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Atomic Behavior at Individual Binding Sites: Ir, Re, and W on Ir(111)
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It has for the first time become possible to make quantitative determinations of differences in energy
and jump rate for adatoms at the two types of binding sites on a close-packed fcc (I I I) plane. For iridi-
um on lr(l I I), variations in the potential energy of an atom over the surface are found to be small.
Binding energies are, however, strongly dependent upon the chemical identity of the adatom. For rheni-
um and tungsten, differences in binding at fcc and hcp sites are sizable. In contrast, the dynamics of
jumps out of the two types of sites are similar for the same atom.

PACS numbers: 68.35.Md, 61.50.Cj, 68.35.Ja, 68.55.Ce

It has long been recognized that the properties of
atoms adsorbed on a surface should depend upon the na-
ture of the binding site [1]. However, because of the
difficulty of establishing where atoms are actually held,
little has been done so far to quantify these expectations
[2]. On the close-packed (111) plane of the fcc metal
iridium, for example, metal atoms are known to bind at
two different sites, distinguished by the local geometry
[3]. Addition of atoms at sites designated as fcc in the
schematic in Fig. 1 continues the normal structure of the
substrate crystal; in contrast, at hcp sites, atoms eventual-

ly create a fault plane. How does the behavior of an
atom differ from one kind of adsorption site to another?
Identification of the type of site at which an atom is held
on fcc (111)has recently become very simple through the
use of the field-ion microscope [4]. We have taken ad-
vantage of this newfound capability to carry out a quanti-
tative examination of how kinetic and thermodynamic
properties of metal atoms differ at the two types of sites,

something not possible in the past.
An iridium atom at an hcp site on Ir(111) is readily

identified [3]. It has a triangular image, with the apex
pointing along [211], as in Fig. 1(b); at an fcc site, the
orientation of the image triangle is reversed. After equili-
brating an Ir(111) plane with a single iridium atom on it
at T = 100 K in the absence of applied fields, both fcc
and hcp sites are occupied when the surface is imaged at
low temperatures (at which observations in a high field do
not afl'ect the distribution over the sites). For a system at
equilibrium, the ratio of NI, the number of times an atom
is at an fcc site, to Ng, the number of times it is at an hcp
site, immediately gives the free-energy difference through
the standard relation [5]

NI = [(ps —1)Nj'+pt Nt']/(pI+ pi —I ),
Nt, = [(pI —

1 )N9+ pI NI ]/(p/+ pt,
—

1 ) . (3)

ment this simple idea. The number of sightings N is sub-

ject to statistical fluctuations cr (N), so that the equilibri-
um ratio NI/Nt, is endowed with an appreciable uncer-
tainty cr (NI/Np) =NI(NI+Nt, )/Nt, . To achieve statist-
ically significant information therefore requires quite a
large number of observations. Furthermore, to derive
reasonable values of the energetics, measurements must
be extended over as wide a temperature range as possible.
At high temperatures, however, the possibility exists that
during cooling from equilibration to imaging conditions,
the distribution over the two types of sites may change.
After all, it takes but a single jump to convert from one
type of site to another. Provided pI and ph, the probabili-
ties of such a conversion for atoms initially at fcc and at
hcp sites, are small, they can be measured by letting the
heating period approach zero [6]. The populations at fcc
and hcp sites corrected for conversion, NI and Np, are
then simply estimated from the observed quantities Ni
and NI, using

In(NI/Nt, ) = AF/kT =AS/k —AE/kT . —

Here hS is the entropy difference, h,E the difference in

the internal energy, and hF the difference in the free en-

ergy for the system with an atom at an fcc as compared
to an hcp site; k is Boltzrnann's constant. The thermo-
dynamic quantities can now be deduced from a plot of
In(Ny/Nt, ) against I /T

Two practical problems must be surmounted to imple-

FIG. 1. (a) Schematic of fcc plane, showing location of
atoms in outermost layer. Surface unit cell is indicated by solid
lines. a and P designate jumps out of fcc and hcp sites, respec-
tively. I is the nearest-neighbor spacing. (b) Field-ion image of
iridium adatom at hcp site on Ir(111). Apex of adatom image
spot, indicated by arrow, is pointed to the right, along [211].
(c) Iridium adatom at fcc site. Apex of image spot (see arrow)
points to the left.
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Measured values of the equilibrium ratio corrected in
this way are plotted in Fig. 2 at two-degree intervals from
96 to 106 K [7]. To compensate for the limited range of
temperatures, special circuitry has been installed ensuring
temperature reproducibility of ~0.1 K; to reduce the
statistical scatter, roughly 300 observations have been
made at each temperature. That the system was
thoroughly equilibrated even at the lowest temperatures
was established by introductory experiments as well as by
Monte Carlo simulations.

At the highest equilibration temperature, T=106 K,
iridium atoms are at fcc sites in =15% of the observa-
tions. This proportion increases only very slowly; even
around room temperature the two sites would still be
equally populated. From the data in Fig. 2, we find that
the internal energy for an iridium atom at an fcc site
exceeds that of an atom on an hcp site by 499~ 34
cal/mol; that is, for a self-adsorbed atom, binding at the
two sites differs by only +» of the heat of vaporization.
The entropy for iridium at an fcc site is (0.64 0.17)k
higher than at an hcp site. This difference is in keeping
with expectations. For atoms at fcc sites, where they are
more weakly bound, the vibrational frequency should be
less and the entropy therefore larger than at hcp sites. A
roughly 30% difference in just two vibrational modes at a
frequency of = 1.5 x 10]2 s

—] would account for the
measured results.

With this information in hand, it is now also possible to
examine the diffusive jumps of iridium atoms at the two
kinds of sites. From the mean-square displacement (Ax )
measured along the x axis during time t, the diffusivity D
is derived in accord with the Einstein relation (hx )

I I I
1

I I I
1

I I I I I I I
1

I I I
1

I I I

=2Dt. At low temperatures, migration of iridium on
Ir(111) is known to occur by transitions between adjacent
sites [3]. The diffusivity D must therefore involve both
the jump rate a from fcc to hcp sites, and the rate P for
the reverse process; D has in fact been shown to be of the
form [g]

D =Pl /2(1+P/a) =Doexp( bEp—/kT), (4)

where I is the nearest-neighbor spacing, h, ED the activa-
tion energy, and Do the prefactor for the diffusivity. In

an equilibrium system, detailed balance ensures that the
ratio of the rates P/a is equal to the equilibrium ratio

Nf/Ng measured above [9]. The individual jump rates a
and P can therefore be derived by combining data from
diffusion studies with measurements of the equilibrium

distribution of iridium atoms over fcc and hcp sites; this

has been done in Fig. 3.
From this analysis it appears that the frequency factor

for p jumps, vent=4. 07X 10" s ', is somewhat on the
small side, amounting to only a fifth of the often-cited
value of kT/h. The frequency factor out of fcc sites is

smaller still. In the rate-limiting p jumps out of hcp sites,
iridium atoms have to overcome a barrier of 6.22~0.07
kcal/mol in order to move to an adjacent fcc site. This is

only 0.046 of the heat of vaporization. Variations in the
potential energy as an iridium atom moves over the
close-packed Ir(111) surface are evidently quite small

compared, for example, with what is known about
diffusion on the densest plane of a bcc metal, such as
W(110) [10]. On this surface, the ratio of the diffusion

barrier to the heat of sublimation is =0.11.
For the other metal atoms we have examined on

Ir(111), the approach that was successful in characteriz-
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FIG. 2. Ratio Nf/NI, of iridium adatoms at fcc and at hcp
sites on Ir(l I I ) after equilibration at different temperatures T.
Values are derived from experiments in accord with Eqs. (2)
and (3). In this, as in other plots, only statistical uncertainties
are indicated; uncertainties in the absolute temperature calibra-
tion of = 2 K may shift energies by 4%.
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FIG. 3. Arrhenius plot for the diff'usivity D of iridium ada-
tom on Ir(l I I). Also shown is the jump rate a out of fcc sites
and the jump rate p out of hcp sites.

1161



VOLUME 68, NUMBER 8 PHYSICAL REVIEW LETTERS 24 FEBRUARY 1992

ing the behavior of iridium atoms fails, as only one type
of site is populated at reasonable temperatures. Palladi-
um, a group-VIII platinum metal which on Ir(111) is al-
ready mobile at = 65 K, is always observed at fcc sites
after equilibration. The situation is just the reverse for
refractory metal atoms, such as group-VIB tungsten and
-VIIB rhenium. Tungsten and rhenium become mobile
on Ir(111) at much higher temperatures, T= 200 K;
when they do, they are found to occupy only hcp sites.
Nevertheless, for these atoms it is possible to compare the
thermodynamics of binding at hcp and fcc sites by resort-
ing to detailed diffusion studies. For both tungsten and
rhenium, the ratio of the jump rates P/a (which equals
the occupation ratio Nf/Ng) amounts to (,~ at tem-

peratures around 200 K, and can be safely neglected in

Eq. (4). Measurements of the diffusivity D therefore pro-
vide quantitative values of the rate P at which atoms
jurnp from hcp to fcc sites. We write the jump rate in

terms of transition-state theory [9] as
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FIG. 4. Temperature dependence of the diA'usivity D and of
the lifetime r, of a rhenium adatom at an fcc site on Ir(l I I).

P =
vp exp( BED/k T),—vp

——voex p(AS'/k ), (5)

AE =Ef —EI, =dEp —h, E~. (6)

This approach yields direct inforination about jump rates
for atoms at specified sites but there is also a drawback:
The internal energy difference hE is obtained as the
difference between two large quantities, and is therefore
subject to greater uncertainties than values derived
directly from equilibrium measurements.

Studies of the diffusivity D and of the lifetime r of
atoms at fcc sites have been done for both tungsten and
rhenium atoms on Ir(111) at different temperatures. The
techniques for diffusion measurements are well estab-
lished. To determine the lifetime, observations of the sur-
face are made after short time intervals until an atom at
an fcc site moves into an adjacent hcp site. The average
of about 25 such determinations is taken as the mean life-
time. In Fig. 4 the results for rhenium are shown. From
the temperature dependence of the diffusivity we find an
activation energy for p jumps out of hcp sites of

where vp is a temperature-independent frequency factor
and AERY is the energy of activation which is available
from the temperature dependence of the rate.

To measure the rate constant a for an atom jumping
from fcc to hcp sites is more difficult, as neither tungsten
nor rhenium atoms occupy fcc sites after equilibration.
However, when these metals are deposited on the (111)
plane maintained at low temperature, atoms are random-

ly distributed over fcc and hcp sites [I I). A determina-
tion of the time i an atom spends at an fcc site before
jumping to the thermodynamically favored hcp position
then leads to the desired rate a and to the activation ener-

gy h,E, for the transition from fcc back to hcp sites. In-
formation about the difference AE in internal energy for
an atom at fcc and hcp sites also becomes available from
the energies of activation through

12.00+ 0. 17 kcal/mol. The barrier to a jumps from fcc
sites back to hcp, deduced from the lifetime r, of a rheni-
um atom at an fcc site, amounts to only 8.73+0.13
kcal/mol. On Ir(111), the binding of rhenium at hcp
sites therefore is 3.27~0.21 kcal/mol stronger than at
fcc sites. The ratio of jump prefactors at the two types of
sites amounts to = 3.1; on the assumption that vp is site
independent, this is equivalent to an entropy difference
AS =(1.13+ 0.61)k, with the entropy at the more weakly
binding fcc site again the larger. In view of the sizable
statistical error and the arbitrary assumption about vp,

little significance is attached to the fact that hS is about
twice as large as for iridium atoms. The frequency factor
for jumps from fcc to hcp sites is identical with that for
iridium atoms. It is somewhat on the small side, as of
course is the term Do in the diffusivity, which differs by a
factor of 4 from the value of 10 ' cm /s often ascribed
to Dp.

For tungsten on Ir(111), the results in Fig. 5 are in

many ways similar. The activation energy for P jumps
out of hcp sites, deduced from diffusivity measurements,
is 11.69~0.27 kcal/mol. In contrast, the barrier to the
reverse a jumps, found from lifetime studies at fcc sites,
is only 7.34+ 0.19 kcal/mol. The internal energy dif-
ference of 4.35 ~0.33 kcal/mol for tungsten atoms at hcp
as compared to fcc sites is larger than for any of the other
atoms we have studied on Ir(111). The ratio of prefac-
tors of =2.2, or equivalently the entropy difference
AS =(0.78~0.94)k, is comparable to that for iridium

atoms; the uncertainty is again too large for a closer
analysis. More interesting is the value of the prefactor
for the diffusivity, DO=2. 85(x 1.89+ 1)x10 cm'/s,
which is an order of magnitude smaller than for rhenium,
even though diffusion takes place in the same tempera-
ture range. For W atoms, Dp is a factor of 35 below the
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jumps are much larger also; they are almost twice as high
as in the self-diffussion of Ir over this surface. However,
for a given metal atom, the frequency factors for jumping
out of hcp and fcc sites are comparable. It appears that
the chemical identity of the adatom has a profound effect
upon how strongly it is bound at fcc as compared to hcp
sites; nevertheless, the dynamics of jumps out of hcp
versus fcc sites are much the same.
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FIG. 5. DiA'usivity D and lifetime i of tungsten adatom at
fcc sites on Ir(l I I).

standard value of 10 cm /s, well outside the effects ex-
pected from random errors; for Re and Ir the prefactor is
much closer to normal. There appears to be a distinct
chemical specificity in the dynamics of diffusion on
Ir(111), and it will be important to explore the underly-
ing reasons for this.

Our experiments make it clear that the behavior of
atoms on the two different sites of the (111)plane of iri-
dium varies strongly with the chemical identity of the
adatom. For self-adsorbed iridium atoms, binding is
somewhat stronger at hcp than at fcc sites, but this
difference is quite subtle on the scale of the cohesive ener-
gy. The barriers to motion of Ir atoms are small also, al-
lowing diffusion over the (1l I) plane at a temperature
T& 2'5 of the melting point. For the other atoms, the
thermodynamics of binding on Ir(111) are rather dif-
ferent: Both W and Re atoms strongly favor hcp sites.
Even at room temperature, fcc sites should be occupied
by a Re atom in less than 1.5% of the observations; for
W, this figure drops to (0.15%. The barriers to atom
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