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Electronic transport and Kondo effect in La ;_,Ce, films

C. Roth¥ C. Sugers, and H. v. Lbneysen
Physikalisches Institut, Universit&arlsruhe, D-76128 Karlsruhe, Germany
(Received 10 November 1995

The electrical resistivity of thin La;_,Ce, films (50 A<d < 4000 A) has been measured in the tem-
perature range 1.4 k< T < 10 K and in magnetic fieldB up to 5 T. The films grow in the La dhcp structure.
Films with x = 0.01 show the superimposed effect of superconducting fluctuations and Kondo scattering,
yielding a maximum in the magnetoresistance. ¥er 0.02, the determined Kondo temperaturedor 100 A

is in good agreement with bulk data. In films with= 0.04 where superconductivity is completely sup-
pressed, evidence of spin-glass order is found from the negative deviatiotowards lowT compared to the
Kondo —In(T/Ty) behavior. In large magnetic fields where the spin-glass correlations are suppressed, the
magnetoresistivity(B) shows single-ion Kondo behavior. The exchange interactibetween Ce moments
and conduction electrons extracted fropfB) is independent of film thicknessl down to 100 A.
[S0163-18296)08329-4

[. INTRODUCTION the Kondo scattering phenomena occurring in thin films it is

worthwhile to extend the investigations to rare-earth systems

Although the Kondo effect of dilute magnetic impurities for which no studies have been reported yet, to our knowl-

in metallic hosts has been studied for decades, the questigtige. The advantage of employing rare-earth alloys like

of a possible geometry dependence has been addressed ohB:1-xCé€ is that the Kondo effect can be modeled assuming
fairly recently. A weakening of the Kondo effect could occur independent moments up to rather high concentratiees-

in thin films when the thicknesd becomes much smaller €ral at. % compared to transition-metal systems.

than the radiusRy of the “Kondo cloud” of conduction La,_,Ce is a well established Kondo systefhin the

electrons necessary to screen the magnetic moment of tRE€SeNt work we determine the exchange interacfide-
impurity. Ry is given byRy~7% ve/2mrkg Ty Whereve is the tween conduction electrons and magnetic moments from the
Fermi velocity of the host metal andy is the Kondo magnetoresistivity of La_,Ce, films. In brief, we find that
temperaturé:? This argument led Chen and Giordanim J is independent of film thickness$ between 100 and 4000

interpret the observed decrease of the logarithmic temperéB" However, the complication arises that pure La is a super-

SN . : conductor[ T, = 4.87 K for dhcp La(Ref. 11)]. Therefore,
ture dependence of the resistivity in thikuFe films with C. . .
10-100 ppm Fe, attributed to the Kondo effect viawe also studied the superconducting properties of pure La

- X films. On the other hand, the destruction of superconductiv-
Ap~—In(T/Ty), as arising from a weakening of the Kondo i, 1, spin-flip scattering offers an independent possibility to
effect (Ap denotes thel-dependent part of the resistivity  getermineJ, which can be compared with values deduced
However, subsequent experiments AuFe andCuFe films  fom the magnetoresistivity measurements.
revealed that the relevant length scale is not directly con-
nected with_TK (Refs. 3,4. In addit_iorj, Bergmgnn showed_ Il EXPERIMENTAL DETAILS
that the notion of a Kondo cloud is in a certain sense mis-
leading, since the apparent geometry dependence arises from The samples were prepared by evaporation onto sapphire
the special spherical symmetry assumdttevious work by  substrates in (11®) orientation held at room temperature in
Peterset al® and Van Haesendonek al.’ had indicated that a UHV chamber(background pressure 10 1°mbap. Pol-
the Kondo effect can be identified even in very thin films byished substrate$l X 15 mn¥ for all films) were etch-
exploiting the capability of weak localization to determine cleaned, annealed at 750 °C in UHV, sputtered with 1-keV
conduction-electron scattering times, e.g., the spin-flip scatAr * ions, and annealed again at 1000 °C to reduce sputter-
tering time. ing defects. Starting materials were [$0.98%, Alfa Prod-
DiTusa et al® observed different temperature depen-ucts, Karlsruhpand Ce(99.99%, Ames Laboratories, Ames,
dences for Cy_,Cr, films (x = 0.00) of different widths  lowa). Pure La films were deposited from a high-temperature
w between 0.16 and 3axm. On the other hand, Chan- effusion cell, Lg_,Ce, flms were obtained by electron-
drasekhaet al® showed for very dilute Ay_,Fe, films (x beam evaporation of a ,a,Ce, alloy prepared in an Ar arc
= 5X 10 °) of largely varying widths that the slope of the furnace. After deposition at room temperature for all films no
logarithmicT dependence qf is independent ofv for 0.038  further annealing treatment was done. The films were cov-
um <w=105 um when electron-electron interactiof®El)  ered with a 100-A or 300-A G¢99.999%, Alfa Products,
are properly taken into account. Karlsruhé protective layer to prevent oxidation during trans-
Up to now, all studies concerning a size dependence dier for the ex situresistivity measurements. The concentra-
the Kondo scattering have been carried out on noble-metaltion of thex = 0.04 (= 0.009 films was checked by elec-
transition-metal systems. For a complete understanding dfon microprobe analysis. Théhomina) film thicknesses
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a1 (A FIG. 2. MagnetoresistanaeR /R% =[R(B) — Ry(0)]/R of

La;_,Ce, films of thicknessd=100 A vs magnetic fiel® (log-
FIG. 1. Low-temperature resistivityp, for pure La and scalg. Note the different vertical scales for pure La and
Lag.9eCeo,04 films vs inverse film thicknesd. Solid lines indicate  Lai—xCe.
fits to the Mayadas-Shatzkes modRkf. 12, dashed-dotted line is

the Fuchs-Sondheimer expectation for pure La. Dashed lines aiguch stronger ond™! than expected from the classical

guides to the eye. See text for the determinatiopgf Fuchs-Sondheimer theorgf. dashed-dotted line in Fig.)1
_ _ which assumes boundary scattering of electrons, with bulk
were determined by quartz oscillators. scattering being independent of the film thickness. In addi-

Reflection high-energy electron-diffractiofRHEED)  tion, grain-boundary scattering has to be taken into
measurements showed partly three-dimensional reflectiogccount? In general, the average grain size decreases with
patterns indicating considerable surface roughness. This Wafecreasingl, leading to a shorter mean free path for thinner
confirmed by taking arn situ scanning tunnel microscopy films. Assuming a constant ratip= 3.8 between film thick-
(STM) image on one of the LggCeo o4 films (d=100A)  npess and average grain size and a reflection coeffipient
which revealed a maximum surface roughngesak to peak .37 from the grain boundaries, both= 0 andx = 0.04 sets
of 30 A. Auger depth profiling of a 200-A La filMwhich  of data can be described quite well fde>50 and 90 A,
was previously exposed to ambient air for several hoursrespectively(ct. solid lines in Fig. 1. The systematic differ-
showed no traces of oxygen until the sapphire substrate washce between both data sets is, of course, due to the addi-
exposed by sputtering, indicating the efficiency of the Geonal scattering by the Ce impurities. For lowgrwe ob-
protective layer. Fod=200 A the crystal structure was de- serve strong deviations from the Mayadas-Shatzkes rHodel
termined by x-ray diffraction to be La dhcp with a fiber which probably must be attributed to the inhomogeneous
texture of{000]] along the growth direction. _ film growth with a roughness of~30 A as mentioned

The resistivity measurements were performed with stangpove. Because of the strong influence of the changing mor-
dard four-probe methods using either silver paint or springphology for thind, samples witrd<90 A (x = 0.04 and
loaded needles for contacts. The magnetic field was applieg<sg A (x = 0) are excluded from the following analysis

perpendicular to the film plane. and discussion.
As an introduction to the following discussion, we give in
IIl. RESULTS AND DISCUSSION Fig. 2 an overview over the magnetoresistance

ARG /R%=[Ry(B)—R(0)]/R for 100-A films of differ-
ent concentrations ai=4 K. Rp=p/d is the square resis-
Before discussing our results in detail, a few general featance. (Actually AR/R? is the negative magnetoconduc-
tures will be presented in this section. Figure 1 shows theéance) For x = 0 we observe a very strong positive
low-temperature resistivity, as a function of inverse film magnetoresistandMR) due to the suppression of supercon-
thickness forx = 0 andx = 0.04.[Because of the different ducting fluctuations T.=3.65 K for this film). Forx = 0.01
p(T) behavior observed for different films we defipg as  these fluctuations are much weaker in durange T, =
follows: for films exhibiting a resistance minimum, we take 1.57 K) and a maximum occurs because of the negative MR
Po=Pmin. for the very thin films <80 A) where we found at largeB arising from the suppression of Kondo scattering.
a negative dp/dT up to room temperature, we take This weak maximum is still visible fox = 0.02 until finally
po=p(15 K), for the other(superconductingfiims we take for x = 0.04 the MR is negative in the whole field range.
the residual resistivity in the normal state. We pgeonly as  Thus, as we shall see, only for this concentration the MR can
a qualitative measure. The exact valuepgfdoes not at all be used to investigate the Kondo scattering without the com-
affect our analysis of the following sectiohs, depends plication of superconducting fluctuations.

A. Overview over the results
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FIG. 3. MagnetoresistancgR, /R of a 70-A La film at vari-
ous temperature®. Solid lines indicate fits to Eq1) as described
in the text.

B. Resistivity of pure La films

Figure 3 shows the magnetoresistaﬂdéD/Ré of a 70-
A La film as a function of magnetic field for various
temperatures. The data are analyzed with the expression

AR
RA

=—ALw (B)—ALAL(B)—ALur(B), 1

where ALy, ,AL, , and ALy describe the magnetocon-
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FIG. 4. Temperature dependence of the characteristicBigldf
La films determined from fits as in Fig. 3 for various film thick-
nessesl. Dashed lines show the theoretically expected dependence
ford = 70 A (upper curvgandd = 100 A (lower curve.

ing to 7o=23/e?v2N(Eg)po with ve=1.3x 10° m/s, N(Ef)

= 2.86(eV atom) ~* for La,***"and our measureg, values,

Bso = 0.01T,Bs = 0. For all films,B,, was determined in
the same way by using the corresponding input parameters.
For a measured MR curve at a givénonly B, was varied
until a best fit was obtained. The example of Fig. 3 shows the
quality of the fits. The resulting ,(T) is shown for different
films in Fig. 4. The data can be compared with the theoreti-

ductivity contribution due to destruction of weak localization cally expectedB,(T) for our La films, taking into account

(WL) and suppression of the Aslamazov-LarkiiL) and
Maki-Thompson(MT) contributions to the fluctuation con-
ductivity of a superconductor abovk., respectively. The
individual contributions are given By *°

B, 3 (B,) 1 (B;
st (5] 35 2(3]] @

w1 2B, [2B,\?
ALaB=Loz 7my| B | B
C

(1 84) 1
“YiztgllTzp ®
I B, B, B
Ahur(B)=Loo g JoTrTy 54—33{f(§)‘f(§>]*
4

with  Lgg=e?%2x%h, f(B;/B)=¥(3+B;/B)—In(B;/B)

and ¥ the digamma function, B;=By+ B+ Bg,

By=B,+(4/3)(Bss— By, B3=B4=Bj,+2Bs, B;=2kgT

XIn(T/T.)/meD. These characteristic field3, correspond
to the scattering ratesjl via B, = #/4eDr, whereD is the
electron diffusion constantr, denotes elastic scattering,,

inelastic scatteringrs, spin-orbit scattering, ands spin-flip

scattering, respectively.

B

B
14+ —

T\t g

X

the effect of electron-phonon interaction and EEI as done
previously by Bergmarf for Cu, Ag, and Au films. Al-
thoughB ,(T) is compatible with ar? dependence expected
for electron-phonon-scatteritftthe measured ,(T) values
strongly deviate from the theoretical curves at highSince

the difference between the data and theory is smaller at lower
temperatures, a transition from two- to three-dimensional be-
havior with respect to the wavelength of dominant phonons
might be responsible for the discrepancy. Furthermore, en-
hanced electron-phonon interaction in disordered films and
proximity of the unoccupied # level to the Fermi level,
which is held responsible for the anomalopéT) depen-
dence of L&° might be important. In the above analysis, we
have not included the influence of EEI on the magnetoresis-
tance due to spin-splitting effe¢tavhich are estimated to be

of the order of 107 Q*.

Equations(3) and (4) are valid only if4/kgT7,<<1 and
4eDB/kgT<1. An extension of the theory to a larger range
of parameteré! limited only by the condition
4eDB<f1i/ 1y, yields essentially the same fits to our data.
One can also reasonably well describe the temperature de-
pendence of the resistivity abovie, (not shown with AL
and MT contributions.

We mention that in our La films th&_; depression with
increasingRo cannot be described with reasonable values of
the coupling constang;N(Eg) in the Maekawa-Fukuyama

For the fits of the above expressions to our data theheory?’ Probably, the changing film morphology with

following parameters are usedBp,=112T correspond-

thicknessd already inferred above from the RHEED, STM,
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FIG. 5. Magnetoresistance of a §.gCey o, film at various tem-

peraturesT. Solid lines indicate fits of Eq(6) to the data. FIG. 6. Resistivity| p(T) = po] Vs In T for a LayedC€,0p film

with d=100 A. Solid line is an empirical fit using E§7), dashed

. . . h the behavi ted f the Suhl-N ka th .
and residual-resistivity data is responsible for the large apgurve Snows the behavior expected from the Suhi-Nagaoka theoty

parent coupling constagtN(Eg) = 5 found in our films. In

contrast to previous experiments ona-Mo-GeZ? the application of Eq(4) for the MT contribution in the

o) 2 : presence of magnetic scatterers might be questionable, the
Loo(d=2) ~ po(d) /p5(d) is not constant for our samples. fits work very well. WithT. = 1.57 K as determined resis-

Thus, the "bulk” T¢o by itself may change by the gradual.tively, we obtainJ=—0.15 eV from the fit using Eq(6).

change in the microstructure, leading to an overestimation I & characteristic fieldB,, obtained from the MT term can
91N(Eg).

be described byB,=2B¢+B;,=2Bs+\T?, with Bs=
0.24 T and\ =6x 10 3T/K2. The value o, inferred gives
[J| = 0.072 eV via Eq(5). The difference between the two
As already mentioned in Sec. Ill A, superconducting fluc-values ofJ thus obtained could be due to the application of
tuations and Kondo effect superimpose to give a maximuniqg. (4) on a superconductor with magnetic impurities. An-
in the magnetoresistannzﬁd?g/RZD vsB for x = 0.01. Figure other determination od for this concentration is available
5 shows the experimental data for several temperatures. THEom the T depressior® Assuming an initial linear depres-
maximum shifts systematically to higher fields with increas-sion we obtain, withT, = 3.65 K for the 100-A pure La
ing T. This confirms the above interpretation since a maxifilm, AT./Ax = 2.1 K/at. % yielding|J| = 0.10 eV [Eq.
mum resulting from a superposition of weak localization and(5)]. AT./Ax is only in poor agreement with data for
weak antilocalization would be independent®r shift to  Te(x) of bulk dhcp La_,Ce, alloys'® where AT /Ax =
lower B with increasingT, depending on the presence or 1.22 K/at. %. A possible origin for the discrepancy is the
absence of magnetic scatter&tdn addition, the magnetic Pproximity to the suppression of superconductivity due to in-
scattering rat® which is related to the characteristic field cipient localization, although this speculation needs further
B investigation. In estimatingd| from AT./Ax we have used
the simple expression Eq(5) valid for temperature-
7-§1=4eDBS/ﬁ=xN(EF)|J|ZS(S+ 1)/4, (5) independent scattering which is a good approximation down
. ) to ~T.o/2 if T,o>Tk as in the present case. In summary, the
yields roughlyBs=0.5 T when usingJ|~0.1 eV as deduced y3jyes of J obtained from the Beal-Monod and Weiner

below.J is the exchange interaction between the conductioRneory and theT, depression are in reasonable agreement
electrons and the localizedf 4noments.(For this estimate \yjth [J|~0.12 obtained from MR data for=0.04 (see be-
and in the following, we neglect the weak logarithmic  |o).

dependence of the magnetic scattering yalthese large

magnetic scattering rates are expected to destroy the phase o

coherence necessary for WL and antilocalization completely. D- Détermination of the Kondo temperature for x=0.02

C. Superconducting fluctuations and Kondo effect forx=0.01

The fit in Fig. 5 describes In order to determine the Kondo temperatirg, the re-
sistivity of ax = 0.02 film with d=100 A was measured
ARp AL, —AL Apg 6 down to 40 mK. The result is shown in Fig. 6, together with
R AL mT RZd’ ©® 4 it described by the empirical formdla

where the Kondo magnetoresistivit¥px = px(B) — px(0) In[( 62+ T2)/T,]
has been calculated by Beal-Monod and Weii&y. (25) in p(T)= Pup, T TNk 7
Ref. 25 whereJ enters as an important parameter. Although 2 27S(S+1)



3458 C. ROTH, C. SIRGERS, AND H. v. L.GHNEYSEN 54

0.8 [———T———T——T— " 1.4

Lag g6Ce0.04

1.2

1.0

08

Ap (HQem)
Ap (nQem)

0.6

04} LaggsCeo.os _

5 10 50
T/ Tk

FIG. 7. Resistivity Ap=[p(T)—po] vs temperatureT for FIG. 8. Resistivity contributiomp=p—py, vs reduced tem-
Lag ogCe o4 films of various thicknessl. Dashed lines show the peraturel/T for Lag ofCeq o4 films of various thicknesd. See text
estimated contribution of EEI fol = 100 A (upper curvé and  for the determination of the electron-phonon resistivity. Solid
d = 200A (lower curve. lines indicate fits of Eq(9) for differentT; .

for S=1/2, where Ing/T)=—mJ/YS+1) (Fig. 6, solid d=100A can be attributed to interaction between Ce mo-
line). The phonon contribution which becomes importantments eventually leading to spin-glass behavior. Effects of
above~ 8 K, was determined by assuming the safnde- WL to p(T) can be ignored due to the high concentration of
pendence as measured for a pure La film with the same ra@nagnetic impurities as mentioned above for0.01. The
sistivity ratio, i.e., the same degree of structural disorder. Ircontribution from EEI, Ape(T)=—ALgRgpoIn(T/1 K)
addition we plot the behavior gfx from the Suhl-Nagaoka (Ref. 19, has been roughly estimated for some samples with
theory?’ (dashed lingwhich is valid for temperatures above A=1 (dashed lings For d=200A EEI can be ne-
Tk, without taking potential scattering into account. glected but might give a considerable contribution for thin-
The fit yields the unitarity limitp,=2.89 ©Q cm and ner films. We repeat however, that the EEI contribution to
T« = 0.38K. The latter value is in reasonable agreementhe magnetoresistivity is very small.
with other determinations of ¢ in La,_,Ce, bulk alloys A description ofp(T) for spin glasses with Kondo impu-
which fall in the range of 0.15 to 0.60 K as obtained by ities has been worked out by Larsen who fitd$
different method$#28%°Taking theT. depression of the =

0.01 film (d=100 A) with respect to the pure La film of the S 27T Ly }+ AP b T -
same thickness, one obtaifig=0.44 K in good agreement psdT) n Tk 2 2@T A
with the above value, but somewhat higher than obtained (8)

from the T depression in bulk La_,Ce, alloys®® as noted . .
above. for S=1/2. HereA(T) describes the average coupling be-

Whereas an influence of WL can be neglected due to th&veen the Kondo impurities?(T/A) is a lengthy expression
high concentration of magnetic impurities the contributionWhich can only be evaluated numericaffyin the spin-glass
from EEI on p(T) has to be considered. In principle this regime the spin-glass freezing temperatiie-A(0) is re-
could be estimated from magnetoresistance data. Howeveated to the temperatur€,, of the maximum of the resis-
due to the presence of residual superconducting fluctuatior&/ity psc. Figure 8 shows the magnetic contributidp to
in the magnetoresistance dafeig. 2) we are not able to p together with numerical calculations of E@) for differ-
extract an estimate for the magnitudepf(T). In any case, ent values ofT; vs reduced temperature/T,. We have

Pu is Comparab|e to the value 51&) cm measured for bulk USEdTK = 0.38 K as determined in Sec. Il D and estimated
(Lao.0s:C€0 009 B s (Ref. 30. T; from T With an expression given by LarséhThe

phonon-scattering contribution te(T) was determined in

the same way as described in Sec. Il D. For the thickest

films where localization and interaction effects should be
Figure 7 shows the resistivity of all investigated negligible, we inferT;~ 1.2 K from T,.x~ 1.5 K which is

Lag 9eCeg 4 films with po= pmin Substracted. Fod<<500 A in good agreement with bulk data, wheFg,, = 3.15 K for

we observe a stronipcreaseof the T dependence with de- x = 0.1 andT,=5.1 K for x = 0.2 was found?

creasing thicknessl. For d>500 A the thickness depen-  For thinner films withd<500 A the data can be well

dence ofA p is much weaker, her&p tends to decrease with described by the calculations down de=100 A yielding a

decreasingl. The leveling off of the logarithmic resistivity T; that decreases with decreasidg Although this can be

increasedp/[dIn(T/Ty)] towards lowT for the films with  qualitatively explained by the usual mean-field decrease of

E. Resistivity and magnetoresistivity forx=0.04
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0.00 s 7 netoresistance data for different film thicknes@gg. 9) is in
£ contrast to a recent magnetoresistance study of thin AuFe
(_2& films, where a suppression afp=p(0)—p(4 T) with film
2 005 . thicknessd has been reporteti.
=) J=-013eV Figure 10 shows) obtained from our fit as a function of
= d. Within the error bar, we find=—(0.12+0.01) eV for all
010 K . investigated thicknesses from 4000 down to 100 A , in good
g agreement witl=—0.1 eV forx = 0.01(Sec. ll O. This

; 2 clearly demonstrates thdt being a local property, is inde-

015 4 5 . pendent of the film thickness. lies between the values of

Z g'g earlier studies, wheré= —0.22 eV was obtained from resis-
tivity data?® andJ=—0.08 eV inferred from thd . depres-

B A HE—r sion in La-Ce alloys®

B(T) In order to determine a possible influence of film thick-
ness on the Kondo temperature from magnetoresistance data,
FIG. 9. MagnetoresistivityAp=p(B)— p(0) for LageCeros  ONE has to resort to more elaborate theories which go beyond
films with d = 1000 A (a) and 150 A (b). Solid lines indicate fits ~perturbation theory. It has been sholWthat the MR of a
to the Beal-Monod—Weiner theoijRef. 25. Kondo system with a given phase shifis a universal func-
tion of T/Tx andB/Byx whereBy=KkgTx /gug with the ap-
the interaction with decreasing number of “neighbors,” a propriateg factor (T is the zero-field Kondo temperature
decrease of; because of the decreasing electron mean fre&nfortunately, the numerical evaluation of the function is
path (with decreasingl) is more likely3* very involved. Furthermore, the phase sliifand the resis-
We now turn to the magnetoresistance data, two exampldsvity p(T=0, B=0) which are necessary for a comparison
of which are shown in Fig. 9. As already anticipated in Secwith the theory are not known for our samples. Thus, from
A, AR5/RZ is negative in the whole field range investi- the MR measurements we cannot unambiguously reveal a
gated. The fits obtained using the single-ion Kondo theoryossible thickness dependence of the Kondo temperature.
for the magnetoresistartcealready employed fok = 0.01

(cf. Sec. Il © work remarkably well. The only free param- IV. CONCLUDING DISCUSSION
eter in these fits is the Kondo exchange integraWWe used
the following parametersEr = 6eV, atomic volume For La;_,Ce, we have shown that the Kondo tempera-

3.75<10°2° m~3 for La, number of conduction electrons ture for a film withd=100 A (x = 0.02 is in good agree-
per atomz = 3, and spinS = 1/2. For(S,), the thermal ment with bulk data. This thickness is well below
average of the local moment, we took the Brillouin function. Rg=0.4 um or R = \R¢le = 350 A, supporting a thick-

At first sight it might be surprising that we can describe ourness independerdi . However, the analysis is complicated
data so well withindependenCe moments, in view of the by the unknown contribution of EEI tp(T) due to the high
spin-glass order inferred above. However, we should noteesistance of our films. In addition, in ka{eg g4 films we
that our T range is still well aboveTl; for all flms and, have determined the Kondo exchange interacidretween
furthermore, a strong magnetic fiedghgB>kgT; easily de- the conduction electrons and the localizedhoments from
stroys the spin-glass correlations. The similarity of the magmagnetoresistance data for which EEI contributions can be
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neglected.J is found to be independent of film thickness contact diameters between 1.5 and 50 nm. A difference to
down to 100 A . This nicely reflects the naturelofis a local  our work is that thedimensionlessconductances as mea-
property and must be contrasted with the strong thicknessured in units ofe?/% is certainly very large in our films,
dependence g#(T) as shown in Figs. 7 and 8. For very thin even for the thinnest films of 100 A used for the Kondo

films (d<80 A) the strong disorder leads to a very high analysis, compared to the point contacts where the electron
resistivity above 20QwQ) cm (cf. Fig. 1). The incipient elec- Mmotion is more strongly confined. Thus, again, we expect
tron localization leads tdp/dT<0 up to room temperature EEI and localization effects to be more important in the lat-
(in agreement with the Mooij criteridf), and at low tem- ter. Indeed, a stronger increase of the resistivity with de-
peraturesp(T) is mostly governed by disorder and EEI. The creasingT for films of smaller widthw was observed in
decrease oflp/dT with increasingd in the medium thick-  Au;_xFe, films® For films withw = 38 nm [dey=Vdw =
ness range can be explained by the onset of spin-glass ordé3 nm the slope ofdp/d InT was by a factor of-1.5 larger
ing in thicker films which weakens the Kondo scattering to-than forw = 115 nm (¢ = 59 nm). For largerw no big
gether with gradual decrease of EEI. Finally, the slightchanges were observeddp/dInT. These findings are over-
increase ofdp/dT between 500 and 4000 A is what might all consistent with the changes afp/dInV in the point-
be expected from a “geometry dependence” of the Kondocontact measurements, with the same diameter range as
effect. We note, however, that in the satheange the mag- e, Suggesting that EEI are important. Further work has to
netoresistance actually suggests a slight decreadealbeit  investigate the transition from thin films of narrow width to
within the error bars, cf. Fig. 10. Therefore, the apparenoint contacts in more detail. In particular, the applied volt-
thickness dependence dp/dT in this d rangecannotbe  age drops over a small distance in the point contatthe
attributed to a size dependence of the Kondo resistivity conorder of the diametgy leading to a stronger local deviation
tribution as observed foBuFe andAuFe films24 from equilibrium than in the wires investigated in Ref. 9 and
In the CuFe andAuFe system there is a length scale the films investigated in the present work. Another possibil-

- . L . ity that has to be investigated is the evolution of a nonmag-
ls'fjpp rle5s(;(()e dA Wﬁglrz\gg’wmi?s]etp eiSKoirr:ggpr::cljS;'r\{tmo’;K fIiISm netic Kondo effect due to the fluctuations of scattering cen-
K

thickness: * It has been shown th& does not control the terlszfjmg;fnh(?rgnilnzoﬁ;s? tgfi:%crleider the different atomic en-
Kondo behavior, neither in the ballistic nor in the diffusive !

regime[Rx~0.1 um (CuFe and 2um (AuFe)]. For films, vgtr)nnrgregdt ftcc)>r t(r:ﬁ)slgl F|)r:J rtlﬂisir!%cea:teirrt}ev%itchhe rfr|1|;n tl)gzl;g dt?)rya

contributions from WL and EEI were neglected because og. % . f d éPg Iy it h

the small values oR; . For wires of widthw<1000 A the Istribution of Kondo temperatur€s.very recently, it has

EE| contributions wDefe of the order gf, and prevented a been shown theoretically that the occurrence of a surface-
% ) ) . . ) )

detailed analysis. In contrast, other experiments/arFe induced perpendicular magnetic anisotropy is able to explain

: : ‘ = the experimental data for Au ,Fe, films and wires'! This
e, sonmed 1t e sl o i ndependent down ansotoy lads 0 feean ot ofan- 512 0r - 2
resistivity of Kondo alloys with restricted geometries might Spin into ans, = 1/2 orS, = 0 state with decreasing, thus

not be a good probe to look for a geometry dependence unrfaducmg the spin-flip scattering. However, this effect should

less the effects of disorder, WL and EEI effects are properlynOt be present T La ,Cey alloys with a doubly degenerate
: ground state $ = 1/2).
accounted for as has been done in Ref. 9.

Recently, arincreaseof the Kondo temperature has been
reported for CuMn point contacts with decreasing point-
contact diameter, prepared by the break-junction techrifque.  We thank C. Strunk and T. Trappmann for their help with
The apparent increase @ as inferred from the increasing the experiments and P. \Wie for helpful discussions. This
width of a zero-bias anomaly in the differential resistancework was partly supported by the Deutsche Forschungsge-
dVv/dl vs voltageV was observed over a range of point- meinschaft through Sonderforschungsbereich 195.
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