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Kondo effect in Cu(Fe) films
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Recent experiments have shown that the Kondo efFect is suppressed in thin films, a result which
has so far eluded theoretical explanation. The previous experiments have been limited to the regime
T ) T~, where T~ is the Kondo temperature. In this paper we present results for T ( T~ which
demonstrate that even when the Kondo contribution to the resistivity, Ap~, is greatly suppressed,
the Kondo temperature itself is not affected. We also present the results of experiments involving
bilayer samples, i.e., Kondo films covered by nonmagnetic layers, which demonstrate the existence
of a Kondo "proximity efFect."

I. INTRODUCTION AND BACKGROUND

The Kondo effect involves the interaction of a localized
magnetic moment with an electron gas, and is relevant
to the behavior of dilute magnetic alloys, as well as con-
centrated systems such as the heavy-fermion materials,
and perhaps also high-T, superconductors. The Kondo
problem has attracted a great deal of theoretical interest
for nearly 30 years, and much has been learned about
many-body physics from this work. The single-impurity
Kondo problem, i.e. , the behavior in the limit of a very
low concentration of local moments, is currently believed
to be well understood, from both theoretical and experi-
mental viewpoints. ~

Nearly all of the work on the single-impurity Kondo
problem has involved bulk, i.e., three-dimensional sys-
tems. However, in the past few years several experi-
ments have studied the behavior in lower-dimensional
systems, and found some surprising results. Most no-
tably, the Kondo contribution to the resistivity, Ap~, is
greatly suppressed when the sample size is made suS-
ciently small. s The "critical" length scale which gov-
erns this suppression has been found to be approxi-
mately 1500 A. in Au(Fe), s'r and somewhat larger (1 ym)
in Cu(Cr). s This has proved to be a puzzling result,
since theoretical arguments9' 0 imply that dimensional-
ity should not play a role in the behavior; that is, it is
predicted that Ap~ should not depend on. dimensional-
ity, in sharp contrast to the experiments. It thus ap-
pears that an important aspect of the Kondo problem
is not understood. In this paper we present experimen-
tal results concerning the Kondo behavior in two dimen-
sions. Past experiments5 ~ have studied the dimension-
ality dependence of the Kondo behavior only for temper-
atures near and above the Kondo temperature T~. Here
we describe experiments to probe the dimensionality de-
pendence of the Kondo effect in the low-temperature
limit, T & T~. In addition, we describe bilayer experi-
ments which demonstrate the existence of what might be
termed a Kondo "proximity effect."

Kondo was the 6rst to show that the interaction be-
tween a local moment and an electron gas leads to an

anomalous contribution to the resistivity. At high tem-
peratures this contribution has the now well known form
b,pic log(T); this logarithmic dependence persists to
temperatures of order T~, below which b,prt approaches
a constant value. An attractive qualitative picture of this
phenomenon is that the (antiferromagnetic) exchange in-
teraction between the local moment and the conduction-
electrons leads to the formation of a screening cloud in
which the conduction-electron spin density screens out
the local moment. 2 At high temperatures there is only
partial screening, but as T is lowered the screening im-
proves to the point that the moment is fully screened
for T T~. Given this intuitive picture of the Kondo
effect, it is natural to consider the size of the screen-
ing cloud. Dimensional analysis and also quantitative
calculations ~ yield a Kondo length scale

R~ = hvar/2vrkJsT~ .

For the material considered below, Cu(Fe), TJc 20 K, s

which leads to R~ 1000 A. One might then expect to
see a change in b,p~ in Cu(Fe) films when the thickness
is less than this value.

Studies of the Kondo alloy Au(Fe) (Refs. 5, 7) have in-
deed observed this sort of behavior, but the length scale
which governs the suppression was found to be more than
an order of magnitude smaller than Rit (1) [as evalu-
ated for Au(Fe)]. There are a number of other length
scales which could conceivably play an important role;
one which has been mentioned a great deal is an exten-
sion of (1) to disordered systems. The result (1) can be
derived in various ways; one intuitive "derivation"
follows by noting that two electrons near the Fermi level
whose energies diHer by k~T~ will become "out of phase"
after they have traveled a length of order R~ (1). This
result assumes ballistic motion of the electrons. If the
elastic mean &ee path E is less than B~, the motion will
be diffusive, and the distance traveled will then be

R~ = /RIAGE, .

For Au(Fe) the experimentally observed crossover length
scale is within a factor of 2 of R~, hence this would
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appear to be a possible explanation of the results for
Au(Fe). We hasten to add, however, that these are only
qualitative arguxnents; a proper quantitative calculation
would be required to settle the issue, and to date such
calculations have not lent support to this picture of dif-
fusive corrections to Ra (1).

In any event, the question of whether or not R~ is
important is one which can be addressed experimentally,
and that has been one goal of the work presented in this
paper. As we will show below, our experiments with
Cu(Fe), when taken together with those obtained in pre-
vious work on Au(Fe), suggest that neither R~ nor R~
is correct as far as the experiments are concerned. An-
other key issue we address here concerns the behavior of
T~ as the dimensionality is reduced. Previous work has
been limited to the case T ) T~, the results reported
below probe the dimensionality dependence in the low-
temperature regime T & T~. Taken as a whole, our
results suggest that physics which is not included in the
simplest Kondo model dominates the dimensionality de-
pendence of the Kondo eHect.

II. EXPERIMENTAL METHOD

In the present experiments we have studied thin 61ms
of Cu(Fe) which were produced by sputtering onto glass
substrates at room temperature. The sputtering target
was 99.999% pure Cu, onto which were placed several
small pieces of Fe (typically 1 inm or less in diameter)
in a symmetric arrangement to ensure homogeneity of
the Fe concentration. ~7 From a consideration of the ge-
oxnetry of the sputtering target we estixnate that the Fe
concentration in our Cu(Fe) films was approximately 300
ppxn. We have obtained an independent estimate of the
concentration by comparing our results for very thick (es-
sentially three-dimensional) films with published data for
bulk Cu(Fe), is and the result is consistent with a value
of 300 ppm. Previous work on bulk Cu(Fe) has demon-
strated that this is sufEciently low that the e8'ect of inter-
actions between Fe moments on Spa- is negligibleis (at
least for bulk systems). Our data for other concentra-
tions support this conclusion. To check for homogeneity
we made several test batches, in which a number of dif-
ferent samples with the same thickness were produced.
These results showed that the Fe concentration was the
same for all of the films prepared in a given deposition. It
was more diKcult to obtain the same Fe concentration in
di8erent depositions, so in the following we will be mak-
ing direct coxnparisons only between samples prepared in
the same deposition. By varying the angle between the
substrate and the sputtering beam, a wide range of 6lxn
thicknesses could be obtained in a single deposition.
The resistivities of these films varied with thickness, as
expected since boundary scattering made a signi6cant
contribution. The low-temperature resistivities po of a
typical batch were 0.89, 0.92, 2.6, and 4.9 pOcm for
thicknesses of 2000, 1500, 1000, and 500 A.. Thus, the
variation of po for the thickest 6lms was small, but be-
came larger as the film thickness was reduced. Possible
eÃects of this variation of po will be discussed below. As

emphasized above, all samples in a given batch were pre-
pared in the same deposition, guaranteeing that they all
had the same Fe concentration. The 61ms were patterned
photolithographically into strips of width 150 pm and
length 60 cm, and the resistance was measured as a
function of T using standard techniques.

We also studied bilayer samples which consisted of
Cu(Fe) bottom layers (prepared as described above) with
a layer of noininally pure Cu (99.999%) on top. By us-

ing a rotating mask system it was possible to make a
collection of samples in which the Cu(Fe) layer of all of
the samples was deposited at the same time, with the
Cu layer then deposited separately and independently,
without breaking vacuum.

III. RESULTS
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FIG. 1. The Kondo contribution to the resistivity, Ap~, as
a function of T for different sample thicknesses t; the values
of t are given in the 6gure. The inset shows the relative
magnitude of Ap~ at 4 K as a function of t.

Figure 1 shows some typical results for the Kondo con-
tribution to the resistivity, 6p~, as a function of T for
Cu(Fe) films. From measurements with pure Cu films,
we found that the contribution of electron —phonon scat-
tering to the resistivity becomes ixnportant only above
about 15 K. We will therefore restrict our analysis to
texnperatures below 15 K, where only the Kondo effect
contributes signi6cantly to the temperature dependence
of p. We should also add that the contributions of both
weak-localization and electron-electron interactions were
small and could be neglected, essentially because of the
low sheet resistances of our samples. On the scale of
Fig. 1 the resistivity of our pure Cu 61ms is tempera-
ture independent. Hence, the variation seen in Fig. 1 is
due solely to the Kondo eHect. For Qlms thicker than
about t = 2000 A the Kondo contribution was indepen-
dent of t, but at smaller thicknesses Ap~ was suppressed
significantly. The inset to Fig. 1 gives the relative mag-
nitude of Ap~ over the range 1.5—10 K as a function of
filxn thickness, and shows the suppression very clearly.
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The crossover length scale which governs this suppres-
sion, i.e., the value of t at which Ap~ is approximately
half the value found in very thick films, is = 1500 A. .

It is natural to compare this with the Kondo length
scales RIr and Rlr, discussed above. For Cu(Fe) the the-
ory predicts R~ 1000 A and R~ 550 A (for our
films E, 300 A). Thus the experimentally observed
crossover length scale is not far &om the value predicted
by the theory for R~. It is therefore tempting to conclude
that there is agreement between theory and experiment.
However, we believe that this conclusion is premature,
for the following reason. Previous studies of Au(Fe) also
found a crossover length scale of 1500 A. . The Kondo
temperature of Au(Fe) is approxixnately 0.2 K, which is
two orders of magnitude smaller than that of Cu(Fe).
Hence, the theoretical predictions discussed above imply
that the Kondo length scale in Au(Fe) should be much
larger than in Cu(Fe) [note that the Au(Fe) and Cu(Fe)
films had similar values of /, ]. Rlc for Au(Fe) is longer
by a factor of 100, while R& is a factor of 10 larger. Our
observation that the experimental length scale does not
change significantly with T~ is thus in serious disagree-
ment with the theory.

Based on our results for Au(Fe) and Cu(Fe) one might
thus conclude that the crossover length scale is the same
in all materials. However, studies of the size dependence
of the Kondo effect in Cu(Cr), s for which T~ = 2 K,
found a length scale of approximately 1 pm. Thus the
experimental crossover length scale and T~ do not appear
to be correlated in any simple way. The theoretical ar-
guments mentioned above all predict that T~ is the only
parameter relevant for determining the Kondo crossover
length. Based on our results it seems clear that this is not
the case; some other physics, in addition to the Kondo
effect, must be controlling, or at least contributing to,
the Kondo crossover behavior we have observed. We will
return to this point below.

The results shown in Fig. 1, and also those reported
previously, clearly show that Ap~ is suppressed in thin
films. It is natural to also consider how T~ is affected
by film thickness, a question which was not addressed
in previous experiments (which were all limited to tem-
peratures near or above TIr). From Fig. 1 we see that
Ap~ is approximately logarithmic in T for T ) 5 K,
and that the temperature dependence becomes weaker
at lower temperatures. This is in good accord with the
expected Kondo behavior discussed above, which has
been observed in many bulk Kondo systems [including
Cu(Fe)].2' s' TIr is, roughly speaking, the temperature
at which Ap~ begins to "roll over. " More precisely, it
is predicted that Ap~ is a universal function of T/T~,
thus by fitting measurements like those in Fig. 1 to the
theory one could in principle determine T~. However, so
far as we know, none of the available theoretical forms
are in terribly good agreement with experiment for bulk
systems. Since we are primarily interested in changes
in T~ we have taken the following approach. Assum-
ing that b,pic follows a universal "function" f(T/T~),
one can ask if different samples can be described by the
same function with the same value of T~. With this in
mind, we have taken the data in Fig. 1 and scaled the
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FIG. 2. Scaling plot of the results in Fig. 1. The values
of Ap~ for each sample from Fig. 1 have been scaled by a
temperature-independent factor.

results, i.e., the values of Ap~, for each film thickness by
a constant, temperature-independent factor (this factor
is essentially just inversely proportional to the quantity
plotted in the inset to Fig. 1). The results are given in
Fig. 2, where we see that to within the uncertainties, the
curves for each thickness have the same shape. Since the
temperature axis has not been adjusted in any way, all
of the data sets can be described by the same function
of T, apart &om an overall scale factor for the magni-
tude of the Kondo contribution. Hence, T~ is the same
for all of the samples. We have obtained a similar re-
sult for Au(Fe) films; i.e., TJr is also independent of film
thickness for that material.

The results presented above demonstrate that the mag-
nitude of Ap~ becomes smaller as the film thickness is
reduced. We have also studied what might be viewed
as the "reverse" effect, in bilayer samples. The sample
geometry is sketched in the inset of Fig. 3. The bottom
layer is Cu(Fe), deposited in the same xnanner as for the
samples in Figs. 1 and 2. Then, without breaking vac-
uum, a layer of pure Cu of thickness dg„was deposited
(also by sputtering) on top. The aixn of this measurement
was to determine how (or if) the Kondo contribution to
the Cu(Fe) layer (the bottom film) is affected by the pres-
ence of the Cu layer on top. Some typical results for the
Kondo contribution to the resistivity are shown in Fig.
3 where we plot Ap~(bilayer) as a function of T. These
samples were all &om the same batch; the only parame-
ter which varied was the thickness of the top layer, i.e.,
the Cu. It is seen that as dg„ is increased, the Kondo
contribution to the bilayer resistivity is systematically
reduced.

While the quantity plotted in Fig. 3 involves the entire
bilayer [i.e. , the Cu(Fe) and Cu layers in parallel], we are
more interested in the behavior of the bottom layer alone,
i.e. , just the Cu(Fe). We will extract its behavior from
these data shortly. However, it is useful to first make
a few qualitative observations &om the raw data in Fig.
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pear to be consistent with the simple picture of a Kondo
screening cloud which is restricted by the dimensions of
the sample. One might then imagine that the addition of
the top layer gives the screening cloud room to "expand"
thereby "undoing" the suppression of Lp~ caused by the
reduced thickness of the Cu(Fe) film.

Since all of the sample parameters such as the filxn

thicknesses, etc. , are known, it is straightforward to ex-
tract quantitatively the resistivity of the bottom layer
alone kom the data in Fig. 3. The results are shown in
Fig. 4. As anticipated in the discussion given above, we
see that Ap~ of the bottom layer increases quite signif-
icantly as the thickness of the top layer is made larger.
The largest enhancement of b.p~ for this batch is seen
to be 7; similar results have been found for other
batches. 23

FIG. 3. Kondo contribution to the resistivity of several
Cu(Fe)/Cu bilayer samples. The Cu(Fe) layer was 415 A
thick, while the thicknesses of the top (Cu) layers were as
follows: sample 1: do„= 0; sample 2: do„= 100 A; sample
3: dc„= 200 A. ; sample 4: dc„= 300 A. The resistivity
of the Cu(Fe) film was 2.0 @Oem, while that of the Cu was
0.7 p,0cm. The inset shows the geometry of the bilayer sam-
ples.

3. For simplicity, we will begin by considering a sam-
ple for which both the resistivities and the thicknesses
of the Cu(Fe) and Cu films are equal; this is convenient
for getting an intuitive understanding of what the results
in Fig. 3 imply, and is realized approximately by sample
4 in Fig. 3. For such a sample it is easy to see that
adding the resistances of the two layers in parallel yields
b p(bilayer) = (Aps+ b pq)/2, where the subscripts refer
to the bottom and top films. Since the top film is pure
Cu, there is no Kondo contribution to its resistivity and
Apq ——0. If we further assume that the Kondo contribu-
tion to the bottom layer [the Cu(Fe)], b,ps, is unaffected
by the presence of the Cu layer, this argument leads to
the result that in this case the change in resistivity of the
bilayer, b,p(bilayer), will be exactly half of that found for
the bottom layer; i.e., the Cu(Fe) alone. This result is
what one would expect intuitively, since adding the pure
Cu layer effectively just dilutes the Fe, reducing its con-
centration in this case by a factor of 2. Indeed, based on
this line of reasoning one would generally expect that the
addition of a Cu layer on top of a layer of Cu(Fe) will
always reduce the Kondo contribution to the resistivity,
and this is in agreement with the qualitative trend seen
in Fig. 3. As noted above, this argument assumes that
App is independent of the thickness of the top layer. We
will now show that that assumption is not correct.

Sample 1 in Fig. 3 was just the bottom layer alone,
while sample 4 had a Cu thickness which was approx-
ixnately the same as that of the bottom layer, sample
1. We see that for sample 4 the change in resistivity is
xnuch greater that half that of the bottom layer alone.
This implies that the presence of the top layer enhances
the Kondo contribution to the bottoxn layer; i.e., that
there is a sort of proximity eKect. This result would ap-

IV. DISCUSSION
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FIG. 4. Kondo contribution to the bottom layer [i.e., the
Cu(Fe)] of the bilayer samples in Fig. 3; the thickness of the
Cu layer is given in the Sgure. These results were derived
from the data in Fig. 3, as discussed in the text.

In summary, we have found that the Kondo effect in
Cu(Fe) films is strongly suppressed when the thickness is
reduced below about 1500 A.. At the same time, the
Kondo temperature is unchanged. At first sight it is
tempting to attribute this result to oxidation efFects. Ox-
idation of the Fe could render it nonmagnetic, and since
oxidation might be more severe in the thinner samples, it
could make the Kondo contribution appear to be smaller
in the thinner films. However, we have performed a num-
ber of tests which demonstrate that oxidation did not
have a significant e6ect. First, we covered some of the
films with a layer of photoresist a few minutes after re-
moving thexn &om the deposition chamber, in order to
protect them kom exposure to air. We also covered some
samples with a protective layer of Sip before breaking
vacuum. These two types of samples exhibited behav-
ior which was the same as that of samples which were
uncoated. Second, none of the samples (coated or un-
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coated) exhibited any significant "aging" after exposure
to air. That is, the Kondo contribution remained the
same even after exposure to air over the course of several
months. Finally, the Kondo proximity effect was also ob-
served in samples in which the Cu layer was deposited
first with the Cu(Fe) on top, and the result was the same
as that found with the Cu(Fe) layer on the bottom (as
it was in the samples considered in Figs. 3 and 4). Since
the proximity-effect experiments involved comparisons of
samples which had Cu(Fe) films of the same thickness,
it is very hard to see how oxidation effects could be re-
sponsible for the behavior we have observed. All of these
results imply that oxidation was not a significant factor
in our experiments.

In all of our discussions we have referred to the "thick-
ness dependence" of the Kondo effect. However, as men-
tioned earlier, the low-temperature resistivity po was also
thickness dependent, so it is conceivable that it is the re-
sistivity rather than the thickness that is the key variable.
However, we believe that the Kondo behavior is indeed
thickness dependent (it may also depend on po, but that
is a separate issue which cannot be adequately addressed
on the basis of the present results). First, pe varies rel-
atively little (only a few percent) in the thickness range
1500—2000 A, while in Fig. 1 we see that the Kondo
contribution varies by about 30% over the same range.
Second, in our previous studies of very narrow Au(Fe)
strips we observed a similar size dependence of the Kondo
behavior. By the nature of the fabrication method used

to make those samples, they all had the same po, imply-
ing again that the Kondo contribution does depend on
sample size. Since we have found that the Kondo behav-
ior of Au(Fe) and and Cu(Fe) films is very similar, we

believe that this result also applies to Cu(Fe).
The results presented in this paper, taken together

with those reported earlier for Au(Fe) and Cu(Cr), im-

ply that explanations in terms of the Koodo length scales
BJc (1) or RIc (2) are not correct. It therefore appears
that some physics in addition to the Kondo effect must
be playing an important role. Among the length scales
(and associated processes) we have in mind are the phase-
breaking length, the thermal length scale (which enters
in the theory of electron-electron interactions), and the
spin-orbit scattering length. 2 While there have been sev-
eral theoretical discussions of how these length scales and
processes might interact with the Kondo effect, it does
not appear that these theories, at least in their present
forms, provide an explanation of our experiments.

The Kondo problem remains a problem.
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