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Size dependence of Kondo scattering in point contacts: Fe impurities in Cu
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The size dependence of electron-spin scattering is investigated by means of point-contact spectroscopy of
the Kondo alloyCuFeg(0.1 at. %. We can study junctions of various sizeb=1.5—35 nm using mechanically
controllable break junction@MCB’s). In a previous MCB study of the Kondo allagguMn the Kondo tem-
peratureTx was observed to increase by many orders of magnitude in this range of contact sizes-€ave
also find an increase df, but only by a factor~2. This observation is in qualitative agreement with the
theory recently proposed by Zmd and Udvardi.

Recent developments in producing three-dimensionabnly a very small size dependence of the Kondo effect in
(3D) metallic point contacts by the mechanically controllablecontacts with sizes down to 1.5 nm, in qualitative agreement
break-junction(MCB) techniqué have opened new opportu- With the theoretical predictions.
nities for detailed study of the size dependences in many Three samples in the shape of wires with 0.25 mm diam-
interesting phenomena, such as conductance quantiZatiorgters were prepared from Cu alloys with 0.1 at. % of Fe.
superconductivity of weak links,and magnetic impurity Note that this alloy has nominally the same impurity concen-
scattering(Kondo effecy.*° Via MCB various ranges of con- tration as theCuMn alloy which we have systematically
tact sizes, previously inaccessible, become continuousl§tudied beforé:> The wires are broken at low temperatures

available from several tens of nm down to the one-atonin the MCB setup and microscopic contacts were formed
scale. using piezoelectric control. The contact sidds estimated

In view of previous measurements of size effects in low-from Rg, the contact resistance which we take equal to the
dimensionalCuFe, AuFe, andCuCr Kondo alloyss~8it was ~ minimum value of the differential resistandsee Fig. 1,
surprising to find that the Kondo scattering @uMn and  Using the Wexler formuld® Because the bulk mean free path
AuMn point contacts increases with decreasing contacglue to magnetic scattering is comparable with our larger con-
size*® Using standard theofyfor the analysis of the data, a tact diameters, the Wexler corrections to the Sharvin formula
huge increase of the effective Kondo temperature was obare necessary. Similar to tf@uMn alloys;’ we define the
tained. Three salient features appear in the low-temperatutélative intensities of the Kondo peakdRy /Ry, and the
differential resistance versus voltage characteristics. The firddcrease of differential resistance due to phonon scattering,
is a weaker dependence of the zero-bias Kondo-peak inte@Ryn/Rg, as shown in Fig. 1. The steep rised/dI(V) at
sity on the contact size, compared to the intensity of théhe characteristic Cu phonon energies, 15-20 "m¥yi-
phonon structure. The second feature manifests itself throug#ences that we are in the spectroscopic regime of charge
a noticeable broadening of the Kondo maximum for ultra-
small contacts, showing explicitly that a larger energy scale — ———
(or, equivalently, Kondo temperaturgy) is involved. Fi-
nally, the third concerns the magnetic-field behavior of the 6.2 -
zero-bias Kondo peak. While for contacts larger than about

several tens of nanometers the expected Zeeman splitting is @
observed:® it disappears for contact sizes smaller than 10 -
nm, illustrating the more robust screening of the impurity Z 6.0} .
magnetic moment. %

Zarand and UdvardP recently proposed a theory which
predicts an enhancement iy due to large fluctuations in
the local electronic density of statdsDOS) forming in nar- 5.8
row constrictions. The effect should be more prominent for
low bulk Kondo temperatures. Stimulated by this work we S

undertook a detailed study of the size dependence of Kondo 40 20 Vc>|tage0 [mV] 20 40
scattering by Fe impurities iCu point contacts. The bulk
Tk of CuFe is much greater~30 K) than that ofCuMn FIG. 1. Differential resistanceV/dI as a function of voltage

(=~0.01 K and according to theory should be much lessbias recorded for aCuFe0.1 at. % junction with Ry=5.8 Q
enhanced in small contacts. Our measurements have fourid=14.6 nm andT=0.5 K, H=0.
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FIG. 3. The magnetic-field dependence of the normalized even
parts of the Kondo structure for @uFeg0.1 at. % contact with
Ry=2.74Q [d=21.7 nm,6R«(0 T) = 0.12Q].
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0.4 Ry=1.220 theless the magnetic field strongly suppresses the intensity of
02F ° Ro=1740 the Kondo peak acting in a fashion analogous to raising the
ool ° =120 temperature or voltage bid3.
ol Ro=dtze ~  ® To compare the magnetic-field suppression of the Kondo
0.1 1 10 peak in contacts of different size we plot in Fig. 4 the nor-
V [mV] malized intensities of the zero-bias Kondo maximum, as a

function of field for contacts with resistanc&, differing
more than an order of magnitude, corresponding to a sixfold
change in the contact size. Unfortunately, contacts with
The height of the Kondo pea#Ry is 0.003, 0.08, and 0.32 for S'T‘a”‘?r sizes become unstable in high m_agnenc fleIQS and
the 0.87, 20, and 108 samples, and the fitteB, are 22, 42, and this hinders the measu_remgnt. Together with voltage bias de-
100 K, respectivelytb) Similar curves recorded fazuFe0.1 at. % pendences presented in Fig. 2, F'g,' 4 represents the central
with resistancegdiameterg 1.22() (33.8 nm,6R¢=0.06Q)), 17.4 result of our WorK:AIthough the size dependence of the
Q (8.23 nm,5R,=0.400)), 1230Q) (3.0 nm,sRc=2.80)), and 417  Kondo scattering in CuFe alloys is considerably smaller

Q (1.6 nm,8R,=4.00). The solid lines represent a fit to the data than in CuMn alloys, a weak size dependence is still clearly
using Eq.(1) and scatter between 31 and 54 K(by. observed.The smaller the contact size, the less is the

magnetic-field suppression of the Kondo peak, and this can

be qualitatively interpreted as the result of a corresponding

transport through the point contact. Since in our experiments, o ase of the effective Kondo temperature. We will discuss
the temperature was about 0.5 K and modulation voltage dig;g property in greater detail below.

not exceed 40-5@V, the experimental resolution is better 5 comparison of our experimental results with the theo-
than 0.17 meV. retical predictions is not a simple task, since the perturbation

The low-bias portions of the point-contact spectra, nor-gpproach breaks down for temperatures and energies compa-
malized as §V/dl)/5Ry, are plotted on a semilogarithmic rable to and smaller than the Kondo temperature, which is
scale forCuFe, and by way of comparison f@uMn, in Fig.  quite high in the case ofuFe alloys. There is no rigorous
2. All the CuFe spectra for resistanc&; from 1 () to 417  theory for point-contact transport properties of Kondo alloys
Q) converge essentially into a single curve, slightly shifted to
higher energies for the smallest contdergestR,). In con- 11
trast, theCuMn(0.1 at. % spectra, taken from Ref. 4 and
plotted in the same manner, show a clear increase of the
energy scale, determined by the Kondo temperafie for
large resistances.

In Fig. 3 the Kondo peak is shown for the contact of
Ry=2.74Q [d=21.7 nm,sR(0 T)=0.120Q ], measured in
magnetic fields up to 12 T. The data are normalized to the
zero-bias Kondo peak & =0. Similar measurements were
carried out for several other contacts with different resis-
tances in order to investigate the size dependence of the
magnetic-field behavior of the Kondo scattering. Opposite to
the CuMn contacts of about the same size, theragZee-
man splitting of the Kondo maxima by the magnetic field,
since the bulk Kondo temperature for Fe impuritiesCn
(Tk=30 K) is significantly larger than the temperature of our  F|G. 4. The suppression of the Kondo peak by an external mag-
measurements, and thus the impurity magnetic moment isetic field for point contacts of various resistan¢siges. SRy is
more effectively screened by conduction electrons. Neverg.90, 0.21, 0.12, and 0.097 for decreasingR,.

FIG. 2. (a) The normalized even parts of the Kondo maximum
for CuMn(0.1 at. %. These data are taken from Fig. 2 of Ref. 4.
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in our energy range of interest. The available approximationslreds of K in contacts of several nanometers in diameter, for
do not fully describe the temperature dependence of the bulthe CuFe contacts of the same size the increase does not
resistivity at temperatures around and belw.™® The best  exceed several tens of K, i.e., the bulk Kondo temperature of
we can do for temperatures below the Kondo temperature i80 K increases by only a factor ef 2. Qualitatively, such a
to use the empirical relatidrt® for the resistivity as a func- difference can be explained by the LDOS fluctuation theory
tion of temperature of zarand and Udvardt® They consider the position- and
) energy-dependent variations in the electron density of states
pm=A=B In[1+(T/6)"], @ which appear as a result of scattering at the boundary of the
where In@IT)=—=#{S+1)]¥?, S being the impurity spin, point contact. The density of statllg enters in the exponent
which for the case of Fe should be taken equal to 1/2 an@f the expression for the Kondo temperature
leads to the relatio=0.066T . Tk=Teexp(—=1/INg), where Tg is the Fermi temperature
The voltage dependence of the point-contact resistancandJ is the exchange coupling constant. Magnetic impurities
mimics the temperature dependence of the bulk resistivitysitting at a maximum in the LDOS will have a higf , and
To make a direct comparison one has to know the coefficierthe highTy impurities will dominate the Kondo scattering in
a in the relationeV=akgT. Here we adopt a simplified the contacts. It is clear that the size effect should be most
approach by taking the relation betwe€randV to be the  pronounced for materials with a low bulk Kondo temperature
same as for the thermal limit, i.eV=3.63%gT.'* Using this  (low J). For higherTy values the size effect is further limited
relationship and Eq(1) we can attempt to quantify the data by the energy scalg; of the LDOS fluctuations? which can
shown in Fig. 2 withTx as our parameter. The fit of the be expressed @&;=Eg/N, with N. the number of conduc-
curves (solid line) yields reasonable accordance with thetion channels. For the contacts in Fig.B is less than
bulk value of Tx~34 K for CuFe, spreading between 31 and =50 K, which agrees with the fact that we observe the en-
54 K for various contact sizes. For the sake of clarity onlyhancement offk in our experiment to be limited te-50 K.
one fit curve is shown. Note how the effective Kondo tem-For a quantitative comparison, a more exact theory is re-
perature ofCuMn dramatically increases over the same rangequired to relateT, to the LDOS fluctuations in the case
of contact diametergsee the solid curves and correspondingwherekgTy is comparable td, .
Tk’s in Fig. 2@)]. It is interesting to compare our results to the absence of a
A small trend towards larger Kondo temperatures for de-Size dependence in the Kondo temperature of thin films and
creasing contact sizes can be recognized GoFe, even nhanofabricated wire$! This absence appeared to contradict
though the scatter is large. As an alternative approach to th&e point-contact experiments @uMn.** The present re-
size dependence, we consider the clear suppression of tisglts onCuFe, however, clarify the discrepancy with those
Kondo peak with magnetic fielFig. 3. In order to accom- experiments. Following Zand and Udvard? we suggest
plish this we adopt the reasonable viEW?® supported by that the effect of LDOS fluctuations was not observed in
experimental results fof <Ty (Ref. 7) and theoretical pre- previous experiments since these were performed on materi-
diction for the perturbative regime,that a magnetic field als with a high bulk Kondo temperatut€uFe, CuCr, and
can be incorporated in the effective temperature through th&uFe) and at rather large sizes. We propose that in the recent

relation study of thin films and wires ofCuMn 0.1 at. %!’ the
anomalous temperature dependence of resistivity which was
Ter= T2+ B°H2. (20  observed could be due to the effective Kondo temperature

Here the units off andH are matched viaigH =kgT and increase induced by the LDOS _fluctuatlons in thos_e mesos-
copic samples. Such local-density-of-states fluctuations have

B~1 in units of K/T. b ; : . ) .
. . . . . been the subject of previous theoretical attention especiall
ReplacingT in (1) by the effective temperature defined in near the met{';ll—insulgtor transitioh where they were [p))re- g

(2) We can fit the gﬁect. of the magnetic f'eld on the Zero'b'as'dicted to lead to non-Fermi-liquid behavior. The fluctuations
resistance of the junctions, and obtdip in an independent

. . ) may also lead to a number of other interesting effects, such
Wsy' DSC(J)Ian this, Ty Increases from iogoK SRQI':hl Q1o as size dependence of the Ruderman-Kittel-Kasuya-Yosida
; zl\J/t/ dl asaz; ?u%%:}fﬁtoﬁsziﬁan%egfﬁ ~0) a'n d dE\E/;:(ljJIer;S intergction in spin glassésg modificatior) of the heavy-
V=0 as a function of (Fig 4)g:.;1re consistent in shape and ferm|on state with d_e.creasmg contact size, and a grad_ual
Lo L metal-insulator transition for contacts with decreasing size
absolute values and give indeed S"_“"af valuesfier How- and increasing disorder in atomic positions. In addition the
ever, the dependence on contact size is more clearly seen g&perconducting properties of ultrasmall weak links can be
the field dependences.

The Kondo effect in nanosized 3D point contactCofe strongly affected and we are presently employing our MCB

dilute alloys appears to be size dependent qualitatively in théechnlque to explore these areas.

same way as it was found f@uMn material: as the contact We acknowledge the stimulating support of L. J. de Jongh
size decreases the Kondo temperature increases. Howevand discussions with A. Zawadowski, G.' rdad, and J.
guantitatively a dramatic difference exists between these tw@aanen. Part of this work was supported by de Stichting voor
kinds of Kondo alloys. While folCuMn an increase of the Fundamenteel Onderzoek der Mate(lOM), the Interna-
Kondo temperature can be observed up to many orders dfonal Science Foundatior{Soros Foundation and the
magnitude, from the bulk value of 0.01 K to tens and hun-INTAS program(No. 93-375.
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