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and E, used in the calculation are given in Table
I. To estimate the value of x, we have used the
barrier height'® ¢ =3.6 eV. In view of the sim-
plicity of the model and the uncertainty in the ex-
perimental parameters, the agreement between
theory and experiment for the quantity é’o is con-
sidered satisfactory (the uncertainty in the com-
position alone can account for the discrepancy).
On the other hand, the theoretical value for the
pre-exponential factor o, exceeds the experimen-
tal one by a factor 30-100. Such a discrepancy is
not surprising since o, is very sensitive to the as-
sumed shape and size of the grains and barriers
and to the value of x,. The actual irregular shape
of the grains could result in a substantially lower
value of A than that corresponding to spherical
grains. Also a variation in the value of d by a
factor of 2 results in a factor of 30 for o,. The
effects of finite energy-level separation, which
for an irregular shaped 50-A nickel grain is of
the order of Ef/nG~1 meV « E,, have been ne-
glected in view of the energy smearing introduced
by the fluctuations in the charging energy. Such
fluctuations are expected to result from electron-
hole interactions. The temperature dependence
of the conductivity, together with other related
results, will be reported elsewhere.
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Magnetotransmission experiments have been carried out on InSh samples (4x 104 <N
<6x10' ¢m™%. These experiments reveal new absorption lines which are interpreted
in terms of electron-plasmon interaction. Results are compared with a theoretical

calculation,

In this Letter we report the first unambiguous
observation of resonance absorption of infrared
radiation due to plasmon-assisted electronic
transitions in degenerate InSb in a magnetic field.
To our knowledge this represents the first clear

evidence of an absorption process which depends
upon the interaction between individual conduction
electrons and plasmons in semiconductors.
Electron-plasmon coupling in solids has been
discussed by many authors since the pioneering
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work on the subject by Bohm and Pines.' Similar-
ities between the electron-plasmon interaction
and the interaction between electrons and LO
phonons? responsible for polaron effects in polar
materials were emphasized by Lundqvist.® A
number of effects of the electron-plasmon inter-
action were predicted, and the term “plasmaron”*
was introduced to describe an excitation consist-
ing of a plasmon coupled to a hole. The similar-
ity between the polaron and electron-plasmon
interactions led Teitler, McCombe, and Wagner?®
to extend the name plasmaron to the interaction
between single-particle excitations and collective
modes, and to look for “plasmaron” effects in

the magneto-optical properties of degenerate
semiconductors. The present work is an out-
growth of these ideas.

Magnetotransmission measurements were
made on several samples of InSb having excess
donor concentrations between 4 x10'* and 6 x10*¢
em ™3 at T7°K. A dual-beam pulsed molecular-
gas laser (H,0/D,0/50,) system was used to pro-
vide a highly monochromatic source of far-in-
frared (IR) radiation,® and a Nb-Sn superconduct-
ing magnet system provided swept fields up to
95 kG. Samples were mounted in the Faraday or
longitudinal geometry. The sample mounting and
light-pipe system have been described elsewhere.®
Laser frequencies were chosen such that w,<w
<wyp, Where w,=4nNe®/m*e, is the zero-field
free-electron plasma frequency, and w; is the
LO phonon frequency.

A typical trace is shown in Fig, 1 for a sam-
ple having N=2,2%x10"® cm"? at 4.5°K. The left-
hand side of the figure corresponds to the cyclo-
tron-resonance—-inactive (CRI) polarization while
the right-hand side of the figure corresponds to
the cyclotron-resonance-active (CRA) polariza-
tion, Circular polarizers (providing approximate-
ly 90% of the desired polarization) were fabricat-
ed from linear polarizers and quartz quarter-
wave plates.”

We focus our attention on the transmission min-
imum indicated by the solid arrow 1 in the CRI
polarization centered at 12 kG, We shall also
mention briefly the weaker minima at 6 and 4 kG
indicated by 2 and 3, respectively. The strong
broad absorption in the CRA polarization results
from overabsorbed cyclotron resonance in this
thick sample (d~4 mm); and the monotonically
increasing background in the CRI polarization is
primarily due to the “wing” of this cyclotron
resonance absorption., The CRI absorption line
is weakly replicated in the CRA polarization as
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FIG. 1. Transmission versus magnetic field for a
4-mm-thick InSb sample with N=2.2x 10 ¢cm™ at 4,5°K
and a laser frequency of 86.7 cm™!, The magnetic field
position of the free-electron cyclotron resonance as
determined from a separate measurement on a thin
sample of InSb (N=7x10" ¢cm™) is indicated by the
arrow labeled B,. The apparent asymmetry of the over-
absorbed cyclotron resonance line results from low-
field absorption due to the “harmonics,” and the low-
field analog of the process we describe in the text, i.e.,
plasmon-assisted free-carrier absorption.

a result of the imperfect polarizers (indicated by
the dashed arrow 1).

This line was observed to move to higher fields
as the laser frequency was increased. As car-
rier concentration was increased the line moved
to lower fields at a given laser frequency. The
variation of the position of this line for three dif-
ferent carrier concentrations is shown in Fig. 2.
We also made a study of Voigt-shifted cyclotron
resonance |[which occurs at w=(w.+ w,%)'/?] in
two thin samples cut from the original thick sam-
ples having N=2,2x10"® and 6.3 X10% ¢m 3, The
CRI polarized line is close to, but at a resolvable
distance below, this latter classical line position.
Weak CRI lines may occur for any second-order
optical transition in which single-particle Landau
oscillator states are coupled by some interaction
(e.g., electron-optical phonon); however, the
movement of the observed CRI line with carrier
concentration and magnetic field indicates that
the interaction responsible for the line in this
experiment is the electron-plasmon interaction,
Data from the two lowest concentration samples
are not plotted on this figure because of complica-
tions from impurity shifted cyclotron resonance.

Satellite “lines” on either side of the cyclotron
resonance have been observed in a variety of
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semiconducting materials.® Although a number
of theoretical explanations have been proposed,
the most recent model consists of a combination
of multiple-reflection and Faraday-rotation inter-
ference effects.’ The importance of such effects
was pointed out previously by the present authors.'®
These effects are excluded in this experiment
since the position of the CRI line was unaffected
by severe wedging, roughening, or thinning of
the sample.

The process we believe responsible for the
CRI resonance absorption was previously sug-
gested in Ref, 5. It is discussed in the following [

w,2(0) = 3(w2+ w,?) £ [H(w + w,?)? - w 2w, cos?9 ] /2,

In this equation 6 is the angle between g (the
plasmon wave vector) and the dc magnetic field,
and w, is the cyclotron frequency. We shall use
the root w, of Eq. (1) to describe the magneto-
plasma modes observed in the present experi-
ment,'?

The interaction between the electrons and plas-
mons can be written®®

Ho =25 D@e (b _5+b3*), (2)

where b, annihilates a plasmon of wave vector ¢
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FIG. 2. Laser frequency squared versus the square
of the magnetic field position of the various absorption
lines. On this plot, cyclotron resonance appears as a
straight line through the origin of slope 1 (solid line).
The CRI absorption line (1 from Fig. 1) for several la-
ser frequencies is plotted for three different carrier
concentrations: inverted triangles, N=6x10! cm™;
triangles, N=6.3x10!° cm™; circles, N=2,2x1015
cm™3, Theoretical calculations (see text) for two sam-
ple concentrations are shown as the dashed lines.

theoretical treatment and is justified by com-
parison of the results of this calculation with the
experiments.

We shall treat the conduction electrons in InSb
as free electrons of effective mass m* moving
in a medium of dielectric constant ¢,, For wave-
lengths sufficiently short that cq>w, the longitu-
dinal plasma modes are not strongly influenced
by retardation effects, and the dispersion of
these modes can be determined by simply setting
the longitudinal dielectric constant €,(w) equal to
zero, The roots of the resulting equation can be
written'!

(1)

land

dne?n 1/2

Dla) [qzﬂ(ae,/a w)wj '
The sum over ¢ in Eq. (2) should be restricted
to values for which the plasmon is well defined.
In the absence of a dc magnetic field this restric-
tion is Il <q., and the cutoff wave number ¢, is
simply that value of ¢ at which w,(g) intersects
the particle-hole continuum.® The general ques-
tion of plasmon lifetime in the presence of a dc
magnetic field is much more complicated.*

We assume that w, > w, and only the lowest Lan-
dau level is occupied, conditions which generally
describe the experimental situation. The w,
plasmons described by Eq. (1) are stable if ¢,
<kgl(1+B)*/2~1], where B=rhw,2/wes, €5=nke®/
2m* being the Fermi energy measured from the
bottom of the lowest Landau level. Thus, we
restrict the summation appearing in Eq. (2) to
values of § for which g, <k [(1+p)/2-1].

The electronic states in the presence of the dc
magnetic field are described by eigenfunctions
lv)=ln, k,, k,), where n is the Landau quantum
number. In the second-order process responsi-
ble for the CRI resonance absorption, the first
step is virtual electron-hole pair creation ac-
companied by plasmon emission resulting from
the electron-plasmon interaction. In this step
the initial electron in the state In=0, &, 2,) emits
an w,(-q) plasmon and jumps to an intermediate
state In=1, k,+q,, k,+q,). The photon absorption,
which is the second step, results from the elec-
tron-photon interaction, (e/c)v-A, where ¥ is
the electron velocity and A is the vector potential
of the photon field. In order to make the transi-
tion from the Iz=1, k,+q,, k,+q,) state to the
n=0, 2,+q,, k,+q,) final state, CRI radiation is
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absorbed. The transition rate and the power absorbed by this process can be calculated by Fermi’s
“golden rule.” The rate of scattering from initial state ¢ to final state f is

wy; = (21/10) | My |*0(E; - E)). (3)
For the process described above My; is given by

My;= <u"l—§x7- Av) (| D@ W)/B, - B,y - R, ], (4)

The power absorbed is obtained by multiplying Eq. (3) by the photon energy #Zw and summing over
initial and final states. The matrix elements appearing in Eq. (4) can be easily evaluated.'® The re-

sulting expression for the power absorbed per unit volume is

* 4, 2 2 m/2 2 _ 42 ’

pP= 4":2;30‘;’60 [ |2[(1i 5 fo do tane &QE?_* Q-tz) dxe'x], (5)
Here t=w,/wand Q, =w,/w. The parameter x
=7q,?/2m*w,, and limits on the x integration ! mental points for N=6.3x10'® and certainly for
are determined by the exclusion principle and N=6x 10" are shifted to higher magnetic fields
the requirement that g, <k,[(1+8)'/2~1]. The because of population of higher Landau levels
part of Eq. (5) within the bracket is a function of and nonparabolicity.
the parameter #; this function F(¢) has been eval- An intuitive understanding of the position of

the peaks can be obtained by noting that the dom-

uated numerically for several different frequen-
inant contribution to the absorption comes from

cies and electron concentrations. For low con-

centrations, F(f) is rather sharply peaked with plasmons with g nearly perpendicular to B so
noticeable asymmetric broadening to the low- that w, ~ (w,?+ w,?)'/% Furthermore, the aver-
field side. For higher concentrations the func- age energy of the excited electron-hole pair can
tions are broader and quite symmetric. be shown to be of the order of the Fermi energy,
In addition to the fundamental absorption de- €p=Tlws (€p <B™%), Thus, the resonance fre-
scribed above, “harmonics” occur when the quency should be of the order of (w2+ w,?)/?

+wy, in qualitative agreement with experiment
and the numerical calculation. A comparison of
the experimental and calculated peak absorption
strengths shows that the experimental strength

initial plasmon emission is accompanied by an
electronic transition from the =0 ton=a+1
state. The resonance frequency for these transi-
tions is shifted approximately aw, from the

fundamental, The lines in Fig. 1 indicated by 2 is roughly 4 times larger than the theoretical
and 3 occur at slightly lower fields than exact estimate. We consider this reasonable agree-
harmonics of cyclotron resonance. Similar lines ment considering the simplifying assumptions in-
have been attributed to harmonics of cyclotron volved in the calculation and the difficulty in ex-
resonance by other workers,'® although a satis- tracting accurate experimental estimates of the
factory explanation for these relatively intense line intensity.

lines has not been given. We suggest that the More detailed experiments and calculations in-
electron-plasmon mechansim described above cluding studies of the “harmonics” will be pre-
may be the appropriate explanation. sented in subsequent publications.

The peak positions obtained from the numerical Note added in proof.—After this Letter was
calculations of F(f) for the two indicated carrier submitted, a Letter by Shay et al. [J. L. Shay,
concentrations are shown in Fig. 2 as the two W. D. Johnson, Jr., E. Buehler, and J. H. Wer-
dashed lines, We note that the theoretical curve nick, Phys. Rev. Lett, 27, 711 (1971)] appeared
and experimental points for N=2x10'® cm ™2 are with a claim to have observed plasmaron cou--
in excellent agreement. The data for N=6.3 pling in CdSnP,. However, they did not provide
%10 and 6 X10'® cm "% samples are shifted in a quantitative analysis of their data. At present,
the direction indicated by the calculation for N we do not understand how their data can be ex-
=4x10" ¢m "3, This latter concentration repre- plained in terms of plasmaron coupling.
sents the highest concentration for which popula- The authors are grateful to Dr. G. A. Prinz
tion of higher Landau levels may be neglected at for valuable contributions concerning the design
the lowest operating frequency. It seems likely of efficient far-IR polarizers, to Mr, P. G. Sie-
that the positions of the lowest-frequency experi- benmann for making the transport measurements,
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calculations, and to Dr. K. L. Ngai and Professor
E. Burstein for helpful discussions.
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The T 23 states in *§JPoy, (T 3=21) which are the isobaric analogs of the T =T';=23
ground state and low-lying states in Zgngm have been observed as enhancements in the

excitation function for the reaction p +233Bi e~

3Pbyye + 2. The experimentally observed

enhancements in the two-proton coincidence excitation function correlate with the known
level structure of *®Pb and occur at the incident proton energies predicted by Coulomb
energy formulas, thus establishing that these enhancements are due to the population of

double analog levels in *!*Po.

For the neutron-rich, heavy nuclei [T,=(N-2)/
2= 10] the experimental observation of double an-
alog states — states with isospin T greater by 2
than T;,—has not been previously reported. In
lighter nuclei such states have been strongly ex-
cited by direct reactions such as the (p, ) reac-
tion.! However, in the (p, f) reaction the T=T,+2
states are excited by a factor approximately pro-
portional to 1/7? compared with the T =T, states
in the same nucleus.? For nuclei around 2°®Pb T
=~ 22, so that the excitation of double analog states
by direct reactions such as (p, f) is greatly inhib-
ited. ‘

In the present experiment the 7'=23 double ana-
log states in 2)3Po,,, are reached via the entrance

channel p +233Bi,,, ground state. S1nce the isospin
of the 2®Bi ground state is only 4, the entrance
channel has a maximum isospin of T'=22; and
thus the T =23 states in ?'°Po can only be reached
via isospin mixing due to the isospin-nonconserv-
ing parts of the Coulomb force. In turn, this
means that the cross section for the formation of
double analog states in ?!°Po via the p +2°°Bi en-
trance channel is expected to be very small. For
the incident proton energies at which the double
analog states are excited (E,; >33 MeV) the total
reaction cross section is approximately 2 b.
Thus, the observation of the double analog states
depends on the existence of a very unique signa-
ture for their decay.
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