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Kondo behavior of multilayers: Local-moment physics near surfaces

T. M. Jacobs and N. Giordano
Department of Physics, Purdue University, West Lafayette, Indiana 47907-1396

~Received 6 May 2000!

We report experimental results for the Kondo behavior of multilayers composed of Au and Au~Fe! films.
The results show that the strength of the Kondo behavior produced by the local moments associated with the
Fe depends on the distance of the Fe from the free surfaces of the multilayer. This dependence is in good
quantitative agreement with recent theoretical predictions.
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I. INTRODUCTION AND BACKGROUND

In its simplest version, the Kondo problem involves t
effect of a magnetic impurity~i.e., a local magnetic moment!
on the properties of a sea of conduction electrons.1 Prototypi-
cal realizations include Fe in Au and Mn in Cu.2 If the con-
centration of local moments~here Fe or Mn! is sufficiently
small, the effect of interactions between the impurities
negligible and it is then appropriate to consider how a sin
local moment affects the properties of an electron gas wh
surrounds it. In many respects, this single-impurity Kon
effect is a ‘‘solved’’ problem. The development of this sol
tion began with the work of Kondo, continued with the i
sights of many others including Anderson and Wilson, and
many ways continues to the present.3,4,1 While exact results
for all aspects of the Kondo problem are not available
good qualitative and in most cases quantitative understa
ing has been attained. Even so, we believe that it is wo
while to explore the Kondo effect in new situations. Indee
recent studies of the Kondo behavior of thin metal films a
narrow wires yielded results which were not explicable
terms of the accepted theories of the Kondo effect as app
to such systems. Specifically, experiments by our group5–7

and by others8 showed that the Kondo contribution to th
resistivity, DrK , is a pronounced function of system siz
~i.e., film thickness or wire width!.

It was initially proposed6 that this size dependence mig
be associated with the Kondo screening length, which
been hypothesized to have the formLK;\vF /kBTK , where
TK is the Kondo temperature.9 This proposal could not be
dismissed out of hand, since there are relatively few ex
theoretical results for spatial correlations, etc., in whichLK
might play a role. Nevertheless, a number of theoret
arguments10,11were quickly advanced which showed that t
physics associated withLK should not affectDrK . At the
same time, further experiments12 demonstrated that the siz
dependence ofDrK does not depend onTK , and hence not
on LK ~sinceLK is a function of the Kondo temperature!. It
was thus clear that we must look elsewhere to understand
experimentally observed size dependence ofDrK .

A promising direction in which to look was suggested
Újsághy et al.,13 who focused attention on the local momen
responsible for the Kondo effect. They showed that whe
local moment is situated near a surface, multiple scatte
of a conduction electron from the local moment and the s
face can give rise to an effective uniaxial anisotropy at
PRB 620163-1829/2000/62~21!/14145~4!/$15.00
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local moment. This anisotropy may be described by the s
Hamiltonian

H5KSz
2 , ~1!

where thez direction is normal to the surface andK is a
parameter which depends on many things, including dista
from the surface. This effect arises from the spin-orbit int
action between the conduction electrons and the host ato
and is predicted to occur whenever the spin-orbit scatte
strength changes abruptly. This may happen at a free sur
or at an interface between two materials with different sp
orbit scattering strengths. Only the first case will be of int
est in this paper.

The anisotropy~1! affects the Kondo behavior in the fol
lowing way. The parameterK is a function of distance to the
surface, and becomes larger as the local moment is bro
closer to the surface. For a magnetic species such as
which has an effective spinS52, this anisotropy will split
the magnetic sublevels into a singlet plus a series of d
blets. The magnitude of this splitting is proportional toK. It
is difficult for the theory to estimate this parameter with pr
cision, as it depends sensitively on factors such as the den
of states, the scattering amplitudes, etc.~although the best
estimates are that the magnitude ofK is compatible with the
experiments13!. However, the theory does predict thatK must
be positive, so that the singlet level will be always be t
ground state, and the lowest excited states~a doublet! will be
higher in energy by an amountK. If the thermal energy is
much smaller than this, only the singlet ground state will
occupied and the ‘‘local moment’’ will be nonmagneti
SinceK is a function of distance from the surface, all imp
rities within some distance from the surface will be rende
nonmagnetic, and the effective concentration of impurit
which are actually magnetic, and can thus contribute to
Kondo effect, will be a function of the thickness of the sy
tem. The length scale which governs this behavior thus ar
from local moment physics and the parameterK.

This theoretical picture makes a number of predictio
which were not addressed in the initial round of experimen
One concerns the choice of impurity. The fir
experiments5–8 all involved Fe or Cr impurities, both o
which have integer spin values. However, impurities such
Mn have half-integral spin, and in such cases the grou
level will always be a doublet. Hence, the theory predict14

that the Kondo effect in a system such as Cu~Mn! will not
14 145 ©2000 The American Physical Society



e
re
he

he

a
ea
n

os
c

e.

er
o
n
e

Fi

as

r
u.
he
to
h

l

ic

s

ent

en-
on-

dis-

h is

this
the

ora-

o-
ed
me
ces
s
f
on
of
e

u-
he
s
ity

te
ual

of

s of
n at
si-

and

ith a

in
re

f
the
sis-
n.
cts,

ee

14 146 PRB 62T. M. JACOBS AND N. GIORDANO
vanish as the system size approaches zero. N
experiments15 have confirmed this prediction, although the
are complications which seem to arise from the lifting of t
degeneracy of the ground state.16

In this paper we consider a different way to test t
theory. The parameterK and how it varies with distance
from the surface,d, are central to the model of U´ jsághy et al.
In experiments on homogeneous samples, the impurities
distributed throughout the sample, so one effectively m
sures an average over the sample volume and the variatio
K with d is thus somewhat obscured. Moreover, m
samples contain several surfaces, so it is necessary to
sider a contribution to the anisotropy from each surfac17

One would clearly like to probe the manner in whichK var-
ies with distance from the surface in a more direct mann

In this paper we consider an experiment in which all
the impurities are located approximately the same dista
from the surface and, moreover, this distance is under exp
mental control. The sample design is shown at the top of
1. These two composite samples both contain a Au~Fe! film,
along with some thickness of pure Au. However, in one c
the Au~Fe! is at one surface of the sample~here against the
substrate!, with all of the Au on the other side. In the othe
sample the Au~Fe! is sandwiched between two layers of A
These Au~Fe! layers are deposited at the same time, so t
have the same Fe concentration and thickness. The
thickness of Au in the two samples is also the same. T
only difference is in the placement of the Au~Fe!. Since the
thickness of the Au~Fe! layer is small compared to the tota
thickness, one can~to a first approximation! imagine that in
each of these multilayer samples all of the Fe is at a part
lar distance from the surface~s!. In one case~the bilayer! the
Fe is very close to one surface, while in the other~the
trilayer! it is as far as possible from both surfaces. The

FIG. 1. Variation of the resistivity with temperature for the thr
samples from batch No. 1. Solid circles: a 220-Å-thick Au~Fe! film.
Open circles: a bilayer sample consisting of a 220-Å-thick Au~Fe!
film covered with 1000 Å of Au~see diagram at top left!. Solid
squares: a trilayer sample consisting of a 220-Å-thick Au~Fe! film
sandwiched between two 500-Å-thick Au films~see diagram at top
right!.
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samples enable us to probe directly how the local mom
behavior of the Fe varies with distance from the surface~s!.18

While the subject of this paper is the Kondo size dep
dence, we should note that experiments have also dem
strated that the Kondo behavior depends on the level of
order ~i.e., the elastic mean free path!.19,20 This has been
addressed theoretically by Martinet al.,21 who have ex-
plained the disorder dependence with a mechanism whic
quite different from the one proposed by U´ jsághy et al. to
account for size effects. The experiments described in
paper will be concerned only with the size dependence of
Kondo resistivity in clean~long-mean-free-path! samples.

II. SAMPLE PREPARATION

The samples were prepared by successive flash evap
tion of layers of pure~99.999%! Au and Au~Fe!. The source
material for the Au~Fe! evaporations was prepared by evap
rating a thin layer of Fe onto pure Au wire, as describ
elsewhere.6,22 Au and Fe evaporate at essentially the sa
temperature, so flash evaporation of Fe-coated Au produ
uniform alloy films.23 This has been confirmed by previou
experiments,6,22,20which show no evidence for clustering o
the Fe.24 In addition, estimates based on the known diffusi
constant of Fe in Au, along with previous studies
bilayers,6,19 have indicated that diffusion of the Fe into th
pure Au layer is not significant.

The Fe concentration in the Au~Fe! layers was approxi-
mately 100 ppm. Previous work25,6,26has shown that for the
temperatures of interest to us here (.1 K), this concentra-
tion is sufficiently small that interactions between Fe imp
rities have a negligible effect on the Kondo resistivity. T
Kondo temperature of Au~Fe! is near 0.1 K, so the result
below were all in the regime where the Kondo resistiv
varies logarithmically with temperature.

In the next section we will give results from four separa
sample batches. Each batch consisted of three individ
samples, a bilayer, a trilayer, and a single layer of Au~Fe!.
All three of these individual samples contained a layer
Au~Fe!, and all three of these layers were made in thesame
evaporation. Hence, in all three samples the Au~Fe! layers
had the same thickness and Fe concentration. Example
the structure of the bilayer and trilayer samples are show
the top of Fig. 1. An arrangement of shutters in the depo
tion system enabled us to deposit the Au and Au~Fe! layers
in succession while maintaining a vacuum of;5
31027 Torr.

The samples were patterned using photolithography
liftoff into a meander-type patter, with a width of 150m m
and a length of 60 cm. The resistance was measured w
four-probe dc method.

III. RESULTS

Results for the samples from batch No. 1 are shown
Fig. 1, which gives the change of resistivity with temperatu
for the bilayer, trilayer, and Au~Fe! layer. The structures o
the bilayer and trilayer samples are shown at the top of
figure, and are also given in the table. The change of re
tivity observed here is dominated by the Kondo contributio
Other effects, such as electron-electron interaction effe
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are negligible on this scale.27 Figure 1 shows the total resis
tivity of each sample. It is clear that the Kondo resistivity
the trilayer is much larger than that of the bilayer, as p
dicted by the theory of U´ jsághy et al.

Another way to view these results is to consider the
havior of just the Au~Fe! layer which is contained in eac
sample. This can be inferred for the bilayer and trilay
samples if we assume that the resistivities of the differ
layers add as simple resistors in parallel. The resistivities
thicknesses of the Au and Au~Fe! layers are known from
independent measurements,28 and we also know that in iso
lation the resistivity of a Au layer is independent of tempe
ture on this scale. Combining these observations with
measured behavior of the multilayer samples~as in Fig. 1!,
we can then calculate how the resistivity of the Au~Fe! layer
must vary with temperature so as to yield the measu
behavior.19,20The results of this analysis are shown in Fig.

FIG. 2. Results for the behavior of the Au~Fe! layers alone
~calculated as explained in the text! for the three samples from
batch No. 1 and Fig. 1. Solid circles: a 220-Å-thick Au~Fe! film.
Open circles: a bilayer sample consisting of a 220-Å-thick Au~Fe!
film covered with 1000 Å of Au~see diagram at top left!. Solid
squares: a trilayer sample consisting of a 220-Å-thick Au~Fe! film
sandwiched between two 500-Å-thick Au films~see diagram at top
right!.
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here we show the inferred behavior of the Au~Fe! layeralone
for the three samples from Fig. 1.

It is seen that placing the Au~Fe! layer in either a bilayer
or a trilayer significantly enhances the Kondo behavior of
Au~Fe!, relative to what is found in an isolated film, with th
larger effect being found in the trilayer. This is in acco
with the model of Újsághy et al., since in the trilayer geom-
etry the Fe is located farthest from the surface~s!. We should
also note that our result for the relative behavior of the
layer and trilayer does not depend on the ‘‘resistors in p
allel’’ assumption used in connection with Fig. 2. Since t
bilayer and trilayer contain the same total thicknesses of
and Au~Fe!, their different behaviors can only be due to th
different location of the Fe within each sample.

As noted in the opening section, a quantitative compa
son with the theory is difficult, since factors such as t
anisotropy strengthK cannot be calculated with much acc
racy. However, by comparing the results for bilayer a
trilayer samples, we can overcome some of these uncer
ties by considering the ratio of the Kondo resistivities for t
two geometries. For the samples considered in Fig. 2,
Kondo resistivity of the Au~Fe! in the trilayer is larger than
that of the bilayer by a factor of 1.560.1.

We have evaluated this ratio using the theory in Ref.
According to the theory, for an impurity near one surfaceK
should vary asK5a/d whered is distance from the surface
For our thin film geometry we will consider two surface
~and ignore the edges!, so we have

K5
a

d
1

a

t2d
, ~2!

where t is the film thickness. The parametera depends on
many factors and we do not want to rely on a purely the
retical estimate of its value. An analysis of the measured s
dependence of the Kondo resistivity in Au~Fe! in terms of
the theory of Újsághy et al. found a'60 Å K.13 We will
use this value in our calculations below. However, we ha
also used other values, and have found that a 100% cha
in the ~assumed! value ofa causes only a 10% change in th
trilayer/bilayer ratio of the Kondo resistivities. Hence, b
focusing on this ratio we can, in large measure, isolate
test the prediction for thed dependence of the anisotropy
Eq. ~2!. Using this numerical value ofa in Eq. ~2!, we have
used the theoretical prediction for the Kondo resistiv
DrK(Kd) as a function of the anisotropy splitting.13 This
function DrK(Kd) was integrated over the sample thickne
farthest
.

TABLE I. Parameters and results for several batches of multilayer Kondo samples. The sample structures are listed with the film
from the substrate~sub! given first. The layer denoted ‘‘S’’ is the substrate, and indicates how the bilayer samples were configured

Batch 1 Batch 2 Batch 3 Batch 4

Trilayer structure Au/Au~Fe!/Au Au/Au~Fe!/Au Au/Au~Fe!/Au Au/Au~Fe!/Au
Trilayer thicknesses (Å) 500/220/500 500/135/500 250/150/250 500/880/500
Bilayer structure Au/Au~Fe!/S Au/Au~Fe!/S Au~Fe!/Au/S Au/Au~Fe!/S
Bilayer thicknesses (Å) 1000/220 1000/135 150/500 1000/880
DrK(trilayer)/DrK(bilayer) 1.560.1 1.860.2 1.460.2 1.0660.1

measured
DrK(trilayer)/DrK(bilayer) 1.4 1.8 1.6 1.05

theory
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14 148 PRB 62T. M. JACOBS AND N. GIORDANO
using the distribution of magnetic impurities as appropri
for the bilayer and trilayer cases. Further details of t
evaluation are given in Ref. 26. For the samples conside
in Fig. 2 we find a theoretical value of 1.4, in good agre
ment with the experimental value quoted above.

We have repeated this experiment with other sim
multilayer geometries, and the results are listed in Tabl
The variations we have studied include changes in the th
nesses of the Au and Au~Fe! layers. We have also examine
bilayers in which the Au~Fe! was on the surface away from
the substrate. As can be seen in the table, the ratio of
trilayer and bilayer Kondo resistivities was found to agr
with the theory in all of the cases we have explored. F
three of the sample batches listed in the table, the trila
exhibited a significantly larger Kondo resistivity than th
corresponding bilayer. For the other batch~No. 4! the tri-
and bilayers exhibited the essentially the same Kondo re
tivity ~to within experimental error!. This shows that the
trilayer/bilayer difference is indeed a sensitive function
the layer thicknesses~i.e., the trilayer Kondo behavior is no
always larger than that of the bilayer!, as predicted by the
theory.
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IV. CONCLUSIONS

We have presented results for the Kondo behavior
multilayer samples composed of Au and Au~Fe!. The multi-
layers have been designed to directly probe a key predic
of the theory of Újsághy et al. This prediction involves the
importance of the location of the local moment, in our ca
Fe, relative to the surfaces of the sample. By comparing
behavior of two samples, a bilayer and a trilayer, we ha
shown that moving the Fe from near the surface to a loca
near the center of the sample significantly enhances
Kondo resistivity. The magnitude of this enhancement is
good agreement with the theory.
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