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Observation of an adlayer-driven substrate reconstruction in Cu-Pt„111…

B. Holst*
Cavendish Laboratory, Madingley Road, Cambridge CB3 0HE, United Kingdom

M. Nohlen and K. Wandelt
Institut für Physicalische und Theoretische Chemie, Wegelerstrasse 12, 53115 Bonn, Germany

W. Allison
Cavendish Laboratory, Madingley Road, Cambridge CB3 0HE, United Kingdom

~Received 3 August 1998!

An unusual strain relaxation mechanism has been observed during the growth of ultrathin Cu films on
Pt~111! at a substrate temperature of 450 K. After the completion of a pseudomorphic first Cu monolayer, the
Pt substrate undergoes a reconstruction which is visible in the pseudomorphic Cu overlayer. Usingin situ
helium atom scattering, interlayer mass transport is observed as ad-atoms are incorporated into the substrate.
Scanning tunneling microscopy measurements allow us to label the substrate reconstruction as being similar in
nature to the ‘‘star’’ network of the reconstructed Pt~111! surface.@S0163-1829~98!52840-8#
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Heteroepitaxial growth in systems without an exact latt
match gives rise to strain in the growing film. The magnitu
of the strain increases in proportion to the number of lay
in the film and ultimately, it determines the maximum thic
ness of a pseudomorphic structure. A number of mechani
for strain relief in metal-film growth have been observ
recently ~see, for instance, Refs. 1 and 2!. Dislocation net-
works and/or reconstructions have been seen in thin grow
films, while thicker films often exist as floating overlaye
with isotropic relaxation. These observations broadly ag
with the expectations from early theoretical models,3,4 which
assume a rigid substrate. The present work explores
eroepitaxial growth on a substrate that is intrinsically le
rigid. In particular, the free surface of Pt~111! is subject to a
significant tensile stress5 and shows a tendency t
reconstruct.6 Both theory and experiment draw a direct co
nection between stress at the free surface and the tenden
reconstruct.5,6 Our results show an unusual mechanism
strain relief during the growth of copper on a Pt~111! sur-
face. We argue that one of the effects of lattice strain in t
epitaxial system is to induce a reconstruction in the substr

The experimental work used scanning tunneling micr
copy ~STM! and helium atom scattering~HAS!, which pro-
vide information, respectively, on the microscopic structur
ex situ; and thein situ evolution of the growth. The STM and
HAS measurements were performed in two separate U
systems both with background pressures of less t
2310210 mbar.

The same Pt~111! crystal with a miscut of less than 0.2
was used in all experiments. For the STM measurements
sample was cleaned using cycles of argon sputtering
800 K, annealing at 1100 K, and annealing at 800 K
131026 mbar oxygen atmosphere. A final flash to 1250
removed the residual oxygen. For the HAS measurem
the sample was heated by electron bombardment, and
sputtering temperature was limited to 520 K making sligh
longer annealing cycles necessary. Both of the cleaning
cedures where judged to result in the same quality of
crystal surface. All STM measurements presented in this
per were performed at room temperature using a home b
beetle type STM.7 The Cu evaporator and the STM we
PRB 580163-1829/98/58~16!/10195~4!/$15.00
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mounted in the same vacuum chamber. Images prese
were recorded at tunneling currents of 1 nA and at bias v
ages between 0.3 and 0.6 V. The helium scattering meas
ments were carried out with a 70 meV helium beam p
duced by supersonic expansion~2% energy resolution! and a
spot size of 1 mm2 on the sample. Experiments were pe
formed with the beam incident at a Cu-Bragg angle so t
the variation in the specularly scattered helium intensity d
ing deposition is due to diffuse scattering from step ed
and point defects.8 The scattering geometry and beam te
perature were identical for all experiments. A differentia
pumped quadrupole mass spectrometer was used to d
the scattered helium atoms. The angular resolution of
system is 0.4°. The deposition rate was typically about 0
ML/s with respect to the Pt~111! surface density.

An overview of the different stages of growth is obtain
from Fig. 1, which shows the specular He intensity mo
tored during Cu growth at 450 K. We identify three ma
regimes, separated on Fig. 1 by points A and B. In the fi
stage, up to point A, the intensity falls slightly before retur
ing to its initial value at A. This weak oscillation can b
related to the step edge roughening during the growth of
first Cu layer. At point A, where the intensity returns a
proximately to the initial value, the first layer is complet
STM images~not shown! confirm that the growth is pseudo
morphic and the first monolayer is complete at point
These conclusions are in agreement with previous lo
energy electron diffraction~LEED! data.9,10 The behavior up
to point A is shown enlarged in the inset of Fig. 1. Th
period of the oscillation allows the deposition scale to
determined to an accuracy of better than65%. The second
stage of growth lies between points A and B. It is charact
ized by the formation of a threefold strain relief dislocatio
network and the growth is not in equilibrium on the tim
scale of the experiment. At the completion of the seco
monolayer, point B, both STM and helium diffraction sho
that the dislocation network is fully developed. Experimen
between points A and B, show that when the growth is
terrupted some structural relaxation can occur. These st
tural changes are kinetically limited on the time scale of
experiment. The final stage of growth, after point B, retur
R10 195 © 1998 The American Physical Society
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to equilibrium, in the sense that interrupting the growth do
not lead to further relaxation. Kinetically limited growth
only observed between points A and B. In the ‘‘thick-film
regime, after point B, the kinetics increasingly resem
those of homoepitaxial growth on Cu~111!.11,12 Growth oc-
curs by step flow and the He intensity rises as the corruga
from the dislocation network is buried and an incommen
rate overlayer is created.

The main emphasis of the present work is to discuss
behavior between points A and B and, in particular, to arg
that the mechanisms occurring during the kinetically limit
region of growth include a reconstruction of the Pt~111! sub-
strate. Figure 2 shows the results of experiments where
growth is interrupted at various points, with the sample te
perature maintained at 450 K throughout. The dashed cu
shows the time dependence during the growth stage~as in
Fig. 1! and the full curves show the time dependence of
specular helium intensity after growth is interrupted.

Before point A and after point B there is no change
intensity when the growth is interrupted; the growth occ
in quasiequilibrium. Between A and B the intensity vari
after the growth is interrupted. The behavior is similar in
cases and corresponds to reordering, which gives an in

FIG. 1. Specular helium intensity as a function of Cu depositi
The substrate temperature was 450 K. The inset shows an expa
view of the behavior up to point A, where the first monolayer co
pletes. The sudden change in slope at this point has been us
calibrate the horizontal time axis in units of Pt monolayers.

FIG. 2. Change in specular He intensity as a function of ti
after interruption of growth at various depositions. The dotted cu
shows the intensity change during uptake~Fig. 1 and the full lines
show the intensity variation following interruption of growth at a
proximately 1.1, 1.2, 1.5, 1.6, 2.5, and 12 ML!. The substrate tem
perature was held at 450 K throughout the experiment.
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rapid rise in intensity, taking a few seconds, followed by
much slower decrease. The observation of kinetic limitat
indicates that new and slower mechanisms of mass-trans
are active in the narrow window between A and B.

It was not possible to investigate all points of the reord
ing usingex situSTM; however, two important stages hav
been identified by experiments where growth was interrup
and the sample maintained at 450 K for specified times
fore quenching to the observation temperature of 300 K. F
ure 3 shows STM images following growth of approximate
1.3–1.4 ML. Second layer islands are the brighter region
these figures. For Fig. 3~a!, the sample was quenched imm
diately. The time taken for this process corresponds roug
to that of the respective intensity maxima after growth int
ruption shown in Fig. 2. Figure 3~b! shows results for a delay
of 210 s before the sample was quenched. A compariso
Figs. 3~a! and 3~b! shows a significant change in the islan
morphology. Initially the islands, which are the seco
growing layer, are compact and rounded, Fig. 3~a!. They

.
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-

to

e
e

FIG. 3. ~a! STM image, 1440 Å31440 Å, taken after approxi-
mately 1.3-ML Cu deposition at a sample temperature of 450
After deposition the sample temperature was cooled to room t
perature as quickly as possible.~b! STM image for a similar depo-
sition to ~a!. The position on the sample is slightly different, but th
image area is similar. For this experiment the sample was hel
450 K for 210 s after the growth was interrupted, before it w
cooled to room temperature. There are clear differences in the m
phology of the second-layer islands~the bright regions! in ~a! and
~b!, furthermore the first Cu layer in~b! exhibits dark lines which
are attributed to the onset of a reconstruction in the substrate
lands of the second Cu-layer in~b! have a fragmentary structur
which is directly related to the alignment of the dark lines in t
first layer.
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FIG. 4. ~a! STM image, 480 Å3480 Å, of
the surface close to point B in Fig. 1, wher
the second monolayer completes. This ima
shows the threefold network of domai
boundaries arising from a reconstruction
the Cu overlayers. The surface orientation

@ 1̄,1,0# upwards and@1,1,2̄# right. ~b! Atomic
model for the threefold network of domai
boundaries imaged in~a!. The surface orienta-
tion is similar. Open circles represent unde
layer atoms in a hexagonal structure. Fille
circles represent atoms on high-density d
main boundaries. These atoms are mo
nearly twofold coordinated with substrate a
oms and are imaged as bright lines in~a!. The
two kinds of shaded circles represent threefo
coordinated atoms: light shading predom
nates and corresponds to fcc coordinated
oms; darker shading represents hcp coor
nated atoms.
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develop into more fragmentary structures with fine line
protrusions and bridges, Fig. 3~b!. Also the area occupied b
the islands in the final state is significantly less than in
initial state, Fig. 3~a!. This last observation, in conjunctio
with the notion that new mechanisms of mass transport h
opened up, suggests that atoms are being transferred
the surface layer to lower layers in the system.

The other new feature which has developed on the sur
shown in Fig. 3~b! is the darker lines in the first Cu laye
The lines have a width of 2462 Å and are 0.360.1 Å deep.
They intersect at 60° and 120° angles and are oriented a
the directions@ 1̄,1̄,2#,@ 1̄,2,1̄#,@2,1̄,1̄#. We attribute these
darker lines to the onset of a reconstruction in the Pt s
strate, rather than some feature in the exposed Cu layer
the following reasons. We have shown the lines are ass
ated with an increase in density in the lower layers as a
toms are removed from second-layer islands. An increas
density of the first Cu layer implies, however, that some
r
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atoms would have to occupy sites higher than the ideal la
spacing. Thus, a simple topograph would indicate bright
gions, as observed, for example, in the double-line rec
struction of~111! surfaces of the 5d metals Pt and Au.6,13,14

Since we observe dark lines in the first Cu layer, the
atoms in the first layer cannot be occupying higher sites
follows that the reconstruction must be in a lower layer; th
is, in the Pt substrate. The dark features we observe pres
ably arise from spectroscopic rather than topograp
effect.15,16The fact that the lateral extent of the dark featur
and the crystallographic orientations correspond with th
observed in the reconstruction of a free Pt~111! surface6 sup-
ports the idea that the reconstruction in the present case h
similar structural basis. Apart from the dark lines indicati
the substrate reconstruction, the image of the first cop
layer is featureless and we conclude that, at this stage
remains pseudomorphic with respect to the reconstruc
substrate.
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We now turn to the surface structure at B, in Fig. 1. W
identify this point as being close to the completion of t
second monolayer. There is an abrupt change in the s
and it is the point at which the specular spot profile in heliu
diffraction shows a clearly defined threefold structure. Lar
scale STM images~not shown! indicate that second-laye
growth completes before growth of the third layer com
mences and, at the point of completion, a higher resolut
image, Fig. 4~a!, shows a surface covered by the threefo
network of domain walls. Analysis of the specular peak p
file in HAS indicates that the threefold structure has a th
fold superlattice with a period of 34.960.5 Å, in agreement
with the period of 3562 Å between the domain walls dete
mined from Fig. 4~a!. The structure is similar to that ob
served in growth at 340 K~Ref. 17! and is consistent with
high-density domain walls, where atoms occupying brid
sites separate regions of hcp from fcc-coordinated ato
Figure 4~b! shows an atomic model for the threefold netwo
of domain walls that is consistent with both the STM imag
Fig. 4~a!, and the helium diffraction spot profile. A simila
structure, but with low-density domain walls, has been s
gested for the related Ag/Pt~111! system.2 The density of
atoms in the surface follows from the superlattice size an
9% greater than the underlying hexagonal mesh.

Using the structural model, Fig. 4~b!, for the surface at the
point where the second monolayer completes, it is poss
to compare the surface density of atoms with measurem
of the amount of material deposited. The structural mo
shows, as mentioned before, that a reconstructed overl
contains 9% more atoms than the substrate. Simple sca
from Fig. 1, using point A as the completion of one pseud
morphic layer, gives 2.7760.10 ML ~weighted mean of sev-
eral runs! as the amount of Cu deposited up to point B, w
respect to the unreconstructed Pt~111! surface. We can dem
onstrate that mass transport into the Pt~111! substrate must
have taken place since, if it had not, a maximum excess
0.18 ML can be accommodated in the reconstructed Cu
~2 layers of 9% greater density!. The most likely scenario is
one where copper atoms are incorporated in the substra
facilitate the density increase as the substrate reconstruc
s
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In summary, the growth of copper on Pt~111! at 450 K
commences with a pseudomorphic first layer. In the s
monolayer regime, between one and two monolayer,
growth is more complex and involves kinetically slow pr
cesses that are linked to a reconstruction of the substrate.
substrate reconstruction, involving incorporation of Cu
oms, is the first stage of strain-relief in the Cu/Pt~111! sys-
tem. Alloy formation has been reported in Al growth o
Pt~111!.18 The one-way mass transport observed in
present work is fundamentally different. The driving forc
for the substrate reconstruction in the present case is rel
to the release of strain energy rather than having its origin
entropic factors and/or heats of solution.

Our observation of an adlayer-driven substrate reconst
tion gives an insight into the role of tensile stress in t
reconstruction of free surfaces. Three effects need to be
cluded in a complete description of surface reconstructio
first, a requirement for shorter bond-lengths in the surfa
layer; second, an appropriate energy change for incorpo
ing additional atoms into the surface layer; and third, we
interlayer bonding, which allows the disruption of bonds b
tween surface and bulk, as the surface reconstructs.5 Only the
first two energetic factors can be addressed through calc
tions of surface stress and surface energy.19 In the present
experiments, the tensile stress at the free surface is rem
since the outermost Pt atoms are in a bulklike environme
completely surrounded by atoms. Instead, there is a ten
stress applied to the outermost Pt atoms by virtue of
lattice strain in the pseudomorphic copper overlayer. In t
respect our observations differ from those of Gru¨tter and
Dürig,14 who observe a reconstruction of the free Pt~111!
surface in response to adsorbed Co atoms. Tensile stre
present at the free surfaces of simple and transition met5

yet only a minority of such surfaces reconstruct. We obse
a substrate reconstruction, in response to the lattice stra
the overlayer. The character of that reconstruction, judged
its geometric characteristics and atom density, is similar
those of the free surface reconstruction. Both observati
suggest that an important factor in the reconstruction of
5d metals, Ir, Pt and Au, must be the ease of disrupt
interlayer bonds.
*Present address: Max Planck Institut fu¨r Strömungsforschung
Bunsenstr. 10, D-37073 Go¨ttingen, Germany.

1C. Günther, J. Vrijmoeth, R. Q. Hwang, and R. J. Behm, Phy
Rev. Lett.74, 754 ~1995!.

2H. Brune, H. Ro¨der, C. Borragno, and K. Kern, Phys. Rev. B49,
2997 ~1994!.

3F. C. Frank and J. H. van der Merwe, Proc. R. Soc. London, S
A 198, 205 ~1949!.

4J. Frenkel and T. Kontorova, Phys. Z. Sowjetunion13, 1 ~1938!.
5R. J. Needs, M. J. Godfrey, and M. Mansfield, Surf. Sci.242, 215

~1991!.
6M. Hohage, T. Michely, and G. Comsa, Surf. Sci.337, 249

~1995!.
7M. Schmidt, M. Nohlen, G. Bermes, M. Bo¨hmer, and K. Wandelt,

Rev. Sci. Instrum.68, 3866~1997!.
8B. Poelsema and G. Comsa,Springer Tracts in Modern Physics

~Springer, Berlin, 1989!, Vol. 115.
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