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The signal-to-noise problem, well illustrated
in Fig. 2, is currently being studied in an at-
tempt to search for fine structure in the absorp-
tion edge.
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DISTURBANCE OF PHONON DISTRIBUTION IN HIGH ELECTRIC FIELDS
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The rate of phonon generation may be calcu-
lated from the well-known expressions for the
rates of scattering of electrons with phonon emis-
sion and absorption, respectively. ' For the con-
ditions of interest, electron energy is too low
for optical phonon emission, and carrier concen-
tration is fairly high. We may therefore take
for the distribution function of the electrons in

the ith valley a Maxwell-Boltzmann distribution
/(~) = ( /nN (cT (~e) )} epx[-e/k TO&(~)], where Nc( Tz(~))

is the "effective density of states" in the ith val-
ley. We shall neglect the asymmetric part of the
electron distribution and of the disturbed phonon
distribution since these are expected to be small.
When the phonon disturbance is not too large, the
phonon lifetime should be given by the boundary
scattering value L/u~, where uz is the appropri-
ate sound velocity. Taking the steady-state value

Nq of phonons with wave vector q as the product
of the generation rate and this lifetime, we find
for Ssc~q +A'oTe (i)

C(8.) =sin'8. +(m /m ) cos'8. ,i i t l
(3)

8; being the angle between q and the symmetry
axis of the ith valley. For longitudinal waves
a =I and and -l -d+-u s ~i for transverse
waves n = t and:-g = ~ sin8i cos8;, the ='s being
the deformation potential constants defined by
Herring and Vogt. ' It is seen that, for the F
not large compared to unity, which we shall as-
sume to be the case throughout this treatment,
(1) is not in a form for which we may say the
phonon distribution has a new temperature.

Nq~ and Nq& were calculated for n-Ge, for sev-
eral directions of q, with current assumed in the
[100]direction, in which case T (') is the same
for all valleys. Te was taken as 10Tlat, or 40',
and k&u /k0Tlat was taken as 2. For q in the [100]
direction, it was found that F&

' =3.32nL/5x10"
for L in cm, n in cm . FI( ) for this direction
was quite small. For q in the [111]direction,
F&u '= l2. InL/5 x10 ~, but it is much smaller
for the other three valleys. The corresponding
quantity for transverse waves is 0 for the [111]
valley, and small for the other three valleys.
Despite the large anisotropy of Nq& and Nqg in-
dividua. lly, their sum has small anisotropy. For
L =1 cm, n = 5x10 /cmm, the sum is =4 for q in
the [100]direction, 5. 5 for q in the [111]direc-
tion.

With Nq given above, one may calculate from
the usual formalism the relaxation-time tensor
and the mobility, which is a scalar for current
in the [100]direction, as functions of Te. In turn,
T may be determined by the familiar technique
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of equating the average rate of energy gain from
the field, euE', to the average rate of loss to pho-
nons. In the limit of large Te, we find for the
latter

Table I. Properties of samples.

Cross-sectional
dimensions

(cm)

Room-temperature
mean resistivity

(ohm-cm)

1V -N
D A

(104 cm )

L, =0.95
L)=0.43

L =0.42

L =0. 145

3.7

3.5

4. 7

4.34

5.26

4. 96

Using T determined from the balance-of-energy
condition, we find

@,(gL )
-s/4g-1/2

where 4 is a complicated function that increases
weakly with increasing F (I). If there were no

departure from the thermal equilibrium phonon
distribution, theory predicts p. ~E 8, and in-
dependent of n and L, of course.

To test the theory, measurements of j vs E at
4'K were made on a set of As-doped Ge samples
whose properties are listed in Table I. The first
sample had a square cross section with L =0.97
cm, and a length of 2 cm. All later samples were
made by cutting this sample so as to reduce the
cross section while keeping the length constant.
Ohmic contacts (II+-n alloyed) were provided at
the end faces. For the smallest sample, meas-
urements were also made with side probes. No
difference was found, within experimental error,
betmeen chemically etched and sandblasted sam-
ples, indicating that the boundary scattering was
essentially diffuse in the etched specimens. The
samples were immersed directly in the liquid he-
lium. The voltage was applied in square pulses
of 2 microseconds duration, manually triggered
to avoid heating the sample. Changing the repe-
tition rate as mell as the pulse length ensured
that the sample was always in isothermal condi-
tions.
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FIG. 1. Current density vs electric field intensity
at 4'K for a set of n-Ge samples with transverse di-
mensions indicated. All samples had square cross
section except for the second, for which the two trans-
verse dimensions are listed.

As is seen in Fig. 1, at low current densities
j vs E was found to be the same for all samples,
indicating that such differences as there are in
impurity content and inhomogeneity have no ef-
fect. At higher current, or, more significantly,
carrier densities, the j vs E curves of the differ-
ent samples are found to fall below the main
curve, the deviation coming at a lower carrier
density the larger the sample. These are just
the effects expected for a disturbance of the pho-
non distribution. When sufficient phonons are
generated, i.e. , N& is comparable to —,', the ad-
ditional scattering decreases the rate of energy
gain from the field, and thus the electron tem-
perature and, in this range of fields, the elec-
tron concentration, which causes lower current
for a given field. The effect begins at lower n
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in samples of larger I. because N ~nL. %e
Q'

have estimated the values of n at which the devi-
ation begins for the different samples and they
are in reasonable agreement with the theory.

For the smallest sample, the values of the
Fz(i) are in the range for which the calculations
carried out above apply. At the very highest
fields it is found that j varies essentially as E
Since saturation should certainly have been ob-
tained by these fields, this indicates that p. de-
creases essentially as E ', in agreement with
the theory. Variation of p. as F. 5 under simi-
lar experimental conditions has been found pre-
viously for both n-Ge~ and P-Ge.

To test the predicted dependence of p on I. we
note that at 50 V/cm, the ratio of current densi-
ties of the two smallest samples is 1.7, while
the -4 power of the ratio of their transverse di-
mensions is 2.2. This is in reasonable agree-
ment with the theory, particularly since for the
larger of the two samples the F~&' are large
enough so that the dependence of 4 on I. has

some effect.
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We have observed emission as a function of an-
gle of coherent Stokes and anti-Stokes radiation
from the nitrobenzene in the Kerr cell shutter of
a Q-switched ruby laser. Careful measurements
of the angular distribution of the three Stokes
lines (S„S„and S,) and one anti-Stokes line (AS, )
have allowed a clear-cut distinction between two
possible mechanisms that could produce coherent
anti-Stokes radiation —namely, a four-photon proc-
ess and a two-step Raman scattering process.
Our data can be explained in terms of the two-
step Raman scattering process and is inconsistent
with the four-photon model.

In the four-photon process, two laser quanta are
annihilated with the emission of a phase-matched
Stokes and anti- Stokes quantum. In the two- step
Raman scattering process, the laser parametri-
cally stimulates the emission of a distribution of
Raman Stokes quanta and associated distributed
optical phonons; this is followed by a secondary
anti-Stokes Raman scattering process, the annihi-
lation of both laser radiation and the appropriate
optical phonons to create phase- matched anti-
Stokes radiation. The first of these processes

has been suggested by Terhune' to explain his ob-
servation of anti-Stokes rings in Raman scattering.
The importance of the excitations of optical pho-
nons in stimulated Raman emission was suggested
by two of the authors', and the two-step process
for the creation of anti- Stokes radiation has been
considered within the framework of a formalism
similar to the optical-phonon picture. '

In our arrangement the sample is simply the
nitrobenzene in the Kerr cell shutter of a standard
Q-switched ruby laser with an external reflector.
This contrasts with the earlier observation of
Terhune, who focused the the primary laser beam
on an external sample cell. The experiment con-
sists of measurement of the angular distribution
of three Stokes and one anti-Stokes lines that
were observable with our system. The angular
distribution results, obtained with a spectrome'. er
and photomultiplier detector, are shown in Fig. 1.
The significant features of the data are these:

(l) The first Stokes line (S,) peaks up in the for-
ward direction, and shows no other major peaks
as a function of angle.

(2) The first anti-Stokes line (AS, ) does not
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