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Quantum magnetoresistance fluctuations in an amorphous metal
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We report an observation of aperiodic magnetoresistance fluctuations in an amorphous system.
We have observed fluctuations in amorphous PdgSi,, wires with macroscopic lengths, up to L=1
mm (L /L ,=12000, where L, is the phase-coherence length). The root-mean-square amplitude of
the resistance fluctuations is proportional to L'!/%, in agreement with theory. We observe a reduc-
tion in the fluctuation amplitude at low magnetic fields, which we attribute to magnetic scattering,
possibly in the Kondo regime. Two simple models are presented to describe this behavior, one
based on a single population of magnetic scatterers with temperature-dependent magnetic moment,
and the other based on two scatterer populations, each with fixed moment. Both models agree with
the data. We use the high-field amplitude of the magnetoresistance-fluctuation structure to predict
the characteristic field scale; the prediction is larger than the observed field scale by a factor of 2.

I. INTRODUCTION

Aperiodic but reproducible fluctuations in the magne-
toresistance of mesoscopic wires were discovered acciden-
tally in the search for the Aharonov-Bohm (AB) effect in
normal metals.! These “quantum conductance fluctua-
tions” (QCF’s) are a striking manifestation of the wave
nature of conduction electrons, as can be seen from the
following simple argument.? A conduction electron
traversing the length of a wire undergoes many elastic
scattering events, but, for small samples at low tempera-
tures, the electron remains at constant energy, and so
maintains phase coherence. Therefore quantum-
mechanical interference occurs between the possible
diffusive Feynman paths through the sample. An applied
perpendicular magnetic field threads through the many
loops enclosed between the various paths, causing an
Aharonov-Bohm interference shift, which changes the
transmission probability of the electron and therefore the
resistance of the sample. Because there are many loops,
each of random area, the resistance fluctuates aperiodi-
cally as the magnetic field is swept up. But, since the
areas of the loops are constant, this aperiodic pattern
reproduces as the field is swept back down. If a scatter-
ing site is moved, all paths having that site as a vertex
will change, and the magnetoresistance pattern will
change. Since the positions of scattering sites differ from
one sample to another, even if the samples are nominally
identical, the magnetoresistance trace is called the
“magnetofingerprint” (MF).

MPF’s have been observed in polycrystalline metals and
semimetals, and in semiconductors.® Previous studies on
the length dependence of the resistance-fluctuation struc-
ture* have examined the regime L <30L_, (L <6L o for
metallic samples®), where L is the sample length and L °
is the diffusion length over which the conduction elec-
trons maintain phase coherence.

In this paper, we present the first data showing MF’s in
an amorphous system, PdgySi,;. Our data demonstrate
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that this phenomenon does not require the conduction
electrons to be in Bloch states, or, equivalently in real
space, that it can take place in the extreme diffusion lim-
it, where the elastic mean free path [ is on the order of
the interatomic spacing. From a structural viewpoint,
the amorphous and polycrystalline states are qualitatively
different. For purposes of electrical conduction, it is not
clear whether the difference is qualitative or merely a
matter of degree.® Our results indicate that, as far as
QCPF’s are concerned, the states are similar, since the
QCEF theory previously applied to polycrystalline systems
also explains our results.

We have also studied the transition to more classical
behavior by measuring resistance fluctuations of samples
with L up to 1 mm (L =12000 L,). The theory of sto-
chastic averaging? predicts that the fluctuations should
be observable in this regime; in fact, the amplitude of the
resistance fluctuations should increase proportional to
L'”? (although the fractional fluctuation amplitude de-
creases as L ~!/2). Our results are in agreement with this
prediction.

Finally, our samples inadvertently contained a consid-
erable concentration of magnetic impurities, which have
a strong and very interesting effect on the fluctuations,
especially at low applied magnetic field. We present two
models to describe this behavior.

II. THEORETICAL BACKGROUND

A. Beenakker and van Houten formulation

In 1988, Beenakker and van Houten’ provided a fully
quantitative theory that included both the amplitude and
the field scale of the QCF. Their calculation was per-
formed for samples with W,z <<L, and L >>L,, where
W is the sample width and ¢ is its thickness. Their cen-
tral result is for the autocorrelation function
F(AH)=(AR (H)AR (H +AH)), where R is the sample
resistance, H is the applied field, and the average is over
all measured fields:
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where L;y=(#D /kpT) is the thermal length, D is the
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For strong spin-orbit scattering, the right-hand side of
Eq. (1) should be multiplied®® by +. This equation is
correct to within 10% for all L, <L. The characteristic
field scale for the QCF, H,, can be found by setting
F(AH =H_,)=1F(AH =0), and solving iteratively for
H_. (This expression of the Beenakker and van Houten
results is only correct if the amplitude of the resistance
fluctuations is much less than R. This is almost always
the case, and is certainly the case for the samples used for
this research.)

Equation (1) contains as complete a description of the
fluctuations as is possible. The rms amplitude is given by
AR, .={({[AR(H)]*)}'?=[F(AH =0)]'/2.  Express-
ing this in terms of the sheet resistance R to bring out
the dimensional dependences, we have
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Again, for strong spin-orbit scattering, the right-hand
side should be multiplied by 1.

B. Magnetic scattering

According to present theories,? paramagnetic scatter-
ing only affects QCF via the magnetic spin-flip scattering
length L and its effect on L,

L,=(L7*+2L7>)7'"?, @

where L; is the inelastic diffusion length, which reflects
electron-phonon and electron-electron interactions. L, is
expected to depend on the magnetic field, though most
workers in the closely related field of weak localization
have intentionally restricted their measurements to low
enough fields that L, is constant. At low fields, the mag-
netic scatterers have random dipole orientations and are
free to undergo spin-flip interaction with the conduction
electrons, decreasing L, and thus reducing the ampli-
tude of the QCF. At high fields, all the magnetic scatter-
ing centers should align with the field, the randomness
should be eliminated, and the amplitude of the QCF
should increase.

In 1987, Benoit and co-workers® published data on the
field dependence of the amplitude of the periodic AB os-
cillations. They measured three samples. Two were gold
rings doped with differing concentrations of manganese, a
paramagnetic scatterer. The third was also a gold ring,
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but with a paramagnetic salt adsorbed on the surface.
They proposed a simple model of paramagnetic scatter-
ing to explain their results. They assumed that only the
lowest two magnetic energy levels of the magnetic
scatterers in their samples would be important, so that
the scatterers could be treated as having spin 1. Further-
more, the phase-breaking effect of the magnetic scatterers
was assumed to be proportional to the probability of a
scatterer being in two different states at two different
times, so that the magnetic scattering rate would be pro-
portional to S = AP, P,;, where A is a coupling constant,
and P, and P, are the probabilities of the scatterer being

in the up or down state. We have
egmeH/kBT
P, = (5)

(1/72)gugH/kg T —(1/2)gugH/kyT °
e B B +e B B

where m = =+1 for spin up or down. Thus

1 A
4 coshX(gupH /2kyT)

(6)

(Here, we have included the factor of 4 omitted by Benoit
et al.) Using standard diffusion theory, they showed
that, if magnetic scattering is the dominant phase-
breaking process, then
12
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where / is the elastic mean free path, a is the atomic spac-
ing, b is a characteristic length for magnetic interactions
(of order a few atomic spacings), and c is the atomic frac-
tion of magnetic scatterers. The derivation of this formu-
la ignores a number of factors of order unity, but these
can easily be absorbed by 4 and b.

This theory gave a fairly good description of their data,
using reasonable parameter values. The data on the salt-
covered sample was well described throughout the mea-
sured temperature range. However, they only published
data at one temperature for the AuMn sample, so the
model has not yet been thoroughly tested for magnetic
scattering in the sample interior, and it has not been ap-
plied to any aperiodic fluctuation data.

C. Time dependence

Altschuler and Spivak, 1° and Feng et al.!! pointed out
that, in the case of two-dimensional diffusion (f <), a
given electron which diffuses through a sample visits
every scattering site once, on the average. As they
showed, this surprising fact has important implications
for the MF: if even a single scattering site is moved a dis-
tance comparable to the Fermi wavelength, the entire in-
terference pattern of the sample, and so the MF, will be
changed substantially. Feng et al. also suggested that
this effect might be used to observe the atomic motion as-
sociated with two-level systems in amorphous materials.
However, in practice, at least for metallic samples, this
effect can only be clearly observed in short (~1 um) sam-
ples, such as that used by Meisenheimer and Giordano. '?
(A short sample allows high sensitivity, due to the good
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electronic heat sinking, and the high allowable measuring
current which results.)

In our samples, the diffusion is three dimensional
(z>>1). In this case, the size of the resistance change
produced by a single moving scatterer is reduced by
(1/t)'2, compared to two-dimensional diffusion. A
rough calculation, using the approximation formula for
the density of two-level systems given by Feng et al.,
shows that the combined effect of the motion of all the
two-level systems in our shortest sample (R=2.3 kQ) at
50 mK would amount to a change in resistance of ~1
m(), which is well below our experimental resolution at
50 mK. Thus we do not expect to see any effects from
atomic motion.

III. EXPERIMENTAL TECHNIQUES

Our samples were patterned using lift off electron-beam
lithography, following the procedure described by Mack-
ie and Beaumont,'® as presented by Rooks et al. '
Pdg,Si,, was chosen for the sample material because it is
known to form the amorphous phase very readily, !> and
is well characterized.'® The samples were deposited onto
oxidized silicon wafers by ion-beam sputtering from a
composite target consisting of strips of 99.998% pure Pd
sheet!” on a background of electronic-grade undoped Si
plate.'® They were passivated in situ with a 40-A layer of
SiO, deposited from a target of semiconductor-grade
quartz. 19

The composition of the samples was measured by in-
ductively coupled plasma (ICP) emission spectroscopy, 2
microprobe, energy dispersive spectroscopy, and Ruther-
ford backscattering. All of these methods indicated that
the films were 79-85 at. % Pd. Transmission electron
microscope (TEM) diffraction images, thin-film x-ray
diffraction images, high-resolution TEM bright-field im-
aging, and resistivity measurements all confirmed that the
films were amorphous. The average measured Si content
of 22 at. % is within the amorphous-forming region'> for
bulk (splat-cooled) PdSi. Because our films were ion-
beam sputtered, the amorphous-forming region should be
even broader, virtually assuring the amorphousness of
our films.

The Pdg,Siy, wires discussed in this paper are summa-
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rized in Table I. Micrographs of sample 1 are shown in
Figs. 1(a) and 1(b). This sample had four voltage probes,
allowing us to measure several different lengths from 12
to 87 um. The width of these subsections ranged from
130 to 140 nm. Samples 2 and 3 were codeposited. Sam-
ple 2 was a meander pattern with total length 1.05 mm
and width 180 nm, and is shown in Fig. 2.

The concentration of trace elements in the samples was
estimated from ICP and secondary-ion mass spectroscopy
(SIMS). Due to difficulties in obtaining a reliable stan-
dard, the absolute concentrations of trace elements could
only be measured to within a factor of 3, although the rel-
ative concentrations between samples could be measured
to an accuracy of 30%. Table II shows our best estimates
for the concentrations of Cr and Fe. The concentrations
are relatively high; we presume that this material was
sputtered off the walls of the ion gun and vacuum
chamber. Not surprisingly, these magnetic scatterers had
a dramatic and very interesting effect on the quantum
coherence effects in our samples.

The samples were very stable; the resistance of a given
sample changed by less than 1% between one cooldown
and the next. However, the magnetofingerprint always
changed between cooldowns, perhaps due to the electrical
stress caused by loading the sample into the refrigerator.
Magnetoresistance measurements were carried out be-
tween 50 mK and 6 K in an Oxford Instruments dilution
refrigerator enclosed in a radio-frequency-shielded room.
Sample resistance was monitored by a true four-probe
circuit, which sensed changes relative to a standard. The
measuring current was very carefully limited so as to
cause negligible sample heating; 2 nA was used for our
lowest temperature (50 mK) measurements. To achieve
good sensitivity, we were forced to use very long averag-
ing times; a typical magnetic field sweep took 12 h. To
improve amplifier stability, the temperature and humidity
inside the shielded room were regulated to =1% per 12-h
period.

IV. BACKGROUND EFFECTS
A. Resistance versus temperature

Figure 3 shows the AR /R versus T curve for sample 1.
This figure is a mosaic of several different traces, which

TABLE I. Sample dimensions and resistances.

Length Width Thickness R (kQ) Ry (Q) p (uQcm)
Sample (pm) (nm) (nm) at 4 K at 77 K at 77 K
1 86.5 130 25 18.0 27.1 67.5
49.5 126 10.6
24.6 133 5.03
12.4 144 2.32
2 1050 180 24 211 37.8 90.0
520 180 105
3 92.9 207 24 17.0 37.8 90.0
4 72.1 169 26 12.6 29.5 76.7
48.9 172 8.40
24.5 174 4.15
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(a)

(b)

FIG. 1. Scanning electron micrographs of sample 1, taken at an angle of 60° from normal along the length of the sample. (a) The
bright bar in the upper right represents 10 um. (b) The bar represents 1 pm.

accounts for the varying noise level. We will consider
four principal contributions to the temperature depen-
dence of the resistance: weak localization (WL),
electron-phonon (e-ph) scattering, electron-electron (e-e)
interaction, and Kondo effect. We will show that the
effects of WL are fairly small. The contributions from e-
ph scattering and e-e interaction can be estimated from

FIG. 2. Scanning electron micrograph of sample 2. The sam-
ple is a meander pattern with a total length of 1.05 mm and
linewidth of 180 nm. The bright bar in the lower right
represents 10 um.

known parameters. So, we will subtract these two effects
out from the data, and fit the remaining temperature
dependence to the Kondo theory.

1. Weak localization
The contribution of WL is given by?!

—_AR(HZO’T):le_Z_ﬂ _:Z__L (8)

R 2 hw|Ly, Ly |’
where p is the resistivity. The sensitivity to temperature
comes from the temperature dependence of the two

characteristic lengths L, (the “triplet” length) and L,
(the “‘singlet” length), which are defined by*?

Ly=(L72+4L 2 +2L 727172 9

il

and
Ly=(L;*+2L,7%)7 12, (10)

where L; is the diffusion length between inelastic scatter-
ing event, L, is the spin-orbit diffusion length, and L, is
the magnetic scattering diffusion length. Equation (8) is
valid for the case of three-dimensional (3D) localization,
i, Ly, Ly <<W,t,L. (See below for a further discussion

TABLE II. Estimated Fe and Cr concentrations from ICP
and SIMS measurements. Although the relative concentrations
between samples are accurate to within 30%, the absolute con-
centrations are only correct to within a factor of 3.

Approximate absolute
concentration (atomic percent)

Sample Fe Cr
1 0.08 0.02
2 0.2 0.02
3 0.2 0.02
4 0.2 0.06
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FIG. 3. Subtraction of interaction and classical e-ph scatter-
ing effects from AR /R vs T curve for sample 1 (R=18 k().
The data shown are taken from several different traces, which
accounts for the varying noise level. The 2D interaction theory
is valid for 7'>>0.22 K, while the 1D theory is valid for
T <<0.22 K. (The zeros for the corresponding curves, which
are arbitrary, have been adjusted so they cross at 0.22 K.)
Above 50 mK, where we can be sure there are no heating
effects, the raw data do not vary as sharply as the 1D theory.
Therefore we assume the-transition to 1D is not completed until
below 50 mK, and subtract out only the 2D theory, and the
classical e-ph scattering.

of sample dimensionality.) These lengths are usually
determined by fitting magnetoresistance (MR) measure-
ments to weak localization theory. But, as we will see,
the low-temperature MR of our samples appears to be
strongly influenced by the Kondo effect, preventing such
a fit. However, we can make rough estimates for the
lengths, and use them to show that the contribution of
weak localization to the R versus T curve is small. By
careful comparison with other experiments,?® and using
the results of the QCF analysis below, we estimate that,
at 50 mK, L, ~4 nm and Ly~11 nm. Thus our samples
are indeed in the 3D limit throughout the experimental
temperature range. (Note: this is the dimensionality at
low fields, where weak localization is important. We will
show below that our samples become 1D at high fields.)
Making reasonable assumptions?>?*~2¢ for the tempera-
ture dependence of L;, we then estimate that the total
effect of weak localization from 6 K to 50 mK would be
AR /R =2X10~* which amounts to about 4% of the ob-
served change. We will neglect this contribution, since
we are unable to reliably calculate it in detail.

2. Electron-phonon scattering

When electrons scatter off phonons, their momentum,
as well as their energy, is changed. This creates addition-
al resistance, which decreases as the temperature is
lowered. At low temperatures, e-ph scattering contrib-
utes Ap=238T? to the resistivity of bulk PdgSi,,, where?’
§=2.8X10"* uQcm/K2 Although the phonon spec-
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trum of a thin film, and so 8, is likely to be somewhat
different from that for the bulk, the total contribution
from this effect is a small one, and so the bulk value
should serve as an adequate approximation. We can sub-
tract this contribution out before analyzing the remaining
terms. (See below.)

3. Electron-electron interaction

The effects of e-e interaction depend on the dimen-
sionality of the sample relative to the thermal length

L;y=(#D/kgT)"/2. For 2D e-e interaction (i.e.,
t <<Ly <<L, W) we have?!?
AR(H=0,T) __Re* kgTT an
R T h h

for the case of strong spin-orbit scattering (#r, . >>kyT).
For 1 D e-e interaction (i.e., t, W << L << L), we have

AR (H =0,T) —e2 Lp
=2V2 h R (12)

To find L, we need D. We use the free-electron approxi-

mation, which works quite well?”"?? in Pdg,Si,,. Thus we

have

S
4me? ka '

D =1ly; (13)
The average result for the Si content of our films was 22
at. %. Mitzutani and Massalski'® found k,=1.4 A~! for
this case. Thus, for sample 1, we estimate D=5.0
cm?/sec.

Using this value of D, we find that L= W at T=0.22
K for the 87-um section of sample 1. Therefore there
should be 2D interaction for T >>0.22 K, and 1D in-
teraction for T'<<0.22 K. Figure 3 shows both the 1D
and the 2D theories, along with the raw data. Even at
the lowest temperature for which the data are completely
trustworthy (50 mK), the sample has not completed the
transition to 1D behavior; the 1D theory predicts a
stronger temperature dependence than is observed. This
behavior is not unreasonable; at 50 mK, L is only a little
more than twice the sample width. Therefore, as an ap-
proximation, we subtract out the 2D theory over the en-
tire temperature range, as well as e-ph scattering effects
discussed in Sec. IV A 2, as shown in Fig. 3.

4. Kondo effect

We attribute the temperature dependence remaining
after the above subtraction of e-e and e-ph effects to Kon-
do effect. We estimate that, for any Kondo temperature
Tk <15 K, both the width and the thickness of our sam-
ples are smaller than 7, the Kondo screening radius.
However, Bergmann>® has found experimentally that the
effects of such reduced dimensionality are actually quite
small (at least for 2D samples: t <<nx <<W,L). So,
since there is as yet no full, quantitative theory for sam-
ples with dimensions less than 7, we will use the 3D
theory:*!
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where ¢ is the concentration (atomic fraction) of the mag-
netic scatterers, S is their spin, and z is the number of
conduction electrons per host atom. Using the free-
electron model, we estimate z=1.3 for our samples.
S =3 for both®”*? Fe and Cr in Pdg;Siy.

The best fit to the data for sample 1 using (14) is for a
scatterer concentration of 0.23 at. %, with a Kondo tem-
perature of 0.22 K. The agreement with theory is excel-
lent, as shown in Fig. 4. Recall from the ICP and SIMS
measurements that we estimated the total concentration
of Fe and Cr in this sample to be ~0.1 at. % (see Table
II), but that, although the relative concentrations be-
tween samples were fairly well determined, the absolute
concentration was uncertain up to a factor of 3. The best
fit value of 0.23 at. % lies well within this range. Howev-
er, we note that the theory is rather insensitive in the ex-
perimental temperature range to the value of Ty; very
good fits (with rms deviation from the data equal to only
about 2.5% of the total observed change in R) can also be
obtained for Ty ranging from 30 mK to 1.5 K, with ¢
equal to or less than about 0.3 at. % (the maximum al-
lowable, based on the SIMS and ICP results). Similar fits
can be performed for the other samples. Using the re-
sults of the trace element analysis as a rough guide, our
best estimates are ¢ =0.2 at. % for sample 1, ¢ =0.5 at. %
for samples 2 and 3, and ¢ =0.4 at. % for sample 4. The
Kondo temperatures cannot be very closely determined:
T is likely between 30 mK and 20 K for all the samples,
although there is some indication that it may be in the
low end of this range (say, less than 1.5 K) for sample 1,
and slightly higher (say, more than 2 K) for samples 3
and 4. We will see in Sec. IV B that these findings agree
with the relative size of the background MR and the rela-
tive field scale of the magnetoresistance for our samples.

B. Background magnetoresistance (Ref. 33)

We consider four contributions to the background:
classical MR, e-e interaction, WL, and Kondo effect.

best fit Kondo theory (solid line)
¢=0.23% Tk =0.22K
rms deviation from data = 1.5% of full scale

ARR

Data (dots)
(after subtraction of e-e and e-ph effects)
L 1 L 1 1 1
0 1 2 3 4 5 6

T (K)

FIG. 4. Kondo theory fit to AR /R vs T curve for sample 1.
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Typically, the classical MR for amorphous metals is
negligible compared to the other terms.!® Electron-
electron interactions only affect the MR for?®
gugH >>%/7 /7. As discussed above, our best esti-
mate for L, , in our samples is approximately 5 nm.
This implies that we would require H >>100 T to observe
MR effects from e-e interaction.

Because WL is strongly influenced by magnetic scatter-
ing, there is an intimate connection between WL and the
Kondo effect. Unfortunately, there is as yet no theory in-
corporating the Kondo effect into WL that is valid near
or below Tx. As discussed above, the analysis of the R
versus T data, as well as the analysis of the conductance
fluctuations (see below), suggests that T, =1 K. A de-
tailed interpretation of our background MR is thus im-
possible at this time. However, we can explain most of
the background features qualitatively.

Figure 5 shows the background MR for samples 1 and
4 as a function of temperature. The traces shown are not
MPF’s. They are an average of all available data, which
includes a number of different resistance fluctuations for
each sample. These different resistance fluctuations were
available due to accidental electrical shocks delivered to
the sample, which caused rearrangement of the scatter-
ers, as discussed below. This averaging was performed to
eliminate the fluctuations and display the background
MR as clearly as possible.

Sample 1

AR/R

AR/R

FIG. 5. Background magnetoresistance (MR) curves for vari-
ous temperatures for samples 1 and 4. These are not
magnetofingerprints. Each trace is an average of all available
data for each sample, including a number of different
magnetofingerprints, and data from all subsections. This
averaging was performed to suppress the resistance fluctuations
and to display the background MR as clearly as possible. For
each sample, the upper graph shows an enlarged view of the
MR at 3 and 6 K. Note that each of the four graphs has a
different vertical scale.
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FIG. 6. Background MR at 50 mK for three samples. As in
Fig. 5, these are not magnetofingerprints, but rather they are
averages of all available data. The backgrounds of 2 and 3 were
assumed to be the same, since they were codeposited. This was,
in fact, observed experimentally. So, the raw MR traces of
these two samples were averaged together to produce the back-
ground shown.

The shape of the 6-K MR curves at low field is quite
reminiscent of WL in the strong spin-orbit scattering lim-
it. However, no fit could be obtained for reasonable pa-
rameter values, presumably because the WL theory does
not include the Kondo effect. At higher fields, especially
at lower temperatures, the resistance decreases, which
one does not expect from WL. We attribute this drop in
resistance to the alignment of magnetic scatterers with
the field, which decreases the magnetic scattering rate.

As the temperature is lowered further this effect of
“freezing out” the magnetic scatterers becomes more and
more striking. At the very lowest temperature, 50 mK, a
shoulder develops at about 0.5 T. We believe this to be a
feature of the background, rather than the fluctuations,
since it was observed in all of our samples (Fig. 6). This
shoulder may be an indication that there are two species
of magnetic scatterers in our samples (perhaps the Fe and
the Cr), which have two different effective magnetic mo-
ments. At 50 mK, one species appears to have a charac-
teristic field of about 0.1 T, while the other has a charac-
teristic field of about 1 T. The behavior at 50 and 150
mK appears to be almost totally determined by the
freeze-out of magnetic scatterers.

Figure 6 shows the background MR at 50 mK for all
the samples. We expect AR /R < c for dilute scatterers.
Thus, if the contribution from WL is negligible, the
change in resistance from H=0 to the field at which the
background levels off should be proportional to the total
scatterer concentration. This ratio for samples 1:3:4 is
2:5:4, which is identical to the ratio we estimated from
the combined ICP, SIMS, and R versus 7T results,
0.2%:0.5%:0.4%.
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V. FLUCTUATION EFFECTS

A. Magnetoresistance fluctuations

Figure 7 shows the MR of sample 1 (87-um section) at
50 mK. Two traces are shown, one taken as the field was
swept up and the other as it was swept down. They are
identical to within the resolution of our measurement.
This figure clearly demonstrates that the quantum coher-
ence effects which give rise to the magnetofingerprint
remain operative in the extreme diffusion limit of an
amorphous metal.

One striking feature is that the rms size of the fluctua-
tions is not constant; it increases as the field is increased,
first becoming noticeable at ~2 T, and reaching a plateau
which begins at roughly 4 T. We believe this low-field
suppression is due to magnetic scattering, as will be dis-
cussed in more detail below. This behavior is qualitative-
ly similar to that observed by Benoit et al.® in AuMn,
and to the total suppression of structure at H <0.4T ob-
served by van Haesendonck et al. in AuFe.3*

Figure 8(a) shows a MF for sample 2 (L=1.05 mm) at
50 mK. In this sample, the amplitude of the fluctuations
is reduced compared to what might have been expected
based on sample 1, even at the highest fields and lowest
temperatures at which we could make measurements.
We attribute this to a stronger effect of the magnetic
scatterers in this sample; this theory is supported by the
SIMS analysis (see Table II), which showed that this sam-
ple had a concentration of Fe roughly twice that of sam-
ple 1, and by the AR versus T results, which indicated
that the total concentration of magnetic scatterers was
roughly 2.5 times that of sample 1. The suppression of
structure cannot be attributed to the sample’s large

AR

H (T)

FIG. 7. MR traces for the 87-um section of sample 1
(W=130 nm, R=18 kQ), taken at 50 mK with a measuring
current of 2 nA. The dots are the raw data, and the solid line is
a digitally filtered version to aid in comparing the traces. (The
raw data were used for all quantitative analysis.) Because of the
long averaging times required, each sweep took roughly 12 h.
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length, because sample 3, which was cosputtered with
sample 2, showed a similar suppression. In any case, the
high-field portion of the MR [Fig. 8(b)] shows clearly
reproducible structure. This figure demonstrates that,
indeed, magnetofingerprints are not limited to mesoscop-
ic samples, but can also be observed in samples which are

macroscopically long. Because of the small amount of

data for this sample, we cannot be sure whether or not
the rms amplitude of the fluctuations was still increasing
at7T.

B. Stability

These MF’s usually remained reproducible for at least
a few days. On very rare occasions (perhaps twice over
about 4 months of measuring time), we observed ap-
parently spontaneous changes in resistance, which were
accompanied by a complete change of the MF. The size
of the jumps was roughly the same size as the amplitude
of the structure in the MF; this is much too large to be
caused by a single moving scatterer. Possibly, each of
these jumps was the result of a chain-reaction cascade of
atomic motion. More likely, they were due to electrical
transients of which we were unaware, but which were
large enough to get through our filtering. Similar irrever-
sible jumps in the resistance, accompanied by changes in
the MF, have been observed by Birge er al.?

AR

AR

FIG. 8. MR traces for sample 2 (1.05 mm X 180 nm, R=211
kQ). (a) MR over the field range 0-7 T. (b) Closeup of high-
field data. The small squares are the raw data, and the solid line
is a digitally filtered version to aid in comparing the traces.
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C. Field and temperature dependence
of the fluctuations

Figure 9(a) shows the average size of the fluctuations
for sample 1 as a function of field at 50 mK. This figure
was produced by averaging data from all of the available
fingerprints for this sample, as well as data from each of
its subsections. As discussed above, Benoit et al.’ ob-
served qualitatively similar behavior for the 4 /e oscilla-
tions in a gold ring with magnetic scatterers. The theory
they used to describe their results was based on the as-
sumption that, since they only took data at a low temper-
ature, only the lowest two magnetic energy levels of the
magnetic scatterers in their samples would be important,
so that the scatterers could be treated as having spin 1.
Furthermore, they assumed that magnetic scattering was
the dominant phase-breaking mechanism throughout
their field range 0-2 T. These assumptions will not hold
for our experiments, which extend over a wider tempera-

-12

AR /LYWy (Qm3/2)

AR /(L12W2) (@m32)

H (T)

FIG. 9. AR, [normalized by dividing by (L'?/W?)] vs H
for sample 1. (a) 50 mK. The dashed line shows the best fit, us-
ing (15), and requiring L, =165 nm, as determined from the am-
plitude of the high-field fluctuations. The best fit parameters are
L,=44 nm and p.;=0.29up. The solid line shows another fit,
which is also in fairly good agreement with the data (L, =16 nm
and p.;=0.50ug). (b) 150 mK: fits using the L, and g4 from
the 50-mK fit, but allowing L; to vary, with the constraint that
L;(150 mK)=L,(50 mK). The best fits shown here were ob-
tained for L;(150 mK)=L;(50 mK); for any known form of in-
elastic scattering, one expects L;(150 mK) <0.7L;(50 mK). Nei-
ther fit matches the 150-mK data.
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ture range (50 mK-0.9 K) and field range (up to 7 T).

We can generalize the Benoit et al. theory to the sim-
plest form of S =3 scatterers (both the Fe and the Cr
have®”?? spin 2 in PdgSi,o) and to include the effects of
nonmagnetic phase breaking. We assume the simplest
model for § =2 scatterers, i.e., a Zeeman splitting equal
to gmH, where m ==+3,+1. Furthermore, we assume, as
do Benoit et al., that the magnetic scattering rate is pro-
portional to the probability of a magnetic scatterer being

in two different states at two different times. We find

172

L =

o= |Li 2H4L?

1 1
cosha + cosha+1 ]
(§=3), @15)

where a=guzH /kzT, L, is the magnetic scattering
diffusion length at H=0, and L; is the phase-breaking
diffusion length for nonmagnetic processes. By using this
field-dependent L(p in (2) and (3), we obtain a complete
theory for the amplitude of the fluctuations as a function
of field.

The situation becomes somewhat more complicated if
L, changes from being smaller than W at low fields to be-
ing larger than W at high fields. Equation (3) is correct
for L¢, >> W (i.e., the 1D case). For LqJ << W (i.e., the 2D
case), we may correct (3) by multiplying the right-hand
side by (W /L q))l/ 2, More specifically, it is a reasonable
assumption that this dimensional crossover follows the
same behavior as the 2D to 1D weak-localization cross-
over. For this case,?* the 1D form is quantitatively
correct for L, >1.3W, while the 2D form is quantitative-
ly correct for L ¢ <0.5W. We assume that the dimension-
al crossovers occur for the same L q,/ W ratios in our case,
and, as a rough approximation, make a simple linear in-
terpolation in the regime in between. For some of our
data, L, actually passes through two-dimensional cross-
overs, since it becomes less than the thickness of our sam-
ples at the lowest fields. We use similar assumptions to
deal with the 3D to 2D transition, substituting ¢ for W.

Inspection of the data in Fig. 9(a) indicates that the
amplitude of the fluctuations becomes approximately
constant above ~4 T. Assuming that the magnetic
scattering is completely frozen out in this range, and that
the amplitude of the fluctuations is thus determined by
L;, we can use the amplitude of the fluctuations to mea-
sure L;, via (3). This yields L; =165 nm at 50 mK for
sample 1. In principle, we could use a similar procedure
to find L, using the amplitude of the low-field fluctua-
tions. However, this amplitude is so small that such a
determination would be very uncertain, so we have
chosen to leave L, as a free-fitting parameter. The
dashed line in Fig. 9(a) shows the best fit to the 50-mK
data, with best fit parameters L;=44 nm and
Uer=8Stp=0.29up. The match to the data is excellent.
The solid line shows the theoretical prediction for L, =16
nm and p.;=0.50p g, which also matches the data fairly
well. This figure is quite reminiscent of the data present-
ed by Benoit et al. at 160 mK.

Benoit et al. presented no data at other temperatures;
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we have measurements of the fluctuations up to 0.9 K.
The dashed line in Fig. 9(b) shows the predictions of our
theory for 150 mK, using the L; and p.; determined by
the best fit at S0 mK, while the solid line shows the pre-
dictions of the second parameter set. In both cases, we
allowed L; to vary to find the best fit, with the restriction
that it should be equal to or smaller than the 50-mK
value of 165 nm. In both cases, the best fit was found for
165 nm (the upper bound), but neither of these theoretical
curves matches the data very well.

We can obtain an important clue to the explanation for
this discrepancy by examining the AR, versus H curves
over our entire temperature range, Fig. 10(a). (For the
higher temperatures, we could not determine the low-
field values for AR, since the characteristic field of the
fluctuations at high temperatures and low fields was so
large that we were unable to separate the fluctuations
from the background with digital filtration. We consider
the data that are shown to be reliable.) In Fig. 10(b), we
have adjusted the y scale for each curve so that the curves
intersect at 6.5 T. This figure reveals the surprising fact
that, although the overall amplitude of the fluctuations is
suppressed as the temperature is increased, the charac-
teristic field required to freeze out the magnetic scattering
is nearly temperature independent, at least up to 440 mK.
As was shown in Fig. 9, this is in strong contrast to the
very nonlinear temperature dependence predicted by (15).
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FIG. 10. AR,,, vs H for sample 1 at various temperatures.
(a) Measured values. (b) Y scale for each temperature adjusted
so the curves intersect at 6.5 T.
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These results can be explained by allowing p.4 to be
temperature dependent, with p.;x< 7T below 440 mK.
This is a possible consequence of the Kondo effect. Well
below the Kondo temperature, the conduction electrons
screen the magnetic scatterers, thus decreasing their
effective magnetic moments. This should not only de-
crease the magnetic scattering rate 7, !, as Bergmann and
co-workers have observed experimentally,3%3%37 but also
e If this is the mechanism responsible for the tempera-
ture dependence of p.4, then we expect

T;locLs_zo:‘ueﬂ,oc T° ’ (16)

where p might equal 2, as predicted by the Fermi liquid
theory;*%® 1, as observed experimentally by Berg-
mann;3® or 1, as observed by Peters er al.” As men-
tioned, Fig. 10(b) indicates p =1, at least at low T.

The solid lines in Fig. 11(a) show the predictions of al-
lowing p.x and L; to vary, but assuming that the only

temperature dependence of L is through u 4 (Here, we

x10

N
=)

AR/ (LY2W2) (@m2)

H (T)

FIG. 11. Two models to explain the observed behavior of
AR, vs H for sample 1. (a) Single magnetic scatterer species,
with temperature-dependent p.;. The parameters are as follows.
50 mK: L;=165 nm, L,=16 nm, p.;=029up; 150 mK:
L;=76 nm, L;=9.5 nm, p;=1.5up; 440 mK: L;=50 nm,
L,=9 nm, pgs=1.7up; 900 mK: L,=41 nm, L;=5 nm,
ter=3.1ug. (b) Two species of scatterers, each with fixed p.g.
One species has L; =6 nm and p.s=2.6up, while the other has
L,=70nm and pu.=0.23up.
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are using the second parameter set from 50 mK; the
best-fit 50-mK parameter set does not produce curves
which agree with this high-T data.) At 150 mK, we find
good agreement with the assumption that ps=T. At
440 mK, the p.s we find is smaller than predicted by a
linear T dependence, but we still find a fairly good fit. At
900 mK, we must allow L, to have additional tempera-
ture dependence in order to find a good fit; the parame-
ters shown were found by allowing L;, L, and p.4 to vary
freely. This may be an indication that 900 mK is close to
Ty; it is observed experimentally’’ that the reduction of
the magnetic scattering rate begins at T= Ty /2. So, it
may be that Tx=1-2 K for this sample; this estimate
agrees with the range of most likely Kondo temperatures
from the R versus 7 measurements: 30 mK-1.5 K. This
Tk is also in agreement with results of thermopower mea-
surements>® on Fe in PdSi.

To summarize, the behavior of the fluctuations as a
function of field is consistent with a Kondo screening
which produces a temperature-dependent magnetic mo-
ment. The moment appears proportional to T for
T =150 mK. The screening of the magnetic moment is
reflected not only in the magnetic scattering rate, but also
in a temperature-dependent p.y. We estimate T for
sample 1 to be 1-2 K.

Another explanation for the apparent temperature
dependence of .4 is that there may be two populations of
magnetic scatterers, each with fixed y.4 At low tempera-
tures, the high-u.x population would be frozen out at
very low fields, so the observed field dependence would
reflect the lower-u s population. At high temperatures,
the lower-u 4 population would never be frozen out at ex-
perimentally accessible fields, so the observed field depen-
dence would reflect the higher-u 4 population. Thus the
observed . would appear to increase with temperature.
Figure 11(b) shows the results of this model, assuming
L;<T 2 as indicated by the amplitude of the high-
field fluctuations (see below). The best fit parameters are
L;=6 nm and u.s=2.6up for scatterer population num-
ber 1, and L; =70 nm and pu=0.23u, for population 2.
The agreement is good over the entire temperature re-
gime. Since the concentration ¢ <7, !« L ! the values
of L, obtained from the fit correspond to a ratio of 3.4 be-
tween the concentration of population 1 and that of pop-
ulation 2. This agrees well with the results of the ICP
and SIMS analysis, where ratio of 4 was found (see Table
II).*° (Here we have made the tentative assignment that
population 1 corresponds to Fe and population 2 to Cr.)
The characteristic field for aligning spin-3 scatterers is
3kpT /e At 50 mK, this corresponds to 0.087 T for
population 1 and 0.96 T for population 2. Recall that a
qualitative examination of the 50-mK MR suggested that
there might be two scatterer species, with characteristic
fields of roughly 0.1 and 1 T, respectively; these values
agree well with the two-population model.

For both models, the best-fit parameters are of reason-
able magnitude, although there are too many of them to
have any confidence in the exact values. The correct
physical explanation for our data is likely a combination
of the two effects, i.e., Kondo effect and a variety of mag-
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FIG. 12. Temperature dependence of L; as determined from
the amplitude of the high-field resistance fluctuations for sample
1. Squares, data; solid line, best fit.

netic scatterer populations. Although in this case our
conclusions cannot be made entirely quantitative, the
above analysis shows the usefulness of quantum conduc-
tance fluctuations; we have used them to measure L pasa
function of H. In contrast, analysis of background mag-
netoresistance using weak-localization theory can only
determine L , at H=0.

Figure 12 shows the temperature dependence of L; for
sample 1, as measured from the high-field amplitude of
the fluctuations. We find L; < T2 which corresponds
to 2D e-e scattering. This finding is consistent with our
R (T) results.

D. Autocorrelation function

As discussed in Sec. VC, for sample 1 at 50 mK,
AR s is approximately constant in the field range 4-7 T.
Figure 13 shows the autocorrelation function
F(AH)=(AR(H)AR (H +AH)) for the data on the 87-
pm section in this regime. Using (3), the AR, for this
field range yields L,=165 nm. Inserting this into (1) and
(2), we obtain a detailed prediction for the autocorrela-
tion function, shown by the solid line of Fig. 13. The
field scale for the theoretical prediction differs from the
data by almost exactly a factor of 2. (The dashed line
shows what happens if we divide the H scale of the
theory by 2.)

This level of agreement between the field scale as pre-
dicted from AR .. and the measured field scale has gen-
erally been considered good in the field of quantum con-
ductance fluctuations (see, e.g., Ref. 35). However, we
believe the discrepancy to be outside the range of experi-
mental scatter.

The reason for this discrepancy may be that Egs.
(1)—(3) are strictly valid only for L, >> W, whereas in our
case, W=1.3L . Thus our sample is just barely narrow
enough to be in the 1D WL regime.?* However, the cri-

12 277
1.0 E
08 1
&
G
= 06t ]
T
NS
= o04f .
02 E
® e es%00e T
00k ®ocee® XX XL
0.00 0.05 0.10 0.15 0.20
AH (T)
FIG. 13. Autocorrelation function F(AH)=(R(H)R(H

+AH)) of the 87-um section of sample 1 for small H in the
range 4-7 T. The solid line shows the predictions of (1)—(3).
The dashed line shows what happens if the H scale of the theory
is divided by 2.

terion for one dimensionality with respect to the
Beenakker and van Houten theory [Egs. (1)-(3)] may be
somewhat different than that for WL.

Another possible explanation is that there is some
mechanism reducing the amplitude of the fluctuations in
our sample below that given by (3). If this were the case,
then the actual L in our samples would be larger than
165 nm. This larger L o Would cause the theoretical field
scale to be smaller, and more in tune with our observa-
tions. One possibility for this reduction mechanism is a
much higher density or activity of two-level systems than
we have estimated. Another might be some interplay be-
tween the Kondo effect and quantum conductance fluc-
tuations. (The connection between the two has not yet
been addressed quantitatively.)

A third possibility for the discrepancy lies in the vale
of L, which we obtained from the bulk value of k; using
the free-electron model. However, Ly (or kz) would
have to be off by more than a factor of 2 to explain the
observed discrepancy.

E. Length dependence of the fluctuations

According to the theory of stochastic averaging, the
amplitude of the resistance fluctuations should increase as
the sample length is increased: AR, «<L!/? [see (3)].
To data, this prediction had only been checked up to
L ~6L,~4 um for metallic samples.” Our data extend
the range for which the theory can be checked by three
orders of magnitude.

Since AR, < L'’? aplot of (AR, )? versus L should
yield a straight line, if W is constant. However, the width
of our samples varied slightly. So, examination of (3)
shows that we should plot (AR, )*W* versus L for sam-
ple 1, for which W <L, and (AR 2W? versus L for
samples 2 and 3, for which W > L P [Recall that, for this
case, the right-hand side of (3) should be multiplied by

)2
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FIG. 14. Length dependence of the resistance fluctuation am-
plitude. (a) The various subsections of sample 1. In this case,
L,> W, so we have compensated for the slight variations in
width between the subsections by multiplying by W* [see (3)].
(b) Samples 2 and 3. These samples were codeposited, and so
should have the same L; and L,. For these samples, L, < W, so
we have multiplied by W>.
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Figure 14(a) shows the plot for the various subsections
of sample 1, which should all have the same L; and L,;,
and thus can be compared quantitatively. As mentioned
previously, due to accidental electrical shocks delivered
to the sample, we were able to measure more than one
magnetoresistance fluctuation for some of the subsec-
tions. In these cases, the points have been slightly dis-
placed horizontally so they can be seen. These data are
in excellent agreement with the L!/? prediction; the
straight line shown corresponds to L, =165 nm.

Figure 14(b) shows the plot for samples 2 and 3, which
were codeposited, and so should have the same L; and
L;. Again, there is good agreement with the theory of
stochastic averaging. The line shown corresponds to
L,=90 nm.

Thus we have checked the L'/? prediction fairly care-
fully out to L /L q,ESOO with sample 1, and have verified
it somewhat less quantitatively (because of the larger er-
ror bars) all the way out to L /L =12 000 with samples 2
and 3.

VI. SUMMARY

We have fabricated amorphous PdSi thin films using
ion-beam sputtering from a composite target. The amor-
phousness of the films was carefully verified by four
different techniques. We patterned the films using
electron-beam lithography into wires with linewidths less

SMITH, TIGHE, SPALDING, TINKHAM, AND LOBB 43

than 200 nm: one of them was over 1 mm long. The
resistance and magnetoresistance of the wires was mea-
sured at temperatures down to 50 mK, using a measuring
current which was carefully limited to avoid heating the
sample.*!

The resistance versus temperature traces of our sam-
ples can be quantitatively described by a combination of
electron-phonon scattering, two-dimensional electron-
electron scattering, and Kondo effect. The concentra-
tions of magnetic scatterers determined by the Kondo fits
is consistent with measurements of the levels of Fe and
Cr in our films, using inductively coupled plasma spec-
troscopy and secondary-ion mass spectroscopy.

The background magnetoresistance is qualitatively ex-
plained by a combination of weak localization and Kondo
effect. There is, as yet, no theory combining these effects
that is valid near or below the Kondo temperature T, so
a quantitative description of the MR is impossible. How-
ever, the total change in resistance from 0 to 7 T for our
four main samples is consistent with the Fe and Cr con-
centrations, which we estimated from the combined ICP,
SIMS, and R versus T results.

The principal results of this research are on quantum
conductance fluctuations. Our measurements of aperiod-
ic, reproducible structure in the MR of amorphous sam-
ples show that the quantum coherence effects that give
rise to the magnetofingerprints remain operative even in
the limit of maximum disorder. We observed MF’s even
for our 1-mm-long sample, and checked the stochastic
averaging prediction AR, < L' out to L /L~ 12000,
extending the regime for which this relation has been
verified by three orders of magnitude.

The amplitude of the fluctuations increased with field.
We attribute this behavior to alignment of the magnetic
scatterers by the field. With (3), we used the amplitude of
the fluctuations to measure the phase-breaking diffusion
length L, as a function of magnetic field. These mea-
surements indicate that, at 50 mK, the magnetic scatter-
ing rate decreased by at least a factor of 16 as the field
was increased from O to 4 T. Simple paramagnetic
scattering predicts*? a change of, at most, 1.7; the failure
of this theory is consistent with our estimation that our
resistance-fluctuation measurements were made below
the Kondo temperature.

We developed a model, not only for the overall change
in the amplitude of the fluctuations from zero field to
high field, but also for the shape of the AR . versus H
curve. This model was based on that presented by Benoit
et al.,’ modified to include the effects of nonmagnetic
phase breaking and to allow for the simplest type of S =3
scatterers. To fit our data over the entire temperature
range, we were forced to include the effects of Kondo
screening by allowing both the effective magnetic mo-
ment and the zero-field magnetic scattering rate 7, ! to
vary as a function of temperature. We required
75 V< g This model explains our results at 440 mK and
below very well. By 900 mK, it no longer agrees with the
data, perhaps because 900 mK is too close to T. (To ob-
tain a good fit at 900 mK, we had to allow u.gand 7, ! to
vary independently.) Thus we estimated Tx =1-2 K, in
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agreement with the R versus T data.

A second model, assuming two magnetic scatterer pop-
ulations, each with fixed p.g, also describes the data well,
and is qualitatively supported by the background MR
and the ICP and SIMS analysis.

From the high-field amplitude of the fluctuations, we
measured the nonmagnetic phase-breaking diffusion
length L; as a function of temperature. We found an ap-
proximate relation L; < T~/ which is characteristic of
2D e-e scattering. The R versus T results also indicated
that the e-e scattering was likely 2D throughout our tem-
perature range.

We also used the high-field amplitude of the fluctua-
tions to predict the characteristic field scale (at high
field), using the theory of Beenakker and van Houten.’
The prediction was larger than the experimental field
scale by a factor of 2. Possible explanations include a
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much higher density and activity of two-level systems
than we estimated, a sample width too close to L(p, or a
failure of the theory to account correctly for strong spin-
orbit scattering in the presence of aligned Kondo scatter-
ers.
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(a) (b)

FIG. 1. Scanning electron micrographs of sample 1, taken at an angle of 60° from normal along the length of the sample. (a) The
bright bar in the upper right represents 10 um. (b) The bar represents I pm.



FIG. 2. Scanning electron micrograph of sample 2. The sam-
ple is a meander pattern with a total length of 1.05 mm and
linewidth of 180 nm. The bright bar in the lower right
represents 10 pm.



