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MULTIPHOTON MAGNETO-OPTICAL RESONANCE IN PbTe AND InSb

K. J. Button, Benjamin Lax, * Margaret H. Weiler, and M. Reine*
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(Received 6 September 1966; revised manuscript received 11 October 1966)

High intensity magnetic fields are used to observe multiphoton direct transitions in
PbTe and InSb. These are resonant absorptions of high-intensity CO2 laser radiation by
means of higher order transitions of the type proposed by Braunstein.

We have observed photoconductivity resonanc-
es and recombination radiation in PbTe and
InSb due to multiple-photon interband transitions
between Landau levels in magnetic fields up
to 100 kG. The magnetic field dependence pro-
vides the first direct evidence of resonant mul-
tiphoton absorption, and, in principle allows
one to distinguish among two-, three-, and
four-photon processes and to study the relative
intensities of the different processes in differ-
ent crystal symmetries. The incident radia-
tion of 10.6- and 9.6-g wavelengths from a Q-
switched CO, laser was focused on the samples,
using an apparatus similar to that described
by Patel et al. ' in their recent observations
of multiphoton plasma production. The wave-
lengths of 10.6 and 9.6 p. correspond to photon
energies of 0.117 and 0.124 eV, respectively,
which are too small to cause one-photon inter-
band transitions in these materials.

Figures 1 and 2 show the photoconductivity
as a function of applied magnetic field intensity
in the two materials. The sharp peaks corre-
spond to multiphoton absorptions due to direct
interband transitions between Landau sub-bands
at the peak of the density of states. The prob-
lem of multiphoton absorption with no magnet-
ic field has been treated by Braunstein' using
higher order time-dependent perturbation the-
ory. Zawadzki, Hanamura, and Laxs have ex-
tended this theory to the magnetic field case.
If the absorptions were due to allowed transi-
tions between two simple parabolic bands, ne-
glecting spin, we would expect to see resonanc-
es satisfying the following relation:

l8(d =h + I/i + a)A(d +(B + a)k(d

where lk~ is the multiphoton energy, 8& is
the energy gap, the nz are the magnetic quan-
tum numbers, &usaf =eP/mi the cyclotron fre-
quencies, m; are the effective masses of hole
and electron, and P is the magnetic field in-
tensity. A theoretical treatment for PbTe and
InSb, however, requires Eq. (1) to be modified
to include nonparabolicity of bands, the influ-
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FIG. 1. The photoconductivity peaks of PbTe (upper
trace) due to multiphoton absorption are compared
with transitions calculated from a simple two-band non-
parabolic model for selection rules An =+1. The best
fit was obtained by using 8&=0.189 eV and reduced ef-
fective mass ~*=0.018, which were obtained from the
magnetic field dependence of the observed spontaneous
emission. The extrapolation of the field dependence of
the emission is shown as a dashed line. The horizontal
dashed lines indicate integral multiples of the energies
of the incident photons from a 1-kW Q-switched CO2
laser emitting at wavelengths of 10.6 and 9.4 p, polar-
ized withe iH II (100). The dotted circles were ob-
served by filtering out the 10.6-p radiation. The sam-
ple temperature was =20 K.
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FIG. 2. The photoconductivity peaks of Insb attrib-
uted to multiphoton interband absorption.

ence of other bands, and spin splitting.
For the case of PbTe, the strong peaks in

the photoconductivity shown in Fig. 1 fall on
a straight line when plotted against 1/H, the
line extrapolates to n =0, but the points corre-
spond to integral steps which indicates that
the selection rule for the transition is 6 n =+1.
This has been predicted for two-photon exci-
tations between bands of opposite parity, such
as in PbTe, by Zawadzki, Hanamura, and Lax, '
by considering the transition as a combination
of interband-intraband virtual transitions. Us-
ing this selection rule, we calculated the curves
in the lower part of Fig. 1 using the two-band
nonparabolic model' and values of the energy
gap and effective mass of 8&=0.189 eV and
m*=0.018. Wherever one of these curves cross-
es any of the horizontal dashed lines correspond-
ing to the energies of multiple incident photons,
we see a peak in the photoconductivity trace.
The two dotted circles indicate peaks which
have been observed by filtering out the 10.6- p,

component of the laser beam using a CaF, win-
dow. The photoconductivity trace for E IIH was
essentially the same as for E &FI. This was
also observed by Mitchell, Palik, and Zemel
for one-photon magnetoabsorption.

Although Mitchell, Palik, and Zemel' report-
ed 8&=0.19 eV and m*=0.021, our values were
obtained from the magnetic field dependence
of the emission of recombination radiation,

which has been plotted as a dashed line on the
lower part of Fig. 1. The intensity of this emis-
sion decreased rapidly with increasing magnet-
ic field. The intercept and the slope of this
line give our values for gap and mass using
the selection rule 6 n =0 for emission. Butler
and Calawa' have also reported the magnetic
field dependence of emission from PbTe, which
is essentially the same. The slope of the line
corresponding to their unpolarized emission
yielded a mass of 0.022, and they reported an
energy gap at 10'K of 0.188 eV. They also ob-
served emission polarized parallel to the mag-
netic field from which they were able to deter-
mine a g factor of 29. We have not. yet attempt-
ed to confirm the observation of emission in
the m configuration.

For the case of InSb, our preliminary data
at low laser power correlated approximately
with the one-photon, An =0, -2 transitions
observed by Pidgeon and Brown. However,
the more distinct peaks observed with higher
laser power, as shown in Fig. 2, do not cor-
relate exactly with the 6 n =0, -2 transitions.
The prediction' for InSb is similar to that for
PbTe in that the two-photon transitions should
obey "6n = +1", i.e. , 6 n = +1, -3, and the three-
photon transitions should be An =0, -2. How-

ever, there is the possibility that the observed
peaks could be due to carriers produced by
the resonant absorption of single photons from
the second harmonic generation process, which
can be occurring simultaneously with multipho-
ton absorption in InSb, but not in PbTe. Thus
a great number of transitions are possible,
and a program is under way to attempt to iden-
tify in detail the observed peaks.

We are greatly indebted to Lawrence G. Ru-
bin for invaluable advice and assistance with
experimental apparatus and techniques. We
thank W. Zawadzki, E. Hanamura, and C. R.
Pidgeon for theoretical discussions, L. J. Neu-
ringer for assistance in making electrical con-
tacts to the samples, and R. E. Newcomb,
F. Tambini, and D. Bua for assistance with
the apparatus. We are grateful to T. Roberts
of Redstone Arsenal, G. Flynn of Massachusetts
Institute of Technology, Cambridge, Massa-
chusetts, R. Carbone of Lincoln Laboratory,
and J. D. Rigden of Perkin-Elmer Corporation
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TEMPERATURE AND STRESS DEPENDENCE OF ELECTRON LIFETIME
IN P-TYPE SEMICONDUCTORS BETWEEN 1.5 AND 4.2'K
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A low-temperature electron-lifetime study
has been carried out by means of linewidth
and intensity measurements in a cyclotron-
resonance experiment for two kinds of uncom-
pensated P-type materials, namely Si/B and

Ge/Zn. It is found that in these materials,
the carrier recombination time is much short-
er than the thermalization time near 1.5'K
—an important prerequisite for achieving such
electron population inversion within the con-
duction band as suggested by Wolff for the case
of InSb. ' Another quite unexpected finding is
that application of uniaxial stress drastically
increases the electron lifetime. Analysis of
the electron-resonance signals with and with-
out stress shows that the main acceptor itself
is responsible for such a rapid recombination
time. Since the cyclotron-resonance technique
in itself provides a powerful tool for studying
carrier lifetime because of its ability of clear-
ly distinguishing electron and hole signals,
the present method certainly furnishes a most
direct determination of the electron-capture
rate by a neutral acceptor as a function of tem-
perature and stress.

In an earlier paper' we presented a cyclotron-
resonance study of electron scattering by neu-
tral group-III acceptors in germanium, and
saw that the results may, at least qualitative-
ly, be interpreted in terms of the positron-
hydrogen scattering model. In the course of
extended study using the materials mentioned
in the beginning, the authors have met with
singular behavior of the electron resonance:
(1) The signal intensity rapidly goes down as
the temperature is lowered, and (2) the line-

width becomes unexpectedly broad and decided-
ly deviates from what is predictable by the
positron-hydrogen scattering picture. ' These
facts no doubt manifest a contribution of life-
time broadening to the observed cyclotron-
re sonance linewidth.

The materials used are (1) boron-doped sil-
icon crystals withNB= 4.3&&10', 9.5&&10'4,

and 2.8&&10" cm ', and (2) zinc-doped germa. -
nium crystals with NZ ——1.2&10' and 2. 1&& 10"
cm '. The linewidths measured at 35 Gc/sec
with a superheterodyne detection system are
given against temperature in Fig. 1 for repre-
sentative samples. Any spurious broadening
arising from carrier heating or carrier-car-
rier interaction effect4 is carefully avoided
by minimizing both-microwave power and light
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FIG. 1. Cyclotron-resonance linewidths of electron
against temperature for representative crystals of Si/
B snd Ge/Zn. The straight lines denoted by 1/vl cor-
respond to the lattice scatterings for Ge and Si. The
dotted lines indicate the contributions of lifetime
broadening.
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