optical losses in the semiconductor, and thus these
processes should be eminently suitable for obtaining
tunable stimulated Raman scattering.

In Sec. IV, we consider a specific case of the
Raman scattering from the Landau level electrons
in a semiconductor in a magnetic field, and we
describe the experimental results of tunable SRS
from spin flip of electrons in #-InSb.! The fre-
quency w, of the spin-flip Raman laser varies as
ws=wo—glgB, where w, is the pump frequency, g
is the effective g value of the conduction elec-
trons, uLjp is the Bohr magneton, and B is the dc
magnetic field. Using a @-switched CO, laser at
10.6 p as the pump, the InSb spin-flip Raman
laser can be tuned from ~10.9 to 13,0 u by varying
B from ~15 to 100 kG. The linewidth of the tunable

SRS is <4 A at ~12.0 K, corresponding to <0.03
cm-!at ~800 cm™!, The linearity and resettability
of SRS frequency exceeds 1: 3x10% Both the line-
width and linearity measurements, are, at present,
limited by experimental techniques.

With a pump power of ~1.0-kW peak, tunable
SRS power output is ~10 W, In Sec. V we discuss
the limitations on the maximum spin-flip Raman
laser power output and show that with »-InSb, the
maximum power output is limited not by pump
depletion but by saturation of the spin system taking
into account the spin diffusion.

In Sec. VI, we discuss the tunability limitations
of the spin-flip Raman laser and find that for a
given electron concentration n-InSb, the lowest
magnetic field for SRS is determined by the quan-
tum limit for the upper-spin sublevel, while the
upper limit on the magnetic field is determined by
the free-carrier absorption. We also discuss the
effect of varying the carrier concentration on the
spin-flip SRS,

The very narrow linewidth and the extremely
linear tunability of the spin-flip Raman laser
points to many scientific and practical applications.
In Sec. VII, we consider a particular case of in-
frared spectroscopy and show that the spin-flip
Raman laser is superior to the conventional grat-
ing spectrometers in terms of resolution and
speed.
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Finally, in Sec. VIII, we summarize the paper
by noting the implications of the very severe dis-
turbance of the electron gas during SRS for studying
nonequilibrium effects, We also indicate some
avenues for future efforts and pose some problems
not yet understood. We will also indicate some
other Raman scattering processes where effects
of a magnetoplasma lead to tunable Raman scat-
tering and may be of interest.

II. ELECTRONIC PROCESSES FOR TUNABLE RAMAN
SCATTERING IN SEMICONDUCTORS

Study of spontaneous Raman scattering from mo-
bile carriers in semiconductors is a fascinating
subject on its own and has received great attention
recently, Inelastic scattering of light from the
various collective®? as well as single-particle
processes*® has been theoretically predicted. Of
the number of different Raman scattering processes
experimentally and theoretically investigated, for
our present discussions of stimulated Raman scat-
tering we will restrict ourselves only to those which
study collective effects involving optic plasmons
and single-particle processes involving Landau
level electrons in semiconductors. During Raman
scattering from an elementary excitation such as
those mentioned above, we are required to satisfy
the energy and momentum conservation relations
given in Egs. (1) and (2):

Twg = Hwot hiw, (1)

ﬁs :aoiae ’ (2)
where w, and w, are the scattered and incident light
frequencies, 7w, is the energy of the elementary
excitation responsible for the scattering of light,

4, and §, are the scattered and incident light wave
vectors, and §, is the wave vector of the above
elementary excitation, The minus sign applies to
Stokes-Raman scattering and the plus sign indicates
anti-Stokes-Raman scattering.

For Raman scattering from optic plasmons,

) ®)

where w, is the plasma frequency, # is the carrier
concentration, e is the electron charge, m* is the
effective mass, and €., is the high-frequency di-
‘electric constant of the semiconductor, The cross
section for Raman scattering from such an optic
plasmon is given by®"

We =W, = (4mne?/m*e )2

Oplasmon ~ (eZ/m* CZ)Z (q/qp'r)z (ﬁwl, /EF) cm?sr7! ,

(4)
where gyr is the Fermi-Thomas screening wave
vector, and Ej is the Fermi energy. For typical
electron concentrations of ~10*~10!" cm™® in
InAs, the cross section is ~10"% cm?sr~! per
electron, and the plasma frequency is seen to vary
from ~ 70 to 140 cm~!. Thus, the optic plasmons
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are strong processes for obtaining tunable Raman
scattering. Spontaneous Raman scattering from
optic plasmons and plasmon-phonon coupled modes
has been reported in GaAs ® and from plasmons in
InAs.” However, it should be realized that the
“tuning” of the plasma frequency requires a change
in the carrier concentration which can be accom-
plished by using semiconductor samples having dif-
ferent doping concentrations or by injection of ex-
cess carriers into the semiconductor, A more
convenient technique for ‘“tuning” the characteristic
frequency of the collective excitation of the electron
gas is application of a magnetic field to couple the
plasmon and the cyclotron modes to give hybrid
resonances of a magnetoplasma. Tunable spon-
taneous Raman scattering from such a magneto-
plasma has been reported in GaAs.?

A far more promising method of obtaining tunable
Raman scattering is the use of the single-particle
processes involving the magnetic energy levels of
the electrons in a semiconductor, Following theo-
retical predictions of Wolff* and Yafet,’ spontaneous
Raman scattering from such excitations in #-InSb
has been reported.’® Three distinct processes are
observed corresponding to (i) a change of Landau
level quantum number ! by 2 - the Al =2 transition
(predicted®); (ii) a change of Landau level quantum
number by 1 —the Al =1 transition (not predicted);
and (iii) a change in the spin sublevel without a
change in the Landau level quantum number - the
spin-flip transition (predicted®). The frequencies
of the Raman scattered light in the above cases is
given by

Al=2; wg=wotlw, , (5)
Al=1; ws=wotw, , (6)
spin-flip; wg=wotgUpsB , (7)

where w,=eB/m*c is the cyclotron frequency for
the carriers. Figure 1 shows spontaneous Raman
scattering results for electrons in InSb, where the
tunability for the processes described in Eqs. (5)-
(7) is large because of the small effective mass
and the large g value for the electrons. The order
of magnitude of Raman scattering cross sections
predicted for the Al =2 and the spin-flip processes
are®’
0M=2z(62/m*62)2 (h’wc/eg)z cm?sr-! (8)

and

Ogptn-t1sp = €/ m¥ e (wy /€)% cm®sr™ | (9)
where €, is the band gap, and m ¥ is the effective
spin mass defined as m}/ m,= ng] , with mg equal
to the free electron mass, The theoretical inter-
pretation of the Al =1 transition is in doubt, and

hence the scattering cross section is not given
here (see Refs. 9-11)., For the electrons in #-InSh,
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FIG. 1. Frequency shifts and positions of the spin
flip, Al=1 and Al=2 spontaneous Stokes scattered light
as a function of B for n-InSb (Ref, 9).

the measured cross sections agree well with the
calculated ones, These are

Opr-2%04;.,~107% cm?sr™!

and

AGspin-t11p ™ 107 cm?sr~!

(Refs. 9 and 10). Thus the three single-particle
magneto-Raman processes appear to be quite suit-
able for obtaining tunable stimulated Raman scat-
tering. In particular, the spin-flip process in InSb
is the most promising for achieving the stimulated
Raman scattering because its cross section is at
least an order of magnitude larger than either the
plasmon Raman cross sections or the Al=1,2
Raman cross sections for materials which have
been investigated so far,

III. CALCULATION OF RAMAN GAIN

In order to proceed from spontaneous Raman
scattering to stimulated Raman scattering, one
requires a Raman gain large enough to overcome
the optical losses in a Raman cavity. Raman gain
is defined as the rate of growth of the number of
photons in a given optical mode at the Raman
shifted frequency. Optical gain g, arising from
the Stokes-Raman scattering process is given!? by
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16 71%c2(S/1dQ)

-1
= (e
$” nwinyng @+ 1)T Fem (10)

’

where S/1dQ is the Raman scattering efficiency

in cm™!sr™!, I is the pump intensity in Wem™2,
ws=wo—g LB is the frequency of Stokes-Raman
radiation, n, ; are the refractive indices at the pump
and Stokes wavelengths, (z+1) is the Boltzmann
factor in which 7=(ef“8%*T~ 1)"!| T is the effec-
tive temperature, and T is the full width of the
spontaneous Raman line at half-height. For the
present discussion, the Raman scattering efficiency
S§/1dS can be written as

S/1dQ=on,xf(Eg,B) , (11)

where ¢ is the cross section for spontaneous Raman
scattering, #, is the electron concentration, and
f(Eg,B) is a factor which describes the electron
statistics; f(Ep,B)<1 for magneto-Raman scat-
tering, and f(ER, B)=1 for plasmon scattering. As
can be seen, to obtain a large Raman gain, a large
scattering cross section ¢ is desirable together
with a small linewidth I' for the spontaneous Raman
scattering.

It will be instructive to evaluate the gain in Eq.
(10) for the different tunable Raman scattering
processes discussed in Sec. II for various mate-
rials, For this purpose, we need to have a pump
frequency w, in mind, Since we wish to compare
materials such as GaAs, InAs, InSb, and PbTe
which have different band-gap energies ¢,, we will
choosea pumpfrequency w, such that 7w, <€, for
the smallest gap. The CO, laser radiation at 10,6
satisfies this requirement, We will assume that
the temperature T is zero, the consequences of
which will be discussed a little later. Also, for
the magneto-Raman processes, we will assume
that f(Ep,B)~1, which is indeed true at very high
magnetic fields, The crucial requirement for this
assumption will be discussed in Sec. VI. With the
above assumptions, we have calculated g, for plas-
mon and magneto-Raman scattering for materials
in which these processes have been observed. The
results are given in Tables I and II for InSb, InAs,
and GaAs, and PbTe, respectively, Wherever pos-
sible, we have used the measured scattering cross
sections and linewidths for the calculations. The
results for InSb, InAs, and GaAs are straightfor-
ward to understand, The electron gas is isotropic,
and thus the relative orientation of the magnetic
field with respect to the crystal axes is largely un-
important in InSb, InAs, or GaAs, In PbTe, the
results for which are given in Table II, the electron
effective-mass tensor is anisotropic because the
electrons are located in cigar-shaped valleys along
the eight equivalent (111) directions. The g values
for an electron, and consequently the spin masses
in Eq. (9), depend upon the direction of the mag-
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TABLE I. Calculated Raman gain g,/I (cm™/Wcm?)
for the magneto-Raman and the plasmon Raman scattering
in InSb, InAs, GaAs, and PbTe (pumped at 10.6 u).

Scattering Semiconductor

process InSb 2 InAs GaAs ©  PbTe
Spin flip 1.7 x10°%  1,3x10-6 d see Table II
Al=1 3.4x107"  3.6x10"% 4 d
pl=2 5.7x10°7  5,5x10"8 d d
Plasmon (6x107")°  1,2x10"" 2x10-? d

2, =3x%101% cm=® for spin flip and plasmon, B=50 kG
for spin flip; n,=5x10' cm™3 for Al=1, 2; B=30 kG.

%, =1%10!" cm=3, B =50 kG.

2, =1x10!" cm=3,

dSpontaneous Raman scattering data not available.

®Scattering cross section and linewidth calculated —
spontaneous Raman scattering data not available.

netic field with respect to the (111) valley in which
the electron is located.!®* Thus, the Raman gain
will depend upon the direction of the magnetic field
with respect to the crystal axes as seen in Table II,
(The calculated Raman gains for the Al =1 and
Al =2 processes for GaAs and PbTe, as well as the
spin-flip Raman process in GaAs and the plasmon
Raman process in PbTe are not given because of
the lack of experimental data on spontaneous
Raman scattering cross sections and linewidths. )
As remarked earlier, the spin-flip process should
show the largest Raman gain because of its large
cross section. An additional factor which makes
the spin-flip Raman gain large is the very narrow
linewidth for the process. As can be seen from
Fig. 1 of Ref. 9, the spontaneously scattered spin-
flip Raman line is significantly narrower than either
the Al =1 or the Al=2 lines. Detailed measure-
ments in InSb,'® mAs,” and PbTe * have shown that
while the Al =1 and Al =2 transitions have I'~ 10-30
cm™!, the spin-flip transitions have consistently
I's2 cm™!, The measured linewidths for plasmon-
Raman scattering in GaAs® and InAs " are ~10-20
cm~! and are also considerably wider than those
for spin-flip Raman scattering. The spin-flip
Raman lines are very narrow because the electron
collisions do not contribute to their widths. These
narrow widths are primarily due to nonparabolicity
of the conduction band (see the discussion in Sec.
VI). Thus the enormous size of the Raman gain for
the spin-flip Raman scattering compared to the gain
from other scattering processes is understandable.
The absolute magnitude of the expected Raman
gain is very large. Using a @-switched CO, laser
at 10,6 i, peak power output of ~10 kW is possible,
(High peak power in the range of 10 MW is available
at 10,6 p from the high-pressure pulsed CO,
lasers.*' %) Focusing this radiation into an area
~10~® cm? gives us an intensity 7>10" Wem™%, and
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at least for the spin-flip Raman scattering in InSb
and PbTe and perhaps in InAs, a possibility defi-
nitely exists for Raman gain to exceed the optical
losses to achieve stimulated Raman scattering.
The calculated Raman gain for the plasmon Raman
scattering is also large enough to warrant an at-
tempt to achieve stimulated plasmon Raman scat-
tering in InAs and InSb, These somewhat lower
gain Raman processes may require the use of the
pulsed atmospheric pressure CO, lasers.

Before we proceed to the next sections dealing
with experimental results, let us compare the
spin-flip Raman gain with gain for Raman scattering
from other elementary excitations, such as phonons,
etc. The spin-flip Raman gain of ~1x107° cm~/
Wecem™2 is the largest Raman gain known to date in
any portion of the spectrum, and should be com-
pared with the gain for Raman scattering in CS,
at ~5000 A. Carbon disulfide has one of the largest
known Raman scattering efficiencies S/1d§ for any
material and is*® ~107% cm~!sr~!, which is larger
than that for the spin-flip Raman process in InSb.
In addition, the linewidth I" for CS; Raman scatter-
ing'®is ~1.4 cm~! which is comparable to the line-
width for spin-flip Raman scattering. The calcu-
lated Raman gain'® for CS, is, however, ~1.3x10®
cm~!/Wcem~2. The smallness of gain (as compared
to that for the spin-flip Raman process) is a result
of the w? factor in the denominator in Eq. (10) and
is in part consequence of the fact that the number
of optical modes per unit volume per unit frequency
is inversely proportional to w2 Thus, the use of
a long wavelength pump laser to give a small wg
is of a distinct advantage if S/7dQ and T" are com-
parable at different wavelengths, For Raman scat-
tering from phonons or molecular vibrations such
as those in CS,, unfortunately S/1dQ is proportional
to w§, and in the final analysis g, will vary as w,.
However, for Raman scattering from electrons
considered here, dependence of S/1dQ on w, is
much slower, e.g., for plasmor Raman and for
spin-flip Raman processes ¢ w2 as seen from
Eqgs. (4) and (9), while for the al=2 magneto-
Raman scattering ¢ is nearly independent of wg.
Thus, even for the plasmon and spin-flip processes,

TABLE II. Calculated Raman gain g,/I (cm™/Wcm=?),
for spin-flip Raman scattering in PbTe? (pumped at
10.6 W),

Orientation B Il {(111) B Il (110) Bl (100)
Vallovs 28 6 at 4at  4at 8 at
VS g=0°  §=70°32 0=35°32 6=90° 6=54°44"

Gain 1x107%% 3x107%c  1x107%® 1x10-f¢ 1,1x10%5¢

e~ 3x10%6 cm=3,
PB~ 50 kG.
¢B~ 100 kG.
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the Raman gain increases as w;' and for the Al =2
process the gain increases as w;®. Therefore, the
use of a long-wavelength CO, laser is justified for
SRS from electronic processes in semiconductors.
(We have neglected any improvement in the quantity
S/1d$ that may arise from resonant effects due to
a choice of w, close to €,. Such a resonance en-
hancement*® can be large and useful in lowering
the pump power required to obtain SRS. One such
possibility is the use of the CO laser!” at5.0-6.0 p
in the study of SRS from InSb. However, one also
has to be aware of the increased absorption losses
due to two-photon absorption and electron-hole pair
production if very high intensity pump radiation is
needed for appreciable Raman gain in spite of the
resonance enhancement of the Raman scattering
cross section, especially for some of the weaker
Raman scattering processes. )

IV. STIMULATED SPIN-FLIP RAMAN SCATTERING IN InSb

From the discussion in Secs, II and III, it is
clear that the spin-flip Raman process in InSb has
a substantial Raman gain, e.g., for a 3x10*% ecm™
sample,! g,~1,7x107% cm~!/Wcm~2 at B~50 kG.
Thus, in order to estimate the pump intensity, we
need to know the optical losses in the Raman cavity
which have to be overcome to obtain SRS, The
losses include a magnetic-field-independent reflec-
tion loss for the cavity, and a free-carrier absorp-
tion which depends upon the magnetic field in two
ways. The first one is the A% dependence of the
free-carrier absorption since the spin-flip laser
wavelength moves towards longer wavelengths with
increasing magnetic field, The second one is that
for E L B and propagation normal to B (the geometry
for the spin-flip Raman laser), the cyclotron ab-
sorption at the frequency of (w?+w?)! % moves
closer to the spin-flip Raman frequency. Both of
these contributions to the free-carrier absorption
can be easiiy obtained from the complex dielectric
constant given below!®

B wiw?- w2l -in]
€(w)=€, <1+wz{[wf—ng%l—iﬂ)](l—i7])+w§}) ,

(12)

where €, is the high-frequency dielectric constant,

3

w, = (4me?/m* e, )/ ?
is the plasma frequency, wczeB/m*c is the cyclo-
tron frequency, and 7=1/w7 in which 7 is the elec-
tron collisional relaxation time, However, it can
be seen that for InSb with mobility, u>1x10° cm?/
Vsec and a carrier concentration of <3x10' cm™3,
the free-carrier absorption is also relatively field
independent at B <50 kG.

Figure 2 shows the two sample geometries which
have been used. The geometry employed most
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commonly is seen in Fig. 2(a). The magnetic field
is along the z direction (B,). The incident pump
radiation is propagating along the y direction (ﬁoy),
and is polarized either parallel to the magnetic
field (E, 1l B), or perpendicular to the magnetic field
(#,LB). The spin-flip Raman scattered light is
resonated in the direction normal to both the pump-
radiation propagation and the magnetic field (d,,).
Thus, §,=4,~J, is also perpendicular to the mag-
netic field. This geometry will be called “GL B
noncollinear geometry,” As can be readily argued,
this is not the ideal geometry for obtaining stimu-
lated Raman scattering since the Raman gain occurs
only over the diameter of the pump beam, while

the free-carrier absorption occurs over the entire
length 7, of the Raman cavity. A more desirable
geometry for stimulated Raman scattering is shown
in Fig. 2(b). Here the direction of the magnetic
field, and the direction of propagation of the pump
radiation, are the same as those for the sample
geometry shown in Fig. 2(a). Now, however, the
spin-flip Raman scattered radiation is resonated

in the direction of the pump radiation (§,,). Here,
again, §,=q,- 4, is perpendicular to the magnetic
field. But now the interaction between the pump
radiation and the spin-flip Raman scattered radia-
tion takes place over the entire length of the crystal
in the y direction. This geometry will be called the
“g LB collinear geometry.” This, clearly, is more
desirable geometry compared to that in Fig. 2(a).
However, for observing spin-flip Raman scattered
radiation below as well as above the threshold for
stimulated Raman scattering, the § L B noncollinear
geometry of Fig, 2(a) is far more convenient be-
cause of the ease with which we can discriminate
against the pump radiation. Thus, most of the experi-
ments reported in the present paper were carried
out using the § 1B noncollinear geometry of Fig.
2(a). In addition, the results reported here have
been confined to the case of E,Il B which is more
desirable from the considerations that have to do
with the dependence of the gain on the magnetic

(b)

FIG. 2. Experimental geometry for observing stimu-

lated sp_in-flip Raman scattering: (a) gl B noncollinear;
(b) § 1 B collinear.
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field. This is discussed in Sec. VI. The situations
of ;1 B in the § 1 B noncollinear geometry as well
as the § L B collinear geometry of Fig. 2(b) have
been successfully tried, and the results will be re-
ported in a later publication,®

In Ref. 1, we estimated the total loss for an
n,~3x10' cm~® InSh sample in the § L B noncol -
linear geometry with E, Il B [Fig. 2(a)] to be ~1.5
Np (i.e., ~6 dB). This assumed that the Raman
cavity was formed by normal specular reflections
between the two parallel surfaces of the sample of
length I,. (A Raman cavity mode having substan-
tially lower reflection losses would be a totally
internally reflecting mode?® which should be kept
in mind when attempting a quantitative comparison
between measured and calculated pump intensity
required at threshold for stimulated Raman emis-
sion). In Ref. 1 we saw that even for the § . B non-
collinear geometry of Fig. 2(a), a modest focusing
of a pump power of 1,5 kW into a spot 200 p diam
resulted in a Raman gain greater than the calculated
losses, and experimentally tunable SRS from the
electron spin flip in InSb was observed.

The experimental setup included a CO, laser
which was repetitively @ switched with a rotating
mirror to give a pulse repetition rate of 120 Hz.
The CO, laser had a diffraction grating inside the
optical cavity to force the laser to oscillate on a
single transition, Suitable apertures in the pump
laser assured its operation in the lowest order
transverse mode. The laser could be operated in
two distinct modes: (a) a normal non-mode-locked
operation when it produced peak power output of
~3-5 kW in pulses ~ 200-250 nsec wide; and (b)

a mode-locked operation where the mode locking
was produced spontaneously (i.e., without intro-
ducing a bleachable absorber inside the laser cavi-
ty), when it produced peak power output of ~6-10
kW in pulses ~5-10 nsec wide with a time separa-
tion of ~ 22 nsec between pulses, and with the 200-
250-nsec envelope which is characteristic of the
non-mode-locked output, The pulse shapes of these
two pump pulses will be seen later, The wavelength
of the output could be tuned for any of the strong
CO, laser transitions with essentially the same
power output. The pump laser radiation, so ob-
tained, was focussed with a 30-cm focal length lens
into a polished InSb sample in the appropriate geom-
etry (see above). Typical sample length in the
d, direction was ~5 mm. The Raman scattered
radiation was analyzed with proper long pass fil-
ters and 3/4-m grating spectrometer. A Ge: Cu
detector was used. A variable pressure ether
absorption cell in the pump beam path served as a
variable attenuator to control the pump intensity.

In Fig. 3, we show the spin-flip Raman scat-
tered output as a function of the 10. 59-u input
power [obtained from a @-switched CO, laser os-
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cillating on the P (20) transition] for a InSb sample
with #,~1.3%x10' cm™3 at B=40 kG. The spin-flip
laser radiation at 11. 5 u was isolated using long-
wavelength pass filters., At low-input intensities
we can see a spontaneous spin-flip Raman (SFR)
scattering as evidenced by the linear variation of
the spin-flip scattered output with the 10. 6-u input.
At ~6 on the input scale, a sharp break occurs in
the curve, and the SFR scattered power increases
by ~10° with less than a twofold increase in the
pump power, indicating that the Raman gain has
become large enough to overcome the Raman cavity
losses, and SRS from the spin flip of conduction
electrons is obtained. In these experiments the
maximum peak pump power inside the sample was
~1.0kW, and the maximum peak output power was
~10 W. The threshold pump power for SRS is then
seen to be at ~ 0. 2 P;; (max), i.e., ~200 W. It
should be noticed that this threshold is for a Raman
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cavity whose reflectivity is determined by specular
reflection of ~36% at the InSb surface. By using
higher reflectivity dielectric coatings for the Raman
cavity, one can remove almost all the reflection
losses. The free-carrier absorption losses in the
1.3x10'® InSb sample are very small, so the thresh-
old pump power for SRS from such a coated sample
should be lowered to tens of watts. This arrange-
ment may allow cw operation of the tunable spin-
flip Raman laser. The saturation of the SFR laser
output for high input pump powers seen on Fig. 3.

is believed to be real and will be discussed in Sec.
V.

Another indication that stimulated Raman scatter-
ing is obtained can be seen in Fig. 4, where we
show the spectral analysis of the SFR scattered out-
put below and above SRS threshold. Below SRS
threshold, we see a broad spontaneous line with a
width of ~2 cm~!, Above threshold, as expected,

a significant narrowing of the line is seen (together
with an enormously greater intensity). The width
of the SRS line seen on Fig. 4 is spectrometer-
resolution limited. Careful measurements with
narrower spectrometer slits have failed to give
any indication of the true width of the SFR laser
output, However, by other techniques, we have
been able to put an upper limit of ~0. 03 cm™? on
the SFR laser linewidth, It should be pointed out
that linewidth can be calculated from spontaneous
emission considerations using the expression®

Avst ~ 8mhy (AVSp)z/P ] (13)

where Ay, is the linewidth of stimulated emission,
v is the frequency of laser oscillation, Ay, is the
is the spontaneous emission linewidth, and P is
the power output. With Ay, ;=2 cm™ and P=10 W,
we obtain Ay, ~10 Hz for cw operation. Thus the
linewidth in the present case should be limited by
the Fourier spectrum of the pulsed output and

FREQUENCY SHIFT FROM LASER (cm™)

98 99 100 lof 02 103 04 05 08 107 08
T T T T T T T T T T

(B):Pyy=Pyqax» GAIN I R

OUTPUT SCATTERED INTENSITY

(R): Piy=0.3P,5, GAIN= 1 000

! L 1 1 1 1 L L 1 Il 1 1
18l 11.83 11.85 11.87 11.89 1.9l 1193 1es
WAVELENGTH (#)

FIG. 4. Spectral analysis of SFR scattered power
output below and above stimulated emission threshold
(the gain in the figure refers to the amplifier gain) for
n-InSb. R is the spectrometer resolution.
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FIG. 5. Over-all tuning curve for the spin-flip Raman
laser pumped with the CO, laser at 10.5915u,

should be <10 MHz, Under future cw operation of
the SFR laser, the extremely narrow output of 10
Hz may be possible, Details of this discussion will
be published elsewhere,!®

The SFR laser frequency is tunable by varying
the magnetic field as seen from Eq. (7). Figure 5
shows the over-all tunability of the SFR laser, The
output wavelength can be tuned from 10.9 to 13.0 p
by varying the magnetic field from 15 to 100 kG,
when using the P (20) transition of the 00°1-10°0
band of CO, at 10.5915 u as the pump. The
tuning limitations will be discussed in Sec. V.
We have been able to extend the tuning range some-
what by using different transitions from the CO,
laser as the pump,? e.g., by using the CO, laser
pump at 10,23 u [R(22) transition] we have obtained
SFR laser output at ~10.6 p, and by using the CO,
laser pump at 10. 8 p [P (40) transition] we have ob-
tained a spin-flip laser output at 13. 2 p.!° In any
case, the large g value of electrons allows us to ob-
tain a very respectable amount of over-all tuning
of the SRS from the spin flip of electrons in InSb.

An important question concerns the fine tuning
of the SFR laser wavelength. This feature deter-
mines the ultimate usefulness of any tunable source
of coherent radiation. We have a Raman cavity of
length I,~2 mm having a finesse?® ~ 2-3, and cavity-
mode separation of ~0, 625 cm™~!, When the mag-
netic field is varied, the spontaneous SFR line (i.e.,
the Raman gain curve) having a width of ~ 2 cm™?
sweeps through the cavity resonances. The spin-
flip Raman laser will oscillate at those frequencies
where Raman gain exceeds the cavity losses. Thus
normally one would expect the SFR laser to oscil-
late at frequencies close to the cavity resonances
giving rise to significant amount of frequency pull-
ing /pushing, # Experimentally, we found that at
any given time, SFR laser output occurred in only
one line having width <0.03 cm™! and no evidence
of simultaneous oscillation on two Raman cavity
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modes was found. A very careful measurement of
the output wavelength as a function of B as the SFR
line is swept through tens of Raman cavity modes,
showed no indication of the SFR laser frequency
jumping from one cavity mode to the next., To our
great surprise, the SFR laser frequency tracked
linearly with the magnetic field to the best accuracy
we can measure using a spectrometer. The only
nonlinearity in tracking seen was the nonuniformity
of spectrometer drive screw which amounted to
~0, 03 cm~! with a periodicity of ~1.5 cm™!, i.e.,
completely different from the expected periodicity
of 0.625 cm~! for the Raman cavity. Thus, we can
say with confidence that the linearity and resettabil-
ity of the SFR laser frequency is better than 0. 03
cm™!, Of course, such a linearity of tuning and
complete lack for frequency pulling/pushing by the
cavity modes immensely increases the usefulness
of a tunable laser source (as opposed to the tunable
Pb,_, Sn, Te diode lasers which can only be tuned
approximately a few GHz about each cavity mode
before mode jumping occurs?), but it also makes
the understanding of the phenomenon quite difficult.
A part of the answer to the complete absence of
frequency pulling/pushing by the Raman cavity
modes may lie in the fact that the Raman cavity
has a poor finesse as mentioned above, But this
does not appear to be the complete answer and the
matter is under further study.!® The experimental
evidence that in spite of the lack of frequency pull-
ing/pushing by the Raman cavity, the SFR laser
does indeed see the Raman cavity comes from the
variation of the SFR laser output power as its fre-
quency is tuned over a few cavity modes. We ob-
serve a 10-20% modulation in the output amplitude
with a periodicity of 0,631 cm™~! which agrees very
well with the expected Raman cavity mode separa-
tion. A theoretical argument in favor of the reso-
nant SFR laser operation rather than nonresonant
superradiant SFR emission comes from considering
the narrowing of a spontaneous emission line that
is expected during superradiance. This narrowing
depends upon the profile of the spontaneous emis-
sion line, which is not known with any accuracy for
the spin-flip Raman process (see the discussion on
the line shape in Sec. VI). For the two simple line
shapes, the Lorentzian and the Gaussian, the line
narrowing due to superradiance is given by (i)
Lorentzian line shape:

Avgy=Avg, /[(al /In2)- 112 (14)

(ii) Gaussian line shape:

Ay, al ﬂl/z
Bsup = (In2)*/2 [In <al -1n2 ’ (15)

where Ay, is the width after superradiance, Avg,
is the spontaneous emission linewidth, and al is
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the total gain in the amplifying medium. Even
though we do not know the exact line shape for the
spontaneous SFR emission, we can attempt to com-
pare the observed SFR laser linewidth with the
superradiant linewidth for the two characteristic
line shapes described above. For SFR scattering,
Apg,® 2 cm~!, For reaching a SFR power output

of ~10 W starting from approximately one photon
at the SFR frequency, we need a/~50, Thus, for
a Lorentzian line the Av,,,~0.24 cm™!, and for a
Gaussian line the Apg,,~0.28 cm™!. Both of these
are significantly larger than the observed SFR laser
linewidth of <0.03 cm™?!, indicating that it is highly
unlikely that we could be observing mere non-
resonant superradiant SFR emission even though
the SFR laser frequency shows no pulling/pushing
by the Raman cavity modes. Further explanation
of this phenomenon will be given elsewhere,!®

V. SPIN-FLIP RAMAN LASER POWER OUTPUT SATURATION

The maximum spin-flip Raman laser power out-
put was obtained from the n,=1.3x 10'® cm™ InSb
sample having an electron mobility p=2.4x10° cm?2/
Vsec, In Fig. 3, we saw that a distinct saturation
of the SFR laser power occurred at high input pow-
er levels. This saturation is believed to be real
and cannot result from pump depletion since the
SFR laser output is only ~10 W compared to the
maximum input power of 1,5 kW, The saturation
of the output power is confirmed by comparing the
time dependence of the output pulse with that of
pump pulse shown in Fig., 6 for both the normal
operation of the CO, laser and for the mode-locked
operation. The non-mode-locked laser pulse is seen
to be ~ 150 nsec wide at half-height. Since the SFR
laser threshold occurs at ~0, 2 P;; (max), the spin-

NON MODE-LOCKED MODE-LOCKED

10.6 p IN

50 nsec/div

SPIN-FLIP
ouT

20 nsec/div 20 nsec/div

FIG. 6. Input CO, laser pulses and output spin-flip
Raman laser pulses for normal operation and for mode-
locked operation of the CO, laser (»-InSb, n,~1.3x10!¢
em=, T~18°K, B~ 40 kG).
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flip Raman laser should oscillate for ~ 200225
nsec. The SFR laser output in the picture below
shows that it operates for ~80 nsec., It is also seen
that the spin-flip laser output rises very rapidly
and then decays with a time constant of ~30-35
nsec., This rapid decay is not surprising when con-
sidering the saturation of the electron spin system,
i.e., the spins not being able to relax from the
spin-down sublevel back to the spin-up sublevel
rapidly enough. The spin saturation effectively de-
creases the Raman gain and eventually the SFR laser
emission stops even before the laser pulse has de-
cayed down to a level where we would have expected
the turn off of the SFR laser from simple threshold
considerations. The decay time of the spin-flip
Raman laser output, however, does not simply give
the spin-relaxation time because of the diffusion of
the spins in and out of the focussed CO, laser beam,
i.e., the spin-down electrons diffusing out from the
CO, laser beam and the spin-up electrons diffusing
into the beam to reduce the reduction in gain due to
spin saturation, The spin-relaxation time is ex-
pected to be long compared to the pump pulse dura-
tion, and thus, the decay time of spin-flip laser
pulse describes diffusion. As can be expected, the
decay is nonexponential. We can calculate the num-
ber of spins which can contribute to the spin-flip
Raman laser output with diffusion and compare that
with the number of photons emitted in each spin-flip
Raman laser pulse. With a peak power of ~10 W,
for the pulse shown on Fig. 6, we have ~2x10'
photons, With a pump laser beam diameter of ~200
p and a crystal length of ~4 mm, the solution of

the diffusion problem with the transient pump pulse
shows that the number of up spins that interact
with the pump laser to give stimulated Raman scat-
tering is ~1x 10, This is an acceptable agreement
between theory and measurement considering the
nature of the diffusion problem. The case of the
spin-flip Raman laser with mode-locked excitation
is very much more involved and will not be dis-
cussed quantitatively; but, here again, the spin
saturation is quite evident.

In order to increase the SFR laser output, then,
it is necessary either to reduce the spin-relaxation
time or to increase diffusion of spins. There are
ways of reducing the spin-relaxation time such as
introduction of a paramagnetic impurity into InSb;
however, it is doubtful if such a technique will not
ruin the otherwise good optical quality of the crys-
tal needed for low-loss operation. The idea of in-
creasing the diffusion rate is somewhat more ap-
pealing. This can be easily accomplished by drift-
ing the carriers normal to the direction of pump
laser propagation. At reasonably attainable drift
velocities of the order of 10'=5%x 10" cm/ sec, the
effective spin-relaxation rate is ~10"°-10"1° gec
(assuming a pumped region ~200 u in diameter).
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This will increase the saturation power level by

a factor of 10-100. Another technique of increas-
ing the spin-relaxation rate is to work with a multi-
valley semiconductor such as PbTe to obtain SFR
laser and use the intervalley electron transfer as

a way of obtaining fast spin relaxation. This will
be discussed in Sec. VIIL

VI. LIMITATIONS ON TUNABILITY OF SFR LASER

In Ref. 1, we saw that for a 3xX 10 cm™ InSb
sample SRS by the electron spin flip could not be
obtained at B less than ~48 kG corresponding to a
wavelength of ~11.7 u. However, in Sec. IV, we
saw from Fig. 5 that the lower magnetic field lim-
it is now at ~ 15 kG with a corresponding tunability
of the SFR laser wavelength from 10.9 p to ~13.0
1. This extension of the low-field limit was ac-
complished by using lower carrier concentration
samples. A definite B, is required in order to
obtain SRS from a given carrier concentration
sample even with the maximum input pump power.
A typical SFR scattered power output vs B curve
is shown in Fig. 7 for #,~1.3X 10" cm™ sample.
For B< 26 kG only spontaneous SFR scattering is
observed which is seen to increase slowly as B is
increased in agreement with earlier'® spontaneous
SFR scattering results. At B=26 kG, the SFR
scattered output increases very suddenly by ~10*
and SRS is observed. This B, required is seen
to be smaller as carrier concentration is lowered.
In this section we give a quantitative explanation
for the existence of this low-field limit for SFR
laser operation. We also discuss the high-field
limit and the dependence of the SFR laser power
output on the carrier concentration and the magnet-
ic field.
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FIG. 7. SFR scattered power output as a function of
magnetic field for n-InSb with n,~1.3+10' cm™, T=25°K,
and at maximum pump power.
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As mentioned earlier, ! the threshold for SRS is
determined by the gain available to overcome the
optical losses in a Raman cavity. The optical gain
is obtained from Egs. (10) and (11), and the free-
carrier absorption is obtained from Eq. (12).

Since the Raman cavity reflection losses are inde-~
pendent of n, and B, all the SFR laser power output
as well as SFR laser threshold dependence on #,
and B must arise from Eqs. (10)-(12).

Let us first discuss the magnetic field dependence
(although the carrier concentration dependence is
alsotied in with the Bdependence) of the SRSthresh-
old. The Raman gain in Egs. (10) and (11) is pro-
portional to S/7 d which depends on the magnetic
field from two factors. The first is the slow depen-
dence of o on B (Ref. 5) and the second is the
f(Er, B) which is field dependent in the case of de-
generate electron statistics. In Fig. 8(a), we show
the electron energies in InSb as a function of &,
(electron momentum along the z-directed magnetic
field) at B~ 20 kG. We also show the Fermi energy
Ej for a carrier concentration of ~3x10' cm™%,

It is seen that the upper-spin level (the spin-down
level) of the I=0 Landau level is partially filled,
and since during SFR scattering process an elec-
tron from the spin-up sublevel is excited to an
empty state in the spin-down sublevel, only the
electrons near the Fermi surface will be able to
participate, making f(Er, B)<1. The situation is
significantly more serious than what it appears be-
cause the density of states for the conduction elec-
trons has a singularity®® at #,=0. Thus, an ex-
ceedingly small fraction of the electrons in InSb are
capable of giving rise to SFR scattering and

fA(Ep, B)< 1 [for the case shown in Fig. 8(a)] unless
all the electrons happen to be in the lowest-spin
sublevel as shown in Fig. 8(b) where we have in-
creased the magnetic field to 50 kG while keeping
the same n,. Here f(Ep, B)~1, This is precisely
the quantum limit for the spin-down sublevel® in
the conduction band. This implies that S/IdQ will
be increasing as B is increased until we reach the
quantum limit, as long as the B dependence of o
can be neglected. In the low magnetic field re-
gime, this has been verified both experimentallym
and theoretically. 2 (For high magnetic fields in
"the range of 100 kG, the above approximation of
neglecting B dependence of o is not valid and, as
we shall see, it should have an effect on the behav-
ior of high carrier concentration samples which
require high magnetic fields to reach the quantum
limit.) Thus, the electron statistics are expected
to give a strong magnetic field dependence to the
Raman gain. The magnetic field required to reach
the quantum limit depends on the carrier concen-
tration through its dependence on the Fermi energy
which is also a function of magnetic field. % The
quantum limit is reached at progressively lower
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magnetic fields as the carrier concentration is re-

duced.

Since we are discussing the low-field limit for
Raman threshold, additional magnetic field depen-
dence can also come from the Boltzmann factor 7
for the effect of lowering the field is to reduce

glpB towards zero.

In practice, the Boltzmann

factor can be neglected as long as gugBZ 2kT. In
the experiments to be reported here, the sample

700

600 —

500

200

100

Ec—Eg [B=0](cm-1)
g 8§
\\\
_f :
U R
Ec-Eg [B=0] (mev)

(a) B=20ké

40

o ! ! ! o
1] 80
(1,—5)
600 (b) B=50kG
— 70
1
(1+3)

500 6o
T 3
§a00 50 g
S <)
" "

&
% 40 o
w 300 w
8 hg
30
200
20
100
—110
o | 1 1 1 1 o
o 1 2 3 4 5 6

FIG. 8.

x10-3
K/ B (ATOMIC UNITS)

(a) Landau level energies in n-InSb vs %, at

B=20 kG, We also show Fermi energy for n,~ 3x1016
cm™?; (b) same as (a) but at B=50 kG, showing the spin-
down sublevel just emerging from the Fermi sea.
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temperature was in the range of ~20 °K correspond-
ing to kT~ 16 cm™, Thus we can neglect the Boltz-
mann factor for B> 15 kG for InSb. For operation
at lower magnetic fields, it is clear that the sample
temperature should be lowered. An additional mag-
netic field dependence of the Raman gain arises
from the (w,)® term in the denominator of Eq. (10).
However, for the range of magnetic fields consid-
ered here, this variation is very slow. Thus, the
net effect of the above discussion is that as long as
gupgB=2 kT, the B, for stimulated SFR scattering
is governed by the quantum limit for the spin-down
sublevel.

Another effect of the singularity in the density of
states is seen in the spontaneous spin-flip Raman
scattering linewidth which is determined primarily
by the nonparabolicity of the conduction band. Here
we have assumed that the §,=qo -, is normal to
the magnetic field, and consequently the contribu-
tion to the spontaneous SFR linewidth from a change
in &, can be neglected. (See, for example, Fig. 23
of Ref. 10, where §, is not wholly perpendicular to
B and the contribution to the spontaneous SFR line-
width has to be taken into account.) Figure 9 shows
the calculated nonparabolicity width for the #,
~1.3x 10'® cm™ InSb sample as a function of magnet-
ic field and as defined on the inset. We have also
assumed that the electron gas remains degenerate
even at the highest magnetic field, where the Fermi
energy becomes a small fraction of the Fermi en-
ergy at zero magnetic field. The width shown in
Fig. 9 would be the total width of the spontaneous
SFR line if the density of states were to be uniform
as a function of 2,. The singularity in the density
of states at k,=0 makes the spontaneous SFR line
stronger for the largest frequency shift at a given
magnetic field, i.e., the spontaneous SFR line
strength is weighed towards contributions coming
from electrons at small k2,. The ultimate result
is to make the spontaneous SFR line narrower than
that seen in Fig. 9, In addition, the spontaneous
SFR emission line will be unsymmetrical, reflect-
ing the density of states. Experimental measure-
ments of spontaneous SFR linewidth of ~2 cm™!
qualitatively confirm the former, at least at inter-
mediate magnetic fields. For quantitative compar-
ison of the measured and the calculated linewidths,
however, level broadening effects have to be in-
cluded in evaluating the narrowing of the spontane~
ous SFR linewidth due to the singularity in the den-
sity of states at £,=0. In any case, this will make
the spontaneous SFR line narrower as the magnetic
field is increased. From Eq. (10), it can be seen
that the Raman gain should benefit from the de-
creasing linewidth at higher magnetic fields. In
practice, however, we have seen little variation in
the spontaneous SFR emission linewidth ~ 2 cm™!
as the magnetic field is increased from ~40 to 100
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kG. Notice that a linewidth of 2 cm™?! at 100 kG is
greater than that calculated in Fig. 9 which did not
take into account the narrowing due to the density
of states. This apparent discrepancy is understood
to be arising from the fact that for magnetic fields
larger than ~70 kG, the electron gas in the »n,
~1.3x10' cm™ InSb sample is no longer degenerate at
sample temperature in the range of 20-30 °K. Ef-
forts are under way at present to include the effects
of level broadening and finite temperature for eval-
uating the spontaneous SFR emission linewidth and
the line shape as a function of magnetic field, and
the results will be reported elsewhere. *°

Let us now look at the high-field limitations on
SFR laser (apart from those imposed by a finite
magnetic field available in a given laboratory).
high-field limit is jointly set by the gain and the
free-carrier absorption. Because of the dependence
of 0 on B, for Eyll B and E,L B (see Fig. 1 of Ref.
5), the spin-flip Raman gain goes down as B is in-
creased (for a given n,). On the other hand, the
free-carrier absorption at the SFR scattered fre-
quency computed from Eq. (12) goes up very rapid-
ly as B is increased, as seen in Fig. 10 for »,
=1.3%10% cm™® and pu=2.4x10° cm?/V sec. We
have assumed here that g, L B and E,L B, where E,
is the electric field polarization of the SFR scat-
tered light. This assumes that the pump radiation
is polarized parallel to B which is the experimental
situation in most of the experiments reported here.
Additional loss due to the free-carrier absorption
of the pump radiation should also be considered.
For a pump polarization Eol ']§, the o dependence
on B is stronger® and the Raman gain is expected
to go down much faster than that for E,l| B (above).
The free-carrier absorption of SFR scattered light
with E, || B has a somewhat slower dependence'® on
B than that shown in Fig. 10, but the pump radiation
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FIG. 9. Calculated nonparabolicity linewidth as a
function of magnetic field for spontaneous spin-flip Ra-
man scattering in z,~ 1.3x10!% cm=® InSb sample at
T=0, neglecting narrowing due to the density of states
(see text).
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FIG. 10. Variation of free-carrier absorption in n-
InSb as a function of magnetic field at the wavelength of
SFR scattering (pump at 10.6 §) for »-InSh with n,~1.3
%1018 em=® and p~ 2, 4x105 cm?/V sec.

now has a significantly higher free-carrier loss.
Thus, qualitatively the high-field limit for the SFR
laser is set jointly by decreasing o, and increasing
free-carrier absorption at the pump frequency and
the SFR scattered frequency as B is increased. It
can also be seen, from the above discussion, that
_ﬁoll B is a more desirable geometry compared to
Eol B geometry in spite of the higher free-carrier
absorption at w, for Eoll B. Preliminary experi-
ments substantiate both the above conclusions, and
details will be published in the near future.

Now let us turn to the SFR power output and
threshold dependence on the electron concentration.
At the low n, limit, we can essentially neglect the
free-carrier absorption since By, is also small
(see above), and thus the Raman gain has to over-
come just the constant reflection losses of the Ra-
man cavity. The S/1dQ is maximum (equal to oxn,)
when we are in the quantum limit. Thus, as #», is
lowered (always staying in the quantum limit) the
Raman gain goes down almost linearly with »,, and
at some value of #,, the Raman gain will not be suf-
ficient to overcome the reflection losses. This de-
termines the lower limit on #, for obtaining stimu-
lated SFR scattering. This may imply that for ob-
taining maximum power output in the spin-flip Ra-
man laser emission we should go to very high car-
rier concentrations. However, this requires high
magnetic fields for reaching the quantum limit, and
consequently the maximum S/7d$2 does not increase
linearly with #, because of the B dependence® of o.
Thus the Raman gain does not go up linearly as the
carrier concentration is increased. The calculated
gain [using Eq. (10)] for E;L B and E,ll B is shown
on Fig. 11 as a function of n, choosing the magnetic
field required to reach the quantum limit shown on
Fig. 12. In addition, the free-carrier absorption
increases with #, and 1/7 and with increasing mag-
netic field as discussed in Eq. (12). In general, the

of carrier concentration at the magnetic field required to
reach the quantum limit, for »-InSb and for @) E, L B
and (b) B, Il B.

electron collision time T becomes shorter as #, is
increased. Thus, Eq. (12) shows that the free-car-
rier absorption, at the magnetic field required to
reach quantum limit, increases faster than linearly
with #,. The », dependence of the free-carrier ab-
sorption calculated from Eq. (12) at the SFR fre-
quency and at the magnetic field to reach quantum
limit is shown on Fig. 13. Here we have used the
best available mobility?” InSb sample for each #,.
Hence, the slower than linear dependence of Raman
gain on n,, and the faster than linear dependence
of total Raman cavity losses on 7, (including free-
carrier absorption) indicate that the optimum car-
rier concentration for the spin-flip Raman laser
would lie at some intermediate value. Experimen-
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FIG. 12. The lowest magnetic field for obtaining
stimulated spin-flip Raman scattering as a function of
carrier concentration in InSh (T~ 20 °K, §, 1 B noncol-
linear). The solid line shows theoretically calculated
magnetic field necessary to reach the quantum limit.
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tal results show the optimum to occur at #,
~1.3X% 10 cm-3.

Figure 12 shows a comparison between the calcu-
lations and experiments for the lowest field at which
the spin-flip Raman laser oscillation ic obtained.
The solid line shows the magnetic field required
to reach quantum limit as a function of carrier con-
centration. This is the line which shows the mag-
netic field at which the spin-down sublevel of /=0
Landau level just emerges from the Fermi sea,
making all the electrons available for SFR scatter-
ing. The slope is slightly larger than the expected
2 pecause of the dependence of the effective mass of
the electrons on the conduction band energy. The
solid points show the experimentally observed B,
(see Fig. 7) at which stimulated SFR scattering is
observed. The experimental geometry is shown in
in Fig. 2(a). There were no coatings on the sam-
ple. The maximum 10. 6-u pump power in the sam-
ple was ~1.5 kW. We see that there is an accept-
able agreement between the lowest magnetic field at
which stimulated SFR emission is observed and the
magnetic field required for reaching the quantum
limit. The 1.1% 10" cm™ mmSb sample did not
show SRS in agreement with our earlier assertion
that a minimum #, is needed to exceed the cavity
reflection losses. At the high concentration end,
the 6x 10'® cm™® InSb sample failed to show stimu-
lated emission and is discussed below.

Figure 14 shows a plot of Raman cavity losses
computed for the geometry shown in Fig. 2(a) as a
function of #,. (The sample dimension [, is con-
stant in all of our samples and is [,=2 mm.) In
computing this curve we have used the free-carrier
absorption at the quantum limit shown in Fig. 12,
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The loss includes 1 Np of reflection losses which
are independent of n,. The calculated Raman gain
(for maximum input power) is also shown on the
same figure. The only adjustable parameter is the
intensity in Eq. (10). This was chosen to meet the
requirement that 1.1% 10'®-cm™® sample did not
show SRS but the 4.7X 10"°-cm™® sample showed
strong SFR laser emission. The vertical distance
between the calculated gainand loss line, then, rep-
resents how far above threshold (or below) a given
carrier concentration sample will be for obtaining
stimulated SFR scattering in InSb at the maximum
pump power P, (max), i.e., the vertical distance
between the gain and the loss curve gives theoreti-
cal values of P (max)/P,,(threshold) for each con-
centration. We see that there are definite limits
on the »n, between which the stimulated SFR scatter-
ing can be obtained in agreement with the qualita-
tive discussion earlier. On Fig. 14 we also show
the experimental points for P (max)/P, (threshold)
for the different carrier concentration samples.
There is a qualitative agreement between theory
and experiment in the low carrier concentration
range but near the high concentration range, the

T llllllll T T T 7

111l

1

CALCULATED GAIN/LOSS (Np)
LA L1l l

1

L1l 11l I 1 1 1
10'® 10'® 10'7
CARRIER CONCENTRATION (cni3)

o1 1 11 L1 11]

FIG. 14. Computed Raman cavity loss and spin-flip
Raman gain as a function of carrier concentration in
InSb. Arrows A, B, and C indicate the following: A,
InSb sample which did not show stimulated spin-flip Ra-
man scattering at the low concentration end; B, InSb
sample showing the highest spin-flip Raman laser out-
put; C, InSb sample towards the high concentration end
which failed to show stimulated emission. Experimental
points show Py, (max)/Py, (threshold) (see text).
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agreement is rather poor. In particular, with the
knowledge that the 4. 7x 10" cm™ InSb shows
stimulated SFR scattering, the 6x 10 cm™ ISb
should also have shown SRS. Experimentally, we
found otherwise. Extrapolating from the experi-
mental points of Py ,(max)/P,,(threshold), however,
we can see that the absence of stimulated SFR scat-
tering in the 6X 10'® cm™ sample is not unreason-
able. In addition, the theoretical curves on Fig.

14 predict the optimum concentration for stimulated
SFR scattering to be ~4X10% ¢m™? in disagreement
with experimental optimum concentration of ~1.3
x10' cm™3. It is possible to improve the agree-
ment between the experiment and the theory by
postulating that at threshold, the SFR laser prefers
to oscillate in a totally internally reflecting bounc-
ing-ball mode?® which will have reflection losses
less than 0.1 Np in contrast to the present 1 Np re-
flection loss postulated for the normal reflection
Raman cavity., This possibility is under investiga-
tion and results will be published elsewhere.

VII. APPLICATIONS OF SFR LASER

We have seen above that the spin-flip Raman laser
in InSb has extremely narrow linewidth of < 0.03
cm™! and the linearity and resettability of fine tuning
exceeds 1:3%x10*% The over-all tunability is from
~10.9 to 13.0 u when pumped at 10.6 ©. Ina
sense, the SFR laser is an ideal source of tunable
monochromatic coherent radiation. Together with
its high peak and average power, the SFR laser
should be eminently suitable for a number of prac-
tical applications such as high-resolution infrared
spectroscopy, local oscillator in communication
systems and radar, in systems for detection of at-
mospheric pollution (since some of the pollutants
have IR absorption bands in the 10. 9-13. 0 u range),
etc.

Of all the above exciting applications, in this sec-
tion we describe an attempt to evaluate the useful -
ness of the SFR laser as a source of monochromatic
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FIG. 15. Experimental setup for using the tunable spin-

flip Raman laser as an infrared spectrometer source.
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FIG. 16. Absorption spectrum of NH; at a pressure
of 17 Torr taken with the spin-flip laser spectrometer
shown in Fig., 14. Identifications of the transitions are
as follows: transition one, aP(3, 1), sP(4, 3); two, aP
(3, 2);three, sP(5, 0), sP(5, 1); four, sP(5, 2), sP(, 3);
five, sP(5, 4) (see Ref. 29).

radiation in high-resolution infrared spectroscopy.
We have measured the absorption of NH; in 800~
900 cm™ ! range?® using the SFR laser as the source.
Figure 15 shows an outline of the experimental set-
up used. The SFR laser employed an n,~ 1. 3x10'
cm™® InSb samplé. The rest of the setup is self-ex-
planatory. The output gave the NH; absorption vs
magnetic field which is converted to frequency using
the tunability curve in Fig. 5. Figures 16 and 17
show portions of the absorption spectra of NH;
(ammonia pressure ~10-20 Torr and absorption
length =~ 15 cm) as a function of frequency in the
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FIG. 17. Absorption spectrum of NH; at a pressure
of 10 Torr taken with the spin-flip Raman laser spectrom-
eter shown in Fig. 14. The identification of the transi-
tions is as follows: transition one, aP(4, 0); two, aP
(4, 1); three, aP(4, 2); four, aP(4, 3); five, sP(6, 1);
six, sP(6, 2); seven, sP(6, 3); eight, sP(6, 4); nine,
sP(6, 5) (for identification, see Ref. 29).
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range of 840-875 cm™}. It should be pointed out

that absolute calibration of frequency from the mag-
netic field is limited to ~0.1 cm™?!, but the relative
calibration is better than 0.03 cm~!, The numbers
on the peaks identify®® the transitions. The inter-
esting point is that on Fig. 17 the sP (6,1) and sP
(6, 2) are resolved. The spacing is seen to be
~0.05 cm™!, This confirms our earlier estimate
of spin-flip Raman laser linewidth of < 0. 03 cm™®.
A comparison between the performance of the spin-
flip laser spectrometer with that of a 15-cm conven-
tional grating spectrometer can be obtained by
studying the Figure 18 where we compare the spec-
trum of Fig. 17 taken by the two different tech-
niques. The “conventional grating spectrum” is
reproduced from Fig. 1(a) of Ref. 30 where the
claimed resolution is ~0.1-0.2 cm” 1, and appears
to be nearly the best that has been done heretofore
using a conventional spectrometer. The compari-
son between Figs. 18(a) and 18(b) leaves no doubt
about the superior resolution of the spin-flip Raman
laser spectrometer.

Absorption by narrow molecular lines can be used
to check the frequency stability of the SFR laser
output. This was done by adjusting the magnetic
field so that we were at the peak of an absorption
line such as aP (4, 3) and monitoring the absorption
at a low NH; pressure of $1 Torr for a period of 30
min. There was no measurable change in the ab~
sorption indicating that the frequency stability of the
spin-flip Raman laser is at least as good as the es-
timated linewidth of Raman laser emission, i.e.,
0.03 cm™! or ~1:3x10%,

GRATING
SPECTROMETER

)

SPIN-FLIP
LASER
SOURCE

NH3 ABSORPTION
o

854 852 850 848 846
FREQUENCY (cm-1)

FIG. 18. Comparison of absorption spectrum in Fig.
16 taken with (a) the spin-flip laser and (b) conventional
grating spectrometer reproduced from Ref. 30.
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The ultimate resolution possible with the spin-flip
Raman laser spectrometer is expected to be much
better than what we have shown so far, This is so
because the emission linewidth of a quantum oscil-
lator such as the spin-flip Raman laser is expected
to be significantly narrower? than the present upper
limit of 0.03 cm™! reported here. For further de-
tails of spectroscopy using a spin-flip Raman laser,
Ref. 31 should be consulted.

An additional advantage of the spin-flip Raman
laser spectrometer lies in the fact that the output
occurs in form of ~30 nsec wide pulses in normal
operation (or ~3 nsec wide pulses in mode-locked
operation) as seen in Fig. 6. This should allow
time resolved spectroscopy in the 10-14 u range
which heretofore has not been possilbe with high
resolution. The drawback of a limited tuning range
of spin-flip Raman laser could be overcome by using
different pump lasers, higher magnetic fields and
other narrower band-gap semiconductors (in place
of InSb) such as Pb, _,Sn,Te or Hg,_.,Cd,Te where
the g value of the conduction electrons is larger than
that in InSb.

VIII. CONCLUSION

The recent success of obtaining stimulated Raman
scattering from spin-flip of conduction electrons in
InSb indicates the importance of Raman scattering
processes from mobile carriers in semiconductors
for obtaining tunable coherent radiation in the in-
frared. We have described some of the physics un-
derlying the InSb spin-flip Raman laser in detail and
touched upon possible applications of such a tunable
source. The other tunable source in this range of
wavelength is the Pb, _,Sn,Te diode laser® which can
be gross tuned by changing the composition and fine
tuned by changing the current. However, the fine
tuning of the Pb, _,Sn,Te diode laser is far from
ideal. Unlike the extremely linear and continuous
tuning of the SFR laser described here, the
Pb,_,Sn,Te diode laser tuning occurs in jumps from one
cavity mode to the next (with a small amount of fine
tuning about each cavity mode). Thus, the SFR
laser has some merit over the diode lasers. With
the operation of the spin-flip Raman laser, we have
just barely scratched the surface of the field of stim-
ulated Raman scattering from free carriers in
semiconductors. The field is wide open and in what
follows we make a few suggestions for promising
future research:

(a) Sparked by the success of stimulated Raman
scattering from spin-flip of electrons in InSb, the
next fruitful direction is to look for SRS arising
from some of the other electron processes dis-
cussed earlier in the paper. Of these Raman pro-
cesses, at least some can be made to go stimulated
using currently available pump lasers. In particu-
lar, the plasmon Raman scattering in InAs and InSb



1294

as well as the spin-flip Raman scattering in PbTe
appear to be very exciting.

(b) The SRS from mobile carriers in semiconduc-
tors is a technique for creating a large perturbation
of the electron gas. Such large perturbations may
be helpful in studying nonlinear plasma effects in
solids. For example, we are saturating the spin
system during SRS from spin-flip of electrons in
InSb. Another example is possible SRS from spin
flip of electrons in a multivalley semiconductor such
as PbTe. Here, by proper choice of the crystal
orientation, it might be possible to set up an insta-
bility involving intervalley electron transfer during
SRS from the spin-flip process. This “sloshing”
type of instability may be detectable.

(c) Improving the characteristics of the SFR
laser appears to be a promising direction. The cw op-
eration of the SFR laser should be possible with
properly coated InSb samples. The cw operation
will significantly improve the linewidth of the output
and increase the applications of the spin-flip Raman
laser. Efforts should also be made to increase the
output power from the SFR laser by changing the
spin-relaxation time and/or by drifting the carriers.
Heterodyne spectroscopy to measure the exact width
of the SFR laser output will also be useful.

(d) It should be possible to increase the tuning
range of the SFR laser by (i) using materials with
larger g values, e.g., Pb,_,Sn,Te or Hg; _,Cd,Te;
(ii) using higher magnetic fields; and (iii) using dif-
ferent pump laser frequencies, e.g., pumping at
9.6 1 using the CO, laser 00°1 - 02° transitions®
should allow tuning down to 9.8 u; pumping at 11. 00
pusing an N,O laser®shouldallowustogoto~13. 6
u; pumping at 5.5 u using a CO laser® should allow
us to tune from 5. 8 to 6.6 u; pumping at 23 u using
a H,0 laser should allow us to go in the 30-40 p
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range, etc.

(e) There are several unanswered questions about
the spin-flip Raman laser in InSb. For example,
the fine-tuning characteristics of the SFR laser
which are very desirable are not well understood,
nor is the understanding of the carrier concentra-
tion dependence of the SFR laser output quantita-
tive. These problems need future attention.

(f) Finally, there is a class of tunable Raman
scattering processes which do not depend upon the
magnetoplasma for scattering strength but derive
their tunability from the magnetoplasma. One
such process is the polariton scattering in the pres-
ence of a magnetoplasma® in GaAs. This process
appears promising for obtaining tunable SRS in the
near infrared.

(g) Nonlinear optical effects with the tunable
SFR laser appear possible because of its relatively
high tunable power output. For example, second
harmonic generation from SFR laser frequency will
yield a new tunable source of monochromatic radia-
tion in the 5.4~6.5 u range. As another example,
difference frequency mixing between a 10.6 u laser
and the tunable SFR laser will lead to tunable co-
herent monochromatic power output in the far in-
frared in the 30-170 cm™! range and will be of con-
siderable importance in the far-infrared spectros-
copy, because the difference frequency output will
retain all the characteristics of the monochromatic-
ity and the linearity of tuning of the SFR laser.
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The Raman spectra of plasmons in In- and Ga-doped cadmium sulfide are shown to consist
of very asymmetric peaks. A prominent interference shape is exhibited which is very similar
to that manifested by anharmonic phonon interactions between two optical phonons, as in A1PO,
and BaTiO;. In the present case, the interaction between the heavily damped plasmon mode
and one longitudinal optical phonon is due to the Coulomb interaction. The interference fea-
tures of the Raman spectrum are related to the electronic (plasmon) and ionic (phonon) charge-
density correlation functions, where the ionic charge is multiplied by a factor to include the
nonionic (electronic) part of the light-phonon scattering amplitude. In other words, we treat
the spectrum as due to interfering amplitudes for scattering into the plasmon state (PL| via
two channels: one direct, (PL|a |0); and one via an intermediate LO-phonon state coupled
by the Coulomb interaction, (PL|Coul. | LO)X{LO|a|0). This calculation gives very good
agreement with the observed line shape, and demonstrates the inadequacy of treating the
spectrum in terms of the usual dielectric function, In the special case when the light-phonon
scattering is purely ionic, however, our Green’s-function calculation is shown to be equivalent
to the dielectric-function formulation which includes both the plasmon and phonon contributions.
A detailed comparison of our theory with the experimental spectrum yields an estimate of the
relative contributions to the light-phonon scattering amplitude from electronic and ionic
charges. For CdS, these contributions are found to be of the same order of magnitude, but

opposite in sign.

I. INTRODUCTION AND EXPERIMENTAL

Very recent experiments! on inelastic light scat-
tering from plasmons in CdS revealed several

anomalies: First, the plasmon line shape was some-

what asymmetric; second, the plasmon linewidth

was 25% narrower than calculated from measured
Hall mobilities;, third, relatively featureless scat-
tering in the 0-200-cm™ region assigned as non-
collective electron transitions? (“single-particle
scattering”) occurred for both trace and off-diagonal
polarizabilities, whereas the trace scattering is ex-
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FIG. 6. Input CO, laser pulses and output spin-flip
Raman laser pulses for normal operation and for mode-
locked operation of the CO, laser (n-InSb, n,~1,3x10%¢
em™, T~18°K, B~40 kG).



