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a degeneracy (or near degeneracy) between the
unperturbed adsorbate level e, and the continuum
of metal states e . It is a general phenomenon;
for example, antiresonances appear in inelastic
electron-atom scattering and in atomic ultraviolet
light adsorbtion. There, the interference arises
from a degeneracy of a discreet two-electron ex-
cited atomic state with the continuum of sing1e
ionized atomic states. The strength of the anti-
resonance is directly related to the coupling be-
tween the discreet and continuum states, i.e.,
V, in the case of photoemission.
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The interactions of bound holes with TO and LO phonons in InSb have been observed
in magneto-optical experiments. Theoretical estimates of the hole-phonon coupling
strengths have been obtained.

Magneto-optical studies of polarons have yield-
ed valuable information concerning the resonant
electron-optical-phonon interaction in semicon-
ductors. ' The interaction typically is manifested
as a splitting and broadening of a transition such
as cyclotron resonance, when the electron excita-
tion and optical-phonon energies are comparable.
Previous studies of this type have been restricted
to electron excitations in a number of n-type po-
lar semiconductors. In the present work, reso-
nant bound-hole-optical-phonon coupling in p-type
InSb is reported. Interactions with both TO and
LO phonons have been observed. The observa-
tions serve to illustrate several significant differ-
ences between the interactions of holes and of
electrons with optical phonons.

Before presenting the experimental results it
will be useful to discuss briefly two factors which
differentiate hole coupling from electron coupling
to optical phonons. Firstly, because of symmetry
considerations, ' the interaction of electrons with
TQ phonons is expected to vanish, whereas hole-
TO-phonon coupling is allowed, as confirmed by
optical' and tunneling' experiments. Secondly,
in contrast to the case for electrons in materials
previously studied, free holes occupy states in
both light- and heavy-mass bands. This leads to
a multiplicity of initial states for magneto-opti-
cal transitions, thus tremendously complicating
the study of free-hole polaron effects. It is there-

fore desirable to perform experiments on bound
holes which possess a unique state. Another con-
sequence of the valence-band structure is that in
the presence of a magnetic field, acceptor excit-
ed states exist in association both with the low-
lying heavy-hole Landau levels, and with the more
widely spaced light-hole levels. In subsequent
discussions, the terms "low mass" and "high
mass" will be used to distinguish between these
two types of acceptor excited states. Transitions
involving low-mass excited states in InSb and Ge
were previously investigated in some detail. "'

In the present experiments, the first few ac-
ceptor excitations to low-mass excited states
have been studied in a spectral region encom-
passing the optical-phonon energies in InSb.
Above a few kilo-oersteds the energies of these
acceptor excitations vary approximately linearly
with magnetic field. Structure in the absorption
spectra due to hole-phonon coupling would first
be expected when the transition energies approach
the optical-phonon energies. However, this spec-
tral region is inaccessible because of strong lat-
tice absorption and reflection. At higher field
strengths, the energy separations of the low-
mass and high-mass excited states are compara-
ble to the optical-phonon energies. It is this field
region in which structure in the acceptor excita-
tion spectra has been observed and studied.

InSb samples used in these experiments were
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FIG. 2. Observed transition energies (data points)
for the a+{1) and 5+(1) acceptor excitations. Solid lines,
a fit to the data using the model described in the text.
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FIG. 1. Transmission spectra, at three magnetic
field strengths, for an InSb sample containing 2 x 10~5

cm ~ Cd acceptor impurities.

plates of thickness 0.5 to 5 mm, doped with Cd
or Zn in the range 2&10' to 5X10" cm '. Car-
rier mobilities were approximately 10' cm'/V
sec at 80'K. The transmission of light through
samples at 4.5'K, in the wave-number range 40-
380 cm ', was studied at fixed magnetic fields up
to 62.5 kOe. We employed Fourier-transform
spectroscopic techniques utilizing a Michelson
interf erometer. Earlier measurements, ' using
grating optics and a Bitter-type magnet, extended
to 700 cm ' and 100 kOe, but did not include the
spectral region encompassing the phonon interac-
tions.

Typical transmission spectra are shown in Fig.
1 for three magnetic field strengths; the spectra
are normalized to the transmission in zero field.
Figure 1(a) shows the first two low-mass accep-
tor excitations in a field of 15 kOe. The final
states for these excitations are bound to the a'(1)
and b '(1) light-hole levels. (The notation is that
of Ref. V.) As the field was increased, the a'(1)
transition shifted linearly to higher energy. Hom-
ever, the b'(1) transition was observed to split
into three components, with the absorption strength
gradually shifting to the upper component, as
shown in Figs. 1(b) and 1(c). The widths of the
two lower components were in the range 1-2
meV. The upper component when first observed
was about 5 meV wide, but became somewhat
narrower at high fields. Accurate determination

of linewidths and intensities was hindered by the
strong overlap of the various components.

The field dependence of the b '(1) transition en-
ergies is shomn in Fig. 2. Transitions to other
low-mass excited states have been omitted for
clarity. The three branches of the b'(1) transi-
tion define two field-independent "pinning ener-
gies" at 31.5 and 33.0 meV. As in other resonant
carrier-phonon interactions, the transition com-
ponents decreased in intensity as they asymptoti-
cally approached the pinning energies. However,
the decrease was much slower than that expected
for simple polaron coupling. At 60 kOe, or 1.5
times the interaction field, the integrated intensi-
ties of the asymptotic components were of order
0.1 that of the upper component.

The observed pinning energies of 31.5 and 33.0
meV do not correspond to any phonon or combina-
tion of phonon energies in InSb, and zero-field
absorption at these energies was not observed in
the spectra. Thus one or more additional states
must be involved in the coupling to serve as final
states for phonon emission from the b "(1) accep-
tor state. As is evident from Fig. 2, the pinning
energies do not vary with magnetic field. There-
fore, the field dependence of the final states for
phonon emission must be similar to the field de-
pendence of the high-mass acceptor ground state,
i.e. , very weak. The possibility that the observed
splitting may be due in part to structure in the
acceptor ground or 5 '(1) states may be eliminated
for the following reasons. Such structure would
of necessity have been present at other field val-
ues and in other transitions. It was not observed.
Furthermore, the 1.5-meV splitting is much too
large to be associated with structure in the ground
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or b'(1) excited states. Thus it appears that the
observed splitting is due either to structure in
the final state for phonon emission, or to the par-
ticipation of two different phonons in the coupling.

The participation of LO phonons is to be expect-
e'd in either of the above cases. This conclusion
follows from-the strength of the observed elec-
tron-LO-phonon interaction, and the form of the
Frohlich Hamiltonian for polaron coupling, which
is independent of the type of charge carrier in-
volved. The only other phonon in InSb whose en-
ergy is comparable to that of the LO is the TO
phonon. By subtracting the optical-phonon ener-
gies from the observed pinning energies, the en-
ergies of the final states for phonon emission are
obtained, All possible final-state energies deter-
mined in this manner lie below the continuum,
and therefore represent high-mass acceptor ex-
cited states.

The effect of a magnetic field on the high-mass
excited-state spectrum of acceptors in InSb has
not previously been investigated. In zero magnet-
ic field, two prominent high-mass excitation
lines, at 7.24 and 7.82 meV, have been reported. '
These lines have also been observed in the pres-
ent work, and their behavior studied in a magnet-
ic field. As the field strength was increased, a
number of absorption components appeared. One
of these, deriving from the 7.82-meV excitation,
became clearly dominant as its energy approached
that of the 2TA(Q multiphonon absorption line at
9.05 meV. Between 20 and 60 kG its energy in-

creased from 8.1 to 8.9 meV. In this field range
it was the only prominant feature in the high-
mass excitation spectrum. It is then concluded
that the high-mass excited state responsible for
this dominant absorption line is the final state
for the optical-phonon emission from 5'(I). De-
tails of its coupling to the 2TA(L) multiphonon
mode will be given elsewhere. Electron-2TA(L)
coupling in InSb has been previously observed in
magnetophonon experiments. '

When the field-dependent energy of the domi-
nant high-mass acceptor excitation is subtracted
from the data of Fig. 2, the resulting pinning en-
ergies are 22.8 and 24.3 meV. These values are
in excellent agreement with the energies of TO
and LO phonons in InSb. Thus it is concluded
that the observed structure in the b+(I) transition
is due to the coupling of the b'(I) acceptor state
with TO and LO phonons.

To substantiate this conclusion, a calculation
of the b'(1) magnetoabsorption has been under-
taken. Interactions of bound holes with both TO
and LO phonons have been included. The accep-
tor states lo. ) have wave functions of the form

Z&.'(r) V, (r),
j=1

where p, are degenerate valence band edge func-
tions, and E '(r) are envelope functions. For the
bound-hole-LO-phonon coupling the Frohlich in-
teraction, diagonal in the y,. representation, is
used:

I'g.'(q) -=I"(q)~.g'(q) = —i(@~,/V)(4~n, /flP" 2 (F.'(r)l e""|'„'
I & t "(r)). (1)

Jt 2

The bound-hole-TO-phonon interaction is obtained by generalizing the theory of Bir and pikus" to the
presence of an external magnetic field. The deformation potential coupling for TO phonons of polariza-
tion v is given by

m$„+ttl sb 1/2

VH~ '(q)=& (q)m„s '= i, '"
)»2 l Il 2 dpo(F'(r)l 'e"'u(e, )lrt3' (r)), (2)2(m, „~,»" P.

where e, is the polarization vector of one of the atoms whose masses are rn&„and gyes», p, is the mass
density of the crystal, ao the lattice constant, +0 the Aeststxahlen frequency, do the optical deforma-
tion potential for InSb, and X)(e,) a 4&4 matrix function of e, .'0 The methods developed by Ngai~' were
used to calculate the photon absorption cross section v(&u) with the results

o ((u) = ((u/[I —exp(- k(u/k T) ]) ImR((u),

~(~+io) = Z lr. , ~l q,„(~+io)-2 Z v-, '(~+io) [ Z v. , *~. , 'q, ...(~+io)]
n, g & f, —TpoI n', j3'

x [ P y„,, m „,'*q, (~+ io) ].
n', g'

The notation is the same as used in Ref. 11, except that in the present case

y 8
= (ol(e/c)v A„lP), U-„' =Q-„'/or, g-„' =lv'(q)l'D, (q, ~+io),

e,(q, (u+io) =I-pgyq'p lm ~'l'q ((u+io),
i n, a

(4)
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and D,. is the ith-phonon propagator.
The b'(1) transition spectrum is obtained from

Eq. (4) by choosing n =b '(1) and P =g, the accep-
tor ground state. In calculating the proper self-
energy part Z, +&,I of the state

~ b'(1)), only the
heavy-mass excited state f, located at 8.7 meV
from g, is considered. According to the experi-
mental results, this is the only final state in-
volved in the resonant phonon emission. Singu-
larities occur in Z,+(,i(~) at h~ =e(f)+h~,-i where
@&,. is the TO- or I 0-phonon energy. These two
singularities lead to the appearance of three
branches in the h '(1) spectrum as a function of
magnetic field.

Calculation of the strengths of the hole-phonon
interactions is hampered by the lack of informa-
tion regarding the acceptor state wave functions
for InSb. This necessitates a model approxima-
tion to the actual envelope wave functions for
b "(1)and f. b '(1) should be well approximated
by the variational functions E, „(o,p, z) =@, (a,
y)P ~(z) exp(- ye'z'/4) calculated for donor states. "
Therefore the selection F,+i,i(r) =F,»(o, p, z) is
made. Since f is a high-mass excited state, it
could be approximated by a typical variational
function obtained for Ge," since the acceptor
states of InSb and Ge should be similar. How-
ever, for analytical expediency, we choose EI(r)
=N& exp(- Pr s), with P =0.288(a*) ' "and a* ob-
tained by scaling the high-mass effective Bohr
radius a,*=DR'/m*e' such that the correspond-
ing effective Rydberg is the binding energy of f.
With these functions, the matrix elements (E,+i»l
xexp(iq r) ~E&) and hence o can be evaluated an-
alytically. A good fit to the data has been ob-
tained for a value of the optical deformation po-
tential d, twice that given in the literature, "and
for a ratio of hole- TO to hole-LO coupling strength

of approximately one half. In view of the highly
approximate nature of the calculation, the esti-
mate for do is considered satisfactory. Prelimi-
nary results employing a more realistic descrip-
tion of the acceptor wave functions indicate that
a reliable determination of d, will be possible
from these experiments.
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