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Infrared reQectivity measurements have been made at 78'K on three samples of GaAs, doped with Te
so that the plasma frequency is nearly equal to the long-wavelength LO phonon frequency. There are two
prominent dips in the reactivity spectra, but instead of occurring near the plasma frequency and LO mode
LO-phonon
frequency, they occur at the frequencies of the two normal modes of the coupled plasmon —
system, as predicted by Varga and by Singwi and Tosi. From the reAectivity spectra at 78'K, values of the
electron effective mass of 0.067, 0.073, and 0.077m, are obtained for n-type GaAs with 7.22)& 10'7, 8.75& 10',
and 14.0X10"carriers per cm'.

INTRODUCTION

'HE

coupling between plasmons and LO phonons
in polar crystals has been discussed recently by
Varga' and by Singwi and Tosi. ' Since the longwavelength LO lattice vibrational modes give rise to
electric dipole moments which can couple to the electric
Geld of the plasmons, longitudinal collective excitations
of the electron gas, these two types of excitations are
replaced by new excitations having diRerent frequencies
and mixed phonon-plasmon character. The eRects of the
coupling are especially mark. ed when the long-wavelength LO mode frequency ~~ is approximately equal to
the plasma frequency co„, where
rd

= (47rXs'/m*e )'"

(1)

theory is that the electrons and lattice contribute
additively to the dielectric response function.
In the present paper we report the normal-incidence
reAectivity at 78'K of several GaAs samples doped so
that co&=co~. These reAectivity curves can be htted very
we11. by using one oscillator for the phonons and one
(zero frequency) oscillator for the electrons. The features of the spectrum described by the theory are
present. Since this work was begun, two reports of
simila, r measurements have appeared, a paper7 on GaP,
and an analysiss of data on CdS, for which, however, no
information is available. The replasmon-damping
Qectivity of doped C aP does not show the characteristic
"two-dip" structure predicted, because there is too
much plasmon damping.

Here E is the electron concentration, m~ is the electron
eRective mass, and e„ is the optical dielectric consta, nt.
These modes have subsequently been observed in GaAs
by Raman scattering' ' and the frequency shift of a
"phonon" was observed earlier in PbTe by inelastic
neutron scat tering. '
Although these longitudinal modes do not interact
with radiation incident normally on a solid, they do
influence the normal reQectivity, for they determine the
dielectric constant, or
zeroes of the frequency-dependent
alternatively, their frequencies are given by such zeroes. '
Singwi and Tosi' calculated the normal reAectivity for a
typical III-V semiconductor, GaSb, and showed that
the reQectivity spectrum would exhibit characteristic
structure at the coupled-mode frequencies provided
there was not too much damping in the electron gas.
They used undamped phonons, but presumably too
much phonon damping wouM also obscure the characteristic structure. The principal assumption in the

EXPERIMENTAL

The samples were purchased from Monsanto. In all
boat-grown single
cases they were tellurium-doped,
crystals. One portion of each slice was ground Oat and
polished with alumina. Just before use, the sample was
etched in a solution of H~SO4, H20~, and H20 in. proportions 6: 1:3. A square rod was cut from adjoining
material and used for room and liquid-nitrogen temperature Hall-coefficient and resistivity measurements.
A Perk. in-Elmer model 99 monochromator was used.
The sample and a reference mirror were clamped into a
sample holder on the tail of a, liquid-nitrogen cryostat
with a, CsI window. The beam from the monochromator
was refocused by a spherical mirror on the sample at an
average angle of incidence of 8'. The rejected beam was
intercepted by a Rat mirror or reststrahl plate and
directed to a thermocouple. I iI', NaF, CaF2, and NaCl
reststrahl plates were used over the range where they
reflected more than 60%%u~ of the desired wavelength. In
addition, when the CsI prism was used. at wavelengths
t Work performed in the Ames Laboratory of the U. S. Atomic below 40 pm, a Perkin-Elmer transmission ijlter (range:
Energy Commission. Contribution No. 2387.
25 —40 pm) was used immediately behind the exit slit.
' B. B. Varga, Phys. Rev. D7, A1896 (1965).
~ K. S. Singwi and M. P. Tosi, Phys. Rev. 147, 658 (1966}.
With this Altering, the short-wavelength stray light was
3 A. Mooradian and G. B. Wright, Phys. Rev. Letters 16, 999
less than 1%. Because of the geometry, light reflected
(1966).
from the front surface of the cryostat window did not
4 A. Mooradian and A. L. McWhorter, Phys. Rev. Letters 19,
849 {1967).
' M. Hashimoto and I. Akasaki, Phys. Letters 2SA, 38 (1967).
' B. Tell and R. J. Martin, Phys. Rev. 167, 381 (1968).
8 R. J. Bell, T. J. McMahon, and D. G. Rathbun, J. Appl. Phys.
6 R. A. Cowley and G. Dolling, Phys. Rev. Letters 14, 549
89, 48 (1968).
(1965).
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hit the intercept mirror. Back-surface-window reQections, diffuse scattering, and sample-holder reQections
had a path length significantly diferent from that of the
main beam. The thermocouple focusing system is very
and the stray signal is eGecpath-length-dependent,
tively rejected. Tests with the sample holder empty
show that this type of stray light is less than 0.1% of the
detected signal.
The reference was a fresh aluminum mirror with a
reflectivity of 98.4%. This was determined both by
comparison to a fresh silver mirror and by a room-
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Figures 1—3 show the measured reQectivities of our
samples at 78'K and calculated values using a twooscillator fj.t for the normal incidence reQectivity,
6I.

=

(I—1)'+As

(2)

(is+1)s+ks
with

e' —k'= eg )

2@k

= e2.

(In the figures we have plotted the more conventional
temperature absolute reQectance measurement. '
spectroscopic abcissa, wave number 9=or/2rrc. ) The real
Resistivity p, and Hall-coefFicient R, measurements
and imaginary parts of the dielectric constant are
were made at two places on each sample. Samples 2 and
4rrpg1 —
(or/orr)s7
or, se„rs
3 were slightly inhomogeneous with a 6% difFerence in
er=s
(4)
Hall coefFicients at the two places. In all three samples
(~/orr)'3'+ (~v/~i')' 1+~'r'
L1 —
the Hall coefficients were the same at 78 and 300'K. and
There is some uncertainty in relating the Hall coeSGOy G~T
4rrp (ory/or P)
es=
cient to the carrier concentration via the equation
(5)
E= —A/Se. If the relaxation time approximation is
D (or/or )2)2+ (orp/or 2)2 or (1+orsrs)
valid and the samples are highly degenerate, then
Here harp= ~0 —
~„, the difference between the static and
A =1.0. This is frequently used, but the samples used
here are not yet in this limit. If all scattering at 78'K is optical dielectric constants. or~ is the frequency of the
long-wavelength TO modes of the lattice and is related
by ionized impurities, ' and if the carriers are in a
to orr by the Lyddane-Sachs-Teller relation, '4" orr/or&
parabolic band with m*= 0.070m„ then for our samples
A=1.08. This is the value that we used. At room = (eo/e~)'rs. The value of or, r 51.52)& 10" sec ', was
chosen to agree with that found by Hass and Henvis"
temperature there maybe some optical-mode scattering"
for
purer GaAs at 4.2'K. e„was set equal to 11.2, a value
which would change the value of A. For our samples the
obtained
from refractive index measurements. '~ The
value of R was the same at 78 and at 300'K. We believe
lattice
mode
strength 4mp, the lattice damping y, the
that X is the same at both temperatures. (This is supported by the observation that the reQection spectra of plasma frequency ~~, and the plasmon lifetime r, were
our samples were the same at 78 and at 300'K, while a varied to get the best ht to the measured reQection
2% change in cV should produce a noticeable difference. )
I.O
The degree of degeneracy is lower at 300 than at 78'K,
so A should increase. That it does not seem to do so may
0,8
be a manifestation of some optical-mode scattering.
There is also an uncertainty in the effective mass.
t- 0.6
Spitzer and Whelan" have determined the effective
ID
mass for samples in this concentration range from
ui
reflectivity measurements, which give E/sN, and transw 0,4
port measurements, which give
They report a roomtemperature value of 0.079ns, for samples of our concen08tration, assuming a value of 1.0 for A. Faraday rotation
V
Pj.
measurements by DeMeis and Paul, using a wedgeli
0
IOO
200
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800
avoid
shaped sample to
multiple reQections, gave values
WAVE NUMBER (cm )
for E/m*s. Their value of rm* for samples in our concenFxo. 1. ReQectivity of GaAs sample 1. Solid line, two oscillator
tration range is 0.070es, at room temperature, using
Gt as described in the text; dashed line, experimental data. Where
= 1.This is still, however, dependent upon a transport- the dashed line is not shown, it coincides with solid line, except
below 210 cm ', where data were not taken. The spectral band pass
measured
was small on the scale to which the data are plotted, typical values
being 4.5 cm at 225 cm ' and 3 cm at 350 cm &. The positions
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and E. Logothetis, Appl. Opt. 3, 255 (1964).
V. Emel'yanenko and D. N. Nasledov, Fiz. Tverd. Tela1,
985 (1959) I English transl. : Soviet Phys. Solid State 1, 906
(1959)g.
' H. Ehrenreich, Phys. Rev. 120, 1951 (1960).
'~ W. G. Spitzer and J. M. Whelan, Phys. Rev. 114, 59
(1959).
» W. M. DeMeis and W. Paul (unpublished); also, Harvard
University Technical Report No. HP-15, 1965 (unpublished).
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of the uncoupled Lo and plasmon modes as well as the two
coupled modes are shown along the abcissa scale.

14 R. H.
Lyddane, R. G. Sachs, and E. Teller, Phys. Rev. 59, 673
(1941}.
"W. Cochran, Z. Krist. 112, 465 (1959}.
"M. Bass and B. W. Henvis, J. Phys. Chem. Solids 23, 1099

(1962).
rr

D. T. F. Marple,

J. Appl.

Phys. 55, 1241 (1964).
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Frc. 2. ReRectivity of GaAs sample 2. See caption of Fig. 1.

Fxo. 3.~ReQectivity of GaAs sample 3. See caption of Fig. 1.

spectra for which the two varied phonon parameters
were the same for each sample. The primary criterion in
determining
the best 6t was the frequency of the
maximum and the two minima. The strength arrived at,
2 Op was the same as f ound by Bass and Henvis,
and
our value of y, 0.40, agrees with theirs within the
uncertainty of the G, t. The fit was not sensitive to
changes of less than 10% in the damping. It was, however, very sensitive to plasma frequency. Changes of 1%
would move the high-frequency minimum signifjIcant
amounts.
The two sharp dips in the reQectivity spectrum, as ~
increases, usually occur near ~1 and ~~, while the sharp
rise as co increases occurs near ~ &. In two of our samples,
there is almost maximum coupling between the I.o
phonons and the plasmons, and we expect the features
at co„and A&1 to occur at co+ and or or at co and co+
(depending on whether or not co~) ~i), where o&+ and ~
are solutions of2

As the damping coeAicients increase, the frequencies co~
will shift, becoming complex. Their real parts will be
less different than Eq. (6) implies, and the steep dips in
the reRectivity will become less steep, finally disappearing for large damping. s {For the doped GaP sample
whose reQectivity is reported in Ref. 7, v = 0.004)&10
sec, much smaller than that for our GaAs samples. This
increased damping accounts for the occurrence of only
one dip in the reflectivity of GaP. ) We have solved
Eq. (6) for our samples and have marked roi, &o„, re+, and
in Figs. 1—3. One can see that co+ and co are clearly
better indicators of the places where structure is most
dominant, even for sample 3, where co1 and ~„differ

"

2(o

'= (coP+io

')&[((oP—(o ')'+16C'cui(o

]"'

(6)

with the coupling constant C given by
'C

—%Leo& on(1 —e„/eo)]'

Equation (6) is valid only in the limit of no damping.
TAszE

I. Transport

"

by 2&%
The fact that each reAectivity curve can be fit by a
single plasma frequency and a constant plasmon lifetime is satisfying, but it is desirable that these parameters, especially cv„, be obtained from independent measurements. In Table I we list the transport parameters,
the plasma frequency, and lifetime calculated from
transport parameters using values of m* obtained from
and the plasma freFaraday rotation measurements,
quency and lifetime obtained by fitting Eqs. (2)—(5) for
our reQectivity spectra.
The small discrepancies in the values of co„and the
larger discrepancies in v when determined by transport

"

properties and plasma parameters for doped n-GaAs at

78'K.

From R and p'
Sample

No.

(10 'Ocm)

3.55
2.03
1.40
&

R

P

(cm

'C ')

9.33
7.70
4.80

(10'Vcm 3)

7.22
8.75
14.0

PH
V

(cd

s

GOp

'}

2433
3495

3174

Using A =1.08.
From DeMeis and Paul (Ref. 13) but scaling their values of N by
Using os+/vs~ from the preceding column.

0.0706
0.0723
0.0748

From reQectivity
Cdp

(10~s ')

(10 ~s)

(10-~ -~)

(10-~ s)

53.9
58.7

0.098

55.5
58.5
72.0

0.08
0.13
0.07

72.9

1.08 and of m+ by (1.08)1I~.

0.132
0.135
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and by optical methods are not important. v may
actually be smaller at infrared frequencies and cannot be
determined to better than 10%.The fact that our values
decreases,
of v do not increase monotonically as
contrary to expectation for ionized impurity scattering
when only one type of impurity is present, is probably
due to considerable compensation in our samples.
We can obtain values of rw*/m. from the values of to~
that fit the re6ection spectra. For samples 1—3 at 78'K
we nnd that m*/m, is 0.0668, 0.0726, and 0.0770, respectively. To compare these with the values of DeMeis
and Paul" and of Spitzer and %helan" one must increase them by about 4% to correct for the change in m*
due to increasing the temperature from 78 to 300'K.
To put our values on the same basis as those of Refs. 12
The values of E in Table I
and 13 we must use

E

must then be multiplied by (1.08) ' and the values of
m~/m, listed above must be multiplied by (1.08) 'ls,
just cancelling the temperature correction. Our values
of ives/m, thus "corrected" fall about 0.03 units below
the data of Ref. 12, obtained by a method similar to
ours, and range from 0.03 units below the data of
Ref. 13 (sample 1) to about 0.05 units above them
(sample 3). Agreement is "satisfactory, except for the
unusually large dependence of mrs*/mrs. on A" that we
seem to have. This cannot be considered significant,
however, because only three samples were used.

"

"
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Excitations in Alkali Halides*
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Department
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Optical excitations involving the simultaneous production of two or more excitons by a single photon in
alkali halides are considered. The electron-electron interaction is approximated by a term derived from
Toyozawa's theory of the electronic polaron. Using a Lee-Low-Pines transformation for the c.m. motion and
the Hartree approximation for the internal motion of an exciton, dipole matrix elements are calculated for
many-exciton transitions. Specifically, for typical alkali halides we 6nd the oscillator strength ratio
f&»/f&»
10 ', in disagreement with the ratio 1.5 obtained by Miyakawa for LiF. Ultraviolet and x-ray
data in the two-exciton region are briefly discussed.

I. INTRODUCTION
HE optical properties of insulating

solids (e.g. ,
alkali halides'' and rare-gas solids~ have been
extensively studied, both experimentally and theoretically, near the fundamental absorption edge. For largegap systems, the spectra are dominated by exciton
absorption bands' above and below threshold. Structure

'
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at high energies has been identified with (1) Frenkel
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