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Fluctuations s o L l D s

By James J. Brophy

r I N\HE Sixth Annual Fluctuations in Solids Sym-
posium was notable for the number of new ran-
dom effects discussed, which is indicative of the

ever-widening scope and application of noise phenomena.

This one-day meeting on May 17, 1962, was held for

the first time at the University of Minnesota and again

provided an informal forum for those actively working
in the field to discuss their most recent results and cur-

rent problems. Co-hosts for this year’s meeting were A.

van der Ziel and K. M. van Vliet of the University of

Minnesota, who succeeded admirably in organizing the

random contributions of participants into a coherent

program. Following the welcoming remarks by Dean F.

Verbrugge, the discussions were arranged into four ma-

jor areas: (1) noise in devices, (2) theoretical prob-

lems, (3) noise in materials, and (4) special topics.

The session on noise in devices showed how remark-
ably well the phenomena are understood in the better-
studied solid-state devices and how rich in new effects
are the noise phenomena in the newer devices. A de-
scription of noise in planar high-frequency transistors
was given by H. F. Cooke. Because of their small ac-
curate geometry and passivated surface, the noise fig-
ure of typical units is about 0.1 dB (for a 107-ohm
source) from 50 cps to 50 % 10° cps. An increase in
the noise figure at low frequencies is a result of 1/f
noise, and at high frequencies of reduction in gain. In
some units, the high-frequency 3-dB point is as high as
2 % 10° cps. Thermal noise in the base resistance con-
tributes to the over-all noise level. The effect is fre-
quency dependent because of capacitive shunting of the
emitter junction and can be observed as a dip in the
noise figure near 50 % 10° cps in silicon units and near
5 % 10? cps in germanium units.

A study of noise in field-effect transistors was re-
ported for the first time by A. van der Ziel who at-
tributes the limiting noise to thermal noise in the con-
ducting channel. Because of noise modulation effects in
the channel, the output noise is somewhat larger than
thermal noise associated with the dc drain conductance.
Predicted noise levels agree within a few percent with
experimental measurements, which is highly satisfying
and somewhat surprising, considering the early stage of
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the studies. Some field effect transistors show g-r noise
at frequencies of 10° cps, and most units have 1/f
noise below 100 cps. The possibility of induced gate
noise generated in the input circuit by fluctuations in
the channel, which is analogous to induced grid noise
in vacuum tubes, has also been examined by van der
Ziel. The magnitude of the effect has not yet been fully
interpreted or observed experimentally.

Among the newer solid-state devices are those em-
ploying tunneling and shot noise in metal-oxide tunnel
devices. These were discussed by R. J. Zijlstra, whose
units were constructed by anodizing tantalum to pro-
duce tantalum-oxide layers 100 angstroms thick. Evapo-
rated layers of either aluminum or gold are the second
electrode. At low current densities (1 mA/cm?), full
shot noise is observed above 10° cps with a tendency
toward 1/f noise at low frequencies. At larger currents,
less than full shot noise is observed at high frequencies.
This may be an equivalent-circuit effect, since the in-
ternal impedance has not yet been measured at these
frequencies, but there is also some evidence for trapped
charge in the insulating layer which might lead to shot-
noise suppression. In other measurements, it is found
that the 1/f noise component increases a factor of ten
upon reducing the temperature to 80°K.

A calculation of shot noise for two-step tunneling in
Esaki diodes has been carried out by P. J. Price. The
results show that the observed noise may increase with
frequency even if it is assumed that the trapped car-
rier is immediately available for re-emission. The ob-
served noise., however, must always be less than or
equal to shot noise. In a further analysis, Price has
used a Brownian-motion treatment for the passage of
the carrier from the as-trapped condition to the ready-
to-be-emitted condition, introducing further frequency
effects.

Zijlstra also described work on space-charge limited
current noise in thin cadmium-sulfide single crystals.
The noise-current spectra show simple relaxation phe-
nomena having time constants identical with those ob-
served in standard photoconductive g-r—noise spectra.
In addition, there is evidence for a noise increase at
about 10° cps because of space-charge transients simi-
lar to those previously observed in gold-doped ger-
manium. This phenomenon occurs when the effective
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Although priced within the budgets of High Schools and
Colleges, Spectromagnetic Industries’ Primary Nuclear Re-
search and Demonstration Unit was designed and produced
by the same scientists and engineers who regularly design and
produce equipment for the extraordinary requirements of
Argonne National Laboratories, Bell Telephone, Lawrence
Radiation Laboratories, National Aeronautical and Space
Administration, Navy Research Laboratory and others.

Spectromagnetic Industries’ Primary Nuclear Research
and Demonstration unit is made up of three elements,
as follows:

(1) Model TD-4 N.M.R. Field Measuring Detector,
which is completely transistorized, and consists of a
highly stable Colpitts oscillator, diode detector, band-
pass preamplifier, variable calibrated 60 cycle sweep
source and a plug-in rigid base probe.

(2) Model L4-E magnet, upon which the Model TD-4
N.MR. Field Measuring Detector may be mounted.
The oscillator's frequency may be set by means of a
vernier dial calibrated both in frequency (megacycles)
and field (kiloguass) to suit the range of the L4-E
magnet and the sample used.

(3) Model TC 15 - 20 Current Regulated Power
Supply is a completely transistorized D.C. supply, using
single phase full wave bridge silicon diode rectifica-
tion, and a choke input filter circuit. Forced air cooling,
Voltage and current meters, and complete fuse protec-
tion are provided.

This unit is for demonstration of basic principles and effects;
it is suitable for certain advanced studies; and it is particu-
larly designed for teaching the elements of Nuclear Magnetic
Resonance in the laboratory. It is a portable unit, easy to set
up in a laboratory; and, due to its high signal-to-noise ratio,
it is also valuable as a lecture demonstration device.

In using the Unit to observe the proton resonance ab-
sorption signal in water doped with paramagnetic salts,
observation occurs at the angular frequency w, deter-
mined by the static magnetic field H as given in the
equation w — YH, where ¥ is a constant characteristic
of the proton. By varying the frequency of the instru-
ment, N.M.R. may be observed at various magnetic
field strengths, and the line width of the proton reso-
nance may be directly measured both in frequency width
or magnetic field width. Magnetic field homogeneity and
field strengths may be measured. The equation given is
readily applicable for the field strength measurement
by use of an external frequency standard. Homogeneity
is determined by moving the probe with respect to the
magnetic field and mapping isomagnetic lines.
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For higher
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Here’s a new pump oil specially designed to meet
the extreme needs of today’s ultra-high vacuum
technology.

Consolidated Vacuum’s new Convalex-10 permits
pumping systems to operate continuously in the 10™
to 10719 torr range without fluid breakdown, and
without refrigerated traps or cold baffles of any kind.

Refined from polyphenyl ether under high vacuum,
Convalex-10 has a lower vapor pressure, greater
thermal stability, and greater radiation resistance
than any other conventional vacuum pump fluid.

Convalex-10 is now available from stock in 100 gm
(fillsa 2” PMC Pump), 500 gm (fillsa 4” PMC Pump),
and larger quantities. Write NOW for complete details.

Lonsolidated Vacuum Corporation

ROCHESTER 3, NEW YORK
A SUBSIDIARY OF BELL & HOWELL

dielectric relaxation time becomes larger than the car-
rier lifetime so that microscopic space-charge neutralify
is not preserved,

The theoretical segment of the program was opened
by R. E. Burgess, who discussed the calculation of
noise in semiconductor plasmas. He pointed out that
the correlation function of the electric-field fAuctuations
at two different points in the plasma. expressed as func-
tions of the wave number and frequency, has singulari-
ties which are identical with those of the dispersion re-
lations. Since it may prove easier to calculate the cor-
relation function, such singularities can be identified
without direct knowledge of dispersion phenomena. The
build-up in fluctuations near such critical points can be
treated, using the generalized Nyquist relation with a
proper effective temperature (when the system is not
in equilibrium), which describes both the macroscopic
and fluctuation properties.

In calculating the spectral density of particle fluctua-
tions in a given volume in the presence of transport
processes, the standard technique is first to compute an
autocorrelation function in the time domain from which
the spectrum is found with the Wiener-Khintchine theo-
rem as the Fourier transform. This approach is usually
mathematically complex and, as pointed out by J. R.
Fassett, both steps are actually unnecessary. In general,
the spectral density can be obtained directly from the
Laplace transform of the Green’'s function for the mac-
roscopic transport process, without transforming back
to the time domain. With this technique, Fassett has
solved one-dimensional diffusion, diffusion into and out
of a spherical volume (Green's function for Helmholtz's
equation), ambipolar transport, and diffusion from a
volume into a finite domain. In the latter case, the
spectrum has a low-frequency plateau, a frequency in-
terval with an f~1/2 behavior, and a high-frequency por-
tion falling off as f-3/=.

The study of fluctuations during return to equilib-
rium from a nonequilibrium state has been calculated
by P. Gottlieb, using a pair-probability approach, Order-
disorder theory in the time domain, rather than in spa-
tial dimension, is used to determine the most probable
path to equilibrium.*

Opening the discussion on noise in materials, M. Ep-
stein reported that the problem of giant fluctuations in
cadmium sulfide still exists. In agreement with previous
measurements, his observed noise levels are many or-
ders of magnitude greater than predicted by the stand-
ard steady-state g-r calculation, while the shapes of the
spectra are as expected. In attempting to carry Uu'i 4
Hall-effect measurement in order to measure carrier
fluctuations directly rather than indirectly from con-
ductivity fluctuations, Epstein finds that the open-cir-
cuit noise voltage at the Hall terminals in the absence
of a magnetic field is of the same magnitude as that
observed across the current terminals, It proves Impos-
sible to balance out this transverse noise by any of the

* Cf. Kikuchi and Gottlieb, Phys. Rev. 124, 1691 (1961).
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The moment of insight is a private thing.
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It can happen anytime, anywhere. Somewhere in the mind the barrier to a solution crumbles. Everything suddenly slips into
Place. It can't be forced or commanded. But it comes about most often in a climate of mutual respect and recognition.
This is the kind of climate you'll find at Northrop.

You'll also work in a climate of constant professional challenge at Northrop. We have more than 70 active projects in work,
and we're always evaluating new lines of inquiry. Projects range from space guidance and navigation to automatic checkout

€quipment, from computer design and world-wide communications to laminar flow control.
On the following pages you'll find some specific positions available now at Northrop Space Laboratories. Look them over.

One may be just the spot for you.
But even if you don't find your specialty listed —don't go away. We simply don’t have room to mention all the oppor-
tunities to be found throughout Northrop's several divisions. If you're the kind of man who has fresh insights into problems,
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Wanted: Men with fresh insight
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Northrop Space Laboratories needs men whose imagina-
tions are crisp; men who can unriddle problems with a
fresh point of view. If this describes you, then you'll feel
at home with us. NSL is new, with the freedom of move-
ment only a new organization can have. Its future will be
what you can make it. And you'll have the full facilities
of the Northrop Corporation behind you. Come in now,
and grow along with us. These key openings are imme-
diately available:

Solid state physicists, to conduct fundamental research
on many-body problems as applied to an ultra high pres-
sure program. The goals of this program are to study the
electrical and physical behavior of materials under ultra
high pressure, to investigate the origin, history and
structure of the moon and planets, and to find ways to
utilize their natural resources.

Scientists, to perform research in nuclear and radio-
chemistry, and to conceive and carry out investigations
in the fields of activation analysis, dosimetry, gamma
ray spectrometry, surface phenomena, and numerous
other areas.

A plasma physicist, to join our growing program in the
measurement of plasma properties, spectroscopy, diag-
nostics, accelerators, and power conversion devices.

A mathematician-physicist, to concentrate on systems
analysis and operations research applied to military and
non-military space systems.

Physicists experienced in electro-optical imaging devices
and laser theory for new and original work in satellite
detection systems.

For more information about these and other opportuni-
ties, write to W. E. Propst, Space Personnel Office, Il1I E.
Broadway, Hawthorne,

California. You will re- NORTH RUP
ceive a prompt reply. AN EQUAL OPPORTUNITY EMPLOYER

standard Hall balancing techniques, and the origin of
the transverse noise is not clear. .

In contrast, Zijlstra reported noise levels in agree-.J|
ment with theory on specimens used for the space- |
charge limited-current measurements, which have a very
small surface-to-volume ratio. This leads van Vliet to
suggest a surface skin effect on cadmium sulfide, in
which conductivity modulation of the surface layé‘f:
accounts for the large noise level in standard-shape:i?]
specimens. This view is partially confirmed by pre-
liminary measurements on a 400-ohm indium diffused
layer on a cadmium-sulfide crystal, in which conduc-
tivity fluctuations similar to those seen in regular crys-
tals can be measured. It is presumed that carrier inter-
change between the bulk and the surface skin modulate
the conductivity of the surface layer. This model cauA
also account for Epstein’s observed reduction in trans-
verse noise upon application of a Hall magnetic field,
in that the field changes the symmetry of carrier dif-
fusion, which may reduce carrier interchange between |
the bulk and surface. Clearly, an experimental study
of surface-to-volume ratio effects in cadmium sulfide |
should be carried out to confirm this picture. A

However, van Vliet also described a simple madel in
which giant fluctuations are calculated when the quasi-
Fermi levels associated with occupancy of the conduc-
tion band and traps do not coincide. It is quite satis- |
fying to have demonstrated that giant fluctuations can
be expected in regular Markov processes when quasi-
thermal equilibrium does not hold. In van Vliet’s sim-
ple model, the giant fluctuations are associated with a
superlinear photoconductive response region. '

The g-r noise associated with acceptor levels in ger-
manium-doped, high-resistivity, p-type In-Sb was de-
scribed by W. Pagel. The 1/f noise in such specimens
varies with the change in the surface potential produced
in a field-effect experiment. Pagel finds that accumula-
tion layers are much less noisy than inversion layers,
which is similar to previous results for germanium.
Infrared detectors made from such crystals appear to
be photon-noise limited (300°K radiation) when oper-
ated at liquid-nitrogen temperatures.

The noise spectra from tellurium under 3.5-micron
radiation can be resolved into three simple relaxation
spectra. These results, together with the observed change
from a linear to a square-root photoconductive response.
are analyzed by V. A. Vis in terms of a two-trap model.
Reasonable agreement is obtained between noise-time
constants and the majority carrier lifetime from photo-
conductivity response. The dark noise in tellurium has
a simple g-r spectrum at room temperature and be-
comes very much larger at liquid-helium temperatures.

E. Erlbach elaborated on recently reported measure-
ments of the hot carrier temperature in germanium,
using Nyquist noise. When the applied electric field is
along the [110] crystallographic direction, the various
conduction-band valleys should be heated unequally,
and this is observed as a temperature anisotropy in
the noise measurements. The noise temperature reaches
4000°K in the [100] direction and is approximately a
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A recent Kiwi Reactor power.run.

Acceleration in the development of nuclear reactors for rocket propul-
sion, under Los Alamos Scientific Laboratory’s Project Rover, has created
a variety of interesting new career opportunities in field testing in Nevada,
as well as in design and development phases in Los Alamos.

Three years' experience in one or more of the following areas is essential:
Control Room Operations / Control System Design / Instrumentation
and Data Analysis / Neutronics / Radiation Effects / Technical Re-
view of Rocket or Reactor Test Facilities / Test Planning and Proced-
ures / Reactor Test Analysis / Heat Transfer Analysis / Stress An-
alysis (preferably related to reactor design and structures).

Highly qualified applicants for
research positions are invited
to send resumes to: Director
of Personnel, Division 62-89

}jalamos

scientific laboratory

OF THE UMIVERSITY OF CALIFORNIA
. LOS ALAMOS, NEW MEXICO

All qualified applicants will receive consideration for employment without
conard ta race creed toler or national erlaln. U.S. citirenship requlted.
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for General Electric’s

Space Sciences Laboratory
at the Valley Forge

Space Technology Center

Will evolve, plan and direet experimental
and applied research programs in the
physies of high altitude space flight tech-
nology. Includes such areas of research
as: interaction of electromagnetic waves
with ionized gases, aceceleration and diag-
nosis of plasmas, many-body phenomena
in plasmas and plasma physies.

Will manage a group of 15 persons in-
cluding a number of PhD’s involved in
both experimental and theoretical physics,
as well as engage in his own scientfifie
research,

Candidate must be primarily a theore-
tician, or experimentalist with a strong
leaning toward theory, preferably en-
gaged in research in the area of plasma
physies. Must have a PhD in Physies or
Engineering, and have published recently
a number of significant technical papers.

Write in full professional confidence to:
D. Christian, Representative-Executive
Placement, General Electric Co., Dept.
462-H, P. O. Box 8555, Philadelphia, Pa.

GENERAL @D ELECTRIC

An Equal Opportunity Employer

factor of four smaller in other orientations. At a lattice
temperature of 77°K, the electron temperature is linear
in an applied electric field although an initial-square-law
behavior might be present. Above fields of the order of
1200 volts/cm, the electron temperature increases very
rapidly. Erlbach feels that it will be possible to get a
measure of intervalley scattering and energy-relaxation
noises from noise-temperature data obtained in differ-
ent crystallographic directions.

Impact ionization breakdown noise in germanium at
4°K is attributed by J. E. Hill to pulse-breakdown
effects at the electrodes. The noise spectra show a f-#
trend at high frequencies and relaxation-time constants
not explained by a g-r analysis. Hill interprets the re-
sults in terms of the time constant of the contact break-
down and the response-time constant of the plasma
which is driven by the pulses. Above about 10° cps, g-r
noise is observed and cross sections of 10-'% to 10-'2
cm? are computed from the data.

Among the special topics discussed were preliminary
measurements on fluctuations in the electroluminescent-
light emission from MgO by T. M. Chen. The light
noise is attributed to carrier fluctuations and has a
time constant of about 10-° sec. These first measure-
ments indicate that the noise is many orders of mag-
nitude greater than photon shot noise.

Examination of critical-point polarization fluctuations
in ferroelectric triglycene sulfate at the Curie point has
been carried out by J. J. Brophy by measuring the noise
voltages between electrodes applied to the crystal. The
results can be interpreted in terms of Nyquist noise of
the sample conductance which attains very small values
at the critical temperature. The low-frequency polari-
zation fluctuations are very large and show a simple
relaxation spectrum with a time constant of 3 X 10°
sec. The results indicate that the time constant asso-
ciated with loss mechanisms in TGS is relatively inde-
pendent of temperature near the Curie point.

Resistance fluctuations in superconducting wires of
vanadium, tantalum, and tin are used by B. Lalevic to
investigate dynamics of the intermediate state in super-
conductors. This is possible because the interface do-
main energy dominates the free energy in the inter-
mediate state. In vanadium, the observed resistance
fluctuations are quite large and the velocity of domain
propagation can be determined from the time constant
of the noise pulses to be 60 cm/sec. The fluctuations
are smaller in tantalum and still smaller in tin, in
qualitative agreement with known domain sizes. A sam-
ple-size effect is noticed in that resistance fluctuation
peaks are observed at the critical current when the

| sample size is of the order of the domain size.

An innovation in the conference this year was a
round-table discussion of fluctuation problems. Space
does not permit a full description of the subjects men-
tioned here. It is clear from the discussions, as well as
from the results described at the meeting, that random
phenomena are destined to play an ever-increasi{lg role
in the understanding of physical effects in solid ma-
terials.

PHYSICS TODAY



