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Interaction between Cu atoms and isolated111In probe atoms on a Cu„100… surface
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Perturbed angular correlation spectroscopy offers a detailed picture of the sites and mobility of individual
111In probe atoms deposited under various conditions onto Cu~100! surfaces. Generally four sites can be
distinguished: the adatomic terrace and step sites, plus the substitutional terrace and step sites. After investi-
gating the behavior of In on flat Cu~100! surfaces we address some specific issues: the interaction between In
adatoms and Cu islands, the surface segregation of In after deposition of extra Cu layers, and the interaction
between substitutional In terrace atoms with Cu adatoms. We conclude that In atoms strongly prefer substitu-
tional terrace sites; they try to keep this environment during subsequent Cu deposition. Our measurements do
not support the proposed surfactant mechanism of In on Cu~100!, in which Cu adatoms reach a lower terrace
by pushing out an In atom at a step edge.

DOI: 10.1103/PhysRevB.63.165425 PACS number~s!: 68.03.Fg, 68.35.Fx, 76.80.1y, 81.15.2z
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I. INTRODUCTION

The first successful application of surfactants in the e
taxial growth of metals was reported by van der Vegtet al.1

They observed that evaporation of submonolayer covera
of Sb on Ag~111! changes the growth of Ag from a roug
two-dimensional to a smooth layer-by-layer mode. Lat
various other metal-surfactant combinations were found.
example, submonolayer coverages of In act as a surfac
during the growth of Cu~100! and Cu~111! at 225 and 300
K2. This effect was also theoretically predicted by Breem
and Boerma.3 For the case of Cu~100! they concluded from
atom-embedding calculations that In atoms present at o
step edges lower the energy barriers for Cu interlayer di
sion and promote smooth layer-by-layer growth of Cu.
the basis of these calculations, van der Vegtet al. interpreted
their results in terms of In-induced lowering of this so-call
Schwoebel barrier. We note that they implicitly assumed t
segregation of In towards the surface occurs.

Lately, the Cu/In/Cu~100! system was the subject of an
other theoretical investigation. Jianget al.4 determined the
interaction potentials from first-principles calculations a
performed dynamic Monte Carlo simulations of the C
growth process at 225 K in the presence of In as a surfac
Layer-by-layer growth occurred only when two ‘‘surfacta
mechanisms’’ were active: the In-Cu exchange~which leads
to the segregation of the surfactant atoms towards the
face! and the push-out mechanism already described
Breeman and Boerma.3 The latter mechanism consists of th
following stages:~a! an In atom is situated at or in an islan
edge, while a Cu adatom, on top of the same island, rea
the edge at the place where the surfactant resides, and~b! the
Cu atom ‘‘steps down’’ by pushing away the surfacta
atom. In this way the interlayer diffusion of Cu is enhance
while the surfactant atoms remain at or in island edges.

The perturbed angular correlation~PAC! technique makes
it possible to monitor the sites of probe atoms, in our c
111In, on a substrate.5 In this way we can obtain information
on the interaction, on an atomic scale, between an In~sur-
factant! atom and Cu atoms. The probe atoms are depos
by the soft-landing technique,6,7 i.e., the radioactive ions ar
0163-1829/2001/63~16!/165425~10!/$20.00 63 1654
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separated by mass and decelerated to an energy of roug
eV before they land on the surface. This energy is su
ciently low to prevent the formation of surface vacancie
Our initial experiments start with the simple situation
which the probe atoms are deposited at low temperatur
immobile adatoms onto well-prepared Cu~100! surfaces. Af-
ter annealing we study the PAC signals associated with
migration of In atoms to other sites. These signals are t
used to characterize the environment of the In probe atom
other circumstances, for instance when they are incorpor
into the terraces and interact with deposited Cu adatoms
this way we directly investigate the role of In ‘‘surfactant
atoms in the epitaxial growth of Cu on Cu~100!.

II. EXPERIMENT

A. PAC spectroscopy

The PAC technique measures the hyperfine interactio
an intermediate nuclear state, in this case the 245 keVI
55/2 intermediate state of the isotope111Cd.8 This is done in
the time domain, by monitoring the time dependence of
angular correlation of the 171–245 keVg-ray cascade popu
lated in the decay of111In to 111Cd. For the measurement
presented here, the relevant hyperfine interaction is the q
rupole interaction, i.e., the coupling between the nucl
quadrupole moment tensor of the intermediate state and
electric field gradient~EFG! tensor set up by all electrons a
the position of the nucleus. The quadrupole interaction sp
the I 55/2 state into three doubly degenerate sublevels.
each environment of the probe atom the PAC signal conta
three frequencies, corresponding to the energy differen
between these three sublevels. The quadrupole freque
nQ[eQVzz/h and the asymmetry parameterh[(Vxx
2Vyy)/Vzz are obtained from the measured PAC frequenc
by diagonalizing the quadrupole interaction Hamiltonia9

Here,Vxx , Vyy , andVzz are the elements of the diagonalize
EFG tensor, ordered in such a way thatuVxxu<uVyyu<uVzzu.
One can easily show9 that forh50 the frequencies are in th
ratio 1:2:3, while forh51 they are in the ratio 1:1:2.

The time-dependent angular correlation was measure
a standard fast-slow coincidence setup, with the four de
©2001 The American Physical Society25-1
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tors in the horizontal plane, making angles of 45° and 13
with the normal to the vertical sample plane. The experim

tal ratio R(t) is given by R(t)[ 2
3 (11k)(C1802C90)/

(C1801kC90), where C180 and C90 are the averaged an
background corrected count rates for the various 180°
90° detector combinations. The value ofk is chosen in such
a way that in the denominator of this expression the osc
tions approximately cancel.

A least-square fit of the experimental ratioR(t) is made
using a functionF(t)[Ae f f( i f iGi(t), where Gi(t) is the
perturbation function for a certain environment~site! i, f i the
fraction of probe atoms in this site, andAe f f the effective
anisotropy of theg cascade. The perturbation factorGi(t)
has the form Gi(t)5(n50

3 Snicos(vnit), where vni (n
51,2,3) are the angular PAC frequencies for sitei andv0i
50. The constantAe f fS0i is called the ‘‘hard core’’ value for
site i . The coefficientsSni depend on the orientation of th
principal axes of the EFG tensor relative to the detecto
Because for all observed sites thez axis of the EFG is the
normal to the sample plane, while thex axis is lying both in
the sample plane and in the detector plane, it turns out
S3i50 for our geometry, so that we generally observe o
two frequencies per site, and these coincide ifh51.

When fitting the data in this way, one normally observ
that the sum of the contributions of the various sites to
total anisotropy is smaller than expected. This is a comm
feature of PAC spectroscopy on surfaces. The missing
isotropy is lost in the first few nanoseconds, where the fi
not reliable due to the finite time resolution and the unc
tainties in the zero of the time scale for the various detec
combinations. The fast damping is associated with a w
distribution of quadrupole frequencies, due to probe ato
trapped in various sites associated with impurities and
fects at the surface. We call this the ‘‘invisible fraction,’’ i
contrast to the fractions accounted for in the fit.

After annealing above 300 K we normally observe
unique site that accounts for about 80% of the expected
isotropy. Unless stated otherwise, the quoted fractionsf i are
normalized with respect to the anisotropy of this site.

B. Experimental details

A Cu single crystal was mechanically polished parallel
the ~100! plane with an accuracy of better than 0.1° a
subsequently etched in a solution of H3PO4, CH3COOH,
and H2O. The crystal was cleanedin situ by a few cycles of
sputtering with 1 keV Ar1 followed by annealing at 600 K
for up to 2 h. No contamination was detected by Auger el
tron spectroscopy. The low-energy electron diffracti
~LEED! pattern showed sharp spots, a low background,
the expected fourfold symmetry.

After preparation, radioactive111In probes were deposite
during periods varying between 30 and 45 min. The to
deposition dose was always below 1012 atoms/cm2, i.e., less
than 1023 of a monolayer ~ML !. A typical dose was
1024 ML. The nominal energy of 5 eV can be considered
a rough upper limit for the energy of the ions that reach
surface. During deposition, the pressure in the soft-land
chamber remained below 5310211 mbar.
16542
°
-

d

-

s.

at
y

s
e
n
n-
s
-
r
e
s

e-

n-

-

d

l

s
e
g

After each deposition, a PAC spectrum was taken to ch
acterize the initial situation. In most cases, after the first m
surement Cu was deposited on the surface at different
strate temperatures and concentrations, and new PAC sp
were subsequently accumulated. A typical PAC measu
ment took approximately 3 h. All measurements were p
formed at 80 K in order to rule out temperature-depend
frequency shifts and to facilitate comparison between the
ferent observed hyperfine interaction frequencies.

III. RESULTS AND DISCUSSION

A. Sites and mobility of isolated 111In atoms on Cu„100…

After surface preparation, radioactive111In atoms with an
energy of 5 eV were deposited on the surface at 80 K. Th
mal diffusion of Cu adatoms is inhibited at th
temperature.3,10,11 The sample was annealed for 15 min
various temperatures. Typical PAC spectra and their Fou
transforms are shown in Fig. 1. The solid lines in the expe
mental spectra and in the Fourier transforms represent th
The peaks that belong together and the site to which t
belong are indicated in the Fourier transforms.

In total, four sites are observed: the adatomic terrace
( f at), the adatomic step site (f as), the substitutional step site

FIG. 1. PAC spectra and their Fourier transforms obtained a
deposition of111In with an energy of 5 eV on a Cu~100! surface at
a substrate temperature of 80 K~top! and 170 K ~second!, and
subsequent annealing for 15 min at 220, 260, and 320 K. All m
surements were performed at 80 K.
5-2
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TABLE I. Hyperfine interaction parameters for111In on ~vicinal! Cu~100! deposited by evaporation~left
column! and by soft-landing ion deposition. All data were measured at a substrate temperature of 80

Cu~100! a Cu~17 1 1! b Cu~100! c

Site nQ ~MHz! h nQ ~MHz! h nQ ~MHz! h

f at 16.0~3! 0.0~1! 17.1~2! 0.0~5! 17.5~2! 0.0~5!

f as 110~1! 0.16~2! 108~1! 0.12~2! 109~1! 0.18~3!

f ss 161~1! 0.81~2! 144~1! 1.00~5! 148~3! 1.0~1!

f st 181~1! 0.05~5! 184~1! 0.00~5! 178~1! 0.00~5!

aReferences 14 and 15.
bReferences 6 and 17.
cThis work.
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( f ss) and the substitutional terrace site (f st). This is the same
notation as used in earlier work.6,12,13Table I summarizes the
measured hyperfine interaction parameters for111In on
Cu~100!. For comparison, the parameters reported by K
et al.,14 by Fink et al.,15,16and by Laurens and co-workers6,17

are also given. The data of Laurens and co-workers are
tained on vicinal~17 1 1! surfaces with relatively short~100!
terraces.

From the data presented in Table I one observes s
differences concerning the substitutional step (f ss) and the
substitutional terrace site (f st). The deviating interaction fre
quency for thef ss site measured by Finket al. is related to a
small and statistically insignificant extra frequency comp
nent in the data of these authors. If we ignore this com
nent, the data of Finket al. lead to h51 and nQ
5146 MHz, in good agreement with the other data.

The largest difference in interaction frequencies~3.4%!
occurs for 111In incorporated in the relatively short terrac
on Cu~17 1 1! ~average width 8.5 interatomic distances! and
the much broader terraces on Cu~100!. We note that this
difference is not caused by different measurement temp
tures: both spectra were measured at 80 K. The differenc
frequencies suggests that sites close to step edges expe
a slightly larger EFG.

Figure 2 gives information about the diffusion behav
and the resulting atomic sites of isolated111In atoms on the
Cu~100! surface, compared with our earlier work on the vic
nal ~17 1 1! surface.13,17 There are clear differences in be
havior, which we will now discuss.

The ~17 1 1! data show that part of the deposited In ato
reside at steps already at 50 K and that thermal mobility
in just above 80 K. The step density on a~100! surface is
much lower than that on a~17 1 1! surface, and, as a cons
quence, no In atoms reside at steps immediately after d
sition at 80 K. The fraction in adatomic terrace sites amou
to approximately 70%.

After annealing at 120 K no well-defined sites are o
served. The PAC signal is strongly damped, most proba
due to a distribution of static electric field gradients. Bas
on the activation energy for hopping derived from the~17 1
1! data,Ea50.22(3) eV, we estimate that the In adatom
can make 105–106 jumps during the anneal at 120 K. Pr
sumably the In probe atoms are trapped by structural def
and/or impurities during their random walk on the terra
16542
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This effect is not observed on the~17 1 1! surface at this
temperature, because there the steps are the dominant
for the diffusing In atoms.

Three different sites are visible after an111In deposition at
a substrate temperature of 170 K~see Fig. 1, second from
top!: the adatomic step sitef as ~11%!, the substitutional step
site f ss ~9%!, and the substitutional terrace sitef st ~26%!. We
note here that the ‘‘adatomic step site’’ is probably an
atom at a kink in the step.17 The low occupation of the ad
atomic stepf as and the substitutional stepf ss sites is consis-
tent with the low step density on a~100! surface. The total
visible fraction ~46%! is rather small; presumably some I

FIG. 2. Fractions of111In atoms at various sites as a function
anneal or deposition temperature, after deposition on Cu~100! ~top,
this work! and on Cu~17 1 1! ~bottom, Refs. 6 and 17!.
5-3
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M. F. ROŞU, F. PLEITER, AND L. NIESEN PHYSICAL REVIEW B63 165425
adatoms are trapped at surface imperfections even at
temperature.

Annealing at 220 K and higher results in the disappe
ance of the step-correlated sites and a gradual increase o
substitutional terrace fraction. The preference for subst
tional terrace sites after annealing at temperatures above
K is in perfect agreement with the prediction3 that this is
energetically the most stable configuration. However,
Cu~100! the incorporation in terrace sites starts much ear
than on Cu~17 1 1!, where the In probe atoms start to occu
terrace sites only above 280 K. In the following we w
discuss the mechanism of the incorporation of In atoms
terraces and explain this difference in behavior.

An 111In atom can penetrate into the relatively long a
straight steps on a Cu~17 1 1! surface only if the step con
tains vacancies. There are two different processes that le
vacancy creation in the steps~see Fig. 3!: ~1! a Cu atom
leaves a kink and moves to an adatomic step site, and~2! a
Cu atom leaves a substitutional step site and moves to
adatomic step site. The first process has the smallest ac
tion energy,3,18 which is only slightly larger than the activa
tion energy needed for adatom diffusion on the terrace.
perimentally determined adatom diffusion barriers19–21

indicate that Cu adatoms become mobile at approxima
140 K. This implies that step vacancies are formed betw
150 and 160 K. These are indeed the temperatures at w
isolated 111In atoms occupy substitutional step sites on
Cu~17 1 1! surface. We conclude that the number of crea
vacancies is proportional to the number of kinks pres
along a step.

At the temperatures at which Cu adatoms are mobile
form islands on the~100! surface, the island edges are n
straight, but irregular. Thus, the kink concentration and
adatom concentration along the perimeter of an island
larger than those in the case of the relatively straight step
a vicinal surface. This makes the incorporation of In atoms
steps more effective. Moreover, after the In atom has b
incorporated in a step, it may trap Cu atoms moving alo
the steps. This eventually yields the observed substitutio
terrace site.

B. Interaction between isolated111In adatoms and Cu islands

In order to obtain a more detailed picture of the intera
tion between In atoms and Cu islands on a Cu~100! surface,

FIG. 3. Two mechanisms that lead to a vacancy in a Cu s
edge. Left, a Cu atom moves from a kink position to an at-s
position, right, a Cu atom moves from an in-step position to
adatomic position.
16542
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the following experiments were performed. Cu islands w
produced by depositing 0.2 ML of Cu atoms, with an ener
of 5 eV, on a freshly prepared Cu~100! surface at a substrat
temperature of 300 K. Based on Monte Carlo simulatio
we expect the Cu islands to consist of more than 50 ato
and to have irregular edges. Radioactive111In atoms were
deposited with the same energy, at a substrate temperatu
160 K. At this temperature not only In and Cu adatoms b
also Cu atoms at island edges are mobile. After the In de
sition, the crystal was annealed at stepwise increasing t
peratures. Figure 4 shows the PAC spectra together w
their Fourier transforms. The frequencies of the four In si
measured for the case of isolated111In atoms deposited on
Cu~100! ~shown in Fig. 1! are visible in the Fourier trans
forms. However, it is obvious from Fig. 4 that addition
sites are present. For instance, in the case off ss and f st the
Fourier lines are broadened, indicating extra sites w
slightly higher interaction frequencies.

Figure 4 shows that some deposited111In atoms occupy
adatomic terrace sites after deposition at 160 K. This is
markable because In adatoms usually reach steps or
trapped at surface defects already at temperatures of 12
Moreover, in the presence of copper islands, the step den

p
p
n

FIG. 4. PAC spectra and their Fourier transforms obtained a
deposition of 0.2 ML of Cu on a Cu~100! surface, at a substrat
temperature of 300 K, and additional deposition of111In probe at-
oms at 160 K. The sample was subsequently annealed for 15 m
the indicated temperatures. All PAC measurements were perfor
at 80 K.
5-4
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INTERACTION BETWEEN Cu ATOMS AND ISOLATED . . . PHYSICAL REVIEW B63 165425
is higher than that in the case of a clean Cu~100! surface, and
so is the probability for the indium atoms to reach a step. T
low-frequency component observed at 160 K neverthe
suggests that In atoms are trapped in an adatomlike con
ration. A plausible explanation is that In atoms are trapp
on topof Cu islands and that they cannot step down at 1
K, whereas they do so at 200 K. Taking the prefactor of t
process as 101261 s21, we calculate a diffusion barrier o
0.53~6! eV. This compares well with the calculations of va
Siclen,22 who obtained barriers of 0.57 and 0.65 eV for jum
and exchange processes across the step.

A new feature is that sites with slightly larger hyperfin
interaction parameters appear when Cu islands are prese
the surface. In Fig. 4 this is best visible as an asymme
broadening of the second angular frequency of thef st at
about 350 Mrad/s. This implies a corresponding asymme
distribution in the values of the static electric field gradien
The frequency variations within a certain family of sit
amount to only a few percent. This is due to the fact that
main component of the electric field gradient tensor,Vzz, is
still perpendicular to the surface, which makes it hardly s
sitive to in-plane changes caused by more distant neigh
of the probe atoms. This might seem a disadvantage, b
makes it possible to group the new sites into already kno
categories: the adatomic step~kink! site ~two Cu neighbors
in the surface layer!, the substitutional step site~three Cu
neighbors in this layer!, and the substitutional terrace si
~four Cu neighbors!. In Table II we list the results of the fits
of these quadrupole distributions in terms of such categor
Due to the limited spectral resolution of the PAC techniq
it is impossible to make a detailed interpretation of the
components. Nevertheless it seems reasonable to asso
the shift to higher frequencies with the presence of Cu
cancies in the surface layer close to the probe atom but no
nearest neighbor. Such a situation occurs, for instance, if
probe atom is close to an island edge.

In Fig. 5 the different site fractions of111In on an island-
decorated Cu~100! surface are plotted as a function of th

TABLE II. Hyperfine interaction parameters for111In on Cu~17
1 1!, on Cu~100!, and on Cu~100! decorated with various amount
of Cu. In the latter case, the frequencies were obtained from
Fourier analysis with enhanced resolution. All data were measu
at a substrate temperature of 80 K.

Cu~100! a Cu~100!1extra Cub

Site nQ ~MHz! h nQ ~MHz! h

f at 17.5~2! 0.0~5! 18.0~2! 0.0~5!

f as 109~1! 0.18~3! 106~1! 0.12~2!

f as-like – – 117~1! 0.23~6!

f ss 148~3! 1.0~1! 149~1! 1.00~5!

f ss-like – – 156~1! 1.00~5!

f st 178~1! 0.00~5! 178~1! 0.00~5!

f st-like – – 182~1! 0.00~5!

f st-like – – 185~1! 0.00~5!

f st-like – – 192~1! 0.00~5!

aThis work, data from Fig. 1.
bThis work, data from Figs. 3, 6, 7, 9, and 10.
16542
e
ss
u-
d
0
s

on
ic

ic
.

e

-
rs
it
n

s.
,
e
iate
-
as
he

annealing temperature. For the sake of presentation, all s
lar sites are grouped under a generic name such asf as, f ss,
or f st. The most significant difference with the case of is
lated 111In deposited on Cu~100! ~see Fig. 2! is that on the
island-decorated surface thef ss site remains populated up t
somewhat higher temperatures. Given the large amoun
available edge sites, this is not surprising. However, a
annealing at 240 K, the population of the substitutional s
sites is already marginally small~4%!, while 83% of the In
atoms reside in two different substitutional terracelike sit

The fact that we do not observe In atoms in or at ste
above 240 K is in contradiction with the interpretation of t
experiments of van der Vegtet al.,2 who observed the influ-
ence of In atoms on the growth of a Cu~100! layer in the
temperature interval from 225 K to 300 K. We will return t
this point later.

C. Interaction between 111In atoms in the surface
and isolated Cu adatoms

Although we observe a fine structure in the signal asso
ated with terracelike environments of In atoms, we can
identify precisely the configurations of the newf st-like sites.
Although we consider it unlikely, we cannot exclude the po
sibility that one of the new sites can be assigned to a clu
of a substitutional terrace111In atom and one or more Cu
adatoms. In order to address this issue, we produced Cu
toms in two different ways. In the first method, radioacti
111In atoms were deposited with an energy larger than 10
on a Cu~100! surface at 80 K. In this way, the impinging I
atoms are able to create a surface vacancy and immedi
occupy it, while the generated Cu adatoms reside in the fi
and/or the second-neighbor shell and are not mobile at
K.17 In the second method, In probe atoms were incorpora
in the terraces, after which Cu adatoms were deposited
the surface at a temperature at which they are immobile

Method I. We deposited 25 eV111In probe atoms a
Cu~100! surface, at 80 K. Figure 6 illustrates the PAC spe

a
d

FIG. 5. Atomic site fractions of111In on an island-decorated
Cu~100! surface as a function of anneal temperature. The lines
drawn to guide the eye.
5-5
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M. F. ROŞU, F. PLEITER, AND L. NIESEN PHYSICAL REVIEW B63 165425
tra together with their Fourier transforms, obtained after
deposition and after annealing at 140 and 240 K. Imme
ately after the deposition, the In probes occupy adato
terrace sites~up to a fraction of 46%! and two different sub-
stitutional terrace sites~together accounting for 41%!. No
step-correlated sites appear in the spectrum, as expected
Cu~100! surface with broad terraces. In the Fourier transfo
the value of the second angular frequency of the origi
substitutional terrace site is indicated with a solid line. T
dashed line indicates the frequency of the newf st-like site,
which is 2% smaller than the frequency of thef st site. The
value of the new frequency was obtained from a Fou
analysis with enhanced resolution. The populations of
two terrace sites are approximately equal.

Annealing of the sample at 140 K causes the disapp
ance of both the adatomic terrace and the newf st-like site.
We recall that Cu adatoms become mobile on a terrac
approximately 140 K.19–21 The disappearance of thef st-like
site is a strong indication that this site consists of a subs
tional terrace111In atom, decorated with one Cu adatom. W
conjecture that isolated Cu adatoms arenot strongly bound to
In atoms residing in a terrace. Furthermore, we conclude
the presence of one Cu adatom in the neighborhood o
111In atom in the terrace does not lead to an exchange
cess, which would turn the In probe into an adatom. T
holds at least for the temperature interval between 80
140 K. Finally we note that the presence of a Cu adat
leads to adecreaseof the terrace frequency.

After annealing at 240 K, the fraction of In atoms in th
terrace has slightly increased and anotherf st-like site, with a
4% larger frequency, appears in the PAC spectrum~see dash-
dotted line in Fig. 6!. This frequency is the same as observ

FIG. 6. PAC spectra and their Fourier transforms obtained a
deposition of111In with an energy of 25 eV on a Cu~100! surface at
a substrate temperature of 80 K. All measurements were perfor
at 80 K. The solid line in the Fourier transform marks the value
the second angular frequency of the substitutional terrace site.
dashed line indicates a frequency shift of22%, and the dashed
dotted line a shift of14%.
16542
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in the case of111In atoms residing in the short~100! terraces
of vicinal Cu~17 1 1! ~see Table I!. The corresponding frac
tion, amounting to 12%, is assigned to In atoms that h
diffused via a step into a terrace and still reside in the i
mediate neighborhood of the step. This is a plausible ass
ment for the following reason. The mobility of In atoms
the Cu~100! terrace has been directly observed near ro
temperature with scanning tunneling microscopy~STM!.23

Based on this work we estimate the In jump rate caused
thermally activated vacancies at 240 K as 1025 s21. So, if
an In atom has reached a substitutional terrace site via a
edge, we do not expect it to move during an anneal treatm
of 15 min at 240 K. We recall that similar sites were o
served when In was deposited on a Cu surface decor
with Cu islands and annealed above 200 K~see Fig. 4 and
Table II!.

Method II. First, radioactive111In atoms were deposited
on the Cu surface at a substrate temperature of 360 K. In
top part of Fig. 7 the PAC spectrum and its Fourier transfo
obtained after the In deposition are plotted. All In atom
occupy substitutional terrace sites. The vertical solid line
the Fourier transform indicates the second angular freque
of the f st-site. After this preparative step, 0.04 ML of 5 e
Cu was deposited at 80 K, a temperature at which Cu a
toms cannot move across the terrace. Figure 8 indicates
expected Cu adatom distribution as calculated by a dyna
cal Monte Carlo method based on potentials described
Breeman and co-workers~see Refs. 3 and 24 for details!. The
simulated lattice contained 1003100 atoms. Although we

r

ed
of
he

FIG. 7. PAC spectra and their Fourier transforms obtained a
deposition of111In on a Cu~100! surface at a substrate temperatu
of 360 K, after deposition of an additional 0.04 ML of 5 eV Cu
80 K, and after subsequent annealing for 15 min at the indica
temperatures. All measurements were performed at 80 K.
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should be careful concerning the quantitative aspects of
calculation, we can state that the clustering process is sti
its starting phase.

After Cu deposition we observe a broad frequency dis
bution in the interval 200–300 Mrad/s, but on top of that w
can discern some clear signals. 31% of the initial fraction
the In atoms still occupy the substitutional terrace site. A
ditional peaks appear on both sides of the angular freque
of the f st site. The22% site, which we identified as111In
atoms in the terrace with a Cu adatom as nearest or n
nearest neighbor, represents 13% of the initial visible fr
tion. There is also spectral weight in the interval just bel
this frequency, possibly correlated with In atoms in the t
race that have more than one Cu adatom as neighbor.
presence of copper dimers and trimers on the surface,
dicted by our Monte Carlo simulation, supports this assum
tion.

In addition, an f st-like site with a 6% larger frequenc
occurs after the Cu deposition. The corresponding fractio
4% of the fraction visible after the In deposition. Earlier w
argued thatf st -like sites that give rise to frequencies larg
than that of the substitutional terrace site are likely to cor
spond with111In atoms close to a step-down edge. This w
happen if they are incorporated in small islands. If this s
assignment holds, it implies that In atoms that occupy th
16% sitealreadyexchanged places with a Cu adatom a
reside within a small cluster containing at least 8 Cu ato
This plausible scenario is in agreement with the occurre
of the substitutional step site~5.5% fraction! visible at 238
Mrad/s. This signal must be due to In atoms that, after h
ing moved into the top layer, end up at the perifery of t
small islands. The broad frequency distribution in the int
val 200–300 Mrad/s is probably associated with a variety
In-Cu adatomic clusters of smaller size. In total, appro
mately 15% of the111In atoms in the terrace exchange plac
with the deposited Cu adatoms, at a temperature as low a
K. Because we do not observe individual In adatoms a
the Cu deposition, we draw the conclusion that the excha

FIG. 8. The Cu adatom distribution after deposition of 0.04 M
of Cu on a Cu~100! surface at 80 K.
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process needs more than one Cu adatom in the neighbor
of an In terrace atom. This is in agreement with the resul
method I.

At this point it is interesting to follow the annealing be
havior of this system. The frequency distribution betwe
200 and 300 Mrad/s disappears at 140 K, the temperatu
which Cu adatoms become mobile. The clusters that g
rise to this frequency distribution either break up or diffu
towards other clusters and coalesce. The substitutional
site (f ss) is stable up to a temperature of at least 140 K.

Table III summarizes the fractions of allf st-like sites im-
mediately after Cu deposition at 80 K, and after annealing
140 and 200 K. One observes that the sum of thef st-like
fractions gradually increases, as does the average freque
This indicates a depletion of Cu-decorated terrace sites
an increasing number of In atoms residing in small island

D. 111In segregation at 80 K

An essential property of a surfactant is that it can eas
segregate towards the surface during growth. This was
deed the case in the experiment described by van der Ve2

after deposition of 11 ML of Cu at room temperature t
intensity of the In Auger peak had not changed within t
experimental errors. The PAC technique is useful to inve
gate the segregation process and to determine which fac
inhibit or enhance it.

The experiments were performed as follows. After surfa
preparation, radioactive111In atoms were deposited on th
surface at a temperature of 360 K. After the deposition
sample was cooled down to 80 K and an initial PAC sp
trum was recorded. Subsequently, various amounts of 5
Cu were deposited at a substrate temperature of 80 K, e
time on a freshly prepared surface. Although adatom dif
sion is inhibited at this temperature, Cu~100! grows never-
theless in a quasi-layer-by-layer mode. This has been at
uted to thefunnelingmechanism: Cu atoms landing in a si
that is not fourfold coordinated will immediately jum
downwards and occupy the vacancy in the underly
layer.24 Although this process is effective in limiting th
number of monolayers growing simultaneously, it cann
prevent the incorporation of vacancies in the growing film

All probe atoms occupy substitutional terrace sites,f st
immediately after their deposition~Fig. 9, top!. The well-
defined environment gives rise to almost no damping of
spectrum. After deposition of 1 ML of Cu at 80 K, the dam
ing is significantly stronger and more frequencies appea
the Fourier transform of the PAC spectrum, in particular b

TABLE III. Fractions of individualf st-like sites. Data from Fig.
7.

Fractions~%!

T(K) 22% f st 16% Sum

80 21 31 4 56
140 20 20 24 64
200 13 35 30 78
5-7
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tween 200 and 300 Mrad/s. This may be due to In atoms
occupy island-edge correlated sites, as in Fig. 4 at 160
200 K. Not surprisingly, we observe also a distribution
f st-like sites. If In atoms were buried under the extra C
layer, they would experience only a weak electric field g
dient. There is no sign of such a signal; apparently the la
majority of the In atoms is able to move into the evapora
Cu layer, which is defective because the deposition is p
formed at 80 K.

Deposition of 2 ML of Cu at 80 K results in a strong
damping of the PAC signal. This is due to the fact that
disorder in the top Cu layer increases. We also observe
increase in the time-independent part of the angular corr
tion function ~the so-called hard core!. This is due to In
atoms that are buried under the Cu layer and experien
cubic environment.

Increasing the coverage results in a gradual increas
the intensity of this component and the appearance of a
component with a low frequency. Similar to the fraction
cubic sites, we attribute this component to111In atoms that
are caught within the grown layers, and experience a sm
EFG caused by the presence of point defects, most lik
vacancies, in more distant neighbor shells. Whereas we

FIG. 9. PAC spectra and their Fourier transforms obtained a
deposition of111In on a Cu~100! surface at a substrate temperatu
of 360 K, and after subsequent depositions of 5 eV Cu atoms a
K to the indicated amount. All measurements were performed a
K. The vertical solid line indicates the angular frequency of t
original substitutional terrace site for isolated111In on Cu~100!.
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observe a fraction of In atoms at the surface after deposi
of 4 ML of Cu, this component has completely vanish
after deposition of 10 ML. From our data we draw the co
clusion that In shows surfactant behavior even at 80 K: e
time a Cu layer is deposited, approximately 70% of the to
layer 111In atoms pop up to the new surface.

E. 111In segregation as a function of temperature

In the previous section we have seen that In atoms sho
clear tendency to segregate towards the surface even
deposition of Cu at a substrate temperature of 80 K. In or
to determine the temperature dependence of the segreg
process we deposited radioactive111In atoms at a substrat
temperature of 360 K, followed by 1 ML of 5 eV of Cu at 8
K, and took PAC spectra after subsequent annealing at
240, and 300 K.

Table IV summarizes the measured fractions of
f st-like sites. The sum of the fractions is gradually restored
the value after deposition of In at 360 K. This sum is a low
limit for the fraction of In atoms at the surface becaus
particularly at 80 K, we lose some intensity in a broad fr
quency distribution.

We conclude that at a temperature of 240 K and higher
atoms are able to segregate towards the surface with an
ciency of 90% or better. In line with this, the component d
to the buried111In atoms decreases to zero. A very simil
behavior was observed after deposition of 2 ML of Cu at
K and subsequent annealing. These results are in exce
agreement with those of van der Vegt.2

F. 111In segregation during submonolayer Cu growth

To follow the 111In surfactant atoms during the growth o
an additional Cu layer, we performed the following expe
ments. 111In atoms were deposited at 360 K in order to e
sure that all In atoms occupied substitutional terrace si
Next, 5 eV Cu atoms were deposited in different submo
layer concentrations, at a temperature of 200 K. In Sec. I
it was shown that at this temperature the large majority of
indium atoms segregate towards the surface. The obta
PAC spectra and their Fourier transforms are shown in F
10. This figure shows that most of the In probe atoms occ
sites where the interaction strength is larger than that at
f st site. In Sec. III B we correlated these terracelike sites w
In in Cu islands. This scenario is plausible: deposition of

r

0
0

TABLE IV. Fractions of individualf st-like sites after deposition
of 111In on a Cu~100! surface at 360 K, after deposition of a
additional 1 ML of 5 eV Cu at 80 K, and after subsequent annea
at the indicated temperatures.

Fractions~%!

T(K) 22% f st 14% 16% Sum

80 20 18 10 0 48
180 0 31 24 10 65
240 0 81 0 8 89
300 0 84 13 0 97
5-8
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INTERACTION BETWEEN Cu ATOMS AND ISOLATED . . . PHYSICAL REVIEW B63 165425
at a substrate temperature of 200 K leads to the formatio
Cu islands and, at the same time, enhances the probabili
In segregation and incorporation of In in these islands. T
frequency distribution extends over a region up to 8% hig
than the original terrace frequency. The corresponding s
are stable at a substrate temperature of 200 K and accoun
approximately 65% of the visible In atoms. The apprecia
frequency shifts suggest that these In atoms are close t
land edges. However, they still have four Cu neighbors
cause we do not observe In atoms in substitutional step s

Sites with frequencies slightly smaller than that of t
substitutional terrace site do occur for Cu coverages of 2
and 50%, but the corresponding fractions are smaller t
6%. In Sec. III C, PAC signals with such frequencies we
correlated with111In atoms in terrace sites with one or mo
Cu adatoms as neighbors, i.e., with In atoms that have
yet moved into the upper layer. The small intensity of th
component demonstrates the effectiveness of the segreg
process for these Cu adatom coverages.

Additionally, for a coverage of 25% Cu we have eviden
for a continuous frequency distribution between 200 and
Mrad/s. The corresponding fraction is about 10%. As in S
III C we assign this fraction to In atoms that have exchang
places with Cu adatoms and reside in various In-Cu adato
clusters~small islands!. This assignment is also plausible

FIG. 10. PAC spectra and their Fourier transforms obtained
ter deposition of111In on a Cu~100! surface at a substrate temper
ture of 360 K, and after subsequent deposition of 5 eV Cu at 200
to the indicated amount. In the top panel, the deviation of the s
ond frequency of the substitutional terrace site from its regu
value ~solid vertical line! is due to the fact that the first measur
ment was performed while cooling the sample from 360 to 200
All other measurements were performed at 80 K.
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this case, because at 200 K the clustering of mobile Cu a
toms leads to a large distribution of island sizes.

IV. CONCLUSIONS

We investigated site occupation and diffusion of isolat
111In atoms on a Cu~100! surface and observed the same fo
sites as measured for111In on vicinal Cu~100!:6,13,17 the ad-
atomic terrace site (f at), adatomic step site (f as), substitu-
tional step site (f ss), and substitutional terrace site (f st). The
interaction frequency measured for the substitutional terr
site is approximately 3% smaller than the value known fro
experiments performed on vicinal Cu~100!. This difference
is attributed to the presence of steps in the neighborhoo
the probe atoms incorporated in a vicinal surface.

The diffusion behavior of In on Cu~100! follows, gener-
ally, the same trend as in the case of Cu~17 1 1!: when the
deposition or anneal temperature is increased the depo
In adatoms first move to adatomic step sites, then beco
incorporated into the steps and finally into the terraces. Th
is, however, a difference: probe atoms occupy substitutio
terrace sites on a Cu~100! surface already at 170 K, while in
the case of111In on vicinal surfaces thef st site occurs only
above 280 K, after a drastic drop in the visible fraction in t
temperature interval between 220 and 280 K. Apparently,
incorporation of In in a Cu~100! surface proceeds much mor
effectively, probably due to the presence of islands with
regular edges~high concentration of kinks, vacancies, an
adatoms!.

We also studied the interaction between isolated111In
adatoms and Cu islands on Cu~100!. In this case, more than
the four known sites appear in the PAC spectra. Howev
the new sites resemble thef at, f ss, and f st sites and have
only slightly different interaction frequencies. Their occu
rence is a consequence of the diversity in shape of Cu
lands, compared with the relatively straight steps on a vici
surface.

Upon annealing the In atoms get incorporated in Cu
lands and occupy substitutional terracelike sites. This is
agreement with earlier calculations3,24 that predict that the
substitutional terrace site is the most stable site for In dep
ited on a Cu~100! surface. At this point, we mention that th
majority of the In atoms resides within the Cu islands
ready at 220 K. The frequencies for these terracelike sites
generally larger than that of the pure substitutional terr
site. No 111In atoms are found in adatomic steplike sites
this temperature, while the fraction of the111In atoms in
substitutional step sites amounts to only 10%.

As to the segregation of In during and after Cu deposit
at 80 K, our experiments show that for every deposited
layer about 70% of the In atoms, initially in terraces, seg
gate towards the surface. Increasing the number of depos
layers results in the incorporation of larger fractions of the
atoms in the grown layers. After deposition of 10 ML of C
at 80 K, all In atoms are buried.

We demonstrated that annealing after Cu deposition h
positive effect on the segregation process. During annea
at temperatures higher than 200 K the fraction of the In
oms that segregate towards the surface increases to app

f-

,
c-
r

.
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mately 90%. While these observations are in perfect ag
ment with the findings reported by van der Vegt,2 they do not
support the mechanism of surfactant action suggested
these authors and supported by embedded-atom3 and
ab initio4 calculations. According to the proposed ‘‘pus
out’’ mechanism, the In atoms have to reside in or at the s
edges, where they facilitate Cu interlayer diffusion. Ho
ever, we did not observe any In atoms at or in step ed
after deposition of Cu on top of In probe atoms at 200
although there are indications that they are near such ed
Consequently, the push-out mechanism cannot be res
sible for the surfactant action of the In atoms. The sa
conclusion follows from the observation that after deposit
of In atoms on already existing Cu islands the population
the substitutional step site is small up to 240 K and z
above this temperature. Since the surfactant behavior e
both at 225 K and 300 K, another mechanism than push
has to be invoked.

Our study of the interaction between Cu adatoms a
165425
-

y

p

s

s.
n-

f

ts
t

111In in substitutional terrace sites shows that a single
adatom is not strongly bound to an In atom in the surface
that its presencedoes notlead to site exchange. However, th
presence of a Cu adatomic cluster in the vicinity of an
atom in the terrace drives this In atom into an adatomic
at temperatures as low as 80 K, and finally to incorporat
into the Cu cluster. This implies that the activation ener
for this process is smaller than 0.25 eV.

ACKNOWLEDGMENTS

The authors thank L. Venema for his excellent techni
support, F. Th. ten Broek for his help in manipulating t
radioactive material, and E. Sueske for his assistance du
the experiments. This work was part of the research prog
of the Stichting voor Fundamenteel Onderzoek der Mate
~FOM!, with financial support from the Nederlandse Orga
satie voor Wetenschappelijk Onderzoek~NWO!.
d

*Author to whom correspondence should be addressed. Electro
address: niesen@phys.rug.nl

1H. A. van der Vegt, H. M. van Pinxteren, M. Lohmeier, E. Vlieg
and J. M. C. Thornton, Phys. Rev. Lett.68, 3335~1992!.

2H. A. van der Vegt, M. Breeman, S. Ferrer, V. H. Etgens, X
Torrelles, P. Fajardo, and E. Vlieg, Phys. Rev. B51, 14 806
~1995!.

3M. Breeman and D. O. Boerma, Surf. Sci.287-288, 881 ~1993!.
4M. Jiang, Y.-J. Zhao, and P.-L. Cao, Phys. Rev. B57, 10 054

~1998!.
5G. Schatz, T. Klas, R. Platzer, J. Voigt, and R. Wesche, Hyperfi

Interact.34, 555 ~1987!.
6C. R. Laurens, M. F. Ros¸u, F. Pleiter, and L. Niesen, Phys. Rev

Lett. 78, 4075~1997!.
7C. R. Laurens, L. Venema, G. J. Kemerink, and L. Niesen, Nuc

Instrum. Methods Phys. Res. B129, 429 ~1997!.
8G. Schatz and A. Weidinger,Nuclear Condensed Matter Physics

~Wiley, New York, 1996!, p. 63.
9L. Boström, E. Karlsson, and S. Zetterlund, Phys. Scr.2, 65

~1970!.
10C.-L. Liu, Surf. Sci.316, 294 ~1994!.
11G. Boisvert and L. J. Lewis, Phys. Rev. B56, 7643~1997!.
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