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Calculations for II-V semiconductors,s?
and particularly for InSb,>~® yield nonvanish-
ing matrix elements for electric dipole tran-
sitions between conduction band states in a mag-
netic field which differ in both orbital and spin
quantum numbers. These so-called “combined
resonance” transitions can occur because of
the absence of inversion symmetry in the crys-

tal structure! or the nonparabolicity of the bands.2

This Letter reports the observation of the
combined resonance transition kv=~h (v, + vg)
in InSb, where v, and v¢ denote the cyclotron
and electron-spin resonance frequencies, re-
spectively. In this process the absorption of
a single photon induces a transition from the
spin-up (lower energy), L=0 electron Landau
level to the spin-down, L =1 Landau level. By
observing in addition the usual cyclotron reso-
nance transitions from each of the L =0 spin
states, a direct measure of the conduction-elec-
tron-spin g values for the L=0 and L=1 Lan-
dau levels has been obtained over a wide range
of magnetic fields. The data also exhibit a weak
absorption at the photon energy Zv=h (v, +v1,0),
where vy o is the frequency of the longitudinal
optical phonons. A similar weak absorption
has been observed at lower fields previously.”

The experiments were performed on two sam-
ples of InSb, cut from the same portion of a
single-crystal ingot containing 2X 10 carri-
ers/cm?® with a mobility of approximately 5X 10°
cm?/V sec at 80°K. A grating monochromator
provided fixed-frequency radiation in the spec-
tral region 300 to 650 cm™! and a Bitter mag-
net generated swept fields from 0 to 110 kG.
Synchronous detection was used in conjunction
with a conventional chopped light source. The
direction of propagation of the radiation was
perpendicular to the applied magnetic field ﬁ,
so that the use of a wire grid polarizer® made
it possible to obtain radiation with the electric
field E polarized along the field direction (E IH)
or perpendicular to it (E \H). The applied mag-
netic field was parallel to the (111) plane of
the samples.

The transmission of a relatively thick sam-
ple (9.25 mm) was studied at temperatures in
the range 6 to 80°K. Over this range, the po-
sitions of the absorption peaks were indepen-
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dent of temperature within experimental error.
Typical spectra are displayed in Fig. 1. The
small peak at 54.5 kG occurs at the photon en-
ergy (v, +vyo) and is observed only for E . H.
At 78.7 kG the combined resonance transition
occurs for EIIH.* (The doublet structure of this
absorption is discussed below.) For E J_ﬁ the
much stronger cyclotron resonance absorption
causes the sample to become opaque at about

98 kG and remain so up to somewhat higher
fields. In order to observe the cyclotron reso-
nance peaks, the transmission of a thinner sam-
ple (0.05 mm) was studied under the same con-
ditions. At 6°K only the spin-up cyclotron res-
onance peak was observed. When the temper-
ature was raised to 80°K, the spin-down cyclo-
tron resonance peak became observable at high-
er fields.
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FIG. 1. Transmission spectra obtained at 500 cm™1
and 6°K for the 9.25-mm-thick sample of InSb. The
doublet structure of the transition appearing at about
78 kG reflects the presence of both free and localized
electrons, as discussed in the text.
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Both the 2 (v, +vg) and 2V, transitions mani-
fested a doublet structure at sufficiently low
temperatures, reflecting the freeze-out or lo-
calization of electrons that occurs in high mag-
netic fields in relatively pure InSb.® The local-
ized electrons exhibit an “impurity-shifted”
cyclotron resonance at a photon energy slight-
ly greater than zv,.%»'® The relative intensi-
ties of the doublet components of both the Zv,
and h(vc + us) absorption peaks could be altered
experimentally by changing the sample temper-
ature and therefore the degree of carrier freeze-
out.

The observed magnetic field dependence of
the energies of the transitions 2 (v; +v10),
h(v,+vg), hv, (spin-down), and kv, (spin-up)
are plotted in Fig. 2. In order to simplify this
figure and subsequent discussion, transitions
involving localized electrons have been exclud-
ed. For a given value of magnetic field, the
energy difference between the Zv, (spin-down)
and kv, (spin-up) transitions yields the quan-
tity £(0, H)-g (1, H), the difference between the
L=0 and L=1 g values. The energy differ-
ence between the % (v, +vg) and 2v, (spin-up)
transitions yields g(1,H) directly, and in con-
junction with the quantity g(0, H)-g(1, H), de-
termines g(0,H). These g values are as defined
in Eq. (5) of Ref. 9. A plot of the experimental-
ly determined magnetic-field dependence of
g(0,H) and g(1,H) at 80°K is presented in Fig. 3.
The experimental results are for arbitrary

magnetic field direction in the (111) plane.
Also shown in Fig. 3 is the calculated depen-
dence of g on H for two directions of the mag-
netic field relative to the crystal axes.'! Al-
though the agreement between theory and ex-
periment for g(1,H) is satisfactory, the exper-
imental and theoretical values of g(0,H) differ
by about 8 %. This difference is significantly
greater than the estimated limit of 3% system-
atic error in the experimental results.
Calculations of matrix elements for combined
resonance transitions in InSb? indicate that
electric-dipole transitions should be observ-
able at the frequencies vg, v+ vg, 2v.-vg,
and 2v. + Vg with absorption constants in the
range 107%-107° of that for normal cyclotron
resonance in a magnetic field of 20 kG. Of these
transitions, only the electric-dipole—induced
spin transition vg has been observed previous-
ly.*? The observation was made at a field of
about 1 kG utilizing a cavity microwave spec-
trometer; the absorption line was found to be
isotropic. In the present work, the ratio of
absorption constants of the transitions occur-
ring at the frequencies v, + Vg and v, was 7X10—3
at 80 kG, or about two orders of magnitude
larger than calculated.* This discrepancy may
be because the transitions were observed for
magnetic fields in the range 50-100 kG, since
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FIG. 2. Magnetic field dependence of the observed
absorption peaks. The open data points were obtained
at 80°K and the solid data points at 6°K.
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FIG. 3. Comparison of the experimentally deter-
mined magnetic field dependence of the g values for
the L =0 and L =1 Landau levels (at 80°K) with the cal-
culated dependence of g on H for two directions of the
magnetic field relative to the crystal axes. (Ref. 11).
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the absorption constant for combined resonance
is expected to increase with increasing field.?
The experimental results indicate, however,
that between 50 and 100 kG the combined res-
onance strength is only weakly dependent on
magnetic field. Preliminary measurements

of the absorption strength as a function of the
angle between the applied field and the crystal-
line axes indicate that anisotropy is weak or
absent. A search was made for absorption at
the frequencies of the other two combined res-
onance transitions, but neither was found. From
the data, an upper bound on the absorption con-
stants of these transitions has been obtained

as follows: 2v,+vg, 0.054 cm™'; 2v,.-vg, 0.38
cm™!. (The latter transition requires popula-
tion of the L =0, spin-down level.)

Both the observed isotropy of the intensities
of the vg *? and v, + Vg transitions, and the ab-
sence in the spectra of the 2v,+ vg and 2v,—-vg
transitions, indicate that the nonparabolicity
of the bands,? rather than the absence of inver-
sion symmetry, is responsible for most of the
combined resonance intensity. Combination
resonance should therefore be observable in
crystals possessing inversion symmetry and
having nonparabolic bands, such as PbTe, as
~ well as in other III-V semiconductors.
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In a recent publication® it was reported that
a maximum is found in the ultrasonic attenu-
ation, as a function of wave amplitude, in nor-
mal and superconducting lead at 4.2°K and the
normal state at 8°K. At a given temperature
the maximum occurs at higher amplitudes in
the normal state. These experiments were
interpreted in terms of the difference in the
damping of dislocation motion due to conduc-
tion electrons in a metal.?

This Letter reports on some further exper-
iments and gives a more detailed analysis of
the results. Specifically, the shift in amplitude
at maximum ultrasonic attenuation in normal
and superconducting lead was used to determine
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the parameter B associated with damping of
dislocations by conducting electrons in the nor-
mal state. The analysis does not involve any
ad hoc assumptions concerning inaccurately
known features of the dislocation network in
crystals, and the result is believed to be the
first of its kind.

The experimental conditions and techniques
used were described in Ref. 1. Figures 1 and
2 show, respectively, the results obtained at
frequencies of 10 and 20 Mc/sec. The features
relevant to the present consideration are the
following: (a) At 10 Mc/sec the amplitude cor-
responding to maximum attenuation in the su-
perconducting state at 4.2°K is 5 dB lower than



