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Observation of spectral evolution during the formation of a Ni2 Kondo molecule
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We have used atomic manipulation and scanning tunneling spectroscopy to study the evolution in electronic
properties that occurs as two Ni atoms are merged into a single magnetic molecule on Au~111!. We observe
energetic shifting of moleculard-orbitals and a strong decrease in the molecular Kondo temperature as Ni-Ni
separation is reduced to 3.460.3 Å. These results are qualitatively explained by a combination of a spin-1

2 s-d
model and density-functional calculations.
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Condensed-matter behavior is fundamentally determi
by the evolution in electronic properties that occurs as ato
are brought together into a solid. In magnetic nanostructu
this often leads to an interplay between extendeds-like states
and more localizedd orbitals. As atoms merge, subt
changes in orbital overlap and symmetry cause charg
shift from one atomic state to another, leading to a variat
in local magnetic moments and exchange interactions.1,2 Al-
though such microscopic properties are usually inferred fr
macroscopic observations, recent advances in scanning
neling microscopy~STM! have opened the possibility o
probing local interactions in magnetic structures assemb
atom by atom at surfaces.3–5

At a surface, however, atomic scale magnetic structu
can interact with the electronic degrees of freedom of
substrate, leading to the Kondo effect.4,6–9The Kondo effect
causes a singlet to form as the collective ground state
local magnetic moment and conduction electrons at
temperature.10 When magnetic atoms are combined on a s
face Kondo singlet formation competes with interatom
magnetic interactions to determine the magnetic gro
state. This competition has been studied theoretically fo
single pair of interacting Kondo impurities,11–15 and a range
of behavior has been predicted that includes two-st
screening transitions12,13 and a non-Fermi-liquid regime.15

These studies have relevance for correlated materials be
ior, but there have been few attempts to directly observe
effects of pairwise interactions between a single pair
Kondo impurities.3 As device sizes approach the nanome
length scale, however, understanding such interactions
discrete systems becomes ever more important.

Here we report a STM study of the evolution in electron
properties of two Ni atoms as they are pushed together o
Au~111! surface via atomic manipulation. Using local spe
troscopy we have directly observed a level shifting of N2
moleculard orbitals for different Ni-Ni separations down t
3.460.3 Å. In addition to ‘‘bare’’ electronic states, howeve
we have also measured the evolution of the many-b
Kondo resonance as two Ni atoms form an interact
‘‘Kondo molecule.’’ This work is unique because of the co
tinuous evolution observed in molecular electronic states
function of interatom separation. In order to gain insight in
the electronic changes observed in Ni-Ni Kondo molecu
we have calculated the theoretical electronic structure of2
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for different interatomic separations using density-functio
theory. We find that dimerization causes the Ni 4s orbitals to
strongly hybridize with each other, leading to a local cha
redistribution that explains the experimentally observ
d-level shifting. Ni2 Kondo behavior can be qualitatively un
derstood through the behavior of the highest occupied m
lecular orbital and the amount ofd-level hybridization be-
tween Ni atoms.

The experiments were performed using a homebuilt S
contained in ultrahigh vacuum~UHV! and cooled to 7 K.
The single-crystal Au~111! substrate was cleaned in UHV b
repeated cycles of Ar-ion sputtering and annealing. T
Au~111! surface was then cooled to 7 K and dosed in UHV
using a Nie-beam evaporation source.dI/dV spectra were
measured using a lock-in detection of the ac tunnel curr
driven by a 450-Hz, 1-mV~rms! signal added to the junction
bias under open feedback conditions. Atomic manipulat
of Ni atoms was carried out using the ‘‘sliding’’ procedu
with the tip of the scanning tunneling microscopy.16

Figure 1~A! shows the process of fabricating a Ni dimer
the surface of gold in three successive steps. From our s
ies of ;20 dimers we have identified four important stag
in the formation of Ni2 on Au~111!. These are seen in Fig
1~B!, where all images shown were acquired with the sa
STM tip for meaningful comparison. The first stage, mon
mers, are defined as single Ni atoms at least 12 Å from
neighbors~center-to-center!. The second stage occurs whe
Ni atoms begin to noticeably overlap at a separation of ab
7 Å. Here the two atoms are still distinct, but hybridizatio
effects are visible. The third and fourth stages occur wh
two Ni atoms have fully merged into a dimer structure a
individual atoms are no longer distinct. An estimate of t
distance between atoms is obtained by fitting the mono
with a Gaussian profile and then fitting the different dim
stages with a sum of two such Gaussians. This proced
yields an interatom separation of 6.960.2 Å for stage No. 2
dimers, a separation of 4.060.3 Å for stage No. 3 dimers
and a separation of 3.460.3 Å for stage No. 4 dimers. Thes
distances match closely to expected distances between t
fold hollows on the Au~111! surface, as seen in the inset
Fig. 1~B!.

In order to study the evolution of Ni2 electronic structure
as a function of interatomic separation, STM spectrosco
was performed on Ni atoms during all four stages of dim
©2002 The American Physical Society11-1
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formation. As seen in Fig. 2, Ni monomers display a doub
peaked resonance with most spectral weight located be
EF . These two peaks~labeledA andB! exhibit an evolution
in behavior as two Ni atoms are merged into a Kondo m
ecule. PeakA shifts upward towardEF and remains essen
tially constant in width as the Ni-Ni separation is reduc
down to 4 Å. At the closest separation of 3.4 Å, however,
width of peak A dramatically narrows. At this separatio
peakA is observed to be spatially localized near the ou
regions of the dimer at a radius of 561 Å, and to have a
zero amplitude near the dimer center. PeakB, on the other
hand, shifts downward in energy as the Ni atoms are brou
to within 4 Å of each other. This is perhaps best seen in
inset to Fig. 2, which shows the spectrum out to6200 mV
for a Ni-Ni separation of 4 Å. At the closest approach of 3
Å, however, peakB disappears and cannot be observ
within a range of6300 mV fromEF . The observed spectr
were each fitted by a sum of two Fano resonances17 in order
to quantitatively determine the dependence of peak wid
and energies on Ni-Ni separation. These values are plotte
Fig. 3.

A central question for understanding the behavior of
Ni2 Kondo molecule is the physical origin of resonancesA
andB, and the mechanism by which they evolve as the Ni
distance is decreased. One possible origin for the obse
resonances is the 4s atomic orbital of Ni. This will hybridize
with substrate conduction levels to create a resonance
the bares-state energy.18 s resonances are expected to ha

FIG. 1. ~A! Process of fabricating a Ni dimer from two N
monomers on Au~111! using atomic manipulation.~B! 30330 Å2

topographs showing the four most important stages of Ni dim
formation on Au~111! (I 50.531029,V5100 mV,T57 K).
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widths .500 meV,18 however, much too wide to explain
resonancesA and B. Another possibility is that the reso
nances arise from the 3d states of Ni. Such states are e
pected to have widths in the 100-meV range,19,20and so pro-
vide a good explanation for resonanceB which has an
experimentally observed width of;50 meV. ResonanceA,
on the other hand, has a width of only 7 meV at the clos
Ni-Ni separation. This is much too narrow to be explained
a ‘‘bare’’ d resonance, and so we identify it with a thir
possibility: the Kondo resonance.

r

FIG. 2. dI/dV spectra taken with a STM tip held over Ni atom
for different Ni-Ni interatomic separations on Au~111!. Spectra for
stages Nos. 2, 3, and 4 have been shifted vertically by21.5, 23,
and24.131028 S, respectively (T57 K).

FIG. 3. Evolution in energy and width of experimentally o
served resonancesA andB as a function of Ni-Ni separation. Value
were determined by fitting two Fano line shapes to each spectr
1-2
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The Kondo resonance arises due to the formation o
highly correlated spin-screening cloud from conduction-ba
electrons surrounding a magnetic impurity.10 This screening
cloud leads to a resonance in the density of states tha
located atEF and has a width 2kBTK for T!TK (TK is the
Kondo temperature!.10 The half-width of resonanceA thus
reveals thatTK for Ni2 remains nearly constant at 10
620 K for Ni-Ni separations>4 Å, but drops sharply to
4265 K at the closest separation of 3.4 Å. For a single sp
1
2 s-d model, such a Kondo behavior is regulated by t
d-orbital magnetic moment through the exchange constanJ,
which couples thed orbital to conduction electrons:10

rJ'
1

2p

GU

~Ed2EF!~Ed1U2EF!
,

~1!
kBTK5Du2rJu1/2e21/2rJ.

HereD is the bandwidth of the substrate,r is the local den-
sity of states,G is the width of thed-orbital resonance,Ed is
its energy location, andU is the Coulomb repulsion betwee
two electrons in ad orbital. In a Kondo molecule, howeve
Kondo behavior will be modified by interatomic interactio
and the existence of a multiplicity of moleculard orbitals.

In order to gain greater insight into the effect these m
lecular interactions might have on the Ni2 Kondo system, we
used the local spin density approximation21 ~LSDA! to cal-
culate the electronic structure of a Ni2 molecule at different
interatomic separations. These calculations do not incl
many-body correlations due to the Kondo effect, but we
lieve they provide a useful starting point for gaining a qua
tative understanding of thes- and d-state hybridization and
level splitting that occur during Ni2 molecule formation.19

For example, this allows us to check some parameters u
in simplified models, such as the location ofd orbitals, the
strength of the impurity potential, and the magnetization
the molecule. The calculations employed a Ni pseudopo
tial in a plane-wave basis and were done in a supercell
Fig. 4~A! we plot the calculated total charge density aroun
free Ni2 molecule for three interatomic separations mean
model the experimental dimer formation. At the largest se
ration of 8.5 Å, we observe essentially no hybridization b
tween either the 4s or 3d orbitals, and the atomic Ni groun
state 3d9 4s1 is obtained. At a separation of 6 Å, howeve
the 4s orbitals overlap and charge redistribution occu
leading to molecular orbital formation for the 4s orbitals and
to 4s and 3d energy-level splittings. These effects becom
even more significant as the interatomic separation is
creased. Thed-orbital density, however, remains atomiclik
for separations down to 4 Å, and there is only negligib
interatomicd-d hybridization for separations>4 Å.

The most importantd levels for Kondo behavior are thos
near EF , as these are most strongly exchange coupled
conduction states@Eq. ~1!#. For Ni-Ni separations>4 Å we
identify two Ni2 molecular orbitals from our calculations th
lie closest toEF . These states derive from odd (su) and
even (sg) combinations of the minority spin 3d3z22r 2 orbit-
als from the two Ni atoms~z is parallel to the line joining
them!, and their energy trajectories are shown in Fig. 4~B!.
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For an isolated Ni dimer,su is unoccupied. To understan
the influence of the surface we constructed a large supe
containing a Ni dimer and 100 Au atoms in four layers. W
then used the lowest combination of atomic orbitals meth
to compute the ground-state properties of the stage No
dimer configuration. The presence of a Au surface caus
reduction of magnetization and a charge transfer of;0.25
electrons into the Ni dimer. As a result of the charge trans
the su state should be pinned atEF within a one-electron
theory. The Ni2 sg state is seen to disperse downward re
tive to the energy position ofsu as the atoms are brough
together. This decrease in energy is comparable in orde
magnitude to what is observed experimentally for resona
B, and so we identify resonanceB as originating from asg
molecular orbital. Thesu level, on the other hand, is ex
pected to remain close toEF for Ni-Ni separations>4 Å,
and so we believe this state has the strongest influe
on TK .

For Ni-Ni separations less than 4 Å, our calculations sh
a dramatic change in the electronic structure of Ni2 . The d
levels begin to overlap strongly in this regime, and there
significant interatomic mixing, energy-level splitting, and r
ordering. Thesu andsg states, for example, shift down fa
from EF . At a Ni-Ni separation of 2 Å we find that the
highest occupied molecular orbital is an even superposi
of 4s orbitals ~a bonding state!, and the closestd level ~p
state! lies 70 meV below this. These shifts in thed-level
position provide a possible explanation for the sudden d
in TK that is experimentally observed for Ni-Ni separatio
of 3.4 Å. In analogy to the single impurity model of Eq.~1!,

FIG. 4. ~A! Calculated total electronic density for a free N2

molecule having different Ni-Ni separations~the density shown oc-
curs 1 Å above dimer plane!. ~B! Calculated energetic locations o
two moleculard orbitals closest toEF for different Ni-Ni separa-
tions.
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we expectTK to drop asd levels move away fromEF .
Alternatively, the observed drop inTK might also be ex-
plained by a sharp increase in magnetic exchange coup
between Ni atoms as theird orbitals begin to strongly over
lap at close distances. Such a coupling has been predict
reduceTK in multiple impurity systems,11,12and is consisten
with predictions of interatomic ferromagnetic exchange
ergies as high as 390 meV in free Ni2 molecules.22 Although
we expect weaker magnetic coupling in the more exten
Kondo molecule, a ferromagnetic interaction of orderTK
~only ;9 meV! should be sufficient to perturb the Kond
behavior.11–13

In conclusion, we have measured the evolution of m
lecular orbitals and Kondo behavior as two Ni atoms
merged into a Kondo molecule at the surface of gold. In

*Present address: Condensed Matter Physics, Caltech 11
Pasadena, California 91125.
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