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Using low-energy electron microscopy, we determine that self-diffusion of the Cu(001) surface
is slowed by the presence of a c(2 × 2)-Pd buried surface alloy. We probe surface diffusion using
Cu-adatom island-ripening measurements. On alloyed surfaces, the island decay rate decreases
monotonically as the Pd concentration is increased up to ∼ 0.5 ML, where the 2 × 2 buried alloy is
Pd saturated. We propose that the Pd slows island ripening by inhibiting the diffusion of surface
vacancies across terraces. For dilute alloys (<∼ 0.2 ML Pd), this conclusion is supported by density-
functional theory calculations which show that surface vacancies migrate more slowly owing to an
attraction to isolated buried Pd atoms. The results illustrate a fundamental mechanism by which
even a dilute alloy thin-film coating may act to inhibit surface-diffusion-mediated processes, such as
electromigration.

PACS numbers: 00.00, 00.00

I. INTRODUCTION

Surface self-diffusion, by which a surface attains its
thermodynamic equilibrium structure, is fundamental in
processes such as epitaxy.1 For example, 2D adatom is-
lands nucleated during layer-by-layer epitaxial growth
are prone to Ostwald ripening, via diffusion of mass be-
tween islands, which minimizes the excess free energy
associated with the atomic step edges surrounding the is-
lands.1–5 A small fraction of a monolayer of foreign atoms
in or on a surface can change surface diffusion rates sig-
nificantly.5–8 On Cu(111) surfaces, just 0.01 ML of ad-
sorbed sulfur enhances surface diffusion by several orders
of magnitude.6 By contrast, Anderson et al. found that
lead atoms embedded in the Cu(111) surface suppress
diffusion rates by several orders of magnitude—the sur-
face diffusion barrier increases from 0.8 eV to 0.9 eV with
0.11 ML Pb, and to 1.2 eV with 0.22 ML Pb.5 Surface
diffusion is slowed because surface-embedded Pb atoms
increase the barrier to Cu adatom diffusion across ter-
races. A similar mechanism has been proposed for the
inhibition of Cu adatom diffusion on Cu-Sn alloy sur-
faces.9

In the Cu(001)-c(2×2)-Pd buried surface alloy system,
the Pd alloy is covered by a nearly pure layer of cop-
per.10–15 It is not evident that the buried Pd will have
a significant influence on surface mass transport. In this
work, we use Cu-adatom island-ripening measurements
to show that Cu(001) surface diffusion is slowed by the
presence of buried Pd atoms near the surface. Previ-
ous studies3,4,16–18 found that Cu(001) surface diffusion
is mediated by surface vacancies, and we propose that
the alloy slows surface diffusion by increasing the ener-
getic barrier to vacancy diffusion. Using first-principles
density-functional theory calculations, we find that Cu
surface vacancies are attracted to buried Pd atoms, which
inhibits vacancy migration on alloyed terraces.

Surface self-diffusion also determines how fast a surface
is reorganized under externally-imposed driving forces.

For example, electromigration in thin (<0.15 µm) Cu
microelectronic wires is a surface-diffusion-limited pro-
cess.7 Bulk alloying is a proposed means to harden Cu
wires against damaging electromigration effects.19 Previ-
ous studies have found that Pd-Cu bulk alloy films are
less susceptible than pure Cu films to electromigration
damage: the electromigration activation barrier, 0.8 eV
for Cu, increases to 1.01 eV with 0.5 wt% Pd, and 1.2 eV
for 1.26 wt% Pd.8 Since electromigration in thin wires is
surface-diffusion limited, the results we present here sug-
gest that electromigration in a Cu thin film can be slowed
by a Pd-Cu surface alloy coating. Chen at al.9 predict
that Cu-Sn surface alloying may also serve to inhibit Cu
electromigration.

II. EXPERIMENT

A. Methods and materials

Our experiments are done in an ELMITEC LEEM III
at pressures below 5×10−10 Torr. We use a single-crystal
Cu (99.999%) sample cut and electropolished to within
∼ 0.1◦ of the [001] orientation. Prior to experiments,
the sample is annealed in a furnace at 900◦C in an at-
mosphere of Ar4%H2 for 24 hours to deplete sulfur and
carbon contamination. The sample surface is prepared
by numerous cycles of 1 keV Ar or Ne ion sputtering
then annealing at 700-800◦C. When the sample is suffi-
ciently clean that a step-terrace surface structure is vis-
ible in LEEM images, the sample is further prepared by
sublimation (850◦C) of several atomic layers of Cu. The
flow of monatomic surface steps during sublimation is ob-
served by LEEM. Residual contaminant particles (oxides,
sulfur, and carbon) too small to be resolved by LEEM,
can be identified because they impede step flow during
sublimation. We perform the island decay experiments
on terraces that exhibit smooth unimpeded step flow dur-
ing sublimation.
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FIG. 1. Schematic representation of the growth and compo-
sition of the c(2 × 2)-Pd buried surface alloy

We prepare the Cu(001)-c(2× 2)-Pd buried surface al-
loy by depositing Pd (5 ML/hour) from an e-beam heated
wire source onto the sample held at 210◦C. The struc-
ture, and growth, of the c(2×2)-Pd alloy are well under-
stood.10–15,20 The buried alloy forms when submonolayer
coverages of Pd are deposited on Cu(001) at T> 150◦C.
On terraces, Fig. 1 (a), the alloy consists of a c(2 × 2)-
ordered Pd-Cu underlayer covered by a relatively pure
layer of Cu.13 Near step edges, some Pd is also present in
the third atomic layer, as shown in Fig. 1 (b). Hannon et
al. showed that this structure originates from step flow
during the growth of the alloy.14 As Pd adsorbed on the
terrace is incorporated into the second atomic layer, Cu
is displaced to the surface. The displaced Cu migrates
to nearby steps, causing the steps to advance. The ad-
vancing steps grow over the alloy on the terrace, burying
Pd in the third atomic layer, see Fig. 1 (b). On the
upper side of the step, arriving Pd continues to be incor-
porated into the second layer, as well, leading to Pd in
both the second and third layers. On clean and alloyed
surfaces, Cu adatom islands are grown by Cu deposition
(∼ 2 ML/minute) from an e-beam heated Cu (99.999%)
ingot. During the Cu deposition, the temperature of
the sample is 210◦C. The islands develop shapes simi-
lar to the published equilibrium shape for the Cu(001)
surface.21 Examples of adatom islands on the clean and
alloy surfaces are shown in several figures, e.g. Figs. 2
and 3.

B. LEEM characterization of the surface alloy

Prior to an island ripening experiment, we use LEEM
Intensity-vs-Voltage (I-V) measurements to verify that
the surface alloy has the structure shown in Fig. 1.
14,15 In an I-V measurement, specular LEEM images are
recorded versus the energy of the incident electrons. The

energy-dependent electron reflectivity is sensitive to the
surface structure to a depth of several atomic layers.14,15

LEEM I-V measurements can reveal inhomogeneity, e.g.
spatial variations in Pd concentration, or compositional
changes at the surface during island ripening measure-
ments.14,15,22

Fig. 2 shows images of the surface alloy (0.4 ML Pd)
with epitaxial Cu adatom islands. Structural and compo-
sitional variations in the alloy produce the contrast in the
images. Two recent publications explain the cause of the
contrast.14,15 At 14.5 eV, Fig. 2 (a), the terrace regions,
with 2nd layer Pd, appear dark. Relatively brighter re-
gions contain some Pd in the third atomic layer, as near
terrace edges, and under Cu islands, see Fig. 1 (c).

The roughly circular spots are Cu adatom islands, and
the other varied bright regions are other Cu adstructures
created by step-flow growth, and island coalescence, dur-
ing the Cu deposition. At 20.5 eV, Fig. 2 (b), the 14.5
eV-contrast is reversed. Fig. 2 (c) is a schematic draw-
ing showing the locations of the structures described in
Fig. 1.

By recording the intensity as a function of the electron
energy at given location on the sample, one obtains an
I-V curve, Fig. 2 (d) and (e). Recent studies have ex-
tensively catalogued the characteristics of the I-V curves
for the c(2× 2)-Pd surface as a function of Pd coverage.
As with low-energy electron diffraction (LEED) I-V mea-
surements, the I-V relationship can be fit by a multiple-
scattering LEED calculation by optimizing a trial surface
structure.23 This technique was applied by Hannon et al.
to reveal the step-overgrowth mechanism that produces
the step edge structure shown in Fig. 1 (b). We use
LEEM I-V measurements as a fingerprinting technique,
utilizing the extensive published LEEM I-V curves and
calculated structures for the c(2× 2)-Pd surface as a ref-
erence.14,15,22 Fig. 2 (d) shows LEEM I-V curves from a
clean Cu terrace, and terraces with the alloy structure of
Fig. 1 (a) with concentrations of 0.1, 0.2, and 0.4±0.05
ML Pd. As shown in recent publications, the peak at
∼20.5 eV in the curves grows nearly in proportion to the
Pd concentration (<∼ 0.5 ML) in the alloyed layer.14,15,22

By comparing I-V curves before and after each ripen-
ing experiment, we can determine whether or not the
surface alloy composition has changed during the exper-
iment. By this method, we have found that thermal in-
stability, by Pd diffusion into the Cu bulk, of the surface
alloy puts an upper bound on the temperature range,
and duration, for the ripening experiments. Fig. 2 (e)
shows I-V curves from an initially 0.4 ML surface al-
loy before, and after, a ripening measurement (240◦C)
of 1.5 hours duration. After the ripening measurement,
the intensity of the 20 eV peak has dropped, and the
I-V profile has developed a double peak. Additional ex-
periments, supported by LEEM I-V analysis, indicate
that the double-peak is caused by Pd content within the
fourth layer.22 During the measurements, Pd is diffusing
deeper into the surface. This is not surprising, as previ-
ous measurements, in the temperature range 800-1100◦C,
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FIG. 2. LEEM characterization of c(2× 2)-Pd buried surface
alloy. The image contrast is sensitive to the surface compo-
sition and the electron energy (a) 14.5 eV (b) 20.5 eV (0.4
±0.05 ML Pd, field of view=3 µm). (c) A schematic drawing
identifying various structures on the surface. (d) Intensity-
vs-electron energy (I-V) curves on terraces of the Pd-Cu alloy
structure for pure Cu, 0.1, 0.2 and 0.4 ML Pd concentration.
The peak at ∼20.5 eV grows nearly in proportion to the Pd
concentration. (e) I-V measurements before and after anneal-
ing a 0.4 ML Pd alloy. Pd diffusion into the bulk is tracked
by I-V measurements. After annealing (1.5 hrs, 240◦C), the
double-peak near 20 eV indicates significant Pd in the fourth
layer below the surface.

have determined that the barrier for Pd diffusion into
the copper bulk is ∼2 eV. Assuming a diffusion activa-
tion prefactor of 1013s−1, the expected diffusion length,
2(Dt)1/2, is 0.5 atomic layers.24 At lower Pd concentra-
tions (<0.2 ML) the island decay is more than 10 times
faster, and at 240◦C, Pd loss to the bulk is not significant
over the timescale of the island decay. We have explored
the diffusion of Pd into the Cu(001) surface in a recent

publication.22

III. ANALYSIS OF ISLAND RIPENING

A. The role of diffusion and attachment barriers in
island ripening

In this Section, we introduce the equations we use to
analyze the evolution of island ensembles. Since previ-
ous STM work has shown that island ripening on clean
Cu(001) can be influenced by a barrier to attachment of
surface vacancies at step edges, we will review the effect
of this barrier on the island ripening and show that when
the islands become large and well-separated it can be ne-
glected. In the next section, we will show that our LEEM
experiments are in this diffusion-limited regime.

Adatom islands raise the total step length, and the free
energy, of a surface.2 During ripening, the surface free en-
ergy (excess step length) is minimized: small islands tend
to decay, while larger islands grow. On the clean Cu(001)
surface, the ripening process is mediated by currents of
vacancies between islands.3,4 The currents arise from dif-
ferences in vacancy concentration at the edges of islands
with different radii (curvature).

The equilibrium vacancy concentration at the edge of
a step with local curvature κs is given by the Gibbs-
Thomson relation, c = c∞ exp(−β̃κsa2/kBT ).2 Here, c∞

is the concentration in equilibrium with a straight step,
β̃ is the step stiffness, and a2 is the area associated
with an adatom in the island. To analyze our island
ripening data, we use a model with circular islands, i.e.
isotropic step stiffness, in a cylindrical geometry.2 We
justify this assumption by the fact that we observed no
significant changes in the roughly circular island shapes
with changing Pd concentration, or temperature, in our
experiments. Thus, it is unnecessary to specify the lo-
cal step curvatures and the Gibb-Thomson equilibrium
concentration at an island edge is simply determined by
its average radius R : c = c∞ exp(−βa2/RkBT ), where
β is the line tension of the step edge.2 Predicting the
area-vs-time relationship for an island is done by solving
the diffusion equation between islands using the Gibbs-
Thomson relation to establish the boundary concentra-
tion at each step.

To get insight into the kinetics of island decay, we have
measured the decay of epitaxial island stacks, and indi-
vidual isolated islands on terraces, see Fig. 3. To model
island decay in this arrangement, we approximate the ge-
ometry using a single (circular) adatom island of radius
R1, sitting at the center of a larger island (terrace) of ra-
dius R2. In this model the area, A1, of the upper island
decreases at a rate2

dA1

dt
= −2πa4βDc∞

kBT

(1/R1 − 1/R2)

ln(R2/R1) + a/κR1
(1)

where D is the hopping rate of the mass-carrying species
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(vacancies), and κ is the ratio of the vacancy attachment
rate at step edges relative to the vacancy hop rate on the
terrace. Two limiting cases of this formula are relevant in
our ripening measurements. If the attachment rate, κ, of
mass-carrying species is sufficiently small that a/κR1 >
ln (R2/R1), the decay is attachment-limited and

dA1

dt
= −2πa3βκDc∞

kBT
R1(1/R1 − 1/R2) (2)

The rate approaches a constant when R1 << R2. In
their STM study, Hannon et al. measured island decay
on Cu(001) described accurately by attachment-limited
kinetics.3,4 In a system with an attachment barrier,
attachment-limited kinetics gives way to diffusion-limited
kinetics if the length scale (R1, R2) involved in the mea-
surement is sufficiently large that a/κR1 < ln (R2/R1).
In strictly diffusion-limited kinetics,

dA1

dt
= −2πa4βDc∞

kBT

(1/R1 − 1/R2)

ln(R2/R1)
(3)

Here, when the islands are small, R1 << R2, the decay
is not linear, but instead A ∝ t2/3. As we discuss in the
next section, island decay in our measurements is in the
diffusion-limited regime, in contrast to the attachment-
limited kinetics of Hannon et al.’s lower temperature,
smaller scale STM study.

Unfortunately, one cannot use Eq. (3) to analyze the
ripening of ensembles of islands, see Fig. 2 (a), which are
typically found on each terrace after Cu deposition. In
this case, mass is exchanged amongst the islands, as well
as with nearby step edges. A phenomenological model
developed to analyze this situation is given in the review
of Zinke-Allmang et al.25 In this model, the time depen-
dence of an ensemble of islands of area Ai is

dAi

dt
= −2πa4βDc∞

kBT

(1/Ri − 1/Rc)

ln(li) + a/κRi
(4)

where Ri is the radius of island i. The length li speci-
fies the distance over which the concentration decays to
its value far from the step edge. We use li as a (fitting)
constant. The value of Rc determines whether a given
island grows or shrinks, i.e islands with Ri > Rc grow
while islands with Ri < Rc shrink. Typically Rc(t) is of
the same order of magnitude as the mean radius of the
islands in the ensemble, and the value is determined by
global mass-conservation.3 Analogous to Eq. 1, ripening
of an ensemble can be either attachment or diffusion lim-
ited, cf. Eqs. 2 and 3, depending upon whether ln(li) or
a/κRi is greater.

Recall, D ∝ exp(−Em/kBT ) and c ∝ exp(−Ef/kBT ),
where Em is the barrier to diffusive hopping and Ef is
the formation energy of the mass-carrying species. In the
diffusion-limited regime, the activation barrier for island
ripening is Ea = Ef + Em, while in attachment-limited
ripening, Ea = Ef + Es, where Es is the barrier to at-
tachment of the mass-carrying species to a step edge.

B. Island ripening measurements

1. Clean Cu(001)

In an island ripening measurement, the sample is
heated to a fixed temperature (150-350◦C). A sequence
of LEEM images, acquired at fixed time intervals, is
recorded to form a movie of the ripening process. The
area of each island is measured in every frame by an au-
tomated edge-marking program. Fig. 3 and Fig. 5 show
images of the ripening process, and corresponding area
versus time measurements, for islands on the clean Cu
surface.

We begin by exploring the decay of individual adatom
islands near the centers of larger terraces, as shown in
Fig. 3 (a). For isolated islands on large terraces, we do
not observe the linear decay, Fig. 3 (b), predicted by
attachment-limited kinetics (Eq. 2) and measured previ-
ously by Hannon et al.3,4 Instead, diffusion-limited kinet-
ics (Eq. 3) accurately fits the area versus time relation-
ship. The fitting parameter is the surface self-diffusion
coefficient Dc∞ = 1.81×105 s−1 (T = 310◦C). To fit, we
assume a step line tension, βa = 210 meV.26

FIG. 3. Decay of a small island isolated on-top of a larger
island (T=310◦C, e− energy=2 eV) (a) LEEM images of the
island decay. An arrow points to a defect on the microchan-
nel plate in the imaging system. (b) Area versus time of the
small island. The broken blue line is a line-fit to the experi-
mental data, shown to emphasize that the island decay in the
experiments is nonlinear.

A crossover from attachment to diffusion-limited ki-
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netics is expected if the size, R1 and R2, of the is-
lands and terraces is sufficiently large that a/κR1 <<
ln(R2/R1). Hannon et al.’s STM measurements involved
much smaller islands and terraces, about 1/10 of the
sizes in our measurements. In our measurements, where
a/R1 ∼ 1000 and ln(R2/R1) ∼ 1, strictly attachment-
limited kinetics would require that κ <∼ 10−4.

Over the temperature range of our experiments,
diffusion-limited kinetics accurately fits the decay of iso-
lated islands. Fig. 4 (a) shows decay curves for iso-
lated islands, at several temperatures, with fits using
Dc∞ as the fit parameter. The values of Dc∞ are plot-
ted in Fig. 4 (b). A fit to the data yields Dc∞ =
1012.5±0.5 exp(−0.83± 0.03 eV/kBT ) s−1.

The inset in Fig. 4 (a) shows all the decay curves with
the time scaled so that the curves fall on-top of one an-
other. By fitting the time-scaling factors in Arrhenius
form, we get a second measurement of the activation bar-
rier for island decay, 0.9±0.1 eV, that is in reasonable
agreement with the first result (0.83 eV).

Fig. 4 (b) also shows values of κDc∞ that we have
calculated, via Eq. 2, from the attachment-limited island
decay rates in Refs. 3 and 4. The offset between our
data (Dc∞) and the values of κDc∞ is κ ' 1/300. Re-
call that attachment-limited kinetics at the length scales
of our measurements requires κ < 10−4. Therefore it
is not surprising that we find diffusion-limited kinetics.
However, it is surprising that we find an identical acti-
vation barrier (∼0.8 eV) for island decay, meaning that
attachment-limited kinetics does not arise from an ad-
ditional barrier to attachment, but rather from a lower
attempt frequency for step edge attachment than for hop-
ping.

Individual islands isolated on terraces are a special
case. More often, we find small ensembles of islands on a
terrace. Fig. 5 shows the ripening of a small group of is-
lands on the pure Cu surface. Characteristic of diffusion-
limited ripening, we observe “neighborhood effects”: as
small islands decay and vanish, relatively larger neigh-
boring islands (e.g. islands 6 and 7) tend to grow in
direct response.

Taking the diffusion-limit, ln(R2/R1) >> a/κR1 in
Eq. 4, we can predict the evolution of the island en-
semble. Eq. 4 does not account for direct neighborhood
effects, nevertheless, it can be used to make a qualita-
tive approximation to the the evolution of the ensemble.
The fit yields two parameters, Dc∞/ ln(li) = 1800 s−1,
and the initial value of Rc(t) equal to 1.7 times the mean
island radius. The fit serves only to show that the evo-
lution of the ensemble is in reasonable qualitative agree-
ment with the predictions of diffusion-limited ripening.
We start the fit from t = 150 s, since the model cannot
account for the neighborhood effects between the smaller
dense islands at t = 0 s.

FIG. 4. (a) Decay of isolated islands at various temperatures.
The red solid curves are fits by the diffusion-limited model.
(b) Temperature-dependence of Dc determined by fitting is-
land decay measurements. The values of κDc are calculated
from island decay rates given in Ref. 4.

2. Pd alloy surfaces

Having determined that on clean Cu surfaces ripening
is diffusion limited on the length scales of our experiment,
we are in a position to determine if the effect of added
Pd is to change an attachment barrier at the step edge
or to change a diffusion barrier. We will show that on Pd
alloy surfaces, island ripening is also diffusion limited so
that Pd changes the barrier to diffusion on the terraces.

Figs. 6 and 7 show ripening on alloy surfaces. The
decay (T= 230◦C) of a single isolated island on a terrace
with 0.06±0.03 ML Pd alloy is shown in Fig. 6 along with
a fit by the diffusion-limited model, Eq. 3. The best-fit
value of Dc is 5700 s−1, which is less than half of the
value of Dc (14400 s−1) for the pure Cu surface.

Fig. 7 shows the ripening of small groups of islands at
240◦C on a 0.2 ML Pd alloy. We consider only the de-
cay of the smaller (numbered) islands. The much larger
irregular shaped Cu islands at the center of Fig. 7 are
formed when groups of islands coalesce during growth.
Fig. 7 (b) shows fits to the area-vs-time curves predicted
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FIG. 5. (a) Ripening of a group of islands on the pure Cu(001)
surface at T = 240◦C (field of view=1.6 µm, e− energy=2 eV).
(b) The area-vs-time relationships for all the islands along
with the prediction of Eq. 4. Note that larger islands grow
in direct response to the decay of relatively smaller islands in
the neighborhood.

by Eq. 4 in the diffusion-limit. Diffusion-limited kinetics
provides a reasonable fit to the behavior. Again here,
neighborhood effects are evident. For example, islands 3
and 4 grow in response to the decay of smaller neighbor-
ing islands, and vanish later than similar isolated islands
1 and 2. Eq. 4 does not account for neighborhood ef-
fects, and hence does not fit the ripening of islands 3 and
4. Comparing Fig. 7 with Fig. 5, which shows data for
the pure Cu surface, it is clear that island decay is slower
on the alloy. For example, islands with ∼ 105 atoms de-
cay in less than 200 s on the pure surface, as compared
to 500-600 s on the alloyed surface.

The diffusion-slowing effect of the Pd alloy is made
clear by measuring the island decay rates versus the Pd
concentration at a fixed temperature. Fig. 8 (a) shows
how the value of Dc determined by fitting island decay
rates, depends on Pd concentration at T = 240◦C. Values
of Dc decrease monotonically with increasing Pd concen-
tration. With ∼0.4 ML Pd, Dc is reduced by more than
an order of magnitude.

The buried alloy raises the activation barrier, Ea, for
island decay. The value of Ea is determined by an Ar-
rhenius analysis of the temperature dependence of Dc.

FIG. 6. Decay of an isolated island on the 0.06±0.03 ML
Pd alloy surface is in the diffusion-limited regime of Eq. 2
(T = 230◦C, field of view=1.6 µm, e− energy=2 eV)

FIG. 7. Ripening of a small island group on the 0.2 ML Pd
alloy surface at T = 240◦ C with fits by Eq. 4. The gray
dotted line shows the calculated evolution of islands 3 and 4.
(field of view= 1.6 µm, e− energy=2 eV).
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FIG. 8. Slowing of island decay with increasing Pd con-
centration. (a) Dependence of Dc/Doco on Pd coverage at
T= 240◦C. Here Dc is the measured diffusion coefficient, ob-
tained from fits to island ripening curves, for a given Pd cov-
erage, and Doco(= 20000 s−1) is the rate for the clean surface.
The solid lines are the results of our KMC simulation. The red
line is the calculated value of D/Do including only the change
in the effective migration barrier, and ignoring changes in the
vacancy formation energy and concentration c. The blue line
is the complete result for Dc/Doco including the Pd-coverage-
dependent migration barrier and the formation energy. (b)
Estimate of the change in the activation barrier for island de-
cay vs Pd concentration. The solid lines are the results of our
Monte Carlo simulations. The red line includes changes in
the effective migration barrier and ignores changes of the va-
cancy formation energy. The blue line is the calculated value
of ∆Ea including changes in the effective migration barrier
and formation energy.

Values of Dc, obtained by fitting island decay rates for
the clean Cu surface, and a surface with 0.06±0.03 ML
Pd buried alloy, are plotted in Arrhenius form in Fig. 9.
On the alloyed surface (0.06 ML), the activation bar-
rier for island decay is increased to 0.86±0.07 eV. For
higher Pd concentrations, island decay is slowed suffi-
ciently that Pd loss into the bulk on the timescale of
the island decay measurements makes it impractical to
extract the activation barrier by a complete Arrhenius
analysis of the temperature-dependence of island decay
rates. Instead we estimate the change in the activation
barrier versus Pd concentration using the approxima-
tion ∆Ea = −kBT ln(Dc/Doco) at a fixed temperature
(T = 240◦C). Fig. 8(b) shows how Ea depends upon the
Pd concentration.

IV. DISCUSSION

How does buried Pd slow island ripening? It is possi-
ble that buried Pd (i) decreases the factor Dc, e.g. by
increasing the activation barrier, Ea = Ef +Em, and/or
(ii) decreases the step free-energy (line tension), β.

Owing to the exponential dependence of the ripening
rate on the activation barrier, Ea, we explore first how
the buried Pd modifies Ea, since a small change = kBT =
40 meV in Em or Ef can cause a significant change =
1/e in the product Dc and the island ripening rate. By
contrast, it is not likely that island ripening could be

FIG. 9. Values of Dc versus temperature for the pure Cu(001)
surface (blue) and the 0.06±0.03 ML Pd alloy (red). Values
from isolated island decays (Fig. 4 (b)) are shown in black
along with data from decay of island groups.

slowed by more than an order of magnitude (with 0.4
ML Pd) by a Pd-induced order of magnitude decrease in
the step free-energy.

To explain the ripening-slowing effect of buried Pd, we
begin by exploring the mass transport mechanisms on the
Cu(001) surface. We have used first-principles density-
functional theory to calculate Ef and Em for vacancies
and adatoms on the pure Cu surface. Our results, consis-
tent with other previous reports3,4,16–18, show that island
ripening on the pure Cu surface is mediated by surface
vacancies. In order to understand the slowing effect of Pd
in the limit of dilute alloys (<∼ 0.20 ML Pd), we have ex-
plored the interaction of vacancies with isolated buried
Pd atoms. We propose that a dilute buried Pd slows
surface diffusion primarily by impeding the migration of
vacancies across terraces. In the next sections, we justify
this conclusion.

A. Numerical methods

We conducted DFT calculations of formation energies
and diffusion barriers using the VASP DFT code27–30, in
the Perdew-Burke-Ernzerhof (PBE) version of the Gener-
alized Gradient Approximation (GGA)31, with electron-
nucleus interactions treated in the projector augmented
wave (PAW) approximation.32,33

For vacancy diffusion we modeled the Cu(001) sam-
ple as a 6-layer slab, and for adatom diffusion used a
5-layer slab instead. In both cases we isolated the dif-
fusing species in a 4×4 supercell. Also in both cases,
we fixed the atoms of the lower two slab layers in bulk
Cu relative positions corresponding to the PBE optimal
lattice parameter, 3.637 Å.
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Adatoms

Ef (eV) Em (eV) Ea (eV)

DFT
0.59 0.54 1.13

0.48 0.52 3,18 1.0 3

EAM
0.71 0.50 1.21 3

0.66 0.49 1.15 38

0.71 0.48 1.19 39

Vacancies

Ef (eV) Em (eV) Ea (eV)

DFT
0.47 0.43 (hop) 0.90

0.63 (concerted) 1.1

0.22 0.42 0.64 3,18

EAM
0.59 0.47 1.06 3

0.58 0.42 1.0 38

0.59 0.36 0.95 39

TABLE I. Calculated adatom and vacancy formation energies
and hopping barriers on the pure Cu(001) surface. Our DFT
results are given in boldface.

We sampled the surface Brillouin zone corresponding
to our rather large supercell with a 4×4, equal-spaced set
of k-vectors, accelerated electronic relaxation by means
of the Methfessel-Paxton Fermi level smearing method
(width=0.2 eV),34 and corrected for the unphysical elec-
tric fields corresponding to periodic repetition of Cu slabs
with different upper and lower surface atom arrange-
ments, using the method of Neugebauer and Scheffler.35

We used a plane-wave basis cutoff of 273 eV.

1. Adatom formation energy

To compute an Cu adatom formation energy, Ea
f , we

applied,

Ea
f = {Etot(5-lyr slab+adatom) (5)

−[15 Etot(5-lyr slab) + Etot(6-lyr slab)]/16}.

Physically, this approximate formula comes from imag-
ining depositing 15 of the 16 Cu atoms of the upper layer
of the 6-layer slab, one each, onto 15 5-layer slabs. In
the final state, there are then 16 5-layer slabs with a Cu
adatom residing on each one. The formation energy is the
1/16 the energy difference between the final and initial
states.

2. Vacancy formation energy

To compute a vacancy formation energy, Ev
f , analo-

gously, imagine removing a single Cu atom from each of
15 6-layer slabs and depositing them all on a single 5-
layer slab. The result is 16 6-layer slabs each possessing

FIG. 10. Left panel: an DFT optimized vacancy in the outer
layer of a Cu(001) film. Right panel Midpoint of a vacancy
diffusion event, amounting to displacement to a second-layer
bridge site of a surface-layer atom initially adjacent to the
vacancy

a surface vacancy. Accordingly, the vacancy formation
energy is approximately,

Ev
f = {Etot(6-lyr slab− a surface atom)

−[15 Etot(6-lyr slab) + Etot(5-lyr slab)]/16}.

3. Adatom and vacancy diffusion barriers on pure Cu(001)

Comparison of the energy of the PBE-optimized, five-
layer slab with an adatom in a symmetric bridge site and
in the equilibrium, 4-fold hollow provided our estimate of
the adatom hopping diffusion barrier on the pure Cu(001)
surface. The barrier to concerted substitutional diffusion
has been found by numerous groups to lie substantially
higher.36

As illustrated in Fig. 10, we estimated the vacancy hop-
ping diffusion barrier on the pure surface as the energy
cost of displacing to a 2nd-layer bridge site, an atom of
the surface layer that initially lies adjacent to a surface
layer vacancy. We also considered whether a concerted-
substitutional vacancy diffusion mechanism (see Fig. 11)
might be competitive. To do that, we used the nudged
elastic band (NEB) method,37 with 2 replicas of the sys-
tem between the initial state and the symmetric midpoint
of the diffusion path.

4. Vacancy diffusion past a 2nd-layer Pd atom

We evaluated the diffusion barrier for vacancy displace-
ment past a 2nd-layer substitutional Pd atom as schema-
tized in Fig. 12. In this case, because the Pd atom has a
larger radius than a Cu, the barrier corresponds to bridge
geometry asymmetric in the x-direction and symmetric
in the y-direction, as illustrated in the right panel of the
figure.
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FIG. 11. Left panel: an DFT optimized vacancy in the outer
layer of a Cu(001) film. As the concerted diffusion event pro-
ceeds, the dark, second-layer atom, A, will rise, moving north-
west, while light atom, B, moves down to replace it. Right
panel: A geometry close to the transition state, whose energy
is 0.63 eV higher than that of the left panel structure

FIG. 12. Left panel: an DFT optimized vacancy in the outer
layer of a Cu(001) film, adjacent to a 2nd layer substitutional
Pd impurity atom. The Cu atoms are light in color; the Pd
atom is dark. Vacancy diffusion in the -y direction amounts to
displacement of the Cu atom labeled, A, in the +y direction.
Right panel: Midpoint of atom A’s minimum energy trajec-
tory. Note that largely because the radius of a Pd atom ex-
ceeds that of a Cu by about 0.1 Å, A is displaced into contact
with two Cu atoms on the left, in contrast to the symmetric
transition geometry of Fig. 10. Lower panel: a schematic rep-
resentation of the effective potential for hopping past the Pd
site.

B. An attempt to reproduce the theoretical
vacancy diffusion barrier on pure Cu(001) reported

in Ref. 4

Klünker et al. reported in Ref. 4 an unexpectedly
small DFT diffusion barrier for a vacancy on the pure
Cu(001) surface, only 0.22 eV, based on a calculation
using the PW91 version of the GGA. This value, they
remarked, was already converged in a 3×3 supercell cal-
culation for a 4-layer Cu slab. Because 0.22 eV is only
about half the barrier energy we computed, we hoped
to identify the source of the difference by running VASP

in the PAW approximation, with the same 3×3 supercell
and slab thickness, a 4×4 equal spaced sample of the cor-
responding surface Brillouin zone, and a plane-wave basis
cutoff of 273 eV. The result, however, a barrier energy of
0.41 eV, was reasonably close to what we had previously
found with a larger unit cell, a thicker slab, and the PBE
version of the GGA. Because of the poor agreement with
the value of 0.22 eV published in Ref. 4, the question of
why such a small barrier was found remains an open one.

C. Summary of DFT results

Our results are shown in Table 1 along with results
from other previous studies obtained by DFT and the
embedded atom method (EAM).

For vacancies on the clean Cu surface, we find a forma-
tion energy Ef = 0.47 eV, a migration barrier Em = 0.43
eV, and Ea = 0.90 eV. For Cu adatoms, we find Ef=0.59
eV, Em=0.54 eV, and Ea = 1.13 eV.

On alloy surfaces, we find that vacancies in the vicinity
of a buried Pd atom experience an attraction (0.06 eV) to
the (four) nearest-neighbor sites immediately above the
buried Pd atom. With this attraction, the barrier to hop
out of a nearest-neighbor site increases to 0.52 eV. The
barrier to a diffusive hop between these nearest-neighbor
sites is found to be 0.49 eV. A schematic of the barriers
to vacancy hopping near a buried Pd atom is shown in
Fig. 12 (lower panel).

D. Comparison of experiment and DFT results

Our DFT value Ea = 0.90 eV for vacancy-mediated
ripening agrees quantitatively with Ea = 0.83±0.03 eV
found in our experiments. By comparison, the 1.13 eV
barrier calculated for adatom-mediated ripening is more
than 0.2 eV larger. Activation barriers for concerted
adatom and vacancy ripening are also predicted to be
much larger than for vacancy-mediated ripening (see ref.
36). Finally, the attachment-limited kinetics observed at
smaller length scales and lower temperatures by STM3,4

is most easily understood as a consequence of vacancy-
mediated diffusion. Therefore, we conclude surface va-
cancies mediate the ripening process on the pure Cu sur-
face.

To model the effect of buried Pd on vacancy diffusion,
we have created a kinetic Monte Carlo (KMC) simulation
incorporating the calculated DFT barriers, Fig. 12 (lower
panel) for the interaction of a vacancy with a buried
Pd atom. In our simulation, Pd is incorporated into
the subsurface layer on a randomly occupied c(2 × 2)
lattice. A single isolated vacancy is incorporated into
the surface layer. The vacancy performs a continuous-
time random walk in the surface layer with hopping rates
ν = ν◦ exp(−Em/kBT ) determined by the DFT barriers,
and a single attempt rate, ν◦. We measure the average
time, t, for the vacancy to migrate a fixed distance (=33
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lattice sites). The diffusion coefficient D ∝ 1/t, which
gives a measure of the diffusion-slowing effect of a given
Pd concentration.

Via our simulations , we find that D decreases with in-
creasing Pd concentration, owing to the attraction of the
vacancy to buried Pd. Fig. 8 (a) shows the Pd-coverage
dependence of D/Do obtained from the simulation. For
Pd concentrations up to 0.2 ML, our model agrees rea-
sonably with the experiment. Fig. 8 (b) shows the cal-
culated change, ∆Ea, in the effective activation barrier
for surface diffusion as a function of Pd coverage. As
the Pd coverage increases, the calculated ∆Ea saturates
at 0.49−0.43 eV=0.06 eV as the kinetics becomes domi-
nated by the 0.49 eV barrier to hopping over buried Pd.

Note that the KMC simulation only yields the Pd-
concentration-dependence of D/Do, and does not ac-
count for possible changes in the vacancy concentration
c. It is likely that the surface vacancy concentration, c,
depends on the concentration, cPd, of buried Pd. Va-
cancies are attracted to buried Pd, and hence we expect
that the vacancy formation energy should be smaller on
alloyed surfaces. Using DFT calculations, we find that
the formation energy (0.43 eV) for a vacancy at a site
above an isolated Pd atom is ∼ 40 meV smaller than on
the pure Cu surface. Hence, it is likely that our model
overestimates the slowing effect of Pd because it ignores
the increase in vacancy concentration caused by the de-
crease in the formation energy. In our simulation we
have a single vacancy diffusing on the Cu lattice. We
mark its position at random times and then determine
the average time, t, it takes to diffuse a fixed distance
from this point. The tracer diffusion coefficient D is
then proportional to 1/t. To estimate the coverage de-
pendence of Dc then requires us to scale 1/t with the av-
erage thermal occupancy of the starting position. This is
simply c = (1 − 4cPd) exp(−Ec

f/kT ) + 4cPd exp(−EPd
f ),

where Ec
f is the formation energy of a vacancy on the

clean surface, and EPd
f is the formation energy of a

vacancy above a buried Pd. From our DFT results,
Ec

f − EPd
f = 40 meV. We have also plotted the Pd-

coverage dependence of Dc/Doco in Fig. 8 (a). For dilute
Pd concentrations(< 0.2 ML), the net effect of embed-
ded Pd is to increase the effective ripening activation
barrier as shown in Fig. 8 (b). For Pd concentrations
> 0.20 ML, the change in the diffusion activation barrier,
∆Ea = ∆Ef + ∆Em, saturates at −40 + 60 = 20 meV,
reflecting the competition between the decreasing Ef and
increasing Em with cPd. Clearly the agreement between

model and experiment is better when we consider only
the effect of the buried Pd on D alone, which suggests
that we have overestimated the effect of Pd on c.

Our model agrees with experiment for cPd < 0.2 ML,
but deviates from it as cPd increases. Since our model
only accounts for the interaction of a vacancy with a sin-
gle isolated Pd atom, it only accurately describes the
diffusion-slowing effect of Pd in dilute-alloys where the
majority of Pd sites are isolated. As Pd becomes more
dense, it is plausible that there are configurations of ad-
jacent Pd atoms that slow vacancy diffusion further. For
example, in the case of Pb/ Cu(111), the diffusion of Cu
adatoms was found to be limited by a site-blocking effect
involving two adjacent Pb atoms.5 Exploring the poten-
tials associated with the numerous atomic configurations
in the case of more dense Pd is a subject for future work.

V. SUMMARY

We have shown that the rate of ripening of epitaxial Cu
adatom islands on the Cu(001)-c(2 × 2)-Pd surfaces de-
creases with increasing Pd concentration up to ∼0.5 ML
Pd. Previous measurements, and first-principles calcu-
lations, suggest that surface diffusion of Cu(001) is me-
diated by vacancies, not adatoms or clusters.3,4,17 Our
work independently confirms this conclusion: since the
Pd in the surface alloy is primarily located one atomic
layer below the surface, we propose that the buried Pd
atoms impede the diffusion of surface vacancies. Our re-
sults suggest that a surface alloy of Pd-Cu may inhibit
electromigration, as observed for Pd-Cu bulk alloys [6].
For example, extrapolating our experimental results to
room temperature, we find that a 0.06 ML Pd surface al-
loy will inhibit surface-diffusion limited electromigration
rates by more than an order of magnitude.
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