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Stimulated Raman scattering from photoexcited holes at magnetic fields up to 68 kG in p-InSb is described.
Experiments varying excitation wavelength, magnetic field, polarization, and sample orientation are discussed. A
comparison of the experimental results with the latest valence-band calculatlons allows the identification of the
energy levels involved in the scattering process. For sample orientation H|[<100> the initial state is the valence-band
Landau level ALH 1,1*31 and the final state is BHH 3,3731. ALH, BLH are the “light hole” ladders (approximate
spin M = +3/2 and M = — 3/2, respectively). AHH, BHH are the “heavy hole” ladders (approximate spin
M = —1/2 and M = + 1/2, respectively). For the orientation H||<111> initial state and final state are BLH 0,0*
and AHH 3,0%, respectively. The holes involved in this Raman scattering process always have a nonzero
momentum along the direction of the magnetic field (k,, 50). The largest Raman shift we measured was about 2.7

cm™,

I. INTRODUCTION

Spin-flip Raman scattering from holes in the
valence band of a semiconductor was first con-
sidered theoretically by Yafet in 1966.! The scat-
tering process he described takes place in the
degenerated valence-band energy levels which are
split apart by the application of a magnetic field.
Hollis and Scott® reported the first time on spin-
flip scattering in the valence band. They observed
spontaneous spin-flip Raman scattering from free
holes in p-ZnTe. We reported the first time on
stimulated Raman scattering from photoexcited
holes and electrons in p-InSb.> The Raman scat-
tering from photoexcited electrons, which turned
out to be a spin-flip scattering, showed in almost
every detail the same behavior as the spin-flip
Raman scattering from conduction electrons in
very pure n-type InSb. Thus in this paper we are
concerned with the more interesting scattering
process from photoexcited holes in the complex
valence-band energy levels. To give a complete
interpretation of the experimental results, es-
pecially of the magnetic field dependence of the
Raman shift, we did further experiments which,
in connection with the latest valence-band calcu-
lations of InSb by Trebin and Rdssler,* led us to
an understanding of the behavior of this scattering
process.

In the very latest publication,’ Scott gives a
totally different explanation of our first published
data® than that which we propose. He reanalyzed
our data of Ref. 3 in terms of free-to-bound exci-
ton transitions. Stimulated by that paper we have
done further experiments which confirm our inter-
pretation.

II. EXPERIMENTAL DETAILS

The samples used were cut from single crystals
of p-type InSb with carrier concentrations of p

=(N,=Np)=1.6x10" cm™, p=1.0%x 10 cm™3,
Sample dimensions were 3 X 3X 8 mm®. We in-
vestigated the scattering process for three differ-
ent sample orientations in the magnetic field:
H|[(100), H|](110), and H||(111). The samples
were immersed in superfluid helium pumped to a
temperature of 1.6 K. As pump laser we used a
@-switched low-pressure CO laser. A grating
selected one of the emitted laser lines. Typical
output powers for the laser lines used were about
100 W. The pulse widths were ~100 nsec and the
repetition rate was about 200 Hz. The CO-laser
beam was focussed onto the sample with a CaF,
lens (f =30 cm) with the sample mounted in the
Voigt configuration in the center of a 68-kG split-
coil superconducting magnet. The transmitted
and scattered radiation was detected with an InSb
detector in conjunction with an f/6 grating spec-
trometer and the signal was then fed into a boxcar
integrator and recorded. The standard deviation
of our frequency measurements by the spectrome-
ter was £0.05 cm™!.

IIl. THEORETICAL BACKGROUND

Yafet' calculated the cross sections for Raman
scattering by electrons and holes in a semicon-
ductor subjected to a magnetic field. He predicted
that the cross section will diverge as the laser
energy approaches the band-gap energy. If you
want to discuss Raman scattering processes, es-
pecially Raman scattering by holes, it is neces-
sary to have an exact model of the Landau states
because of the complex valence-band structure in
InSb.

A very extensive and detailed calculation of the
Landau states of InSb was done by Trebin and
Rossler.* The calculation concept is based on an
effective Hamiltonian acting in the eightfold space
of the valence band and the lowest conduction band
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TABLE 1. Dipole selection rules between Landau levels for inter- and intraband transitions (taken from Ref. 4).

Selection rules

Relative matrix e, e3
element AQ AQ AP AQ AQ AP
Type intra inter Ar AN AK [001] [110] [001] Ar AN AK [001] [110] [001]
M, Y1,Y2:7Y3 bs yes %1 +1 +1 0 1 yes 0 0 2 1 0
My Yo, Y38 st +1 ozl 1 0 0 0
M, Yo-V3 yes +1 +1 0 1 yes 0 2 1 0
M3 (Ya-v3)¢ +1 1 0 0
My  c,cqc5 b,coT 1) =1 0 1 0) 2 1 0
My c&,cq,c58 bE “yes” (x1) 1 “yes” 0) 0

of a zinc-blende-type material. The Hamiltonian
is constructed by invariant expansion. The method
of invariants, which has been successfully applied
to germanium by Hensel and Suzuki,® is extended
to the cross space between valence band and con-
duction band on the basis of the angular momentum
calculus. The schemes for the classification of the
energy levels are established according to the
transformation properties of the eigenstates since
the Hamiltonian is constructed on group-theoreti-
cal considerations. In Table I (taken from Ref. 4)
selection rules are given for inter- and intraband
transitions for circulary polarized (e,) and longi-
tudinal (e;) electric fields. Apart from the M-
type transitions, which are always present and
presumed to be the strongest, several less re-
strictive selection rules are given: The M,-type
transitions are possible only through the longitu-
dinal momentum k%, and hence they are referred to
as noncentral or k, transitions, M,-type transi-
tions are harmonic or warping-induced transitions,
M,~type transitions are ky-harmonic transitions,
M,-type transitions are inversion-asymmetry-
induced transitions, and M -type transitions are
ky-inversion-asymmetry-induced transitions. (A
complete explanation of these types of transitions
and of the quantum numbers used is given by
Trebin et al 2)

By spin-flip transitions in the valence band we
denote those processes which involve one photon
polarized parallel to the magnetic field H and one-
polarized transverse to H. Owing to this definition
of a spin-flip scattering process in the valence
band given by Yafet' you can, with the assistance
of Table I, set up the selection rules for spin-flip
scattering processes in the valence band as well

TABLE II. Selection rules for the spin-flip Raman
scattering in the conduction band and valence band.

EpLH; || Hor 8p|| H; 8L H
AK  AQ{100)  AQ(110) AP (100)
+1 x1 +1 +1

Ar AN
no +1

as in the conduction band.

Table II shows the selection rules for spin-flip
Raman (SFR) scattering processes in the conduc-
tion and valence band. For the transitions from
the initial to the intermediate states and from
there to the final state we assumed M,-type tran-
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FIG. 1. Classification of the energy levels of the con-
duction band and valence band for H|| (100). The arrow
marks a possible spin-flip transition in the valence
band according to Table II.
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FIG. 2. Classification of the energy levels of the con-
duction band and valence band for H|| (111). The arrow
marks a possible spin-flip transition in the conduction
band according to Table II.

sitions.

In Figs, 1 and 2, the energy levels for the mag-
netic field orientations || (100) and H|| (111) are
sketched and possible SFR transitions in the con-
duction and in the valence band are marked. Since
it is convenient we describe the hole scattering in
the valence band by the movement of the corre-~
sponding electron (electron picture). The notation
of the energy level is taken from Trebin ef al 2
The quantum numbers in round brackets are ac-
cording to the work of Pidgeon and Brown,” which
allow a comparison with the notation of Trebin
et al.

As you will see later, our experimental results
could not be interpreted by such Raman hole scat-
tering processes in the valence band shown in
Fig. 1. So we have taken into consideration Raman
scattering by holes with nonzero longitudinal mo-
mentum ky. Figure 3 shows the k4 dependence of

by a calculation program Trebin had placed at our
disposal. We should like to remark that the band
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FIG. 4. Ig_ 4 dependence of the first five valence-band
levels for H|[(100) at a magnetic field of 35 kG.
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FIG. 5. ku dependence of the first five valence-band
levels for H|| (111) at a magnetic field of 35 kG.

parameters used (y, =40.0, v,=18.0, v,=19.2,
k=17.1, and ¢=0.4) were determined from cyclo-
tron resonance measurements by Ranvaud,® and
not just fitted to our data.

Because of the complex 2y dependence of the
valence-band energy levels in the magnetic field
it is necessary to restrict our discussion to those
levels which could, with respect tothe given ex-
perimental situation, be involved in Raman scat-
tering processes from holes.

Figures 4 and 5 show the first five valence-band
energy levels at a magnetic field of 35 kG, with %,
values up to 8 X10° cm™!, and for the magnetic
field orientations H || (100) and H|| (111), respec-
tively. (No calculation was done for the magnetic
field orientation H||(110) and %,# 0 because the
Hamiltonian of the (110) direction has only the
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FIG. 6. kg dependence of the energy difference be-
tween the valence-band lev_ells 3,3731 and 141" 31 for five
different magnetic fields (H|| (100)).
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FIG. 7. ky dependence of the energy difference be-
tween the valence-band levels 0, 0"00 and 3,3"11 for five
different magnetic fields (H|| (111)).

trivial symmetry so that the full Hamiltonian ma-
trix has to be diagonalized.) Energy levels with
different quantum numbers K (for H|| (111)) or
different quantum numbers P (for H|| (100)) cross,
while those with same K or P repel as they ap-
proach one another in the diagram (Figs. 4 and 5)
in which the levels are plotted as function of k.
The valence-band energy levels 1;1*31 and 3,3731
for H 1 (100), as well as 0,0*and 3,0* for H||{111)
show this anticrossing behavior very clearly (see
Figs. 4 and 5).

Another interesting fact is that the energy dis-
tance between these levels in the anticrossing re-
gion increases very slowly with increasing the
magnetic field. Figures 6 and 7 show the energy
differences of the two energy levels concerned for
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FIG. 8, Combined density of states of the levels 38,3731
and 1,1"31 for H|| {100y, and of the levels 040*00 and
3,311 for HI| (111),
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five different magnetic field values for H || (100)
and H || (111), respectively. It is obvious from
Figs. 6 and 7 that the energy differences of the
energy levels near the anticrossing points remain
almost constant respecting the large magnetic
field region of 35 to 65 kG. For an increasing
magnetic field the points where the levels approach
one another are shifted to larger k, values.
Furthermore, in the 2; region where the levels
approach one another, the curves of the two energy
levels become parallel, which points to a large
combined density of states.

According to Eq. (1), which gives the combined
density of states without consideration of any
quenching effects, we calculated the combined
density of states of the energy levels for H (| (100)
and H [I(111) as follows:

1
BE, 0E,

E .(ky) is the energy of the levels 1,1*31 for
f H(lOO) and 0,0* for Al(111) in dependence of
ky. E,(ky) is the energy of the levels 3,3731 for
H11(100) and 3,0* for Hil(111) in dependence of ky.
The result of the calculation for H= 35 kG is
given in Fig. 8. The combined density of states
shows peaks centered at 1.3 cm™ for H [1{111) and
at 1.5 cm™ for H|[(100). The next section will
show that all these special behaviors of the
valence-band energy levels with which we are
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FIG. 9. Spectra of the stimulated Raman scattering
from photoexcited holes taken at two different magnetic
fields. (InSb, p=1x10M cm'3 T=1.6 K, pump fre-
quency w;=1969.284 cm™, polarization: ELII H).

Intensity (rel.units)

concerned play an important part in the discussion
of our experimental data of the stimulated Raman
scattering.

1V. EXPERIMENTAL RESULTS AND DISCUSSION

First the experimental facts are listed: For
magnetic fields >30 kG we observed a Raman scat-
tering process with a very small Raman shift of
about 0.2 cm™!/kG. Figure 9 shows two spectra
taken at different magnetic fields. We registered
Stokes and anti-Stokes lines, the intensity of the
Stokes being generally twice that of the anti-
Stokes. The nonlinear dependence of the scattered
intensity on the pump intensity and its narrow
linewidth make it obvious that the scattering pro-
cess is stimulated. The polarization of the scat-
tered radiation is parallel to the pump laser beam
and also parallel to the magnetic field direction.
The scattering process is not to be observed at
temperatures higher than 2.5 K. The measured
frequency shifts were different for different CO-
laser pump wavelengths. The frequency shifts
did not extrapolate to zero at zero magnetic field.

Figures 10, 11, and 12 show the tuning charac-
teristics of the scattered radiation dependent on
the magnetic field for sample orientations Hl|(100),
HIl(111y, and H||(110). In our first experiments we
could observe frequency shifts for seven different
CO-laser pump wavelengths (No. 1, 2, 3, 6, 7, 12,
and 13), which are the strongest in the frequency
region of 1943 to 2008 cm™'., To find out whether
the number of the observed transitions is re-
stricted to eight (Scott’s theory predicts eight
transitions at most®), we optimized the CO-laser
output for the short wavelengths and repeated the
experiments for the H|(100) orientation. We could
then observe frequency shifts for fifteen different
CO-laser pump wavelengths (see Fig. 10). The
spectrum ends at 68 kG because this is the maxi-
mum magnetic field we can achieve. We are sure
that you can observe even more transitions if
higher magnetic fields and shorter CO-laser wave-
lengths are at your disposal.

There are two experimental data which charac-
terize the anisotropy of the scattered radiation:
First, the frequency shifts started at about 1.2
em™ for HI(111), at about 1.4 cm™ for H||(100),
and at 1.7 em™! for Hl(110); second, the observed
frequency shifts are shifted to slightly higher fields
when you go from H|(110) to HIl(100) and further
to HIl(111).

An interpretation of the experimental data has
to explain the facts mentioned above and especial~
ly, since we intend to interpret the measurements
by stimulated Raman scattering from photoexcited
holes in the valence band, this interpretation has
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to explain why different pump lines show different
tuning characteristics, and why the magnetic field
dependence of the scattered radiation starts always
with almost the same frequency shift although the
magnetic field increases from 30 to 60 kG. All
the results can be explained by stimulated Raman
scattering from photoexcited holes assuming that
this scattering process takes place between the
valence-band levels 1,1*31, 3,331 for H|(100) and
0,0*, 3,0* for H||(111) in that k, region where these
levels approach one another (see Figs. 4 and 5).
The calculation of the energy difference of the
anticrossing levels shows (see Figs. 6 and 7) that
the smallest energy difference of these levels is
almost constant between 30 and 60 kG. When we
assume that the quasi-Fermi level of the photoex-
cited holes is placed between the respective levels
we would expect the scattering process to take
place where the combined density of states is larg-
est (see Fig. 8). In this case the energy shift
ought to be about 1.3 and 1.5 cm™ for H(|(111) and
for HI|(100), respectively. Reference to Figs. 10
and 11 shows that this is in good accord with the
transitions observed. Even the small dependence
on sample orientations (smaller energy shifts for
H([(111) than for H||(100) is confirmed by the ex-
perimental data. For HI||(110) there is no com-
parison possible with theoretical calculations
since for this orientation no calculation was done
as already mentioned in Sec. III.

To give an explanation of the magnetic tuning of
energy shifts for each pump laser line you have to

take into consideration the magnetic field depen-
dence of the quasi-Fermi level for a given excita-
tion wavelength. The position of the quasi-Fermi
level of the photoexcited holes depends on the en-
ergy and intensity of the pump wavelength as well
as on the magnetic field. It should be noticed that
the energy gap of the InSb samples at 1.6 K hap-
pens to coincide almost exactly with the energies
of the CO-laser lines used. Therefore, the mag-
netic field dependence of the energy gap affects
very strongly the production of the photoexcited
holes. From Figs. 6 and 7 there can be seen what
happens when the quasi-Fermi level is between
the anticrossing levels and the magnetic field is
increased. The quasi-Fermi level begins to move
towards the top of the valence band (increasing the
magnetic field reduces the absorption of the pump
laser). The quasi-Fermi level reaches the upper
of the anticrossing levels first at that 2, value
where they approach one another. The hole popu-
lation begins to decrease where the energy differ-
ence of the anticrossing levels is smallest. Thus,
the scattering process is shifted to 2, values in the
vicinity of the anticrossing point and leads to larg-
er Raman shifts. So the magnetic tuning behavior
of the energy shifts for each of the pump wave-
lengths depends likewise on the magnetic field
dependence of the involved valence-band level and
on the position of the quasi-Fermi level.

As the energy difference between these valance-
band levels varied very slowly with the magnetic
field in the B, region where they approach one
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FIG. 13. Four different spectra illustrate the single
phases of the stimulated Raman scattering from photo-
excited holes (T=1.6 K, pump frequency w;=1892.263
em™, polarization: E||H).

another (see Figs. 6 and 7), the tuning character-
istics of the Raman shifts are especially due to the
magnetic field dependence of the quasi-Fermi
level. In Fig. 13 four spectra are given which
show the single phases of the scattering process.
At a magnetic field of 41.03 kG the pump frequency
wp=1965.2 cm™ is completely absorbed. There
is no Raman scattering possible. But the intensity
of the laser radiation is high enough that stimu-
lated recombination radiation (SRR) can be ob-
served. The investigation of this SRR, which we
interpret as band-band recombination, is given

in Ref. 9. An increase of the magnetic field

shifts the SRR towards the laser line. For a mag-
netic field of 44.04 kG [ Fig. 13(b)] we observed the
transmitted laser line, the stimulated anti-Stokes
line, and the SRR overlapping the Stokes line.

The interaction of the SRR and the stimulated ra-
diation narrows the linewidth of the SRR. The
same interaction has been observed between SRR
and stimulated spin-flip Raman scattering in »-
type InSb.'° At a magnetic field of 45.49 kG there
is only the stimulated Stokes, anti-Stokes, and
the transmitted laser line to be seen [ Fig. 13(c)].
By further increasing the magnetic field the inten-
sities of the Stokes and anti-Stokes radiation be-
came rapidly smaller until the scattered radiation
was no longer to be seen. Both valence-band lev-

els were then filled with electrons in the &, re-
gion where the combined density of states has a
maximum and the Pauli exclusion principle ex-
cludes the Raman transition. If you want to ob-
serve the stimulated Raman transition at higher
magnetic fields you have to take a pump wave-
length which has enough energy and intensity to
produce the “fitting” quasi-Fermi level again.
This is the reason why the tuning characteristic
of the stimulated scattering process for a given
excitation wavelength is only observable for 5 to
7 kG.

The population of thermal holes was very low
at the temperature of 1.6 K at which the experi-
ment had been performed. When you calculate
the probability of thermally exciting an electron
from the valence band to the known acceptor level
(E,=8 meV) at 1.6 K you find a hole population
of less than 107 cm™3,

In order to estimate the photoexcited hole pro-
duction by the incident laser light, we compute
the photon number for the wavelengths and inten-
sities used. For example the CO-laser line
wp=1947.5 cm™ with a peak power of 100 W and
a pulse duration of 100 nsec corresponds to the
photon number of 2x 10, The laser light was
focused into a volume of about 3x10* cm?® inside
the InSb sample. Complete absorption of the
laser light would produce about 10'® hole-electron
pairs/cm?,

The lifetime of the photoexcited holes is about
10°% sec at low temperatures’! and therefore re-
markably longer than the duration of the laser
pulse. Thus a population of about 10'® holes/cm?
can be produced by the laser radiation. In the
magnetic field region where the scattering process
is observed, the laser radiation is almost com-
pletely absorbed so that we may expect a hole
population of 10'7 to 10 holes/cm?® This popula-
tion density is high enough to produce the fitting
quasi-Fermi levels of about 10 to 20 ecm™ which
are necessary to observe the scattering process
between 35 and 65 kG (see Figs. 4 and 5).

For magnetic fields smaller than 30 kG no
stimulated Raman scattering from photoexcited
holes has been observed, but we did observe the
stimulated spin-flip Raman scattering from pho-
toexcited electrons up to 40 kG. Figure 14 shows
the magnetic field dependence of the first and sec-
ond Stokes of the spin-flip Raman scattering from
photoexcited electrons. The spin-flip Raman scat-
tering from photoexcited electrons showed in al-
most every detail the same behavior as the well
known spin-flip Raman scattering in pure »-type
InSb. The gain of the photoexcited electrons spin-
flip process exceeds that of the photoexcited holes
scattering process and is therefore dominant in the
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FIG. 14. Magnetic field dependence of the first and
second Stokes of the spin-flip Raman scattering from
photoexcited electrons.

low magnetic field region. An increase of the
magnetic field leads to an increase of the combined
density of states, which is linear in H [see Eq.
(1)]. So, at a critical magnetic field (=30 kG),

the threshold for holes scattering is reached and
the scattering process begins.

The temperature dependence of the hole scat-
tering is also a question of threshold conditions.
We found a dramatic increase (up to factor 5) of
the Raman gain for spin-flip scattering in »-type
InSb when we reduced the sample temperature
from 4.2 to 1.8 K.** So we think that at the tem-
perature of 2.5 K the threshold for hole scattering
is no longer achieved and the transition disap-
pears.

In all spectra only the first Stokes line and the
first anti-Stokes line could be registered. For a
stimulated process, the anti-Stokes line can only
be generated by mixing processes. So higher
Stokes lines can be expected to be generated by
mixing processes, too, especially at this very
small frequency shift where there is little disper-
sion and where the phase-matching problems can
be neglected. The absence of higher Stokes lines
in our spectra is to be explained as follows: The
mixing process, which yields the electric field
of the anti-Stokes line (E,g), is given by

EAS ’"'ELELE;.

So the strong electric field of the pump laser E,
contributes twice, the electric field of the first
Stokes line E¥ contributes only once to the genera-
tion of the anti-Stokes line. In the case of the

second Stokes line (E, ) you find
E,s ~EFESEs .

Here the electric field of the pump laser contri-
butes only once to the generation of the second
Stokes line. Since in our experiment E; > Eg,
there was only the mixing process for the anti-
Stokes to be observed for the given intensity of
the pump laser. In a similar way you can argue
the absence of higher Stokes lines,

The final aspect of the analysis of our data con-
cerns the selection rules for the discussed hole
scattering process. The polarization of the Stokes
photon is the same as the polarization of the inci-
dent photon.  So the observed scattering process
cannot be a spin-flip transition according to the
definition by Yafet! and to the selection rules
given in Table II. But with the aid of the selection
rules given in Table I the mechanisms for the
postulated Raman transitions can be identified:
For HI100) the postulated transition 3,3°31— in-
termediate state -~ 1,1*31 is allowed in the (7, )
polarization by two-step processes of the types
(Mo, M), (MyyM,), and (M,, M ;) with the inter-
mediate states 3,311, 1,1°11, and 3,3731, re-
spectively. (Note that the selection rules given
in Table I describe elecjron transitions and not
hole transitions.) For HII{111) the postulated
transition 3,0*. intermediate state —intermediate
state - 0,0" is allowed in the (w,7) polarization by
the two-step processes of the types (M,, M,) and
(M,, M ;) with the intermediate states 3,0~ and
3,0%, respectively. These are the mechanisms
which contribute most to the stimulated Raman
scattering process we observed.

In summary, the analysis of our experimental
data justifies the interpretation of the observed
scattering process to be a stimulated Raman scat-
tering process from photoexcited holes with a
nonzero momentum along the direction of the mag-
netic field. Latest valence-band calculations allow
the identification of the Landau levels involved in
the scattering process. For sample orientation
H((100) the initial state is the valence-band Landau
level ALH 1,1*31 and the final state is BHH 3,331,
For the orientation H||(111) initial state and final
state are BLH 0,0* and AHH 3,0*, respectively.
ALH, BLH are the “light hole” ladders (approxi-
mate spin M =+ 5 and M = -3, respectively). AHH,
BHH are the “heavy hole” ladders (approximate
spin M = —3 and M =+3, respectively). In this case
the initial and final states mark the position of the
hole before and after the scattering process. The
observation of more than eight transitions (see
Fig. 10) contradicts Scott’s theory but confirms
our interpretation of the experimental data.
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