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AgÕCu„111… surface structure and metal epitaxy by impact-collision ion-scattering spectroscopy
and scanning tunneling microscopy
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We have investigated the growth of 3 monolayers~ML ! of Ag on Cu~111! for substrate temperatures from
170 through 640 K by using time of flight-impact collision ion scattering spectroscopy~TOF-ICISS!. Also,
scanning tunneling microscopy~STM! topographs were taken after the deposition of 0.8 ML of Ag atoms at
room temperature~RT!. We observed that for deposition of Ag at substrate temperatures above 300 K, two

different types of epitaxial growth exist: Ag@112̄#iCu@112̄# ~type-n! and Ag@112#iCu@112̄# ~type-r!. The
growth modes of the Ag thin films on Cu~111! surfaces depend strongly on the temperature during deposition
with the Ag~111! planes having a preferred orientation of either type-n growth mode or type-r growth mode as
a function of the Cu substrate temperature. A part of the first-layer Cu atoms~20% of the surface! is displaced
at low Ag coverage, where the stacking changes abruptly from fcc to hcp sites because of the Ag atom
deposition at 603 K. The STM image of the Ag coverage of 0.8 ML showed a periodic array of triangular
misfit dislocation loops at the deposition temperature of RT. The triangular shape in a localized region where
the stacking$Ag—Cu ~A!—Cu ~B!—Cu ~C!% is replaced by$Ag—Cu ~C!—Cu ~B!—Cu ~C!% in the first
substrate plane. At 603 K, surface alloying of the Ag–Cu system was confirmed for Ag coverage below 0.15
ML. The experimental results concerning Ag/Cu~111! show many similarities to those in the previous study of
Au/Ni~111!. This would suggest that observed oscillations in the growth mode, dependent on the substrate
temperature during deposition, may be a general phenomenon on solid surfaces, in cases of large misfit since
it has now been seen for both Au/Ni~111! and Ag/Cu~111! systems. Furthermore, Cu atoms deposited on the
Ag/Cu~111! system form islands with the same orientation of Ag~111! planes. The Cu atoms undergo surface
diffusion at room temperature in the direction of type-n domains for both type-r and type-n modes Ag
substrates.

DOI: 10.1103/PhysRevB.63.035402 PACS number~s!: 68.35.Bs, 81.15.2z
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I. INTRODUCTION

In recent years, considerable progress has been achi
in the understanding of how atomic processes contribut
thin film growth. Understanding and controlling growth mo
phologies requires detailed knowledge of microscopic p
cesses for both fundamental and technological reasons.
cent advances in epitaxial growth techniques have gre
expanded our capabilities to grow artificially structured m
terials, which can not be found in nature.1 Epitaxial growth
can produce films with significant strain, or, in some case
crystal lattice structure different from the bulk material. E
pecially, heteroepitaxy often involves lattice mismatch b
tween the deposited film and the substrate that will prod
strain at the interface between the deposited film and
substrate. It is also well known that different growth mod
can result from changes in the substrate temperature as
as the deposition rate.2

Large difference in the lattice spacing between the dep
and the substrate tends to lead to an overlayer of un
structure. The Ag/Cu~111! system can be considered as re
resentative of the case: a large deposition atom and s
substrate atom for two species which are almost comple
0163-1829/2000/63~3!/035402~10!/$15.00 63 0354
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immiscible in the bulk.3 The Ag/Cu~111! combination has a
large lattice mismatch~13%!; the nearest neighbor distance
of bulk Ag~111! and Cu~111! are 2.89 Å and 2.56 Å,
respectively.4 The Ag/Cu~111! system is very similar to the
Au/Ni~111! system. The lattice mismatch between Au and
is 16%; the nearest neighbor distances of bulk Au~111! and
Ni~111! are 2.88 Å and 2.49 Å, respectively. Elemen
Au-Ni is also immiscible in the bulk. In both cases, lo
energy electron diffraction~LEED! patterns display (939)
structures at a coverage of 1 ML.5–7 The (939) structure is
explained considering the bulk lattice parameter of depos
and substrate atoms. The lattice parameters are almost
mensurate with the ratiod(Ag)/d(Cu) and d(Au)/d(Ni)
close to 9/8, respectively. In such incommensurate syste
many atoms occupy ‘‘less favorable positions’’ with respe
to the substrate, and one can expect a strong process o
laxation. In a previous study, we investigated the surfa
structure and metal epitaxy for the Au/Ni~111! system by
using impact collision ion scattering spectroscopy~ICISS!.8

We showed that two simple, symmetric growth modes do
nate the ordered heteroepitaxy and the relative abundanc
these two modes exhibits a striking and previously un
©2000 The American Physical Society02-1
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served oscillatory dependence on the substrate temper
during deposition. The deposition of Au on Ni~111! gave
new insight on metal/metal heteroepitaxy growth mec
nisms. As a continuation of that work,8 we now report on and
discuss in detail the heteroepitaxial growth behavior for
films @;3 monolayers~ML !# on Cu~111! surfaces using
time-of-flight impact collision ion beam scattering spectro
copy ~TOF-ICISS!. In addition, scanning tunneling micros
copy ~STM! images were obtained for the Ag/Cu~111! sys-
tem after the deposition of 0.8 ML Ag atoms at roo
temperature~RT!.

Low kiloelectron-volt energy ion beam scattering wi
time-of-flight ~TOF! detection is well established for analy
ing both the atomic composition and the surface structure
single crystals.9 The STM technique provides an unpre
edented microscopic view of activated processes taking p
on surfaces. In many ways, the TOF-ICISS and the S
measurements are complementary in studies of the topm
layers of simple crystals and thin film heteroepitaxy syste
Both methods reveal new aspects in the adsorbate sy
Ag/Cu~111!. The experimental results for Ag/Cu~111! show
many similarities to those of the previous study
Au/Ni~111!.7,8 This indicates that the remarkable oscillato
dependence of the growth mode on substrate tempera
observed for Au/Ni~111! is not confined to that system but
more general, since it is present for both the Au/Ni~111! and
Ag/Cu~111! systems.

Furthermore, the surface structures of Cu/Ag superlat
films are also of fundamental and technological interest.
have investigated the surface structures of Cu/Ag/Cu~111!
systems with ICISS. Cu atoms were deposited on sam
exhibiting each of the two different modes of the A
Cu~111! systems at RT. One was a preferred orientation
type-r, and the other was a preferred orientation of type-n.

In addition, the experimental values of the incident i
scattering critical angle, defined as the angle where the
tensity curve attains the 70% maximum10 has been used to
investigate the out-of-plane displacement of Ag adatom
low coverage. A Thomas-Fermi-Molie`re ~TFM! potential
was used with the screening length proposed by Firsov.11,12

The factor used for the Firsov length were taken as 0.85
Ag atoms and 0.75 for Cu atoms in the computer simulati
analysis.13

II. EXPERIMENTAL PROCEDURES

Two different experimental procedures, TOF-ICISS a
STM, were used. The experimental technique for TOF-ICI
has been described in detail in previous publications.8,14,15

An outline is given in this report. The experimental proc
dures described here were performed in an ultrahigh vac
chamber with LEED Auger electron spectroscopy~AES!,
and TOF-ICISS facilities. The base pressure was mainta
below 531029 Pa. A Cu~111! (f515 mm31 mm thick-
ness! single crystal was mounted on a standardxyzmanipu-
lator and cleanedin situ by repeated cycles of 500-eV Ar1

bombardment followed by annealing at 770 °C to remove
surface damage until no contamination could be detected
03540
ure

-

-

of

ce

st
s.
em

res

e
e

es

f

n-

at

r
s

d
S

-
m

ed

e
by

using AES and ICISS. The clean crystal showed a sh
unreconstructed 131 LEED pattern. We also used ICIS
measurements to ensure that the Cu crystal is not twinn
Twinning is easily seen in ICISS polar scans. After depo
ing Ag at a coverage of about 1.0 ML at RT, the LEE
pattern displayed a 939 LEED pattern with respect to th
underlying Cu lattice. The sample temperature was mo
tored using a chromel-alumel thermocouple tightly attach
on the front side of the Cu~111! sample. Ag of 99.999%
purity was evaporated at a rate of about 0.1 ML/min onto
Cu~111! crystal to a coverage of 3 ML at various substra
temperatures from 170 through 640 K. The ICISS spec
were taken by chopping the primary 2-keV20Ne1 ion beam
and measuring the 180° backward scattered particle inten
with a microchannel plate~MCP! that was coaxially
mounted along the primary drift tube. Following Ag depos
tion at specified substrate temperatures, the ICISS meas
ments were performed at a substrate temperature of a
300 K. Ag and Cu TOF spectra were well resolved as
function of Ag coverage. Polar scans were performed fr
285° to 185° in 2° increments with a pulsed beam curre
of 3;5 pA. Azimuth scans were performed from272° to
172° in 3° increments as well. The time required for a co
plete scan was typically 40 min, resulting in a total dose
;531010 ions/cm2.

The STM experiments were carried out in an ultrahi
vacuum chamber at Toyota Technological Institute.16 The
base pressure was maintained below 231028 Pa. The
Cu~111! single crystal used was 2 mm37 mm31 mm thick-
ness and was cleanedin situby repeated cycles of 1-keV Ar1

bombardment followed by annealing at 780 °C until cle
surfaces were confirmed by STM observations at room te
perature. Ag of 99.999% purity was evaporated at a rate
about 2.731022 ML/min onto the Cu~111! crystal to a cov-
erage of 3 ML at about 300 K. The STM observations we
performed at room temperature for various coverages by
ing electrochemically sharpened tungsten tips. For b
ICISS and STM measurements, the Ag evaporation ra
were verified by Rutherford backscattering spectrosco
~RBS! measurements using 2-MeV4He1 ions produced by a
4 MV Dynamitoron accelerator facility at State University
New York at Albany. A silicon surface barrier detecto
~SSBD! with a 31.1 m sr. solid angle was located at 16
from the incident beam for these measurements. A cover
of 1 ML corresponds to the Cu~111! surface density of
1.7731015atoms/cm2.

In a separate series of measurements, Cu atoms were
posited on two different kinds of Ag/Cu~111! surfaces at RT.
One Ag~111! structure had a preferred orientation of typer
and the other type-n. The type-r structure was produced b
depositing 3 ML of Ag atoms on the Cu~111! substrate at
303 K. The type-n structure was produced with the same A
coverage on the Cu~111! substrate at 563 K. As will be
shown, these conditions correspond to maxima of type-r and
type-n orientations, respectively. The evaporation rate of
atoms was 1.531022 ML/min in the system of Cu/Ag/
Cu~111!.
2-2
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III. RESULTS AND DISCUSSION

A. Growth mode dependence on substrate temperature during
deposition for AgÕCu„111…

It is well known that heteroepitaxial growth mode of th
films on solid surfaces can be classified into three differ
types: Volmer-Weber~VM ! mode ~island growth!, Frank–
van der Merwe~FM! mode ~layer-by-layer growth! and
Stranski-Krastanov~SK! mode (layer1island growth). Mul-
tiple scattering effects of low energy ion beams are parti
larly pronounced in TOF-ICISS, giving rise to focusing e
fects in which the flux density of primary beams impingin
on an atom is strongly enhanced at several specific angle
the incident ion beams. Flux enhancement due to focus
effects can be applied for atomic structure analysis of
topmost surface layers. When the direction of the incid
ion beam is fixed at a focusing angle for the epitaxial ov
layers, the rate of change of the scattered signal inten
changes at the completion of each two-dimensional~2D!
layer coverage. Focusing effects are strongest when the o
layer has the same crystallographic orientation as the
strate. Conversely, such effects are small or absent for d
dered or amorphous overlayers. Figure 1 shows ICISS p
intensity as a function of Ag evaporation time for the spec
polar angles of268° and 0°. The break points of Ag inten
sities at 0° appears at about every 10 min (u51), which
corresponds to the time necessary to deposit one ML. T
clearly shows that the growth occurs in a FM mode fash
up to at least five layers. Meanwhile, the slope of the
intensity also changes at the same coverage~Ag deposition
time of 10 min!. This is shown for polar angles of 0° an
268°, respectively. The ICISS intensities at a polar angle
268° come from the outermost layer of Ag and Cu ato
due to focusing effects. The polar angle of 0° correspond
primary beams which perpendicularly strike the sample s
face as shown in the insert of Fig. 1. The Cu ICISS sig
going to zero at this angle at the deposition time of 10 m
shows that the topmost layer of Cu atoms were comple

FIG. 1. ICISS peak intensities as a function of Ag evaporat
time at specific polar angles of268° and 0°. The ICISS intensitie
were taken by 2-keV20Ne1 ions backscattered from the samp

along a@112̄# azimuth.
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covered by 1.0 ML of Ag atoms. The features shown in F
1 were found to be reproducible over many experiments

Figure 2 shows a typical series of ICISS polar angle sc
along the@112̄# azimuths for 2-keV20Ne1 scattered from 3
ML of Ag atoms deposited at different substrate tempe
tures onto Cu~111!. In Fig. 2~a! the Ag intensity at around
225° is strong, and the Ag intensity at125° is weak,
whereas Fig. 2~b! shows the opposite behavior. In Fig. 2~c!
the Ag intensity is symmetric around the polar angle of
These results clearly show that the spectra of the polar a
scans change remarkably depending on the substrate
perature during Ag deposition. In each case the ICISS m
surements were made at RT. This result is very similar
that found previously for the Au/Ni~111! system.8 As dis-
cussed in detail for the Au/Ni~111! system, peaks in the pola

n

FIG. 2. A series of TOF-ICISS polar scans for 2-keV20Ne1 ions

backscattered from Ag atoms at coverage of 3 ML along a@112̄#
azimuth following Ag deposition at different substrate tempe
tures. The polar angle was measured from the surface of the s
men. As discussed in the text, in~a! a normal growth mode~type-n!
is dominant and in~b! a reverse growth mode is dominant~type-r!.
The two growth modes are equally populated in~c!.
2-3
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KENJI UMEZAWA et al. PHYSICAL REVIEW B 63 035402
scan are associated with scattering from atoms at spe
depths for beams incident in different directions as indica
schematically in Fig. 3 for two different growth mode
When the two modes are present in equal amounts the p
scan is symmetric around the polar angle of 0° as show
Fig. 2~c!.

The ICISS polar scan spectra result from both interact
of an atom with the enhanced flux at the edge of a shad
cone of another atom and from the enhanced flux at the e
of a blocking cone. Therefore, if the flux at the edge of ea
shadow and blocking cone in a particular model of surfa
structure is calculated, the ICISS polar scan spectra ca
constructed by assuming the flux distribution from each at
pair that contribute to the particular model of surface str
ture. From simulation calculations we can explain all of t
observed peaks in scattering of 2-keV20Ne1 beams for the
Ag atoms in several specific incident directions. The simu
tions are based on the three-dimensional cross section
ions that scatter sequentially and classically from two ato

Figure 3 shows side views of two different types
Ag~111! epitaxial growth mode on Cu~111! substrates, e.g.
Ag@112̄#iCu@112̄# ~normal: type-n! and Ag@112#iCu@112̄#
~reverse: type-r!. That is to say, the type-n film has a parallel
orientation with respect to the Cu substrate, but the typr
film has an antiparallel orientation~a lattice orientation ro-
tated 180°! with respect to the Cu substrate. In these figur
arrows show the directions of incident beams at particu

FIG. 3. Side view of Ag~111! planes for heteroepitaxial growt
on Cu~111! substrates.~A! and ~B! show type-n and type-r do-
mains, respectively. The symbols ‘‘a,’’ ‘‘b,’’ ‘‘c,’’ ‘‘d,’’ ‘‘sp,’’

‘‘ā , ’’ ‘‘c̄ , ’’ and ‘‘d̄ ’’ show positions where focusing effects ar
expected to appear for the two different domain types.
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angles. For example, the arrow labeled ‘‘b’’ indicates th
the incident beam hits the atoms perpendicular to the sam
surface. It corresponds to the polar angle of 0° in Figs. 2
4. We divide the observed peaks shown in Figs. 2 and 4
two groups: one group labeled a, b, c, d, and sp, and ano
ā, b, c̄, d̄, and sp as shown in Fig. 3. The first group is call
the normal growth mode~type-n! and the second is called th
reverse growth mode~type-r! with respect to the substrat
Cu atoms. Simulations were performed depending on the
tio between the normal and reverse modes as shown in
4. Circles, solid lines, and dotted lines show the experime
results and simulation results, respectively. Simulation
sults for the spectrum shown in Fig. 4 show that for this ca
the type-n versus type-r mode abundances are 23% and 77
respectively, at 320 K. We call attention to the Ag signals
625°. Because the Ag signals at625° mainly come from
scattering from the second layer of Ag atoms, either typn
or type-r, e.g., plus scattering from the first layer of Ag a
oms. However, the signal intensity from the first layer of A
atoms is flat for all samples and merely provides a flat ba
ground in the spectra. Other peak signals labeled ‘‘c1̄d̄’’ and
‘‘c 1d’’ come from the sum of the second and third layers
Ag atoms. In particular, for these peaks, focusing effe

FIG. 4. Open circles show the TOF-ICISS polar scans for 2-k
20Ne1 ions backscattered from Ag atoms at coverage of 3 ML alo

a @112̄# azimuth. The Ag deposition onto Cu~111! sample was car-
ried out at 320 K. Computer simulations of the backscattered in
sity are shown as solid and dashed curves. The ratio of type-n vs
type-r was chosen to be 23% and 77% for the simulations. T
solid line shown by the symbol of ‘‘sum’’ is the total calculate
intensities from first through third layers of Ag atoms. The symb
‘‘1a1n,r’’ shows the calculated intensities coming from first-lay
Ag atoms. The symbols ‘‘1a2n’’ and ‘‘1a2r’’ show the calculate
intensities coming from second-layer Ag atoms of type-n and
type-r, respectively. The symbols ‘‘1a3n’’ and ‘‘1a3r’’ show th
calculated intensities coming from third-layer Ag atoms of typen
and type-r, respectively.
2-4
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coming from the third layer of Ag atoms are especia
strong. In practice, the second layer of Ag atoms shows
orientation as a function of the Cu substrate temperature
ing Ag deposition. The experimental polar scans were fit
with linear combination of simulated scans for the tw
growth modes. The fits show that there are no other sign
cant overlayer structures present.

The ratio of each mode determined from these fits a
function of substrate temperature during the Ag depositio
shown in Fig. 5. This figure shows strong oscillations in t
growth mode, dependent on the substrate temperature.
can see that Ag~111! planes grow as mixed domain of 50%
each of type-n and type-r at specific growth temperatures o
500 and 580 K. The ICISS spectra of polar angle scans w
identical at these temperatures to that already shown in
2~c!. Between 380–500 K and.580 K, Ag~111! planes
grown on the substrate have a preferred orientation of typr
domains. On the other hand, between 500–580 K, the typn
domains are preferred as a growth mode. After 3 ML of
atoms were grown with a preferred orientation at a cert
substrate temperature, the ratio of growth mode was fro
and independent of subsequent changes in substrate tem
tures. This oscillation behavior is quite similar to that in t
Au/Ni~111! system.8 The mechanism underlying this dra
matic oscillation behavior is not understood. However, it
sufficiently general to encompass Ag/Cu~111! and Au/
Ni~111! and may also apply to other systems as well.

B. Adatom-induced reconstruction of the Cu substrate
for Ag ÕCu„111… at low coverage

Figure 6 shows a series of ICISS polar angle scans for
scattered from Ag and Cu atoms along the@112̄# azimuth for
various deposition times of Ag on a Cu~111! sample up to 3
ML at 320 K. The characteristics of two different domains

FIG. 5. Variation of growth ratio for type-n and type-r Ag
growth modes as a function of growth temperature during Ag de
sition.
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the initial stage of Ag growth can be seen from signal pe
at about632°, since they exhibit the feature signals comi
from two domains. As shown in Figs. 3 and 4, the peaks
132° come from Ne scattered at the specific incident ang
of c and d~type-n!. The peaks at232° in Fig. 6~a! come
from Ne scattered at the incident angles of c¯and d̄. As noted
previously, first-layer Ag atoms do not show either type-n or
type-r difference. The intensity of Cu signals for each po
angle scan becomes weaker with increasing amount of
deposition as shown in Fig. 6~b!. However, a peak arising
from scattering of Ne from Cu at about232° is observable
with Ag evaporation. No peak at232° along the@112̄# azi-
muth was observed from a clean Cu~111! sample, as shown
in Fig. 7. Simulation analysis suggests that some of the fi
layer Cu atoms were moved and localized in part of
surface where the stacking changed abruptly from ABC
ABA ~hcp sites: corresponding to 1.4 Å displacement!. The
peak signals at about232° for both 320 and 560 K show tha
first-layer substrate Cu atoms shifted from fcc to hcp si
due to the Ag atom deposition allowing second-layer
atoms to contribute to the scattering at this specific po
angle due to focusing effects. This peak at232° was not
observed for a clean Cu~111! surface. However, one ca

-

FIG. 6. A series of TOF-ICISS polar scans along the@112̄#
azimuth for various times of Ag deposition on a Cu~111! sample at
603 K ~a! Ag intensity and~b! Cu intensity are shown as a functio
of the polar angle of incidence of 2-keV Ne1 ions.
2-5
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KENJI UMEZAWA et al. PHYSICAL REVIEW B 63 035402
see that the Cu intensity when covered by 1 ML of Ag at 1
K at 232° has the same height as that of clean Cu~111!. This
suggests that local stacking faults due to shifting of surfa
layer Cu atoms do not take place on a cold Cu~111! surface
(T5175 K).

The number of Cu atoms shifted from face-centered-cu
~fcc! to hexagonal-close-packed~hcp! sites at 320 and 560 K
can be estimated by comparison of the signal areas~hatched
areas! at about132° and232°. The Cu signal intensities a
these specific polar angles have almost the same heigh
both deposition temperatures. It is noticed that the Cu int
sity shown by dashed lines mainly comes from first-layer
atoms. We conclude that about 20% of first-layer Cu ato
shift to hcp sites when 1 ML of Ag atoms is deposited on
substrate at 320 and 560 K. Moreover, the number of the
atoms shifted from fcc to hcp sites did not increase with
coverage after 1 ML deposition. A STM topograph is sho
in Fig. 8 after deposition of 0.8 ML Ag atom at RT. Th
STM topograph (123031230 Å2) of Ag adsorbed onto Cu a
RT reveals a periodic triangular structure. This STM pictu
was recorded at 0.22 V and 0.68 nA tunneling current. T
array of triangular pits has the same angular orientation
this image a few atoms exist in the center. The line s
~white color! in the STM image illustrates the details of th
atomic corrugation in a triangle and the corrugation is ab
0.5 Å. The distance between the center of two neighbor
triangles is about nine times the interatomic distance in
Ag~111! plane. The STM image at a coverage of 0.8 ML A
shown here is quite similar to those observed by the sa
technique for the Au on Ni~111! system,6 although our STM
image has lower resolution than that obtained for A
Ni~111!. In the previous Au/Ni~111! study the authors sug
gested the following scenario: The triangular structures
pear close to the top positions relative to the underlying

FIG. 7. Cu intensity taken at RT as a function of polar an

along the@112̄# azimuth after depositing 1 ML of Ag at substra
temperature of 175, 320, and 560 K. In addition, clean Cu~111!
signals were taken at RT. Hatched areas at132° and232° mainly
come from second-layer Cu atoms. In particular, peak signal
232° are due to stacking changes from fcc to hcp sites in first-la
Cu atoms. Dashed lines show the Cu intensity expected from s
tering from first-layer Cu atoms.
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layer. The squeezed-out Ni atoms from the top substrate
low some substrate Ni atoms to shift from fcc to hcp sit
and Au atoms are then situated in the center of triangu
structures. A single monolayer of Au on Ni~111! results in an
ordered array of triangular misfit dislocation loops. Thus
could be understood that the triangular structures are form
due to the misfit of the Ag overlayer and Cu substrate. W
estimate that about 20% of first-layer Cu atoms shift fro
fcc to hcp sites based on ICISS results could be explained
a similar model. Meunier and co-workers have sugges
that creation of vacancies in the first Cu substrate layer
be explained from a thermodynamical point of view.3 Trian-
gular misfit dislocation loops are due to the relaxation of
interface stress between the Ag adlayer and first Cu la
Removed Cu atoms probably situated at some substrate
edges. A triangular structure indicated by the STM image
illustrated in Fig. 9. In this model, five Cu atoms are r
moved from a 939 Cu~111! surface during the Ag deposi
tion. This allows 10 Cu atoms to shift from fcc to hcp site
That is to say, the fcc-to-hcp shift of the Cu atoms form
local stacking faults and offers more stable threefold holl
sites for the overlayer Ag atoms. The ratio of Cu atoms
cupying hcp sites to fcc sites is 15% in this 2D domain.
fact, the number of Cu atoms removed from the first lay
depends on the size of the stacking faults. If six Cu vacan
exist, 24% of Cu atoms shift from fcc to hcp sites.

However, as discussed above and shown in Fig. 7,
ratio of first-layer Cu atoms in hcp sites~Cu signals at232°!
does not increase at 175 K. The Cu intensity at this angle

at
er
at-

FIG. 8. STM image (1230 Å31230 Å) after deposition of 0.8
ML Ag at RT revealing a network of triangles. The line sca
indicated by a white line show the details of the atomic corrugat
in a triangle.
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the same height as that of clean Cu~111! along the@112̄#
azimuth, when covered by 1 ML of Ag atoms. Indicating th
local stacking faults due to shifting of surface-layer Cu
oms does not take place at a substrate temperature of 17

Information about the registration between the Ag ato
and the Cu layer can be obtained from the position of
surface peak~sp! in the polar angle scan. This peak appe
when the edge of the shadow cone from ions scattered f
one Ag atom intercepts the adjacent Ag atom. Figure
shows the Ag intensity as a function of polar angles betw
270° and280° along a@112̄# azimuth. The Ag coverage
was from 0.03 through 0.5 ML, and the substrate tempe
ture during deposition was 603 K. The Ag-Ag spacing can
obtained by calculating the Ag shadow cone radius using
appropriate Thomas-Fermi~TF! atomic potential. The Ag in-
tensities at a polar angle of274° as a function of Ag cover
age are summarized in Fig. 11. The three different regi
correspond to the formation of a surface alloy, a mixing zo
~surface alloy and overlayer!. A plot of the Ag scattering
intensity as a function of Ag coverage has a change of sl
at a coverage of 0.15 ML. This shows the presence of sur
alloying below a coverage of 0.15 ML. For Ag depositio
less than 0.15 ML the Ag intensity shows a common criti
angle of 77.5°~corresponding to a glancing angle of 12.
from the sample surface!, indicating that the edge of th
shadow cone for Cu atoms passes through the cente
neighboring Ag atoms at a critical angle of 12.5°. From t

FIG. 9. Top view shows a model of a triangular misfit disloc
tion. The side view shows the fcc to hcp sites in first layer Cu ato
because of Ag deposition. Black circles show first-layer Cu ato
and gray circles show second-, third- and fourth-layer Cu atom
03540
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shadow cone analysis, it was found that the Ag atoms
place first-layer Cu atoms and incorporate into first-layer
atoms with an outward displacement of 0.4 Å, as sho
schematically in Fig. 12~a!. Surface alloying of the Ag-Cu
system in the outermost surface layers apparently exists
Ag deposition below 0.15 ML, even though Ag is immiscib
in the bulk at RT. Furthermore, the critical angle for the A
atoms increases with increased Ag deposition. Eventua
the critical angles show a constant value of 16° when the
coverage was over 1 ML. At a critical angle of 16°, th
Ag-Ag spacing thus obtained is 5.0 Å along a@112̄# azi-
muth. This can be converted to a Ag nearest-neighbor
tance of 2.80 Å, which is slightly less than the Ag-Ag di

s
s

FIG. 10. Ag intensity as a function of polar angles betwe

270° and280° along a@112̄# azimuth. The Ag coverage was from
0.03 through 0.7 ML, and the substrate temperature during dep
tion was 603 K.

FIG. 11. Ag intensities at a polar angle of274° as a function of
Ag coverage at a substrate temperature of 603 K. Three diffe
structural conditions exist: surface alloy for Ag deposition belo
0.15 ML; mixing zone of surface alloy and overlayer between 0
and 1 ML; and continuous overlayer for Ag coverage more tha
ML.
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tance~2.89 Å! along a@ 1̄10# azimuth in a bulk Ag crystal.
This suggests that, at 1 ML coverage, the Ag layer is clos
a simple overlayer structure, as shown in Fig. 12~c!. How-
ever, the critical angle for Ag deposition at 170 K shows
constant value of 16° from the beginning of the depositi
again showing that surface alloying of the Ag-Cu system
the outermost surface layers does not take place at 170

C. Structural measurements for CuÕAgÕCu„111…

We have also obtained experimental results for the
Ag/Cu~111! system. Figure 13 shows a series of ICISS po
angle scans for ions backscattered from Ag and Cu at
along the@112̄# azimuth. Cu atoms were deposited on t
Ag/Cu~111! at a substrate temperature of 303 K. Howev
two different types of Ag~111! planes were completed on th
Cu~111! substrate before the Cu deposition. One was a p
ferred orientation of type-r and the other was a preferre
orientation of type-n. The type-r Ag~111! planes were grown
at the substrate temperature of 303 K~mixed domains of
25% type-n and 75% type-r!. Figures 13~a! and 13~b! corre-
spond to this condition. The type-n Ag~111! planes were
grown at a substrate temperature of 563 K~mixed domains
of 80% type-n and 20% type-r!. Figures 13~c! and 13~d!
correspond to this condition. As shown in Figs. 13~a! and
13~c!, the Ag intensities at232° ~typical signals coming
from the type-r domain! decrease more than those at132°
~typical signals coming from the type-n domain! with in-

FIG. 12. Schematic illustration showing the shadow cone c
ditions: ~a! surface alloy;~b! mixing zone~surface alloy and over-
layer!; ~c! overlayer.
03540
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creased Cu deposition. In Fig. 13~b!, the Cu intensities at
232° become stronger with increasing Cu coverage. Me
while, the Cu intensities at132° have almost the same va
ues independent of the Cu coverage. On the other hand,
13~d! shows that the Cu intensities at132° become stronge
with increasing Cu coverage. This suggests that Cu fi
grow the same orientation with respect to the Ag~111! phase.
In Figs. 13~a! and 13~b!, type-r domains are more dominan
than type-n domains. This is the reason why the Ag and C
intensities at232° have some changes. In Figs. 13~c! and
13~d! this tendency is reversed. The Ag and Cu intensities
132° show changes, since type-n domains are more domi
nant than type-r domains. However, in either case~type-r
dominant or type-n dominant!, as shown in Figs. 13~a! and
13~c!, the Ag intensities at232° decrease more than those
132° with increasing Cu deposition. This suggests that
atoms deposited on Ag~111! planes rapidly diffuse to type-r

-

FIG. 13. A series of ICISS polar angle scans backscattered f

Ag and Cu atoms along the@112̄# azimuth. Cu atoms were depos
ited onto two different type of Ag~111! planes at the substrate tem
perature of 303 K: ~a! and~b! Ag atoms deposited at the substra
temperature of 303 K,~c! and ~d! Ag atoms deposited at the sub
strate temperature of 563 K.
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domains in both cases. We call attention to the Cu intens
at the polar angle of 0°. At this angle, the incidence direct
of the primary 2-keV20Ne1 beam is normal to the specime
surface. This incidence angle clearly observes the Cu pla
on the Ag/Cu~111! system. At 0° incidence, the third layer o
Cu atoms contribute strongly to the backscattering inten
because of focusing effects. The Cu signals at 0° ma
come from the third layer of Cu atoms on Ag~111! planes. In
Fig. 13~a!, the Ag intensity at272° ~sp! decreases to abou
half of that before the Cu evaporation. This signal com
from the first layer of Ag atoms. This shows that about 50
of Ag atoms are covered by Cu atoms. However, the
signals at 0° in Fig. 13~b! clearly show scattering from th
third layer Cu atoms. This means that about 1.5 ML of
atoms were deposited on Ag~111! planes and the Cu growt

FIG. 14. Schematic illustration of the Cu growth modes deriv
for two different deposition conditions of Cu on Ag~111! planes:~a!
deposition onto the type-r preferred domain, and~b! deposition onto
the type-n preferred domain.
:
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process does not proceed layer-by-layer. If the Cu pla
grew layer-by-layer, the Cu intensities at 0° would
strongly enhanced with increasing Cu deposition by the
cusing effects of the ion beam. It is probable that the dep
ited Cu initially forms a 2D layer structure, and then surfa
diffusion of additional Cu atoms occurs rapidly, leading
coalescence into thick Cu islands. This is schematica
shown in Fig. 14. In Figs. 14~a! and 14~b!, Cu atoms were
deposited on the Ag/Cu~111! phase at a substrate temper
ture of 303 K. The Ag/Cu~111! phase was completed at th
substrate temperatures of 303 and 563 K, respectively, be
Cu deposition. Ag~111! planes grown on the Cu substra
have a preferred orientation of type-r or type-n, respectively.

IV. CONCLUSIONS

We have investigated the growth of 3 ML of Ag o
Cu~111! at substrate temperatures from 170 through 640
by using TOF-ICISS. Also, STM topographs were taken
ter deposition of 0.8 ML Ag atoms at RT. We show th
above a 300 K substrate temperature during Ag deposit
two different types of epitaxial growth exist
Ag@112̄#iCu@112̄# ~type-n! and Ag@112#iCu@112̄# ~type-r!.
The growth modes of the Ag thin films on Cu~111! surfaces
depend strongly on the substrate temperature during dep
tion. For deposition of Ag at 603 K, a part of the first-lay
Cu atoms~20% of the surface! is displaced at low Ag cov-
erage, where the stacking changes abruptly from fcc to
sites because of the Ag atom deposition. STM images of
Ag coverage of 0.8 ML at RT showed a periodic array
triangular misfit dislocation loops. The triangular shape i
localized region where the stacking$Ag—Cu ~A!—Cu
~B!—Cu ~C!% is replaced by$Ag—Cu ~C!—Cu ~B!—Cu
~C!% in the first substrate plane. At 603 K, surface alloying
the Ag-Cu system was confirmed for Ag coverage bel
0.15 ML, and the outward displacement of the Ag atoms w
found to be 0.4 Å with respect to first-layer Cu atoms. T
amount of surface alloying decreased with increasing
coverage, becoming unobservable at 1 ML. The Ag laye
close to a simple overlayer structure at this coverage. F
thermore, Cu atoms deposited on the Ag/Cu~111! system
form islands with the same orientation as Ag~111! planes.
The Cu atoms diffuse in the direction of a type-n domain for
deposition on both type-r and type-n Ag growth modes,
forming thick Cu islands.
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