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tex core in a superconductor, which does in-
crease.

We thank R. L. Garwin and J. T . Levine for
many stimulating discussions. We are indebted
to P. M. Marcus for calculating the field profile
for our samples and for valuable discussions.

*Present addresses: A. Z. Genack, Department of
Physics, New York University, 4 Washington Square
Place, New York, N. Y. 10003; A. G. Bedfield, Depart-
ment of Physics and Biochemistry, Brandeis University,
Waltham, Mass. 02154.

C. Caroli and J. Matricon, Phys. Kondens. Mater, 3,
380 (1965), and Phys. Lett. 9, 307 (1964).

W. Fite, II, and A. G. Bedfield, Phys. Bev. 162, 358
(1967) .

B. G. Silbernagel, M. Weger, and J. H. Wernick,

Phys. Rev. Lett. 17, 384 (1966).
N. Bloembergen, Physica (Vtrecht) 10, 386 (1949).

5A. G. Bedfield, Science 164, 1015 (1969), and refer-
ences therein.

6J. Jeener, advances in Magnetic Resonance (Aca-
demic, New York, 1968), Vol. 3.

'A. J. Dekker, Solid State Physics (Prentice-Hall,
Englewood Cliffs, N. J., 1957), p. 177-178.

A. Abragam, The Principles of Nuclear Magnetism
(Clarendon Press, London, 1961).

A. G. Redfield and W. N. Yu, Phys. Rev. 169, 443
(1968), and 177, 1018 (1969).
' L. C. Hebel, in Solid State Physics, edited by F. Seitz

and D. Turnbull (Academic, New York, 1963), Vol. 15.
E. Ehrenfreund, l. B. Goldberg, and M. Weger, Sol-

id State Commun. 7, 1333 (1969).
A. T. M. Kung, Phys. Bev. Lett. 25, 1006 (1970).
B. G. Silbernagel, M. Weger, W. G. Clark, and J. H.

Wernick, Phys. Rev. 153, 535 (1967).

Field-Ion Microscope Observations of Indirect Interaction
between Adatoms on Metal Surfaces*

T. T. Tsong
Physics Department, The Pennsylvania State University, University Park, Pennsylvania 26808

(Received 19 April 1979)

From field-ion microscope kinetic and equilibrium experiments with rhenium adatoms
on W(110) planes it is found that the interaction potential energy between two adatoms
exhibits an oscillatory behavior. The cohesive energy between two adatoms is very small,
only -0.16 eV at the closest separation. These observations are in general agreement
with the indirect adatom interaction models as proposed and discussed by various inves-
tigators.

When an atom is adsorbed on a metal surface,
the electron gas is perturbed. This perturbation
is long ranged, and the adsorption of one atom
will influence the adsorption of another atom over
large distances where direct interaction of the
two adatoms is negligible. The indirect atomic
interaction was first realized by Koutecky' and
subsequently investigated by Grim ley, ' Newns, s

and Einstein and Schrieffer. 4 The interatomic
potential resulting from the indirect adatom in-
teraction exhibits oscillatory behavior reminis-
cent of Ruderman-Kittel-Kasuya- Yosida inter-
actions' and Friedel oscillations' in solids. Both
Grimley' and Einstein and Schrieffer find that
the indirect interaction is strong when the virtual
adatomic level is near the Fermi level, and is
weak when the virtual level is far below the Fer-
mi level. The oscillatory period depends also on
the energy of the virtual adatomic level. The lat-
ter authors further find that the interaction at
nearest-neighbor distance is about an order of

magnitude smaller than the adsorption energy of
an adatom with the substrate lattice. They also
succeeded in explaining the superlattice struc-
tures of chemisorbed atoms on solid surfaces as
found by the low-energy electron-diffraction tech-
nique using the indirect adatom interaction. The
indirect interaction is thus fundamental to the
understanding of solid surfaces. It is desirable
to have independent direct experimental evidence
to confirm the theoretical predictions as well as
to substantiate the novel interpretation of the
superlattice structures. However, it is impor-
tant to realize that whatever experiments one per-
forms, a quantitative agreement with the theo-
ries cannot be expected and is not very meaning-
ful because of the experimental difficulties in-
volved in realizing the idealized theoretical mod-
els. One should instead focus attention on ob-
serving the general features as predicted by the
models.

Experimental evidence of the Friedel oscilla-
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tion and the oscillatory interatomic potential in
solids' has been obtained with NMR, ' "x-ray, "
and neutron-diffraction techniques. " It has not

yet been demonstrated that such techniques are
also applicable to the investigation of surface
processes. The field-ion microscope" (FIM),
with its unique atomic resolution, seems to be
the most appropriate instrument for investigating
the indirect adatom interaction. We report here
experimental evidence of such an interaction us-
ing field-ion microscopy. The FIM and the gen-
eral operational procedures used in this experi-
ment have already been described in detail else-
where. '4

It has been found earlier by Bassett and Pars-
ley" that metallic adatoms on a metal plane com-
bine rapidly into closely bound clusters once the
substrate temperature is high enough for the ad-
atoms to have sufficient mobility. We on the oth-
er hand found that the rhenium adatoms on the
W(110) plane repelled each other at low temper-
atures. ' In one experiment, we deposited seven
Re adatoms on an approximately circular W(110)
plane - 60 A in diameter and then heated the sub-
strate to - 330'K for several tens of heating per-
iods of 180 sec each. The imaging field was
turned off during the heating. No closely bound
cluster was ever observed. Closely bound Re
clusters, however, are occasionally formed when
the substrate surface is heated above 400'K. Fig-
ure l(a), micrograph (i), shows an example of the
most closely bound Re, clusters on a W(110)
plane. The bond length is believed to be 2.74 A,
the nearest-neighbor distance of the substrate
lattice. ' At low temperatures loosely bound Re,
clusters are often observed. Two Re atoms seem
to migrate together maintaining a separation of
6-7.5 A. It suffices to conclude from these ob-
servations that the interatomic potential between
two Re atoms on the W(110) plane exhibits at
least two relative minima at - 2.74 and - 6.8 A,
respectively, and a relative maximum some-
where between the two minima. Above 400'K,
the probability for overcoming the relative max-
imum becomes appreciable, and the closely
bound Re, clusters are thus occasionally formed.

Quantitative information on the interatomic po-
tential may be obtained by kinetic and equilibrium
experiments. "" In the kinetic experiment""
one measures the dissociation time t of a cluster
at a certain temperature T. The cohesive ener-
gy &, is then obtained from

f = (k/kT) exp[(Ed+E, )/kT],
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where E„is the activation energy of surface dif-
fusion, h is Planck's constant, and k is Boltz-
mann's constant. The kinetic experiment is suit-
able where the potential energy is sufficiently
steep to allow no other bond length in the vicinity
of the relative minimum one wishes to investi-
gate. This is the case for the closest bound Re, ~

At 390 K, Re, is found to dissociate in - 180 sec
[Fig. 1(a), (ii)]. From Eq. (1), F., is found to be- 0.16 eV when &~ is taken to be 1.01 eV."

At larger separations, no rigid bond length is
observed, and the equilibrium experiment can be
performed. This is for comparison of the exper-
imentally observed pair distribution function with
that derived theoretically for noninteracting par-
ticles. An experiment with five Re atoms on a
W(110) plane of radius -30 A is shown in Fig.
1(b). A total of 34 heating periods were per-
formed at 320'K. Between two heating periods,

FIG. 1. (a) Micrograph (i), closest-packed Re& clus-
ter formed above 400 K on a W(110) plane. (ii) Re2
cluster now dissociated into a very loosely packed clus-
ter. (b) Five Re atoms thermally deposited on a W(110)
plane as shown in the upper leS-hand micrograph. The
rest of the micrographs are randoIn selections of the
same five Be atoms after various heating periods. A
total of 34 heating periods were performed with the
five atoms.
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P(/R) =R 'N(N I)F (-/),

F(/) =/(1 —/)2+(2//w) f cos '[(x'+/2 —1)/2x/jxdx for 0«/«I,
= (2//IT) J cos '[(x'+/' —I)/2x/Jxdx for 1 &/ «2.

l-1
Here / is a variable ranging from 0 to 2, and

F(/) represents the relative probability density
for finding various atomic separations. It should
be noted that F(/) is independent of N It c. an also
be shown that

(2)

priate for the experimental conditions is shown
in Fig. 2(b). By dividing the experimental pair
distribution function with that theoretically de-
rived for noninteracting particles, one obtains
the pair correlation function g(x), which is re-
lated to the potential of mean force W(r) through 'J p(/R) d(/R) = 2N(N 1), — (4

which is the total number of atomic separations
for N particles. The theoretical pair distribu-
tion function for noninteracting particles appro-

W(~) = kT in@(r)].

Figure 2(b) shows the potential of mean force de-
rived from Fig. 2(a). The potential of mean force
is related to the pair potential u(r) through the
Kirkwood or the Born-Green-Yvon integral equa-
tion. " M(r) can in principle be derived from the

experimental@(r) by solving the integral equa-
tions self-consistently using numerical methods.
The accuracy of the experimental data shown,
as limited by the number of events obtainable
with this particular experimental technique and
the intrinsic nonuniform magnification of the I"IM,

does not allow us a meaningful derivation of u(r)
from the integral equations. It is, however, well
known that in the low atomic density limit, W(r)
approximates u(x) quite well. The number den-
sity p in this experiment, after being converted
to three dimensions, corresponding to po' = 0.012
with 0 representing the atomic diameter, is so
small that W(r) probably does not differ from
M(x) by more than a few percent at worst "A.
second set of experimental data, again with five
Re atoms on a W(110) plane -30 A diameter, is
shown in Fig. 3(a). The pair potential, or more
correctly the potential of the mean force, de-
rived is given in Fig. 3(b). Within the experimen-
tal accuracy the two sets of data exhibit the same
oscillatory structure. The statistical fluctuation
and the nonuniform magnification of the FIM
images tend to dampen the oscillatory ampli-
tude, to shift the data points downward, and to
wash out the structure at large distances. Within

these difficulties, which are intrinsic to the tech-
nique, the described experiment provides the
first straightforward evidence of the indirect ad-

Re- Re INTERACTION

550 K20-

Z
LIJ)
LIj I 5

0'
IO IS 20

SEPERATION ()(I

-IOO-

(b)

I

I

I

I

I
I

I

I

5 IO
00

Oo' „'~ o ~

I

I

I

I

0 QO

o 2-P 25

DISTANCE (A)

w 0
LLI

LLI

tA
hl 50-
O

I

l60
IOO-

FIG. 2. (a) Histogram, pair distribution function ob-
tained with five Re atoms. Dashed curve, theoretical
curve for noninteracting particles. (b) Point at 2.'74 A

obtained from the kinetic experiment described in the
text. The rest of the data were obtained from the his-
togram shown in (a).

the atomic positions were recorded by photography. The atomic separations were then carefully
mapped. The histogram shown in Fig. 2(a.) is the pair distribution function obtained.

The pa, ir distribution function P(R) for N noninteracting particles randomly distributed over a circu-
lar plane of radius R, with P(/R')d(/R') representing the number of atomic separations between /R and

/R+d(/R), can be shown to be given by
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what extent the observed potential is contributed
from a direct adatom interaction. In any case,
no long-range oscillatory structure is expected
from direct atomic interaction.
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FIG. 3. (a) Another set of experimental pair distri-
bution functions. (b) Cohesive energy derived from (a) .

atom interaction. The magnitude observed is con-
sistent with that predicted by Einstein and Schrief-
fer. ' It is also comparable to the atomic inter-
action in aluminum. '

For W adatoms on the W(110) plane, the cohe-
sive energy at nearest-neighbor distance is found
to be -0.26 eV. No long-range oscillatory struc-
ture was observed. The odd number of 5d' elec-
trons in Re atoms may be responsible for the en-
hanced oscillation observed. We do not know to
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