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Quantum interference and long-range adsorbate-adsorbate interactions
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Density functional theory and scanning tunneling microscopy are used to resolve the long-range adsorbate
interactions between Co adatoms on(Tli), caused by the quantum interference of surface-state electrons.
Our calculations and experimental results are in very good quantitative agreement. We reveal the effect of the
quantum interference of surface state electrons on adatom motion, leading to the self-assembly of one-
dimensional structures on metal surfaces.
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In condensed-matter physics, a topic of fundamental im+nitio calculations by Bogicevicet al. and Fichthorn and
portance is how electronic states of a system are changed d&eheffler***the indirect interactions on th@11) metal sur-
to an external perturbation. More than 40 years ago, Frieddhces have been calculated. It was demonstrated that such
showed that the screening of impurities in the bulk shouldnteractions can significantly influence surface diffusion and
result in a long-range oscillatory behavior of peripgi2 in ~ the growth morphology. However, only the short-range part
the electronic densityThe surface itself is a perturbation of .Of the indirect |nt_eract|onéup to 13 A _has been determined
the bulk. Lang and Kohn predicted Friedel oscillations fori these calculat_lons. It was not possible to discern the effect
the charge density perpendicular to a surfaGarface im- of the quantum interference of surface-state electrons on the

perfections, such as steps and point defects, should also IeHHTr:atcht!(sm anrrglez.re ort oab initio studies of the long-
to periodic spatial oscillations of charge densifyThese IS paper, we rep INto stud 9

perturbations greatly affect adsorbate structures, dynamicgange adsorbate interactions caused by the quantum mterfer-
and chemistry, ehce of surface-state electrons, and reveal that such interac-

The surface-state electrons on 141 surfaces of noble tions can lead to the self-assembly of the one-dimensional
metals form a two-dimensional2D) nearly-free-electron structures on metal surfaces.

gas. Such states are confined in a narrow layer at the surface. While we concentrate on a particular system, Co adatoms
An electron in such a stateinsalong the surface, much like on Cull1, our results are of general significance because

a 2D plane wave. The quantum interference between thg]ey show that the quantum interference on meta] surfaces
electron wave traveling towards the scattering defect and thgan strongly affect the growth process of the transition-metal

backscattered one leads to standing waves in the electronrﬂ@nostructures. . .
local density of state$LDOS) around the defet.These Our study demonstrates that the density-functional theory

standing waves are the energy-resolved Friedel oscillation .HOWS one to calculate adsorbat(_e Interactions at Iqrge dis-
The scanning tunneling microscof@®TM) images, taken at anges n \I/er)ll good agreetr)nentdwnh thﬁ SZM e.xp(?rlme'nts.l
low bias, directly reflect the oscillations in the LDOS close h ur ca((j:u ,?ht'ons ?trel asett on the ensrl]ty- upctlo?ha
to E¢. The progress in STM made it possible to observe th eory an € multiple-sca ’erlng approach using the
Friedel oscillations in the vicinity of surface imperfections, _ornngfi-Kohn-Ro?Tg%ker Greens_functlon r_nethod for .IOW'
such as step edgésidsorbatesand defect§.By using STM dimensional systems. The basic idea of this metf]od IS a
adsorbate manipulation techniques, it is possible to constru&"eramh'cal scheme for the construction of Green'’s function

atomic-scale structures on metal surfaces and to study artifgaggr?;og}stﬁg %msec;[ﬁl zuU:Egnbyvr\ge?;fotsgcgjﬁzgs ngg'
cially confined quantum systerfs. y q '

two-dimensional perturbation of the bulk. For the construc-

The oscillations of the electron density around the adsor:. ,
ion of the ideal surface, the nuclear charges of several

bates on a metal surface lead to a long-range, OSCiIIator)?honola ers are removed, thus creating two half crystals, be-
Friedel-type adsorbate-adsorbate interacti@nly recently, . » ' > creating y -
dng practically uncoupled. Taking into account the 2D peri-

low-temperature STM studies have allowed to resolve the 2 ° .

long-range adsorbate interactions mediated by surface stat glmty, of the_ ideal surfac_e, we calculate the _structural
up to 80 A% These remarkable experiments have raised> co" > fur.1ct|on by solving a Dyson equation self-
the possibility of a direct study of interactions in 2D systemsconS'Stently'
on the atomic scale. The model of Hyldgaard and Per§son, Gil’ (k E):éjj’ (ki ,E)
establishing a link between the interaction energy and the —LtL'*I LR
scattering properties of the adsorbates, has been used for a

quantitative comparison with the theory. However, this + > Gf_j,_n(ku,E)At{,,(E)G{,,jL,(k\|,E)-
model requires several parameters which depend on the i
properties of adsorbates and surface states. In thedfirst (2)
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Here G is the structural Green’s function of the bulk in a close to the value 5.5 meV obtained using only the single-
kj-layer representationj (j'-layer indice$. The wave vector particle energies. For larger distances, this difference be-
k) belongs to the 2D Brillouin zoné\t! (E) is the perturba- comes smaller than 0.1 meV. The agreement of our results
tion of thet matrix with angular momenturb=(I,m) in the  for large distances with the model of Ref. 1&f. Fig. 2
jth layer. gives us confidence that we have performed very accurate
The adsorbate atoms on the surface destroy the translatiegmergy calculations. In our studies, we apply the “force
symmetry. Therefore, Green’s function of the adsorbate adaheorem™’ and use the self-consistent spin-polarized poten-
tom on the surface has to be calculated in a real-space fofial of the single adatom.
mulation. The structural Green’s function of the ideal surface Adatom relaxation is calculated using the Hellman-
in a real-space representation is then used as the referengeynman theorertf In a fully relaxed geometry, the distance
Green’s function for the calculation of the adatom-surfaceof the Co adatom from the surface is reduced by 14% com-

system from an algebraic Dyson equation pared to the ideal layer distance of Cu. However, we find that
the substrate-mediated interactions at large distances are es-
GEE’,(E):(";EE’,(EH > éEE’,’,(E)AtrL",’,(E)GE’,’,E’,(E), sentially unmodifie(_j by the inclusion of the relaxation.
oL The corresponding experiments were performed using a

(20 UHV-STM with a base temperature of 6 K. The @)
single-crystal surface was prepared by Ar sputtering and an-
. nealing cycles. Co adatoms were deposited from a filament
function matrix andG|'|,(E) is the corresponding matrix for with the substrate held below 20 K. Deposition @f=1
the ideal surface, serving as a reference systetfE) de- x 10" 2 ML, where ML denotes monolayer, resulted in well-
scribes the difference in the scattering properties atrsite Separated monomers on the surface. To obtain the interaction
induced by the existence of the adsorbate atom. A selfénergy, we studied the adatom diffusion in a temperature
consistent one-electron potential for the adatom on the sufiterval of 14-16 K. The diffusing adatoms sample the po-
face is obtained by solving the Kohn-Sham equations, takindential landscape produced by their neighbors therefore an
into account the atomic structure of the substrate. Exchang@datom will be found more likely on a site with a low rather
and correlation effects are included in the local-densitythan with a high interaction potential. Statistically indepen-
approximationt® The full charge density and the full poten- dent snapshots of the diffusive motion were taken by STM,
tial approximation can be used in the calculations. and from them a site-occupation probability as function of
Using Green’s function for the adatoms on the surface, th@datom pair distance was obtained. Using a Boltzmann dis-
charge density and the density of electronic stafeg can tribution for the ratio of the experimental site-occupation
be calculated® probabilities with that of a hypothetical system without an

The total energy of adatoms on a surface is presentéd asadatom interaction yields the interaction energy quantita-
tively without any further assumptions. In this process, care

where GEE/,(E) is the energy-dependent structural Green’s

Etot=Espt Epc. (3)  was taken to exclude many-body interactions and any influ-
. . . ence that the STM tip might have on the diffusion of the
where the single-particle enerdi, is adatomd!
Er Our calculation for the C111) surface gives a surface-
Esp= EFN—ZJ deN(e), (4) state Fermi wavelength==29 A. The scattering of surface-

state electrons by Co adatoms leads to the quantum interfer-

Epc is the double-counting term obtained using the self-ence patterns around the adsorbate. Figure 1 shows the
consistent charge density and the self-consistent potential faalculated LDOS a€E; displaying thex/2~15 A period
the adatom on the surfat®N(E) is the integrated density of oscillations'® The concentric rings surrounding the Co ada-
states per spin direction, amdlis the number of particles.  tom (cf. Fig. 1, inseft are standing waves due to the quantum

For two adsorbates at separatigrthe interaction energy interference. The calculated Friedel oscillations nicely mimic
between them is defined as the total-energy difference behe experimental STM observatioh&**exemplified in Fig.
tween the two states: The final state where the two adatonid@) for the Co/Cy11l) system.
are located at a distanaeand the initial state where both Now we turn to the discussion of our results for the long-
adatoms are infinitely far away. range interactions between Co adatoms oilCi). An ex-

At large adsorbate-adsorbate separation of 10—100 A, themple of a STM image of two Co adatoms at a distance of
interaction energies are only of a few meV. Therefore, ther@bout 60 A from each other is shown in FigaR One can
is the problem of substracting huge total-energy values tsee that the atoms share LDOS oscillations with each other.
obtain the resulting small interaction energies. Hyldgaardrhus, the adsorbates should interact via Friedel oscillations.
and Perssdi have suggested that due to the screening oDur experimental results and calculations for the energy in-
adatoms by the substrate electrons, the interaction energy figraction between Co adatoms are presented in Fiy, 2nd
determined by the single-particle energies alone. Our calcuhey show that the interaction energy is oscillatory with a
lations show that such approximation is well justified for theperiod of about 15 A. Thab initio results are in good quan-
Co-Co distances larger than 6—7 A. For example, for thditative agreement with the experiméftOnly for distances
adatom-adatom distance 6.76 A, the interaction energy cak8 A, deviations are observed where the experiment finds a
culated with the total energies is 6.6 meV, which is verysystematically lowelE(r). Statistical error(in this regime,
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(a) CO/CU(111) favorable imaging conditiongrelatively large area scans

with quickly moving adsorbatgswhich introduce an error in

the determination of the adatom pair distance, could explain
this deviation.

— In the above results, we take into account that the adatoms
i; couple to the 3D bulk bands. It is knofvthat the interaction
energy in the bulk asymptotically falls off as the inverse fifth
a power of the interatomic distance. However, our calculations

and experiments show that the envelope of the magnitude of
the interaction energies asymptotically decays a¥,1in
agreement with the prediction for the interaction caused only
by the surface-states electrons. At the same time, the bulk
states can significantly affect the interaction energies at short
(b) distances. For example, former comparisons between the
R L L R B B experiment®!! and theory? found discrepancies concerning
the strength of the first interaction minimum, which was

overestimated in the theory of Ref. 12. Only by including a
cutoff parameter, the experiméhtand theory could be
brought into agreemenitf. Fig. 2b)].

In contrast, ouab initio calculations are in perfect agree-
ment with the experimental data, and predict a first minimum
of the interaction energy-1.5 meV. We believe that the
drawback of the scattering thedfyto describe correctly the
first interaction minimum is connected with the neglect of
the effect of bulk electronic states on the scattering of the
T T TS surface electrons.

5 10 15 20 25 Despite the fact that the interactions probed in this work
R (A are small, they can affect atomic motion and growth pro-
(A) . . .
cesses. In our experiments, Co chains are often seen in STM

FIG. 2. (a) Constant current STM image of two Co adatoms onimages (cf. Fig. 3.2' To examine how Co adatoms self-
Cu(111), which interact via the standing waves=2 nA, vV  assemble into one-dimensional structures, we calculate the
=—-50mV, T=6 K; (b) experimental and calculated interaction diffusion barriers for the Co adatom in the presence of short
energies between two Co adatoms on(Xld); a fit based on the chains, taking into account the long-range interactions
model of Ref. 12 is presented and the first three theoretical pointsaused by the quantum interference. The barriers for jump
have been rescaled. diffusion in the direction of the chain and parallel to the
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chain are determinet. The first mechanism of the diffusion
should lead to the formation of compact island, while the
second one should promote the incorporation of Co adatoms
at chain ends. The starting point for the diffusion of Co ada-
tom is taken beyond 8 A, where the repulsive interaction
occurs(cf Fig. 2). The trace of the path for Co adatom near
the chain is shown in Fig. 4. We study two configurations of
the chain: The distance between Co atoms in the chain cor-
responds to the first nearest-neighbor distané€ég. 4(a)];

and to the position of the first minima in the long-range
interaction potentia[Fig. 4(b)]. Atomic scale calculations
are performed with the potential shown in Fig. 2 in a fully
relaxed geometry. Our results reveal that the adatom moving
towards the chain is repelled by the repulsive potential cre-
ated by atoms of the chain. For both the configurations of the
chain, Co adatoms tend to move parallel to the chain, as
proved by the calculations of diffusion barriers presented in
Fig. 42! Incorporation of Co adatoms to the chain takes
place only at the end regions of the chain, thus leading to the

FIG. 3. Constant current STM image of metastable one-growth of one-dimensional structures. Note that the above
dimensional structures of Co atoms on(ClLL), formed upon depo-

sition of 0.006 ML at 11 K (=0.1 nAV=50 mV).
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results can be explained qualitatively using Fig)2assum-
ing that pair-interaction energies can be added.
In summary, we have performe initio calculations for

the long-range adsorbate-adsorbate interactions caused by
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the quantum interference of surface-state electrons. Our calhat our work opens up new possibilties for investigations of
culations and experimental results performed by STM are irmany important effects determined by the long-range inter-
very good agreement. We have revealed the effect of longactions on metal surfaces.

range interactions on atomic motion on metal surfaces. We Wwe thank P. H. Dederichs and J. Kirschner for helpful

demonstrated that such interactions lead to the self-assembdiyscussions. This work was supported by the Deutsche For-
of one-dimensional Co structures on (CL1). We believe schungsgemeinschaldFG).
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