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Interaction between Cu atoms and isolated*in probe atoms on a CU100) surface
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Perturbed angular correlation spectroscopy offers a detailed picture of the sites and mobility of individual
Y1 probe atoms deposited under various conditions ontGl@ 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 CL00) 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 gd@, in which Cu adatoms reach a lower terrace
by pushing out an In atom at a step edge.
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I. INTRODUCTION separated by mass and decelerated to an energy of roughly 5
eV before they land on the surface. This energy is suffi-
The first successful application of surfactants in the epiciently low to prevent the formation of surface vacancies.
taxial growth of metals was reported by van der Vegal! ~ Our initial experiments start with the simple situation in
They observed that evaporation of submonolayer coveragathich the probe atoms are deposited at low temperature as
of Sb on Ad111) changes the growth of Ag from a rough immobile adatoms onto well-prepared @Q0) surfaces. Af-
two-dimensional to a smooth layer-by-layer mode. Later,ter annealing we study the PAC signals associated with the
various other metal-surfactant combinations were found. Fofigration of In atoms to other sites. These signals are then
example, submonolayer coverages of In act as a surfactaled to characterize the environment of the In probe atoms in
during the growth of C(L00) and Cy111) at 225 and 300 other circumstances, for instance when they are incorporated
K2 This effect was also theoretically predicted by Breemarinto the terraces and interact with deposited Cu adatoms. In
and Boerma. For the case of Q100 they concluded from this way we directly investigate the role of In “surfactant”
atom-embedding calculations that In atoms present at or igtoms in the epitaxial growth of Cu on Q00).
step edges lower the energy barriers for Cu interlayer diffu-
sion and promote smooth layer-by-layer growth of Cu. On Il. EXPERIMENT
the basis of these calculations, van der Veigal. interpreted
their results in terms of In-induced lowering of this so-called
Schwoebel barrier. We note that they implicitly assumed that The PAC technique measures the hyperfine interaction in
segregation of In towards the surface occurs. an intermediate nuclear state, in this case the 245 KeV,
Lately, the Cu/In/C(L00) system was the subject of an- =5/2 intermediate state of the isotopeCd® This is done in
other theoretical investigation. Jiare al* determined the the time domain, by monitoring the time dependence of the
interaction potentials from first-principles calculations andangular correlation of the 171-245 keMray cascade popu-
performed dynamic Monte Carlo simulations of the Culated in the decay of'lin to *Cd. For the measurements
growth process at 225 K in the presence of In as a surfactanpresented here, the relevant hyperfine interaction is the quad-
Layer-by-layer growth occurred only when two “surfactant rupole interaction, i.e., the coupling between the nuclear
mechanisms” were active: the In-Cu excharfgéich leads quadrupole moment tensor of the intermediate state and the
to the segregation of the surfactant atoms towards the suglectric field gradien{EFG) tensor set up by all electrons at
face and the push-out mechanism already described bythe position of the nucleus. The quadrupole interaction splits
Breeman and BoermiaThe latter mechanism consists of the the | =5/2 state into three doubly degenerate sublevels. For
following stages{a) an In atom is situated at or in an island each environment of the probe atom the PAC signal contains
edge, while a Cu adatom, on top of the same island, reachdlree frequencies, corresponding to the energy differences
the edge at the place where the surfactant residegjbatidle ~ between these three sublevels. The quadrupole frequency
Cu atom “steps down” by pushing away the surfactantrq=eQV,,/h and the asymmetry parameten=(V,
atom. In this way the interlayer diffusion of Cu is enhanced,—V,,)/V,, are obtained from the measured PAC frequencies
while the surfactant atoms remain at or in island edges. by diagonalizing the quadrupole interaction Hamiltortian.
The perturbed angular correlatiORAC) technique makes Here,V,,, V,,, andV,, are the elements of the diagonalized
it possible to monitor the sites of probe atoms, in our casé&FG tensor, ordered in such a way the,|<|V,,|<|V,].
40, on a substratgIn this way we can obtain information One can easily shotthat for =0 the frequencies are in the
on the interaction, on an atomic scale, between afslm-  ratio 1:2:3, while foryp=1 they are in the ratio 1:1:2.
factan) atom and Cu atoms. The probe atoms are deposited The time-dependent angular correlation was measured in
by the soft-landing techniquf’ i.e., the radioactive ions are a standard fast-slow coincidence setup, with the four detec-

A. PAC spectroscopy
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tors in the horizontal plane, making angles of 45° and 135° l(z)i:) ' - T R0K ?(8?
) ; . 4=

with the normal to the vertical sample plane. The experimen- oo

tal ratio R(t) is given by R(t)=3(1+«)(Ciso~Cod/ o0l

(C1g0t kCgqp), Where C1gy and Cqy are the averaged and 1 0.02

background corrected count rates for the various 180° anc

90° detector combinations. The valueois chosen in such  -01 = = et S 0.00

a way that in the denominator of this expression the oscilla- Ta=170K

tions approximately cancel. b |l [ 1004
A least-square fit of the experimental rafRgt) is made 00 / | [

using a functionF (t)=A.(;f;G;(t), where G(t) is the ' Lot 199

perturbation function for a certain environmésite) i, f; the , , FXOV.Y\YA S A S 0.00

fraction of probe atoms in this site, aml¢; the effective T, =220K

anisotropy of they cascade. The perturbation factGk(t) ; . - 1004

has the form Gi(t)=2§:08nicos@nit), where wg,; (n 0.0 i\ / ' 1 f

=1,2,3) are the angular PAC frequencies for sitend w, y i 1002

=0. The constanf\.¢;Sy; is called the “hard core” value for . . AL b

sitei. The coefficientsS,; depend on the orientation of the 01 ' ' ' ' | T,=260K 000

principal axes of the EFG tensor relative to the detectors. | | 1 oos

Because for all observed sites thexis of the EFG is the

normal to the sample plane, while tkeaxis is lying both in L {002

the sample plane and in the detector plane, it turns out tha

S;;=0 for our geometry, so that we generally observe only-0.1 : : BUSIINN | VU i U 0.00

two frequencies per site, and these coincide# 1. b . fl =320K 0.06
When fitting the data in this way, one normally observes '

that the sum of the contributions of the various sites to the %0 [ 0.04

total anisotropy is smaller than expected. This is a common 0.02

feature of PAC spectroscopy on surfaces. The missing an /\ . 000

isotropy is lost in the first few nanoseconds, where the fitis ~ 0 100 200 300 100 200 300 400 500
not reliable due to the finite time resolution and the uncer- delay (ns) froquency (Mrad/s)
tainties in the zero of the time scale for the various detector r|g 1. pAc spectra and their Fourier transforms obtained after

combinations. The fast damping is associated with a wid@eposition of'in with an energy of 5 eV on a G100 surface at
distribution of quadrupole frequencies, due to probe atomg supstrate temperature of 80 (op) and 170 K (second, and
trapped in various sites associated with impurities and desubsequent annealing for 15 min at 220, 260, and 320 K. All mea-
fects at the surface. We call this the “invisible fraction,” in surements were performed at 80 K.
contrast to the fractions accounted for in the fit.

After annealing above 300 K we normally observe a After each deposition, a PAC spectrum was taken to char-
unique site that accounts for about 80% of the expected arficterize the initial situation. In most cases, after the first mea-

isotropy. Unless stated otherwise, the quoted fractiprse ~ surement Cu was deposited on th_e surface at different sub-
normalized with respect to the anisotropy of this site. strate temperatures and concentrations, and new PAC spectra

were subsequently accumulated. A typical PAC measure-
ment took approximately 3 h. All measurements were per-
formed at 80 K in order to rule out temperature-dependent
A Cu single crystal was mechanically polished parallel tofrequency shifts and to facilitate comparison between the dif-
the (100 plane with an accuracy of better than 0.1° andferent observed hyperfine interaction frequencies.
subsequently etched in a solution oD,, CH;COOH,
and HO. The crystal was cleanad situ by a few cycles of 1. RESULTS AND DISCUSSION
sputtering with 1 keV Af followed by annealing at 600 K , - _ u
for up to 2 h. No contamination was detected by Auger elec- A+ Sites and mobility of isolated **in atoms on Cu(100)
tron spectroscopy. The low-energy electron diffraction After surface preparation, radioactivéin atoms with an
(LEED) pattern showed sharp spots, a low background, anénergy of 5 eV were deposited on the surface at 80 K. Ther-
the expected fourfold symmetry. mal diffusion of Cu adatoms is inhibited at this
After preparation, radioactivE™in probes were deposited temperaturé:**!* The sample was annealed for 15 min at
during periods varying between 30 and 45 min. The totalvarious temperatures. Typical PAC spectra and their Fourier
deposition dose was always below'dGatoms/cr, i.e., less  transforms are shown in Fig. 1. The solid lines in the experi-
than 103 of a monolayer (ML). A typical dose was mental spectra and in the Fourier transforms represent the fit.
10~* ML. The nominal energy of 5 eV can be considered asThe peaks that belong together and the site to which they
a rough upper limit for the energy of the ions that reach thebelong are indicated in the Fourier transforms.
surface. During deposition, the pressure in the soft-landing In total, four sites are observed: the adatomic terrace site
chamber remained below>510™ 1 mbar. (fa), the adatomic step sitd (), the substitutional step site

B. Experimental details
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TABLE I. Hyperfine interaction parameters fétin on (vicinal) Cu(100) deposited by evaporatidteft
column and by soft-landing ion deposition. All data were measured at a substrate temperature of 80 K.

Cu(100 @ Cu1712°® Cu(100 ©
Site vq (MHz) 7 vq (MHz) 7 vgq (MHz) 7
fa 16.03) 0.001) 17.12) 0.0(5) 17.52) 0.0(5)
fas 110(1) 0.1622) 1081) 0.122) 109(1) 0.183)
foo 161(1) 0.81(2) 144(1) 1.005) 1483) 1.0(1)
fo 181(1) 0.055) 184(1) 0.005) 178(1) 0.005)

%References 14 and 15.
bReferences 6 and 17.
“This work.

(f<) and the substitutional terrace site). This is the same This effect is not observed on th&7 1 1)) surface at this
notation as used in earlier wofk213Table | summarizes the temperature, because there the steps are the dominant traps
measured hyperfine interaction parameters fétin on  for the diffusing In atoms.
Cu(100. For comparison, the parameters reported by Klas Three different sites are visible after &Hin deposition at
et al,** by Finket al,*>*®and by Laurens and co-workéré  a substrate temperature of 170(ee Fig. 1, second from
are also given. The data of Laurens and co-workers are ohep): the adatomic step site,s (11%), the substitutional step
tained on vicinal17 1 1) surfaces with relatively shotl00  site f,(9%), and the substitutional terrace sftg(26%). We
terraces. note here that the “adatomic step site” is probably an In
From the data presented in Table | one observes somgom at a kink in the stel. The low occupation of the ad-
differences concerning the substitutional stépj(and the  ztomic stepf ,cand the substitutional stefg sites is consis-
substitutional terrace sitef {). The deviating interaction fre-  tant with the low step density on @00 surface. The total
quency for thef ;s site measured by Finét al.is related to a  yisjple fraction (46%) is rather small; presumably some In
small and statistically insignificant extra frequency compo-
nent in the data of these authors. If we ignore this compo-

nent, the data of Finketal. lead to »=1 and »q 100 ' ' ' j ) '/’
=146 MHz, in good agreement with the other data. 0 /
The largest difference in interaction frequenci8s4% 80 /
occurs for *in incorporated in the relatively short terraces g 70} /
on CU17 1 ) (average width 8.5 interatomic distangesd 8 60l /
the much broader terraces on (C00. We note that this g 5l /s’ of,
difference is not caused by different measurement tempera- § w0l ¥ o f,
tures: both spectra were measured at 80 K. The difference in g et of
frequencies suggests that sites close to step edges experience™ 07 o f“
a slightly larger EFG. 20 / °
Figure 2 gives information about the diffusion behavior 10 ¢ 1’/\
and the resulting atomic sites of isolatéthin atoms on the 0 . AN . . .
Cu(100) surface, compared with our earlier work on the vici- 0 50 100 150 200 250 300 350 400
nal (17 1 1 surface'>'” There are clear differences in be- 100 ‘ ' ' ' ' R anl
havior, which we will now discuss. 90 o f, ]
The(17 1 1) data show that part of the deposited In atoms 80+ : . f, ;' ]
reside at steps already at 50 K and that thermal mobility sets & 70+ gErh ,:"".‘ . f ; 8
in just above 80 K. The step density on(¥00) surface is 8 el AR S fs: ! ]
much lower than that on @7 1 1) surface, and, as a conse- & sol f oy ]
quence, no In atoms reside at steps immediately after depo- § i ‘4’ ]
sition at 80 K. The fraction in adatomic terrace sites amounts 3 20 { * !
to approximately 70%. = i ! ]
After annealing at 120 K no well-defined sites are ob- 20 4 ' ! )
served. The PAC signal is strongly damped, most probably 10+ . ,:' 7
due to a distribution of static electric field gradients. Based 0 ' SRS T KNS DT S :
0 50 100 150 200 250 300 350 400

on the activation energy for hopping derived from th& 1
1) data,E,=0.22(3) eV, we estimate that the In adatoms
can make 19-1C° jumps during the anneal at 120 K. Pre-

anneal temperature (K)

FIG. 2. Fractions of4in atoms at various sites as a function of

sumably the In probe atoms are trapped by structural defectmneal or deposition temperature, after deposition ol @ (top,
and/or impurities during their random walk on the terrace.this work) and on C@17 1 1) (bottom, Refs. 6 and 17
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FIG. 3. Two mechanisms that lead to a vacancy in a Cu step . . et JO Vord Nzt 500
edge. Left, a Cu atom moves from a kink position to an at-step ™ ' ' ' ' " 0K |
position, right, a Cu atom moves from an in-step position to an | 1004
adatomic position. 00 ’
- 1002

adatoms are trapped at surface imperfections even at thi |
temperature. 01 . . o JL_A ; 0.00

Annealing at 220 K and higher results in the disappear-
ance of the step-correlated sites and a gradual increase of tt - 1004
substitutional terrace fraction. The preference for substitu- 0.0
tional terrace sites after annealing at temperatures above 26 r 1002
K is in perfect agreement with the predictibthat this is J\
energetically the most stable configuration. However, on®! e ek | *®
Cu(100 the incorporation in terrace sites starts much earlier | ]
than on C@17 1 1), where the In probe atoms start to occupy 00 004
terrace sites only above 280 K. In the following we will L 002
discuss the mechanism of the incorporation of In atoms into | j\
terraces and explain this difference in behavior. 0.1 : : ot s " 0.00
An n atom can penetrate into the relatively long and ~ ° lgglay @) 200 300 looﬁequi?gy (ﬁrogd/s)m 500

straight steps on a C{17 1 1) surface only if the step con-

tains vacancies. There are two different processes that lead to FIG. 4. PAC spectra and their Fourier transforms obtained after
vacancy creation in the stegsee Fig. 3 (1) a Cu atom  deposition of 0.2 ML of Cu on a G@00 surface, at a substrate
leaves a kink and moves to an adatomic step site,(8nd  temperature of 300 K, and additional deposition'in probe at-

Cu atom leaves a substitutional step site and moves to a@ms at 160 K. The sample was subsequently annealed for 15 min. at
adatomic step site. The first process has the smallest activihe indicated temperatures. All PAC measurements were performed
tion energy>*8which is only slightly larger than the activa- at 80 K.

tion energy needed for adatom diffusion on the terrace. Ex;, . . .
perimentally determined adatom diffusion barrira! the following experiments were performed. Cu islands were

indicate that Cu adatoms become mobile at approximateI{ZmdUC(ad by depositing 0.2 ML of Cu atoms, with an energy

140 K. This implies that step vacancies are formed betweepf 5 eV, on afreshly prepared CLOO) surface at a substrate

150 and 160 K. These are indeed the temperatures at Whicﬁmperature of 30(.) K. Based on .Monte Carlo simulations,
We expect the Cu islands to consist of more than 50 atoms

. ll . . .
e Snfn o have egular ecges. Racoaciin stoms were
‘ eposited with the same energy, at a substrate temperature of

vacancies is proportional to the number of kinks presen 60 K. At this temperature not only In and Cu adatoms but
along a step. Iso C island ed bile. After the In d
At the temperatures at which Cu adatoms are mobile an 10 LU atoms atisland edges are mo re. ARer e ih depo-
form islands on th€100) surface, the island edges are not ition, the crystal was annealed at stepwise increasing tem-
' 9 eratures. Figure 4 shows the PAC spectra together with

straight, but wregulgr. Thus, the kmk' concentraﬂon and th heir Fourier transforms. The frequencies of the four In sites
adatom concentration along the perimeter of an island are

. i . measured for the case of isolatétfin atoms deposited on
larger than those in the case of the relatively straight step OE:u(lO@ (shown in Fig. 1 are visible in the Fourier trans-

a vicinal surface. This makes the incorporation of In atoms informs However, it is obvious from Fig. 4 that additional

steps more effective. Moreover, after the In atom has beegites are present. For instance, in the casé,gnd f, the

incorporated in a step, it may trap Cu atoms moving alonq:ourier lines are broadened, indicating extra sites with

the steps. This eventually yields the observed substitutional: . ) . .
terrace site Slightly higher interaction frequencies.

Figure 4 shows that some depositédin atoms occupy
adatomic terrace sites after deposition at 160 K. This is re-
markable because In adatoms usually reach steps or are

In order to obtain a more detailed picture of the interac-trapped at surface defects already at temperatures of 120 K.
tion between In atoms and Cu islands on d1D0) surface, Moreover, in the presence of copper islands, the step density

B. Interaction between isolated''!In adatoms and Cu islands
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TABLE II. Hyperfine interaction parameters fotlin on Cu17 100 ¢

1 1), on CY100, and on C(100 decorated with various amounts
of Cu. In the latter case, the frequencies were obtained from a ]
Fourier analysis with enhanced resolution. All data were measurec 80|
at a substrate temperature of 80 K. 70 |

Cu(100) 2 CU(100 +extra Cu° =0T
Site vo (MH2) 7 v (MH2) 7 gsof ;

S
o 17.52) 0.065) 18.02) 0.05) s40r ]
fas 109(1) 0.183) 106(1) 0.122) 301
faslike - - 1172) 0.236) 20 | ]
fes 148(3) 1.001) 14911) 1.005) ok
fsslike - - 1561) 1.005) Ban s
fot 178(1) 0.005) 178(1) 0.005) (}40 180 220 260 300 340 380
fslike - - 1821) 0.005) TIK]
fsrlike - - 1851) 0.005)
fclike _ _ 1971) 0.005) FIG. 5. Atomic site fractions off*Yin on an island-decorated
Cu(100 surface as a function of anneal temperature. The lines are

aThis work, data from Fig. 1. drawn to guide the eye.

bThis work, data from Figs. 3, 6, 7, 9, and 10.
_— . annealing temperature. For the sake of presentation, all simi-
is higher than that in the case of a clean(T0) surface, and lar sites are grouped under a generic name sudhad..,

so is the probability for the indium atoms to reach a step. The r f- The most significant difference with the case of iso-
low-frequency component observed at 160 K nevertheless St 9

suggests that In atoms are trapped in an adatomlike configlﬁteci "in deposited on CIllOO). (see F'Q- 2is that on the
ration. A plausible explanation is that In atoms are trappedS/and-decorated surface tlig site remains populated up to
on topof Cu islands and that they cannot step down at 16¢°Mewhat higher temperatures. Given the large amount of
K, whereas they do so at 200 K. Taking the prefactor of this2vailable edge sites, this is not surprising. However, after
process as #6° s !, we calculate a diffusion barrier of annealing at 240 K, the population of the substitutional step

0.536) eV. This compares well with the calculations of van Sit€S is already marginally smal%), while 83% of the In
Siclen22 who obtained barriers of 0.57 and 0.65 eV for jump atoms reside in two different substitutional terracelike sites.

and exchange processes across the step. The fact that we do not observe In atoms in or at steps
A new feature is that sites with slightly larger hyperfine above 240 K is in contradiction with the interpretation of the

. 2 .
interaction parameters appear when Cu islands are present §fPeriments of van der Vegt al,” who observed the influ-

the surface. In Fig. 4 this is best visible as an asymmetri@nce of In atoms on the growth of a 400 Iaygr in the
broadening of the second angular frequency of theat temperature interval from 225 K to 300 K. We will return to

about 350 Mrad/s. This implies a corresponding asymmetritjihIS point later.
distribution in the values of the static electric field gradients.
The frequency variations within a certain family of sites
amount to only a few percent. This is due to the fact that the
main component of the electric field gradient ten&by,, is
still perpendicular to the surface, which makes it hardly sen- Although we observe a fine structure in the signal associ-
sitive to in-plane changes caused by more distant neighboited with terracelike environments of In atoms, we cannot
of the probe atoms. This might seem a disadvantage, but itlentify precisely the configurations of the ndyglike sites.
makes it possible to group the new sites into already knowm\lthough we consider it unlikely, we cannot exclude the pos-
categories: the adatomic stéink) site (two Cu neighbors  sibility that one of the new sites can be assigned to a cluster
in the surface lay@r the substitutional step sitéhree Cu  of a substitutional terracélin atom and one or more Cu
neighbors in this layer and the substitutional terrace site adatoms. In order to address this issue, we produced Cu ada-
(four Cu neighborps In Table Il we list the results of the fits toms in two different ways. In the first method, radioactive
of these quadrupole distributions in terms of such categories:in atoms were deposited with an energy larger than 10 eV
Due to the limited spectral resolution of the PAC technique,on a C100 surface at 80 K. In this way, the impinging In
it is impossible to make a detailed interpretation of theseatoms are able to create a surface vacancy and immediately
components. Nevertheless it seems reasonable to associateupy it, while the generated Cu adatoms reside in the first-
the shift to higher frequencies with the presence of Cu vaand/or the second-neighbor shell and are not mobile at 80
cancies in the surface layer close to the probe atom but not 46’ In the second method, In probe atoms were incorporated
nearest neighbor. Such a situation occurs, for instance, if thim the terraces, after which Cu adatoms were deposited on
probe atom is close to an island edge. the surface at a temperature at which they are immobile.

In Fig. 5 the different site fractions ofiin on an island- Method | We deposited 25 eV!'in probe atoms a
decorated C{1.00) surface are plotted as a function of the Cu(100) surface, at 80 K. Figure 6 illustrates the PAC spec-

C. Interaction between *in atoms in the surface
and isolated Cu adatoms
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0.1 . . . — T 0.03 0.1 . . T 0.06
R 25¢v I || R(D n0Cu added f Ko
L 1002 - 1004
0.0 0.0
L 1001 F 1 0.02
0.1 i j\ 0.03 0.1 e j\ *J, 0.03
4%MLCu |
- 1002 - : 10.02
0.0 0.0
L 1001 4 001
0.1 f jL = 0.03 0.03
- 1 002 1 0.02
0.0
L 1001 1001
i |
ol , , R u 0.00 y 0.03
0 100 200 300 100 200 300 400 500 |
delay (ns) frequency (Mrad/s) |
- e 1002
FIG. 6. PAC spectra and their Fourier transforms obtained after 00 ! : :
deposition of**4n with an energy of 25 eV on a €100 surface at i 1001
a substrate temperature of 80 K. All measurements were performes . . s A) AL
at 80 K. The solid line in the Fourier transform marks the value of %! 0 100 200 300 100 200 300 400 0.00
the second angular frequency of the substitutional terrace site. Thu delay (ns) frequency (Mrad/s)
dashed line indicates a frequency shift e2%, and the dashed- ] ] )
dotted line a shift of+4% FIG. 7. PAC spectra and their Fourier transforms obtained after

deposition of**in on a Cy{100) surface at a substrate temperature
of 360 K, after deposition of an additional 0.04 ML of 5 eV Cu at

tra together with their Fourier transforms, obtained after thego K, and after subsequent annealing for 15 min at the indicated
deposition and after annealing at 140 and 240 K. Immeditemperatures. All measurements were performed at 80 K.
ately after the deposition, the In probes occupy adatomic
terrace sitegup to a fraction of 46%and two different sub-  in the case ofYin atoms residing in the shof100) terraces
stitutional terrace sitestogether accounting for 41%0No  of vicinal Cu17 1 1) (see Table)l The corresponding frac-
step-correlated sites appear in the spectrum, as expected fotian, amounting to 12%, is assigned to In atoms that have
Cu(100 surface with broad terraces. In the Fourier transformdiffused via a step into a terrace and still reside in the im-
the value of the second angular frequency of the originammediate neighborhood of the step. This is a plausible assign-
substitutional terrace site is indicated with a solid line. Thement for the following reason. The mobility of In atoms in
dashed line indicates the frequency of the nigwlike site,  the Cy100) terrace has been directly observed near room
which is 2% smaller than the frequency of thg site. The  temperature with scanning tunneling microscai®iM).?3
value of the new frequency was obtained from a FourielBased on this work we estimate the In jump rate caused by
analysis with enhanced resolution. The populations of thehermally activated vacancies at 240 K as 10s™ . So, if
two terrace sites are approximately equal. an In atom has reached a substitutional terrace site via a step

Annealing of the sample at 140 K causes the disappeakedge, we do not expect it to move during an anneal treatment
ance of both the adatomic terrace and the rigvlike site.  of 15 min at 240 K. We recall that similar sites were ob-
We recall that Cu adatoms become mobile on a terrace aerved when In was deposited on a Cu surface decorated
approximately 140 ¥2~2! The disappearance of tHeg-like  with Cu islands and annealed above 20Gs€e Fig. 4 and
site is a strong indication that this site consists of a substituTable ).
tional terrace*'!in atom, decorated with one Cu adatom. We ~ Method Il First, radioactive!*in atoms were deposited
conjecture that isolated Cu adatoms maogéstrongly bound to  on the Cu surface at a substrate temperature of 360 K. In the
In atoms residing in a terrace. Furthermore, we conclude thabp part of Fig. 7 the PAC spectrum and its Fourier transform
the presence of one Cu adatom in the neighborhood of aobtained after the In deposition are plotted. All In atoms
4n atom in the terrace does not lead to an exchange prasccupy substitutional terrace sites. The vertical solid line in
cess, which would turn the In probe into an adatom. Thishe Fourier transform indicates the second angular frequency
holds at least for the temperature interval between 80 andf the f-site. After this preparative step, 0.04 ML of 5 eV
140 K. Finally we note that the presence of a Cu adatonCu was deposited at 80 K, a temperature at which Cu ada-
leads to adecreaseof the terrace frequency. toms cannot move across the terrace. Figure 8 indicates the

After annealing at 240 K, the fraction of In atoms in the expected Cu adatom distribution as calculated by a dynami-
terrace has slightly increased and anothglike site, with a  cal Monte Carlo method based on potentials described by
4% larger frequency, appears in the PAC spect(see dash- Breeman and co-workefsee Refs. 3 and 24 for detailThe
dotted line in Fig. . This frequency is the same as observedsimulated lattice contained 18Q.00 atoms. Although we
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- P . .. _ . TABLE IIl. Fractions of individualf ilike sites. Data from Fig.
ety .__.-._.... :.__ o __._ 7.
: ] = . - : 1 . 0q -
T R T Fractions(%)
. LI 1 . T(K) —2% fq +6% sum
10 BT R e T
N SR P 80 21 31 4 56
Shng i T 140 20 20 24 64
e e 200 13 35 30 78
., U . [ ] '- a LI ] - L] L} 1 . g
S mol TR T o o tE - process needs more than one Cu adatom in the neighborhood
ik e T ef L of an In terrace atom. This is in agreement with the result of
L, T g 0 8 oo method I.
7 T . s At this point it is interesting to follow the annealing be-
=, U - a* Lt 1 havior of this system. The frequency distribution between
. I L L ICIP 200 and 300 Mrad/s disappears at 140 K, the temperature at

which Cu adatoms become mobile. The clusters that gave

FIG. 8. The Cu adatom distribution after deposition of 0.04 ML rise to this frequency distribution either break up or diffuse

of Cu on a C100 surface at 80 K. towards other clusters and coalesce. The substitutional step

site (fs9 is stable up to a temperature of at least 140 K.
should be careful concerning the quantitative aspects of this Table Ill summarizes the fractions of dli-like sites im-
calculation, we can state that the clustering process is still ifinediately after Cu deposition at 80 K, and after annealing at
its starting phase. 140 and 200 K. One observes that the sum of ftldike

After Cu deposition we observe a broad frequency distrifractions gradually increases, as does the average frequency.
bution in the interval 200—300 Mrad/s, but on top of that WeTh|_s mdma@tes a depletion of Cu-deco_ra_ted_terrace :_;ltes and
can discern some clear signals. 31% of the initial fraction of2n increasing number of In atoms residing in small islands.
the In atoms still occupy the substitutional terrace site. Ad-
ditional peaks appear on both sides of the angular frequency 1 )
of the f, site. The—2% site, which we identified a$*in D. **iin segregation at 80 K
atoms in the terrace with a Cu adatom as nearest or next- An essential property of a surfactant is that it can easily
nearest neighbor, represents 13% of the initial visible fracsegregate towards the surface during growth. This was in-
tion. There is also spectral weight in the interval just belowdeed the case in the experiment described by van der3/egt:
this frequency, possibly correlated with In atoms in the ter-after deposition of 11 ML of Cu at room temperature the
race that have more than one Cu adatom as neighbor. Thetensity of the In Auger peak had not changed within the
presence of copper dimers and trimers on the surface, prexperimental errors. The PAC technique is useful to investi-
dicted by our Monte Carlo simulation, supports this assumpgate the segregation process and to determine which factors
tion. inhibit or enhance it.

In addition, anfglike site with a 6% larger frequency The experiments were performed as follows. After surface
occurs after the Cu deposition. The corresponding fraction igreparation, radioactivé'in atoms were deposited on the
4% of the fraction visible after the In deposition. Earlier we surface at a temperature of 360 K. After the deposition the
argued thaf  -like sites that give rise to frequencies larger sample was cooled down to 80 K and an initial PAC spec-
than that of the substitutional terrace site are likely to corretrum was recorded. Subsequently, various amounts of 5 eV
spond with'lin atoms close to a step-down edge. This will Cu were deposited at a substrate temperature of 80 K, each
happen if they are incorporated in small islands. If this sitetime on a freshly prepared surface. Although adatom diffu-
assignment holds, it implies that In atoms that occupy thission is inhibited at this temperature, @00 grows never-
+6% sitealready exchanged places with a Cu adatom andtheless in a quasi-layer-by-layer mode. This has been attrib-
reside within a small cluster containing at least 8 Cu atomsuted to thefunnelingmechanism: Cu atoms landing in a site
This plausible scenario is in agreement with the occurrencéhat is not fourfold coordinated will immediately jump
of the substitutional step sit.5% fraction visible at 238  downwards and occupy the vacancy in the underlying
Mrad/s. This signal must be due to In atoms that, after haviayer?* Although this process is effective in limiting the
ing moved into the top layer, end up at the perifery of thenumber of monolayers growing simultaneously, it cannot
small islands. The broad frequency distribution in the interprevent the incorporation of vacancies in the growing film.
val 200—300 Mrad/s is probably associated with a variety of All probe atoms occupy substitutional terrace sitég,
In-Cu adatomic clusters of smaller size. In total, approxi-immediately after their depositiofFig. 9, top. The well-
mately 15% of the''in atoms in the terrace exchange placesdefined environment gives rise to almost no damping of the
with the deposited Cu adatoms, at a temperature as low as &pectrum. After deposition of 1 ML of Cu at 80 K, the damp-
K. Because we do not observe individual In adatoms afteing is significantly stronger and more frequencies appear in
the Cu deposition, we draw the conclusion that the exchangthe Fourier transform of the PAC spectrum, in particular be-
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0.1 T T . T . T 0.06 TABLE IV. Fractions of individualf .-like sites after deposition
R® ' no} Cuadded | y(q) of ™Mn on a CY100 surface at 360 K, after deposition of an
r 1004 additional 1 ML of 5 eV Cu at 80 K, and after subsequent annealing
00 at the indicated temperatures.
- {002
o ‘ ‘ . J\ J ) 00 Fractions(%)
: ' ' S U liMLcu | T(K) -2% fo +4% +6% Sum
' 80 20 18 10 0 48
00 g I 1000 180 0 31 24 10 65
' 240 0 81 0 8 89
o1 , , 002 300 0 84 13 0 97
0.0 WMVMMWW - 1 001 observe a fraction of In atoms at the surface after deposition
of 4 ML of Cu, this component has completely vanished
o1 . . o /\}f o] o0 after deposition of 10 ML. From our data we draw the con-
- ' ' ' ‘ “lamicu | clusion that In shows surfactant behavior even at 80 K: each
time a Cu layer is deposited, approximately 70% of the top-
oo | o | loos  layer ™in atoms pop up to the new surface.
i |
oL ' . ' \ P /\“- 000 E. "in segregation as a function of temperature
jOMLCu | In the previous section we have seen that In atoms show a
clear tendency to segregate towards the surface even after
00 - ol ol 1 oo deposition of Cu at a substrate temperature of 80 K. In order
) ' il | ’ to determine the temperature dependence of the segregation
o1 & ‘ . SPIURTURIIY! PR PN process we deposited radioacti¥&in atoms at a substrate
"o 100 200 300 100 200 300 400 500 temperature of 360 K, followed by 1 ML of 5 eV of Cu at 80
delay (ns) frequency (Mrad/s) K, and took PAC spectra after subsequent annealing at 180,

. . . 240, and 300 K.
FIG. 9. PAC spectra and their Fourier transforms obtained after Table IV summarizes the measured fractions of the

deposition of*in on a C{100) surface at a substrate temperature , . i . .
of 360 K, and after subsequent depositions of 5 eV Cu atoms at 88:r“ke sites. The sum of the fractions is gradually restored to

K to the indicated amount. All measurements were performed at 8¢ e_ value after dePOSitiO” of In at 360 K. This sum is a lower
K. The vertical solid line indicates the angular frequency of thelimit for the fraction of In atoms at the surface because,

original substitutional terrace site for isolatétfin on Cu100). particularly at 80 K, we lose some intensity in a broad fre-
quency distribution.
tween 200 and 300 Mrad/s. This may be due to In atoms that We conclude that at a temperature of 240 K and higher, In
occupy island-edge correlated sites, as in Fig. 4 at 160 angtoms are able to segregate towards the surface with an effi-
200 K. Not surprisingly, we observe also a distribution of ciency of 90% or better. In line with this, the component due
fsrlike sites. If In atoms were buried under the extra Cuto the buried'*lin atoms decreases to zero. A very similar
layer, they would experience only a weak electric field gra-behavior was observed after deposition of 2 ML of Cu at 80
dient. There is no sign of such a signal; apparently the larg& and subsequent annealing. These results are in excellent
majority of the In atoms is able to move into the evaporatecagreement with those of van der Végt.
Cu layer, which is defective because the deposition is per-
formed at 80 K.

Deposition of 2 ML of Cu at 80 K results in a stronger
damping of the PAC signal. This is due to the fact that the To follow the **in surfactant atoms during the growth of
disorder in the top Cu layer increases. We also observed aan additional Cu layer, we performed the following experi-
increase in the time-independent part of the angular correlanents. **lin atoms were deposited at 360 K in order to en-
tion function (the so-called hard coreThis is due to In sure that all In atoms occupied substitutional terrace sites.
atoms that are buried under the Cu layer and experience ldext, 5 eV Cu atoms were deposited in different submono-
cubic environment. layer concentrations, at a temperature of 200 K. In Sec. lll E

Increasing the coverage results in a gradual increase dfwas shown that at this temperature the large majority of the
the intensity of this component and the appearance of a neimdium atoms segregate towards the surface. The obtained
component with a low frequency. Similar to the fraction in PAC spectra and their Fourier transforms are shown in Fig.
cubic sites, we attribute this component ¥tin atoms that  10. This figure shows that most of the In probe atoms occupy
are caught within the grown layers, and experience a smab#iites where the interaction strength is larger than that at the
EFG caused by the presence of point defects, most likelyg site. In Sec. lll B we correlated these terracelike sites with
vacancies, in more distant neighbor shells. Whereas we stilh in Cu islands. This scenario is plausible: deposition of Cu

F. ™n segregation during submonolayer Cu growth
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0.1 T T T T T T 0.06 i i i -
2o noCa | Tadded | Yoy this case, because at 200 K the clustering of mobile Cu ada
| oo toms leads to a large distribution of island sizes.
i | 1o,
00 |
r [ 1 002 IV. CONCLUSIONS
|
0.00 We investigated site occupation and diffusion of isolated

1 atoms on a C(L.00) surface and observed the same four
1004 sjtes as measured fdtlin on vicinal CY100):5*%the ad-
atomic terrace sitef(,), adatomic step siteffy, substitu-
tional step site {59, and substitutional terrace sitéf). The
interaction frequency measured for the substitutional terrace
site is approximately 3% smaller than the value known from
{004 experiments performed on vicinal Q0. This difference
is attributed to the presence of steps in the neighborhood of
1002 the probe atoms incorporated in a vicinal surface.
The diffusion behavior of In on Q00 follows, gener-

0.00 ally, the same trend as in the case of(C1 1): when the

deposition or anneal temperature is increased the deposited

4 0.02

0.00

1004 In adatoms first move to adatomic step sites, then become
! 002 incorporated into the steps and finally into the terraces. There
'\ is, however, a difference: probe atoms occupy substitutional
01 : : oo N 0.00 terrace sites on a CLOO) surface already at 170 K, while in
0 100 200 300 100 200 300 400 500 the case of'in on vicinal surfaces thé, site occurs only
delay (ns) frequency (Mrad/s)

above 280 K, after a drastic drop in the visible fraction in the
FIG. 10. PAC spectra and their Fourier transforms obtained affemperature interval between 220 and 280 K. Apparently, the
ter deposition of''in on a C100) surface at a substrate tempera- incorporation of In in a C1.00) surface proceeds much more
ture of 360 K, and after subsequent deposition of 5 eV Cu at 200 Keffectively, probably due to the presence of islands with ir-
to the indicated amount. In the top panel, the deviation of the secregular edgeghigh concentration of kinks, vacancies, and
ond frequency of the substitutional terrace site from its regularadatoms
value (solid vertical ling is due to the fact that the first measure- We also studied the interaction between isolatédn
ment was performed while cooling the sample from 360 to 200 K.adatoms and Cu islands on @00). In this case, more than
All other measurements were performed at 80 K. the four known sites appear in the PAC spectra. However,
the new sites resemble tifg,, fs, andf sites and have

at a substrate temperature of 200 K leads to the formation @nly slightly different interaction frequencies. Their occur-
Cu islands and, at the same time, enhances the probability §gNCe is a consequence of the diversity in shape of Cu is-
In segregation and incorporation of In in these islands. Thé&nds, compared with the relatively straight steps on a vicinal
frequency distribution extends over a region up to 8% highe?url];ace' ing the In at i ed in CU i
than the original terrace frequency. The corresponding sitels de:ngngceca Ing S tq ?g:;f tge?rz;Q;?l:sogﬁlees 'Il'r;ns L:S'Sm
are stable at a substrate temperature of 200 K and account &S cupy substitutional 7
agreement with earlier calculatioifé that predict that the

: 0 e .
approximately 65% of the visible In atoms. The apprec'abl.esubstitutional terrace site is the most stable site for In depos-

frequency shifts suggest that these In atoms are close to I¥ed on a CA100) surface. At this point, we mention that the

land edges. However, they still have four Cu neighbors befnajority of the In atoms resides within the Cu islands al-

cause we ‘?'0 not obserye In gtoms in substitutional step Site?eady at 220 K. The frequencies for these terracelike sites are
Sites with frequencies slightly smaller than that of thegenerally Jarger than that of the pure substitutional terrace
substitutional terrace site do occur for Cu coverages of 25%ite  No 114n atoms are found in adatomic steplike sites at

and 50%, but the corresponding fractions are smaller thaghig temperature, while the fraction of th&4n atoms in

6%. In Sec. Il C, PAC Signals with such frequenCieS Wereésybstitutional Step sites amounts to on|y 10%.

correlated with**lin atoms in terrace sites with one or more  As to the segregation of In during and after Cu deposition

Cu adatoms as neighbors, i.e., with In atoms that have ncit 80 K, our experiments show that for every deposited Cu

yet moved into the upper layer. The small intensity of thislayer about 70% of the In atoms, initially in terraces, segre-

component demonstrates the effectiveness of the segregatigate towards the surface. Increasing the number of deposited

process for these Cu adatom coverages. layers results in the incorporation of larger fractions of the In
Additionally, for a coverage of 25% Cu we have evidenceatoms in the grown layers. After deposition of 10 ML of Cu

for a continuous frequency distribution between 200 and 30@t 80 K, all In atoms are buried.

Mrad/s. The corresponding fraction is about 10%. As in Sec. We demonstrated that annealing after Cu deposition has a

[1l C we assign this fraction to In atoms that have exchangedgositive effect on the segregation process. During annealing

places with Cu adatoms and reside in various In-Cu adatomiat temperatures higher than 200 K the fraction of the In at-

clusters(small islands This assignment is also plausible in oms that segregate towards the surface increases to approxi-
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mately 90%. While these observations are in perfect agree*in in substitutional terrace sites shows that a single Cu
ment with the findings reported by van der Véghey do not  adatom is not strongly bound to an In atom in the surface and
support the mechanism of surfactant action suggested byat its presencdoes notead to site exchange. However, the
these authors and supported by embedded-atamd presence of a Cu adatomic cluster in the vicinity of an In
ab initio* calculations. According to the proposed “push- atom in the terrace drives this In atom into an adatomic site
out” mechanism, the In atoms have to reside in or at the stept temperatures as low as 80 K, and finally to incorporation
edges, where they facilitate Cu interlayer diffusion. How-into the Cu cluster. This implies that the activation energy
ever, we did not observe any In atoms at or in step edgegyr this process is smaller than 0.25 eV.
after deposition of Cu on top of In probe atoms at 200 K,
although there are indications that they are near such edges.
Consequently, the push-out mechanism cannot be respon-
sible for the surfactant action of the In atoms. The same
conclusion follows from the observation that after deposition The authors thank L. Venema for his excellent technical
of In atoms on already existing Cu islands the population osupport, F. Th. ten Broek for his help in manipulating the
the substitutional step site is small up to 240 K and zeraadioactive material, and E. Sueske for his assistance during
above this temperature. Since the surfactant behavior existbe experiments. This work was part of the research program
both at 225 K and 300 K, another mechanism than push-outf the Stichting voor Fundamenteel Onderzoek der Materie
has to be invoked. (FOM), with financial support from the Nederlandse Organi-
Our study of the interaction between Cu adatoms andatie voor Wetenschappelijk Onderza@RWO).
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