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This paper describes a series of experiments concerning the Kondo effect in metal films and wires
which have revealed some surprising aspects of the Kondo behavior in quasi-two- and quasi-one-
dimensional systems. We have studied two different Kondo alloys, Au(Fe) and Cu(Fe), and found
that in both cases the Kondo contribution to the resistivity, Apx is sensitive to the size of the
sample, and is suppressed at length scales below about 1500 A. This critical length scale is observed
in both quasi-two and quasi-one-dimensional systems. Studies of bilayer samples composed of a
Kondo film in contact with a layer of the pure host material [e.g., Cu(Fe) overcoated with Cu)
reveal the existence of a Kondo proximity effect, which is also length scale dependent. Results for
the spin scattering rate 7, for conduction electrons, obtained via weak localization measurements,
indicate that 7,7 ! is suppressed in quasi-two-dimensional systems in a manner similar to that found
for Apk. Finally, we find that disorder plays a central role; increasing the amount of disorder (i.e.,
elastic scattering) suppresses Apk. Surprisingly, the length scale which controls the Kondo behavior
seems to be essentially independent of the Kondo temperature Tx. This implies that physics beyond
that contained in the simplest Kondo models is responsible.
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I. INTRODUCTION AND BACKGROUND

The Kondo effect is an old and much studied problem
in condensed matter physics, involving the interaction
between a local magnetic moment and a sea of conduc-
tion electrons. This interaction leads to several anoma-
lous properties, perhaps the best known of which is a
logarithmic variation of the resistivity with temperature
at high temperatures. This was first explained theoreti-
cally by Kondo who obtained it via perturbation theory
in the interaction strength.! It was, of course, immedi-
ately recognized that p cannot vary logarithmically to
arbitrarily low temperatures, since this would imply a di-
vergent contribution to the resistivity. There has been an
enormous amount of theoretical and experimental effort
aimed at understanding the nature of the Kondo ground
state and the associated low-temperature behavior.2™® It
is now understood that this ground state is a singlet in
which the local moment is “compensated” by the con-
duction electron spins. The development of a theory of
the ground state turned out to be quite difficult, and was
achieved only over the course of many years, culminating
with the work of Wilson and others. Exact results are
now available for many thermodynamic quantities.

An appealing qualitative picture of the Kondo ground
state is that the local moment is enveloped by a screen-
ing cloud of conduction electron spins arising from an
antiferromagnetic exchange interaction between the lo-
cal moment and the electrons. This screening becomes
stronger as the temperature is lowered, and below the
Kondo temperature Tk, the moment is fully screened re-
sulting in a singlet ground state. As far as we know,
there are no exact results for the relevant spin correla-
tion functions, but a number of approximate calculations
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have considered the spatial size of this screening cloud.®™®
While the properties of the cloud (and even its existence)
are still a matter of debate, several calculations predict
that its extent should be of order

hvp
RK ~ kBTK ’ (1)
where vy is the Fermi velocity. This length scale is quite
large compared to other microscopic lengths; for T =
1 K, and assuming a typical value for v, Rxk =~ 2 pm.
There have been a number of experimental attempts to
observe either Ry or the effects of the screening cloud.®
Such experiments are not easy, since, while the cloud
might be quite large, it is also extremely dilute, as the
conduction electrons in the cloud have a total polariza-
tion of order only pp (corresponding to one local mo-
ment). In addition Friedel oscillations can also mask the
behavior associated with the cloud at relatively short dis-
tances. Nevertheless, several experiments suggest that
either the cloud does not have the size predicted by (1)
or may not even exist.10

Whether or not the picture of a Kondo screening cloud
described by the length scale Rk is correct, one would
certainly expect that the Kondo effect should be char-
acterized by some length scale. Surprisingly, despite the
large amount of work on the Kondo problem, it appears
that the question of length scales is far from settled. This
state of affairs has motivated us to examine the problem
from the point of view of “mesoscopics.” That is, as-
suming that there is a length scale associated with the
Kondo effect, one might expect the Kondo behavior to
be different in a small system (as compared to a “bulk”
sample), provided that one or more dimensions are small
compared to the relevant length scale. By studying sam-
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ples of different sizes one may thus be able to learn about
the Kondo length scale. To this end we have studied
the Kondo behavior of a variety of quasi-one- and quasi-
two-dimensional systems. Our experiments have revealed
that there is indeed a length scale associated with the
Kondo effect, and that it is in the neighborhood of 1500 A
in two different Kondo systems, Au(Fe) and Cu(Fe). In
conducting these experiments we have followed a rather
tortuous path both in our understanding of the Kondo
effect, and in our interpretation of the results. A co-
herent picture of the experiments and what they imply
can only be obtained from a careful consideration of es-
sentially all of the results together. It therefore seems
worthwhile to discuss all of our results to date in one
place, and that is the purpose of this paper. In this pa-
per we (1) have attempted to show how the different ex-
periments are logically connected, (2) present a number
of new results, especially with regards to the behavior of
the spin-scattering rate and the role of disorder, and (3)
consider at some length the criticisms which have been
raised against our experiments. We also discuss the cur-
rent status of theories which have attempted to account
for our results.

II. THEORETICAL BACKGROUND
A. Kondo effect

It seems quite fair to say that theoretical work on the
Kondo problem has led to important new insights into
many-body physics. Here we have in mind the work
of Wilson on renormalization group approaches,® as well
as other developments.?%% While interest in the single-
impurity Kondo problem, i.e., the behavior when inter-
actions between the local moments can be neglected, has
declined in recent years, much attention remains focused
on concentrated systems, such as the Kondo lattice, in
which these interactions are important.® Such models are
thought to be relevant to a variety of strongly correlated
electronic systems including the heavy fermion metals
and perhaps the high-7,. materials. In these cases a vari-
ety of length scales comes into play. Any new insights
concerning length scales in the single-impurity Kondo
problem should be extremely relevant to concentrated
systems and thus of broad interest.

We believe that our experiments are all in the dilute
limit; i.e., the interactions between local moments can be
neglected. In that case the simplest model of the Kondo
effect need consider a single local magnetic moment inter-
acting with a sea of conduction electrons via an exchange
interaction

Hex:J‘S_"i'S_’:zy (2)

where .5_‘; is the spin of the local moment, i.e., the im-
purity, S. the spin of a conduction electf'on, and J is a
constant which is presumed positive so that the interac-
tion is antiferromagnetic (as required for there to be a
Kondo effect). At high temperatures the interaction (2)
yields a contribution to p which varies logarithmically
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with T,

Apg = —BlogT (3)

as was first calculated by Kondo.! Here B is a positive
constant which is a function of J, the density of states,
and other properties of the electron gas. The logarith-
mic variation in (3) means that as T' is reduced the effects
of the interaction (2) become larger, essentially because
the electrons with antiparallel spin spend more time near
the local moment; i.e., they scatter from it more strongly,
thus increasing the resistivity. Apg cannot increase with-
out a bound, however, since there is a limit to how much a
single local moment can scatter. The divergence in (3) is
cut off —i.e., Apg becomes a constant— at temperatures
of order the Kondo temperature Tx =~ T exp (—ﬁ),
where T is the Fermi temperature and N is the density
of states at the Fermi level.

The results we have described thus far do not tell us
anything about length scales. While there are exact re-
sults for the thermodynamic behavior produced by the
interaction (2),%® so far as we know there are only ap-
proximate solutions for the correlation functions. Some
of the earliest work on these correlations led to the screen-
ing cloud picture mentioned in the Introduction, namely,
a cloud of electrons in the neighborhood of the impurity
which screens its moment and leads at low temperatures
to a singlet ground state. Several calculations®™® have
found that the length scale which characterizes this cloud
is just Rk in (1). A number of more recent theoretical
treatments yield the same length scale in other related
contexts.'?

If we accept that Rk is the length scale that controls
the Kondo behavior, then we would certainly expect to
find the Kondo properties to be altered in systems in
which one or more dimensions are small compared to
Ry . It was just this possibility that motivated, at least in
part, our initial experiments. However, our experiments
do not rely in any way on the assumption that Rg is
a relevant length scale. Indeed, this was an issue our
work was designed to resolve in the first place. While
the experiments certainly do show that there is a length
scale in the neighborhood of 1500 A which controls the
Kondo behavior, the results also suggest that this length
scale is not Ri. Nevertheless, it is still useful to discuss
Ry a bit further, as this will bring out several points that
will be important later.

We first note that the spin correlation function should
not be expected to have a purely exponential form with a
characteristic length of Rg. The effects of Friedel oscil-
lations are also present. While these oscillations gener-
ally die out before one reaches Rx (assuming that Tk is
sufficiently small), they are dominant near the local mo-
ment, since the net polarization contained in the screen-
ing cloud is small. While this is usually not a problem
when interpreting analytic calculations, it can greatly
complicate the analysis of numerical work. Second, Rg
should only characterize the screening at low tempera-
tures, well below Tx. One would not expect to find Rx
as the dominant length scale for T > Tk, since in that
range the ground state has not yet “condensed.” Third,
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the form of the result for R in (1) is expected from di-
mensional analysis, since it is the simplest way to obtain
a length scale from the energy scale Tx. Fourth, (1) can
be derived in a qualitative sense using arguments famil-
iar from work on transport in disordered systems. If one
considers two electrons near the Fermi level which differ
in energy by an amount kgTk, then Rk is the distance
they can travel (ballistically) before their phases differ by
an amount of order .

We will see below that the experiments are not consis-
tent with a dominant length scale given by Rg. All of
the quasi-one- and quasi-two-dimensional Kondo samples
that have been studied experimentally have much higher
levels of disorder (i.e., much shorter elastic mean free
paths) than the bulk samples generally used to study the
Kondo effect. It is thus natural to consider what effects
this disorder might have on Rg. Perhaps the simplest
possibility can be seen by reconsidering the qualitative
derivation of (1) given above. If the level of disorder is
large enough that Rk is longer than the elastic mean free
path £, then the motion of the two electrons will be dif-
fusive, and the distance they can travel before going out
of phase will be

Ry = v/Rxt. . (4)

While we will see below that R} also does not appear to
be the length scale observed in our experiments, it does
raise the possibility that disorder may be important.

The role of disorder is, of course, now well appreciated,
in the context of weak localization and electron-electron
interaction effects. This background has prompted sev-
eral workers to consider the effect of disorder on the
Kondo effect. Ohkawa et al.'?7'% and Suga et al.1>1®
have considered the interplay between weak localization
and the Kondo effect. They find that the presence of
disorder leads to additional singular contributions to the
conductivity at low temperatures, which in two dimen-
sions are proportional to T~!. Vladir and Zimanyil”
considered the behavior of Tk, and found that it could
vary nonmonotonically as a function of disorder, while
Tesanovi¢'® discussed the behavior of systems which
are dominated by diffuse surface scattering, and showed
that the Kondo effect is modified somewhat, becoming
slightly more singular when the film thickness is reduced.
Fukuyama'® found that while the presence of localized
spins enhances the electron-electron interaction contri-
bution to the conductance, these interactions do not af-
fect the Kondo contribution. It will turn out that none
of these predictions appear to describe the behavior we
have observed.

Very recently there has been renewed theoretical inter-
est in size-dependent effects in Kondo systems. So far as
we know, the only work along these lines that has been
published is due to Bergmann and co-workers. In the
first,2° the effect of system size on the Friedel resonance,
i.e., oscillations, was considered, and it was found that
the minimum system size which could support this res-
onance was much smaller than Ry . It was then argued
that the Kondo resonance would display similar behavior
and thus that the length scale Rx was not relevant to the
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Kondo effect. It is not clear to us how to reconcile this
result with the earlier theoretical work on the screening
cloud mentioned above. In any case, as we have noted
already, our experiments imply that Rk is not the length
scale observed in the experiments.

In further work, Bergmann and co-workers considered
the RKKY interaction in a small system.?! They argued
that the interaction can be viewed as the result of a con-
duction electron “polarization wave” which originates at
one local moment and impinges on the other. In a large
system there is only one such wave for each pair of mo-
ments (the one that travels directly between the two
moments), but in a small system it is possible for ad-
ditional waves, which reflect off the sample surfaces, to
also contribute, thereby enhancing the RKKY interac-
tion relative to what would be found in a bulk system.
Bergmann and co-workers did not actually calculate how
much this enhanced interaction would affect the exper-
imentally measured properties, but argued nevertheless
that it is responsible for the behavior we have observed.
However, we do not believe that this explanation is con-
sistent with the experiments, and will give our reasons
after the relevant results are described below.

B. Other contributions to the low-temperature
resistivity

Most of our analysis will involve the Kondo contri-
bution to the resistivity in quasi-one- and quasi-two-
dimensional systems, and it is therefore important to
consider other possible contributions to the resistivity (or
resistance) in such systems.

The usual phonon contribution p,, varies as a power
of T at low temperatures, and thus becomes increasingly
important as T is increased. One could conceivably try
to estimate ppp, from measurements on similar systems,
and then correct for it (i.e., subtract it out). However,
this would involve large uncertainties since at high tem-
peratures ppn(T) varies rapidly as compared with the
Kondo contribution. We have therefore chosen to restrict
our analyses to temperatures at which pp;, was negligible
compared to Apg. This temperature range depends on
the material and type of sample. For Cu(Fe) films tem-
peratures as high as 15 K could be used, but with Au(Fe)
wires the upper limit was only 3 K.

Two other phenomena make important contributions
to the low-temperature electrical properties in these sys-
tems: weak localization (WL) and electron-electron in-
teractions (EEI).22 We can generally neglect the effect of
WL in our Au(Fe) and Cu(Fe) samples, since the large
amount of spin scattering makes the WL contribution
temperature independent. Moreover, in all of our work
on quasi-two-dimensional systems, i.e., thin films, the
sheet resistance Rp was fairly low, as compared to the
types of samples usually used to study WL and EEI. The
contributions of WL and EEI in two dimensions are pro-
portional to Rn, and for this reason these were always
negligible compared to the Kondo behavior. Only with
our quasi-one-dimensional Au(Fe) samples did we have
to worry about such an interfering contribution. Here
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the EEI effects in our smallest samples were comparable
to the Kondo contribution, since the EEI effect scales as
A~!, where A is the cross-sectional area, while the Kondo
part varied approximately as w, where w is the sample
width. Rather than try to subtract off the EEI effect,
which would have led to large uncertainties, we simply
chose not include those data in our analysis.

The vast majority of our measurements involved the
behavior of the Kondo contribution to the resistivity. It
would certainly be of great interest to investigate the be-
havior of thermodynamic properties such as the specific
heat or susceptibility in small Kondo systems. Unfor-
tunately such measurements are very difficult because
of the limited volume and small number of local mo-
ments which are involved. However, one property other
than the resistivity which is accessible is the spin scat-
tering time 7,, the rate at which the spin of a conduc-
tion electron is flipped by scattering from the local mo-
ments. This can be measured through weak localization
magnetoresistance.?? The measurements are nowadays
routine, and the methods we used have been described
in detail elsewhere.23:24

ITII. EXPERIMENTAL METHOD

We have studied the Kondo alloys Au(Fe) and Cu(Fe),
along with the corresponding host materials Au and Cu.
All of the samples were fabricated by using lithographic
methods to pattern thin films. We first discuss the de-
position of the Au and Au(Fe) films. It turns out that
at typical evaporation pressures (~ 3 x 10~7 Torr in our
case) Au and Fe have essentially identical evaporation
temperatures, making it possible to produce homoge-
neous Au(Fe) by coevaporation to completion from a sin-
gle evaporation source.?® Since we desired Fe concentra-
tions below 100 ppm (0.01 at. %), it was not convenient
to simply weigh or measure out the appropriate amount
of Fe. In our first experiments we solved this problem
by evaporating a thin layer of Fe onto Au wire. We then
evaporated measured amounts of this coated wire to pro-
duce the desired Au(Fe) films. Later we learned of the
availability of Au-Fe wire with a concentration of 0.07%
Fe,?6 and from that time on we used measured amounts
of this Au-Fe wire together with the proper amount of
pure Au for our depositions. The results did not depend
on which evaporation materials were used. In both cases
the Au/Fe was thermally evaporated rapidly from a W
boat, at typical rates of 20 A/s. Pure Au films were
deposited in a similar manner.

Deposition of the Cu(Fe) films required a different ap-
proach. Cu and Fe are not a good match for coevapo-
ration, and so we made these films by sputtering from a
composite target made by placing several Fe “dots” on
top of a pure Cu (99.999%) sputtering target. The result-
ing Fe concentration in the films was estimated from the
exposed area of Fe together with the relative sputtering
rates of Fe and Cu, and from the Kondo behavior of very
thick films. The two estimates were always in agreement.
The Ar pressure during sputtering was typically 2 mTorr,
and so the sputtered flux moved diffusively, causing dif-
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ferent samples in a given batch to have the same Fe con-
centration. This was confirmed by studying the Kondo
behavior of test batches which contained a number of
samples which differed only in their location on the sam-
ple holder in the vacuum chamber. Nevertheless, midway
through our work on Cu(Fe) films we modified the holder
so that it could be rotated about an axis perpendicular
to the direction of the sputtered flux during the deposi-
tion, to further ensure homogeneity. Pure Cu films were
prepared by either sputtering or thermal evaporation.

In all cases the substrates were glass cover slips.
The quasi-two-dimensional samples were patterned pho-
tolithographically from the films into strips of width ~
150 pm and length ~ 60 cm. The quasi-one-dimensional
samples, i.e., wires, were produced from the films us-
ing substrate step techniques.?” Further details of sam-
ple fabrication will be given below in connection with the
particular measurements. The resistance was measured
as a function of T’ using standard techniques.?*

IV. RESULTS
A. Au(Fe) films

Our initial experiments involved Au(Fe) films with the
goal being to determine if varying only the thickness ¢
would have any effect on the Kondo contribution to the
resistivity, Apg. The samples were produced by thermal
evaporation as described in Sec. III. To isolate just the ef-
fect of sample size on Apg it is clearly desirable to main-
tain a fixed Fe concentration. However, we found that
with our thermally evaporated Au(Fe) films we could
not keep this concentration constant from evaporation to
evaporation. That is, we were unable to prevent changes
(typically 20%, but sometimes more) in the concentration
from batch to batch. For this reason we decided to always
try to make comparisons between samples produced from
the same deposition, since these would all have the same
concentration. Thus for the study of Au(Fe) films we
needed to make a series of samples with different thick-
nesses t in a single deposition. This was accomplished by
placing substrates at different distances from the evapo-
ration source, and also by varying the angle between the
substrate and the evaporation direction.?* The sample
thickness was estimated in two ways: from the measured
source to substrate distance d, combined with the an-
gular orientation 6 of the substrate, assuming that the
thickness varied as (cos)/d?, i.e., that the evaporation
source was pointlike and the evaporant motion ballistic;
and from Matheissen’s rule using the measured resistiv-
ities at 300 K and at low temperatures, along with the
handbook value for the phonon contribution to the re-
sistivity of Au at 300 K. The two methods agreed rea-
sonably well (typically 10-20 %). We also compared the
behavior of samples with the same ¢, but which were lo-
cated at different distances and angular orientations from
the evaporation source. Such samples always exhibited
similar behavior.

Results for the resistivity as a function of tempera-
ture for a series of Au(Fe) films were first reported in
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Refs. 28, 29, and later confirmed independently by one
of us.24 Those results showed that the Kondo contribu-
tion to the resistivity exhibits a pronounced dependence
on film thickness. The Fe concentration in most of the
experiments was =~ 30 ppm; work on bulk Au(Fe) has
shown that the interactions have no effect in our temper-
ature range when the concentration is below 100 ppm.3°
We emphasize again that the strong dependence of Apg
on film thickness was found by comparing samples pre-
pared in the same deposition, so that they had the same
Fe concentration. In addition, the contributions of weak
localization and electron-electron interaction effects were,
as noted above, negligible as these samples had relatively
low sheet resistances. In all cases the variation of p was
consistent with a logarithmic form, as expected from (3)
for T > Tk [Tk for Au(Fe) is ~ 0.3 K]. While the tem-
perature range was limited, there was no evidence for any
size-dependent change in the functional form of Apg.
However, as the film thickness was reduced, the magni-
tude of this logarithmic contribution decreased dramat-
ically. The coefficient B of the logarithmic term in (3)
varied roughly linearly with film thickness up to thick-
nesses of approximately 3000 A. One can define an exper-
imental crossover length i (note that we are careful to
distinguish this length from the theoretical length Ri) as
the thickness at which Apg is suppressed to half its bulk
value. The results in Refs. 28, 29, 24 give £x ~ 1500 A.
This is much smaller than Rk, which for Au(Fe) is pre-
dicted to be 6 um. The diffusive length scale R} in this
case is 3000 A (the elastic mean free path was ~ 300 A)
which is not far from the observed value of £x. However,
we will see below that this coincidence is almost certainly
accidental.

It is important at this point to consider a potential
experimental difficulty, namely, the possibility that this
behavior was due to oxidation of the Fe. The concerns
about oxidation may be stated as follows. Oxidation
of the Fe could render it nonmagnetic, in which case it
would not contribute to the Kondo effect, thereby reduc-
ing the effective concentration. Such oxidation might be
more of a problem in the thinner samples. For example,
there could be a “penetration depth” ¢ for oxygen diffu-
sion such that all or most of the Fe within this distance of
the surface is oxidized. If so, then the thinnest samples
would exhibit the smallest Kondo effect, which is what
was observed. We have long been aware of this potential
problem (see, for example, the discussion in Ref. 29), and
do not believe that such effects were significant for the
following reasons.

First, it is well known from weak localization studies
of spin scattering in similarly prepared Au(Fe) films?3
that samples as thin as 100 A can exhibit large amounts
of spin scattering. This implies that £ cannot be much
larger than 100 A, and it is easy to see that such a value
would not lead to behavior like that described above.
For example, with £ = 100 A and ¢t = 500 A, the sup-
pression of the Kondo effect due to such oxidation would
be of order £/t = 20%, which is much smaller than ob-
served in the experiments.3! Second, we have tried to
minimize any oxidation by coating the films with a layer
of SiO evaporated immediately after the Au(Fe) deposi-
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tion, and before breaking vacuum in the chamber. Such
samples exhibited behavior identical to those which were
left uncoated. Third, we have coated the films with a
layer of photoresist immediately after removal from the
vacuum chamber, and again these behaved the same as
those which were left uncoated. We therefore do not be-
lieve that oxidation was a problem in our experiments.
However, it is such an important issue that we will return
to it again below.

B. Au(Fe) wires

The results discussed above show that as one crosses
over from three dimensions to quasi-two-dimensions Apg
is reduced significantly. We have also investigated the
corresponding quasi-two- to quasi-one-dimensional cross-
over in studies of narrow Au(Fe) wires.32 As mentioned
in Sec. III, the samples were prepared using substrate
step techniques.?” This involves depositing a Au(Fe) film
onto a substrate into which a step had previously been
produced by ion milling. After film deposition the sample
was ion milled further so as to remove all of the Au(Fe)
except that which was in the shadow of the step. The
cross section of the wire was controlled by the height of
the step. We used Au(Fe) films which were 150 A thick
and steps which were larger by at least a factor of 3 (and
generally much more than that); hence the cross section
was that of a film essentially “wrapped around” the cor-
ner of the step, as described in Refs. 32, 24. The effective
sample width was estimated in two ways: from the known
step height (through calibration of the ion-milling rate)
and from the measured length and resistance of the fin-
ished sample.3®> The two methods agreed to within the
uncertainties, typically 10%. We only compared samples
prepared from the same film deposition so as to ensure
that they all had the same Fe concentration.

Results for Apk as a function of T for a series of nar-
row Au(Fe) wires were presented in Ref. 32. The samples
were all 150 A thick, and had the same Fe concentration;
only the sample width was varied. It was also possible
to study the behavior of a film made in same deposition,
which represented the quasi-two-dimensional limit. As
the strip width was reduced, we found that the Kondo
contribution became smaller. The experimental cross-
over length was estimated to be £x ~ 1500 A, which is
the same as that found for the three-dimensional (3D)
to 2D cross over in Au(Fe). These results thus support
the picture inferred from the data for films, namely, that
reducing the sample size suppresses the Kondo contribu-
tion to the resistivity, and that the length scale which
controls this suppression in Au(Fe) is ~ 1500 A, We
note that, while our temperature range was limited, the
temperature dependence was again consistent with the
logarithmic variation (2).

The Kondo contribution Apg in the narrow wires was
much reduced from the bulk value, and this made the
contribution from phonon scattering (at high temper-
atures) and electron interaction effects (in the narrow-
est samples) relatively more important than in the thin
film experiments. The phonon contribution was compa-
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rable to Apg above about 3 K. At higher temperatures
it would have been very difficult to subtract it out with
sufficient accuracy. We therefore limited our analysis to
temperatures below 3 K, so as to avoid this complica-
tion. A similar problem arose (not unexpectedly) when
we investigated samples with widths below about 700 A.
As noted above, the contributions from one-dimensional
electron-electron interaction (EEI) effects become larger
as the sample is made narrower, and these are the sam-
ples in which the Kondo effect becomes quite small. The
EEI contribution can be estimated from the theory to be
much smaller than the Kondo effect in our samples for
widths above about 1000 A. However, we found3? that
for a sample with a width of 360 A the EEI contribution
was larger than the Kondo contribution, which was again
expected from the theory of EEI’s. One could try to iso-
late the Kondo contribution for these smaller samples by
subtracting off the EEI effect, but given the uncertain-
ties in the latter together with the fact that the Kondo
contribution was very small in this case, we did not feel
that such results would be trustworthy. For this reason
we did not attempt to analyze in any detail the results
for samples smaller than about 1000 A. This approach
to the analysis was not followed in other recent work on
Au(Fe) wires;** we will discuss this point further in Sec.

It is useful to now revisit the oxidation issue which was
discussed in the previous section, as the results for the
narrow wires allow us to rule out oxidation problems in a
very unambiguous way. All of the wire samples had the
same thickness, and this thickness was much less than the
sample width. Hence, oxidation of the Fe would occur to
essentially the same degree in all of the wire samples. An
explanation of the width dependence we have observed
for Apg in the wires in terms of oxidation is thus not
tenable.

In addition, these results allow us to rule out another
potential problem. While Au and Fe evaporate at essen-
tially the same temperature, one can imagine that the
films were still somehow inhomogeneous. This might oc-
cur, for example, if the Fe were to agglomerate. Such
metallurgical problems could conceivably render some of
the Fe nonmagnetic and hence affect the Kondo behav-
ior. However, since our wires all had the same thickness
and this thickness was much less than the width, such
behavior should again be essentially the same in all of
the samples. It is thus very hard to see how to account
for our results for narrow wires, except in terms of a size-
dependent Kondo effect.

C. Cu(Fe) films

The experiments with Au(Fe) described above show
that the length scale which controls the Kondo behav-
ior, £x, is ~ 1500 A for both the quasi-2D and quasi-1D
cases. To determine if £x is associated with either of
the theoretical length scales Rg or R} discussed in Sec.
II, it is useful to consider how fx depends on Tk. For
this reason we have investigated the Kondo behavior of
Cu(Fe) films. For this material Tx ~ 20 K which is
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two orders of magnitude larger than for Au(Fe).3® An-
other motivation for studying Cu(Fe) is that its higher
Tk makes it much more convenient to study the behavior
near and below Tk, as compared with Au(Fe) [all of the
results described above for Au(Fe) were limited to tem-
peratures well above Tk|. In addition, the Cu(Fe) films
were deposited by sputtering as contrasted with the ther-
mal evaporation used to produce the Au(Fe), thus allow-
ing us to test if some structural or metallurgical aspect
of the films played an unexpected role.

The Cu(Fe) films were deposited onto substrates which
had different angular orientations with respect to the
sputtering source, so that a single deposition produced a
series of samples with different thicknesses, but with the
same Fe concentration. The thickness was estimated as
in the Au(Fe) experiments, and checked on occasion with
interferometry. Typical concentrations were ~ 300 ppm;
measurements with bulk Cu(Fe) alloys have shown that
this is sufficiently small that interactions between impu-
rities make a negligible contribution to the resistivity in
our temperature range.3 Other batches showed similar
behavior for Fe concentrations as small as 100 ppm, the
smallest value we studied.

The results for Cu(Fe) films have been presented
elsewhere,3¢ and thus will only be described here. The
Kondo contribution to the resistivity was found to de-
pend strongly on film thickness. While, as described
above, the variation of Apg was logarithmic for Au(Fe)
films, the Cu(Fe) results exhibited significant curvature,
as Apg flattened off considerably at low T'. This differ-
ence was due to the different Kondo temperatures for the
two materials, and we will return to this issue in the next
section. Here we want to emphasize that the thickness
dependence of Apk for Cu(Fe) was very similar to that
found for Au(Fe), with the Kondo contribution to the re-
sistivity being suppressed as the thickness was reduced.
The length scale for this suppression was £x ~ 1600 A,
which is quite close to that found for Au(Fe). This im-
plies that £x does not depend strongly on Tk, which we
find to be surprising. This very weak dependence of £y
on Tk also suggests that the approximate agreement be-
tween £x and R} for Au(Fe) was accidental, since R}
varies as TI;I/ %, It thus appears that the physics which
determines £x is not contained in either Rx or R} .

In our discussion of the theory we noted several calcu-
lations which have considered how disorder, in the spirit
of weak localization and electron-electron interactions,
affects the Kondo behavior. The results depended on the
specific models, but the predictions were either that there
would be no change or that the Kondo contribution to
the resistivity would become more singular when disor-
der is introduced. Neither of these predictions explains
our results.

D. Behavior of Tk

The results for both Au(Fe) and Cu(Fe) indicate that
the Kondo contribution to the resistivity is suppressed
when the size of the system is made smaller than £x ~
1500 A. It is natural to consider what, if anything, hap-
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pens to Tk in such systems. In particular, there are (at
least) two possibilities that immediately come to mind:
(1) Tk might be independent of system size, so that as
the size is made smaller, Apg is simply reduced by the
same factor at all temperatures, or (2) Tk could be sup-
pressed along with Apg as the size is reduced.

This question has prompted us to examine the behav-
ior in the vicinity of Tk in both Au(Fe) and Cu(Fe) films.
Results for two Au(Fe) films are shown in Fig. 1. These
were prepared as described in Sec. III, and were made
from the same deposition. In Fig. 1(a) we show the raw
data for the two samples, and the suppression of Apg
is clearly seen. The rollover of Apx at temperatures
comparable to Tx ~ 0.3 K is also evident. To estimate
Tk from these results we could fit them to the theory,
but unfortunately there are no exact predictions for this
quantity, even for the simplest Kondo models. While we
could try to use one of the approximate theoretical forms,
we have chosen to take a different approach. Our goal
is to determine only if the two samples have the same
or different values of Tk, which can be accomplished by
comparing their temperature dependences to each other.
To this end Fig. 1(b) shows the data from Fig. 1(a) with
the results for Apg for the thinner sample scaled up by
a constant (temperature independent) factor. The two
curves in Fig. 1(b) are seen to be in semiquantitative
agreement, implying that they have the same tempera-
ture dependence and hence the same values of Tk . It is
not easy to estimate the uncertainties in this kind of anal-
ysis since it does not involve any specific functional form.
In addition, the experiments are difficult since at these
temperatures it is hard to know if the electron tempera-
ture is the same as that of the lattice; this is a frequent
problem in studies of weak localization, etc., in similar
systems. In any case, to within some hard-to-specify un-
certainties, we conclude that the results for Au(Fe) imply
that Tk is independent of film thickness.

We next return to the results for Cu(Fe). Since Tk in
this case is much higher than for Au(Fe), it was much
easier to examine the behavior for T' < Tk without com-
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FIG. 1. Results for two Au(Fe) films at low temperatures.
(a) Resistivity as a function of T. The thicknesses are indi-
cated, and the Fe concentration was =~ 50 ppm. (b) Same
data except that the results for the 445 A sample have been
scaled up by a constant, temperature-independent factor.
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plications from electron heating effects. To check for any
variation of Tk we again scaled the results for each thick-
ness by a constant, temperature-independent factor. The
results of such a “scaling analysis” are given in Ref. 36,
where it was shown that all of the data collapse nicely
onto a common curve, demonstrating again that Tk is
independent of thickness.

This result for Ty was not totally unexpected. It
is consistent with previous studies of weak localization
and spin scattering in Au(Fe) and Cu(Cr) films which
found that Tx in thin films was similar to that of bulk
systems.37-38

A thickness-independent Tk together with the sup-
pression of the magnitude of Apg implies that the so-
called “unitarity limit”® is not reached, in contrast to the
usual case in Kondo systems. When a magnetic impurity
is placed into a host material, the maximum scattering
cross section can be calculated from its scattering phase
shifts and the appropriate sum rule. While this does
not specify how the effective cross section, and hence the
contribution to the resistivity, will vary with T', it does
place an upper limit on how much a single impurity can
contribute to Ap. In most cases this limit is exhausted
at T = 0, but the results imply that such is not the
case in our films. We know of no reason why this limit
must always be attained. We should also note that the
theoretical work in Ref. 17 predicts that T can change
when the degree of disorder is varied, which is not what
we observe. However, it is not clear if our samples are
sufficiently disordered that this theory should apply.

E. Spin-scattering rate in Au(Fe) films

We have used the weak localization magnetoresistance,
Fig. 2, to study the dephasing rate of conduction elec-
trons due to spin scattering in Au(Fe) films as a func-
tion of their thickness. Since the spin-orbit scattering
in Au is strong, the theoretical predictions involved only
two parameters,?? the sheet resistance Ry and the phase
breaking length Ly4. Since Ry could be measured in-
dependently, there was just one free parameter in each
fit. The only complication was that the values of Rn
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FIG. 2. Magnetoresistance of a Au(Fe) film. Here Rp is
the sheet resistance. For this sample Ro = 5 2, and the Fe
concentration was 50 ppm. The solid curve is a fit to weak
localization theory in the strong spin-orbit scattering limit
Note that the zero of the vertical axis was arbitrary.
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were rather low, sometimes as small as 0.1 Q, which is
much smaller than usually encountered in weak localiza-
tion studies. This made the relative magnetoresistance
ARp/Rn fairly small, and for this reason slight drifts in
temperature, etc., added greatly to the uncertainties (re-
call that p had a significant temperature dependence due
to the Kondo effect).

Results for Ly for several values of thickness are shown
in Fig. 3, which also shows the corresponding behavior of
Apg for these samples. Each point in Fig. 3(b) was ob-
tained from a separate magnetoresistance measurement
(as in Fig. 2); the scatter is the result of the slight drifts
mentioned above. For all but the thinnest sample, Ly was
the same, to within the errors, at 1.4 and 4.2 K. Since
other sources of phase breaking are temperature depen-
dent, this implies that spin scattering dominates in these
cases, i.e., L, & L4. [This is also consistent with previous
work on Au(Fe) which has shown that L, is temperature
independent in this range.3”] For the thinnest sample,
Ly was slightly longer at 1.4 K, implying that at 4.2 K
both spin scattering and another scattering mechanism,
which was temperature dependent, were important. This
is in accordance with previous studies of weak localiza-
tion in similar Au and Au(Fe) films,?® which found that
the electron-phonon phase breaking rate is ~ 8000 A at
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FIG. 3. (a) Results for the resistivity as a function of T for
a series of Au(Fe) films. The Fe concentration was 50 ppm,
and the thicknesses are given in the figure. (b) Phase breaking
length L4 for the samples considered at the top. The values
of Ly were obtained from fits to the magnetoresistance like
that shown in Fig. 2. The solid symbols were obtained at 4.2
K, while the open symbols correspond to 1.4 K.
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4.2 K and ~ 15000 A at 1.4 K. These values imply that
the phase breaking at 1.4 K in this sample was due com-
pletely to spin scattering, and so we can obtain the value
of L, from the result for Ly at 1.4 K.

The results thus derived for L, are shown in Fig. 4
which shows L, and also the spin scattering time 7, as
functions of ¢t. Here we have obtained 7, from the relation
Ls = /D1, where D is the electron diffusion constant,
which we estimate to be 30 cm?/s from previous work.23
Comparing with Fig. 3, we see that the spin-scattering is
suppressed (i.e., 7; becomes longer) in the thinner sam-
ples in a manner very similar to the behavior of Apg.
The size dependence of the Kondo behavior is thus not
limited to the resistivity, but is found also for the spin-
scattering rate.

As mentioned above, there have been several previous
studies of spin scattering in Kondo systems using weak lo-
calization measurements.37:3 However, those works were
concerned with the temperature dependence, and unfor-
tunately did not study the behavior as a function of sam-
ple thickness.

F. Bilayer samples: Kondo proximity effect

In addition to experiments involving single films or
wires, we have also studied the bilayer sample geome-
try shown in Fig. 5. We have already seen that for single
films the magnitude of Apg was suppressed as the thick-
ness was reduced. With the bilayers we started with films
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FIG. 4. Results for (a) the spin-scattering length L, and

(b) the spin-scattering time 75, obtained from the results in
Fig. 3 as explained in the text.
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FIG. 5. Results for resistivity of just the Au(Fe) layer, for
a series of Au(Fe)/Au bilayers. The Au thickness for each
sample is given in the figure.

in which the Kondo effect was suppressed, i.e., the bot-
tom (Kondo) layer in Fig. 5, and asked if Apg could
be increased by increasing the overall thickness through
the addition of the pure layer. While the pure material
should not contribute any Kondo effect of “its own” one
might suspect, given our earlier results, that increasing
the total thickness could restore some of the (suppressed)
Apg of the bottom layer.

We have studied bilayers consisting of Au(Fe) films
coated with a layer of Au and Cu(Fe) coated with
Cu.39:36:24 I each sample batch the bottom (i.e., Kondo)
layers were all deposited at the same time and were thus
identical. The pure layers then were deposited separately,
allowing us to study how changes in the properties of the
pure layer affected the Kondo effect in the bottom layer.
In this section we will be concerned with how the Kondo
behavior depends on the thickness of the pure layer.

The films were deposited using the methods described
in the previous sections. All of the substrates were ori-
ented perpendicular to the evaporant beam, and all were
the same distance from the source, so that all of the
Kondo films had the same thickness and Fe concentra-
tion. This was confirmed by measurements of the Kondo
behavior of several test batches in which no pure lay-
ers were deposited. A mask system was then used to
expose one sample at a time for the evaporation of Au
[for the Au(Fe)/Au samples] or sputtering of Cu [for the
Cu(Fe)/Cu samples]. These depositions were all done in
the space of a few minutes, without breaking the vac-
uum. Film thicknesses were monitored with a quartz
thickness monitor which had been calibrated with inter-
ferometry. To within our uncertainties, the resistivities
of the pure layers were always the same as those of the
Kondo layers.2*

Measurements with the bilayer samples yielded the be-
havior of the entire bilayer, i.e., the resistivity of the two
layers, the Kondo layer, and the pure layer, in parallel.
Results of this kind are shown in Ref. 39 for Au(Fe)/Au
bilayers. However, what we are really after is the behav-
ior of the Kondo, e.g., Au(Fe), layer alone. The thickness
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and resistivity of each layer were known (the Kondo con-
tribution is only a relatively small part of the total), and
since the resistivity of the Au layer was independent of
temperature (in the range we are considering), we could
extract the behavior of the Au(Fe) alone. The results
for Au(Fe)/Au bilayers are shown in Fig. 5, where we see
that there was indeed a large enhancement of Apg as the
thickness of the Au was increased.
It is useful to define an enhancement factor E by

Apb(dpure)

E = —Fo\"pure)
Apb(dpure = 0)

-1, (5)

where dpyre is the thickness of the pure layer, which in
Fig. 5 was Au. The case E = 0 thus corresponds to no
enhancement, but still a nonzero Kondo effect. The be-
havior of FE as a function of the thickness of the Au layer
is shown in Fig. 6, where we give results for two batches
which had Au(Fe) layers of different thicknesses. In both
cases the enhancement effect was a somewhat nonlinear
function of the thickness of the pure layer. The sam-
ples with the thinner Au(Fe) layers showed the largest
enhancements (for a given value of da,), which is to be
expected since they exhibited the largest suppression of
Apg in the first place. The enhancements are seen to be
as large as a factor of 10 or more in some cases.

We have performed similar experiments with
Cu(Fe)/Cu bilayers.>® The behavior of the enhancement
factor for Cu(Fe)/Cu is compared with that found for
Au(Fe)/Au in Fig. 6. The results for E are seen to be
similar, but not quite quantitatively the same, in the two
cases. This implies that the pertinent length scales in the
two systems are similar, although not identical.

In the measurements with single films we were able
to reach thicknesses at which the Kondo contribution to
the resistivity became independent of thickness, and we
identified this as the “bulk” limit. It would have been
desirable in the bilayer experiments to also reach this
regime, which would correspond to a large value for the
thickness of the pure layer. However, we were unable to
obtain useful results in this limit for the following rea-
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FIG. 6. Enhancement factor E as a function of the thick-
ness of the pure layer for two sets of Au(Fe)/Au bilayers and
two sets of Cu(Fe)/Cu bilayers. The thicknesses of the Kondo
layers [Au(Fe) or Cu(Fe)] are given in the figure. The solid
curves are simply guides to the eye.
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son. As the pure layer was made thicker, a larger and
larger fraction of the measuring current passed through
this layer, and so it dominated the resistance of the en-
tire bilayer more and more. For very thick pure layers
this made it extremely difficult to accurately extract the
behavior of the parallel Kondo layer, and it was therefore
not possible to reach values of the pure layer thickness
corresponding to the bulk limit.

In our analysis of the bilayer results we used simple
(classical) addition of conductances to extract the be-
havior of the Kondo layer alone. However, implicit in
this was the assumption that the resistivity of the pure
layer was independent of temperature. While this was
easily verified for the isolated pure films of both Au and
Cu,3%24 jt is conceivable that the presence of the Kondo
layer could induce a Kondo effect in the adjacent pure
layer. We do not believe that such behavior can be ruled
out on the basis of our data alone. If this was indeed the
case, then the discussion given above would clearly have
to be modified in ways which are obvious. In either case,
however, the experiments clearly show that the Kondo
effect in the bilayers is not just the sum of the Kondo
effects from the constituent layers. There is definitely
a Kondo proximity effect, although it is not certain at
present whether this is best viewed as an enhancement
of the Kondo effect in the Kondo layer, an induced Kondo
effect in the pure layer, or perhaps some combination of
the two.

The possible role of oxidation in our experiments has
been discussed above where we showed that a number of
results for single films and thin wires demonstrated that
oxidation was not a problem. The bilayer experiments
reinforce that conclusion in a particularly strong manner.
Recall that in the bilayer experiments, the Kondo layers
of all of the samples in a given batch were fabricated at
the same time and had the same thickness. They were
then covered with pure layers of different thicknesses. If
there was any oxidation of the Fe before the pure layers
were deposited, it would have been the same for all of the
samples.® Hence, it is hard to see how this mechanism
could explain the large differences seen as a function of
the thickness of the pure layer. One might argue that
the oxidation occurs after the pure layers are deposited,
and that more oxygen is able to penetrate through the
thinner pure layers, thus reducing the Kondo effect in
those cases. We believe that this is not a tenable proposal
in light of the evidence against post-deposition oxidation
in the pure layers which was described in Secs. IV A and
IV C. Nevertheless, we have investigated this possibility
with special bilayer experiments in which the pure layers
were deposited first, i.e., on the bottom, with the Kondo
layer deposited onto all of the samples as the last step.
We studied such inverted bilayers of both Au/Au(Fe) and
Cu/Cu(Fe), and the behavior was the same as that found
with the pure layers on top. We do not see how oxidation
could possibly account for these results.

Finally, we should mention one more bilayer experi-
ment. We have spoken in terms of a Kondo proximity
effect which is transmitted across the boundary between
the Kondo and pure layers. It is interesting to consider
what role this boundary plays, and in particular if a
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“dirty” boundary might destroy the proximity effect. To
this end we studied bilayer batches of both Au(Fe)/Au
and Cu(Fe)/Cu in which the samples were all exposed to
a laboratory atmosphere immediately after deposition of
the Kondo layer for a period of approximately 5 min. The
vacuum chamber was then reevacuated and the pure lay-
ers deposited. These batches exhibited behavior similar
to that found when the vacuum was maintained between
depositions, demonstrating that, at least in this case, a
somewhat dirty boundary does not suppress the Kondo
proximity effect. It will be interesting to study what as-
pects of the boundary have an effect on this behavior.

|

G. Role of disorder

All of the results described above show that both
the Kondo contribution to the resistivity and the spin-
scattering rate are sensitive functions of the sample size.
We also showed that our results could not be explained
in terms of the diffusive length scale, R}, discussed in
Sec. II. Nevertheless, given what is known about the im-
portance of disorder with regards to transport in small
systems,*!:22 it is still worth considering if disorder plays
any role in the Kondo behavior. We have conducted two
experiments to investigate this question.

The simplest way to investigate the role of disorder
would be to make a series of Kondo films with the same
thickness and same concentration of local moments, and
vary only the amount of disorder. We attempted to do
this by making a series of Cu(Fe) films via sputtering as
described in Sec. III. The films were sputtered from a Cu
target onto which were attached several small Fe “dots”
approximately 1 mm? in exposed area, and the disorder
was varied by varying the pressure of the Ar sputtering
gas. In this way we could vary the residual resistivity
and, hence, the elastic mean-free-path by more than a
factor of 2. As discussed in Sec. III, the Fe dots were
found to erode somewhat over the course of several sput-
terings. Such erosion, if it were large enough, could cause
the Fe concentration to vary significantly, and so to test
for this we made each sample batch as follows. In a sin-
gle pump-down of the vacuum chamber we deposited a
sequence of samples; each was made with a different Ar
pressure, except that the first and last samples were made
with the same pressure, and hence had the same amount
of disorder. The behavior of these two samples could then
be compared to check if the Fe concentration changed sig-
nificantly during the fabrication, and we found that it did
not. Results for a typical batch are shown in Fig. 7, where
we see that the Kondo contribution to the resistivity was
a strong function of the amount of disorder. One measure
of the degree of disorder is the elastic mean free path (the
values of which are given in the caption to Fig. 7). Since
all of these samples were made so as to have the same
thickness and same Fe concentration, it appears that dis-
order alone suppresses the magnitude of Apg. However,
there is a potential problem with this experiment, hav-
ing to do with the sputtering process used to make the
films. The magnetron sputtering gun we employed makes
use of a magnetic field to confine and focus the plasma
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FIG. 7. Results for the resistivity as a function of T for a
series of Cu(Fe) films. All were 750 A thick. The resistivities
(at 4 K) and elastic mean free paths were the following: sam-
ple (1) 3.5 uQ cm and 140 A, sample (2) 4.5 pQ cm and 110 A,
sample (3) 6.8 uQ2cm and 75 A, and sample (4) 8.2 uQ2 cm and
60 A

which sputters material off the target. The intensity and
spatial distribution of this plasma are functions of the
Ar pressure, as was readily apparent from visual inspec-
tion of the plasma. This can affect film deposition in at
least two ways. First, the angular distribution of mate-
rial sputtered from the target will be a function of the
plasma configuration, and this will affect the thickness
measurements. We compensated for this by calibrating
the thickness monitor, using interferometry, as a function
of the Ar pressure.?* Second, since they were magnetic,
the Fe dots on the sputtering target altered the plasma
distribution in their vicinity, and one might imagine that
this alteration could itself change as the Ar pressure was
varied, although we should emphasize that we have no
evidence that this was the case. This could conceivably
make the relative amount of Fe in the sputtered beam
vary with Ar pressure, and thereby cause the Fe concen-
tration in the films to vary. Unfortunately we were unable
to devise a way to accurately measure the Fe concentra-
tion as a function of sputtering pressure, and therefore
we cannot rule out the possibility that the results in Fig.
7 may simply be due to variations of the Fe concentration
rather than changes in the amount of disorder.

While we believe that the results in Fig. 7 show that
disorder is important, further evidence is certainly desir-
able. We have employed bilayer samples to investigate
this question as follows. We first deposited onto several
different substrates a layer of Cu(Fe), via sputtering. A
separate layer of Cu was then deposited on top of each
of these Cu(Fe) films. The Cu layers had the same thick-
ness, but different levels of disorder. That is, the Kondo
layers in the samples were all the same; only the amount
of disorder in the pure layers was varied. The Cu layers
were deposited by sputtering with different Ar pressures
(from a second sputtering gun) and by thermal evapora-
tion; in all cases the depositions were performed within a
few minutes of the Cu(Fe) deposition, and without open-
ing the vacuum chamber. This experimental strategy
avoided the problem of maintaining the same Fe concen-
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tration while varying the disorder; it is much simpler to
make a sequence of pure Cu films with different levels of
disorder.

The results of this bilayer experiment showed that the
enhancement of Apg was largest in the samples with the
least disorder.4® Thus, we again conclude that disorder
suppresses Apg, as was also observed in the single film
experiments.

Constraints of the sample holder used to make these
samples allowed us to make only four samples in any one
batch. We chose two of these to be single Cu(Fe) lay-
ers and two to be Cu(Fe)/Cu bilayers; so we were only
able to study two different levels of disorder in any one
batch. In order to examine the behavior as a function of
the disorder for more than two samples it is necessary to
compare the behavior of samples from different batches,
and this is done in Fig. 8. Here we plot the enhancement
factor E as a function of the low-temperature resistivity
of the Cu layer. We see that E is a strong function of
the degree of disorder in the Cu layer. All of these sam-
ples had 350 A thick Cu(Fe) layers and 200 A Cu layers.
Unfortunately, we were not able to keep the resistivity
of the Cu(Fe) layers fixed; it varied from batch to batch,
with values ranging from 2.4 to 8.9 uQ2cm, and we believe
that this is the source of most of the scatter in Fig. 8.42
Nevertheless, the variation of £ with the resistivity of
the Cu layer is clear. There is no doubt that the Kondo
contribution to the Cu(Fe) resistivity is a strong function
of the disorder of the Cu component of the bilayer.

We have observed this dependence on disorder in a
number of different sample batches. The same qualitative
result has been found with Cu thicknesses of 50-400 A,
the entire range we have studied. We found similar be-
havior for several different values of the Fe concentration,
for concentrations which varied by about a factor of 3
from batch to batch (the results for all of these samples
are included in Fig. 8). Finally, we have observed the
same behavior when the Kondo layer was the top layer,
i.e., when the Cu layers were deposited first (the results
for these samples are also included in Fig. 8).

The evidence is thus very strong that both size and
disorder play a role in the Kondo behavior.

P, (Cu) (nQ cm)

FIG. 8. Enhancement factor E as a function of p.(Cu), the
low temperature (residual) resistivity of the Cu layer. For all
of these samples the thickness of the Cu(Fe) layer was 350 A
while the thickness of the Cu layer was 200 A. The smooth
curve is a fit to the function E = A + B p_!, and is intended
only as a guide to the eye.
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V. DISCUSSION
A. Possible artifacts

A number of potential artifacts have been mentioned
throughout our discussion of the experiments. There is
no need to discuss again all the arguments given above,
but we would like to make a few general comments.

Problems due to oxidation of the Fe at some time dur-
ing or after fabrication have been mentioned repeatedly
as possible explanations of our results. We have been
concerned with this since our first experiments, and so
have conducted numerous tests of this hypothesis. These
tests have been described in detail above, and they all
indicate that oxidation was mot a problem.

Another potential problem is connected with agglom-
eration of the Fe. One could imagine that the Fe is,
for some reason, not distributed homogeneously. This is
perhaps most plausible for Au(Fe) since even though the
two constituents evaporate at nearly the same tempera-
ture, such a match will never be perfect, and moreover
the Fe could diffuse after deposition to form clusters,
etc. However, such behavior would be surprising with
Cu(Fe), since sputtering is believed to produce homoge-
neous alloys. Evidence that such effects were not impor-
tant comes from the results for thin Au(Fe) wires and
the bilayers. For the wires all of the samples were made
from films of the same thickness, and so any clustering
problems should have been the same for all. Similar ar-
guments can be applied to the bilayer experiments, and
so it seems safe to conclude that clustering or other sim-
ilar metallurgical problems did not play a significant role
in our experiments.

B. Conclusions and outlook

Prior to our work very little was known about the be-
havior of the Kondo effect in systems of reduced dimen-
sionality. Earlier studies of the Kondo effect in thin films
of which we are aware either did not look for variations of
the Kondo behavior with thickness or assumed implicitly
that there were no such variations. Several years ago, two
groups37:38 studied the variation of the spin-scattering
rate with temperature near and below Tk, but it ap-
pears that neither examined the thickness dependence of
either 75 or Apk.

More recently, two groups have investigated the size
dependence of Apg in experiments similar to ours. Di-
Tusa and co-workers?* have studied the behavior of
Cu(Cr) wires, and observed a size dependence similar
to that observed in our narrow wires (their work actu-
ally predates that of Ref. 32). The length scale found for
Cu(Cr) was ~ 1 pm which is somewhat larger than we
have found for Au(Fe) and Cu(Fe). The significance of
this result is not clear. For Cu(Cr), Tx ~ 1 K which is
intermediate between the values for Au(Fe) and Cu(Fe),
and so this would seem to imply a nonmonotonic varia-
tion of {x with Tx. However, the concentration of local
moments in the Cu(Cr) samples was rather high, as one
goal of that work was to investigate spin-glass behavior
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(the spin-glass freezing temperature was ~ 0.8 K), and it
would be interesting to repeat those measurements with
a lower Cr concentration.

Chandrashekar and co-workers3* have recently re-
ported experiments with Au(Fe) wires, and find no
change of Apg with sample size. This contradicts the
results of Ref. 44 and the present work.3? This discrep-
ancy is particularly troubling with regards to our own
previous work, since it and that in Ref. 34 concerned the
same Kondo system, Au(Fe), and the same 1D geometry.
The source of the discrepancy between these two experi-
ments is not entirely clear to us, but some differences in
the two should be noted. First, as noted above, the size
dependence of the Kondo contribution is only evident for
samples with widths in the range w ~ 1000 —2000 A. For
larger widths the behavior was independent of w, while
for smaller values the suppression of the Kondo contribu-
tion was obscured by electron-electron interaction effects.
However, for samples with w in this range we observed
a sizable suppression of the Kondo contribution, without
the need for any “background” corrections; in particular,
the contribution of electron-electron effects could be ig-
nored in this range. In Ref. 34, there were, unfortunately,
very few samples with widths in this range. In fact,
there appear to have been only two such samples, and
since they had the same value of w to within a few per-
cent, there was essentially only one data set in the range
that our work found to be the important one. Results
for smaller values of w were reported in Ref. 34, but in
those cases it was necessary to subtract off the electron-
electron interaction contribution to the resistance. This
contribution was comparable to or larger than the Kondo
contribution for w below about 1000 A, and so a small er-
ror in the subtraction procedure could conceivably have
masked changes in Apg. We emphasize again that in
the analysis of our 1D Au(Fe) results (Sec. IV B), such
a subtraction was not necessary. It is not clear to us if
this is the reason for the discrepancy between our results
and those of Ref. 34. Resolution of this discrepancy will
evidently require further work.

In summary, we have discussed a series of experiments
concerning the Kondo effect in systems of reduced dimen-
sionality. We have studied two different Kondo alloys
Au(Fe) and Cu(Fe) in several different geometries, and a
coherent picture has emerged. The Kondo contribution
to the resistivity is suppressed when either the sample
thickness or width is reduced below about 1500 A. A por-
tion of this suppressed Apgk can be restored by depositing
a pure layer on top of the Kondo sample. While Tk is
not a function of system size, the electron-spin-scattering
rate exhibits a suppression similar to that found for Apg.
Finally, the Kondo effect is also sensitive to the level of
disorder; increasing the disorder suppresses Apg .

We know of no theory which can explain these results.
As discussed above, there was theoretical work a number
of years ago on the interplay between disorder, dimen-
sionality, and the Kondo effect, but those calculations do
not seem capable of accounting for our results. While
our work was initially motivated by the simple screening
cloud picture discussed in Secs. I and II, we want to em-
phasize yet again that our results are at odds with this
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picture; in particular, we do not see how to use a screen-
ing cloud model to explain the fact that £x is approxi-
mately independent of Tx. Indeed, the close agreement
between the values of £k observed for Au(Fe) and Cu(Fe)
is quite puzzling, since we would expect it to depend on
some feature(s) of the material. In view of the somewhat
different value of £k found for Cu(Cr),** it seems likely
that the close correspondence of the values for Au(Fe)
and Cu(Fe) is accidental.

We have, of course, attempted to construct a model to
explain our results, but have been unable to produce one
that is even qualitatively successful. One model which
we find attractive is based on weak localization ideas. It
is possible to view the Kondo effect as arising from re-
peated scattering of an electron from the local moment.
We know from weak localization that in systems of re-
duced dimensionality the probability of repeated scatter-
ing from a given site (i.e., “returning to the origin”) is
enhanced relative to what one would find in three dimen-
sions, and that disorder leads to even more enhancement.
This phenomenon is at the heart of weak localization. It
is at least conceivable that such repeated scattering of an
electron from a local moment might alter (reduce?) the
overall scattering rate,*® thereby reducing both Apg and
7,71 without affecting Tx. However, the return probabil-
ity for our samples (which is proportional to the magni-
tude of the weak localization effects) is very small, typi-
cally ~ 107%, and it is hard to see how this could lead to
the large reductions of Apg which we have observed. As
a final comment, while this paper was being reviewed, we
were made aware of the work in Refs. 46 and 47. These
authors were concerned with changes in the Kondo be-
havior produced by the presence of nonmagnetic impuri-
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ties. It was found that the addition of Pt to the Kondo
alloy Cu(Mn) significantly suppressed the Kondo contri-
bution to the resistivity,” a result which was explained
qualitatively as follows. The Kondo effect can be viewed
as being due to multiple scattering of electrons from the
magnetic impurity. Anything that alters the interme-
diate states which are involved could therefore suppress
the effect altogether. It was proposed that the presence
of the Pt caused an enhancement of the Mn spin-lattice
relaxation rate, thereby altering the intermediate states.
Such an explanation is, at least in spirit, very similar
to our proposal based on weak localization mentioned
above. However, it remains to be seen if this idea can be
transformed into a quantitative theory. In any case, it is
interesting that adding Pt to Cu(Mn), which increased
the level of disorder to values similar to those of our sam-
ples, suppressed the Kondo behavior.

In conclusion, our work has revealed an unexpected
wrinkle in an old and much studied phenomenon. The
Kondo problem remains a problem.
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