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Surface Alloy Formation by Interdiffusion across a Linear Interface
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(Received 4 March 1996)

Interdiffusion profiles across a linear interface separating two metals that are miscible as mono
[Co and Cu on a Ru(0001) surface] have been measured as a function of time. The int
remains sharp even after substantial intermixing, in dramatic contrast to bulk interdiffusion experi
between miscible metals. The unusual concentration profiles are explained by a combi
of adatom surface diffusion and exchange of adatoms with atoms in the monolayer films
simple Monte Carlo simulation of the adatom exchange mechanism quantitatively agrees
observations. [S0031-9007(96)01011-3]

PACS numbers: 68.55.–a, 68.35.Dv, 81.10.Aj
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The formation of 2D surface alloys has attracted rec
attention [1–5] because metals that do not form b
alloys have been found to produce stable mixed pha
at surfaces. To date, investigations have concentrate
identifying the mechanisms for the stabilization of the
alloys, but little has been done to address the atom
dynamics of their formation. However, this latter issue
important since mass transport processes at surface
differ greatly from those in the bulk [6]. In this pape
we investigate the atomistic mechanisms in the growth
binary surface alloys by studying the interdiffusion of tw
surface metals across a sharp 1D boundary formed betw
the species. By examining the composition profile
this interface as a function of annealing time, we sh
that intermixing occurs predominantly by surface diffusi
of adatoms across the surface and exchange [7,8
these diffusing adatoms with surface atoms. This proc
preserves the abrupt interface and cannot be desc
by a single diffusion equation. Free adatom diffusi
and exchange with the film layer are common, so t
mechanism should operate for a wide range of surf
alloys.

The system we have studied is the alloying of Cu a
Co on a close-packed substrate, Ru(0001). Intermix
in Co-Cu films and multilayers has previously be
studied because the interesting magnetic propertie
these layered structures depend sensitively on inter
sharpness. Co terminated film structures are unst
toward segregation of a monolayer of Cu to the surf
[9–12]. On close-packed films of CoyCu(111), this
instability, paired with the high surface mobility of C
adatoms, causes intermixing and prevents the forma
of perfect interfaces [12].

When deposited individually onto a Ru(0001) substra
both Co and Cu are known to grow in a Strans
Krastanov mode in which the first monolayer orde
pseudomorphically on the Ru(0001) substrate [13,1
The surface lattice constants of Ru (Co, Cu) are 2.7
(2.51 Å, 2.55 Å), so that the Co (Cu) monolayer film
on Ru are under 7% (6%) tensile strain. We consi
only films in which the total coverage of both meta
0031-9007y96y77(14)y2977(4)$10.00
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is 1 monolayer or less. In this coverage range, we
complete miscibility of the two metals (in contrast to th
bulk phase diagram), leading to the conclusion that
miscibility gap exists for temperatures above 500 K.

Our approach to studying interdiffusion is analogo
to the traditional method of studying interdiffusion
bulk metals, i.e., to create a sharp boundary between
elements and measure the concentration profiles acros
joint after annealing [15]. We start by preparing sharp
interfaces. Figure 1 shows a series of ultrahigh-vacu
scanning-tunneling microscope (STM) images illustrat
how sharp boundaries are made. (All images shown
this paper were taken at room temperature. At10.6 V
sample bias and 0.2–2 nA constant tunneling curr
Co regions appear 0.7 Å lower than Cu regions on
same terrace.) First, a submonolayer amount of Co
deposited and annealed to produce monolayer thick isla
[Fig. 1(a)]. Then a submonolayer amount of Cu was ad

FIG. 1. (a) A monolayer CoyRu(0001) island, flash anneale
to 620 K. (b) The Co island shown in (a) after the additio
deposition of Cu. (c) The same island again after annea
to 540 K. (d) Sketch of cross section of structure in (c) alo
indicated line.
© 1996 The American Physical Society 2977



VOLUME 77, NUMBER 14 P H Y S I C A L R E V I E W L E T T E R S 30 SEPTEMBER1996

n
sh
n
e
f

e
o
o
o

ne
rm
te
o

g
in
is

in
io
e
t

e

a
n

p
m

th

a
e
or

dge,
ess
cy

und
ting
Co
he

is
ing
of

tion
nd
th
ce
th

of
u-

on
et
ark
g in
ng
ted
(b)
his
just
to
d

en

in
the
the
[Fig. 1(b)]. The Cu attaches to the Co-island edges a
also nucleates on top of the Co islands. Upon fla
annealing this structure to 540 K, the Cu on the seco
layer has diffused down to the Ru surface and join
the Cu at the Co island edge [Fig. 1(c)]. This brie
low temperature anneal does not cause any mixing: T
position of the boundary between the Co and the adjac
Cu [Fig. 1(c)] is identical to the position of the original C
island edge [Fig. 1(a)] [16]. Furthermore, no indication
foreign atoms in either material is found: the compositi
profile across the interface is a step function.

For better statistics, longer interfaces than the o
shown in Fig. 1 are desirable. This was achieved by wa
ing the sample during the deposition of Co to enhance s
flow growth from Ru steps. Figure 2 shows a section
such a long interface between monolayer thick regions
Co (left, darker) and Cu (right, brighter) after annealin
the structure at 580 K for 1 min [Fig. 2(a)] and for 5 m
[Fig. 2(b)]. Interdiffusion across the Co-Cu interface
clearly visible. The dark spots in the Cu region are
corporated Co, and the bright features in the Co reg
are incorporated Cu. Note that while both the overlay
constituents readily penetrate several tens of nanome
away from the original interface, the interface itself r
mains nearly steplike.

Lower magnification images as shown in Fig. 3 reve
another interesting feature. Co (arrows) has diffused i
the Cu regions not only in regions near where they share
interface, but also in areas where Cu regions have an o
step edge to a bare Ru terrace. Conceivably, Co ato
might have diffused from the Co-Cu interface, across

FIG. 2. Early stages of interdiffusion at the one-dimension
interface between adjacent regions of one monolayer Co (l
and one monolayer Cu (right) following 580 K annealing f
1 min (a) and 5 min (b).
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Cu regions, and become stabilized near the Cu step e
perhaps by an associated strain field. This type of proc
can be ruled out, however, by observing voids or vacan
islands in Cu film. If Co migrating through the Cu film
was stabilized near Cu step edges, Co would also be fo
at the edges of such voids. This is not the case, indica
that the Co on the left side in Fig. 3 has come from the
region on the next lower terrace (which is to the left of t
region scanned in Fig. 3).

A clue to the possible interdiffusion mechanism
found by inverting the deposition sequence, i.e., deposit
Cu first. Figure 4(a) shows a monolayer Cu island
one atomic thickness on the Ru substrate. Deposi
of a submonolayer amount of Co onto this Cu isla
[Fig. 4(b)] leads to (i) the usual nucleation and grow
of monolayer thick Co islands on the open Ru terra
(gray triangular islands on the Ru substrate), (ii) Co grow
at the edge of the Cu island, and (iii) the formation
second layer islands on top of the Cu island (white irreg
lar islands on top of the Cu island). Close inspecti
of Fig. 4(b) reveals alloying in the Cu island. The ins
shows a magnified section of the island; the small d
features (arrows) are characteristic Co clusters rangin
size from 1 to 5 Co atoms. Clearly, Co atoms impingi
on the Cu have exchanged with Cu atoms and incorpora
into the islands. The second layer islands seen in Fig. 4
are actually comprised of the displaced Cu atoms. T
becomes obvious after briefly annealing the structure
high enough to allow the second layer Cu islands
diffuse off the monolayer island. The resulting alloy islan
is shown in Fig. 4(c). Note that the boundary betwe

FIG. 3. Lower resolution image of Co-Cu couple after 1 m
anneal at 580 K. Note that Co clusters are concentrated in
Cu region not only near the Co-Cu interface, but also near
step edges of the Cu.
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the alloyed region (brighter) and the Co step-flow reg
around it (darker) is identical to the footprint of the origin
pure Cu island. From this experiment we can concl
that the Co atoms on a single monolayer CuyRu(0001)
do not diffuse very far and are readily incorporated i
the Cu island. Furthermore, the underlying mechan
for this alloying process involves the expulsion of C
atoms from the monolayer island into the second la
Other conceivable processes, such as Co adatoms fi
vacancies originating from the island edge, can be ru
out. If vacancy annihilation was an important mechan
to the incorporation of Co into the Cu island, then
footprint of the alloyed region in Fig. 4(c) could n
be identical to the footprint of the original Cu islan
[Fig. 4(a)].

Any model of these observations must account for
important facts: (1) The position and the sharpness of
interface remains constant even when considerable m
has crossed it and (2) Co found on the Cu step e
(as in Fig. 3) must be coming from the next lower t
race. The model we propose involves adatom diffus
on top of the surface and adatom exchange with
face atoms. Recent experiments have proven that
bile adatoms are common on metal surfaces in ther
equilibrium [17], and play an important role in dynam
phenomena such as step fluctuations, Ostwald ri
ing of epitaxially grown islands, and surface facetin
Figure 5 shows a schematic of the important mec
nisms of our model. When the sample is heated,
atoms detach from the edges of 2D Cu regions to fo
a dilute lattice-gas of Cu covering the sample surf
[Fig. 5(a)]. The lattice-gas covers three different e
vironments (not necessarily equally): bare Ru regio
Cu-covered regions, and Co-covered regions. On t
areas, the Cu adatoms can diffuse rapidly and may
sibly exchange with surface atoms. On the bare Ru,
adatoms simply perform hopping diffusion; no eviden
for Co or Cu alloying with the Ru substrate is observ
On Cu monolayer patches, atomic exchange events
occur, but our experiments are not sensitive to them.
the Co monolayer regions, Cu adatoms primarily perfo
hopping diffusion without exchange, as is evident fr
experiments such as shown in Fig. 1, where, at relati
low temperature, second layer Cu islands diffused of
Co islands without intermixing. On the other hand, the
terdiffusion experiments described above indicate tha
slightly higher temperatures Co adatoms are released
the Co monolayer regions [point (2) above]. We prop
that these Co adatoms are released by thermally activ
atomic exchange with Cu adatoms from the Cu lattice
[Fig. 5(b)]. This exchange process is most likely the lo
est energy path for the release of Co adatoms. The
adatoms then migrate on the Co region, eventually re
ing either a bare Ru or a Cu covered region [Fig. 5(
Once on the bare Ru, they continue to diffuse until th
become attached to the edge of a Cu region. In the
of diffusing onto the Cu-covered region, they can ea
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FIG. 4. The deposition of Co on top of a preexisting mo
layer island of Cu leads to atomic exchange at room temp
ture. (a) Initial Cu island. (b) Deposition onto Cu island. T
small dark features in the Cu island are clusters of Co.
After flash annealing to 620 K, the second-layer material
migrated to attach to the edges of Co islands on the Ru
face, indicating that the second-layer islands in (b) are mo
Cu. Note that the outline of the original Cu island in (a)
preserved in (c).

exchange into the Cu film [Fig. 5(d)], as is evident in t
experiment shown in Fig. 4.

The concentration profiles from the data of Fig. 2
shown in Fig. 6. These profiles are inconsistent w
simple Fickian interdiffusion (as expected for vacan
diffusion, for example): For an initial step functio
profile, the solution to the diffusion equation, assum
a constant diffusion constant and no miscibility gap
an error function. However, attempts to fit our profiles
error functions were unsuccessful: Concentration grad
driven diffusion does not preserve the observed sh
interface, and does not reproduce the long tails of
profiles (as shown by the inset in Fig. 6). To check
2979
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FIG. 5. Schematic diagram of proposed interdiffusion mec
nism. See text for description.

validity of the proposed interdiffusion model, we ha
compared the results of a computer simulation of
model with experiment. We start with atoms of typeA
at all sites on a 2D grid to the left of the interface a
type B at all sites to the right. To simulate the adato
sea, a single atom of typeA is placed on top of one of th
A atoms. This atom is allowed to diffuse across the top
the surface with hops in random directions occurring w
equal time intervals. Exchanges with the surface layer
made with one probability when anA atom sits over aB
atom and another probability when aB atom sits over anA
atom. By suitably choosing these probabilities, the mo
profiles can reproduce the experimental measuremen
shown in Fig. 6. In particular, the interface remains sh
as observed experimentally.

A semiquantitative understanding of the foreign at
concentration profiles can be obtained by investiga
their detailed shapes. In the simulation, the mob
adatom concentration profiles are accurately descr
by the steady state exponential produced by a c

FIG. 6. Co concentration profiles across Co-Cu interfa
annealed to 580 K for 1 min (open squares) and 5 min (d
circles). Simulation results are superimposed as a solid line
the 1 min anneal and as a dotted line for the 5 min anneal.
inset compares a simulation profile (solid line) with the er
function form characteristic of concentration gradient driv
interdiffusion (dashed line) for the same interdiffused mass.
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stant flux of adatoms diffusing onto a region with
uniform distribution of sinks. Such a constant flu
is expected at the early stages of interdiffusion whe
the probability of a foreign adatom encountering a lik
foreign atom in the film is negligibly small as in our
experiments. The exponential adatom profile leads
the observed exponential profile of immobile foreig
atoms incorporated into the monolayer film (Fig. 6
The decay length of the exponential is approximate
say2d

p
rhyre, whererh is the Co adatom hop rate,re is

the exchange rate of a Co adatom on Cu, anda is the
lattice constant. From the fits to the data, we deduce t
reyrh ø 3 3 1024. (The analogous ratio for Cu on Co is
too small to be accurately determined. In the simulatio
the ratio was chosen to be5 3 1025, but it could well be
smaller.) The ratio of the two annealing times in the sim
lations was 3.2. This is in reasonable accord with th
actual ratio of 5, given the many simplifying assumption
of the model, such as ignoring possible diffusion barrie
across the Co-Cu interface and the potential of alter
exchange probabilities near incorporated foreign atoms

In conclusion, we have performed a quantitative me
surement of mixing in 2D diffusion couples. While mas
transport in bulk substitutional alloys is usually dominate
by vacancy diffusion, we have found a two-dimension
system in which the contribution of vacancy diffusion i
overridden by a mechanism involving adatoms on the fr
surface as a fast diffusion channel. Since there is no r
son to suppose that adatoms of Co or Cu are in any w
special, we believe that the proposed mechanism will oft
occur in surface alloy systems.
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