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Abstract. We have used an ultra-high vacuum variableresolution. The use of a flat sample and an STM has many ad-
temperature scanning tunnelling microscope to study theantages compared to FIM: larger areas can be imaged, it is
Cu(111) surface at temperatures fro@® K to 300 K. After  easy to obtain clear images of atoms, cluster formations, step
the sample is heated &00 K, adatoms enriched at the sur- edges and dislocations. This makes it possible to investigate
face. Around these adatoms ring-formed standing-wave feanteractions between adatoms and all these features. The main
tures can be seen in the local density of states (LDOS). Whedrawback of using an STM is that the system studied has to be
more than one of the adatoms were imaged it became egelected so the adatoms do not move laterally when imaged,
ident that the adatoms preferred lateral distances in whictihis means that they have to stick quite well to the surface.
they shared LDOS standing-wave maximas. This means that

adatoms were positioned at multiples of half the Fermi wave-

length (L5A) from each other. We ascribe the interaction thatl Experimental details

gave these results to the surface state electrons which form the

LDOS standing waves. Furthermore the interaction was longFhe apparatus used in this study is a variable temperature
ranged (at least in the order®DA), oscillatory with the pair  scanning tunnelling microscope, equipped with sputtering
distance, and present at high temperatures since the adatoguns and a LEED system (Omicron Vakuumphysik GmbH).
stick to the surface above room temperature. The system permits STM imaging fros® K to 300 Kat pres-
sures belowl0~®mbar. Tips are electrochemically etched
from tungsten wire, and then prepared Ay ion sputter-

ing (4kV) and annealing [8], and checked with field emis-
Interactions of adatoms at a surface are important as thegion [9]. TheCucrystal was electropolished [10] before it was
take part in many processes such as diffusion, cluster forma&tamped with copper plates to the sample holder and inserted
tion, and film growth. The interaction between the adatoménto the experimental chamber. The sample was then finally
can, at close distances, be of different types of direct forcegrepared by repeatet ion bombardmenti(kV, 2 pA) and

an overlap between the atoms, which gives an essentialgnnealing. The adsorbed atoms we studied originate from the
chemical bond, a van der Waals attraction, or a dipole—dipolbulk of the Cu(111) and emerged at the surface when the
interaction if the atom—substrate bond is polar. This articlessample was annealed at temperatures al@9@K. In the

will, however, be concerned with adatoms at longer distancesxperiments reported here the sample, after sputtering, was
where the interaction between adatoms has to be indirecinnealed t®00 K for about10 min, and then allowed to cool
mediated by the substrate electrons. These long-range idewn to or below300 K. This gave an adatom density of the
teractions at surfaces have been studied since 1967 whender of 0.001 relative to the density@tiatoms in the upper-
Grimley investigated the force between two adatoms medimost substrate layer. The density estimate was obtained from
ated by the electrons of the conduction band; these electroi®IM images recorded after the crystal had read@@K or

are shared by the adatoms [1]. Grimley found the interactiotower temperatures.

to be both oscillatory and long range. His results where later All images presented here are acquired with a low bias
refined [2—5] and confirmed by field ion microscopy (FIM) voltage in the constant current mode, in which the tip height
experiments, where adatom pairs were imaged at a FIN& varied to keep the tunnelling current constant while the
tip [6, 7]. A FIM suffers from the drawback of using single- tip is scanned laterally. When STM images are acquired in
crystal tips instead of flat single-crystal surfaces. Howeverthis manner one probes the local density of states (LDOS)
the same interactions can be investigated by a scanning tuaf the electrons on a flat surface [11]. Characteristic of the
nelling microscope (STM), which is known for its high lateral (111) surface of a noble metal is the existence of an elec-
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tronic surface band found in the bulk band gap responsibl’ j§
for the necks of the Fermi surface [12]. The surface band h
its minimum0.4 eV below the Fermi level at the centre of the |
surface Brillouin zone, and a dispersion corresponding to a
effective band mass &4 me.. This means that the band is oc- '*

cupied by only 0.04 electrons per surface atom, and that tHg [ #
Fermi wavelength is large compared to the interatomic disg:. |
tance BOA). In all images shown below lateral oscillations §:&
can be seen, which are standing waves formed by the s ';;_
face state when it scatters against adatoms or steps. This [ ##;
been studied by Crommie et al. and Avouris et al. [13, 14}&i%;
who found the wavelength of these oscillations to be half thgy
Fermi wavelength if the surface state was imaged at the Ferrisi:
level. Crommie et al. studied Cu(111) with a wavelength of H '
the LDOS oscillations o15A [13]. o)

gl

2 Results Fig.2. A typ|cal image used to measure interatomic dlstances show-
ing many adsorbed atoms interacting £ 0.02V to tip, | = 0.486 nA

A striking feature in images acquired betweBBK and T =145K image size400A x 600A)
300 K with several adatoms present, is the correlation be-
tween the interatomic distances and the wavelength of the
standing-wave patterns observed close to zero bias. Plots
the distribution of interatomic distances of nearest neighbou

images like the one shown in Fig. 2. If all distance measureg
ments are included we find the distribution of distances a
shown in Fig. 1a. One can distinguish several peaks in the di
tribution: three main peaks &1 A, 36A, and 65A, which
correspond to the cases in which the two adatoms actual
share LDOS maxima, and two small peak§28 and70A.
As it is a very complex task to analyse this structure of dif
ferent cluster-like combinations we choose to concentrate @
the pair interactions, which have been studied before wit
FIM [6, 7]. To investigate pair interactions we selected pairs
of atoms that were not in closed cluster formations, i.e. thg
adatoms that only had the other adatom forming the pair &
next neighbour in that direction. In total, 41 such distancey
were measured between 58 different adatoms from a total 0
18 images to obtain Fig. 1b. This distance distribution show'd: 3- A close-up of two adatoms at a distance of abedi from each

other note that the atoms seem to share local density of states oscillations

peaks aR1+3A, 36+ 4A, and at66+ 7 A (see Fig. 1b). In i "aach other — 0.02V to tip, | = 0.131nA T — 165 K)
images like Fig. 2 these distances can be clearly seen from the
number of LDOS wavelengths d6 A that are dividing the

two adatoms of the more isolated pairs. The first peak theaomes from when the inner rings are touching each other,

since the inner LDOS oscillations rings have a radius®A,
the resulting distance between the adaton20i8. The sec-

Count

(b)
Distance between adatoms (A)

Fig. 1. aA histogram that shows the distribution of different interatomic dis-

tances for adatoms. The distances were obtained by using images acquire

temperatures ranging froB85 K to 300 K. b Data from histograna has been

selected so that only pair interactions are accounted for

ond peak aB6A then corresponds to the case when the two
adatoms are separated by one LDOS oscillation, whereas the
third peak aB6 A corresponds to a separation of three LDOS
oscillations, which is the case shown in Fig. 3. For the dis-
tance measurements, the period of the standing-wave pattern
is used to obtain a common length scale for images that are
distorted by drift. This correction is typically in the order of
20%. It is also noticeable that the low electron density close
to the adatoms in all pictures suggests that the adatoms are
electronegative in nature [14].

3 Discussion

dﬁ%e Cu(111) surface has a lattice constant®61A, which

is much smaller than the periodic distancel6fA measured
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above, this means that it is very unlikely that the surface latmultiplied with 0.4 in our case to take into account the ef-
tice mediates the interaction that give the distributions abovdective band mas0(4 me) of the surface-state electrons. In
The surface lattice does, however, play an important part ithe theoretical investigation performed by Le Bosse et al. [3]
the imaging process as the adatoms snap to the lattice grad monovalent adatoms at a metal surface, another oscillating
at the temperatures at which we have investigated the syterm occurs so that the interaction energy takes the form:
tem. We have not been able to detect any reconstruction of

the surface (Fig. 4) when atoms and oscillations are image'g coS2keR+ ¢) cogkeR+ @)
at the same time. This and the periodical spacing of the pair= Eint = C1 R3 +Co R2
interacting atoms, which is connected with the surface-state

Fermi wavelength, together with long-ranged periodical bewhere for electronegative ator@s > C,. These authors pri-
haviour, leads us to deduce that the interaction is mediated byarily investigated the case of electropositha on theCu

the surface state of theu(111) surface. surface. However, they also estimated the interaction energy

The interaction between two adsorbed atoms has been g¢he first term in (2)) to be of the order 400 meVfor O
timated theoretically [1-5, 15]. A common result is that thereon a Cu surface, and one expects a similar energy in our
is an oscillatory substrate mediated Friedel-type interaction,case [3]. For our system (2) means that for small distances

the first term of the interaction energy will dominate with

co2keR+ ¢) alength period o15A for the interaction energy, whereas for

ABin = TR @) large distances the second term will dominate with a period

length of30A. This could give an explanation for the tran-
whereR is the distance between the adsorbed atdmshe  sition to the double period length for distances greater than
Fermi wavenumber, and a constant. The lateral range of 40A. However, the missing third peak could also be a prod-
the force, given byn, depends on the states providing theuct of the cluster formation; if the cluster formation process is
screening of the adatom. The theoretical result of current infavourable at distances of abd&fiA, none of the adatoms in
terest is that the interaction is particularly long range wherihat distance range would be counted. We do not have enough
the interaction is mediated by a partially filled surface band oflata to be able to say if any of the theories can quantitatively
electrons. For a half-filled surface band Lau and Kohn foundiescribe our system, but the general trends of long-range and
thatn = 2, but for a bulk banah =5 [4]. In the case oh=2  periodic behaviour fit our data.
Lau and Kohn found an indirect interaction energy of the Repeatedimaging 80 Kand95 K showed that adatoms
order of —100 meVfor the first minima; this figure should be have stable positions, this indicates that the positioning of the
atoms occurs above room temperature and that the atomic lat-
tice of theCu(111) locks the adatoms in position after heating
to 900 K. This is in line with the investigations performed by
Tsong et al. at th#V/(110)/Resystem. They heatedvd(110)
field ion microscopy tip with adatoms adsorbed on it to
320 K and recorded the positions of the adatoms after heat-
ing. Tsong et al. could then estimate the pair-interaction en-
ergy for theW(110)/Re system and the variance of the pair
interaction with distance. They reported an interaction en-
ergy of the order ofL0O0 meVand the range of the interac-
tion was at least abo®BOA [6, 7], which indicates that the
interaction energy can be relatively strong as well as long
ranged.

In the few images where adatoms are located close to
steps of theCu(111) surface we note that they are positioned
so that their LDOS oscillations are shared with those due
to the step (Fig. 5). This can be compared with recent re-
sults for theCu(111)/benzene system studied by Stranick et
al. [16,17]. They ascribe the formation of benzene islands
close to steps to the interaction between benzene molecules
and the modulated LDOS close to the step.

Our UHV system lacks the possibility of chemical an-
alysis, but it is well known that sulphur residues segregates
from the bulk wherCuis heated t®00 K [18, 19]. Hinch et
al. [18] also showed that S atoms are highly mobil82a K,
with a diffusion coefficient oR.9 x 10~°cn? s~ which in-
dicates that they are free to take their equilibrium position
before the cooling makes them stick to t6e(111) atomic
lattice. ForS adatoms one also expects a net negative charge
Fig. 4. Adatoms imaged at room temperature. The local density of states o qf the adsorbed atom, which fits We" with the small -LDOS
cillations are visible, together with the atomic lattice of e(111) surface Tlose to the atom [14]. In some pictures the protrusion that
(V=—0,02Vto tip, | =3.793nA T = 300K, image size abous0A x ~ Marks the centre of the atom seems absent. We can, how-
754) ever, if we investigate the hollow by taking a cross section

@)
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Fig.5. An image of a double step that shows adatoms that seem to be
located at the maxima of the local electron density maxima at the step.
(V=0.02Vto tip, | =0.131 nA T = 165K, image size400A x 400A)

4 Conclusion

We have imaged adatoms, probably sulphur fronGhéulk,

at aCu(11l) surface. The atoms prefer to be separated by
distances given by multiples of half the Fermi wavelength
(15A). The interaction is long ranged and important for dis-

tances up t@0A. The long range as well as the spatial period

suggests that the interaction between adsorbates is mediated
by theCu(111) surface state.
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