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A search has been made for a magnetic field-dependent flicker noise in potassium, predicted by the
charge-density-wave {CD%) model of the alkali metals. The search was made in high-purity
encapsulated K wires over 1 m long with diameters 0.023 and 0.010 in. The specimens were prepared
by degassing high-purity K, vacuum filling long thin plastic (0.023-in. i.d.) or cupro-nickel (0.010-in.
i.d.) tubing with molten K, and using a temperature gradient for controlled solidification. Four-terminal
magnetoresistance measurements were made of the encapsulated K wires in transverse and longitudinal
magnetic fields up to 44 kG. The search for the magneto-flicker noise was made up to 44-kG fields
and 1.5-A d.c. currents. No magneto-flicker noise was found from 10 Hz to 10 kHz greater than or
equal to 4 nV, which is the minimum detectable noise signal. The nonobservance of the magneto-flicker
noise in the plastic-encapsulated samples of 0.023-in. i.d. mdicates a discrepancy —10 in the
mean-square noise voltage of the magneto-flicker noise, as predicted by the original CDW model. An
analysis of the grata on the cupro-nickel-encapsulated samples of 0.010-in. i.d. indicates that the samples
have voids with a total length -1% of the sample length and thin K films (- 1.5 p,m thick)
connecting the K regions separated by the voids. The nonobservance of the magneto-flicker noise in

these thin films indicates a discrepancy —10' in the mean-square noise voltage of the magneto-flicker
noise, as predicted by the revised CD& model.

I. INTRODUCTION

The alkali metals, and in particular Na and K,
should be among our simplest solids. As Lee' has
noted, all direct evidence indicates that the Fermi
surfaces ought to be closed and very nearly spheri-
cal. In particular, measurements by the de Haas-
van Alphen technique indicate that the anisotropy
of the Fermi surface of Na' is less than one part
in 10' and that of K' is on the order of one part in
10 . Therefore, a nearly free electron (NFE)
model should be an excellent approximation to
describe the electronic properties of these metals.
Nevertheless, measurements of many of the elec-
tronic properties of the alkali metals cannot be
adequately explained by an NFE model.

For example, the conduction-electron-spin
resonance (CESR) has been measured in K by
Walsh et al. '; the linewidths were found to split
into two well-resolved components as the magnetic
field was tilted away from an initial orientation
parallel to the crystal surface. The free-electron
model has no explanation for the splitting. Over-
hauser' has reported that similar results have
been observed by Dunifer and Phillips. Further-
more, measurements of the electrical resistivity
and ultrasonic attenuation of K from 2.5 'K to 20 'K

made by Natale and Rudnick, ' as analyzed by Rice
and Sham, ' show that the ratio of the relation
times for the ultrasonic attenuation and electrical
resistivity should be -0.9, while the data indicated
a ratio -2.7—a large discrepancy between theory
and experiment. (See also the theoretical work of
Trofimenkoff and Ekin. ')

The most persistent of the anomalous electronic
properties in the alkali metals is the high-field
magnetoresistance, hereafter designated MR. The
theory of Lifschitz et al. ,

' which has been success-
ful in explaining the high-field MR of most metals, "
indicates that a metal with a spherical Fermi sur-
face should have no MR and a metal with a closed,
but nonspherical, Fermi surface should have a MR
independent of the magnetic field for (d, 7» 1,
where cu, is the cyclotron frequency and 7 is the
relaxation time at zero field. The alkali metals,
according to this theory, should have a saturating
MR at high fields, and Na and K should possibly
have no MR at all. Yet measurements obtained by
four-terminal, " "helicon-resonance, ""soft-
heB.con, and eddy-current-torque ' '8' ' tech-
niques in Na and K indicate a linear MR up to
m, 7- 300, and the measurements of Simpson"
show a much larger rise in the longitudinal MR
than in the transverse MR and a longitudinal MR
which varies with crystal orientation by a factor
of 2.

The eddy-current-torque technique used by
Schaefer and Marcus" in K not only indicates a
linear MR, but also a large twofold anisotropy in
the torque for all orientations of their samples,
with a preferred direction being a [110]axis. This
anisotropy is completely unexpected for K, which

supposedly has cubic symmetry. Lass, "who has
made induced-torque measurements" on one K
sphere larger than those of Schaefer and Marcus,
and had seen no anisotropy, has attributed the
anisotropic results of Schaefer and Marcus to a
10% departure of the sample shape from sphericity.
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Lass's explanation, homever, appears to be un-
tenable. '"

Recently, the thermal MR of K has been mea-
sured by Newrock and Maxfield'9 and Fletcher.
One would expect the thermal MR to mirror the
field dependence of the anomalous electrical MR
if the anomalous electrical MR were due to spatial
inhomogenieties as suggested by Babiskin and
Siebenmann"; yet Nemrock and Maxfield found a
different field dependence, and their results still
cannot be explained by the theory of Lifschitz
ef, al. ' Furthermore, Fletcher showed that his
thermal MR data can be reduced as a function of
temperature. His results indicate a large dis-
crepancy with the theory of Ekin. 2'

Several attempts, one of which is the charge-
density-wave (CDW) model developed by Over-
hauser, '""have been made to explain the anom-
alous electronic transport properties of Na and K
(see Falicov and Smith" for a short review of the
various models). Whereas most of the models are
difficult to test, the CDW model has recently been
modified, in the light of the Schaefer-Marcus ex-
periment, to a form which permits a new and
unique test. Overhauser' has shown that the CD%
model predicts a large magnetic-field-dependent
flicker noise in long, thin wires of K or Na.

The following theoretical assumptions are basic
to the CD% model in explaining the electronic
transport properties of K and are relevant to the
predicted magneto-flicker noise:

(i) Phasons, or low-frequency phononlike ex-
citations of a CD% ground state must exist in or-
der to contribute the necessary, large Debye-
%aller factor needed to explain" mhy CD' satel-
)ites were not observed in a neutron diffraction
experiment.

(ii) The phasons must fluctuate the Q' direction,
or the direction of the cylinder axis of the "wed-
ding band" in the CD% model„over an angular
width -45' to explain" the angular width in the in-
duced-torque anomalies of Schaefer and Marcus.

(iii) Q- domain sizes must be on the order of
the sizes of the sgheres used by Schaefer and

Marcus, -2-Vmm, in order to explain" the in-
duced -torque anomalies.

The following additional assumptions are re-
quired in the derivation of the magneto-flicker
noise:

(iv) Successive resistance pulses from the same
Q domain must be uncorrelated in time.

(v) The characteristic a,mplitude of the Q' oscil-
lation must be finite [assumption (ii) implies that
twice the amplitude should be -45'].

(vi) The characteristic frequency v of the Q'
oscillation must be consistent with the condition

f «&v, rv, where f is the frequency under observa-

tion, ~, is the cyclotron frequency, and v is the
scattering time. (At f= 10 Hz and &g, r = 10, v could
be as low as 10 Hz. )

%'ith these assumptions, Overhauser first pre-
dicted a magneto-flicker mean-square noise volt-
age (V ) of the form'

(,)
3yqdSI R,((u, r)' rf

2v I f
here y is the Q-domain shape parameter -I, q is
the fractional number of electrons enclosed by the
heterodyne gaps and is - 0.10, d is the diameter
of the K mire, 8 is the Kohler slope of the MR
(S =np/p, &u, r, where p, is the zero-field resistivity,
and Ep the change in resistivity as a function of
H), I is the wire current, R0 is the zero-field re-
sistance, I, is the specimen length, nf is the
bandwidth, and f is the frequency of measurement.
The term (&u, r)' indicates a field dependence of H',
which could have provided a unique signature for
the noise, different from microphonics.

After the results of the first part of this experi-
ment (see Sec III) were communicated to Over-
hauser, the model was revised, and a new form
proposed for the magneto-flicker noise'.

(,)
a'(g, rSI'R0 af

df. f
here a is the finite coherence length for the direc-
tion of g' in a single Q domain. The new assump-
tion was invoked that the phasons make the local
direction of Q vary within a single Q domain (i.e. ,
spatial variations in the Q' direction as well as
temporal fluctuations) so that the volume over
which a flicker resistance occurs is no longer the
volume of the entire Q domain, but a possibly
much smaller volume, (4w/3)a', where a is defined
to be some coherence length for Q', at least as
large as the cyclotron radius of an electron in
30-kG field. Otherwise, the electron orbit would
cut through areas where Q' has a different orienta-
tion, and a de Haas-van Alphen effect would not
be observed at 30 kG." Thus a& 2&10 ' cm, the

cyclotron radius at 30 kG.
In deriving Eq. (2), Overhauser" notes that the

resistance volume (4v/3)a' is much smaller than
the size of the samples used in observing a linear
MR. Because of its small size, this volume will
be short circuited as soon as its resistance in the
field becomes a few times that of the other mate-
rial, and the volume effectively becomes a void.
Overhauser then invokes the current-jetting idea
of Lass,"but for transverse fields —that at high
field the current cannot bend around the void with
a slope greater than I/&u, r. Thus, the effective
volume which is shorted out is proportional to co, 7.

This field dependence of the effective volume will
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give rise to a linear MR, and with the fluctuations
in the Q direction, it will give rise to a magneto-
flicker noise. By Eq. (2), the noise will have a
different field dependence than originally calcu-
lated and will be smaller, by a fa,ctor a'/d', be-
cause the relative volume over which Q' flickers
is no longer proportional to d' (the size of a Q
domain), but to a'.

Since the predicted magneto-flicker noise is so
critically connected to the CDW model, its obser-
vance or nonobservance is a crucial test of the va-
lidity of the model. As quoted from Overhauser',
"Experimental test of this prediction is crucial,
since it may show that success can be a measure
of ingenuity without being a measure of truth. "
The present experiment was undertaken, at Over-
hauser's suggestion, as such a "crucial" test of
the CDW model.

II. EXPERIMENTAL METHODS

The following sample characteristics were de-
sired: (i) a minimum wire diameter d, since the
mean-square noise voltage (V') is expected to
vary as (1/d)' for Overhauser's first theory or as
(1/d)' for his second theory; (ii) a maximum wire
length L, since (V') is expected to vary as L;
(iii) flexible, encapsulated samples which can be
wound in a bifilar configuration, since such a
winding is essential to cancel microphonic noise
due to the motion of the coiled sample in a high
magnetic field; (iv) high-purity samples with a
high mean collision time 7, since (V') is expected
to vary as v' for Overhauser's first theory or as ~

for his second theory; (v) current and potential
contacts which remain intact when the sample is
cooled to 4.2'K and recycled to room temperature,
and which themselves produce no measurable 1/f
noise due to current fluctuations at point contacts.

The samples were made out of K purchased from
Leico Industries, Inc. , with purity 99.95% and
typical residual resistivity ratio (RRR) p(293 'K)/
p(4.2'K)- 6000. The samples were prepared by

degassing the high-purity K, vacuum filling long
thin plastic (0.023-in. i.d. ) or cupro-nickel
(0.010-in. i.d. ) tubing with molten K, and using
a temperature gradient for controlled solidifica-
tion. (Further details on sa,mple preparation can
be found elsewhere. ") The plastic tubing was
made of transparent, irradiated shrinkable poly-
olefin, and the plastic-encapsulated samples
showed no visible surface imperfections or voids.
The nontransparent cupro-nickel (70/30) tubing
was used for some samples, even though the sam-
ple surface condition could not be viewed, because
it provided the smallest available inner diameter.
The polyolefin tubing does react slowly with K if

Polyolefin Tubing
(Heat Shrunk)

/

Polyolefin Tubing
(Unshrunk)

Cu wire

L

Cu wire

J

FIG. 1. Potential contacts.

left at room temperature for over 4 h. As time
progresses the color of the K surface changes
several times until it becomes white. This sur-
face reaction is completely inhibited by storage
at liquid-nitrogen temperatures.

The vacuum-filling and gradient-cooling tech-
niques in the sample preparation procedure pro-
vided a simple means for simultaneously forming
excellent current and potential contacts in the
polyolefin-encapsulated samples. The design of
these contacts is shown in Fig. 1(a). A hole 1 mm
in diameter was made in the polyolefin tubing wall,
a Cu wire was wrapped around the tube near the
hole, and a larger diameter polyolefin tube was
slipped over the hole. As shown in Fig. 1(b), the
outer tubing was shrunk down on its ends to seal
against the inner tube. The hole for the Cu lead
wire was then sealed with "5-minute" epoxy.
When the sample tubing was vacuum filled, the
molten K filled the entire volume around the Cu
lead wire, thus forming a secure contact which
would have no 1/f noise. When the sample was
cooled by a temperature gradient, the K in the
hole did not pull away, and thus the K-to-K-to-Cu
contact remained. The K-to-K contact assured
continued contact while the sample was cooled to
helium temperature and recycled to room tem-
perature. The current and potential contacts on
the cupro-nickel tubing, which is essentially a
conductor with RRR of I, were made by soldering
Cu wires directly onto the tubing with thermal-
free solder before filling the tubes with potassium.

Since the room-temperature resistance per unit
length of the cupro-nickel tubing is only a few
times that of K, the room-temperature resistance
of the K itself could not be measured directly for
the cupro-nickel-encapsulated samples. Instead,
the resistance was calculated using the measured
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length between the potential contacts, the diameter
of the tubing given in the specifications, and an

assumed resistivity" for K of 7.19 pQ cm. The
calculation was checked by measuring the resis-
tance of the cupro-nickel tubing with and without
the K, assuming that the K and cupro nickel were
effectively parallel resistances.

At low temperatures the cupro-nickel tubing
essentially acts as an insulator compared to the
high-purity K. Nevertheless, if gapa occur in the
K, the current could flow through the tubing and
between adjacent turns of the bifilar sample. Be-
cause gape could not be visually checked in the
cupro-nickel tubing, the tubing was itself encap-
sulated in polyolefin shrinkable tubing (before
making the sample), to avoid any possible short
circuiting between adjacent turns. This precau-
tion turned out to be very important later.

The final encapsulated wire samples produced
had lengths between 2 and 3-,' ft. , potential and
current contacts separated by 2 in. , and diameters
of 0.023 in. (0.58 mm) for the polyolefin-encapsu-
lated wires and 0.010 in. (0.25 mm) for the cupro-
nickel-encapsulated wires. In bifilar wound coils,
they had residual resistivity ratios of 5000-6000
for the plastic-encapsulated wires and 300-400
for the cupro-nickel-encapsulated wires. (This
difference is discussed in Sec. III.)

The samples were mounted on coil forms de-
signed for measuring the transverse MR or the
longitudinal MR. Because of the bifilar winding
for the transverse MR a small longitudinal com-
ponent was contributed from the one bend in the
tubing and from the pitch in the winding. In the
winding for the longitudinal MR, a transverse com-
ponent was contributed from a bend for each 3 in.
of tubing; this design of winding was required to
compare the longitudinal MR with the transverse
MR for the same sample. For both forms stop
cock grease was liberally applied around the sam-
ple and leads in order to provide a rigid coil and
lead assembly at helium temperature. This pro-
cedure minimized microphonic noise and kept the
leads from shorting to one another inside the he-
lium Dewar, even in the presence of large mag-
netic fields.

The sample coil form was then lowered on a
probe into a Varian superconducting solenoid and
cooled to liquid-helium temperature using helium
exchange gas. The temperature above the sample-
coil form was monitored throughout the experiment
using a calibrated Cryo Cal. , Inc. , Ge resistor in
a low-frequency bridge circuit.

The dc MR was measured by the standard four-
terminal technique. A Willard high-stability volt-
age cell was used as the current source, a Keithley
148 nanovoltmeter measured the potential differ-

PAR HR-8 Tektroniit 5l5A
Lock-in Amplifier Oscilloscope

(used in non-lock-in mode)

Type 8
Preamp

Wil lard
High Stobihty

Vo(toge Cell

'V4h,

K Sample

Dono
Digital

Voltmeter

Slide wire
Resistor

Leeds 8 Northrup
Stondard Resistor
(iQ, or O.OIQ)

FIG. 2. Measurement system for magneto-Qieker
noise.

ence across the sample, and a Dana digital volt-
meter measured the potential difference across a
standard 1-0 Leeds and Northrup resistor in
series with the sample. The current was varied
with a slide wire resistor to determine if the
sample resistance was Ohmic, and the current
was reversed to check the zero on the nanovolt-
meter. The magnetic field was also reversed to
account for the Hall voltage; owing to the bifilar
winding the Hall voltage was very small. The
magnetic field was determined to sufficient accu-
racy by measuring the current through the super-
conducting solenoid and knowing the solenoid field
constant. Magnetic fields up to 44 kG were ob-
tained.

The measured dc MR of the plastic-encapsulated
samples has an uncertainty due to the thermal-
voltage drift over a single measurement period.
To compensate, many measurements were taken
at each magnetic field, but it was decided to mea-
sure the ac MR for greater accuracy. (Measure-
ment of the ac MR of the cupro-nickel-encapsulated
samples was not necessary, since their high re-
sistances made the thermal-voltage drift negli-
gible. ) The four-terminal ac MR measurement
system used a PAR HR-8 lock-in amplifier with a
type-B preamp and a GR type-1309 oscillator for
the ac current source and reference signal to the
lock-in amplifier; the phase was adjusted to ob-
viate measurement of the sample inductance. Mea-
surements of the ac MR from 10 Hz to 10 kHz were
consistent with the dc results.

The search for the magneto-flicker noise (see
Fig. 2) was made using several variables. The
dc current was varied from 0 to 1.5 A, the mag-
netic field from 0 to +44 kG, the frequency from
10 Hz to 10 kHz, and the Q, f/~f, of the amplifier
from 5 to 25. The search was made in the trans-
verse and longitudinal MR. Samples were re-
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cycled between 4.2 and 7'7 K, and 4.2 and 295'K.
The minimum detectable noise signal was de-

termined as follows, closely simulating the actual
input impedance conditions employed for the sam-
ple noise measurements. A GR type-1390-8 ran-
dom-noise generator produced white noise or 1/f
noise across a Cu wire (0.9 or 12 mQ) and a GR
decade resistor in series with Cu wire. The PAR
HR-8, used in the non-lock-in mode with the
type-8 preamp, measured the noise across the
Cu wire. To determine the actual noise signal
produced by the noise generator for a Q of 10 on
the HR-8, the type-8 preamp was replaced by a
type-D preamp, which has a high input impedance,
and the HR-8 measured the rms noise voltage
across the output of the noise generator with Q = 10.
Then with the same Q and the same output noise
from the noise generator, the HR-8 w'ith the type-8
preamp measured the noise across the Cu wire.
The minimum detectable noise signal was found to
be 4 nV from 10 Hz to 10 kHz for a Q = 10.

III. RESULTS AND DISCUSSION

A. Data on polyolefin-encapsulated samples

Two polyolefin-encapsulated samples were made
with the characteristics listed in Table I; the MR
curves for sample No. 2 are shown in Fig. 3. The
MR data were taken with the dc current technique
for sample No. 1 and with the ac current technique
for sample No. 2 with both samples at 4.2 K. The
general form of the MR curves is similar to that
found by others, "showing a monotonically in-
creasing MR at high fields, with no evidence of
saturation.

According to the original theory of magneto-
flicker noise [Eg. (1)], the mean-square noise
voltage was expected to be -(6i'V)' for sample
No. 1with1=1A, &u, v=134, and af/f=0. 1. For
the transverse MR of sample No. 2, the predicted
value of (V') was (4.7y, V)', at &u, r = 155. No noise
was seen in either sample greater than or equal to
(4 nV)'from 10 Hz to 10kHz. This result was

TABLE I. Characteristics of polyolefin-encapsulated
samples. The order in which the data were taken on
sample No. 2 is left to right, increasing with time. T
= transverse MR. 4 =—longitudinal MR. Rp=—resistance
of the specimen at 4.2'K.

l.2—

0.8—Q

c3

h, P/Po VS FACT

iX

gX

0.4-

some six orders of magnitude below that predicted
by Eg. (1).

The samples were not annealed at room temper-
ature for longer than 1-2 h, because of possible
surface reaction with the polyolefin, although they
were often stored for many days at liquid-nitrogen
temperature prior to use. The samples remained
intact as they were slowly cooled to liquid-helium
temperature. In general, however, the polyolef in
tubing broke apart in warming up to room temper-
ature after a helium temperature run. This was
true for all the preliminary samples and sample
No. 1. Sample No. 2 was an exception, so that MR
data could be taken with this specimen three times
before it finally broke.

The MR curves indicate an initial negative MR
changing into a linearly increasing MR with no
significant "knee" in the MR as reported by Babi-
skin and Siebenmann" in polyolefin-encapsulated
samples. The samples have a diameter - 0.6 mm
so that an estimate of the size effect as the ratio
of the electron mean free path / to the wire diam-
eter d would be l/d-3+ for a RRR of - 6000. The
negative MR for the samples reached 6 to IIok for
the transverse MR and I t% for the longitudinal
MR. Furthermore, the longitudinal MR remains
negative to a much higher value of ~,T than the
transverse MR, and the Kohler slope is higher by
a factor of about 2 to 4. The difference in the
Kohler slope between the longitudinal and trans-
verse MR is not as great as that reported by
Simpson, "who reported differences of factors of- 20-40.

It should be noted that just before sample No. 2
was cooled for the transverse MR repeat, a crack
in the tubing was noted, and the K at the crack had

visibly oxidized. This fact may account for the
small change in RRR from - 5600 to 5400 between

Diameter d (in. )
Length (cm)
RRR
Rp (PQ)
S

Sample No. 1
T

0.023
116

5300
57

0.0055

0.023
113

5660
51.7
0.0025

0.023
113

5580
52.5
0.012

0.023
113

5350
54.6
0.0061

Sample No. 2
L T 0.0~~

-0.2 -'~
0 25 50 75 IOO

(dc T

(

I 25 (50

FIG. 3. &p/pp vs ~,T for sample No. 2 of the polyolefin-
encapsulated samples. The data were taken in the fol-
lowing order: L -k -k, transverse &p/pp, X -X-X,
longitud~»& Ap/pp' 0—' 0 transverse 4p/pp.
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the two runs; the ratio had not changed signifi-
cantly between the first transverse MR measure-
ment and the subsequent longitudinal MR mea-
surement. As evident from Fig. 3, the repeat
transverse MR showed a considerably higher
Kohler slope than the first measurement on the
same sample. The reason for this difference is
not understood. It may or may not be due to the
crack in the tubing since similar variations in re-
peat runs have often been reported by other work-
ers.

B. Effect on the first theory of magneto-flicker noise

After being advised of the results of this part of
the experiment, i.e. , the discrepancy of 10' be-
tween theory and experiment, Overhauser' ' re-
vised the model for the linear MR and the magneto-
flicker noise in the manner discussed in the Intro-
duction. The revision essentially involves adding
two concepts: (i) a resistance void whose effec-
tive volume (due to current jetting) is proportional
to the field H, and (ii) a correlation length a ~ 2

p, m over which a resistance flicker will occur.
The revised expression [Eq. (2)] for the mag-

neto-flicker noise predicts a noise below our mini-
mum detectable threshold for the polyolefin-
encapsulated wires. For example, Eq. (2) pre-
dicts for sample No. l, (V2)-(0.077 nV)'«(4 nV) .

To test the second model, wires of smaller diame-
ter were required.

C. Data on cupro-nickel-encapsulated samples

Four small-diameter cupro-nickel-encapsulated
samples were made with the characteristics listed
in Table II; the MR curves for sample No. 2 are
shown in Figs. 4 and 5 (note that these are not
Kohler plots). All data were taken at 4.2'K. There
are two immediate problems presented by these
MR curves.

First, the cupro-nickel-encapsulated samples
appear to have a RRR ten times smaller than ex-
pected. The R„(room T)/Ro (R, =R „(4.2'K)),
normally termed the residual resistivity ratio
RRR, p(239'K)/p(4. 2'K), varies from -300 to 400
for the four samples. The expected RRR, includ-
ing the correction for the size effect for the small-
diameter wires, should be -4000. The K used for
these samples was taken from the same batch as
used for the polyolefin-encapsulated samples and
they showed values of RRR - 5500.

The second immediate problem presented by the
MR data is the negative longitudinal MR out to
high fields -40 kG. If the (d, v scale is calculated
by using a RRR - 300-400, then the longitudinal
MR is negative out to only cu, T- 10, which might
be explained as a size effect. Note that the longi-
tudinal MR in the polyolefin-encapsulated sample

TABLE II. Characteristics of cupro-nickel-encapsulated sampl. es. Data for each sample
were taken in order as recorded. T =—transverse MR. L = longitudinal MR. 'Rp—= resistance
of the entire specimen at 4.2'K.

Sample No. 1

Diameter d
(in. )

Length L
(cm)

R~(293 K)

g)
Rp

(mQ)

Rg $03'K)

p

Sample No. 2
T
L
T
L
L

Sample No. 3b
T

Sample No. 4

0.010
0.010

0.010
0.010
0.010
0.010
0.010

0.010

0.010
0.010
0.010

108
108

118
118
118
118
118

112

62
62
62

1.53
1.53

1.67
1.67
1.67
1.67
1.67

O.S79
0.879
0.879

3.97
4.76

4.57
4.57
4.64
4.63
4.66

5.03

2.10
2.10
2.10

0.08
0.07

0.10
0
0.12
0
0

0.07

0
0.12
0

386
322

366
366
360
361
359

418
418
418

'Strained: The second T was measured after large currents - 5-8 A were run through the
sample with a 44-ko field at the end of the data-taking for the first T, and there was no
warm-up between the two T measurements. We believe the sample was strained, because R p

changed from 3.97 to 4.76 mG while at 4.2'K.
"Sample No. 3 was annealed at room temperature for 25 h before cooling to liquid nitrogen.
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0.40—

0.30-

0.20—
O

cr O. IO-
a

0.00

QR/R0 VS H

~X
~X

~X

X~X
~X

X~X~
~X

Xr
X

0.40 I-

0.30

0.20
O

O. iO

&I

0.00

-O.IO— -O. i 0—

I I I I I

0 5 IO l5 20 25 30 35 40 45
H(kG)

-0.20
0

I I I I I I I I I

5 IO 15 20 25 30 35 40 45
H (RG)

FIG. 4. AR/R() vs H for sample No. 2 of the cupro-
nickel-encapsulated samples. The data were taken in
the following order: )(-X-X, transverse AR/Ro;

-0, longitudinal &R/Ro. Further data from this
sample are shown in Fig. 5.

shown in Fig. 3 is more pronounced than the trans-
verse MR in that sample and does not start its
upward swing until co, 7.- 9. Since the cupro-nickel-
encapsulated samples are thinner one might expect
the longitudinal MR minimum to occur at a higher

The RRR, homever, still mould remain ten
times too small.

"Dirt," strains, or gaps in the potassium mere
among possible explanations for the low RRR.
Dirt in the tubing was considered, but the method
of making the samples precluded any likelihood of
serious contamination, since a large volume
(-20 to 70 times that of the sample) of liquid K
was flushed through the cupro-nickel tubing before
the sample was made. In addition, measure-
ments" of the solubility of Ni in liquid K show
that ¹ifrom the tubing should be insoluble in the
K at the temperatures used in making the samples.
To test whether any possible diffusional contami-
nation might occur, a sample was prepared and
was held at room temperature for 25 h before
testing; it showed the same RRR as other samples
which had been stored at lom temperature.

The low RRR could possibly be due to strains,
but the strains would have to be extremely large.
Gurney and Gugan, "who mere interested in the
annealing processes in deformed K, applied a
maximum tensile stress of 5% to extruded wires
at 4.2'K. The RRR of the wires was lowered to
--, of its origina, l value (-5000) by this tensile
stress. They also deformed the K wires by com-
pression and defined "the equivalent tensile strain"
for a compressive deformation w'hich would pro-
duce the same resistivity increment in a specimen
deformed by tension. For their largest com-
pression, which was a 25% equivalent tensile
strain, the RRR of the wires was lowered to -3
of its original value. Thus, an extremely large
tensile strain would be necessary in the cupro-
nickel-encapsulated wires to lower the expected

FIG. 5. AR/Ro vs H for sample No. 2 of the cupro-
nickel-encapsulated samples. These data were taken
after those of Fig. 4 on sample No. 2 in the following
order: 0-~ -, transverse &R/Ro; 4-k-k, &ongi-
tudi~e& b R/Ro; k -4-k, repeat longitudinal AR/Ro.
(To take data for Qu. s repeat longitudinal AR/Ro the
sample was slowly warmed up to room temperature, but
not removed from the sample holder. It was then cooled
slowly back to 4.2'K for the measurement. The curves
coincide. )

RRR of -4000 to the observed RRR of -300-400,
i.e. , a factor of ~«. Furthermore, the cupro-
nickel tubing does not appear to met the molten K.
Thus, abnormally large strains would be unexpect-
ed.

It was originally thought that there were no gaps
in the K, because the resistance contribution of
the cupro nickel over even a small gap would lower
the RRR too far and possibly mask any MR due to
the K. The MR of the cupro-nickel tubing itself
had been measured and found to be negative,
——1.7% for the transverse MR and - —1.9%%uq for the
longitudinal MR at 44 kG. Since the measured
RRR of the sample No. 2, for example, was -370,
a gap in the K could not be larger than - 1 mm out
of 118 cm. On the other hand, such a 1-mm gap
w'ould not contribute a large enough negative trans-
verse MR at 44 kG to significantly alter the Kohler
slope of the K.

Attempts were made to make samples in cupro-
nickel tubing with different diameters. Two sam-
ples were made in 0.025-in. -i.d. tubing, 2-,' times
the diameter of the data samples. %hen one sam-
ple was slowly cooled to liquid-helium tempera-
ture, it showed a RRR of - 200. The other sample
was quenched to liquid-helium temperature and
had a RRR of - 100. Three samples were made in
0.005-in. -i.d. cupro-nickel tubing, half of the
diameter of the data samples. The first was
quenched to liquid-helium temperature and had a
RRR of - 150. The second mas slowly cooled to
liquid-helium temperature and had a RRR of -30,
less than the RRR of a "quenched" sample. This
second 0.005-in. -i.d. sample was checked for any
transverse MR, and none was observed up to the
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highest field. The third 0.005-in. -i.d. sample was
slowly cooled to Liquid-helium temperature and
had a RRR of - 56. It had a negative transverse
MR of - —1% at full field, and showed no noise (to
within 4 nV) at 10 Hz and 1 kHz. It seems likely
that the two 0.005-in. -i.d. samples which were
checked for MR had gaps in the K and that the
other 0.005-in. -i.d. and the two 0.025-in. -i.d.
samples probably also had gaps.

A simple test was devised to look for possible
gaps in the 0.010-in. -i.d. samples (used for the
data} at room temperature. This test was made
after all the MR data had been taken, so that no

samples were actually checked for gaps before
taking MR data. Since a total gap size over 1 mm
should have masked the observed transverse MR,
the test had to be sensitive to very small gaps.
Two parallel straight pins were separated by 1-,'

mm and rigidly held in place by a nylon block.
These pins were used as contacts to measure the
potential over 1-,'-mm increments of the cupro-
nickel-encapsulated samples. A dc current was
run through the sample, and a search for gaps
was made by sliding the pins along the outside
of the cupro-nickel tubing. %whenever there was a
gap, the recorded potential would jump, because
the resistance of the cupro nickel was higher than
the parallel combination of the K and cupro nickel.
The size of the gap could be estimated by con-
sidering the gap resistance in series with the
parallel combination of K and cupro nickel over
the 1-,' mm. Since the resistance of the empty and
K-filled cupro-nickel tubing could be measured
separately, the gap size could be calculated. In-
dividual gape were found up to 1-,' mm in length.
The total sum of the gap lengths found were as
follows: sample No. 1, -13.5 mm; sample No. 2,
-14.6 mm; sample No. 3, -12.9 mm; and sample
No. 4, - 5.57 mm (sample No. 4 was about half

the length of the others).
Although these gape were measured only at room

temperature they should also exist at liquid-helium

temperature, since Schouten's" thermal-expan-
sion data for K show a thermal-expansion co-
efficient several times that of I -nickel, which is
a good approximation to cupro nickel. (It should

be recalled that the cupro-nickel-encapsulated
samples were insulated by being encapsulated in

,polyolefin tubing so that there was no possible
short-circuiting between adjacent coil turns at a
gap; thus the MR data are still valid. ) Clearly a
specimen with complete gape of total length
» 1 mm could not have shown the large measured
positive transverse MR, nor even a value for the

RBR greater than 100. The only consistent ex-
planation is that the "gape" noted at room tem-
perature are not, in fact, complete, but are at

least partially bridged by thin films or filaments
of K.

Consider that the gaps are not really complete
but are large voids with a K film that still connects
the separate regions of the K wire together. For
simplicity consider that the gap is bridged by a
cylindrical film of length /, and thickness 5. %e
may easily estimate the thickness 5 of the film
between the void and the cupro nickel to satisfy
the following conditions:

(i) At room temperature, the resistance of the
K film is much greater than the resistance of the
cupro-nickel tubing over the length I,, so that the
current travels only through the cupro nickel over
l,. (The 1.5-mm gape that have been found indicate
no measurable resistance contribution from a K
film at room temperature. )

(ii} At liquid-helium temperature, the resis-
tance of the K film is much less than that of the
cupro-nickel tubing over l, so that the current
travels only through the K film over /o. (This is
necessary to explain the observed positive trans-
verse MR. )

(iii) RRR of the samples -300-400.
(iv) The longitudinal MR is negative to fields of

over 40 kG.
Condition (i) can be met if the film thickness is

1-2 p, m or less. Condition (ii) can be met if the
film thickness is between 1 and 2 p,m, remember-
ing that the size effect becomes very important at
4.2 'K. Condition (iii) is met by calculating the
total resistance at 4.2 'K for a K wire (RRR of
-4000 including the size effect for a diameter of
0.010 in. }over almost the entire sample length
plus the total resistance of the film over the
lengths of all the voids in the wire. Using mea-
sured values of RRR the following values of the
film thickness 5 were calculated: sample No. 1,
5-1.6 p, m; sample No. 2, 5-1.5 p.m; sample
No. 3, 5-1.3 p, m; and sample No. 4, 5-1.4 p,m.
Evidently, conditions (i)-(iii) are met by a film
thickness which can vary between - 1.3 and 1.6 p.m

from sample to sample. Condition (iv) can now

readily be explained, since the observed resistance
is largely due (-90%) to the K in the films around
the voids. However, since the RRR of the K in the
films is only - 190-220 (due to the size effect),
the effective value of ~,~ is only -5 at 40 kG. A

negative longitudinal MR at (d, 7- 5 is entirely con-
sistent with the results found for the thicker poly-
olefin-encapsulated wires.

Since the resistance change with field is due to
two sections of K with different RRR, and thus
different values for ~,7', a true Kohler slope can-
not be given. However, because the K films dom-
inate the resistance, approximate Kohler slopes
can be estimated for the transverse MR curves,
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and these are listed in Table II.
Since it cannot be determined exactly what shape

the voids take in the cupro nickel, a definitive
statement about expected size effects in the MR
cannot be made. One sample was cut open where
there was a measured void, and the tubing ap-
peared empty. The inside surface could not be
inspected because of the small inner diameter of
the tubing. The sample was also cut open where
there was no measured void, and the K had com-
pletely filled the tubing as expected.

D. Effect on the second theory of magneto-flicker noise

overhauser's derivation" of Eil. (2), expressing
the magneto-flicker noise according to the revised
theory, was made for cylindrical wires. The K
around the voids here is approximated by a thin
film (thickness 5s 2 iim) in the form of a large
cylindrical tube (radius r, - 125 p, m). The geo-
metrical considerations in his derivation have to
do with the ratio of the cross-sectional areas of
the wire and the field-dependent flicker volume
when viewed longitudinally, - (vd'/4)/va'. For the
case of a thin film in the form of a cylinder this
factor may be replaced by 2v5r, /va'. For the thin
film around the voids Etl. (2) is replaced by

gives

(V')= g 55 &
(id, 7)I'IIO,S-

+0 i

3 It'
(id, T)I'S —g8«p i

But it is easily shown that Z;(It', , /L;) =Ito/I,
where Ap is the total resistance of the voids and
I is the total length of the voids.

Therefore, the magneto-flicker noise for all the
voids in one sa,mple will be given by Eq. (3), with

Ap the total resistance of the voids and I the total
length of the voids. This predicted noise from the
films will dominate the noise from the K in the
rest of the wire. Table III gives estimates for
(V') for the four samples, with the following
values for the common parameters: a = 2 gm,
cai, 7= 5, r, = 125 iim, and df/f=0. 1.

No magneto-flicker noise was observed in these
samples &(4 nV)' from 10 Hz to 10 kKz. There is,
therefore, a discrepancy of about three orders of
magnitude in (V') with the revised theory of the
magneto-flicker noise. This value for the dis-
crepancy is found on the presumption that the
correlation length a has its minimum possible
value (a =2 iim) consistent with the CDW model
explanation for the high-field de Haas-van Alphen
experiment. The discrepancy is clearly worse
for any larger value of the correlation length.

t7

Jp
(3)

E. Review of assumptions

where now L, A„cu,T, and S refer to the K around
the void. The total number of voids in the cupro-
nickel-encapsulated samples varies from 8 to 20.
The noise from each void in one sample will be un-
correlated with that from other voids, so that the
total predicted magneto-flicker noise for a sample
will be

(V')= g (V, )'=g (~,i), l'It,',S,—.
i, vpjds i +pi

Approximating each void by the same character-
istics except for varying length and resistance

In trying to understand this difference of 10' be-
tween theory and experiment, it is beneficial to
review all assumptions made both in the experi-
mental analysis and in Overhauser's theory. In
order to understand the MR curves, the RRR data,
and the sample gaps or voids at room temperature
a model was used which presumed thin K films
around voids in the samples. Assumption of a
film thickness - 1.3 to 1.6 p.m consistently ex-
plained all the observations while other possible
explanations (e.g. , strain, impurities, or com-
plete gaps) were entirely unsatisfactory. The film

TABLE IH. Estimates for g 2) for the four cupro-nickel-encapsulated samples.

Sample No. 1 Sample No. 2 Sample No. 3 Sampl. e No. 4

4 (pm)
L, (cm)
R, (~)
S
I (A)
«'& (nV)'

1.6
1.35
3.59
0.08
1.5

= (290)'

1.49
146
4.21
0.10
1

= (225)'

1.33
1.29
4.62
0.07
1

= {245)2

1.37
0.557
1.88
0.12
1
{190)2



10 SEARCH FOR MAGNETO-FLICKER NOISE IN K

thickness calculated is very sensitive to the mea-
sured values of RRR, MR, and total length of
voids, and, as a parameter in this model, can
vary only slightly to provide a consistent explana-
tion for all the data. The actual geometry could,
of course, be different from that assumed for a
cylindrical void with a complete surrounding film.
The void might well form with a film on only part
of the surface, or possibly with the film being a
very thin wire down the middle of the tube. Such
variations do not appear to provide any substan-
tive reduction of the calculable discrepancy. In
fact, if the film were really in the form of a thin
wire - 20 gm in diameter stretched across the
void, the MR curves, RRR data, and the room-
temperature "gaps" could still be explained, but
such wires would have a RRR - 700 so that ~,v

would reach - 15. Under these conditions the
magneto-flicker noise should be -(1000 nV)' rather
than -(200 nV}'. Any other imagined construction
for the voids would have a predicted noise some-
where between these two ideal constructions.

In calculating the predicted noise from the data,
many of the void characteristics w'ere assumed to
be constant for all the voids in the same sample:
5, , r«, (&u, v},, and S, were assumed to be the
same for each separate void. This approximation
seems to make little difference; indeed, if the
cylindrical-film model does produce the least
amount of noise for a void model, then setting
5„r«and (&u, 7}; (effectively the RRR, ) constant
actually sets a lower limit for the predicted noise.
The approximation of setting 8, constant is more
difficult to assess. The actual Kohler slope 8 of
the sample must be some kind of average over the
voids and the wire; the variance cannot be deter-
mined, but all four samples have similar Kohler
slopes, which indirectly suggests that the variance
over the voids is not very large. There may be a
large difference in the Kohler slopes of the void K
and the wire K, but that is not too important since
the resistance and noise of the void K should domi-
nate.

The size-effect corrections for the wires and the
films were taken from Dingle's calculations. ' The
size-effect correction for the wire may be off 10-
20%, but the difference is not crucial, because
this size effect is only used to guess how much re-
sistance should be in the voids to obtain the ap-
propriate value for A„(room T)/8 ~~(4.2'K). A

20% error in the resistance of the wire only con-
tributes a error in the void resistance, which
is used to calculate the film thickness.

Another assumption was made in estimating the
Kohler slope for the K films. For example, in
sample No. 2, S- dB/R, &u, T-0.105 in the linear
part. In using a value S-O.105 to calculate the

predicted noise for the K films, it was implicitly
assumed that both bR and R, were entirely due to
the K films. Since B„,s, - (9(@)R„ it is reasonable
to assume R, -R„,z. But assuming AR-AR„,~ may
be questionable. The following analysis helps to
decide this point.

Since the measured longitudinal MR is still nega-
tive out to ~40 ko, the longitudinal hR, cannot
be larger than the longitudinal ~„,~. (The longi-
tudinal hR„, must be positive, otherwise there
is an extremely anomalous negative longitudinal
MR out to u, v- 100, since the RRR-4000 for the
K in the wire. ) If the longitudinal aR~, is equal
and opposite to the longitudinal dR„,&, then there
would be a flat longitudinal MR at 40 kG as ob-
served. One would expect the relative contribution
to the transverse MR to be about the same, so
we may consider the extreme case if the (trans-
verse AA, )- (transverse ~„,„}.Then, using
values for the field of 33 and 44 kQ and the RRR
of ™4000, we find the Kohler slope of the K in the
wire would be 0.026, which seems large, but pos-
sible. This indicates that the Kohler slope for the
K in the films would be 0.056. In other words, if
there is a large change in resistance due to the K
in the wire, the Kohler slope that should be used
to calculate the predicted noise from the films is
smaller by a factor of 2 than that actually used.
However, the Kohler slopes of the K in the poly-
olefin-encapsulated samples were found to be
2&10 '-6X10 '. One might expect that the K in
the smallest-diameter cupro-nickel-encapsulated
wires (smaller by a factor of 2.2 in diameter)
would have similar Kohler slopes. Taub et al."
show four unannealed samples which were made
from the same batch of K with diameters varying
from 1.2 to 2.2 mm, and RRR's from 2440 to 3130,
and with Kohler slopes varying from 1.7&&10 '
to 4.4X10 ', all in the same range. It therefore
seems far more likely that the K in the w'ire part
of the cupro-nickel-encapsulated samples would
have a Kohler slope in the range -2 x10 ' to
6x10-' rather than 26„10-3 Then the Kohler
slope S used in calculating the predicted noise
from the films is only at most 10% too high. But
even this difference is canceled, since in cal-
culating S-AB/A, ru, r, R, was used instead of
R„,„-(90%)R,. Thus, considering all the evidence,
the value actually used for the Kohler slope is
probably correct.

The model used here to analyze the MR data in-
dicates that the Kohler slopes for the K in the
films is - O.OV to 0.12. Such Kohler slopes are
somewhat higher than generally reported in K
wires of a much greater thickness. To our knowl-
edge no MR data have been reported to date on K
or Na specimens of comparable size and co,7, so
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that the higher Kohler slopes may be due to some
kind of a size effect. (It is interesting to note that
if Overhauser's MR theory were correct, the
Kohler slope would be larger when the dimensions
of the specimen approach the Q'-domain size, for
this would reduce any short-circuiting effects. )

One assumption which should be made clear is
that the equation for the revised magneto-flicker
noise has been assumed to be true for +,7- 5.
This equation was, in fact, derived for the case
~,~» 1. Some kind of magnetic-field-dependent
noise is inherent in the idea of the CDW model
regardless of the field strength, because the fluc-
tuating Q' should always produce a noise which
will monotonically increase with field. How fast
the noise should fall off as &,T is lowered below
+,~» 1 is not really known; however, one would
not expect any sharp drop.

Furthermore, Overhauser's revised theory has
been assumed true for films with thickness - 1&

p.m. There may be problems in this assumption.
In the derivation" of the revised theory, the con-
ductivity of a wire whose dimensions were much
larger than the flicker volume (4v/3)a' was calcu-
lated using an expression by Landauer" for a
mixed media of two different conductivities. Lan-
dauer's expression strictly assumes an infinite
conducting medium, i.e. , no boundary effects.
Overhauser uses this expression to show that the
flicker volume (4w/3)a' will be effectively a void
when the change in the resistivity of the flicker
volume n, p/p, &-,. This number, Ap/p, &-,', enters
indirectly into the noise equation, and, as the
number is increased, the noise (V') decreases as
1/(the number). For I-,'-gm films, there may be
important boundary effects in comparison to the
flicker dimension a=2'. . However, it seems in-
evitable that at some value of np/p, of the flicker
resistivity, the flicker volume will still effectively
become a void. The numerical factor which ap-
plies, however, might be larger than —,'.

Another problem concerned with the small film
thickness is the assumption that the current-jetting
effect proposed by Lass" is appropriate to the
thin-film case. Lass also assumed an infinite
conducting medium in his derivation, and only
attempted to apply current jetting when the void
diameter was much less than the size of the sample
and greater than the electron mean free path.
Overhauser's assumed void diameters (-2 gm)
are not, in fact, much less than the calculated
thickness of our films (- 1.6 pm}, and the electron
mean free path is restricted radially to - 2 gm.
One might still expect some field dependence in
current jetting (perhaps more complicated than
just u&, r, when or, r» 1}due to the other two di-
mensions in the film which are effectively much

larger than the void diameter.
It should be noted that if there are, for some

reason, no voids at 4.2 'K and the low RRR is due
to some phenomenon other than thin films {i.e. ,
unexpected strain or an unknown effect), then the
revised theory of magneto-flicker noise still has a
discrepancy - 10. With no films and a RRR of
-300-400, the value for +,7 at high field is -10.
The Kohler slopes are correct, and there are no
boundary effects to complicate the analysis. The
predicted magneto-flicker noise then is - {14nV)'
and was not seen to within (4 nV)'.

There seem to be serious limitations in ways in
which the CDW model could be modified to accom-
modate the nonobservance of the magneto-flicker
noise. The parameter a, which was defined to be
a coherence length for the direction of Q', cannot
be lowered below 2 p, m without conflicting with
de Haas-van Alphen observations at 30 kG.

It might be possible with spatial variations in
the direction of Q' alone (no temporal fluctuations)
to explain the nonobservance of magneto-flicker
noise, the Schaefer-Marcus torque anomaly, and
the linear MR. However, the phasons must fluc-
tuate randomly in time to contribute to the Debye-
Waller factor, if the CDW model is to explain why
CDW satellites were not observed in neutron dif-
fraction experiments. In fact, the phason fre-
quencies assumed in calculating the Debye-Wailer
factor were approximately those of phonons. "
These phasons must then cause the direction of
Q' to fluctuate randomly in time, which will in-
evitably give rise to the predicted magneto-flicker
noise. Furthermore, for the magneto-flicker noise
to exist, it was only assumed that the character-
istic frequency v of the Q' direction was large
enough so that f«&u, rv and the characteristic
amplitude of the Q' direction was finite. Both of
these assumptions are also basic to explaining
the neutron diffraction experiment. Thus, the
CDW model inevitably must predict an unobserved
magneto-flicker noise.

IV. CONCLUSION

The predicted magneto-flicker noise, according
to Overhauser's original theory and revised the-
ory, has not been observed. The original theory
predicts (V')- (6 pV)' at u, r-134 in the poly-
olefin-encapsulated samples, and no noise was
found within limits of (4 nV)' from 10 Hz to 10 kHz.
This is a discrepancy of —10' in the value for (V )
predicted. The revised theory predicts (V')
& (290 nV)' at m, r- 5 for the cupro-nickel-encap-
sulated samples, and no noise was detected to
within (4 nV)' from 10 Hz to 10 kHz. This is a
discrepancy —10 in the value for (V') for the
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noise signal predicted by the revised theory. With
the possible exception of unknown boundary effects,
no adequate explanation has been found for the
discrepancy in the revised theory.

Recent work by Wilson et a/. "indicates that there
may be a charge-density wave in metallic, layered,
transition-metal dichalcogenides. The Fermi sur-
faces of these materials are far more complicated
than those of Na and K, but there-should be a sim-
ilar phason-induced magneto-fLicker noise present.
Such noise may be smaller than that predicted in
Na and K because the phasons apparently do not
produce such a large Debye-Wailer factor as to
obviate observations of the CDW satellites by neu-
tron diffraction in these dichalcogenides. The

functional dependence of the noise will probably
also be far more complicated. One might look,
however, for a field-dependent noise, and if found,
such a noise would support the idea of a CDW in
those materials.

ACKNOWLEDGMENTS

The authors are very grateful to Professor
A. W. Overhauser for his stimulating theoretical
comments and discussions. We also express our
gratitude for the invaluable suggestions on sam-
ple preparation by Dr. S. A. Werner and Dr. J.
Babi skin.

)Work supported in part by the U. S. Atomic Energy
Co~~~ssion under Contract No. AT(11-1)-1198.

*Present address: Monsanto Research Corp. , Dayton,
Ohio 45407.

Martin J. G. Lee, Crit. Rev. Solid State Sci. 2, 85
(1971).

M. J. G. Lee, Proc. R. Soc. A 295, 440 (1966).
3D. Shoenbezg and P. J. Stiles, Proc. R. Soc. A 281,

62 (1964).
4W. M. Walsh, Jr., L. W. Rupp, Jr., and P. H. Schmidt,

Phys. Rev. 142, 414 (1966).
A. W. Overhauser, Phys. Rev. B 9, 2441 (1974).

86. G. Natale and I. Rudnick, Phys. Rev. 167, 687 (1968).
~T. M. Rice and L. J. Sham, Phys. Rev. B 1, 4546 (1970).
P. N. Trofimenkoff and J. W. EkM, Phys. Rev. B 4,
2392 (1971).

9I. M. Lifshitz, M. Ra. Azbel, and M. I. Kaganov, Zh.
Eksp. Teor. Fiz. 31, 63 (1956) |Sov. Phys. —JETP 4,
41 (1957)].

~OE. Fawcett, Adv. Phys. 13, 139 {1964).
iiH. Taub, R. L. Schmidt, B. W. Maxfield, and R. Bowers,

Phys. Rev. B 4, 1134 (1971).
~2B. K. Jones, Phys. Rev. 179, 637 (1969).
~3J. S. Lass, J. Phys. C 3, 1926 (1970).
~4P. A. Penz and R. Bowexs, Phys. Rev. 172, 991 (1968).

A. M. Simpson, J. Phys. 3, 1471 (1973).
~J. A. Schaefer and J. A. Marcus, Phys. Rev. Lett. 27,
935 (1971).

~TT. K. Hunt and S. A. Werner (private communication).
18J S Lass, Phys. Lett. A 39, 343 (1972).
~SR. S. Newrock and B. W. Maxfield, Solid State Co~~un.

13, 927 (1973).
20R. Fletcher, Phys. Rev. Lett. 32, 930 (1974).
J. Babiskin and P. G. Siebenm~», Phys. Rev. Lett.
27, 1361 (1971); Phys. Kondens. Mater. 9, 113 {1969).

22J. W. Ekin, Phys. Rev. B 6, 371 (1972).
A. %'. Overhauser, Phys. Rev. B 3, 3173 (1971).

4A. %'. Overhauser, Phys. Rev. 167, 691 (1968).
L. M. Falicov and Henry Smith, Phys. Rev. Lett. 29,
124 (1972).

26A. W. Overhauser, Phys. Rev. Lett. 27, 938 (1971).
A. %. Overhauser (private communication).

SJ. S. Lass, J. Phys. C 3, 1926 (1970), Appendix.
29R. S. Hockett, Ph.D. thesis (University of Illinois,

1974) (unpublished) .
J. S. Dugdale and D. Gugan, Proc. R. Soc. A 270, 186
(1962).
Francis A. Shunk, Constitution of Binary Alloys
(McGraw-Hill, New York, 1969), 2nd suppl. , p. 470.
W. S. C. Gurney and D. Gugan, Philos. Mag. 24, 857
(1971).

33Donald Ray Schouten, M.S. thesis (Iowa State Univer-
sity, 1973) (unpublished).
A Compendium of the Properties of Materials at Lou
Temperature (Phase I); Part II. Properties of Solids,
edited by Victor J. Johnson, Technical Report 60-56
(Wright Air Development Division, 1960).

3~R. B. Dingle, Proc. R. Soc. A 201, 545 (1950).
~Rolf Landauer, J. Appl. Phys. 23, 779 (1952).

3~J. A. Wilson, F. J. Di Salvo, and S. Mahajan, Phys.
Rev. Lett. $2, 882 (1974).


