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Fro. 1. Far infrared reQectivities of Ge, Si, InSb, ZnS, PbS, PbSe, and TlCl.

The reQectivities of Ge and Si are almost constant
throughout the spectral region observed. For impure
Ge, a peak in the 117-micron region has been reported, '
but we were unable to find evidence of its existance
with a fairly pure Ge crystal.

The refiectivity curves of InSb show a sharp maxi-
mum at 54.6 microns and a fiat peak in the longer
wave region. The maximum value of the peak at 54.6
microns decreases with increase of temperature, but the
maximum value of the fiat peak increases rapidly and
the position of this peak shifts toward short wave
lengths with increase of temperature. The reflectivity
curve of ZnS has a sharp peak at 25.5 microns, but it is
completely fiat beyond 50 microns. InSb and ZnS have
the same crystal form. The sharp peaks of refiectivity
of InSb and ZnS appear to be due to lattice vibrations,
and the fiat peak of InSb may be attributed to free
electrons. Details of these and other measurements on
InSb are being published elsewhere. '

Far infrared refiectivities were previously reported
by Strong' for PbS and by Sinton and Davis' for PbS
and TlCl. PbS, PbSe, and TlCl have similar refiectivity
characteristics, each having two fiat reQectivity maxima.
Measurements at 23' and 130'C show that the peak
in the longer wave region does not depend on free
electrons.
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Hall Effect Noise
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XCESS noise, characterized by a noise power
& density with a 1/f spectrum, is the major form of

electrical noise in semiconductors, particularly at low
frequencies. It may be present in single-crystal semi-
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FIG. 1. Noise observed at the Hall probes as a function of mag-
netic field squared. The curve for I=0 represents amplifier noise.
The intercept of the I=8.4 ma curve at H=O is "unbalanced"
noise. The linear variation of noise with B' should be noted.

A magnetic field of 1.0 weber/m' perpendicular to the
plane of the sample and to the direction of current Qow

had a negligible effect on the magnitude and spectrum
of the noise. It has been demonstrated experimentally
that the noise was generated in the germanium and was
not due to contacts.

To determine noise voltages at the Hall electrodes,
the sample was placed between the pole pieces of an
electromagnet supplied with current from a bank of
storage cells. The noise voltages observed at a fre-
quency of 20 cps are plotted in Fig. 1. The noise level
for I=O represents ampliher and thermal noise in the
input circuit and illustrates that no noise is generated
due to Quctuations in the magnetic Geld. With current
passing through the sample, noise is observed at the
probes at zero magnetic field. This is analogous to the
usual "unbalance" voltage encountered in the Hall
eGect.

conductor samples with "noiseless" electrodes and no
obvious external discontinuities. ' lt has been suggested
that the effect is caused by conductivity modulation of
the semiconductor due to Quctuations in carrier density.
We have undertaken to examine variations in carrier
density in semiconductors exhibiting excess noise,
through the use of the Hall eGect.

Specimens used for this study are e-type single-
crystal germanium, of approximately 10 ohm-centi-
meter resistivity. They were sandblasted into "bridges"
similar to those used by Montgomery. ' This shape is
known to be most suitable for noise investigations as it
eliminates effects of metallic probe electrodes in the
current path. To increase the noise level of some
samples, they were plastically deformed by bending in
air at 600'C.

The excess noise observed in these specimens is
found to have the usual 1/f spectrum of excess noise
in the frequency interval studied, 1 cps to 10 kc/sec.

Vr =RI and VIr RiIIH/t, ——

where R is the sample resistance between probes, R~ is
the Hall constant, and t is the sample thickness. If we
ascribe Quctuations in these potentials to variations in
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FIG. 2. Spectral density of carrier density fluctuations as a
function of frequency as determined from excess noise measure-
m.ents (open circles) and Hall noise (solid circles). The inverse
frequency spectrum is clearly illustrated.

Additional noise is observed when the magnetic field
is applied and the mean square noise voltage increases
linearly with the square of the field, as shown in Fig. 1.
This behavior is as expected in the Hall effect, and also
shows that there is little correlation between the un-
balance excess noise voltage and the Hall noise voltage,
for if correlation existed the observed noise would have,
in addition, a linear dependence upon field.

Residual current Quctuations may be expected also to
contribute to noise at the Hall probes and this com-
ponent would be difFicult to distinguish from the Hall
noise. We compute residual current Quctuations to be
(EI2)=5X10 " amp'/cycle under the conditions per-
taining to Fig. 1. From the known Hall constant this
contribution to noise at the Hall probes is of the order
of 2X10 "volt'/cycle, much below the level observed.
We conclude that the field-dependent noise voltage
observed is truly Hall noise and may be interpreted in
terms of carrier density Quctuations. The excess noise
and the Hall noise may be represented by the following
expressions in the frequency interval 1 cps to 10 kc/sec:

(AVr') = 7.3X10 "I"f "volt'/cycle

(AVg') = 7.4X10 "I"f "H2' volt'/cycle

where I is the sample current in milliamperes, f is the
frequency, and H is the magnetic Iield in webers/m'.

These noise voltages may be interpreted in terms of
conductivity modulations caused by Quctuation in
carrier density in the following manner. With zero
magnetic field the potential is simply that due to the
current, while the additional voltage with magnetic
field is given by the usual Hall relation. The two po-
tentials are thus:
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R and XII caused by Ructuations in carrier density, e,
it may be shown that on the basis of a simple, single-
carrier model:

(AVr') = Vr'((An' )/n') and
(a Vrr') = Vrr'((an')/n') (2)

where Vg is the dc potential drop between the probes
and U~ is the usual Hall voltage. It is convenient to
treat the data in this manner, since all potentials are
directly measurable and the results are independent of
sample dimensions and calibration of the magnetic
field. The quantities V~ and UII were determined for
the sample by standard techniques.

Carrier fluctuations calculated from Eqs. (2) are
shown in Fig. 2. The agreement between the results is
within the experimental errors of the present data. In
particular, the carrier density fluctuations as directly
measured by the Hall effect have the 1/f spectrum and
the proper order of magnitude to account for excess
noise. We believe that these results constitute the first
proof that excess noise is a result of carrier density
fluctuation.

' H. C. Montgomery, Bell System Tech. J. Bl, 950 (1952).

The 8 function in this expression represents the mo-
mentum conservation between neutron, phonon and
crystal. In addition, the neutron-phonon system must
conserve energy so that'

L~ = =F~—Acof = —L)J.
2m 2m

(2)
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When these energy and momentum conditions are
simultaneously satisfied, neutrons are scattered with an
intensity given by (1).

Since q is restricted to the zone around each re-
ciprocal lattice point ~, this latter can be unambiguously

Scattering of Neutrons by Phonons in an
Aluminum Single Crystal
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' 'T has long been realizecV that the normal vibrational
- modes of a crystal could be determined from meas-

urements of the energy distribution of coherently
scattered neutrons. The basic theory of inelastic co-
herent scattering is largely due to Weinstock. ' The
neutron gains or loses energy corresponding to the
annihilation or production of one or more phonons in
the crystal. The zero-phonon process represents Bragg
scattering. If this process is avoided by selecting the
angular setting of the crystal, the one-phonon process
can be dominant. The partial differential cross section
for production of one phonon of the fth normal mode in
a monoatomic crystal is'

n.sko;.t, f(k—k') .nial' k'
6)f—

2MBÃ cur (1—xr) k

Xexp( —2'') 6(k—k' —2~~+q), (1)

where k and k' are the initial and final neutron propaga-
tion vectors, or~ is the phonon angular frequency, e~ is
the phonon unit polarization vector, c is a vector of the
reciprocal lattice, q is the phonon wave vector, xf
=exp( —Ates/ksT), S is the number of atoms in the
crystal, 8 is the volume per atom, and M is the mass of
the atom, and exp( —2Wr') is the Debye-Wailer factor.
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FIG. 1. Typical energy distributions of neutrons inelastically
scattered by an aluminum single crystal and approximate resolu-
tion functions. The incident neutron energy 8 is indicated by the
arrows.

assigned. Then the two conservation equations are
sufficient to determine the angular frequency co in terms
of the phonon wave vector q. For a monoatomic lattice
ce(q) is expected to separate into three branches corre-
sponding in the low-frequency limit to the longitudinal
and two transverse polarizations of sound waves. In
principle the directions of the polarization vectors, 0.,
can be obtained by repeated observation of the same
point in a zone of reciprocal space using diferent initial
and final neutron momenta, and comparison of the
intensities of the observed neutron groups with Eq. (1).


