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Heteroepitaxial subsurface growth mode resulting in interlayer mixing
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A subsurface growth mode which results in interlayer mixing has been revealed from an interplay between
scanning tunneling microscopy aidb initio total-energy calculations for the growth of Pd on(C10 and
Ag(110 surfaces. On Qd10), the Pd initially alloys into the surface layer forming ordered linear -Pd-Cu-
chains. As the coverage is increased, the -Pd-Cu- chains remain at the same level, but become covered, partly
by Cu atoms expelled during alloying, partly by substrate material supplied from steps and terraces. This
results in a very rough surface morphology, even at relatively low Pd coverages. Similar structures were
observed on A(L10). The observed growth mode is expected to apply to other heteroepitaxial systems as well.
[S0163-18297)01603-3

Over the past few years, there has been a considerable The STM and sample-preparation procedures used in this
interest in metal-on-metal growth. The application of scan-study are identical to those used in an earlier growth sttidy.
ning tunneling microscopySTM) has given unprecedented Palladium evaporation was carried out with the sample at RT
insight at the atomic level into many systems which are ofby resistively heating a conical W filament containing a Pd
interest both from a fundamental point of view and becausevire. Coverages of Pdwith 1 ML defined as the
of the technological relevance of chemical, electronic, andCu(110/Ag(110) surface-atom densitywere determined
magnetic properties of thin metal films. In many cases, thdrom in situ Rutherford backscattering spectroscopy and Au-
growth mode and the structures formed are much more conger electron spectroscopy. All STM images were recorded at
plex than originally anticipated based on thermodynamicaRT in the constant-current mode.
equilibrium argumentd.Examples include surface-alloy for-  Following deposition of approximately 1-2 % of a ML of
mation in which the deposited metal intermixes with the top-Pd on Ci110), atomically resolved images reveal the forma-
most layer of the substrate rather than forming a simple overion of chains aligned primarily along the c_lqse-pacl_ieﬁo]
layer structuré, even between metals, which are immiscible diréction, as shown in Fig.(&). The periodicity of the pro-

in the bulk®=® and subsurface growth where the deposited™USions along the chains corresponds to two nearest-
ers underneath the substrat%e'ghbor distances. The corrugation of the protrusions is

surface’-1°Whereas detailed information at the atomic level SOnSIStent W'lt{] that observed for Pd on (€80, approxi-
mately 0.3 A The chains may also appear as depressions

has recently become available for surface alloying, such dedepending on tip conditions. Based on our study of Pd alloy-
tz_iils regarding subsurface growth have remained more elulhg on Cy100, we assign t.he protrusions in Figial to Pd
S'VF' hi detailed STM studies i b_atom:s alloyed into substitutional sites in the surface layer.
n this paper, we present detaile studies In comblrpg erindicity of the Pd atoms along the linear chains is

nation with total-energy calculations which reveal a subsuryyantical to that in the GiPd bulk-alloy structure. Larger

face grpvvth mechanism. The growth mode will be discussedgje images, Fig. (), show that correlated with the Pd

in relation to results for Pd on CL10), but results for Pd on  geposition, the step edges have become serrated, in contrast
Ag(110 are presented as well. It is shown that at room tém+g the smooth appearance on the clean surface. Such step
perature(RT), Pd does not penetrate beneath the surfacgoughening has been observed on a number of surface-
layer, but instead becomes incorporated at subsurface sit@fioying systems where expelled substrate atoms migrate to
through a combination of surface alloying and removal ofnearby stepg!!!?

substrate material from surrounding terraces. This requires Further exposure to Pd results in significant islanding to-
more metal atoms to be displaced than Pd atoms depositedether with the formation of pits, as shown in Figc)l

and results in a rough surface morphology even for low Pdvhich corresponds to 0.17 ML Pd coverage. Simultaneously,
coverages. Based on bulk-alloy data we speculate that, fdhe linear -Pd-Cu- chains seen in Figajlhave disappeared.
example, Pt on Q110 may grow in the same manner, and At these coverages, most of the pits can be seen to be eroded
we expect that the subsurface-growth mode will lead to draareas of an upper terrace, which would be the easiest source
matic differences in the reactivity of the Pd/Qa0 surface of Cu atoms=> A height distribution for an image recorded
relative to the Pd/QU00) surface on which the Pd atoms over a large area with no steps, but for an identical Pd cov-
alloy into the first layet! erage, is shown in Fig.(d) which yields the surface areas
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@ ) '0?_, FIG. 2. (8 A STM image recorded after deposition of Pd on a
Xt 8032 Ag(110 surface. Structures similar to those seen or{1CO are
'g g observed, i.e., formation of islands and pits on the terraces
=0 160< (1000x 1000 A?). (b) Higher-resolution image in which the
Q| | 40§ close-packed110] rows are resolved. Again no evidence for Pd
B S features is observe(800x 300 A?).
Tt 202

- 2, although there is a stronger tendency to form multilayer

0 07 14 21 28 35 structures, especially on large terraces. Furthermore, at low
Height [Al coverages, no ordered strings are seen, and as the coverage is

increased, many small islands form, as opposed to larger
islands observed on ClL10 for identical Pd-evaporation
conditions. Step heights measured from images recorded on
both substrates show that the interlayer spacing between the
islands, terraces, and pits is consistent with the values for
Cu(110/Ag(110 steps. The assignment of the entire top-
most layer to substrate atoms is further confirmed by expo-
sure to oxygen, where (21) and (X 1) structures form on
Cu(110 and Ag110), respectively. There is thus strong ex-
perimental evidence that for coverages abeve.1 ML,
there is no Pd in the topmost layer and hence that a more

FIG. 1. (8 STM image following deposition of small amounts elaborate mechanism is involved t.han justa sjmple exchange
of Pd on C(110. Linear chains are observed, which are alignedbetween Pd and substrate atoms in the top léyer, surface

along the close-packed 10] direction and are ascribed to Pd-Cu alloying). . . -
chains alloyed into the surfad@0x 70 A2). The apparent asym- Further experimental observations indicate that the Pd has

metry is ascribed to a tip artifactb) Large-area images for the Not diffused into the bulk but must be located subsurface,
same coverage showing the formation of small islands together witgtabilizing the islands. Within some of the pits, double-layer
a roughening of the step edgekd30x 990 A2). (c) After deposi-  islands are sometimes obserJsde Fig. 1e)]. These can be
tion of 0.17 ML Pd. The island size has increased, and a preferentigationalized as the top island being located above the Pd
alignment along th¢110] direction is seen. Also the formation of alloyed structures. As more pits are created in these regions,
pits is observed3060x 2960 A?). (d) Height distribution corre- the areas around such Pd structures will be eroded away.
sponding to 0.17 ML. The islandits) can be seen to occupy However, the Cu-covered Pd structures themselves will not
approximately 309415%) of the surface arede) Coverage 0.28 be eroded as they are already in a stable configuration once
ML Pd. An increase in island and pit density is s¢2600<1500  the Pd is subsurface. This leads to double-layer islands. A
A?). (f) Atomically resolved images of an island showing featuresfurther indication of the stability of the of the islands is ob-
consistent with C(110) and no evidence for any Pd structures tained by exposure of the surface to oxygen. If there were no
(81x80 A?). Pd below the Cu islands, then one would expect them to be
good sources of Cu atoms required for the formation of
covered by the islands, the terraces, and the pits. It can b&u-O- added row$® Surprisingly, although we did observe
seen that the area covered by the islands is 30%, roughine -Cu-O- added rows, very little erosion of the islands took
twice that of the Pd coverage, while the pits more closelyplace. The Cu atoms forming the islands are thus much more
match the latter in areél5%). Increasing the Pd coverage strongly bound than one would expect if they were located
further to 0.28 ML results in even greater restructuring. Longon top of a pure Cu lattice. Similar features were seen upon
islands and pit$Fig. 1(e)], predominantly orientated along exposing the Pd/A@.10 surface to oxygen.
the close-packed110] direction, are seen. Neither islands  To provide a detailed explanation of the observed phe-
nor pits show any evidence for Pd atoms in the surface layenomena, the surface energies of(C10) and Ag110 with
and atomically resolved imagéBig. 1(f)] display only fea- Pd in the first, second, or third layers were calculated by
tures consistent with a bare A0 surface. means of the linear muffin-tin orbitals method in conjunction
In the case of Pd deposition on Ad0, qualitatively  with the coherent potential approximation and Green’s func-
similar island and pit structures are formed as shown in Figtion techniqué:*~*In the present application, a §1) unit
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. method® as well as the results of Let al,?° the nearest-
13 decu1l"‘ Ia)'ler oln an'd In lCu(110) neighbor interaction is dominating in the system, and there-
O O 1st random (@) fore the formation of other types of ordered structures on the
-1 2nd random 1 surface is hardly possible. FiguréaBshows that in the first,
<>--<3rd random second, and third layer, there is a gain in energy if the Pd is
121/0—@ st ordered ordered. However, the minimum-energy configuration is ob-
B-----M 2nd ordered . ’ ’ gy gura Pn IS 0
& - - 3rd ordered L tained when the ordered Pd structures are located in the sec-
— 1.1 i ond layer.
e To determine the most stable structure for a Pd coverage
- N o less than 0.5 ML, it is noted that all other energy points in
u'? ;ﬂ?i:‘"u..f\\ .7 Fig. 3@ lie above the dot-dash line between the points cor-
1.0r \“1\. """""""" T E i responding to the surface energy of pure(Xl) and the
\\ surface energy of the completely ordered alloy in the second
o, e layer (full square atx=0.5). This means that fofp4<0.5,
0.9r *"\\ 1 the system will phase separate into regions of purél 0D
AN surface and region@slandg with an ordered (X 1) PdCu
: alloy in the second layer, covered by a pure Cu layer. The
0.8 L L L 00 island structure is thus identical to the equilibrium structure
0 025 0.50 0.75 1. of a Cu;Pd110 surface which is also terminated by a Cu
X layer.

FIG. 3. Calculated surface energies of eight-layer films for ran-
dom and ordered Pd structures in either the first, second, or thir
layers of a(a) Cu(110 and(b) Ag(110 surface, as a function of the

Pd,Agi.x layer on and in Ag(110)

0.84 (b)

O

O—O0 1st random
O-----002nd random
< --<3rd random

fraction x of Pd.

These results explain the most important features ob-
served in the experiment: Formation of the ordered -Pd-Cu-
chains and ordered PdCu islands, as well as their preference
to be covered by a monolayer of Cu. The results also provide
an understanding of the 2:1 ratio of the island area to Pd
coverage found on the basis of height histograms such as that
in Fig. 1(d). However, in the alloying process, only half the
Cu atoms required to cover the X2) alloy would be
squeezed out by Pd atoms. Thus the remaining Cu must be
supplied from the substrate. This is consistent with the for-
mation of pits extending into upper terraces, as shown in Fig.
1(c). Therefore, although the Pd is located in the second

@ 1st ordered
W 2nd ordered layer, there is no actual diffusion or movement of Pd beyond
4 3rd ordered the surface layer. Rather, the process involves displacement
.......... of substrate material to cover the Pd.
_______ o The existence of the stable, ordered -Pd-Cu- chains on
""""""" Cu(110 at very low#p4can be understood as well. Covering

L a PdCu island with substrate material leads to the creation of

0 0.25 0.50 0.75 1.00 steps along the perimeter of the island, i.e., to the formation

X of linear defects of positive energy. For a single -Pd-Cu-

chain, the energy gained by covering the chain with Cu at-
oms does not outweigh the energy cost of creating the steps.

owever, as the Pd coverage increases and PdCu islands
start to form, the perimeter:area ratio drops dramatically and
hence the energy balance changes in favor of forming PdCu
islands capped with a monolayer of pure Cu.

cell of the fc€110 surface, consisting of eight layers of  For Pd/Ad110) [Fig. 3(b)], the ordering energy is much
atomic spheres and four layers of vacuum spheres, wasmaller than in the case of CLO. This may explain why
treated self-consistently. The screened impurity model hamo ordered strings are observed in the STM images of
been used for the Madelung potential and energy of comAg(110 at low Pd coverages. Alternatively, the much lower
pletely random and partially ordered alloys wj+0.55 in  surface energy of Ag compared to Csee Fig. 3 ak=0)
both cases’*® Other details of the calculational method are could make the initiation of subsurface growth less depen-
described in Refs. 14,15. dent on a critical coverage. It is noted from FigbBthat a

In Fig. 3(a), the surface energies of ordered and randonPd position in the surface layer is again very unfavorable
alloys in the first, second, or third layer of an otherwise purecompared to the second layer, and that there is a slight en-
Cu(110 surface are shown. For the ordered alloys, we havergy to be gained even at low Pd coverages by letting the Pd
considered a2x1) Pd,Cu;_, alloy with -Pd-Cu- chains atoms move deeper into the surface. However, two observa-
along the[110] direction. There is a complete order for tions point to a near-surface structure similar to that found
x=0.5 and a partial order fax#0.5. We have not consid- for Pd on C@110). First, we find that the island:pit:Pd ratios
ered other possible ordered structures in the layer since, aaere similar on Ag110 and Cy110). Second, the theoretical
cording to our estimate based on the Connolly-Williamscalculations show that the effective pair interactions increase
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with Ag concentration, making the formation of the orderedfaces. The STM data have indicated that on(120), the Pd
-Pd-Ag- chains in th¢110] direction quite possible for very initially alloys into the surface, forming ordered linear -Pd-
small concentrations of Ag. It is thus very likely that the Cu- chains which then become covered, partly by the sub-
observed Ag islands are stabilized by subsurface -Pd-Agstrate atoms squeezed out during surface alloying, partly by
structures equivalent to the Cu case, and that a transition togybstrate atoms removed from terraces, as opposed to a di-
lower-energy state with the Ag atoms deeper in surface igect atomic burrowing into the subsurface positions. The
kinetically hindered at RT. _ composition and stability of the observed structures have
The formation of islands and pits hgs also been observegdeen confirmed based @b initio total-energy calculations.
for Au on Ag(110 by Hirschornetal” Again the Au is  \ye have observed a qualitatively similar growth mode for

reported to grow in a subsurface mode. However, in that casgy on aq110). Based on similarities in bulk-alloy data, such
a burrowing mechanism was proposed for Au going subsur-

face. Furthermore, statistics regarding the island:pit ratio as general trends may be applicable to other systems as well,

. ) -~ such as Pt on Q@10.

function of coverage, as well as atomic-scale resolved im-

ages were unavailable. In the Au/Ag case, the pits were seen
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