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Magnetoresistance of small Kondo systems
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Results for the low-temperature magnetoresistance of thin Au films contain®@gppm Fe are reported. As
expected, we observe contributions from both the classical magnetoresistance and the local magnetic moments
(i.e., the Fe The local-moment magnetoresistance is a strong function of film thickness, and is suppressed as
the thickness is reduced. This finding is compared with previous results for the Kondo effect in small systems,
and with recent theoretical predictions.

[. INTRODUCTION suppression iglifferentfrom that exhibited by the tempera-
ture dependence dfpy in zero field.

The Kondo effect concerns the behavior of a localized
magnetic _moment. which interacts with a sea of_ conduct_|on Il. BACKGROUND
electrons:™® A typical system of experimental interest is
Au(Fe), i.e., Au containing a small amount of Fe, which is  The Kondo experiments in our laboratory have recently
the material studied in the present work; other examples inbeen reviewed and compared with the work of other groups
clude CU{Cr) and CyFe). Understanding of the behavior of in Ref. 10. Here we will concentrate on those aspects which
such a local moment, and its effects on the conduction eleare directly relevant to our magnetoresistance measurements.
trons, has been a challenging problem, but there now exist& number of studies of films composed of Kondo alloys have
an accurate and reasonably complete theoretical descriptidound that the Kondo contribution to the resistivity is af-
for bulk systems. However, recent experiments by severdiected by the thickness of the sample. For example, work on
groups have revealed unanticipated behavior in small, quasAu(Fe) above 1 K, which is well above the Kondo tempera-
two- and quasi-one-dimensional Kondo systém8.A key  ture (Tx~0.3 K), has shown that in this range, and in the
result is that the Kondo contribution to the resistivity, absence of a magnetic fieldpx= —B log;,T, whereB is a
Apy, becomes smaller as the size of the system is reducegositive factor. This behavior has, of course, been known for
For example, in A(Fe) films, Apy is suppressed by a factor many years, and was first explained theoretically by Kohdo;
of ~3 as the film thickness is reduced from 2000 towe will refer to it as the “Kondo logarithm.” Work by our
700 A510 group on AyFe films has shown that the magnitude of the

These observations have proved difficult to explain withKondo logarithm, i.e., the value &, becomes smaller as the
the existing theory, although very recent calculatitns, filmis made thinner. Indee® appears to vanish in the limit
which will be described below, may provide a proper theo-that the film thicknessl— 0. Experiments with other sample
retical explanation. The situation is further confused by ap-geometries, and with other materials, appear to give a con-
parently contradictory experimental results from onesistent picture; namely that the magnitude of the Kondo loga-
group!? For these reasons, the Kondo behavior of small systithm is suppressed and becomes vanishingly small, as one
tems is currently far from understood. This is unfortunate,or more of the sample dimensions approaches zero.
since the associated issues are of potentially wide interest for Proposed explanations of these results initially focused on
several reasons. First, the Kondo effect is a model manghe Kondo “screening cloud.” This term refers to a distribu-
body problem, so any surprises or wrinkles may lead to newion of conduction electron spins centered on a local mo-
insights into many body physics and the electron gas. Seanent. A useful intuitive picture of the Kondo effect is that
ond, an understanding of the behavior of isolated local mothis cloud®° screens the local moment, leading to a spin
ments would seem to be a prerequisite to formulating ssinglet state at temperatures well beldw, a central feature
theory of concentrated Kondo systems, which are currentlpf the Kondo effect. Some estimates are that this cloud is
of interest as models of highly correlated electronic materitelatively large in sizda few um in Au(Fe)], and it was
als. Third, the behavior of local magnetic moments in smallsuggestetithat A px might be altered in a film whose thick-
systems is of general interest to the mesoscopic communityiess is comparable to or smaller than the size of the cloud.
and may eventually be relevant to the function of small deHowever, there are a number of theoretical arguments
vices. against this proposed explanatii® Moreover, subsequent

Most of the experimental studies of the Kondo behaviorexperiment$!® have shown that the length scale associated
of small systems have involved the Kondo contribution towith the suppression of the Kondo logarithm is not directly
the resistivity,Apy , and its dependence on temperature ancdconnected withl'y , as would be expected from the screening
system size. In the present work we have instead investigatedloud picture. It thus appears that the suppression is due to
the magnetoresistance associated with the local moment. Vd®me phenomena which acts to modify the Kondo behavior,
find that this magnetoresistance is suppressed as the size lmit which itself is not contained in the Kondo physics. Just
the system is reduced. Interestingly, the magnitude of thisuch a theory has recently been propoSedccording to
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which a local moment near a surface can experience an an- T T T T
isotropy energyE,, of the form

E.=DS, (1)

whereS, is the component of the local moment spin in the
direction perpendicular to the surface, aldis a positive
constant which depends on film thickness, the strength of the
spin orbit scattering, and other parameters. The size of the
anisotropy parametdd is hard to estimate with precision,
but qualitatively this effect seems to account for the experi-
ments. In particular, since, for integer spas appropriate for

Fe in AuFe], the S,=0 level would be lowest in energy
(D is predicted to always be positiyehis anisotropy would 0 10 20 30 20
lead to a singlet ground state, and hence a vanishing of the H (kOe)

Kondo logarithm. The anisotropy is produced by electrons
which scatter successively from the local moment and then
the surface, so the value @ for a typical local moment
becomes larger as the thickness is reduced, leading to
larger suppression in thinner films.

Ap (nQ cm)

FIG. 1. Change op with field for a 625 A thick AFe) film, at
sgveral temperatures, with the field perpendicular to the plane of the
substrate. Note that the zero of the vertical scale is arbitrary; here

It is not (currently) possible to calculat® with precision we wish to emphasize the field dependence ofFor this sample
it is difficult to t tF;h' h itically th % tudi ! f p~0.58u) cm. The smooth curves are guides to the eye. The inset
so itis difficult to test this theory critically through studies of the(serpenting sample geometry.

the Kondo logarithm alone. In the present work we report

measurements of both the Kondo logarithm and the magne-. 0 .
toresistance associated with the local moments. While th¥Ield reasonably accurate valud€% or better for similarly

model in Ref. 11 has not yet been extended to deal with thgrepared A films. Deviations from Matthiessen's rule

magnetoresistance, it is our hope that these experiments wﬁYOUId not affect t_herelatlve t_hICkI‘?ESSES, which is the most
Important aspect in comparing different samples.

lead to a critical test of the theory, perhaps by providing a The measurements were performed ifiHe cryostat of

second, and independent estimate for factors sudb.as . . .
P standard design. The sample resistances were measured with

a four-lead, dc method.
I1l. EXPERIMENTAL METHOD

The samples were AEe) films deposited onto glass sub- IV. RESULTS
strates by flash evaporatidhlt turns out that Au and Fe
evaporate at essentially the same temperdfursn this Results for the field dependence of the resistivity of a

method yields homogeneous filrtas confirmed in a number Au(Fe) film at several temperatures are shown in Fig. 1. Here
of previous experimen{él()_ The evaporation source con- the field was directed perpendicular to the plane of the sub-
sisted of measured amounts of 0.0001% pure Au and Au-Fetrate. The temperature dependencepdh zero field was
wire (7-at. % F&'8in a standard W boat. The Fe concentra-similar to that reported previously. Above about 5K,
tion in the films was approximately 30 ppm, which is well p(H=0) increased with increasing due to ordinary
below the value at which interactions between the local moelectron-phonon scattering, while at lower temperatyres
ments become important in bulk £&e),'° so we believe that became larger & was reduced due to the Kondo logarithm.
the results reported here are indicative of the dilute limit. These two effects account for the variationpo$een in zero
Photolithography and liftoff were used to produce “me- field in Fig. 1. The corresponding behavior of a pure Au
ander” patterns. The Alre) films formed a serpentine pat- sample is shown in Fig. 2. Hereg(H=0) was essentially
tern, as shown schematically in the inset of Fig. 1; the longndependent of temperature below about 5 K, as there were
sections were approximately 1 cm in length and 320  no local moments present, and thus there was no Kondo
wide. Since the connections between these sections wehegarithm in this case.
fairly short (~100um), it makes sense to consider three Both Au(Fe) and Au are seen to exhibit a positive, and
different directions of a magnetic field: perpendicular toapproximately parabolicp~H?) magnetoresistance. The
plane of the substrate, parallel to the plane of the substratominant effect here is just the classical magnetoresistince,
and perpendicular to the direction of the current, and paralleand its magnitude was consistent with our estimates for the
to the direction of the current. Results for all three of theseelastic mean free paf.In Au(Fe) there is also a contribu-
cases will be compared. tion to the magnetoresistance from the local moments. This
The AuFe) samples considered below were all preparedcan be extracted most simply by considering the temperature
in the same evaporation, and hence all had the same Fe cotependence aAp(H). At high temperatures we would ex-
centration. Sample thickness was varied by positioning thg@ect a magnetic field to have very little effect on the align-
substrates at different distances from, and angles with respegtent of the local moments, and hence that there would be no
to, the evaporation source. The same method was used tontribution from the Fe to thehangein p with field. At
make pure Au samples, whose behavior was compared teufficiently high temperatures the magnetoresistance should
that of the AFe). Thicknesses were estimated assumingarise solely from the classical magnetoresistance, and thus be
Matthiessen’s rule, which has previouSlybeen found to independent of temperatuf® the extent that the total mean
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sical magnetoresistance should be temperature independent,
S0 our subtraction procedure should yield the magnetoresis-
tance due to the local momefih addition to a field inde-
pendent offset due to electron-phonon scattgrimbe differ-
R ence curve in Fig. 2 is seen to be field independent, and
essentially zero. This implies that for pure Au the classical
contribution is the only source of magnetoresistance, as
expected??® However, we see from Fig. 3 that there was a
substantial contribution from the local moments in(Re),
again, as expected. This contribution was much larger at 1.4
K than at 4.2 K, because for a given field the alignment of
o % 20 30 R the Fe moments was larger at the lower temperature.
H (kOe) The magnetoresistance associated with local moments in
a metal has been much studied, both theoretically and experi-
mentally (see, for example, Refs. 24 and 25 and references
FIG. 2. Change of resistivity with field for a 610 A thick pure thereir)_ Itis predicted that at temperatures well abd’w@,
Au sample, as a function of field applied perpendicular to the plangnhe [imit appropriate for our experiments, this magnetoresis-
of the substrate. The filled squares .show the difference between thg e is approximately proportional te(Sz>2; i.e., to the
results at 4.20 and 1.40 K. For this sample0.45 ufdcm. The  yagative of the square of the thermal average of the local
smooth curve is a guide to the eye. moment. This relationship is only approximate, as there are
also a number of higher order terms associated with the
free path, from both elastic and inelastic processes, is tenkondo effect, etc. Under the conditions of our experiment,
perature independent, which was the case in our experine —(S,)? term should be dominant, so we will neglect
ment.e). At the fields emplloyed in. the present work, there wasihege termgthey are also hard to estimate with precigidn
no discernible change in the field dependencepadbove  any case, our main reason for mentioning this prediction is to
about 6 K. We therefore believe that the magnetoresistancgmpare it with the results in Fig. 3. The dotted curve in that
at9.48K in Fig. 1 was a measure of just the classical magfigure is drawn proportional te-(S,)2, with (S,) estimated
netoresistance. o using the Brillouin function withg=2 at 1.4 K. The theo-
At sufficiently low temperatures, or sufficiently high retically expected magnitude of this magnetoresistance can-
fields, or both, we expect a field to align the local momentsyot pe predicted with certainty, since the relevant exchange
thereby Ieading toa Contribution to the magnetoresistance. Ieonstant, and other required parameters are not accurate|y
low to moderate fields the alignment will be only partial, and known. We didnot attempt to fit to the measured magnetore-
we expect this to yield a contribution to the magnetoresissjstance, although we believe that with only modest adjust-
tance which is temperature dependent. It can be extractgglents of the parameters such a fit could be made very accu-
from the results in Fig. 1 by subtracting the results at highyate. Rather, our point is that this functional form hashape
temperatures, which contain only the classical magnetoresigghich is quite similar to the experimental results, and this
tance, from the behavior at a low temperature, which conshapei.e., the field dependent@as been obtained without
tains both the classical and local moment magnetoresisgny parameter adjustments. It thus appears that our results
tances. The results of such subtractions are shown in Figs. e in at least qualitative agreement with the form predicted
and 3. For these samples, and at these temperatures, the Clgg-the theory, and is thus also consistent with previous ex-
periments in bulk systents.
As mentioned in a previous section, a key result of recent
work on AuFe films is that the magnitude of the Kondo
] logarithm, B, is a function of film thicknessg. For d less
than about 2000 AB becomes smaller as the thickness is
reduced. Unfortunately it was not possible in the present ex-
periments to measure the magnetoresistance for an extremely
wide range ofd, for the following reasons. For thick films

Pure Au

Ap (nQ cm)
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FIG. 3. Difference betweemp(H) at a low temperature and

30

the elastic mean free path became quite long, making the
classical magnetoresistance relatively large. This made it
hard to extract the much smaller magnetoresistance due
solely to the local moments. For thin films the local moment
magnetoresistance became very small, and could not be re-
solved. For these reasons we will only present results for
films in the range 300 Ad<650 A. Even with this restric-
tion, some interesting trends will be apparent.

Figure 4a) shows the variation of the local moment mag-

p(H) at 9.48 K, for the AFe) sample considered in Fig. 1. The nhetoresistance with thickness. In this figuxgy, is the dif-
dotted curve, labeled “theory,” is drawn proportional to the calcu- ference in the resistivities atl=0 and H=40 kOe, both
lated value of—(S,)? at 1.4 K, as described in the text. The solid measured at 1.4 K, with the classical contribution subtracted

curves are guides to the eye.

as in Fig. 3. We see thdtp,, was a strong function of thick-
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go2r ’ FIG. 5. Ap as a function of field for a 625 Ailled circles and
. a 410 A sample(open circley of Au(Fe). The field was applied
00" 200 200 500 perpendicular to the plane of the substrate, the temperature was 1.4
d () K, and the classical magnetoresistar(@éhich was measured at
9.5 K) has been subtracted. The solid curves are guides to the eye.
ol © o has been shown recently’ B is a function of botid andthe

degree of disorder. It is therefore worthwhile to aslAjf,,
also depends on the amount of disorder. A convenient mea-
sure of the level of disorder is the elastic mean free path, or

' equivalently, the residudli.e., low-temperatuneresistivity,

e po- In Fig. 4d) we showApy as a function ofpy. Unfor-

0 ! . . tunately, we were not able to study the effectsdo&ind pg
0 02 04 06 08 separately, so we cannot say which effect, thickness or dis-
B (nQ cm) order, is more important. In any event, it is clear that the

magnetoresistance is suppressed more strongly than the
y y Kondo logarithm,B.
While the theory in Ref. 11 can account, at least semi-
04| el . qualitatively, for the suppression &, it has not yet been
T extended to deal with the magnetoresistance. Howévere
oo b - effect of the surface is tonly introduce aDS? anisotropy,
B one would expect there to be an effect on the magnetoresis-
N tance. Qualitatively, this anisotropy will split tHetherwise
0 1 2 3 degeneratelevels, and thus require a larger field to produce
p (nQcm) saturation ofA p(H). This would lead to a change in the field
scale, i.e., a change in tlhapeof Ap(H), as discussed in

FIG. 4. (a) Thickness dependence of the magnetoresistance of §oNnection with Fig. 3. With this in mind, results for two
series of AGFe) samples at 1.4 K. Her&p,, is the difference in the Samples are compared in Fig. 5. For the thicker sample an
resistivities atH =0 andH =40 kOe, with the classical contribution inflection is evident at approximately 25 kOe, Ap began
removed.(b) Ratio Apy, /B as a function of thicknesgc) Ap, asa (0 saturate above that field. While the relative uncertainties
function of B. (d) Apy /B as a function of the residual resistivity, are greater for the thinner sample, there does not appear to be
po- The dashed curves are guides to the eye; the orb)iis a  an inflection at a similar field. Hence, wentatively con-
straight line drawn through the origin. clude thatAp saturates at a higher field for the thinner

sample, which is consistent with the proposition that there is
ness, and appeared to vanish in the lichit 0. This suppres- a larger anisotropy in that case.
sion is extremely reminiscent of the suppression of the According to the theory, the anisotropy is normal to the
Kondo logarithm mentioned above. It is therefore interestingsurface, so one might also expect the behavior to depend on
to ask if Apy andB are similar functions of thickness. Fig- the field direction. Figure 6 shows the behavior of one
ure 4b) shows theratio Apy /B as a function ofd, and we  sample for all three field directions: perpendicular to the sub-
see that it also becomes smallerdas reduced. This means strate, parallel to the substrate and perpendicular to the cur-
that Apy is suppressednore rapidly than B. Whatever is  rent, and parallel to the current. To within the uncertainties,
suppressing the Kondo effect impacts on the field depenthere does not appear to be any dependence on the direction
dence ofp more strongly than on the temperature depen-of H. Similar results were found for all samples. At first
dence. This is also evident from Fig(ch which shows the sight this seems hard to reconcile with), but we can think
relationship between p,; andB. of several ways around this difficulty. First, the film surfaces

To this point we have been referring only to the thicknessare not perfectly smooth, and this could make the anisotropy
dependence of quantities suchBiandAp, . However, as direction vary in a complicated manner with position within

/ool

bp,/B

o
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simply in terms of aDS§ anisotropy. More work will be
needed to determine if either of these speculations is appro-
priate.

V. SUMMARY AND CONCLUSIONS

We have studied the contribution of the local moments to
the magnetoresistance of thin &) films, and find that this
magnetoresistance is suppressed as the films are made thin-
ner. This suppression is qualitatively similar to, but more
pronounced than, the suppression of the Kondo logarithm.
o 5 20 30 20 Certain aspects of our results are consistent with recent theo-
H (kOe) retical predictions concerning an effective anisotropy field
for local moments positioned near the surfatAn appeal-
ing aspect of this theory is that the length scale associated
sample at 1.4 K, for different field directions. Filled squarks: with the suppression is determined not by the Kondo phys-

perpendicular to the substrate and perpendicular to the currentS: but by the elastic mean free path, and this seems to he
Filled circles:H parallel to the substrate and perpendicular to thedemanded by the expenmeﬁ?s.

current. Open circledd parallel to the current. The solid curve is a
guide to the eye.

Ap (nQ cm)

FIG. 6. Change of resistivity with field of a 625 A thick Ate)
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