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Transition from the Pseudomorphic State to the Nonregistered State
in Epitaxial Growth of Au on Pd(111)
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The epitaxial growth of Au on Pd{111)was studied by ion scattering/channeling, low-ener-
gy electron diffraction, and Auger analysis. A sharp transition from the pseudomorphic
state to the state with misfit dislocations and strain was found. The critical thickness is
2.0+ 0.2 A in this layer-by-layer growth system. The Au coverage dependence of the lattice
constants for substrate and overlayer were measured in detail.

PACS numbers: 68.55.+b, 68.48.+f, 79.20.-m

Metal. lic, epitaxial thin-film structures are re-
ceiving considerabl. e attention in the search for
new materials with unusual. sol.id-state properties.
For example, Brodsky and Freeman have report-
ed a strongly enhanced magnetic susceptibility in
pall. adium in Au-Pd-Au thin-film, epitaxial struc-
tures. ' The susceptibility increase is attributed
to the expansion of the Pd lattice constant (normal-
ly 3.89 A) resulting from the strain imposed by
the epitaxial Au of larger lattice constant (normal-
ly 4.08 A).

The fact that large changes in materials prop-
erties are induced by rel.atively subtle changes in
lattice strain stimulates the need to characterize
the lattice structure in such films and to test the-
oretical descriptions of epitaxial bicrystal forma-
tion. In this Letter we describe the first quanti-
tative measurements of the strain in the overlayer
and substrate in the epitaxial system Au on
Pd(111). The observed strain and the critical
thickness associated with the onset of misfit dis-
locations are compared with existing theories of
epitaxial bicrystal growth.

The epitaxial. system was characterized prima-
rily by high-energy ion scattering, low-energy
electron diffraction (LEED), and Auger analysis.
The advantages of ion scattering in such studies
were previously illustrated in the Au/Ag(111)
system (lattice-constant mismatch of 0.2%).' In
that case an al.most ideal, pseudomorphic Au

0

layer is grown to thicknesses exceeding 50 A,
i.e. , Au atoms occupy the ideal. fcc sites of the
substrate. The present study of Au on Pd (lattice
mismatch of 4.8%) extends this work to a. con-
siderably more complicated system. The experi-
mental. resul. ts show that in the initial growth the
Au atoms occupy the ideal fcc sites of Pd and
above a critical thickness of -2.0A both Au and
Pd move out of registry. A main point of this
paper is the demonstration that a larger misfit

resul. ts in large changes in the overl. ayer and sub-
strate strain and the critical thickness. A sharp
transition from a pseudomorphic state to a state
with misfit dislocations and strain was directly
observed. The measured strain and critical
thickness are in qual. itative agreement with the-
oretical predictions.

The major theoretical. developments in epitaxy
have been made from the viewpoints of elastic
misfit energy, interfacial energy with model po-
tentials, nucleation, and defects. ' Pseudo-
morphic growth of the first monolayer was pre-
dicted by Frank and van der Merwe for the case
of less than 10% misfit. Jesser and Kuhlman-
Wilsdorf' and later Ball' devel. oped the elastic
theory for the finite-thickness fil.m. In many sys-
tems, there is an initial pseudomorphic growth
which undergoes a sharp transition from the
pseudomorphic state to a state with misfit dislo-
cations and strain at a critical thickness h, . In
other words, both the dislocation density and
average strain are functions of overlayer thick-
ness h and misfit. At the critical thickness, for
example, the strain begins to change from the
maximum due to the lattice mismatch, and disl.o-
cations are created spontaneously.

The total elastic energy of a thin-film system
has been written as

&r(e, h)=&, (e,h)+e d(e, k)+const,

where e~ is total energy per unit area, e, is
the misfit strain energy, e is the strain, and

d is the misfit dislocation energy for the un-
strained area. Qualitatively the misfit strain en-
ergy is proportional to e' and the dislocation en-
ergy varies inversely as the strain. In our cal-
culations the formula due to Bal.t.

' was used for
d and the result of Cahn' was used for ~

along the [111]direction of an fcc crystal. The
equilibrium strain can be obtained from the mini-
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mum of er(e, h) within the range 0 (e (e
where e „is the maximum strain associated
with pseudomorphic growth. For each thickness
an equilibrium strain is obtained (corresponding
to &sr/&e = 0) which can be thought of as the aver-
age strain (or atomic displacement) throughout
the film. The critical thickness, h, , corresponds
to the film thickness at which Bar/& e = 0 for e
=e „.Although the actual potentials are not
realistic, aIld macroscopic el.astic constants are
used for the calculation, the critical thickness
ean be ca1.culated within this model to an order of
magnitude. In the present case, h, is 5.0A along
the [111]direction for the Au/Pd system and) 100 A for the Au/Ag system. Although these
energy considerations yield a prediction for k,
they do not readily yield individual atomic posi-
tions throughout the layer. For h(h, the system
is essentially pseudomorphic. Ion scattering cal.—

cuI.ations are then easily compared with experi-
ment, For a thickness A& 8

&
mlsflt dlslocatlons

and strain exist together. As the overlayer is
thickened, the average strain decreases with
most of the strain localized in a small region
around a dislocation.

Experiments were performed in a UHV system
equipped with LEED and Auger apparatus and a
Au deposition source by which -0.2 monolayer
per minute Au can be deposited on a. clean Pd(111)
surface. The UHV system is directly connected
to a van de Graaf accelerator for ion scattering/
channeling analysis. The principle of the ion
scattering technique is explained elsewhere. '
Briefly, the shadowing effect for the ion beam
incident along a major crystal. lographic axis is
used for the surface-structure determination. A

pseudomorphic epitaxial overlayer reduces the
scattering from the substrate. A strained sys-
tem with relative atomic displacements of ) 0.1
A destroys the shadowing effect.

The Pd(111) sample was cleaned in situ by sput-
tering and annealing. After cl.eaning, a sharp
(1 &&1) LEED pattern was observed, and no im-
purities were detected by either Auger spectra
or ion scattering. Au deposition was done at a
slow rate in order to maintain equil. ibrium con-
ditions and at room temperature where surface
diffusion is fast enough to establish surface equi-
librium and interdiffusion is negligibly slow.
Note that the Au-Pd phase diagram describes a
continuous solid solution with no ordered phases.
Ion scattering, Auger, and LEED measurements
were done at room temperature.

LEED patterns were (1x1) for all. Au coverages.

The Au surface lattice-constant change as a, func-
tion of thickness was extracted from these pat-
terns. Using Auger analysis we ascertained that
the Pd (M4,N, ,N, ,) peak shows an exponential
decay, with Au overlayer thickness. This implies
that the growth mode is layer-by-layer (Franck-
van der Merwe) growth with little three-dimen-
sional islanding. Ion scattering spectra were
taken along the [001], [111],and random direc-
tions to obtain the coverage of Au, the surface
peak (SP) of Pd, and the X;„ofAu. The y
is the Au-Au shadowing effect, i.e. , the yield of
Au in the channeling direction to the yield of Au

in a random direction. The ion scattering and
LEED data were used to characterize the l.attice
spacings of the system.

Figure 1 shows the Au coverage dependence of
the Pd(111) surface peak along the [00T] direction.
The experimental SP of clean Pd is almost the
same as the calcul. ated value based on a model of
ideal. termination of the surface. Angular scans
confirmed (see Fig. 3) that the surface relaxa. -
tion is less than 0.05 A along the [111]direction.
As Au was deposited, the surface peak of the Pd
substrate was reduced as a result of the overlayer
shadowing effect. The ful. l. l.ine is the ealeul. ated
Pd SP when the growth mode of Au is pseudo-
morphic. The suppression of the Pd SP by the
Au layer indicates that interdiffusion at room
temperature is negligible and sharp interface
structures are possibl. e. As the coverage of Au
reaches about 1 monolayer, the Pd surface peak
increases. At this critica1. thickness, the Au and
Pd atoms move out of registry such that the elas-
tic strain is lowered aIld misfit dislocations begin
to be developed. Since Au atoms are out of regis-
try, the shadowing effect decreases, such that
the SP of Pd increases. In fact, the Pd surface
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FIG. 1. Pd surface peak as a function of Au coverage
along the [001] direction for 1.8-MeV He' incident at
room temperature. The full line corresponds to the
scattering with the assumption of pseudomorphic
growth. h, is the calculated critical thickness.
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FIG. 2. Minimum yield of Au as a function of Au
coverage (monolayers) for 1.8-MeV He+ (a) along the
I 111] direction and (b) along the [ 001] direction. The
full lines are the predicted yields with the assumption
of pesudomorphic growth.

peak increases mell. above the zero-coverage
value, indicating a substantial substrate distor-
tion due to the Au overlayer. The experimental
critical thickness is - I monolayer, 2.0+ 0.2 A,
while the elastic theory cal.culation is 5.0 A.
After about 5 mono1. ayers, the number of dislo-
cations is saturated by their repu1. sive interac-
tion. ' The Pd SP gradual. ly decreases as a result
of channeling effects in the defected Au layers.

Figure 2(a) shows the X;„ofAu along the [111]
direction. For the first 3 layers, X;„remains
about 100Vo, since ABC stacking sites can be
distinguished along the [111]direction and the
first 3 Au layers will not be shadowed. In the
[OOT] case [Fig. 2(b)] the y;„decreases at -1
monolayer consistent with the crystal symmetry.
This is a good indication that there are no major
stacking faul. ts in the Au growth. The measured

;„ is slightly higher than the calcul. ated one
(solid line) for pseudomorphic growth, presum-
ably because of the strain and defects.

The yield of the surface peak as a function of
small tilt-angle variations about a crystal. axis
(angular scans) can be used to determined sur-
face atom displacements. ' The angular scans of
the Pd SP and the Au X;„along the [OOI] axis in

the (011) plane are shown in Fig. 3. The zeros
of the angular scans were determined by the
minimum in the Pd bu1,k minimum yield. As
mentioned, there is almost no relaxation or re-
construction for the clean (111)surface. Relaxa-
tion would be indicated by asymmetry in the angu-
lar scan. As Au covers the surface, the Pd lat-
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FIG. 3. Angular scans of the Pd SP and g ~jg of Au

along the t 001] direction in the (011) plane for 1.8-
MeV He+. Filled circles are clean Pd SP, filled tri-
angles are the Pd SP at 0.9 monolayer (ML) of Au,
open squares are the Pd SP at 2.9 ML of Au, and open
circles are the Pd SP at 7.7 ML of Au. Filled squares
are X1Tijf1 of Au at 7.7 M L of Au. The arrows indicate
the minima of the scans.
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FIG. 4. Au coverage dependence of the lattice con-
stants: filled circles are the Au lattice constant in
the (111) plane (from LEED), open circles are the
average Au lattice constant along the [111]direction,
and open squares are the Pd lattice constant along the
[111]direction. Solid line is the calculated, average
Au lattice constant.

tice spacing is elongated along the [111]direction
such that the minimum of the Pd SP is shifted in

angle. The angular scan of the Au X;„is also
shown (filled squares) for a coverage 7.7 mono-

1.ayers. It is clear that the unit cell. of Au is also
elongated along the [111]direction. The asym-
metry is used as a measure of the average lattice-
constant deviation from a cubic structure and
yields the "perpendicular 1.attice constant" aver-
aged over the first few layers of Au. At the same
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time, the change of the Au lattice parameter for
the topmost monolayers in the surface plane can
be measured by LEED to yield the "parallel lat-
tice constant, " The change of the lattice param-
eters in the plane and perpendicul. ar to the sur-
face plane for Au and the perpendicul. ar surface
lattice parameter for Pd are shown in Fig. 4.
The lattice parameter of Au corresponds to the
Pd value during the initial pseudomorphic growth.
After the critical thickness of about 1 monolayer,
it gradual. ly increases to the normal. Au value,
The ful. l line is the calculated change in the aver-
age overlayer l.attice parameter based on total
elastic energy theory and known el.astic con-
stants. " The results agree qualitatively with
prediction. The change of the Pd substrate lat-
tice parameter should be noted here; this has not
been detected by other experiments.

Consider the implications of these measure-
ments with respect to Brodsky's work on mag-
netic susceptibility in Au-Pd-Au sandwiches.
The highest susceptibility is observed in few-
monolayer epitaxial. ly grown films, consistent
with our observation of significant strain. The
maximum strain would correspond to the perfect
pseudomorphic state. In studies of multilayer
films of Pd-Au-Pd we have found poor Pd epitaxy
for Au thicknesses beyond 2 layers. Perhaps this
explains the l.ack of large effects in the multi-
sandwich structures reported by Brodsky. In ad-
dition, we note the recent work of Narusawa and
Gibson" concerning an ion scattering study of
Ge epitaxial growth on Si(ill) (mismatch of 4%).
There is a simil. arity in their measured sub-
strate SP as a function of Ge l.ayer thickness to
the Pd/Au data. shown in Fig. 1. These data could
be explained by two-dimensional growth with the
critical. thickness of 5 monolayers as calcul. ated

by the present el.astic energy calculation.
In conclusion, we present direct observation of

the transition from a pseudomorphic state to the
state with misfit dislocations and strain. The
change of lattice parameters and strains are found
in detail. In the Pd substrate the lattice is slight-
ly elongated to resemble the Au lattice al.ong the
[ill] direction, while the overlayer Au, initially
pseudomorphic, assumes its normal. l.attice pa-
rameter in a layer-by-layer growing mode. The
structure of the overl. ayer is in reasonable agree-
ment with the predictions of the elastic theory.

We thank W. Flood for sample preparation, and
acknowl. edge useful. ' discussions with W. M. Gib-
son of the State University of New York.
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