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Growth modes depending on the growing temperature in heteroepitaxy: Au/Ni„111…
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The growth of multilayers of Au atoms on Ni~111! has been mainly investigated by using time-of-flight-type
impact-collision ion-scattering spectroscopy. We found that only two different types of epitaxial growth exist:
Au@112̄#iNi@112̄# ~normal mode! and Au@ 1̄1̄2#iNi@112̄# ~reverse mode!. Moreover, the relative amount of
these two growths show an observed oscillatory dependence on the growing temperature during deposition. It
is found that the energetics and dynamics of the second layer of Au atoms control this behavior during
deposition.@S0163-1829~98!00816-9#
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The growth of metals on metal surfaces is considera
more complex and interesting than expected from sim
macroscopic considerations. Recent advances in experim
tal epitaxial growth techniques have greatly enhanced
capability to grow artificially structured materials.1 The
growth mode of heteroepitaxial systems is determined b
detailed balance between the structure of the bulk phase
two different materials and interatomic interactions at
interface.2,3 Layer-by-layer growth can be induced by crea
ing an enhanced density of nuclei during the early stage
growth of each monolayer. Recently the growth mode
heteroepitaxy has been controlled by temperature reduc
during nucleation and pulsed ion beam bombardment du
deposition.3 Also surfactant-meditated epitaxial growth h
attracted increasing interest in recent years.4 Experimental
methods like scanning tunneling microscopy~STM! and
low-energy electron diffraction~LEED! have made it pos-
sible to study the arrangement of the atoms during
growth of a metal on metal. Among various methods
surface structure analysis, ion scattering spectroscopy
unique real-space method in which the Newtonian scatte
of a classical particle—an ion—is used. Low-energy i
scattering with backscattering close to 180° has been use
determine the surface structure of single crystals in a di
way. Especially, impact collision ion scattering spectrosco
~ICISS! with time-of-flight ~TOF! detection allows one to
easily analyze the atomic structure of solid surfaces. D
culties arising from the ion beam neutralization effect
noble gases can be excluded since a TOF-ICISS system
detect both neutrals and ions scattered from surfaces by
ing a microchannel plate~MCP!.5–8 One or two atomic lay-
ers near the surface as well as surfaces below several at
layers can be ‘‘seen.’’

There have been many structured studies of metals
sorbed on fcc~111! surfaces and one of the most studied
Ni~111!.9–12 Au/Ni superlattice films have been investigat
for more than 20 years.13,14 The Au/Ni~111! phase is a large
lattice-mismatched combination~16%!; the nearest-neighbo
distances of bulk Au~111! and Ni~111! are 2.88 and 2.49 Å
respectively. Elemental Au-Ni is immiscible in the bulk.15

One would therefore expect that deposited Au atoms sim
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grow on top of a surface of Ni. However, this is not genera
the case. The TOF-ICISS method complements microsco
STM studies in that it averages over the surface and can
a reliable statistical sampling of simultaneous and compe
growth modes. Jacobsen and co-workers proposed f
STM studies that the growth of one monolayer of Au
Ni~111! results in an ordered array of triangular misfit disl
cation loops in the underlying Ni surface.16 In this report, we
present detailed TOF-ICISS results showing that when 3
of Au are deposited on a Ni~111! surface, an unusual het
eroepitaxial growth behavior result. Two simple, symmet
growth modes dominate the ordered heteroepitaxy but
relative abundance of these two modes exhibits a strik
and previously unobserved oscillatory dependence on s
strate temperature during deposition. It is furthermore sho
that this behavior is controlled by the energetics and dyna
ics of the second layer of Au atoms during deposition.

The experimental procedures described here were
formed in an ultrahigh vacuum~UHV! systems with LEED,
Auger electron spectroscopy~AES!, and TOF-ICISS facili-
ties. Since the details of the sample preparation and ana
are provided in earlier publications, only an outline is giv
in this report.8,11 A Ni ~111! ~f51230.5 mm thickness!
single crystal was mounted on a standardxyz manipulator
and cleanedin situ by repeated cycles of 500 eV-Ar1 bom-
bardment followed by annealing at 800 °C to remove
surface damage until no contamination could be detected
using AES and ICISS. From ICISS measurements on the
substrate, we are sure that a Ni substrate is not twinned.
clean sample is twinned, we can easily know it by po
scans of an ICISS study. Thus a sharp unreconstru
131 pattern was observed by LEED. Au of 99.999% pur
was evaporated at a rate of about 0.08 ML/min onto
Ni~111! crystal to a coverage of 3 ML at various substra
temperatures from RT through 675 K. The ICISS spec
were taken by chopping the primary 2 keV-Ne1 beam and
the 180° backward scattering particles after free flig
through a drift tube of 60 cm, and were detected by a M
that was coaxially mounted along the primary tube. Po
angle scans were performed from285° to 185° in 2° in-
crements with an average pulsed beam current of 3–5
8842 © 1998 The American Physical Society
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The Au coverage was verified by Rutherford backscatter
~RBS! measurements using 2 MeV-He1 ions. A silicon sur-
face barrier detector with a 31.1 m sr. solid angle was loca
at 164° from the incident beam. The Au concentration
31015 atoms/cm2 deduced from RBS measurements was
good agreement with the value of 3 ML obtained from TO
ICISS analysis.

After depositing Au at a coverage of about 1.0 ML at R
the LEED pattern was close to the 939 structure with re-
spect to the underlying Ni lattice.15 Figure 1 shows a typica
example of a series of ICISS polar angle scans from 3 ML
Au atoms deposited at different substrate temperatures
Ni~111! along the@112̄# azimuths. It clearly shows that th
spectra of the polar angle scans change depending on
substrate temperature during Au deposition. The ICISS p
intensity, in general, is strongly enhanced by focusing effe
in the scattering process of the incident ion beams. We
therefore explain all observed peaks as focusing effects
several specific incident directions of 2 keV-Ne1 beams for
the Au atoms. Figure 2 shows the results of simulatio
based on the three-dimensional cross section for ions
scatter sequentially and classically from two atoms. This
ure reproduced as well the experimental results shown
Fig. 1~a!. In this simulation, we assumed that the surfa
structure were formed by two different domains as we
scribe below. There is a discrepancy seen between the s
lation and the experiment at the polar angles below658°.
These features are attributed to out-of-plane scatte
events. The simulations are based on in-plane scattering
within planes of atoms that represent discrete slices of
three-dimensional structure.

FIG. 1. A series of TOF-ICISS polar scans for 2 keV-Ne1 ions
backscattered from Au atoms at a coverage of 3 ML along the@112̄#
azimuth. The polar angle was measured from the surface of
specimen. The ratio of typen and typer is around~a! 50 and 50%,
~b! 20 and 80%, and~c! 90 and 10%, respectively.
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We divide the observed peaks shown in Fig. 1 into tw
groups; one group labeleda, b, c andsp, and anotherā, b,
c̄ and sp as shown in Fig. 3. We call the first group, th
normal growth mode~type n! and the second, the revers
growth mode~type r ! with respect to the substrate Ni atom
Peaks are expected to appear for type-n and type-r domains
and can be interpreted as shown in Fig. 3. Figures 3~a! and
3~b! show side views of two different kinds of Au~111! ep-
itaxial growth mode on Ni~111! substrates, e.g.
Au@112̄#iNi@112̄# ~type n! and Au@1̄1̄2#iNi@112̄# ~type r !. In
other words, each of the films of typen and typer has a
parallel and an antiparallel orientation~a lattice orientation
rotated 180°! with respect to the Ni substrate. The symbolsp
indicates the signals coming from the first layer of Au ato
~surface peak!. Other symbols shown bya and ā indicate
signals coming from the second-layer Au atoms in the n
mal and the reverse growth modes, respectively. Peaks
beledb come from the sum of signals from the third-lay
Au atoms in both modes. Other peaks shown byc andc̄ also

he

FIG. 2. The results of simulations for Au scattering intens
from the surface structure along the@112̄# azimuth. It shows that the
mixed domain of 50% each of the normal and the reverse mo
exist.

FIG. 3. Side view of the Au~111! planes heteroepitaxial growth
on Ni~111! substrates.~a! and~b! shows type-n and type-r domains,
respectively. The symbolsa,b,c, sp, ā, andc̄ are positions where
focusing effects are expected to appear in two different kinds
domains.
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come from the third-layer Au atoms in the normal and t
reverse growth modes. Thus the experimental data give
Fig. 1 reveal that~a! Au~111! planes grown on the Ni sub
strate at 325 K have mixed domains of 50% each of typen
and typer , ~b! mixed domains of around 20% of typen and
80% of typer at 458 K and~c! mixed domains of around
90% of typen and 10% of typer at 591 K. These experi-
mental results show that Au~111! planes grown have a pre
ferred orientation of either typen or type r as a function of
the Ni substrate temperature during deposition. As alre
shown in Fig. 2, the experimental polar scans were fit
with linear combinations of simulated scans for the tw
growth modes. This fit shows that there are no other sign
cant overlayer structures present. The growing ratio de
mined by these fits are shown as a function of substrate t
perature during the deposition in Fig. 4. This figure sho
that there exist four different oscillation modes in the grow
temperature range between 321 and 675 K; I~321–370 K!, II
~370–425 K!, III ~425–537 K!, and IV ~537–675 K!. Tem-
perature intervals of each oscillation mode becomes wid
and the amplitude becomes larger and clearer as the grow
temperature increases. Each oscillation mode has similar

FIG. 4. Variations of growth ratio for typen and typer as a
function of growth temperature during Au deposition.
e
in

dy
d

o
fi-
er-
m-
s
h

er,
ing
be-

havior. One can see that the Au~111! planes grow as mixed
domains of 50% each of typen and typer at specific growth
temperatures of 321, 370, 425, 537, and 675 K. In pract
the ICISS spectra of polar angle scans were identical at th
temperatures to that already shown in Fig. 1~a!. In the first
and the third oscillation modes, Au~111! planes grown on the
substrate have a preferred orientation of type-r domains. On
the other hand, the type-n domain is preferred as a growt
mode in the second and fourth oscillation modes. After 3 M
of Au atoms were grown with a preferred orientation at
certain substrate temperature, the ratio of growth mode
frozen and independent of subsequent changes in subs
temperatures. However, when 2 ML of Au atoms were d
posited at 458 K and then the annealing temperature
increased at 591 K, the growth mode changed from typer to
type n. This shows that the final growth mode is controlle
by the second layer of Au atoms. There is some indicat
that the amplitude of oscillation is dependent on the dyna
ics for the second-layer growth of Au atoms to seek prefer
sites. This is indicated by an observation that the amplitu
of the oscillations at lower temperatures is increased if
deposition is reduced to 0.04 ML/min as shown by arrows
Fig. 4. This also may explain why the observed oscillati
amplitudes shown in Fig. 4 increase with deposition te
perature. The mechanism underlying this dramatic oscillat
behavior is not understood. Indeed, it will be important
see if similar behavior is exhibited by other heteroepitax
systems.

In summary, we have investigated that the growth of th
monolayers of Au on Ni~111! by using TOF-ICISS. We
found that two different types of epitaxial growth exis
Au@112̄#iNi@112̄# ~normal mode! and Au@1̄1̄2#iNi@112̄# ~re-
verse mode!. Growth modes of Au thin film on Ni~111! sur-
faces strongly depend on the growing temperature dur
deposition. Au~111! planes grown have a preferred orient
tion of either normal mode or reverse mode as a function
the Ni substrate temperature with the ratio between th
modes oscillating with substrate temperatures. Furtherm
determination of the final growth mode is determined duri
deposition of the second ML and appears to be influenced
the deposition rate.
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