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Electron Tunneling into Dilute CuCr and CuFe Alloy Films
' L. Dumoulin and E. Guyon
Service de Physique des Solides, Faculte des Sc1ences-
: 91 Orsay, France®
and
R G. I. Rochlin R
‘Department of Physics, University of California

Lawrence Radiation Laboratory
Berkeley, California, U.S.A. 9k720T

ABSTRACT

Tunnellng experiments on dllute homogeneous magnetlc
-alloys of Cu by means of-Al/oxide/gBCr and Al/Oxide/QEFe,
jﬁhctions havé sﬁown fhat thoré-is no concéhﬁ?ation |
deoendent structure in thé tunnéling déhsity of sﬁotes to
< ld_gﬁof tho background conductance over a widé_range of
 températuré; conoéotration and magnéticvfields, in égreo—
meoﬁ with recent thooretical calculations. Somé conoén—

tration independent structure was observed which appears

- to be due to the éu itself, and is not presently understood.
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In‘a éééréﬁ fég'étrﬁcturé aué té'tﬁe'Kondo efféct in the tunneling
dénsity of étatés; wé havé pérforméd two indépend¢nt sets of'experiments
on dilutévmagnetic allb;s of Cﬁ by’méans of thin film tunnel-junétidns..
of the form Al/oiide/géx; whére X=Cr for thé Berkéléy éxperiments’and
X;Fe for.the Orsay e%périménts: Thé junctioﬁ Characteristics_ﬁerél
sfudied aé a.fuhctién'of témpératufe; impurity cpncéntration, and
magnétic'fiéldj in no case have ﬁé obsérvéd any-éfféc£ aftributable_
to the présence of magnétic impu?itiés iﬁ thé Cﬁ,  : |

: Thévexpériméhts may bé sﬁmmarized briéfly. The temperature
dependénce‘of the résigtivity"of thé Qﬁx films was studied from C.9°K
up. JThé results werevcoﬁsistént with‘temperatufe>dépendenées reportéd
‘for bulk alioyslfe and wére ﬁséd to deférminé the iﬁpurity canéﬁtration.
ﬁow teméerature tunneling méasureménts péfformed on the sameffilmsbby
meéns of Al/oxide/CuX junctions did not éxhibit any concentrétiqn‘
or’magnetiévfield dépénaéﬁﬁ strﬁcture over thé méasured.bias fange Of
lev] < lOO.meV.' The normalizéd différéntiai conductance, G(Vv) was,. .

: to*ﬁhéfprééision of our meaéurements; thé same fof pure Cu as'qu,thg

CuX alloys up to the solubility limit (< 103 ppm) of X. ThiS:CQFtraf
dicts previous experiments3.in which large zero—bias'conductance:peaks

_ wéfe observed.. The junctions'reported héré ali showed e#gellent
quantitative agreement with éalculétionsh based én fhe‘BCS theory at. -
0.9°K where the Al was superconducting and éxhibited no zero biasv;
anomalies;5

| The CuX films were evaporatéd from speciméns of bulk alloy'byf.‘
means of electron—béam bombardment in an'IOn—pumpéd ultra—highvvécuum

system.6' %ilms were generally several microns thick and were deposited
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onto‘a'substfate'boﬁtaining préviousl& oxidized Al_cross striﬁs in a
geoﬁétry'whiéh allowed résistancé.probés to. be éttachéd diréctly
to thelggx film. - Both groups véfifi;d that théir puré Cu alone
- exhibited no resistancé minimgm to S‘IOfu; and that thé opération of the

Ti gétter pumpvihtrdduced no strﬁcturé: Thé proéértiés of the filﬁs
-studied afe given in-Tabie I! Conéistént aéterﬁiﬁations of impurify
concentration wéré madé by cbmparing‘thé témpgraturé depend;nce éf the
.resisti?ity with known data for Eulk alioys..l’2 Thé,impurity concen-
tration was of thél fordér' of 1/2 (X=Fé) to 1/10 (X=Cr) that of the
‘inifial ingot, Whichhappéars to bé aﬁe to fractional distillation during
.the evapoféfion. vHowgvér, only a small portion of the évaporation,

Vas used‘for our data, and oné_of ﬁs (GR) several timeé verified that
three\consecutiVe films produced during a'singlé evapofation had almost
.identiqal resistivity curvés. Thesé facts andvthe resistive behavior
indicaté that the impurities are homqgeneousl& distributed througﬁout

the film.

In thé.0r§§y experiments on QEFe;.thé shape of the conduétance
is.shOWn in Fig. 1. For thevalloys listed in ?ablé i,_no QOnéentration
dependent structure is_obser&ed. vTheré is,‘howevef, a definite.

, symme£rica1, concentration indepéndént structure centered at V=0. " This
structure was found to be quantitafivély the same in all junctions
'studied (evén in Qery pure Cu with < 1 ppm nominalvFe concentration).and
.witﬁ-yery different conditions of evaporation. It wﬁs‘absént‘in
'Al/o;ide/normal Pb junctions préparéd under the samé.conditions;’

In the Berkeley experiments on Qgpr,typica1‘c¢ndu¢tance curves

ﬂfof a given concentration are shown in Fig. 2. The small peaks shown
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aré'fésid;alvsﬁpéréoﬂaﬁctivity_ét thé’édgés of ﬁhé Al.filmﬁ The
conductancé is c;éarl&.témperatnré and magnétié:field,independént '
"~ to better than .05%. Thé.data Qéré alsojconcéntrétion ihdépéndént over
‘this biés rangé."Thé unﬁsﬁal-conc;ntratiOn;indépendentistructure X
"gmentioﬁed in the Orsay éxperiménts was also obser&éd at'Berkéley;
it was,quaiitatively the same; bﬁt its magnitude variéd markediy'from
sample fovsample (cbmplétély uncorrélatéd.with thé Cr concéntration).
| Summarizing.the tvo séfs of éxpériménts, we have observed that:'*
a)vthe présenéebof Fé or Cr‘impuritiés in Kondo élloys,of Cu producés
no:visible structuré in.the tunnéling charaCtéristics of Al/oxide/gﬁx‘
diodes over a widé range of'concéhtrations ahd magneticffield;, énaj
aﬁ-tempe?atures both above ana bélow'the'Kondo teﬁperatufe, Tg; and'b)
‘there is some symmefrical structure about the origin, apparently due .
to the du alone, the magnitudé of which varies between our laboratories.
Qualitatively we agree that a carefui fit of_the background conducfahée
to a parabolic shape for 35 mey‘<]eV]< T0 meV shows this'structure td
.cdnsist ban_symmétric pair of resistance peaks_af ,eVl ~ 20 meV wifh
avresisténce dip below the parabolic fit near leYJ = 0. Of courée, this
analysis depends strongly on:how one chooses the background condﬁctanée.
.In Qrder_to compare the experiment; with theory; it is neéesséry
to separate the two possible contributions of magnetié impurities fé'
the coﬁducténce. The usual e%pression for fhé tupnéling curreﬁt:iﬁ

7

terms of one—eiectron Green's functions de (e) is

-~
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x e (€) TGy, (E)If (£)f (e)]6(e-e-eV), - (1)

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

~k and o are the momentum and spin of an electron,"lTl2 is the transition

matrix eloﬁeht, f(e) is tho Fermi function and Imde(e) is.the many~body
spectral weight function. Solyom and Zawadowski ha;e recentiy shown8‘
that a sgatialrvariation of imporitiés in thé immediate‘vicinity v |
ofbthe bafrier leads to local.Qariations of thé sélf eoergy and modifies
the spectral wéight fuﬁction.g This local modification is responsible
for the "zero-bias anomaliés" obsérved in many systems. Thereforevthe
absence of such anomalies iﬁ our data self—consisﬁently verifies the
homogeneity of our films and the validity of thé theoreoical model.lO
For homogeﬂeous_alloys? their_colculation shows that one regains

the usual‘expfession for the spectral weight function,_

z (k,0,w) o
2 ~ (2)

G, " (w) = : ' ‘
Tk : 2 22
~ [w—ska—zl(g,a,w)] + [Zz(K,a,w)]

~

B - N . g ’ i
where ko is the bare particle energy and Z(k,0,w) =le + iZ2 is the

self energy contribution. Assuming the quasi-particle approximation to

be valid, we decompose 22 into Coulomb, electron-phonon, and exchangell

contributions,

el-ph Kondo o C(3)

. ' coul
LZ(E,u,w)‘é L, + I + I .
Making the usual approx;imations,7 Eel—ph contributes at most.

2
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~t(65/TF) < 107° to the conductance of a rormal junction. By comparison,
| | Kondo '

o 00, it will contribute at most

“neglecting the momentum dependence of Z

a term of order (TK/TF) <1073, To the extént that the quasiparticle

‘apprbiimaﬁion is:valid for: our CuX systéms this is consistent with our
fex@ériméntal reéults. %

To summarizé, thefe‘is géod agreement betWéen present theoretical
models and our observations of the absenée of any concéntrafion—
‘dependent symmetrié structure- when tuﬁneliné into homogenequsbggx.'
alloy films. The'unﬁsual symmetfic structure appears to be a:property

of the Cu‘film, and furﬁher investigatidns are being made.

- s
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structures.

See, for example, SCHRIEFFER, J. R., Tunneling in Solids, E. Burstein

and S. Lundquist, eds., p. 287, Plenum Press, New York (1969).

SOLYOM, J. and ZAWADOWSKI, A., Phys. Kondens. Materie 13‘325 (1968).
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\ somewhat different method.

The zern-bias anomaly formally resembles the Kondo‘problem-iﬁ that

both effects are -due to the ssharpness of the Fermi surface when

scatteriﬁg is computed in the second Born approximation, leading

to anomalously long lifetimes near the Fermi level. This does not
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 imply that they must be simultaneously observable in a given physical

System,_-
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TABLE I

Physical parameters of the CuX films used in' the A1 /oxide/CuX

‘tunneling experiments and the deviation of the tunneling conductance

from the results on: pure Cu.

. Nominal
R o - CuX thickness Impurity % Deviatiorn from
Sample I X (Angstroms) Concentration Pure Cu behavior
| o | | (ppm) |
Orsay DI Fe = 3,500 ‘ 70 < 10“3_
Orsay B, Fe . 3,600 250 <10
S - -3
Orsay 05 Fe 13,000 - 800 <10
Berkeley 8 Cr 3,500 8 < 2X10
. :F . -h
Berkeley T Cr 16,500 12 < 2x10
¥ Deri?ed from film resistivity data.

" +.  Conductance independentvof magnetic fields up to 35,000 Oe at 1°K.

i ‘Conductance -independent of magnetic fields up to 25,000 Oe at 1°K.



Fig. i, Expandéd'scale plot of reSistivitylversus bias voltage for
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Al/oxide/CuFe junctions at b1.2°K forvseveral different impurity

concentrations. A_ is the pure Cu sample; the others are deséribed

>
in Table I.

2. ”Expanded scale plot of resistivity versus bias voltége for two

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

temperature and magnetic field. The small peak ét_the_center is

due to residual superconductivity at the edges of the Al film.

l L U .
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
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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