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Electron Tunneling into Dilute CuCr and CuFe Alloy Fi1ms 

L. Dumoulin and E.Guyon 
Service de Physique des Solides, Faculte des Sciences 

910rsay, France* 

and 

G. 1. Rochlin 
Department of Physics, University of California 

Lawrence Radiation Laboratory . 
Berkeley', California, U.S.A. 94720t 

ABSTRACT 

'Tunneling experiments on dilute homogeneous magnetic 

alloys of Cu by means of Al/oxide/CuCr and Al/oxide/CuFe 

junctions have shown that there is no concentration 

dependent structure in the tunneling density of states to 

-3 .< 10 "of the background conductance over a wide, range of 

temperature, concentration and magnetic fields, in agree-

merit with recent theoretical calculations. Some concen-

tration independent structure was observed which appears 

to be due to the eu itself, and is not presently understood. 
, 
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In a search for structure due to the Kondo effect in the tunneling 

density of ~tates', we have performed tvCl independent sets of experiments 

on dilute magnetic alloys of Cu by means of thin film tunnel junctions 

of the form Al/oxide/CuX, "rhere X=Cr for the Berkeley experiments, and 

X=Fe for the Orsay experiments. The junction characteristics vere 

studied as a function of temperature, impu.rity concentration, and 

magnetic field; in no case have we observed any effect attributable 

to the presence of magnetic impurities in the Cu.. 

The experiments may be surrunarized hriefly. The temperature 

dependence of the resistivity'of the CuX films vas studied from 0.9°K 

up. Th'e results were consistent with temperature dependences reported 

1 2 for bulk alloys ' and were used to determine the impurity concentration. 

Low temperature tunnelirig measurements performed on·the same films by 

means of Al/oxide/CuX junctions did not exhibit any concentration 

or magnetic field dependent structure over the measured bias range of 

leVi ~ 100 meV. Th'e normalized differential conductance, G(V) vas, 

to the precision of our measurements, the same for pure Cu as for the 

CUX alloys up to the solubility limit (~ 10
3 

ppm) of X. This contra

dicts previous experiments3 in which large zero-bias conductance peaks 

were observed •. The junctions reported here all showed excellent 

quantitative agreement with calculations4 based on the BCS theory at 

0.9°K where the Al was superconducting ann e~libited no zero bias 

1 . 5 anoma 1.es. 

The CuX films were evaporated from specimens of bulk alloy by 

means of electron-beam bombardment in ant6n-pumped ultra-high vacuum 

6 system. Films were generally several microns thick and were deposited 
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onto a substrate containing previously oxidized Al cross strips in a 

geometry which allowed resistance pro1?es to be attached directly 

to the CuX film. . Both groups verified that their pure Cu alone 

. i . -4· 
exhibited no resistance minimum to :s 10 ,and that the operation of the 

Ti getter pump introduced no structure. The properties of the films 

studied are given in Table I. Consistent determinations of impurity 

concentration were made by comparing the temperature dependence of the 

1 2 resistivity with known data for bulk alloys.' The impurity concen-

tration was of the order of 1/2 (X=Fe) to 1/10 (X=Cr) that of the 

·iriitial ingot, which" appears to be due to fractional distillation during 

the evaporation. However, only a ·small portion of the evaporation 

was used for our data, and one of us (GR) several times verified that 

three consecutive. ::films produced during a single evaporation had almost 

identical resistivity curves. These facts and the resistive behavior 

indicate that the impurities are homogeneously distributed throughout 

the film. 

In the Orsay experiments on CuFe, the shape of the conductance 

is shown in Fig. 1. For the alloys listed in Table I, no concentration 

dependent structure is observed. There is, however, a definite 

symmetrical, concentration independent structure centered at V=O. This 

structure was found to be quantitat~vely the same in all ~unctions 

. stUdied (even in very pure Cu with < 1 ppm nominal Fe concentration) and 

. with ·~ery different conditions of evaporatio~. It was absent in 

Al/o~ide/normal Pb junctions prepared tinder the same conditions. 

In the Berkeley e~erhnents on S:~Cr typical conductance curves 

for a given concentration are shown in Fig. 2. The small peaks shown 
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are residual superconductivity at the edges of the Al film. The 

conductance is clearlytemperatnre and magnetic field independent 

to better than .05%. The data were also concentration ihdl?pendent over 

this bias range. The unusual concentration-independent structure 

'mentioned in the Orsay experiments was also observed at Berkeley; 

it was qualitatively the same, but its magnitude varied markedly from 

sample to sample (completely uncorrelated with the Cr concentration). 

Summarizing the two sets of experiments, we have observed that: 

a) the presence of Fe or Cr impurities in Kondo alloys of Cu produces 

no visible structure in the tunneling charaCteristics of Al/oxide/CuX 

diodes over a wide range of concentrations and magnetic fields, and 

at temperatures both above and below the Kondo temperature, T
k

; and b) 

there is some symmetrical structure about the origin, apparently due 

to the eu alone, the nlagnitude of which varies between our laboratories. 

Qualitatively we agree that a careful fit of the background conductance 

toa parabolic shape for 35 mey < I eV I < 70 meV shOvls this structure to 

consist of a symmetric pair of resistance peaks at leVI - 20 meV with 

a. resistance dip below the p,arabolic fit near I eVJ = O. Of course, this 

analysis depends strongly on' how one chooses the background conductance. 

In order to compare the experiments with theory, it is necessary 

to separate the two possible c.ontributions of magnetic impurities to 

the conductance. The usual expression for the tunneling current in 

terms of one-electron Green's functions G
ka 

(c) is 7 

'.', . :~ 
,,' , , 

• 



., 

, 
!,or-' , 

-5- UCHL-19l81~ 

ClO 00 

I (V) 
2 2 " "de 

::: ;e I 1 'llkk' aa' I" f 1r 
kk'aa' __ ~oo 

f dE' --x 
1T _co 

where the primed terms refer to one metal and the unprimed to the other, 

·k and a are the momentu.m and spin of an electron, 1 T 12 is the transition 

matrix element, f (c) is the Fermi function and ImG
ka 

(c) is the many-body 

8 
spectral weight function. Solyom and Zawado ... ,ski have recently shown 

that a spatial variation of impurities in the immediate vicinity 

of the barrier leads to local variations of the self energy and modifies 

the spectral weight function. 9 This local modification is responsible 

for the "zero-bias anomalies" observed in many systems. Therefore the 

absence of such anomalies in our data self-consistently verifies the 

homogenei ty of our films and the validity of the theoretiical model. IO 

For homogeneous alloys, their calculation shows that one regains 

the usual expression for the spectral weight function, 

ImGka(W) ::: (2 ) 

I 

where Eka is the bare particle energy and 2:(~,a,w) :::2:1 + H2 1S the 

self energy contribution. Assuming the quasi-particle approximation to 

11 
be valid, we decompose .2:2 into Coulomb, electron-phonon, and exchange 

contributions, 

M k " th" 1 "t" 1 ~el-ph t -b t t t ,a lng e usua approx:j..ma lons, 6
2 

con rl u es amos 
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-2 . 
-ce~/TF) < 10 to the conductance 'of a. normal junCtion. By comparison, 

Kondo 
neglecting the momentum dependence of L

2
' , it will contribute at most 

a term of order (TK/T~) < 10-3 . To the extent that the quasiparticle 

approximation is valid for' our CuX systems this is consistent with, our 
I 

'experimental results. 

To summarize, there is good agreement between present theoretical 

models and our observiitions of the absence of any concentration-

dependent symmetric structure· when tunneling into homogeneous CUX 

alloy films. The unusual symmetric structure appears to be a property 

of the Cu film, and further investigations are being made. 

:~ .' 
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TABLE I 

Physical parameters of the CuX films used in! the Al/oxide/CuX 

tunneling experiments and the deviation of the tunneling conductance 
". 

from the results on pure Cu. 

Nominal 
CUX thickness ImEurity 

* 
DeviatioE from 

SamEle X (Angstroms) Concentration Pure Cu behavior 
(ppm) 

Orsay Dt 
1 Fe 3,500 70 < 10-3 

Orsay Bt 
4 Fe 3,600 250 < 10-3 

Orsay Ct 
5 

Fe 13,000 800 < 10-3 

Berkeley 8+ Cr 3,500 8 < 2xlO-4 

Berkeley 7+ Cr 16,500 12 < 2xIO-4 

* Derived from film resistivity data. 

t Conductance independent of magnetic fields up to 35,000 Oe at 1 0 K. 

Conductance independent of magnetic fields up to 25,000 Oe at 1 0 K. 

. " 
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FIGURE CAPTIONS 

, 
i , 

Fig. 1. Expanded scale plot of resisti vi ty versus bias voltage for 

Al/oxide/CuFe junctions at 4.2°K for several differentimpuri~y 

concentrations. A5 is the pure Cu sample; the others are described 

in Table I. 

Fig. 2. Expanded scale plot of resistivity versus bias voltage for two 

similar Al/oxide/CuCr junctions (8 ppm Cr) as a function of 

temperature and magnetic field. The small peak at the center is 

due to residual superconductivity at the edges of the Al film. 
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respect to the accuracy, completeness, or usefulness of the informa
tion contained in this report, or that the use of any information, 
apparatus, method, or process disclosed in this report may not in
fringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, or for damages 
resulting from the use of any information, apparatus, method, or 
process disclosed in this report. 

As used in the above, "person acting on behalf of the Commission" 
includes any employee or contractor of the Commission, or employee of 
such contractor, to the extent that such employee or contractor of the 
Commission, or employee of such contractor prepares, disseminates, or pro
vides access to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 
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