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Detailed atomic jumps in the single W atom and W diatomic-cluster migration on the W[110] plane have been
studied using the field ion microscope. From the two-dimensional displacement distributions measured at 299 and
309 K, it is concluded that single W atoms migrate by discrete nearest-neighbor random atomic jumps along the
(111)surface channels. From 1265 observations, the diatomic clusters are found to migrate mainly through three
elementary displacement steps. The steps can be produced by two atomic jumps of any of the two atoms along the
(111)surface channels with intermediate bonds in the [110]and [001]directions. These two atomic jumps are found
to be slightly correlated with a correlation factor of 0.10 at 299 K and of 0.23 at 309 K. An anisotropy factor of the
two-dimensional migrations is defined and measured. The pair interaction of two W atoms on the W[ 110] plane is
also derived from the rate of single atom jumps and the rates of occurrence of diatomic-cluster elementary
displacement steps. The interaction energy at the equilibrium separation is —(0.285 +0.018) eV, while at the saddle
point of the atomic jumps it is —(0.270 ~0.018) eV.

I. INTRODUCTION

Tungsten (110}plane is one of the best investi-
gated surfaces. In early days when modern sur-
face-cleaning techniques were not yet available,
flash desorption was the only reliable method of
cleaning surfaces. Tungsten, with one of the
highest melting points in all elements, was especi-
ally popular since the cleanliness of a surface by
flash desorption could be assured. With the ad-
vent of the field ion microscope (FIM), atomically
clean and perf ect surfaces of tungsten and other
metals can easily be obtained by field evapora-
tions. Tungsten remains a popular material for
FIM studies, especially for FIM single-atom
studies, because of the reliability of tungsten tips.
Also, the (110)plane remains most popular since
the size of the plane is large as compared to other
planes on a field-evaporated W tip surface. Tung-
sten (110)plane is also known to have a very low
sticking coefficient for chemically reactive gases,
thus the cleanliness of the surface can be main-
tained for a longer period of time than any other
plane. This last point is especially important for
single-atom experiments since contamination of a
few or even an atom on a plane may cause the en-
tire set of data to be unreliable. It is generally
recognized that despite great progress in vacuum
and surface-preparation techniques, truly clean,
contamination-free, and defect-free macroscopic
surfaces are rare. Field evaporation is still a
reliable way of developing a clean and atomically
perfect surface. Data derived with such sur-
faces, with the assurance of maintaining the clean-
liness of the surfaces during experiments, should
be most valuable for a basic understanding of
atomic processes occurring on solid surfaces.

From the structure aspect, however, the W

(110) plane is one of the more complicated planes
to study since the symmetry of the atomic struc-
ture is low. Analysis of data often presents a real
challenge. In this report, we will present a de-
tailed study of the migration behaviors of single
W atoms and W diatomic clusters on the W (110)
plane. We will identify the elementary displace-
ment steps of the diatomic-cluster migration' by

measuring the two-dimensional displacement dis-
tributions and also by a probabilitistic considera-
tion. Mechanisms of diatomic- cluster migration
based on two correlated single atomic jumps
in various directions will be proposed, and will
be compared with the experimental data. We will
point out how the pair interaction of single atoms
dictates the migration behavior of a diatomic clus-
ter, and how information on the pair interaction
can be derived from the observed frequencies of
the various elementary, displacement steps of the
cluster. For this purpose, the two-dimensional
displacement distribution function of a single W
atom on the same plane at the same temperature
will also be presented. The anisotropy of the mi-
gration of single atoms, and evidence of that of
diatomic clusters on this plane will be given and
discussed. We will establish quantitatively that
the single W atoms indeed migrate by nearest-
neighbor discrete jumps along the (111) surface
channels as proposed earlier. 3

II. EXPERIMENTAL PROCEDURES

Detailed procedures of single-adatom FIM ex-
periments are well established and can be found
elsewhere. ' We take extreme care and elaborate
procedures in achieving the best possible vacuum
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condition of the FIM. The FIM, after being open
to air for a specimen replacement, is baked for
-20 hours at 250'C. After a baking, all the com-
ponents in the system are carefully degassed by
either ion bombardment for several hours using
helium field ions or by heatings. The system is
then subjected to the same baking and degassing
procedures again. This process is repeated sev-
eral times. Thus usually a. meek is gone before an
experimental measurement can be started. The
system, after the elaborate vacuum processing-
procedures, is almays -2~10 ' Torr, the x-ray
limit of the gauge, even without any cooling and
even when the system is valved off from the pumps.
We use exclusively helium for imaging. Ultrapure
helium is obtained by diffusion through a Vyco
glass bulk at 350'C. The bulb has been subjected
to degassing at -500'C earlier. The system is
equipped mith a titanium sublimation pump which is
degassed thoroughly during bakings and is cooled
down to liquid-nitrogen temperature during an ex-
periment,

Two methods were used for depositing adatoms
on field-evaporated W surface planes. The first
method retained one or two W atoms on a plane
by carefully field evaporating the rest of the atoms
in the top surface layer. The second method used
heating of a carefully degassed W coil as is gen-
erally being done. The first method involved no
generation of heat in the system after the system
mas valved off, thus no generation' of contaminating
gas might occur during the experiment. This
method was, however, quite difficult, because the
last few atoms tend to field-evaporate all together
no matter whether a dc or a pulsed voltage was
used for the field evaporation. However, we did
not detect any difference in the behavior of either
single atoms or diatomic clusters obtained by
either of the two deposition methods; thus both
methods were used in our experiment.

For detecting and measuring displacements of
single atoms and diatomic clusters, both a color-
eomparator technique' and an image- mapping
technique were used. The two techniques when
used carefully gave comparable precision. The
color-comparator technique had the advantage of
direct visualization of the displacements and the
cluster-orientation changes, but suffered from
tediousness when great precision was desired.

As mentioned earlier, me used exclusively Vyco
glass diffused helium for the Fl (field ion) imaging.
As soon as one or two atoms were retained or de-
posited on a well-developed W {110)plane, routine
procedures of heatings and imagings followed.
Imagings were done at 78-K cooling of the sample.
Each heating period was 60 sec. The measure-
ments were carried out at two temperatures

299+ 5 K and 309+5 K. The +5 K accuracy
referred to the reprodueibility of the absolute
temperature, which mas estimated from single-
atom diffusion data in various runs with different
tips, and therefore different temperature calibra-
tions. The aceuraey of the relative temperature
mas better than +0.5 K. Thus the temperature
difference of the measurement was hT =10+0.5 K.
The reason that we did not go to higher tempera-
tures is that the data become very difficult to ana-
lyze because of the relatively complicated migra-
tion behavior of the diatomic cluster on this plane
of relatively complicated atomic structure. Also,
at higher temperatures, the exact displacements
of a cluster are more difficult to determine. All
the data reported in this paper were obtained from
the same W tip with the same temperature cali-
bration. The data were derived with either one
W atom or one W diatomic cluster on a W {110)
plane.

III. RESULTS AND DISCUSSIONS

A. General behavior

Single tungsten atoms are known to make detec-
table migration on the W {110)plane around 300
K. ' The diffusion parameters have been derived
with one atom on a plane' to be &, =0.90+ 0.07 eV;
D =0.6&2& 10~ x(1 )3' cm jsec. The plane boundary
is reflective. ' Above -370 K, an occasional loss
of the migrating atom can oeeur.

When two tungsten atoms are deposited on a
plane, they will combine into a closely-packe'd di-
atomic cluster upon encountering each other during
the migration. ' The atoms in a cluster can be
marginally resolved if the tip radius is very small,
for example, less than 1.50 A. The bond direction
is along one of the (111) directions. Thus a clus-
ter on a plane can have two orientations, as can be
seen in Fig. &. The diatomic cluster is thermal-
ly more stable than the triatomic cluster. Thus
a triatomic cluster can migrate by "dissociation-
recombination" process. For diatomic clusters,
this process may also occur but is of less impor-
tance since the clusters are thermally stable up to
about 380 K; at this temperature the migration of
both W and W2 is too rapid for deriving accurate
diffusion parameters on the small FI emitter
planes. The diatomic W cluster is found to mi-
grate at a slightly higher temperature than single
W atoms. The diffusion parameters have been
derived with one cluster on a plane to be ~„=0.92
+0.14 eV; Do ——1.4&&10 &&(160)' cm /sec. The
large statistical errors come from the narrow
temperature range of the measurement rather-
than from the true accuracy of determining the
mean-square displacement at a certain tempera-
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FIG. 2. Atomic structures of the W {110}.The sites
as represented by A, B, C, and D correspond, respec-
tively, to apex site, bridge site, lattice site, and sur-
face site. Bridge sites form a rectangular lattice of
unit cells ai/2x~2aj/2.

FIG. 1. Field ion images showing two W atoms on a
W {110},a W diatomic cluster oriented along the [111],
and one oriented along the [111].

I

ture. The mobility of a diatomic cluster as indi-
cated by the mean-square displacement is smaller
than that of a single atom by a factor of about 8
around 300 K.

The exact sites of adsorption for single W atoms
and% diatomic clusters are very difficult to pin-
point from field ion images since no atomic struc-
ture of the (110}plane can be directly seen in the
FIM. For single atoms, four sites, as shown in
Fig. 2, are of particular interest. These sites
are the apex site &, the bridge site B, the lattice
site C, and the surface site D. Mappings of the
locations of single W atoms on a plane indicates
that W atoms sit most probabLy on lattice sites.
For diatomic clusters, evidence shows that their
center of mass (c.m. ) sits most probably on bridge
sites, with individual atoms sitting in or close to
lattice sites. ' For our purpose here the precise
site of adsorption is not critical to our discussion.
As long as the energy barrier for jumps between
two surface sites within a unit cell is small com-
pared to jumps out of the unit cell, the two cases,
lattice-site and surface-site adatom adsorption,
make little difference. Our discussion will sim-
ply be based on lattice-site adsorption.

Since only one bond structure, the closely packed
form, has been observed for the diatomic cluster,
the migration mechanism cannot be directly visu-
alized. From the frequent changes of cluster
orientations relative to the substrate plane during
a migration, and the small difference in the acti-

vation energy ~, for migration, it was speculated
that the migration was accomplished by a bond
stretching or by individual atomic jumps. We will
present here quantitative evidence supporting such
an idea, and further propose the details of the
atomic jumping process. For this purpose, we
will first discuss the elementary displacement
steps in the diatomic cluster migration.

B. Identification of elementary displacement steps
in diatomic-cluster migration

The elementary displacement steps will be de-
fined as the displacements resulting from the
smallest number of atomic jumps possible in pro-
ducing a net displacement of the cluster. All
other cluster displacements are therefore suc-
cessive occurrences of more than one elementary
displacement step. Recently we reported to have
identified three elementary displacement steps.
We will present here a quantitatively more reliable
amount of data (as many as 1265 heating periods
at two heating temperatures) and a much more
detailed analysis of the data. The analysis es-
tablishes without doubt the earlier identifications,
and in addition finds out the rates of the single
atomic jumps as well as a correlation factor of
these jumps.

To identify the elementary displacement steps,
the temperature must be low enough such that the
probability of having two elementary displacement
steps occurring successively within a heating
period is very small. At 299 K, out of 761 heat-
ing periods of 60 sec each, a total of 204 dis-
ylacements are observed. Each of them is care-
fully identified and classified using color-compara-
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FIG. 3. Eight displacements observed at 299 K. Sym-
bols of these displacements are also shown.

tor technique and is shown in Fig. 3. In this figure
we also give symbolic representations of these ob-
served displacements. In Table I, all 204 displace-
ments are classified and listed. Because of the
symmetry of the substrate surface structure, each
displacement step of a diatomic cluster can occur
in four directions, two from the bond direction of
the cluster and two from the displacement direc-
tion. The possible bond directions are, of course,
g and g directions. The bond direction is repre-
sented by a thick bar in a symbol, whereas the
"apparent" displacement direction of an atom is
represented by an arrow. The word apparent here
signifies two things. First, from field ion micro-
graphs it is impossible to tell which of the two
atoms has displaced. Second, one arrow does
not necessarily mean that only one atomic jump
has occurred. The symbols merely indicate the
appearance of the cluster displacement. We have
also performed the same kind of experiment at
309 K. Out of a total of 504 heating periods, 275
displacements are observed. The results are also
listed in Table I. The 309-K data are obtained
using mapping techniques, which is found to be
as reliable as the color-comparator technique.

The field ion images and the superimposed im-
ages of all the displacement steps shown in Fig. 3
are available in color slides. Reproduction in
publication is so difficult and often does injustice
to the true quality of the images that we will not
try to reproduce them here. However, field ion
images and superimposed images leading to the
identification of the displacement steps shown in
Figs. 3(a)-3(c) have been published by us recent-
ly

In Fig. 4 we show two-dimensional c.m. displace-
ment distributions obtained for the diatomic clus-
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FIG. 4. Two-dimensional displacement distributions
obtained from a tungsten diatomic cluster on a plane at
299 and 309 K. Each heating period is 60 sec.

ters at 299 and 309 K for heating periods of 60 sec
each. The displacements here always refer to the
c.m. Since the c.m. sits on a bridge site, the
c.m. displacement vectors form a rectangular
lattice of ai2x —W22ajas shown in Fig. 2. The
displacement distributions shown in Fig. 4 reflect
this fact also. As displacements corresponding
to those shown in Figs. 3(g) and 3(h) were identi-
fied at the last minute and their numbers were
quite small, we have omitted listing them in the
displacement distributions. This minor omission
will not affect our analysis and conclusion.

To search for the mechanisms of migration of
the diatomic cluster, we have to identify the ele-
mentary cluster displacement steps first. We
have recently identified those displacements
shown in Figs. 1(a)-1'(c) to be elementary, based
on a semiquantitative probability consideration. '
We present here two methods of analysis, one
based on the two-dimensional displacement distri-
bution functions, and the other based on a detailed
probability consideration. Since the displacement
vectors of the cluster c.m. form a rectangular
lattice of unit cells ,'ai && 2v 2aj—, the shortest pos-
sible displacements of the c.m. are —,'ai and
—', W2aj. Single cluster displacement steps leading
to such displacements are necessarily elementary.
Obviously the steps shown in Figs. 3(b) and 3(c)
belong to this category. For brevity, they will be
referred to as the o.'and t) steps, respectively.
The question is whether some of the other dis-
placements observed and shown in Fig. 3 are also
elementary. For this purpose, we will simply,
for the time being, assume that the o.'and P steps
are the only elementary displacement steps in the
diatomic-cluster migration since all other dis-
placements can be formed by combinations of the
o,'and p steps. We will calculate two-dimensional
displacement distribution functions based on this
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TABLE I. Frequencies of displacement steps observed in a total of 761 heating periods at
299 K and 504 heating periods at 309 K.

Di splace men t
Symbolstep observed

299 K

Freq . Tota l
obser. No.

A vera ge
prob I

Freq .
obser.
l6

309 K

Tota l Average
No. prob.

IIO

OOI
l5

l6

55 55/76I
l7

52 52/504

l7

l9

I8

76 76/76I

24

2I

l9

78 78/504

l6

l2

l6

57 57/76I
20

l8

22

9 I 9I/504

4 0.47/76I I.I7/504

0.&2/76I 7 0.50/504

0.&6/76I I5 0.68/504

4 0.80/76I l9 I.45/504

Unid. entified. large
d.is placements

g~ of change in
bond. orientation

0

68.2 fo 68.0 fo

~ Initial site O Final site 0 Initial and final site

l(N) =Q (~),!(x+0)!

is the modified Bessel function of the first kind.

assumption, and then compare these theoretical
displacement functions with the experimental ones.

The one- dimensional displacement distribution
function for nearest-neighbor discrete random
walk is well known and is given by '

W(x) =exp(-N)&„(N),

where

+'(x) represents the probability of reaching x
when the average number of jumps occurring
within a heating period is N. On a rectangular
lattice the two-dimensional displacement distri-
bution function is then given by

W(x, y) = exp[- (N + Ns)]I„(N )I (Na),

where N and &z are, respectively, the average
number of cy and P steps which occurred within a
heating period. In principle, & and N& can be
obtained from a least-squares fit of the experi-
mental displacement distribution if it is certain
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that the o' and p steps are the only elementary dis-
placement steps in the diatomic-cluster migra-
tion. Since this is not the case, as will be clear
from further discussions, we will do it slightly
diff erently. A t low temperatures when the prob-
ability of having two elementary displacement
steps occur within a heating period is very small,
the displacements in x and y directions act nearly
independently. Thus N =((~) ), and N~=((hy) ).
Using the data shown in Fig. 4 for ~y =0 and ~
=0, we obtain the following values: N„=0.1206,
N, = 0.0905 at 299 K, and N„=0.211, N„=.0.300 at
309 K. In Fig. 5 we show both the symmetrically
averaged and normalized experimental displace-
ment distribution functions (DDF) and the calcu-
lated DDF at 299 and 309 K. The normalized ex-
perimental DDF are obtained by taking the average
of values at +brand -~ and values at +Ay and
—hy. We do not average over those values with
+~=+~y for the reason that N seems to differ
significantly from N& as can be seen from Table I.
This point will be discussed later.

As can be seen from these diagrams, the experi-
mental and calculated frequencies agree reason-
ably well for all sites except at four sites cor-
responding to ~~1 and ~y =+1. For these four
sites, the experimentally determined frequency
is larger than the calculated frequency by a factor
of 700'%%u~ at 299 K and of 333%%uo at 309 K. The much
larger experimental values indicate that the & and
p steps are not all the elementary displacement
steps in the diatomic-cluster migration. The

displacements corresponding to ~=+1 and Ly
=+1, or br ~ ,'a-i + —,'v 2aj, can of course be
achieved by a single step of the observed displace-
ment shown in Fig. 3(a). We must therefore conclude
that the observed displacement step shown in Fig.
3(a) is also elementary; such a displacement step
wiQ be referred to as the y step. The correspond-
ing average number of occurrences within a heat-
ing period will be represented by N„.

The same conclusion can also be reached by a
more straightforward consideration of the rates
of occurrence of the elementary displacement
steps at a given temperature. They will be rep-
resented respectively by k, kz, and k„.We dis-
tinguish the rates of occurrence from the rates
observed since a successive occurrence of, for
example, an + and a p step will result in the ob-
servation of a y step, thus indistinguishable from
the true occurrence of a y step. We want to find
the probability P&„ofoccurrence of two different
elementary steps, for example, i and j in that
sequence within a heating period 7. i and j are
indices representing either &, P, or r P~,.& can
be found by taking the time average of the proba-
bility that within t the i step occurs once, and
within the rest of the time (v —f) the j step occurs
exactly once:

(4)

P~(1, t) and P,. (1,& —f) are given by Poisson's dis-
tribution to be

-2 -l 0 l 2 -2 -I 0

.20

.08 2 I.49
.69

l.94 3.75 l.94
.22 3.68 .22

3.23 9.05 3.23
.97 9.20 .97

26 4'99 73'32 '99 26 0.IS 4.90 8 l.43 4.90 .15

.70 7.75 4433 7.75 .70 0
.34 65 I 6203 65 I .34 V

l.94 3.75 l.94
,22 3,68 .22

3.23 9.05 3.23
.97 9.20,97
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-2 l.49
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-2
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FIG. 5. Experimental and calculated two-dimensional displacement distributions at 299 and 309 K for diatomic clus-
ters. Experimental values are listed above the calculated values. Calculation is based on the assumption that only the

and p steps occur.
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P,(l, f) =k,fe*t',

P,.(i, v —f) =k, (r —f)e*r'

If k, =k, , and k;7 &1 and k,«1, one has

P,„.=-,'(kp)(k, ~)e ".

(5)

(6)

(7)

p =2—', (k„r)(k„~). (12)

From Fig. 4, we can find that at 299 K the aver-
age value of k 7 = 38/V61, and k„w= 28.5/V61.
Thus p = 0.47/V61. The experimental value, aver-
aged over four sites at M=+1 and Ay=+1 is
14.75/V61; the experimental value is larger than
the calculated value by a factor of 31.4. At 309 K,
k ~ =39/504 and k„7=45.5/504. Thus p =1.28/504.
The average experimental value is 16.3/504; this
is larger than the calculated value by a factor of
12.7. Thus the observed displacements ~&ai
+—,'v 2aj cannot be due to successive occurrences
of an & step and a P step. The displacements
are therefore clearly established to be due to the
occurrences of ~ elementary displacement steps.

The question remains whether some of the dis-
placements observed and shown in Fig. 3 are also

kp is, of course, the average number of i steps
which occurred within 7. If k;& & 1 it is also the
average probability of occurence of an i step within

Provided that k;«& 1 and k,.«& 1, one has

P,„.=-', (k,~)(k,~) . (8)

Similarly, the probability of occurrence of three
different elementary steps, for example, i followed
by j followed by k within a heating period z can be
found by

7' (~ -g)

P;,&,&
—— dt dt'P; 1, t P& 1, t'

0 0

xP (1, ~ - t —f ') ] . (9)

under the condition that, k,7 = k,-& = k&«& 1, the equa-
tion reduces to

P, , , = (k,~)(kp)(k, ~)/120.

The probability of occurrence of two identical
elementary steps in & is simply given by Poisson's
distribution to be

P,„=,'(k,~)'e.*'.-
%e are now ready to show again that the z step

is not a successive occurrence of an cr and a P

step. Let us assume that the initial orientation
of a diatomic cluster is along the $ axis. A suc-
cessive occurrence of an & and a P step, either
in &,P, or P, n sequence will result in a displace-
ment of the cluster c.m. to ~= ~y =1 site with-
out an orientation change, thus will produce a y
step. This probability is

elementary. For this purpose, the displacements
formed by two of the three elementary steps are
listed in Table II, and the expected probabilities
of occurrence of these displacements are listed
in Table III. Using the experimental values listed
in Table 1 for &, 0, and 1' steps, and the expected
probability expression listed in Table GI, the ex-
pected probabilities of other observed displace-
ments are calculated arid listed also in Table I.

By comparing these calculated values with the
observed values one must conclude that most of
these observed displacements at 299 K are very
probably elementary also. However, the fre-
quencies of observing these displacements are
small and our analysis is not exact, thus no defi-
nite conclusion can be drawn at this moment. To
be able to establish quantitatively any of these dis-
placements as elementary displacement steps,
the amount of data needed will be formidably large
with the present data-collecting method. Since
these displacements occur rarely as compared to
&, P, and r displacement steps, even if some of
them are elementary, they are less important than
the three identified ones. Thus we may neglect
considering them as elementary without introduc-
ing much error. However, a definitive identifi-
cation will facilitate derivation of the pair inter-
action at large distances.

One can now calculate the two-dimensional dis-
placement distribution function for the diatomic
clusters based on the three identified elementary
displacement steps which should approximate well
the experimental distr ibution.

A method of calculating the two-dimensional
displacement distribution function for the diatomic
clusters based on the three identified elementary
displacement steps is presented in the Appendix,
where we show how the rates of occurrence of
these elementary steps can be found by best fits
of the calculated two- dimensional displacement
distributions to the experimental distributions.
From the rates derived one can then calculate a
correlation factor for the atomic jumps as will be
further discussed in Sec. HID.

C. Anistropy in the migration of single atoms
and diatomic clusters on the W (110) plane

Anisotropy of single-atom diffusion on the W
(110].was found the first time migration of adatoms
on a plane was studied with only one atom on the
plane, ' thus mapping of many successive displace-
ments of the same atom became possible. ' It was
found that an Re atom on a W {110}gave a mean-
square displacement in the [110]direction larger
than that in the [001] direction by a factor of 2.09.
From this observation it was concluded that the
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TABLE II. Displacements formed by one or two elementary displacement steps.

Single step

(x s tep

g step

step
Two steps: Only one bond orientation is

1. Two o, steps

Displacement Orientation change

+ af/2

+ 2aj/2 (-1}
+ af/2 + 2aj/2 (+1)

considered.

(a)
(c)

2o Two

(a)
(c)

3 ~ Two

(a)
(c)

4. One

(a)
(c)
(e)

5. One

(a)
(c)
(e)

6. One

{a)
(c)
(e)
(g)

/
+

+

ot and one 8 step
+

+
+

+

(x and one p step
+ Q
+ Q
+ r'
+ M

g and one g step
+

+Q
+

+

(b)

(d)

(b)

(d)

(b)

(d)

(b)

(d)

(f)
(»)

(b)

(d)

(f)
(»)

{b)
(d)

(&)

(»)

+ 7
+ 4.

Re atom migrated by jumps along the (111) sur-
face channels of the plane. We will present here
quantitative data supporting such a mechanism of
single-atom migration. We will also give quanti-
tative data showing a similar anisotropy in the
diatomic-cluster migration on this plane.

Consider first the single-atom migration. I et
us assume that a W atom on the W (110)will in-
deed migrate on the plane by discrete nearest-
neighbor jumps along the [1Tl] and the [111Jsur-
face channel directions. We will calculate both
the ratio of ((by) )/((bx) ) and the two-dimensional
displacement distribution functions based on such
assumption. By showing exceQent agreement of
our experimental data with the calculated distri-
bution, the validity of the assumption will be es-
tablished. Let us consider here how the mean-
square displacement along the x and y directions

are related to those along the K and $ directions.
From Fig. 2 it is clear that

x =(g —$) coso. ,

y=(t+ t) sino,

where

o.' = tan v 2 = 54.74' .
Thus

((~) ) =[((LC) )+((&5) )]cos o',

&(by)') = [&(«)') +&(bt)')] sin' o'.

We therefore have

(14)

(15)

R -=((by)' )/((m)') = tan' o = 2 .

The factor R indicates the degree of anisotropy of
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TABLE III. Probability of occurrence of a displacement by two elementary displacement
steps.

Process Prob. of occurrence

p /(6x4x4)
2

Remarks

p /4 is the prob. of occur. of
n

one particular n step.
Any one of the
four similar proc. p /24

p0/(6x4x4)
2

Any one of the
2four similar proc. p /24

p /(2x4x4)
2

Y
Any one of the
four similar proc. p /8

Y

2p p0/(6x4x4)

Any one of the

four similar proc. p P0/12n 0

p p /(6x4x4)

p p / (6x4x4)n Y

Occur. of two identical proc.

2 comes from the fact that two
combinations will give the same
displacement

Any one of the
16 similar proc.

(p +P +p )/24
2 2 2
n 0

2p PH/(6x4x4) 2 comes from the fact that two
combinations will give the same
displacementAny one of the

four similar proc. p p /12
n 0

(PnPY + P0PY)/12

(no net disp. ) 2(p /16 + p /16 + p /16)/62 2 2
n 0

Any one of the
two orientations

2p p /(6x4x4)
n Y

Any one of the
four similar proc. p p /12

n

2p p /(6x4x4)

Any one of the
four similar proc. p p /12

0 Y

2 comes from the sanIe reason as
above

p , p , and p are, respectively, the probabilities of occurrence of n,

and Y elementary steps.

the two-dimensional migration and will be referred
to as an anisotropy factor. And

&(& )'&=I&(~)'&+&( y)'&]=Nf'

=[&(~~)'&+&(~0'&]=(N, +N, )I', (»)
where ~, N~, and N~ are, respectively, the aver-
age total number of atomic jumps, the average
number of jumps in g direction, and the average
number of jumps in $ direction in a heating period

It is obvious that

as it should. The two- dimensional displacement
distribution functions can be calculated according
to

W(&, &) = expj- (Nq + Nq) ]1~(Nr)l~(N() .

Prom the symmetry of the plane, however, we
should have N~ =N~ =N/2 for single atoms.

In Figs. 6(a) and 6(h), the two-dimensional dis-
placement distributions measured at 299 and 309
K for single W atoms are shown. In Table IV and
Pig. 7 the same distributions are shown but they
are projected onto the x axis and y axis. As can
be seen from the Table, the anisotropy factor R is
found to be 1.88 from the 299-K data, and to be
2.&4 from the 309-K data. The average is 2.01.,
within 0.5% of the expected value of 2.

It should be pointed out here that the same value
of R=2 can also be expected if instead the atom
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(i'to)

(ooij

299K
W onW(llO)

FIG. 6. Two-dimensional displacement distribution measured for single W atoms on the W $110)plane at 299 and 309
K. Each heating period is 60 sec.

jumps along the [110]and the [001] directions over
the apex of surface atoms. Thus the fact that ~
is measured to be 2.01 is only consistent with our
assumption of atomic jumps along the (111) sur-
face channels, but does not exclude the possibility
of jumps along the [110]and [001] directions.
However, from the two-dimensional DDF, one can
exclude the latter mechanism as will be clear
from further discussions.

Let us consider this point semiquantitatively.

If atomic jumps are dominantly in the [ITO] and
[001] directions, then the frequencies of observa-
tion in sites represented by ai =+1 and by h$ =+1
in the DDF should be much larger than those in
sites Ai = 0, A$ =+1; and af =+1, a$ =0. The
fact that this is not the case, as can be seen from
Fig. 6, shows that the atomic jumps cannot be
dominantly in the [110]and [001] directions. We
will further show that these jumps most probably
do not occur at all at low temperatures.

TABLE IV. Projected displacement distribution: W on W {IIO].

&~ (in a/2)

0
+1
+2
+3
+4

Freq.

75
53

8
1
1

'%%up Freq. &y (in' 2a/2)

299 K, 60 sec, 138 periods
54.3 0
38.4 +1
6.0 +2
0.7 k3
0.7

Freq.

73
54
10

0

%%up Freq.

52.9
39.1
7.2
0.7
0

((b x)') =0.1993a', ((Ay) ) = 0.3732a, R = 1.88

0
+1
+2
~3

34
50
35
16
14
1
0

309 K, 60
22.7
33.3
23.3
10.7
9.3
0.7
0

sec, 150 periods
0

+1
k2
k3
g4
a5
+6.
k7
+8

40
51
31
15
10
1
0
0
2

26.7
34.0
20.7
10.0
6.7
0.7
0
0
1.3

({&x))=0.9717a, ((&y) )=2.0767a, R=2.14
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FIG. 7. Projected one-dimensional displacement distributions for single W atoms.

From Table IV, ((~x) ) is found to be 0.5725a
=0.7631l at 299 K where / is the nearest-neigh-
bor distance and a is the lattice constant. Thus
N~ ——N~ =0.3815. Similarly, at 309 K, N~=N,
=2.032. Using these values, normalized two-
dimensional DDF are calculated and are listed in
Table V in parenthesis. The experimental DDF,
derived from Fig. 6 by a proper normalization
and symmetry averaging, are also listed in Table
V. As can be seen, at 299 K all the experimental
values agree remarkably well with the calculated
values, all within the statistical fluctuations. At
309 K, the agreement is still very good although
for sites Dg= 6/=0 and dg= 6/=+1, experimen-
tal values deviate very slightly beyond the expected ((~)'& = (n, + n, )a'/4, (&0)

statistical fluctuations. Whether this deviation is
significant or not is not clear. Further study is
needed at higher temperatures. We thus conclude
that at low temperatures, single-atom migration
is achieved exclusively by nearest-neighbor jumps.
along the (111) surface channels. At higher tem-
peratures, the jumps may extend beyond the near-
est-neighbor sites. ' Also, jumps along the
[110]and [001] may not be completely ignored.

The diatomic-cluster migration also shows
strong anisotropy. U the cluster migration is
achieved exclusively by the n, P, and z elemen-
tary displacement steps, then
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TABLE V. Two-dimensional displacement distribution function: W on W (110};heating per-
iods were 60 sec each; experimental values were averaged.

50.00 + 6.02
(5O.11)

299 K, 138 heating periods
9.42 + 1.31 0.72 + 0.18

(9.39) (0.89)
0

(o.o6)
0

(o.oo)

9.42 + 1.31
(9.39)

0.72 + 0.18
(0.89)

0
(o.o6)

0
(o.oo)

1.81 + 0.57
{1.v6)

0.36 + 0.21
(o.1v)

0.12+0.12
(0.01)

0
(o.oo)

0.36 + 0.21
{o.1v)

0
(0.02)

0
(o.oo)

0
(o.oo)

0.12 + 0.12
(0.01)

0
(o.oo)

0
(o.oo)

0
(o.oo)

0
{o.oo)

0
(o.oo)

0
(o.oo)

0
(o.oo)

15.33+3.20
(9.34)

309 K, 150 heating periods
6.67+ 1.05 3.17+0.73

(6.56) (2.88)
1.17+0.44

(o.eo)
0.67+ 0.33

(o.22)

6.67 + 1.05
(6.56)

3.17+0.73
(2;88)

1.17+0.44
(0.90)

0.67+ 0.33
. (o.22)

3.50 + 0.76
(4.61)

2.22 + 0.50
(2.o2)

0.56+ 0.25
(o.63}

0.22 + 0.16
(o.15)

2.22 + 0.50
(2.o2)

1.17+0.44
(o.se)

0.11+ 0.11
(o.2s)

0
(o.ov)

0.56 + 0.25
(0.63)

0.11+ 0.11
(o.28)

0
(o.oe)

0
(0.02)

0.22 + 0.16
(o.15)

0
(0.07)

0
(o.o2)

0
(0.01)

&(ay)'& = (n, +n„)a'/2, (21)

((Sr)') = ~+—'+- n„~a'.
4 2

(22)

In the equations, n, nq, and n„represent, respec-
tively, the average number of occurrences, of &,

P, and y steps within a heating period. The aniso-
tropic factor R of the cluster migration as defined
in Eg. (16) is given by

(n +n) 1 1 (1 1&R=2 ' =2 —+ —
I

—+ —I,
(n +n„) ks k„ l, k kyj

' (23)

where k, k&, and k„represent, respectively, the
rates of occurrence of o', P, and y steps. lf k

= k, thenR =2 is obtained as in the single-atom
migration.

The experimental data, given in the form of two-
dimensional DDF, shown in Fig. 4 are rearranged
by projecting them along x and y axes and are tab-
ulated in Table VI. From the data, it can be easily
calculated that at 299 K, R =1.70, and at 309 K,
R =2.53. Although the value of R =2.12, obtained
by averaging experimental values at the two tem-
peratures, is not too far off from 2, the observed

temperature dependence of R in diatomic cluster
seems significant. At 299 K, we observe more
& steps than P steps in every run of our experi-
ment. The situation is reversed at 309 K. Unfor-
tunately, to settle this question quantitatively we
will need a formidable amount of data, which is
tedious to collect with the present technique of
resistive heating, but may become practical using
pulsed-laser heating of sample tips as has been
reported recently.

It should be pointed out here that the orientation
of a diatomic cluster is not arbitrary on a site
since the three elementary cluster-migration
steps have a definitive relationship between a dis-
placement and the orientation change. When two
atoms combine at a certain site (referring to the
c.m.), the bond direction formed then determines
the orientation of the cluster at any given site on
the plane. This can be understood as follows: An
o.' step will produce a c.m. displacement of +-,'ai
and will be accompanied by a bond-orientation
change. A P step will produce a c.m. displace-
ment of +—,'vYaj and will be accompanied by an
orientation change also. A y step will produce a
c.m. displacement of +—,'ai+ —,'M2aj without changing
a bond orientation. Thus an orientation operator
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TABLE VI. Projected displacement distribution. W& on W (110).

4g (in a/2) Freq. % Freq. &y (in &2a/2) Freq. % Freq.

0
~a
+2

618
135

4
0

299 K
81.64
17.83
0.53
0

0
+1
+2

638
116

3
0

84.28
15.32
0.40
0

((&x) ) =0 0499a ((&y) ) = 0.0845a, R = 1.70

0 329
143

7
0

309 K
68.68
29.85
1.46
0

0
+1

308
156
15

0

64.30
32.57
3.13
0

((&x) ) = 0.0892a, ((&y) ) = 0.2255a, R = 2.53

can be used to indicate the orientation of the clus-
ter after a displacement,

0 —(~ I) x( I)' "" (24)

The first factor indicates the initial orientation
of the cluster with +& representing the bond direc-
tion along the f axis, and -1 representing the bond
direct'ion along the $ axis. Ax and Ay represent,
respectively, the net displacements in units of —,'a
in the x direction and 2 W2a in the y direction.

(a)

f I I 0]

t OOI]

N

(i) c

(ii)

D. Mechanisms of diatomic-cluster migration
and the pair interaction

A valid mechanism of diatomic-cluster migra-
tion must be able to explain the observed elemen-
tary displacement steps and their relative fre-
quencies of occurrence. Recently considered in
some detail are various possible mechanisms of
diatomic-cluster migration. A mechanism invol-
ving a simultaneous jump of the two atoms has
been ruled out since it cannot satisfactorily explain
the frequently observed bond-orientation changes.
Mechanisms. based on a single atomic jump in the
[001] direction and based on two uncorrelated
atomic jumps in the (111), [110], and [001] have
been considered. For the purpose of discussing
the pair interaction, we will consider briefly here
again various possible migration mechanisms.

In Figs. 8(a)-8(c), we show two-jump mechan-
isms with the atomic jumps along the (111).
Three intermediate bond directions, [I&0], [001],
and [111]are formed by a jump of either of the two
atoms in a cluster of bond orientation along the
[ill]. Another jump of either of the two atoms
along the (ill) surface channels will return the
cluster from its stretched intermediate bond to its
original closely packed bond. In Figs. 8(d) and
8(e), the atom jumps over the apex of a surface

(c)

(d)

(e)

(&)

FIG. 8. Mechanisms of the diatomic-cluster migra-
tion. For detailed explanation, see the text.
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atom in either [110]or [001] direction. In Fig.
8(f), the cluster c.m. displaces by only one atomic
jump along the [001] direction. Symbols of the
displacements resulting from these mechanisms
are also shown in the figures. Although our ex-
perimental data tend to show that all these mecha-
nisms may be occurring to a certain extent as dis-
cussed in Sec. IIB, we also conclude that o.', 0,
and ~ steps are the dominant elementary displace-
ment steps. These steps can only be achieved by
mechanisms of Figs. 8(a), 8(b),

' and 8(f). If we
denote the rate of transition via two- jump mecha-
nisms with [001] intermediate-bond state by kq,
via [110]intermediate-bond state by kp, and via
one-jump mechanism along [001]by kp, then the
rates of occurrence of o', P, and 'Y steps are given
by

k = g(kg+ kp) +kp,

k p
——4(kg + kp),

k„=—,'(kg+kp) .
(26)

The factor —,
' accounts for the fact that two atomic

jumps can also return the cluster to its original
position without a net displacement. The aniso-
tropy factor of diatomic migration as defined by
Eg. (23) is given by

R = 2/[1 + 2kp/(kg + kp) ] . (26)

The percentage orientation change is given by

(k +kp)/(k +kp+ky) =$31+2kp/(kg+kp)] (2V)

One can see that exclusively with the three mecha-
nisms, the anisotropy factor of migration can nev-
er exceed 2. At 299 K, the experimentally mea-
sured value of ~ =1.VO is consistent with this
mode of migration. However at 309 K, 8=2.53
is obtained. The anisotropy factor is a very sensi-
tive function of the detail mechanisms of diatomic
migration. The disagreement indicates that at
higher temperatures, nearest-neighbor discrete
jump may not be sufficient to describe both the
single-atom and diatomic- cluster migrations.
Also, the atomic jumps in diatomic-cluster migra-
tion may be correlated as discussed in the Appen-
dix, which most definitely shows that the one jump
mechanism is less important.

The percentage orientation change as given by
Eg. (2V) gives a value of 66.7% if one omits the
one-jump mechanism along the [001] direction.
This value agrees quite well with the measured
values of 68.2% at 299 K and 68.0% at 309 K, in-
dicating that the two-jump mechanisms with the
[110]and the [001] intermediate bonds are the
dominant mechanisms in the diatomic-cluster
migration, although they are not the exclusive
ones. Despite our considerable effort of present-

ing data obtained from as many as 1265 heating
periods, statistics are only sufficient to consider
the [110]and [001] intermediate bonds two-jump
mechanisms quantitatively, ' we will simply assume
that these two mechanisms are the only mecha-
nisms in the diatomic- cluster migration.

The rates k~ and k2 depend on the pair interac-
tion between the two atoms on the surface. Con-
sider first the [110]intermediate-bond two-jump
mechanism. Since no intermediate bond of the
cluster has ever been observed directly in the
1265 heating periods of 60 sec each, we must con-
clude that the rate-limiting factor in the cluster
migration comes from the first atomic jump. The
rate of such jump is given by

u(rup) —u(rp)
k2 = pv exp)— 7 (28)

E.(riip) —~,(rp) =&, (31)

by the definition of the activation energy &„ofthe
single-atom migration. We have assumed that the
saddle point of activation in the single-atom and
diatomic-cluster migration is the same, thus

FIG. 9. Diagram showing the bond change during an
atomic jump for the two-jump mechanism with an [1TO]
intermediate bond direction.

where v, is the frequency factor for atomic jumps
along the (111) surface channels, u(rp) is the po-
tential energy of the cluster at an equilibrium
bond separation rp, and u(rg&p) is the potential
energy at the saddle point along the jumping path
as shown in Fig. 9. The factor —,

' accounts for the
fact that there are four (111) directions, thus the
jump frequency in a given direction is —,v„but
either of the two atoms in the cluster can jump.
The potential energies of the cluster at ro and r~~o

are the sums of the pair interaction energy &,(r)
and the surface potential energy for single atoms
E,(r) at rp and rqqp.

u(rp) =E,(rp) + E,(rp), (29)

u(rllp) =@ (rllp) + @ (rllp) ~ (30)

But
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E. + E.(. ,) —E.(.,)
k2 ——,'v, exp (32)

E (r~gp) —E (rp) = kT ln(k /2k2) . (34)

A similar expression can be written for E,(rpp&):

E,(rpg) —E (rp) = kT ln(k l2kg),

where roofs is the bond vector at the saddle point
along the jumping path of the atom in the two-jump
mechanism with a [001] intermediate bond. Nei-
ther rqqo nor roy is precisely known. One may
assume that the saddle points are located at the
bridge sites along the jumping paths. Also exper-
imentally we do not directly measure kz or k2, but
rather k, k&, and k„'they are related by Eq.
(25).

(k, +k, ) =-&(k. +k, +k„), (35)

if k3 «kq and k3 «k2.
The rates k& and k2 can be found experimentally

by analyzing in detail the rate of displacement in
each subcategory as listed in Table I. This can
be understood by examining Fig. 8. For a cluster
with a certain bond direction, for example along
the $ axis, the displacement produced by a two-
jump mechanism with a [1.10] intermediate-bond
direction always points in the opposite direction
to the displacement produced by a two-jump mech-
anism with a [001] intermediate-bond direction.
In our detailed analysis of the elementary dis-
placement steps, we did not notice any statistical-
ly significant trend. Thus k& is nearly equal to k2

within the limited statistics of the experimental
data available. For our discussion, we will sim-
ply assume that kq=k2, or E,(rnp) E (rpp&). Thus
kq = k2 = —,'(k +k„+k„),and

Sk,nE= E,(r„,) —E,(rp) -=kT ln („4k +k„+
(36)

where r„~represents either r]].p or rpo&.
At 299 K, k, =N/v =0.763/60 sec as discussed

in Sec. IIIC. (k + k p+ k, ), the rate of occurrence
of e,, P, and 'Y steps, can be derived from best
fits of the experimental and theoretical two-di-
mensipnal displacement distributions as discussed
in the Appendix. Direct use of the rates of obser-
vation of o.', p, and y steps as listed in Table I is
invalid as has been discussed earlier. Thus (k
+ k, + k„)= (0.19+0.15 + 0.145)/60 sec . We have

The rate of atpmic jumps for a single atom at the
same temperature is given by

k, =v, exp(- E„/kT) .

Thus

&E=E,(rqqp or rpg) —E (rp) =0.005 eV. At 309 K,
k, =4.064/60 sec, and (k +k„+k„)= (0.47 + 0.55
+0.35)/60 sec . And &E=0.24 eV is obtained.
Obviously the analysis involved approximations,
and the data contains large statistical fluctuations.
However, we can conclude that &~ =0.0&5+ 0.010
eV. The difference in the interaction between two
W atoms on the W (110] plane at -2.74 A and at
r„d,which is spmewhere between 2.74 and 4.47 A,
is very small. This value of ~~ is of the same
order of magnitude as the difference in the activa-
tion energies of diatomic-cluster diffusion and
single-atpm diffusion, which is -0.02 eV. This
is, of course, what is to be expected if the diatom-
ic-cluster migration is accomplished by a bond
stretching mechanism, a,s has been discussed.
The fact that the [001] intermediate bond mecha-
nism is not dominant over the [110] intermediate
bond mechanism suggests that u(r) is quite flat
over the range from -3 to -4.47 A.

The interaction energy at ro, the closest equi-
libr'ium bond separation, for two W atoms on the
W (110] plane has been estimated by Tsong to be
0.26 eV and by Bassett and Tice to be 0.31 eV
based on dissociation rates observed near 400 K.
These results can be summarized as follows:

E,(rp) =-(0.285+ 0.018) eV,

E,(rppz ol r»p):—(0.270+ 0.018) eV .
We must recognize here that the statistical uncer-
tainty is large. Also E,(r) is obtained at only two
separations. Only when the amount of data is in-
creased by at least a factor of 10 to 100 can the
interaction at larger distances be derived by the
rates of occurrence of the other displacement
steps observed, but the data were omitted from
consideration in this study because pf their small
numbers. Also, only then can we tell the differ-
ence between E,(r»p} and E,(rppq).

E. Summary

The migration behaviors of single W atoms and
W diatomic clusters on the W (110] plane have been
investigated by utilizing the atomic resolution
capability of the field ion microscope. Although
detailed atomic jumps of the migrations cannot be
directly seen, they can be studied by measuring
the two- dimensional displacement distributions
and by the identification of the diatomic-cluster
elementary displacement steps. We conclude
from these measurements that single W atoms mi-
grate at low temperatures by nearest-neighbor
jumps along the (111) surface channels. For the
diatomic clusters, migration is achieved mainly
through three elementary displacement steps.
Each of these steps can be produced by two atomic
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jumps of the cluster atoms. These atomic jumps
are slightly correlated. A correlation factor is
defined and derived from least-squares fits of the
experimental and calculated two-dimensional dis-
placement distributions. An anisotropy factor of
the two-dimensional migration is defined, and
experimental data obtained. The pair interaction
between two W atoms at the equilibrium separation
and at the saddle point of atomic jumps is derived
from the frequencies of atomic jumps in single-
atom and diatomic- cluster migrations. These
frequencies are derived by least-squares fits of
the experimental and calculated two- dimensional
displacement distribution for both the single atoms
and the diatomic clusters. To derive interaction
at larger separations, the amount of data needed
is formidably large. Only when a better data col-
lection technique is developed, such measure-
ment can become practical. Laser heating of the
emitter surface may be an attractive technique
for this purpose. This technique will also enable
us to study the diffusion behaviors of single atoms
and simple atomic c1usters at a much higher tem-
perature. At the present time, a molecular dy-
namic computer simulation of surface diffusion
of single atoms and atomic clusters can only be
done at a much higher temperature ' than those
accessible to FIM measurements. With a laser
heating, the gap can be bridged. A significant
progress in understanding the diffusion behaviors
can be expected when a direct comparison can be
made of the two kinds of studies.
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a two-dimensional rectangular lattice of az/2

XW2aj/2. An o.', P, and 'Y step produces, respec-
tively, a center-of-mass displacement of +ai/2,
+v 2aj/2, and +ai/2+ v 2aj/2. Any one of the lat-
tice points can be reached by a combination of
certain numbers of any two of the three elemen-
tary steps. We calculate displacement distribu-
tions for all possible combinations, and then sum
them together by including proper statistical
weights. Specifically, the probability of reaching
a point (x, y) starting from (0, 0) after the occur-
rence of n, n~, and n„steps W(x, y) is given by

w(x, y) =p. ,w(~, p) +p. „,w(n, y, ) +p. „,w(n, y, )

+Pg„,W(&, rz)+Ps„,W(Pirz), (Al)

where W(o', p) represents the probability of reach-
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by the & steps, or along the y axis by the p steps.
The probabilities of having various modes of mi-
gration are given by

This work was supported by NSF Grant No.
DMR-V904862. R. C. acknowledges the support
of a fellowship from the Universidad de los Andes,
Marida, Venezuela.

n01 np

nfl ng + naI Sy + nfl

=1 n%
2 n ng+n ~ +nylon

(A2)

(AS)

APPENDIX: TWO-DIMENSIONAL DISPLACEMENT
DISTRIBUTION FOR DIATOMIC-CLUSTER

MIGRATION ON THE W (110): CENTER-OF-MASS
DISPLACEMENTS

In Sec. III B we have discussed a successful
identification of three elementary displacement
steps: o.', P, and y steps. We present here a
method for calculating the two-dimensional dis-
placement distribution based solely on the occur-
rence of &, P, and r elementary displacement
steps. Using this method, values of the average
numbers of occurrence of the &, 9, and y steps
within a heating period can be derived by the best
fits of the theoretical and experimental displace-
ment distributions. We also show that from these
numbers we can conclude that the atomic jumps
in the diatomic-cluster migration is slightly cor-

]. n /fly

2 n ng+n n„+ngn„' (A4)

n, nz, and n„represent, respectively, the aver-
age numbers of occurrences of the &, P, and y
steps in a heating period. These numbers are
different from the average numbers of observing
the o.', P, and y steps in a heating period.

A lattice site represented by (x, y) in the x-y
coordinates is represented, respectively, in the
o-P, the o. -yz, the n~z, the P-y&, and the P-yz
coordinate systems by (o', P), (o', rz), (o', rz),
(p, y, ), and (p, yz). Figure 10 illustrates this
point with an example. In Table VII, lattice points
with an x andy smaller than or equal to 3 are
listed.

The problem is reduced to finding a set of num-
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(x, y)

TABLE VII. Coordinates for some sites.

(+ P) (+ Vf) (&, V2) (P, Vg) (P, 72)

0
6,5

0, 0
1, 0
2, 0
3, 0.
0, 1
1, 1
2, 1
3;1
0, 2
12
2 2

3 2

0, 3
1 3
2 3
3 3

0, 0
1, 0
2, 0
3, 0

0, 1
1 1
2, 1
3, 1
0, 2

1, 2
2 2

3, 2

0, 3
1 3
2 3
3 3

0, 0
1, 0
2, 0
3, 0

—1, 1
0, 1
11
2 1
2 $2
1$2
0, 2

1 2

3 $ 3
2 j 3

—1 3
0, 3

0, 0
1, 0
2, 0
3, 0
1, 1
2 1
3, 1
4, 1
2 2
3 2
4, 2
5, 2
Bg 3
4, 3
5, 3
6, 3

0, 0
1 7 1

~2y 2
3 $ 3
1, 0
0, 1

-1,2
2 f 3
2, 0
1, 1
0, 2

-1,3
3, 0
2 1
1 2

0, 3

0, 0
1,—1
2, —2

3) 3
1, 0
2 —1
3~ 2

4, —3
2, 0
3 -1
4, -2
5, —3
3, 0
4, -1
5, -2
6, -3

0
4, t

X
0(

3,0

FIG 10' Coordinates of some sites ln x y and % Y2

coordinate systems.

bers for n, n&, and n„which give a best fit by
least squares with the experimentally measured
two-dimensional displacement distributions listed
in Figs. 5(a) and 5(b) as the upper numbers. In
Table VIII, the best fit set of calculated values are
listed. The 299 K data fits best with n =0.190
+0.005, n& ——0.150 +0.005, n„=0.145 +0.005. The
309 K data fits best with n =0.47 + 0.01, n &

——0.55
+0.01, and n„=0.35+0.01. All these values are in
a unit of (min) ~.

As can be seen from Table VIII, the best fit
sets of calculated values agree with experimental
values very well over all sites. Thus at least
at low temperatures, below about 310 K, the mi-
gration behavior of % diatomic clusters can be
adequately accounted for by the &, P, and r ele-
mentary steps. Some of the other observed dis-
placements may also be elementary, but the rate
of occurrence is too small to be established with-
out any doubt with the amount of data now avail-
able.

It is noted that the numbers of y steps at both
299 and 309 K are significantly lower than the

n. = [-,'(1 f ) + g]C,
n„=[-,'(1-f ) + ,' f]C, -
n„=', (1-f)C, -

(A5)

(A6)

(AV)

where & is a proportionality constant obviously
given by

Thus

numbers of & and I3 steps. If an elementary dis-
placement step is achieved by two uncorrelated
atomic jumps, then ~ should be equal to (n +n„)l
2, irrespective of whether or not the jumps with
an [110]intermediate bond is favored more than
the jumps with a [001] intermediate bond. The
fact that the ~-step occurs less frequently than
(n + nz)/2 indicates quite clearly that the two
atomic jumps are slightly correlated. It can be
easily understood with the help of Fig. 2 that, if
an atom which starts the first jump also makes the
second jumps, then only the o'-step and the P-step
can be observed. I et us assume that a fraction f
of the atomic jumps are correlated, namely, two
successive jumps by the same atom, then

TABLE VIII. Two-dimensional displacement distributions.

299 K
Ezpt. W(x, y) (%) Calc. W(x, y) (%)

309 K
Expt. W(x, y) (%) Gale. W(g, y) (%)

0, 0
1, 0
2, 0
0, 1
l, l
0, 2

All
others

73.32
4 ~ 99
0.26
3.75
1.94
0.20
1.97

73.20
5.05
0.23
3.73
1.88
0.13
1.00

44.33
7.75
0.70
9.05
3.23
1.49
8.57

44.15
7.52
0.81
8.81
3.44
1.14
5.53
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=1-
(n +n~+n„) ' (A9)

This fraction may be ca,lied a "correlation factor"
for atomic jumps in the diatomic-cluster migra-
tion and can therefore be easily calculated. Using
the values of n, nz, and~ derived, we find that
f(299 K) =0.10, and f(309 K) =0.23. The fact that
the correlation factor is larger at higher tempera-
ture is in fact consistent with a, molecular dynam-
ics computer simulation of sur"ace diffusion in
which Tully et al. find that at higher tempera-
tures atoms tend to jump not to a nearest neigh-
bor site, but over several atomic distances. It is
also consistent with a single W atom diffusion ex-
periment on the W $110j plane carried out at 330

K, where an experimental two-dimensional dis-
placement distribution fits best with an exponen-
tial jump length distribution given by

P(if) =«p(- A (A10)

where j is an integer other than 0, l is the near-
est-neighbor distance, and C is a constant given
by

C =-,' Iexp(o.') —1], (A11)

where & =2.04+ 0.16. This result indicates that
at 330 K, about (13+2)% of the atomic jumps in
single-atom W diffusion on the W (110}plane goes
beyond the first nearest-neighbor distance.
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