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High-resolution two-photon magnetoabsorption (TPMA) spectra are obtained for €1B
and €| ]ﬁ polarizations in the Voigt geometry. The use of cw CO, lasers and a sensitive
photoconductivity technique have allowed the observation of many new TPMA transi-
tions. A modified Pidgeon-Brown energy-band model, along with the usual spherical
two-photon selection rules, explains most of the observed transitions. The temperature
dependence of the energy gap is deduced from an analysis of the TPMA spectra at vari-

ous temperatures.

I. INTRODUCTION

Magneto-optical investigations of two-photon
processes are particularly valuable for studying
nonlinear absorption in semiconductors. The selec-
tion rules for two-photon magnetoabsorption
(TPMA) allow completely different transitions to
occur than for one-photon magnetoabsorption. In
previous experiments of TPMA in InSb, pulsed
lasers were used because it was believed that high
intensities were necessary to observe two-photon
transitions. However, we have recently shown that
for the first time in solids, cw lasers operating at
even milliwatt powers can be used in the study of
TPMA if a sensitive enough detection method like
photoconductivity (pc) is used.! Derivative TPMA
spectroscopy with sampling and magnetic field
modulation techniques applied to the pc signal fur-
ther allows the observation of weak transitions in
the TPMA pc spectra that would otherwise be
unobservable.

In this paper we present comprehensive results
on the TPMA spectra for both 1B and €| |B in
the Voigt geometry for various lattice temperatures
from 1.8 to 100 K. Most of the observed transi-
tions are adequately explained by the spherical
selection rules As =0, An =0,+2, and a Pidgeon-
Brown model calculation for the Landau-level en-
ergies. For the first time, we determine a set of
band parameters for InSb from our TPMA experi-
ments. By observing the resonant structure at dif-
ferent temperatures, we determine the variation of
the energy gap with lattice temperature and com-
pare it to previous experiments and theoretical re-
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sults. From measurements of the number of two-
photon-produced carriers as a function of laser in-
tensity, we estimate TPMA coefficients for some
of the stronger transitions. To our knowledge this
is the first time that TPMA coefficients have been
calculated from magnetophotoconductivity experi-
ments.

'The first TPMA experiments in InSb were car-
ried out by Button et al.? using a Q-switched CO,
laser simultaneously oscillating on two lines. They
observed resonant structure in the photoconductivi-
ty caused by two-photon absorption between Lan-
dau levels in the valence and conduction bands.
Zawadzki, Hanamura, and Lax® were the first to
develop a set of two-photon selection rules using a
time-dependent perturbation-theory approach.
Later, Weiler et al.* extended Keldysh’s® tunneling
theory to the magnetic field case to try to _explain
the ¢ observed® polarization dependence (€1B and
€||B). However, this theory was later found to be
incorrect for two- (or even-) photon absorption and
was shown to reduce to the perturbation-theory re-
sult.”® Perturbation theory was again used by Bas-
sani and Girlanda’ to calculate explicit expressions
for the two-photon transition rate in a magnetic
field. TPMA experiments on InSb were continued
by Nguyen and Strnad'® and Nguyen ez al.!! who
studied the absorption by free holes created by the
two-photon processes using a Q-switched CO, laser
pulse. Both linearly polarized light with €||B and
€1B and left (o) and right (og) circularly polar-
ized light were used. They compared the experi-
mental absorption strengths of the two-photon

transitions for €1B (0;,08,07 +0g) With a

6300



25 TWO-PHOTON MAGNETOABSORPTION SPECTROSCOPY IN - . ..

theoretical calculation based on the perturbation-
theory approach and found reasonably good agree-
ment. However, only a small number of transi-
tions were observed and only one-photon energy
was used. Manlief and Palik'? extended the
TPMA experiments to investigate the differences
between the light polarizations €1B and €||B in
the Voigt configuration. The light source was a
transversely excited atmospheric (TEA) CO, laser
with an intracavity grating which allowed the
photon-energy dependence of the TPMA transition
to be studied. Their use of the photoconductivity
technique enabled more transitions to be observed
than were found by Nguyen et al. However, their
transition assignments were somewhat ambiguous
because of the uncertainty of both their measure-
ments and the one-photon-interband Landau-
energy data that was used to obtain the transition
energies for their two-photon case. Nevertheless,
they found several transitions in their studies
which were not adequately explained by the usual
spherical selection rules obtained from ordinary
perturbation theory. In this paper we give transi-
tion assignments that are more unambiguous be-
cause (1) the higher resolution of our data allows
more transitions to be seen, and (2) the data are
compared with two-photon transition energies ac-
tually calculated from a Pidgeon-Brown model
with band parameters adjusted to give a best fit.
Selection rules are extremely important for a

good description of the two-photon magnetoab-
sorption process. The most complete summary of
the two-photon selection rules for the different
light polarizations (o, ok, 0, and 7) was given by
Zawadzki and Wlasak, but only for the case of
B||[001]."® Extra transitions were shown to occur
because of warping and inversion-asymmetry ef-
fects. In this paper we give more complete two-

“photon selection rules for the different light polari-
zations and for B||[111] and [110] directions, as
well as the [001] direction.

II. EXPERIMENT

The samples of high-purity #-InSb ( ~9x 10"
cm~?) were mounted in the Voigt configuration
with the current parallel to the magnetic field B
and B parallel to [110] [100] and [111] crystallo-
graphic directions. Light from a grating-tunable
cw CO, laser was mechanically chopped by a ro-
tating slotted wheel to produce optical pulses of
approximately 20-usec width at a repetition rate of
1700 Hz. This minimized heating of the sample
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which was either immersed in liquid helium or sur-
rounded by flowing helium gas for the higher tem-
perature measurements. To vary the intensity of
the laser we placed CaF, attenuators in the beam
path. Beam profile measurements at the sample
location showed that the beam was Gaussian with
a typical 1/e intensity diameter of approximately
0.5 mm. A boxcar integrator was used to measure
directly the photoconductive voltage, which at low
powers is related to the number of two-photon-
produced photocarriers. Field positions, ampli-
tudes, and line widths can then be directly mea-
sured and studied as a function of laser intensity,
lattice temperature, etc. The addition of modula-
tion techniques significantly improves the sensitivi-
ty and resolution of photoconductivity experiments
allowing a more accurate determination of the
resonant field positions and resolution of weak
structure.

A variation of the sampling and magnetic field
modulation technique developed by Kahlert and
Seiler,!* for hot-electron quantum transport mea-
surements is used to improve greatly the signal-to-
noise ratio in photoconductivity measurements. A
constant dc electrical current is applied to the sam-
ple while an ac magnetic field B,, of amplitude up
to 200 G modulates the sample conductivity at a
freqency of 43 Hz. The photoconductive signal
produced by the laser pulse and the field modula-
tion is amplified by a high-impedance differential
amplifier, the output of which is connected to a
sampling oscilloscope and lock-in amplifier com-
bination.

In Fig. 1 we demonstrate how powerful the
photoresistance-derivative technique is by compar-
ing traces obtained with the sampling oscilloscope
and lock-in amplifier combination (d*R /dB?,
dR /dB) to that obtained with a boxcar averager
(R). As can be seen, the TPMA structure in the
d’R /dB? trace is much sharper and more pro-
nounced than in the R trace, making determination
of magnetic field positions for the transitions not
only easier but more accurate. The field positions
of the resonant structure are not changed by the
modulation technique. In addition, and most im-
portantly, the second-derivative technique is able to
resolve very weak structure that is marginally or
not at all observable in the R trace (note the dotted
lines). This is one reason we are able to observe
more TPMA transitions than have previously been
reported. The use of stable cw lasers also reduces
the pulse-to-pulse amplitude variation usually
present from pulsed lasers. The resulting enhanced
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FIG. 1. Comparison of TPMA data using our high-
resolution technique and that obtained with a boxcar
averager. The d’R /dB? and dR /dB curves are the
second and first derivative of the magnetophotoresis-
tance R with respect to magnetic field B using the sam-
pling and magnetic-field modulation system. R is the
magnetophotoresistance of the sample obtained with a
boxcar averager commonly used on other experiments.
The dashed lines point to weak transitions in d*R /dB?
not found in the R traces. (B,,=200 G.)

signal-to-noise ratio thus allows more TPMA tran-
sitions to be seen at low fields where the TPMA
transition strength is weak.

III. RESULTS
A. Transition energies

An interesting aspect of two-photon magnetoab-
sorption and one that has been the subject of much
controversy is the effect of different polarizations
of the light on the TPMA spectra. Such effects
are a consequence of the selection rules, which are
different for different polarizations. In Fig. 2(a)
the resonant structure caused by the polarizations
€1B and €||B in the Voigt configuration is shown.
The structure is labeled with numbers correspond-
ing to distinct sets of transitions. Two major ob-
servations about these transitions are apparent: (1)
those for €||B are much weaker than those for

Bm=2006 §I8 ¥ \
. \«»wvw‘ww\]\j\/\"\)v\v/\f\/-v J‘U\Aﬂ/\/ _f\\' _
(a) 1
H
&
g
B
15
| | l
00 05 10 15 20

B(T)

FIG. 2. (a) Comparison of TPMA structure for €| B
and €1B with B,, =200 G. (b) Increased resolution of
structure for €1B using B,, =50 G.

€1B and (2) for €1B, more complex structure is
seen. Previous studies'®!? of TPMA with pulsed
lasers also showed this. The complexity of the
€1B structure is much more evident in Fig. 2(b)
where a lower modulation field B,,~50 G results
in small resonant amplitudes but allows resolution
of fine structure down to very low magnetic fields.
For example, we have complete resolution of a
“double nature” to lines 19,20,22,23,25—32, while
evidence for doublets from the line shape can still
be seen in lines 33—35. Previous TPMA experi-
ments did not have the resolution to detect this na-
ture of the actual TPMA structure.

In Table I we have listed the two-photon magne-
toabsorption selection rules derived from the usual
spherical approximation and additional selection
rules which are allowed because of warping and
inversion-asymmetry effects. We have included
the selection rules for the case of B||[111] and
B||[110] by extending the one-photon selection
rules of Weiler et al.!® to the two-photon absorp-
tion case. Transitions within the a and b set of
solutions are denoted by As =0, while As=—1
denotes transitions from a to b and As=+1, b to
a. Also given is the corresponding change in
Landau-level number An from the initial valence-
band state to the final conduction-band state using
the unrenumbered valence-band-state notation. In
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TABLE 1. Selection rules for two-photon transitions in zinc-blende semiconductors, for a magnetic field ﬁl |[001],
[110], and [111] crystal axes, both allowed (4) and induced by warping ( W) and inversion asymmetry (I).

B||[001] B||[110] B||[111]
A 1
Polarization As An As An As An As An As An As An As An
0 —1+45
-1 +1,+5 -1 0,+6
o 0 42 0 —2,+6 o 02 0 +1, -1  +3
+4,+6 +3,45

+1 —1,43 +1 —2,4+4 +1 +1
. -1 +1,-3 -1 42,—-4 0 +1,-5
EIB og 0 —2 0 +2,—6 o 0+2 0 » -1 -1
+1 —1,-5 —4,—6 = 41 0,—6 +1 -3

—1 +1,+3 —1 —2,+4 0 +3

o 0 0 0 +4 0 +2,+4 0 1,13 1 +1

+1 41,43 +1 +2,—4 +1 -1

—1 +1,+3 -1 —2,+4 0 +3

E[B = 0 0 0 4 0 +2,+4 0 1,43 -1 ¥
+1 +1,43 +1 +2,—4 +1 -1

agreement with the data (1) the spherical approxi-
mation rules predict more transitions for €1B than
for €||B and (2) some of the transitions should be
the same for both light polarizations (i.e.,

An =0,As =0).

Quantitative results of transition energies (twice
the photon energy) versus resonant magnetic field
positions are shown in Fig. 3 for both (a) €1B and
(b) €||B along with theoretically calculated results
with B||[110]. There are many more transitions
plotted than have been found from the earlier stud-
ies using pulsed lasers.>%1°=12 We have added
several weaker transitions to the €1B set reported
earlier by us.! In Table II, we give the theoretical
assignments of the intial and final states to the ex-
perimentally observed two-photon transitions. The
experimental positions of our two-photon structure
are in good agreement with those published in
Refs. 10—12. In addition, it is interesting to note
that our identification of the transitions 4, 5, 7, 9,
10, 12, 15, and 20 is the same as that in Refs. 10
and 11, whereas the identification in Ref. 12 is the
same for only transitions 4, 7, 10, 11, and 15. The
Landau levels were calculated from an 8 X 8
Pidgeon-Brown model which includes only the
warping terms in the diagonal part of the Hamil-
tonian and no inversion asymmetry terms.'*16
Transitions involved in magnetoabsorption experi-
ments are usually considered as being to exciton
levels rather than being between the Landau levels.

However, there is at present no adequate exciton
theory for TPMA in semiconductors with complex
coupled energy bands. In our earlier approach! we
reduced the calculated interband transition energy
by an approximate exciton ground-state binding
energy. This is the standard exciton correction
used in one-photon spectroscopy. Here we adopt
the approach of not correcting for exciton effects
and of treating the Landau-level theory as accu-
rately as possible in calculating transition energies.
We then look for differences between the calculat-
ed and observed energies for the lowest transitions
where exciton effects should be most important.
The theortically calculated solid lines shown in Fig.
3 result from using only the spherical selection
rules given in Table I. It appears that most of the
experimental data can be adequately described (but
with a new set of band parameters) with these rules
without using exciton corrections even for the
low-energy high-field transitions. A good fit of
these theoretical transitions to the data results
from using the following band parameters:
Eg=235.2 meV, E,=23.0 eV, A=0.803 eV,
¥1=3.0, ¥,=-0.2, ;=1.0, k=—1.2, ¢=0.55,
F=—-0.5,and N;=—0.4. No attempt was made
to determine a value of A from our two-photon
data. Instead we have used the stress-modulated
magnetoreflectance results of A=0.803+-0.005 eV
obtained by Aggarwal.!” Our results for the rest of
the band parameters are compared in Table III
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FIG. 3. (a) Fan chart of TPMA transition energies
(2LB||[110]). Solid lines represent theoretical calcula-
tions with selection rules As =0, An=0,+2. Dotted
lines used other selection rules explained _in the text.
Dots are the data. (b) Fan chart for €||B.

with previously published one-photon results of
Grisar et al.,'® Ranvaud et al.,'® Weiler,”® Pidgeon
and Brown,'® and Pidgeon and Groves.?! We have
used this same set of parameters in also fitting
intra-conduction-band (combined resonance, cyclo-
tron resonance, and LO phonon-assisted reso-
nances)? and intra-valence-band (both bound and
free-hole transitions)?® data. An excellent fit in
both cases is achieved.

Additional weaker structure labeled (1,3), (6),
(17,18), and (24) in Fig. 3 appears not to be ex-

plainable by the spherical selection rules. We find
that lines 1,3 may be explained by spin-flip transi-
tions b ~(1)—a(0) (As=+1, An=—1) and
b*(—1)—a“0) (As=+1, An=+1). These are
shown by the dashed lines in Fig. 3. According to
Table I these transitions are allowed because of
inversion-asymmetry effects but only for B||[100]
or [111]. Transition 6 was also observed by Man-
lief and Palik for B||[100] at higher magnetic
fields and higher photon energies and was identi-
fied with an a T(0)—b%(0) (As = —1, An =0) tran-
sition. Using this transition we calculate an addi-
tional line passing exactly through our data points
in set 6 (as shown by the dashed line) confirming
this identification. Transitions in set 17, 18, and
24 have not been previously reported. They are
very weak resonances which can only be observed
using the modulation technique. Our calculations
support the identification for an a *(2)—b(0)
transition with As=—1 and An=—2 for 17 and
a*(1)—b*(1) and a *(2)—b"(2) transitions with
As=—1 and An =0 for 18 and 24, respectively.
According to Table I As=—1, An =0 transitions
can occur for B||[111] because of warping effects.
Ijowever, these transitions are also present for
B||[100] and [110] is not presently understood.

B. Effect of lattice temperature

TPMA experiments provide an accurate means
of determining the variation of the fundamental
energy gap E, with lattice temperature 7. Figure
4 shows how the TPMA spectra at A=9.33 um is
affected by increasing T} for T, <100 K. The
shift in magnetic field positions of the resonant
structure is quite noticeable for Ty, >30 K and is
directly related to the decrease in energy gap with
increasing temperature. At each value of T}, fan
charts of transition energies versus magnetic field
were determined and analyzed assuming that all
parameters except E, were constant. The results
are shown in Fig. 5 where a comparison with
theoretical calculations of Tsay et al.?* and
Camassel and Auvergne? is also given. These
theoretical results were normalized to our experi-
mental band gap of 235.2 meV at T, <10 K. Also
shown are the experimental results of Roberts and
Quarrington® and Auvergne et al.?’ There is good
agreement between our data and the results of
Cammassel and Auvergne who directly calculated
the temperature dependence using a pseudopoten-
tial approach. With increasing T; one increases
both the lattice constant and the electron-phonon
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TABLE II. Theoretical two-photon transition assignments for each distinct experimental-
ly observed series of resonant structure in the photoconductivity for €LB polarization in the
Voigt geometry. The * marks indicate those transitions which can only be explained by the
nonspherical or extra transitions.

Experimental Theoretical Experimental Theoretical
transition no. assignment transition no. assignment
*1,3 a—(1) a%0) 20 b*(0) b%(2)
at(—1)a%0) 21 a*(3)a(1)
b=(2) a%(0) 22 a=(6) a“(4)
b=(1) a“(0) a*(2) a%(2)
b¥(—1) a%0) 23 b~(6) b(4)
2 a~(2) a“0) *24 a*(2) b%(2)
4 a*(0) a%0) 25 a=(7) a“(5)
5 b=(2) b0) b*(2) b%(2)
*6 a*(0) b%(0) 26 b*(1) b%(3)
7 at(—1)a%1) 27 at(4) a“(2)
8 a—(1)a%(1) 28 a~(8) a“(6)
9 b*(0) 5%(0) a*(3) a%(3)
10 a=(3) a%(1) 29 a=(9) a%(7)
11 b=(1) b%(1) b*(3) b%(3)
12 b+(—1) b%(1) 30 b*(2) b(4)
13 b~(3) b¥(1) 31 a*(5) a%(3)
14 a*(2) a%0) 32 a—(10) a(8)
15 a~(4) a“(2) at(4) a‘(4)
a*(1)a(1) 33 b*(3) b¥(5)
16 b=(4) b%(2) a~(11) a“(9)

*17 a*(2) b%0) b*(4) b%(4)
a~(4) b¢(2) 34 a*(6) a%(4)

*18 at(1) b4(1) a~(12) a%(10)
a*(0) b%(2) a*(5) a%(5)
b*(2) b%0) 35 b*(4) b%(6)

19 a~(5) a%3) a—(13) a“(11)
b*(1) b%(1) b*(5) b¥(5)

TABLE III. Energy-band parameter sets for InSb from various experiments.

Grisar Ranvaud Weiler Pidgeon Pidgeon
et al. et al. and Brown and Groves
Parameter (Ref. 18) (Ref. 19) (Ref. 20) (Ref. 16)  (Ref. 21) This paper
E; (eV) 0.2355 0.235 0.2329 0.2355 0.2366  0.2352
+0.0005
E, (V) 21.6 26.1 23.5+0.5 21.9 21.2 23.0
- 0.5 3.1 34 1.5 3.6 3.0
Y2 -1.0 —-04 —-0.3 —-1.2 —0.5 —-0.2
Y3 0.1 0.7 0.9 —0.1 0.7 1.0
Y2—7V3 -11 —-1.1 —-12 -1.1 —1.2 —-1.2
K —-14 —-15 —-1.2 -2.1 —147 -12
q 0 0.39 0 0 0.39 0.55
N, 0 0 -0.3 0 0 —-04
F 0 0 —1.0 0 0 —0.5
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FIG. 4. Temperature dependence of TPMA structure
for A=9.33 um.
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FIG. 5. Plot of energy gap vs temperature from our
TPMA measurements and other results. The lines are
theoretical calculations of Tsay et al (Ref. 24) and of
Cammassel and Auvergne (Ref. 25) normalized to
Eg=235.2 meV.

interaction. Their contributions to the gap change
are of opposite sign leading to only slight decreases
in band gap for T; <25 K. The gap at 77 K is
thus approximately 230 meV.

C. Intensity dependence

Figure 6 shows the TPMA structure for the
“low-intensity” case using a cw CO, laser and for
that obtained using a rotating mirror Q-switched
CO, laser operating at 200 Hz with a pulsewidth
of full width at half maximum of 100 nsec. There
is good agreement between the observed structures.
Since no additional structure is observed in the ro-
tating mirror case, one concludes that this is addi-
tional confirmation of the correct identification of
the cw laser-induced structure as indeed arising
from TPMA effects. It is also apparent that in the
cw case we have really reached the “high-intensity”
limit where TPMA effects can be observed at rath-
er low powers.

Two-phonon absorption is a nonlinear process
which has a nonlinear dependence on the incident
intensity. The two-photon absorption coefficient
K,, which is a parameter of the semiconductor and

A=955um
TL=10K
W\j\/\j 1=175kW/cm2
T T NS
g 30
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g -\
o
15 (Q-SWITCHED €0 LASER]
i
36 2928 5 222' 20 1817 16
15 N
015 (cw C0p LASER]
12
| | |
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FIG. 6. TPMA structure obtained with a Q-switched
CO, laser (top 3 traces) and with a cw CO, laser for
A=9.55 um.
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describes the rate of two-photon-produced free car-
riers, has been the subject of intense experimental
studies.?®~3* However, these results are not con-
sistent. For this reason we have determined two-
photon absorption coefficients for some of the
stronger transitions in our pc data.

The standard approach for describing the rate of
two-photon-generated carriers is to assume that an
electron in the valence band is excited into the con-
duction band via two-photon absorption and then
decays by the bimolecular process of radiative
recombination. A suitable rate equation can then
be written

dn_ K> m
I = 2ﬁwI rn(n +ng) ,

where n is the photon-created carrier density, K,
the two-photon magnetoabsorption coefficient, #iw
the photon energy, I the incident intensity, r the
recombination rate, and n, the equilibrium carrier
density without light. The time duration of our
optical pulses is suffficiently long enough (20 usec)
that a steady state occurs at the time of our mea-
surements, usually 10 usec after the beginning of
the pulse. For steady state dn /dt =0, simplifying
Eq. (1) tremendously. For the low laser intensities
(<200 W/cm?) of our study the photon-created
carrier density » is small (i.e., n <<ngy). With
these assumptions Eq. (1) is reduced to the follow-
ing:

K,
=""——"'_Iz ’ 2
" 2fiwrn, @

which shows that the number of free carriers pro-
duced by TPMA is proportional to I2. Also con-
sidered in many TPMA experiments is the de-
pletion of the laser intensity as it propagates
through the crystal. For our sample thickness of
approximately 100 micrometers we estimate that
the change in intensity of the beam from the front
to the back surface is roughly 0.01% for the
highest intensities reported here. We therefore
neglect the change in intensity of the laser beam
and assume a uniform constant Gaussian optical
flux throughout the sample.

In Fig. 7 we have plotted n vs I? for five dif-
ferent laser intensities for the strong transition la-
beled 12 (€1B) of Fig. 3. Assuming a negligible
change in mobility, the photocreated carrier densi-
ties were determined from the amplitude of the
resonant resistance structure obtained with a box-
car averager (an example of the structure for a dif-
ferent wavelength is trace R of Fig. 1). Thus n is

seen to vary approximately as I? in agreement with
Eq. (2). At higher intensities the amplitude of the
resonant structure is observed to depart significant-
ly from a square-law behavior because of hot-
electron and free-hole absorption effects. Also
plotted in Fig. 7 is a fit of Eq. (2) to the data using
K, as an adjustable parameter. The value of the
other parameters are fio=128.14 meV, r=1
X107 em*/sec,’ ny=9x 10" cm=3, giving a
value of K of 5.6 cm/MW. For the same transi-
tion above at a slightly higher magnitude field
(1.92 T) and higher photon energy (129.8 meV)
Nguyen et al.' obtained a value for K , of 16.6
cm/MW. Their somewhat larger value of K, is
partly due to that fact that a higher magnetic field
will increase the magnitude of K, for a particular
transition. However, it must be pointed out that
our K, is sensitive to a proper choice of the recom-
bination rate r. Another problem that arises when
trying to extract information about an individual
transition is that a minimum in the structure may
actually be a combination of two or more transi-
tions. The large number of transitions (theory and
experiment) evident in Fig. 3 certainly seem to in-
dicate this. Therefore, K, was calculated and mea-
sured only for a strong transition which was
minimally influenced by a presence of other
closely-spaced weak transitions.

IV. CONCLUSIONS

High-resolution TPMA spectra in InSb for €1B
and €||B polarizations in the Voigt geometry have
been investigated using cw CO, lasers. A highly
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B=1.59T —
s — -
&
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s 4 . 7
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=
2 - -
0 ! | ! | | 1

05101520215303540
12 (103 w2/cm¥)
FIG. 7. Two-photon-produced free-carrier density as
a function of intensity for transition 12. The line
represents the variation of Eq. (2) with K,=5.7
cm/MW.
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sensitive photoconductivity technique in conjuction
with a stable cw laser have allowed the observation
of many new TPMA transitions. Previous TPMA
experiments have not been able to show how com-
plicated the two-photon spectra really is. Many of
the previously observed transitions are shown to be
combinations of two or more transitions. A min-
imum of 42 distinct transitions are observed and
identified for €1B, most of which can be explained
by the usual spherical two-photon selection rules
An=0,+2, As=0. For €| |§ the structure is less
complicated and can be explained by the spherical
rule An =0, As=0. A modified Pidgeon-Brown
energy-band model, along with these spherical
selection rules explain most of the observed transi-
tions using the following set of band parameters:
E;=235.2 meV, E,=23.0 eV, A=0.803 eV,
71=3.0, 1,=—0.2, y3=1.0, k=—1.2, F=—0.5,
q=0.55, and N;=—0.4. Additional weaker
TPMA transitions appear to result from warping
and inversion-asymmetry effects. The variation of
the fundamental energy gap with lattice tempera-
ture is deduced from an analysis of the
temperature-dependent TPMA spectra. Our results
give a gap of ~230 meV at 77 K and compare

favorably with the pseudopotential calculations of
Camassel and Auvergne. At low intensities the
number of photoexcited electrons varies approxi-
mately as the square of the incident intensity, as
predicted by a simple rate equation model.

Note added in proof. Band-gap renormalization
caused by many-body effects of the laser-created
electron-hole plasma would be expected to decrease
the energy gap. The amount of decrease depends
upon the laser intensity which also controls the
number of electron-hole pairs. However, the mag-
netic field positions of the resonances shown in
Fig. 6 do not appear to shift even at the high in-
tensities from the Q-switched laser. Thus the
band-gap change with these high intensities must
be much less than 1 meV. Recently Koch et al.3
calculated the change in band gap as a function of
electron-hole pair density for InSb. Since the num-
ber of created electron-hole pairs at the large inten-
sities is estimated to be at least 10'*—10'> cm—3
their results indicate a much larger band-gap re-
normalization effect when we observe (at 10!
cm™? their calculated decrease is approximately 2.5
meV).
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