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We report the first direct measurement of the longitudinal-optical (LO) phonon emission time (7 o) by
electrons in degenerate InAs, using electron tunneling techniques on n-type InAs-oxide-Pb junctions.
For a sample having n = 5.5 X 10!7/cm3, we obtain 7,4=(5.1 +0.3) X 10713 sec.

InAs is a weakly polar semiconductor and can
be doped easily to high carrier densities. In this
paper, we report the first direct measurement of
the longitudinal-optical (LO) phonon emission time
by electrons in degenerate InAs, using electron
tunneling techniques on n-type InAs-oxide-Pb
junctions. Since the electrons and LO-phonons in
InAs interact through polar coupling,! this experi-
ment offers a direct test of the theory of polarons
in degenerate semiconductors. In the remainder
of this paper, we present the experimental re-
sults and compare them with the prediction of the
polaron theory by Mahan and Duke, 2

The InAs sample has an electron concentration
n=5,5%10'"/cm® and a bulk Fermi energy Ep
=98 meV, Previously, we have described the ex-
perimental procedure for junction fabrication and
tunneling measurements and have given a detailed
account of the tunneling characteristics of the InAs-
oxide-Pb junctions.® For our purpose here, it
suffices to mention that, in the presence of a quan-
tizing magnetic field, the bias (V) dependence of
the derivative of the junction conductance (d?I/dV?)
shows oscillations reflecting the electron Landau
levels in InAs, This is illustrated in Fig. 1,
Curve (a) shows the d?I/dV?-vs-V data at 4,2 °K
taken with a magnetic field H=22 kG normal to the
plane of the junction, The zero-field data are
shown as curve (b), which is taken under identical
experimental conditions except for H~ 2 kG (which
is needed to quench the superconductivity of the
Pb electrode). The structure at V~ 10 mV and at
V=~ 30 mV seen in this curve arises from tunnel-
ing electrons interacting with Pb phonons and with
the LO phonons of InAs, respectively. The oscil-
latory component of curve (a), obtained by subtract-
ing curve (b) from curve (a), is displayed as curve
(c). It is clear that the oscillations show a sudden
decrease in amplitude at V~ 30 mV, which corre-
sponds to the LO-phonon energy of InAs, This
sudden decrease of the oscillation amplitude, which
becomes more apparent as we decrease the mag-
netic field, is our main interest in this paper,

We recall that while the period of the oscillations
illustrated in Fig, 1 measures the energy separa-
tion of the electron Landau levels in InAs, their
amplitude is relatedtothe electron relaxationtime.®
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If we regard the tunnel conductance at a bias V as
probing the quasiparticles injected into InAs at an
energy eV away from its Fermi level (Ey), the am-
plitude of the oscillations at V reflects the relaxa-
tion time of the quasiparticles at an energy eV
away from Ep. The observed decrease in oscil-
lation amplitude at V~30 mV, therefore, results
from the decrease in quasiparticle relaxation
time when relaxation by LO-phonon emission be-
comes energetically possible at | V| 2 7iwy/e, where
hwy is the InAs LO-phonon energy. At | V| < hwy/e,
the injected quasiparticles do not have sufficient
energy to emit LO phonons.

We have observed that, at a fixed bias, the amp-
litude A of the oscillations follows an exponential
dependence on the magnetic field H, i.e.,
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FIG. 1. d@’I/dV*-vs-V data from an InAs-oxide-Pb
junction (the InAs sample: n=5.5x10!"/cm?® and p=12 000
cm?/V sec) at 4.2°K. Curve (a) is taken with H=22 kG
applied normal to the plane of the junction, curve (b) is
taken with H reduced to =2 kG, and curve (c) is obtained
by subtracting curve (b) from curve (a).
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The parameter Hy is related to an effective Dingle
relaxation time 7 through 7= mm*c/eHy,* where m*
is the electron effective mass. We let A; be the
oscillation amplitude at V = #iwo/e when relaxation
by LO-phonon emission is allowed and A, be the
oscillation amplitude at V =#wy/e when relaxation
by LO-phonon emission is forbidden. If 7, is the
relaxation time governing A, the relaxation time
T1, governing A,, is given by

1/71:1/72“‘1/710, (2)

where 7, is the LO-phonon emission time. The
ratio A,/A; is then given by

Ap/Ay =™ /Lo 3)

It is clear from Eq. (3) that the decrease in oscil-
lation amplitude at V¥~ 30 mV should be more pro-
nounced at lower H and that 7., can be determined
by measuring this amplitude decrease as a function
of H.

In Fig. 2, we plot A;/A,, obtained from data in
the Pb positive bias at 4.2 °K, on a logarithmic
scale as a function of the inverse magnetic field
H', The quantities A, and A, are obtained by in-
terpolating the bias dependence of the oscillation
amplitude. In other words, A, is the oscillation
amplitude at V=30 mV as extrapolated from V <30
mV, and A, is the amplitude at V=30 mV as extrap-
olated from V>30 mV. From the slope of the
solid line in Fig. 2 and using m*=0.032 , (as
deduced from the observed oscillation périod) we
obtain 7,,=(5.1+0.3)x10""® sec. We note that,
within experimental errors, identical results are
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obtained from data in the Pb negative bias. We
should also note that the effective Dingle relaxation
times 7, and 7,, deduced from the magnetic field
dependence of the oscillation amplitude, are ~4
x107* sec. This fact by itself indicates that 7,

> 7, and 7, and that we cannot obtain 7., by mea-
suring the bias dependence of the effective Dingle
relaxation time.

The problem of electrons interacting through po-
lar coupling with optical phonons in degenerate
semiconductors has been studied by Mahan and
Duke, using field-theoretic techniques. The imag-
inary part of the electron self-energy, ImZ, is re-
lated to the phonon emissiontime 7 of the electron
through — ImXZ =%/27. In order to compare the
theory with our experiment, we follow Conley and
Mahan® and use their approximate expression for
the one-phonon self-energy to evaluate the LO-
phonon emission time:

S (¢ K3/ A
10 = 2anwoliwe/Ef) 7’

and « is the polar constant given by

2 1/2

a=€_< m*) (_1_ __1_) . (5)

/] Zh'wo €. €

Here, kg=(6mne’/€.Ep)'/? is the Thomas-Fermi
screening constant, kp=(37%n)'/%is the electron
Fermi wave vector, and €, and ¢ are the high-
frequency and static dielectric constant, respec-
tively. For our InAs sample (=5.5x10""/cm®),
we obtain 7, =5.3x10"" sec from Eq. (4) by using
m*=0.032m, €,=12.3 and €g=14.9, in excellent
agreement with the experimental result.

Finally, it should be noted that we expect the
polar coupling to LO phonons in our InAs sample
most suitable for testing the perturbation theory
of Mahan and Duke. Its polar constant (a¢~ 0.05)
is small, its plasma energy (7w, ~ 50 meV) is
larger than its LO-phonon energy, and, above all,
it is a high-density electron gas as indicated by
7,~0.2 (here 7, is the interelectron spacing mea-
sured in units of the effective Bohr radius). The
theory, however, does not take into account of the
quantizing magnetic field, which is essential to
our experiment. Although we do not expect mag-
netic quantization to change the result appreciably,
it is apparent that a more quantitative test for the
theory of polarons in degenerate semiconductors
will need an extension of the theory to include the
magnetic field.

I acknowledge helpful conversations with G. A.
Baraff, P. M. Platzman, and J. M. Rowell.
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