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The effects of electron—optical-phonon coupling on the combined resonance of both free
and localized electrons have been studied in InSb. The results do not confirm the exis-
tence of a strong electron—TO-phonon interaction. Additional magneto-optical struc-
ture in the case of localized electrons appears to be due to discrete impurity excita-
tions. The influence of conduction-band nonparabolicity on the impurity state binding

energies has been observed.

Anomalies due to electron-optical-phonon cou-
pling have recently been observed! in the com-
bined resonance of electrons localized at impuri-
ties in InSb. The anomalies were interpreted as
evidencing an electron-TO-phonon interaction
comparable in strength to the electron—LO-pho-
non interaction which is responsible for the usu-
al polaron effects. This result was somewhat
surprising, since the analysis®~® of earlier ob-
servations of interband and electron cyclotron
resonance absorption in InSb had excluded elec-
tron-TO-phonon coupling. Furthermore, there
does not appear to be a satisfactory theoretical
explanation for the coupling involving TO pho-
nons.

The present Letter describes an experimental
study of the effects of electron-optical-phonon
coupling on the combined resonance of both free
and localized electrons in InSb. Since the inclu-
sion of the discrete “impurity” states of the lo-
calized electrons complicates the energy level
structure, this structure is described initially in
some detail. The methods used in obtaining and
analyzing the data are then outlined. Results for
the free-electron and localized-electron cases
are presented separately, and are compared
with those of earlier investigations.

The energy levels of interest in the present
work are shown schematically in Fig. 1 for a
magnetic field at which the cyclotron resonance
energy is substantially larger than the impurity
binding energy. For InSb, this situation obtains
for fields greater than about 5 kG. The N=0 and
N=1 free-carrier Landau levels are indicated by
parabolas for effective spin vectors parallel (%)
and antiparallel (¥) to the magnetic field. Dis-
crete impurity states of the electrons are identi-
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fied by quantum-number sets (Im\) in the man-
ner of Wallis and Bowlden”; the Landau quantum
number is given in terms of this set by N=1
+3(m+ Im ). The solid arrows show the com-
bined resonance transitions for free electrons
(N=0;4)~ (N=1;¥), and localized electrons
(000; ¢) - (010; ¥). Strong anomalies in combined
resonance are expected for magnetic fields at
which the optical phonon energy is comparable

(000);t
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FIG. 1. Schematic representation of the energy lev-
els of free and localized electrons in InSb in the high-
field case. The lowest two Landau levels for both spin
orientations are indicated by parabolas. Impurity
states of importance in the present work have been in-
cluded and are identified using the notation of Ref. 7.
Combined resonance transitions are shown by solid
arrows, while dashed arrows indicate spin-up and spin-
down cyclotron resonance energies. The energy levels
are not drawn to scale.
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with the energy difference E(N=1;¥)-E(N=0; V)
for free electrons, and E(010; ¥)-E(000; ¥) for
localized electrons. These energy differences,
which correspond to the spin-down cyclotron en-
eriges of free and localized electrons, respec-
tively, are indicates by dashed arrows in Fig. 1.
The corresponding spin-up cyclotron energies
are similarly indicated.

The transmission measurements were per-
formed on two single-crystal samples of Se-
doped InSb with excess donor concentrations of
8X10™ and 1.5X10* cm™3. The sample thick-
nesses were 2.5 and 1.7 mm, respectively. An
interferometric spectrometer was used at photon
energies between 10 and 60 meV, in conjunction
with a superconducting solenoid capable of pro-
ducing 58 kG. The solenoid field-current rela-
tion was obtained to 0.1% accuracy using NMR
techniques. Samples were mounted in the Voigt
geometry using wire-grid polarizers to obtain
radiation whose electric field vector was paral-
lel to the applied magnetic field. Liquid-helium-
cooled Ge photoconductive detectors doped with
Ga, Be, or Zn were used to cover the desired
spectral region with optimum sensitivity. Sam-
ple temperatures in the range between 4.2 and
50°K could be maintained by appropriate choice
of current in a sample heater coil and pressure
in the helium-exchange gas cooling system.
Temperature was monitored with a Ge thermom-
eter in thermal contact with the sample holder.
By this means the degree of carrier freezeout
could be controlled, and magneto-optical transi-
tions due to free and localized electrons could be
observed separately or simultaneously.

It is of primary importance to obtain from the
data the energy (or energies) at which strong in-
teraction with the optical phonons occurs. The
experimental measurements yield directly the
magnetic field dependence of the combined reso-
nance transition energies. If the N=0 spin-flip
contributions to the latter are subtracted, the
resulting spin-down cyclotron energies may be
plotted versus magnetic field. When the cyclo-
tron energy is nearly equal to the energy of an
interacting optical phonon, two branches are ex-
pected in such a plot, one approaching the opti-
cal-phonon energy asymptotically from below
and the other from above, with a discontinuity at
the optical-phonon energy. More than one dis-
continuity may be observed?® if additional phonons
or discrete electronic states are involved in the
coupling. In order for this procedure to give re-
liable results, the field-dependent spin-flip en-

ergy for the N=0 Landau level must be known
accurately. Previous measurements® have pro-
vided this information for free carriers, includ-
ing the field dependence of the spin-flip energy
due to the conduction-band nonparabolicity. Cor-
responding information for localized electrons

is not available, and must be deduced from the
free electron results and knowledge of the (100; %)
and (000; ¥) impurity -state binding energies.

Free-Electron Combined Resonance.—Free-
electron combined resonance spectra were ob-
tained for sample temperatures of about 30°K,
which virtually eliminated the localized-electron
transitions. In the spectral region of interest
for these measurements, magnetic-field-inde-
pendent absorption peaks at 34.2, 37.4, and 38.0
meV were observed. These correspond to multi-
phonon absorption peaks reported earlier.!® The
presence of these absorption lines increases the
difficulty of obtaining accurate data in the thick
samples necessary to observe the combined res-
onance transitions.

The free-electron combined resonance spectra
showed two absorption peaks at fields for which
the spin-down free-carrier cyclotron energy was
comparable with the optical-phonon energy. As
the field was increased, a gradual transfer of in-
tensity occurred from the lower to the higher en-
ergy peak. The latter was considerably broad-
ened in the strong-coupling region, but approached
the low -field width at sufficiently high fields.

The data analysis method described above has
been followed in obtaining the plot of spin-down
cyclotron energy versus magnetic field for free
electrons, shown in Fig. 2. Both of the transi-
tion energy branches are observed to approach
the energy value 23.9+0.5 meV. The indicated
uncertainty represents the maximum total error
from all sources, the major contribution to the
error arising in the determination of the spin-
flip energy.

There is some disagreement in the literature
concerning the energies assigned to the zone-
center optical phonons in InSb, typical values in
meV being 7wy =24.45+0.25, fwpy=22.9
+0.4," hwy,0=24.2, TwpQ=22.6,"% hwy,o=24.4
+0.1.1% The interaction energy observed in the
present work is consistent with the values quoted
for the LO but not TO phonons. This result, to-
gether with the absence of a second interaction
energy, shows that electron-TO-phonon coupling
certainly must be substantially weaker than elec-
tron-LO-phonon coupling in InSb. The observed
magnetic field dependence of the absorption line-
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FIG. 2. Combined resonance minus spin-flip energy
for free carriers versus magnetic field. Smooth curves
have been drawn through the energy values. The sym-
bol (*) identifies the LO and TO phonon energies ac-
cording to Ref. 12.

widths, intensities, and transition energies is
consistent with the theoretical picture of polaron
anomalies in magneto-optical transitions.?™®

Localized-Electron Combined Resonance.—Lo-
calized-electron combined resonance spectra
were obtained for sample temperatures between
4.5 and 6.5°K. In the strong-coupling region,
these spectra exhibited three distinct absorption
peaks whose relative intensities varied with field
in a manner analogous to that described for the
free-carrier case. The lowest two peaks re-
mained sharp at all fields while the highest ener-
gy peak broadened considerably in the region of
strong coupling.

Analysis of the localized-electron data is com-
plicated by the lack of an experimental determin-
ation of the N=0 impurity spin-flip energy,
E(000; ¥)-E(000; t). The impurity spin-flip ener-
gy may be expected to differ from the corre-
sponding free-carrier quantity, on account of the
effects of the conduction-band nonparabolicity on
the impurity-state binding energies.* An esti-
mate of this difference may be obtained for the
N=0 case by comparison with an experimental
measurement of the corresponding difference for
the N=1 case. Observation of the combined res-
onance and spin-up cyclotron resonance for free
and localized electrons, at 32 kG, yields the fol-
lowing results: {E(010; +)-E(010; #)} =0.981
x{E(N=1;¥)-E(N =1;4)}; {BE(010;+)-BE(010; H}
=+0.136 meV=0.065BE(010; +). This may be
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FIG. 3. Combined resonance minus spin-flip energy
for localized electrons versus magnetic field. The
spin-flip energy was estimated as described in the text.
Values of the LO and TO phonon energies according to
Ref. 12 are indicated by (*) in the figure.

compared with the results of a simple calculation
which assumes that the binding energy varies lin-
early with mass, and uses the theoretical® vari-
ation of mass with energy, and the conduction-
band energies in a magnetic field.'®* The calcula-
tion yields a fractional difference in the binding
energy of 0.0392, a factor 1/1.66 smaller than
the experimental result of 0.065.

Lacking a direct measure of the N=0 impurity
spin-flip energy, the following ad hoc approach
has been adopted: The fractional difference in
binding energies of the (000; *) and (000; ¥) states
has been calculated as described above and mul-
tiplied by the factor 1.66. From this result the
impurity spin-flip energy is obtained as 0.956
x{E(N=0;¥)-E(N =0;4)} in the strong-interaction
region. Over this region the ratio of impurity to
free-electron spin-flip energy is virtually field
independent. The localized-electron combined
resonance data have thus been analyzed by sub-
tracting from the observed transition energies
0.956 of the measured N=0 free-carrier spin-
flip energy, which varied from 8.99 meV at 32
kG to 11.50 meV at 43 kG. Figure 3 shows the
resulting plot versus magnetic field. The lowest
discontinuity occurs at 24 meV, in good agree-
ment with the result obtained for free carriers.




VoLUME 21, NUMBER 11

PHYSICAL REVIEW LETTERS

9 SEPTEMBER 1968

The possibility that electron-TO-phonon cou-
pling may be responsible! for the lowest energy
discontinuity in the combined resonance of local-
ized electrons may be discounted for the follow-
ing reasons. First, even assuming that the free-
and localized-electron spin-flip energies are
equal, the lowest energy discontinuity occurs at
23.5 meV. This is already higher than the pub-
lished values'®;*? for Ewpqp. Allowance for the
effects of nonparabolicity further raises this val-
ue, placing the discontinuity at 23.7 meV if the
measured correction for the N=1 levels is ap-
plied to the N=0 case. In fact, the effects of
nonparabolicity are greater in the latter case,
and the preceeding analysis places the lowest en-
ergy discontinuity at 24 meV. This value, as in
the free-carrier case, is consistent with the en-
ergy of LO, but not TO, phonons. Second, while
the absolute energy values obtained by the ana-
lytical procedure used must be viewed with some
skepticism, the separation between the energy
discontinuities is unaffected by this procedure.
The measured separation lies in the range 0.80-
0.85 meV. This is substantially smaller than the
value 7(wp,g-wpp) ~ 1.55 meV found in the liter-
ature.?,1?

An explanation of the localized-electron com-
bined resonance results that is consistent with
all aspects of the data may be given in terms of
phonon-assisted impurity excitations.® Figure 2
of Ref. 8, which shows the transition energies
versus magnetic field for spin-up localized-elec-
tron cyclotron resonance, bears a marked re-
semblance to Fig. 3 of the present work. The
transitions of interest in Ref. 8 occur at photon
energies equal to the sum of Zwy,g and the ener-
gy required to excite the impurity from its
ground state to a discrete excited state. Excita-
tions to the (010; ¥) level would then be responsi-
ble for the second discontinuity in Fig. 3. In
both the present case and that described in Ref.
8, the lowest two absorption peaks in the strong-
coupling region were narrow, while higher lying
peaks were broadened. The broadening was
probably responsible for the failure to resolve
the splitting in the combined resonance spectra
at the photon energy corresponding to excitation

to the (001; ¥) level. In fact, at this energy
(~26.5 meV), a broad kink is present in the up-
per branch of Fig. 3.

The present experiments provide strong evi-
dence against the existence in InSb of an elec-
tron-TO-phonon interaction of strength compar-
able with the electron—LO-phonon interaction. A
consistent explanation of the features of the com-
bined resonance spectra in the strong-coupling
region has been given in terms of electron-LO-
phonon coupling alone for both free and localized
electrons. In the latter case the coupling in-
volves excitations to discrete impurity states.
The influence of conduction-band nonparabolicity
on the binding energies of impurity states has
been observed and taken into account in the ana-
lysis of the spectra.
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