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Direct Observation of Substitutional-Atom Trapping on a Metal Surface
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Field ion microscope observations show that individual Rh adatoms on the Rh(100) surface are
trapped in the four lattice sites adjacent to an Ir substitutional atom intentionally embedded into the sur-
face. The activation barrier for the Rh adatom to escape from the impurity trap is 0.95 eV, considerably
higher than the self-diffusion barrier on the defect-free surface (0.83 eV). The activation barrier to
move between the four equivalent trap sites is 0.76 eV. The increased binding along with a higher Rh
desorption field at the trap sites imply a stronger Ir-Rh bond compared to Rh-Rh.

PACS numbers: 61.16.Fk, 66.30.Jt, 68.35.Fx

The ability to achieve atomically smooth surfaces dur-
ing crystal and epitaxial growth processes is becoming in-
creasingly more important as scientists and engineers at-
tempt to create new materials by controlling growth at
the atomic level. Although it is often assumed that uni-
form, layer-by-layer growth is realized when the rate of
diffusion across single crystal terraces exceeds the rate of
nucleation events [1], there is indirect evidence that iso-
lated surface defects can serve as nucleation sites and in-
hibit uniform growth [2]. However, little direct informa-
tion is available on how diffusing atoms interact with sur-
face defects. This Letter reports a field ion microscope
(FIM) investigation of how one such defect, namely, a
single, substitutional impurity atom, influences surface
self-diffusion on an otherwise atomically perfect single-
crystal plane. Since many surface phenomena do not fol-
low what is expected from bulk thermodynamic proper-
ties, it is not possible to anticipate the influence of such
impurities without experiment. In this study the location
of the impurity atom within the top layer of surface
atoms is identified unambiguously, and its presence is
shown to act as a strong trap for an adatom migrating at
or near room temperature.

In view of the numerous contributions made by the
FIM to our understanding of diffusion and clustering
phenomena on surfaces [3], it is somewhat surprising that
there has been only one previous FIM surface diffusion
study dealing specifically with the subject of impurity
atom trapping. In 1977 Cowan and Tsong [4] used the
FIM to study the interaction of a migrating W atom with
substitutional Re atoms on the (110) plane of a W-3%Re
alloy. By contrasting diffusion on the alloy surface with
diffusion on the (110) surface of pure W, they concluded
that there was an attractive interaction of 90 meV be-
tween the diffusing W adatom and Re substitutional
atoms at their closest equilibrium separation. They also
noted a smaller, repulsive interaction at the second closest
separation.

The main reason for the limited number of FIM stud-
ies dealing with impurity atom trapping is the difficulty in
producing a single substitutional atom with an atomically
well-defined single-crystal plane. In the study mentioned
above [4], the authors relied on a statistical distribution
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of Re atoms in the dilute alloy to produce a few isolated
impurities in the surface layer. Identification of the sub-
stitutional atom was based on the observation of a notice-
able increase in the frequency of observation of the
diffusing atom at specific surface sites and a meaningful
correlation of these sites with the location of field-
evaporation-resistant atoms (presumed to be Re) in the
surface layer.

The investigation reported here differs from this earlier
work in that the substitutional atom (Ir, in this case) is
intentionally embedded into the surface layer of the sub-
strate (Rh). The embedding process relies on the substi-
tutional or “‘exchange” mechanism observed in previous
investigations of atom diffusion on other fcc(110) and
(100) surfaces [5]. The unique aspect of the Ir/Rh(100)
system is that, after exchange, the displaced Rh atom
does not perform the usual random walk across the sur-
face, but is confined to move about the four sites neigh-
boring the substitutional Ir adatom. The exchange pro-
cess thus provides a convenient method to generate both a
substitutional impurity atom and a self-diffusing adatom,
an ideal situation for the investigation of impurity atom
trapping. A somewhat similar phenomenon was observed
for Re adatoms on the Ir(100) surface [6], but in this
system, rather than producing an embedded impurity
atom, the Re atom combined with an Ir surface atom to
form a dimer-vacancy complex.

The specific procedure used to create the Ir impurity
trap site on Rh(100) is illustrated in the series of field ion
micrographs shown in Fig. 1. The images, obtained fol-
lowing the standard methods used in FIM surface
diffusion studies [3], were recorded with the sample at 77
K. Figure 1(a) shows a single Ir adatom on top of the
Rh(100) surface. The Ir adatom was deposited from a
deposition source located a few cm from the tip. By rais-
ing the voltage applied to the Rh tip, it was found that Ir
adatoms on Rh(100) are resistant to field desorption (i.e.,
the removal of surface atoms by an external electric field
[71) up to the evaporation field of the Rh substrate plane.
The desorption field strength for Ir is therefore quite
different from that for Rh adatoms on Rh(100), which
desorb at approximately 75% of the substrate evaporation
field. As shown in previous investigations, such a large
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FIG. 1. Field ion micrographs illustrating the method used to
generate Ir impurity atoms within the Rh(100) plane as dis-
cussed in the text. The images were recorded in 2x 10~ Torr
Ne at 77 K.

difference in desorption fields can be used to distinguish
between different types of adatoms on the surface [8].

Figure 1(b) shows the same surface after the sample
was heated to a temperature of 330 K (with the imaging
voltage turned off) for a period of 30 sec and recooled to
77 K. Although there is still an adatom at about the
same location on the surface, careful analysis of the im-
ages indicates that a displacement of one nearest neigh-
bor distance occurred during the heating interval. The
adatom in Fig. 1(b) was observed to desorb at an electric
field strength approximately 85% of the substrate evap-
oration field. The fact that the evaporation field of the
adatom after heating corresponded to neither the desorp-
tion field for Ir nor that for Rh caused some initial con-
fusion in the interpretation of the results. However, it
will be shown below that the adatom in Fig. 1(b) can be
identified as Rh, generated by an Ir-Rh exchange process.
Figure 1(c) shows the Rh substrate after field desorption
of the Rh adatom.

Direct confirmation of the Ir-Rh substitutional process
is provided by the subsequent micrographs in Figs.
1(d)-1(f). These images show the Rh surface at various
stages of field evaporation. The process of field evapora-
tion removes atoms from the edge of the plane inward [7]
giving rise to the decrease in diameter of the inner ring of
spots seen in Figs. 1(d) and 1(e). It is clear in Fig. 1(f)
that when the Rh(100) top-layer atoms are removed
completely, an individual adatom remains on the surface.
From its resistance to field desorption, the adatom is
identified as Ir. It is possible to repeat the above se-
quence over and over. Each time the surface is heated to
at least 3000 K, the Ir adatom substitutes itself into the
top layer of Rh atoms, and each time the Rh surface is
field evaporated, the Ir adatom reappears.

FIG. 2. Field ion micrographs illustrating the trapping of a
Rh adatom by an Ir substitutional atom. (a) White dots super-
imposed on the Rh(100) plane correspond to the coordinates of
a diffusing Rh adatom after each of 242 heating cycles at
255-260 K. (b) Field evaporation of the Rh(100) plane reveals
an Ir substitutional atom below the four trap sites shown in (a).

An interesting observation related to the above ex-
change process was the occasional occurrence of Ir-Rh
substitution at the base sample temperature of 77 K. In a
few cases (approximately one in ten) a deposited Ir ada-
tom embedded itself into the surface without any heating.
This was surprising because once an Ir atom was deposit-
ed on top of the surface, it would remain there until the
sample temperature was raised to at least 300 K. A pos-
sible explanation for exchange at 77 K is that some of the
energy released in the condensation of the atom onto the
surface is transferred to the energy required for ex-
change. The process may be related to the question of
transient mobility, a subject of considerable controversy
in recent years [9].

The fact that the displaced Rh adatom does not field
desorb at the field strength corresponding to Rh on
Rh(100) can be attributed to its proximity to the substi-
tutional Ir adatom. When the adatom is moved to a loca-
tion away from the exchange site (see below), the mea-
sured desorption field is found to be 75% of the substrate
evaporation field, consistent with Rh on Rh(100). Thus,
there are three desorption fields associated with Ir and
Rh on Rh(100): Ir adatoms on Rh(100), which desorb at
electric fields very close to the substrate evaporation field
Fey; Rh adatoms on defect-free Rh(100), which desorb at
75% of Fey; and Rh adatoms on Rh(100) in a site adja-
cent to an Ir substitutional atom, which desorb at 85% of
Fe. The difference in desorption fields for Rh at the two
different types of sites suggests that the binding of a Rh
atom is stronger at the sites adjacent to the substitutional
Ir atom.

A more direct indication of trapping by the substitu-
tional Ir atom is provided by the field ion micrographs
shown in Fig. 2. Figure 2(a) shows an image of a bare
Rh(100) substrate plane. Added to this image are small
white dots corresponding to the coordinates of a self-
diffusing Rh adatom, generated by the Ir-Rh substitu-
tional procedure described above. The coordinates were
obtained from digitized FIM images taken after each of
242 heating intervals. The sample temperature during
the heating intervals ranged from 255 to 260 K. It is
clear from Fig. 2(a) that the adatom is confined to four
binding sites on the surface. Figure 2(b) shows the same
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surface after field desorption of the Rh adatom and field
evaporation of the top layer of Rh(100) atoms. The ada-
tom seen in Fig. 2(b) is identified as Ir, based on its
desorption field as discussed above. Superposition of the
two images indicates that the four sites visited by the Rh
adatom are those adjacent to the Ir substitutional ada-
tom. The confinement of self-diffusion to the four sites
neighboring the Ir atom was found to persist over the
temperature range from 250 to 320 K.

The activation barrier for displacements of the Rh ada-
tom between the four sites surrounding the Ir atom can
be obtained from the temperature dependence of the dis-
placement rate. If the temperature is sufficiently low that
multiple displacements are unlikely, then the convention-
al random-walk analysis used in FIM investigations of
adatom diffusion across extended surfaces is applicable
[3]. According to this analysis, the mean-square dis-
placement of the adatom (r?) is related to the activation
energy E,4 through

P/t =2vol*exp(— E4/kT) , )]

where 7t is the diffusion time interval, vg is the atomic vi-
brational frequency, / is the jump distance, k is the
Boltzmann’s constant, and 7 is the temperature. The
prefactor term, 2wol 2, is often defined as Do and called
the diffusivity. Equation (1) assumes zero activation en-
tropy and single jumps between adjacent sites. The ac-
tivation energy and diffusivity are obtained from the slope
and intercept of an Arrhenius plot of In({r2)/z) vs 1/T.
Applying this analysis to displacements of Rh on
Rh(100) in the vicinity of an Ir trap, the activation ener-
gy and diffusivity are determined to be 0.78 £0.10 eV
and 2x1073*2 cm?/sec, respectively. The large errors
are the result of the narrow temperature range over
which the experiments could be performed. A more reli-
able activation barrier can be obtained by assuming that
Dy is given by 1x10 73 cm?/sec (consistent with a large
body of FIM surface diffusion measurements [3]) and
calculating the barrier at each temperature. With this
procedure the activation energy at four temperatures in
the range from 248 to 265 K is 0.76 eV to within 0.01 eV.
Note that the assumed value of Dy corresponds to an
atomic vibrational frequency of ~10'2sec ™.

As mentioned above, the Rh adatom remained trapped
in the four sites adjacent to the Ir atom until the temper-
ature during the diffusion intervals was increased to
above 320 K. Once it detached, the Rh adatom per-
formed an ordinary random walk across the surface.
Analysis of the sites visited by the Rh adatom indicated
diffusion on the defect-free surface takes place by ordi-
nary hopping. From measurements of the mean-square
displacement at 300 K and assumption of the standard
Do mentioned above, the activation barrier was deter-
mined to be 0.83 £0.05 eV. This value is within the ex-
perimental error of earlier, more detailed measurements
reported by Ayrault and Ehrlich [10].

The activation barrier for dissociation from the impuri-
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ty trap was determined by measuring the average time it
took for the Rh adatom to detach from the four sites ad-
jacent to the impurity atom. As discussed in previous ar-
ticles [3], the dissociation time ¢4js, as a function of tem-
perature T, is given by the expression

l/!d;s=2voexp(—Edis/kT), (2)

where E g5 is the activation energy for dissociation and vy
and k are defined as in Eq. (1). In principle, the dissocia-
tion barrier can be determined from an Arrhenius
analysis as described above for diffusion barriers. In
practice, for Rh atoms bound to Ir impurities, the tem-
perature range over which reliable dissociation times can
be measured was too small to obtain a reasonable Ar-
rhenius plot. However, by assuming that the frequency
prefactor for dissociation from the trap is the same as the
prefactor determined above for diffusion around the trap
(i.e., 10"? sec ™), the dissociation barrier can be obtained
from the dissociation time at a single temperature. The
dissociation times measured at 343 and 335 K were 40
* 11 and 160 % 60 sec, respectively, corresponding to an
average activation barrier of 0.95 £ 0.02 eV.

The relative energetics corresponding to the self-
diffusion on Rh(100) in the vicinity of an Ir substitution-
al impurity are shown in Fig. 3. The upper portion of the
figure shows schematically a top view of the Rh(100) sur-
face. The lightly shaded circles represent the top layer
Rh atoms, the darkly shaded circle represents the Ir im-
purity, and the striped circle represents a Rh adatom.
The lower portion of Fig. 3 shows a graph of the binding
energy of the Rh adatom along the line AB of the
schematic. The activation energies are the values ob-
tained in the experiments reported above. Not shown on
the figure is the possibility that the impurity atom could
affect binding at sites beyond the closest trapping sites
(i.e., smaller attractive or repulsive barriers may exist at
the next closest sites to the impurity). Sufficient statistics
could not be obtained to probe these interactions because
self-diffusing Rh atoms typically migrated off the edge of
the plane after detaching from the impurity site. In

FIG. 3. A schematic representation of the energetics in-
volved in Rh self-diffusion on Rh(100) with an Ir impurity trap.
Details are discussed in the text.
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several experiments, detached Rh atoms were observed to
retrap at the impurity suggesting the absence of any
significant repulsive interactions near the impurity.

Although the above experiments establish that Ir im-
purity atoms create strong trapping sites for a self-
diffusing Rh adatom and provide quantitative measure-
ments of the energetics involved in the process, the under-
lying physics of the trapping mechanism is subject to
speculation. The noticeable increase in the desorption
field for a Rh adatom at the Ir impurity site (three Rh-
Rh bonds and one Rh-Ir bond) compared to Rh on Rh
(four Rh-Rh bonds) and the further increase in the
desorption field for an Ir atom on the Rh(100) surface
(four Rh-Ir bonds) suggests that the Rh-Ir bond strength
is significantly stronger than Rh-Rh. In fact, a simple
analysis using pairwise additive bonds and assuming a
larger Rh-Ir bond strength can qualitatively explain all of
the observed field desorption and trapping phenomena
[11]. However, a determination of whether the increased
Rh-Ir binding strength is due to electronic interactions,
lattice strain effects, or some other interaction will re-
quire more detailed theoretical calculations.

Stimulated by the experimental work reported here, re-
cent theoretical efforts [11] employing the embedded
atom method (EAM) have been undertaken to examine
the energetics associated with a Pt impurity atom embed-
ded into a Pd(100) surface. The Ir-Rh system was not
used for the calculations because the basic assumptions of
the EAM limit its applicability primarily to the six noble
and near-noble metals. The Pt-Pd system was chosen be-
cause these are the two elements to the immediate right
of Ir-Rh in the periodic table. Qualitatively, the results
from these calculations are the same as the Ir-Rh system,
i.e., the Pt atom finds it energetically favorable to embed
itself into the Pd surface and the barrier for Pd diffusion
around the Pt impurity is significantly lower than for
diffusion away from it. More detailed calculations are
expected to provide insight as to the role of lattice relaxa-
tions in the trapping process and help probe the finer de-
tails of the surface potential surrounding the impurity
atom.

A comprehensive understanding of the impurity trap-
ping mechanism is of obvious importance in relation to
the nucleation and growth processes mentioned in the in-
troduction. It is often assumed that impurity atoms at or
near the surface can serve as nucleation sites during crys-
tal growth, but little is actually known about the nature
or strength of such traps [2]. The information obtained
in this investigation will provide useful input to growth
simulation models. It should be mentioned that, in order
for the impurity atom to serve as an actual nucleation site
for subsequent island growth, additional atoms en-
countering the trapped adatom must become trapped as
well. It is conceivable (although not likely) that the pres-
ence of one trapped atom would change the energetics of
the trap site such that it would not bind additional atoms.

To check this possibility, an experiment was performed in
which several Rh-Ir trap sites were created on the same
surface. The surface was then heated to 345 K to release
some of the trapped Rh atoms. At this temperature,
there was a relatively equal chance that the Rh would ei-
ther remain trapped or detach from the trap site. Once
an atom dissociated, the temperature was lowered to 300
K during the diffusion intervals. Occasionally the de-
tached atom would diffuse to the location of another
trapped atom and form a close-packed Rh-Rh dimer at
the site of the impurity atom. The temperature at which
the dimer became mobile (320 K) and at which it de-
tached from the impurity trap (390 K) were significantly
higher (by approximately 60 K) than the corresponding
temperatures for a single trapped atom. Although the ex-
periments need to be further quantified and extended to
larger clusters, the current results provide compelling evi-
dence that the Ir impurity atom does indeed serve as a
nucleation site for island growth on the Rh(100) surface.
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FIG. 1. Field ion micrographs illustrating the method used to
generate Ir impurity atoms within the Rh(100) plane as dis-
cussed in the text. The images were recorded in 2x 1074 Torr
Ne at 77 K.



FIG. 2. Field ion micrographs illustrating the trapping of a
Rh adatom by an Ir substitutional atom. (a) White dots super-
imposed on the Rh(100) plane correspond to the coordinates of
a diffusing Rh adatom after each of 242 heating cycles at
255-260 K. (b) Field evaporation of the Rh(100) plane reveals
an Ir substitutional atom below the four trap sites shown in (a).



FIG. 3. A schematic representation of the energetics in-
volved in Rh self-diffusion on Rh(100) with an Ir impurity trap.
Details are discussed in the text.



