RAPID COMMUNICATIONS

PHYSICAL REVIEW B VOLUME 60, NUMBER 12 15 SEPTEMBER 1999-II

Disappearance of the Kondo resonance for atomically fabricated cobalt dimers
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We have used scanning tunneling spectroscopy and atomic manipulation to study the interaction between a
single pair of magnetic atoms at the surface of a nonmagnetic metal. The local electronic structure of cobalt
adatoms on A(lL11) was measured for different cobalt-cobalt interatomic spacings=a6 K. Atrtificially
fabricated cobalt dimers are found to show an abrupt disappearance of the Kondo resonance for cobalt-cobalt
separations less than 6 A. This behavior is explained as the result of reduced exchange coupling between gold
conduction electrons and ferromagnetic cobalt dimg$6163-182609)50436-(

The magnetic properties of microscopic structures arédu(11l) surface was then cooled 6 K and dosed in UHV
largely determined by interatomic interactiorfsThese in-  with a calibrated cobalt evaporatétypical coverages were
teractions include short-range bonding and exchang®.003 monolayer dl/dV spectra were measured through
mechanism$,as well as longer-range indirect couplih&f-  lockin detection of the ac tunnel current driven by a 450
fects of such interactions have been seen in ensembles bfz,1 mV (rms) signal added to the junction bias.
magnetic atont®® and molecule$,and isolated mesoscopic  The interaction between a single pair of cobalt atoms was
clusters®® but little has been done to directly probe interac-studied by first performing local spectroscopic measurements
tions in magnetic structures at the atomic scale. One way afn two well-separated cobalt atoms. The atoms were then
obtaining this kind of information is through the Kondo moved closer together in increments, with both atoms under-
effect!® The Kondo effect occurs when a magnetic impurity going spectroscopic survey at each separation. The central
in a metal couples to surrounding conduction electrons. Aexperimental result of this paper is that the Kondo resonance
temperatures below a characteristic Kondo temperaturéor cobalt surface impurities does not depend on the distance
(Tx), this coupling causes conduction electrons to form aetween cobalt atomtil the atoms are brought together to
highly correlated ground state that screens the magnetic man interatomic distance less than 6 A. Once two cobalt atoms
ment of the impurity and leads to a narrow Kondo resonancare in this “dimer” configuration, the Kondo resonance
at the Fermi energyHg).° Interactions between magnetic abruptly disappears for both atoms.
atoms are expected to change the behavior of a Kondo sys- Figure 1 shows an STM image of the process of position-
tem. Indirect exchange coupling between a single pair ofng two cobalt atoms at varying interatomic distances of 15,
Kondo impurities has been predicted to modulate the Kond®, and approximately 4 A. The cobalt atoms were slid along
effect and even lead to novel non-Fermi liquid beha¥fd?  the Au111) surface using the tip of an STM as described in
Direct coupling between magnetic impurities is predicted toRef. 18. The current/voltage parameters used for sliding co-
result in a variety of magnetic ground states that shouldalt atoms on A(L11) were typically 50 nA/10 mV. The
strongly affect Kondo behavior for small clustér$ ®Re-  smallest interatomic separation at which individual atoms
cent scanning tunneling microscop®TM) observations of could be resolved was 6 A. At closer separations the cobalt-
the Kondo effect for single magnetic atotfi¥’ raise the pos-  cobalt interatomic distance is difficult to determine, since the
sibility of directly studying such interaction effects at the STM topograph shows only a single, merged dimer. Figure 2
atomic lengthscale. shows a topographic image of a cobalt dimer with a cobalt

Here we report an experimental study of the interactiormonomer in close proximity. A rough estimate of the sepa-
between two individual magnetic atoms at thé 1) face of a  ration between the atoms in the dimer can be made by fitting
clean gold crystal. A cryogenic STM was used to performa Gaussian curve to the monomer profile and then fitting a
local spectroscopic measurements on two cobalt atoms heklim of two such curves to the dimer profile. The distance
at different interatomic separation distances. The distance béetween Gaussians which yields the best fit is then taken as
tween the two atoms was varied by moving the atoms dithe interatomic spacing. Using this criterion, we estimate that
rectly with the tip of the STM. We find that the spectrum of the distance between atoms in the dimer shown in Fig. 2 is
low-energy magnetic excitations observed for an isolated co4.3 A+0.5 A.
balt atom(the Kondo resonant® disappears when two co- Local spectroscopic measurements were performed by
balt atoms are brought together into a dimer configurationholding the tip of the STM stationary over different sites on
This behavior is best explained as the result of reduced couhe surface and measuring the bias dependence of the tunnel
pling between the magnetic moment of a ferromagnetic cojunction differential conductivity d1/dV). This quantity
balt dimer and surrounding conduction electrons. yields a measure of the energy dependence of the electronic

Our measurements were performed using a homebuilbcal density of states at the spot just beneath the STM
STM contained in ultra-high-vacuuftyHV) and cooled to 6  tip.1®!” The top curve in Fig. 3 shows th#/dV spectrum
K. The single-crystal A(L11) substrate was cleaned in UHV measured while holding the tip stationary over a bare patch
by repeated cycles of Ar-ion sputtering and annealing. Thef the Au111) surface. This spectrum is relatively feature-
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FIG. 2. Constant current STM topograph of a fabricated cobalt
dimer (upper lef} positioned near a single cobalt atom. Height gra-
dient is 0.1 A per contour. Imaging parametdrs:5x 10 ° A, V
=0.1V.

The disappearance of the Kondo resonance is a signature
of the interaction between two cobalt atoms at the gold sur-
face. In order to understand this interaction, we must address
the different possible interaction mechanisms. The three
most likely mechanisms are as follow4) quenching of the

FIG. 1. Process of building a cobalt dimer from two individual dimer magnetic moment?) antiferromagnetic coupling be-
cobalt atoms on the surface of M111) (constant current STM im- tween the cobalt atom$3) reduction of the exchange cou-
aging parameters=5x10"° A, V=0.1 V. (a) The atoms initially ~ pling between the dimer magnetic moment and surrounding
are 15 A apartcenter-to-centgr (b) The atoms after being reposi- conduction electrons. Here we discuss these mechanisms and
tioned with the STM tip to a separation of only 9 f&) The atoms  argue why we believe that the third mechanism is the one
after being positioned into the final dimer configurati@pproxi-  that accurately describes the behavior of a cobalt dimer on
mate separation is 4)A Au(111).

less as the energy is swept through (V=0). The second I I I ' I
curve in Fig. 3 shows thdl/dV spectrum measured while
holding the STM tip stationary over the center of an isolated __1-2| ]
cobalt atom on the gold surface. Here a narrow, asymmetric: | MW |
resonance can be seen nEar. This is the Kondo resonance Bare Au
for a single cobalt atonf (This feature has also been inter-
preted as a “bare’tl resonancé? but we believe the width is

too narrow for this to be the cas®. The width of the reso-

nance yieldsTx=70 K, and the energy asymmetry is ex-

plained by the fact that the Kondo resonance is expressed vi& ™ Co Dimer|
a Fano line shap®:'’ Spectra measured on different cobalt © | M ]
atoms did not deviate significantly from this curve for inter-
cobalt separations ranging from hundreds of A downto 6 A. 0.0} .
At separations less t.han 6 A, however, _cobalt atoms merge 010  -005 000 0.05 0.10 0.15
into a dimer and their electronic properties change dramati-

cally. The third curve in Fig. 3 shows thel/dV spectrum

measured with the STM tip held stationary over an atomi- i 3. d1/dV spectra obtained with the STM tip held over a
cally fabricated cobalt dimer. The Kondo resonance has dissingle cobalt atom, an atomically fabricated cobalt dimer, and the
appeared. This abrupt disappearance of the Kondo resonanggan gold surfacécurves have been shifted verticallhe Kondo
was seen consistently in spectra obtained from cobalt dimefigsonance can be seen for the individual cobalt atom, but is no
using different STM tips (different tips were obtained |onger present for the cobalt dimeti/dv=5x10"8 Q" for all
through field emission and controlled collision with the sur-three spectra af=0.100 V (the amplitude of the Kondo resonance
face. reflects a 26% change uhl/dV for the single-atom spectrum

| Spectroscopy of Co Atom vs. Co Dimer on Au(111)]
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Magnetic moments tend to form only when the electronicpurities with an added interatomic electronic hopping tétm.
structure of an object satisfies the Stoner criterjoftc) U The AA model implies that ifeg lies midway between the
>1 [wherep(Eg) is the density of states & andU is the  spin-splitd resonances of a single impurity, then AF cou-
electronic correlation energf® It is conceivable that a pling is favored for a pair of atoms. E lies close to the
single impurity atom might satisfy the Stoner criterion while minority d resonance, on the other hand, the tendency is
a dimer does ndt! thereby resulting in a quenched magnetictoward ferromagneti¢FM) coupling. Since cobalt adatoms
moment/atom for a dimer and no dimer Kondo effect. Weakare expected to have alevel filling on the order of 8
localization measurements, however, imply that neighboringlectrons:>!° Ex must intersect the minority spin manifold.
cobalt atoms at the surface of gold are magnetic. This i$M coupling is thus the most likely ground state for a cobalt
supported by local-spin-densit§t SD) functional calcula- dimer. This conclusion is supported by the fact that LSD
tions for cobalt dimers at the surfaces of (000),® calculations for free cobalt dimefobalt dimers in the bulk
Ag(100,** and Au100),?? all of which predict a robust co- of Ag,?® and cobalt dimers at the surfaces of (290 (Ref.
balt moment of almost 2g/atom. Quenching of the mag- 14) and AU100 (Ref. 22 all yield a FM dimer ground state.
netic moment is therefore not a likely cause for the disap\Weak localization measurements, as well, imply that neigh-
pearance of the Kondo resonance in cobalt dimers. boring cobalt atoms on gold couple ferromagneticlDi-

The next possibility is antiferromagnetié&F) coupling.  rect AF coupling is thus an unlikely explanation for the dis-
Strong AF coupling between the cobalt atoms of a dimerppearance of the Kondo resonance in cobalt dimers.
should yield a net singlet ground stdtee total dimer spin The most likely reason for the Kondo resonance disap-
then being equal to)Qthus “turning off” the Kondo effect pearance is a reduction in the exchange coupling between
and removing the Kondo resonarfceAF coupling can arise  gold conduction electrons and cobalt impurities in the dimer
from either direct or indirect coupling mechanisms. We firstconfiguration. As seen in E¢R), the Kondo temperature of a
consider the possibility of indirect AF coupling. The Kondo magnetic scatterer depends exponentially on the coupling,
effect is predicted to quench when indirect couplidso  This makes it possible for only a small reductionlito drop
known as Rudman-Kittel (-Kasuya-Yoshida (RKKY) Ty below the experimental temperature of 6 K, thus causing
couplind'] is much stronger than the Kondo binding energy,the Kondo resonance to disappear for a dimer. To see that
kT« . These energies can be estimated. The RKKY couthis is a plausible scenario, one can consider the Schrieffer-
pling energy between two magnetic impurities separated by #/olff expression forJ:*°
distancer in the bulk of a metal can be written‘as

3 (Iv)? [Sin(2Ker) —2Ker cog 2Ker)] V2

Urkky (N =5 NKg 4 ' ~
8 E|: (ZkFr) (1) J~ (Sd_EF)(8d+U_EF). (3)

Heren is electron densitykg is the Fermi wave vectow, is

the volume of a unit cell, and is the “s-d” exchange con- . ) ) o

stant which represents the coupling strength between coi€T€¢q IS the bared-orbital energy and/ is the hybridiza-

duction electrons and the magnetic moment of a cobalt atontlON Matrix element coupling conduction electrons to the im-

Assuming cobalt atoms to have a net spin,'>°the Kondo purity d orblltall. 'ThIS 'perturbatlonal expression is derived

binding energy can be written as only for a spins impurity, but we expect the physical trends

to be true under more general circumstarféesis seen to
decrease when eithé&f or U is reduced, and also when the
spin-splitd resonances shift away from the Fermi enerdy.

) 2 and U are not expected to change strongly upon dimer for-
mation, but the AA model implies that the minorityreso-
nance splits away fror&g for a FM dimer®*?® Such a shift

within the Cogblin-Schrieffer mod# (hereD is the band-  of d orbital states away fror&g should lead to a reduction in

width of gold andpg is the local density of states &). J and, hence, a reduction @ for cobalt dimergthus driv-

UsingTx=70 K, Eg.(2) yields a value ofl=—0.1 eV. This  ing down the dimer Kondo resonanc&his interpretation is

can then be used in E@l) to obtain an antiferromagnetic also consistent with magnetic susceptibility results for

maximum of|Ugkky|=0.2 mV for a separation of/kz be-  Au-Co alloys that suggest a large reductiorTipn for cobalt
tween cobalt atoms. We are thus in the lini gxwy| dimers versus cobalt monomers in the bulk of gdld.

<kTk, making RKKY coupling an unlikely cause for the  The interaction between cobalt atoms is thus seen to be

disappearance of the Kondo resonance in cobalt dimers. Thiriven by the direct overlap ofBorbitals between adjacent

three-dimensional calculation is not strictly valid for cobalt atoms(such behavior is expected to be reduced in rare-earth
atoms at a surface, but we take it as a rough bound on thienpurities since 4 orbitals are more tightly bound Our
magnitude ofUgkky (surface-state contributions lead to an analysis has relied on simple, intuitive ideas based on spin-
incorrect AF coupling distance, and so are not considered 3 behavior to understand the disappearance of the Kondo
Direct AF interaction between impurities must be consid-resonance for dimers. For a more accurate description of
ered as a possibility when the impurities are in close proxinteracting cobalt impurities, one should take into account
imity (i.e., close to nearest-neighbor spagingThe the multi-channel nature of this Kondo systérfdue to the

Alexander-AndersorfAA) model addresses this regime by fact that each cobalt atom has more than one electron in the

treating a pair of magnetic atoms as idealized Anderson iméd orbital). The ideas presented here may be further tested by

~ 13
kTc~D|3pgdv| eXF<3p0JV
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