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Metastable atomic configurations of Rh, Ir, and Pt on W(110)
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The adsorption and structural rearrangement of Rh, Ir, and Pt on a macroscopic (110) single-crystal
surface of W is studied as a function of coverage and temperature by low-energy electron-diffraction and
work-function-change measurements. Long linear chains along the substrate {111) directions and ten-
dency to order into a chain lattice are found. The linear structure is observed to be much more stable
than on the small surfaces used in field-ion microscopy.

I. INTRODUCTION

The development of various forms of effective-potential
calculations, for example, of the embedded-atom
method"? or the effective-medium theory® over the past
seven years has made realistic simulations of atomic pro-
cesses on surfaces possible and has stimulated renewed
interest in the experimental study of this field. The
theoretical models are most advanced for homonuclear
systems which crystallize in the fcc structure and conse-
quently recent experimental work has been directed
mainly at such systems [Ir on Ir(100) (Refs. 4 and 5) and
Ir(111) (Refs. 5 and 6)and Pt on Pt(100) (Ref. 7)]. The
limitation to these high-melting point materials is mainly
dictated by the experimental technique used, field-ion mi-
croscopy (FIM), which has been practically the sole
source of information on atomic processes on well-
defined metal surfaces up to now. This information has
been restricted nearly exclusively to a few metals on
W(110) and W(211) surfaces. (For reviews see Refs.
8-11.) One of the most surprising observations was that
at low temperatures and small cluster size one-
dimensional (1D) clusters, i.e., chains, were stable on the
(110) surface instead of the expected two-dimensional
(2D) configurations. The 1D clusters are always oriented
along one of the {111 directions which is in accord with
the strong anisotropy of the lateral interactions as de-
rived from the pair distribution function.!”!3 Indirect
electronic and elastic interactions have been invoked to
explain this anisotropy but a full understanding is still
lacking.

In order to achieve such an understanding the physical
properties which determine chain formation must be un-
derstood better. These are electronic structure of adsor-
bate atoms and substrate, relative atomic radii » ,,rg of
adsorbate and substrate atoms, respectively (misfit), vi-
brational properties of adsorbate and substrate, and pos-
sibly others. Misfit does not seem to be a major parame-
ter, at least as long as r , <rg, because chain formation is
not only found for » , =rg, such as in Ir on Ir, Pt on Pt,
or Pd on W and Mo but also when r, is significantly

4

smaller than rg, for example, for Pd on Ta (Ref. 14)
(Ar/r¢=—3.9%) and for Ni on W (Ref. 195)
(Ar/r¢=—9.1%). For the case r 4 > r¢ little information
is available (Pt on W, Ar/r¢=+1.2%) but it appears
likely that the misfit is much less forgiving because of the
anharmonicity of the adatom-adatom interaction poten-
tial.

The fact that clusters of a suitable size can be intercon-
verted between 1D and 2D shapes merely by changing
the annealing temperature suggests that vibrational prop-
erties should play a role but how is not clear at present.
The most important factor, at least as judged on the basis
of the available experimental data, appears to be the elec-
tronic structure of the adsorbate, while that of the sub-
strate plays as little a role as the misfit does: Mo(110),
W(110), and Ta(110), Ir(100) and Pt(100, and Ir(111) all
are suitable substrates. The adsorbates Rh, Ir, Pd, and Pt
show the strongest tendency to chain formation, much
more so than Ni. Is this difference due to a difference in
electronic structure or a consequence of the misfit
difference? Is chain formation limited to the known cases
or does it also occur in other adsorbates, such as Co or
Au? What role does the d-level occupancy play?

Obviously these questions can be answered only by the
study of other adsorbate-substrate systems, in particular,
of other adsorbates. This requires additional techniques
because of the main limitation of FIM: The high fields
necessary for imaging exclude many substrates and adsor-
bates because of field desorption or field dissociation of
the clusters. There are additional limitations which are
connected with the small surface size which is needed in
order to achieve quasiatomic resolution: (i) the number of
adsorbate atoms is limited and asa consequence the num-
ber of possible configurations, (ii) the edge of the plane
can act as a repulsive wall and influence the cluster
configurations, or (iii) during the annealing steps used for
equilibration atoms can be lost by diffusion off the edges.

Thus low- or zero-field methods which use large atomi-
cally flat surfaces are needed. Low-energy electron mi-
croscopy has shown that well-oriented macroscopic
single-crystal surfaces have atomically flat areas with
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linear extensions of 1 um or more. (For a review see Ref.
16.) The distribution of adsorbate atoms on such a sur-
face cannot only be imaged directly by a method with
atomic resolution such as scanning tunneling microscopy
but can also be obtained with laterally averaging
methods: if there is some order, low-energy electron
diffraction (LEED) is a powerful tool. If there is no order
but a significant change in atomic distribution then
work-function-change (A¢) measurements can be used as
demonstrated for the reversible phase transition 2D con-
densate «> 2D vapor!713,

In this paper, we use LEED and A¢ measurements in a
study of the irreversible 1D —2D cluster transition of Rh,
Ir, and Pt on W(110). These three adsorbates were
chosen because of their strong tendency to chain forma-
tion and their high 1D—2D conversion temperature
(350, 470, and 410 K, respectivelys'lg) which allows mea-
surements at and above room temperature. The purpose
of this paper is to demonstrate the feasibility and infor-
mation content of the two methods for the present prob-
lem. Future work with improved experimental facilities
such as specimen cooling and LEED spot profile analysis
with a video LEED system will then address the ques-
tions asked earlier by studying other adsorbates on
W(110) and on other surfaces not accessible to FIM. It is
hoped that this study will stimulate theoretical work on
the (110) surfaces of bcc metals for which realistic
effective potentials are becoming available? so that the
present limited understanding of atomic interactions on
metal surfaces” !1"1820-22 ]l be broadened.

II. EXPERIMENT

The experiments were performed in a multimethod sys-
tem equipped with LEED optics, an electron gun for A¢
measurements with the retarding field method, a cylindri-
al mirror analyzer for Auger electron spectroscopy
(AES), a quadrupole mass spectrometer for thermal
desorption spectroscopy (TDS), and several evaporators.
The crystal was oriented by x-ray diffractometry to
within 0.05° of the (110) orientation, was mechanically
polished and cleaned in situ by extensive heating at 1400
K in 1077 Torr oxygen, followed by flashing in ultrahigh
vacuum to 2200 K to remove oxygen. After cleaning the
ratio of the Auger electron signals of W:0 and W:C were
1000:1 and 600:1, respectively. The base pressure was in
the low 10™!! Torr range; during evaporation it rose into
the high 107!! Torr range and during the measurements
it was about 4 X 10~ !! Torr.

In the measurements reported here the crystal was
heated indirectly from the backside by a bifilar Ta sheet
heater up to a maximum temperature of 1200 K. For
higher temperatures direct heating was used. The in-
direct heating was necessary in order to avoid magnetic-
field disturbances in the A¢ measurement. The tempera-
ture was measured with a WRe thermocouple spotwelded
to the crystal holder. The evaporators consisted of W
wires onto which thin wires of Rh, Ir, and Pt were
wrapped. Heating powers ranged from 15 W for Rh to
60 W for Ir. The radiation from the evaporators caused
some heating of the W(110) crystal which limited the
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lowest accessible temperatures.

The dose sizes were calibrated in fractions of a mono-
layer (ML) which was determined by the breakpoint of
the low-energy AES signals, the appearance of the TDS
peak from the second ML, and the saturation of A¢ in
high-temperature depositions or after annealing at high
temperatures. A¢ was measured at about J; of the satu-
ration current of the retarding field (V) curve of the
clean surface. The TDS and AES results will be reported
elsewhere” together with the LEED and A¢ data for
higher coverages and temperatures. Here only the results
of relevance for 1D clusters and the 1D—2D cluster
transition will be presented.

III. RESULTS

A. A¢ measurements

Figures 1-3 show the irreversible work-function
changes observed during heating of layers with various
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FIG. 1. Work-function change A¢(T) during heating of a
W(110) surface with various coverages (curve parameter) of Rh
which was deposited at T,~350 K. Heating rate 8 Ks™'. The
definition of the temperatures T, and T, discussed in the text is
shown for one curve.
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FIG. 2. Work-function change A¢(T) during heating of a
W(110) surface with various coverages of Pt which was deposit-
ed at T, ~400 K. Heating rate 4 Ks™ .

coverages at a constant heating rate of about 10 Ks™!
which were deposited at temperatures T, of about 350 K
(Rh) and 400 K (Pt, Ir). A strongly coverage-dependent
rise of the work function to a first plateau-like level is
found which is followed by a second, smaller rise which
is best seen in Rh layers but also occurs for Pt and Ir, in
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FIG. 3. Work-function change A¢(T) during heating of a
W(110) surface with various coverages of Ir which was deposit-
ed at T,~400 K. Heating rate 7 Ks .
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T; (i =1,2) can be defined (see Figs. 1-3) at which the
structural changes causing the work-function changes are
completed. The A¢ values A‘I»”T,. —A¢ T, are plotted in the

lower parts of Figs. 4—6. Their upper part shows the
work-function changes relative to the clean surface, in
the case of Rh also the T, and T, values.

Although Rh, Ir, and Pt have larger electron affinities,
electronegativities, and work functions than W, they
cause a considerable decrease of the work function, a
phenomenon well known from similar adsorbates (Pd,
Au).’ The differences A¢T1 —A¢T0 are strongly coverage

dependent and peak at OR!=0.18, ©%,=0.20, and
9,’:} ~0.11 at 0.36, 0.30, and 0.28 eV, respectively. The
data points for Ir show considerable scatter for two
reasons: (i) specimen heating by radiation from the eva-
porator, (ii) incomplete desorption of Ir deposited in
preceding experiments. Depending upon the size of a
dose and the preceding dose — which were varied ran-
domly in order to exclude systematic errors — the two
effects were larger or smaller, causing the fluctuations
seen within a sequence of depositions and between
different depositions.

Several aspects of the results should be noted: (i) above
T, the “plateau” is less and less pronounced with increas-
ing coverage indicating a more or less continuous transi-
tion into the cluster configuration with higher work func-
tion. (ii) T'; decreases with © up to ©,, and then remains
constant within the limits of error which is large at high
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FIG. 4. Work-function change A¢TI(6)*A¢TO(6) of a Rh-

covered W(110) surface as a function of Rh coverage (bottom).
The work function change Aq‘)ro(e) upon deposition at T, the
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FIG. 5. Work-function changes A¢T0(e), A¢T1(9), and
A¢T1(9)—A¢T0(9) of a Pt-covered W(110) surface as a func-

tion of Pt coverage.
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coverages (dashed lines). (iii) Below ©~0.02-0.04 the
work-function difference per atom between clusters at T
and clusters at T, is constant and then decreases. This
suggests that below this coverage only one type of cluster
exists and above it a mixture of T, and T clusters, or
that there is some depolarization in the 7', clusters above
this coverage.

B. LEED results

The LEED patterns of the three adsorbates show some
similarities but also significant differences. At T, it con-
sists of a (1X 1) streak pattern [Fig. 7(a)] with a superim-
posed (3X1) spot pattern [Fig. 7(b)]. At T=T, the
(3X1) spots have disappeared, the streaks have become
much weaker or have contracted to the environment of
the (1X1) spots [Fig. 7(c)]. Further heating makes the
streaks disappear completely and satellite spots charac-
teristic of the Kurdjumov-Sachs orientation appear
which is expected for Rh, Ir, and Pt on W(110).2> They
are difficult to see at coverages © <0.2 but definitely
present at © =~ and clearly visible at © =2 after anneal-
ing at high temperatures [Fig. 7(d)]. The differences be-
tween the adsorbates are as follows: (i) The (1X1)
streaks differ in sharpness, being sharpest for Pt and most
diffuse for Ir. (ii) The relative intensity of the (3 X 1) spots
to that of the (1X1) streaks is large for Rh and Ir but
small for Pt. (iii) Certain (3 X 1) spots of Rh are systemat-
ically split; the (3 X 1) spots of Pt are too weak relative to
the (1X 1) streaks and those of Ir are too diffuse to allow
such a statement. The poorer order of the Ir adsorbate
very likely has to be attributed to the higher temperature
during deposition which hindered the full development of
the low-temperature cluster configuration. Therefore,

|
|
|

FIG. 7. LEED patterns of metal atom adsorbates on W(110).
(a) Pt at ©~ 1 as deposited (45 eV), (b) Rh at © =  as deposited
(73 eV), (¢) Rh at O~ ; after annealing at T < T (55 V), (d) Rh
at ©~ 1 after annealing at about 1200 K (48 eV).
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only Rh and Pt will be examined more closely.

The (1X 1) streaks are aligned along the (112) direc-
tions of the surface, that is, normal to the (111) direc-
tions. They are therefore attributed to one-dimensional
diffraction of long adsorbate chains along the (111)
directions. The half-width of the streaks is comparable to
that of the substrate spots which is limited by the transfer
width of the LEED system (=100 A). This implies chain
lengths of about 40 atoms or more. The threefold period-
icity along the streaks shows that there is a preferred
threefold distance normal to the chains, that is, the
(111) chains form a chain lattice, in particular in the
case of Rh. Figure 7(b) shows that the (3X1) spots are
split. The spots do not move with energy so that they
cannot be attributed to faceting nor does the relative in-
tensity of center and split spots oscillate with energy at a
given coverage © and annealing temperature 7,. This
means that the splitting is not caused by steps of islands
of monoatomic height. The magnitude of the splitting
and the intensity in the center do depend, however, some-
what on © and T,.

All these observations can be explained by antiphase
domain interference. Let a; be the unit mesh vector in
the chain direction ((111)), a,=1(111) the other unit
mesh vector and b, and b, the corresponding reciprocal
unit mesh vectors. Consider two chain lattice islands
with N, atoms per chain and N, chains and relative is-
land displacement d=da,+d,a, within the coherence
region of the instrument. Then the structure factor is

,_ sinX(N,K-a,;/2) sin’(3N,K-a,/2)
|Fl?=—— — cos(K-d/2) .
sin‘(K-a,/2) sin“(3K-a,/2)

(1)

Diffraction maxima [(3X1) spots] occur whenever
K-a,=27h,; and 3K-a,=2wh, or K,/27=h b, and
K,/2m=h,b,/3 (h,,h, integers). For extinction of the
center of the diffraction maximum by destructive in-
terference between the two domains one must have
K-d=2n +1)mor

(hyby+hyby/3)-(d 2 +dyay)=h,d,+hyd, /3
=2n+1)/2.

For spots with even A, + A, this implies d,=(2n +1)/4,
d,=~3(2n+1)/4; for spots with odd h,+h,,
d,=2n+1)/2,d,=3(2n +1)/2. It is reasonable to as-
sume that all atoms are adsorbed in equivalent high-
symmetry sites (surface, lattice, bridge, on-top sites). The
condition for odd h,+h, cannot be fulfilled for any of
these sites, the condition for even h,+h, only for the
surface sites (Fig. 8). The splitting of the spots with odd
h+h, can be explained by double scattering between ad-
sorbate and substrate which can be visualized by each
diffracted beam from the substrate acting as incident
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FIG. 8. Surface sites and (3X 1) domain displacement vector
d deduced from LEED spot splitting.

beam on the layer. For example, the substrate (10) beam
produces then the splitting of the (0 1) spot (h, +h, odd).
The example shown in Fig. 8 (n =0) is unphysical be-
cause of the short distance between the sites. If d is re-
stricted to within a (3X1) unit mesh then n =1 is the
only possible choice. This case is illustrated in Fig. 9. It
is interesting to note that only even n values give d’s
which interconnect the two types of surface sites. Thus
the splitting of the L-order spots is an immediate conse-
quence of the equivalence of the two surface sites indicat-
ed in Fig. 8 by dots. That the atoms of the chains are ad-
sorbed in surface sites is not unexpected because isolated
atoms have been found to be adsorbed usually in surface
sites® 13 although calculations for Cu, Ag, and Au place
the site of strongest bonding closer to the lattice site.?*
The 2D clusters obtained upon annealing are possibly
pseudomorphic as long as they are small but a misfitting
layer cannot be excluded without a detailed profile
analysis of the (1X1) spots and their environment [Fig.
7(c)]. With increasing © and T, that is, increasing island
size, these regions of the LEED pattern develop more

FIG. 9. (3X1) antiphase domain boundary for n =1.
[d=3(a,+3a,)/4 .]
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and more fine structure. For example, Fig. 7(d) shows sa-
tellites which indicate a hexagonal overlayer with an
atomic spacing which is about 3% larger than in bulk
Rh. The equilibrium structure of these layers will be dis-
cussed elsewhere? but the transition between the 1D and
2D structure requires still more detailed studies.

IV. DISCUSSION

The results reported in Sec. III demonstrate the useful-
ness of LEED and A¢ measurements for the study of
metastable linear clusters and extend previous work done
with FIM to larger surfaces and higher temperature.
Larger surfaces are important because of the limitation of
the possible cluster configurations by the small planes
available in FIM and because of the temperature limita-
tion due to diffusion of the adsorbate off the plane at tem-
peratures above 350-400 K. Where the results overlap,
good agreement is found with the FIM data. The tenden-
cy of Rh and Pt to form very long chains®!%2% in contrast
to Ir which tends more to a mixture of 1D and 2D clus-
ters?’ is confirmed here; likewise the transition from 1D
to 2D clusters with increasing temperature. Also, the de-
tailed analysis of the © and T, dependence of A¢ gives
quantitative data on activitation energies and prefactors
of the processes involved in the 1D—2D cluster transi-
tion and other structural changes? although the nature
of the processes cannot be identified in contrast to FIM.
In addition, LEED shows that the chains can be much
longer than the linear dimensions of the planes used in
FIM and that the temperatures at which the 1D—2D
transition is completed are much higher than deduced
from FIM (=490,530, and 700 K for Rh, Pt, and Ir, re-
spectively). Of particular interest is the tendency of the
chains to order in a chain lattice, increasing from Pt to Ir
to Rh. This dependence upon the adsorbate suggests that
the ordering is not so much a consequence of the instabil-
ity of the substrate against periodic lattice distortions?®
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but more likely caused by oscillating lateral interactions
between the chains which favor a threefold periodicity.
If the chain lattice could be grown in a single domain it
would reach saturation coverage at ©=1. The observa-
tion that the maximum A¢ upon annealing is obtained at
much lower coverage (©6=0.11-0.20) shows that 2D re-
gions already form much earlier, presumably at the inter-
sections of {(111) and {111) chains as observed in FIM.
In the case of Rh the (3X 1) structure can be seen already
at very small coverages (©~=0.05). This suggests island
formation which requires a surprisingly strong attractive
interaction at three atomic distances, a challenge to
theory. Long narrow islands in only one of two
equivalent orientations have been observed on a much
larger scale in 2D islands of Au on W(110) by low-energy
electron microscopy (see, e.g., Fig. 12.11a in Ref. 16). It
would be interesting to examine if large chain lattice re-
gions in only one orientation can also be grown in order
to understand this unusual long-range order of atomically
flat terraces.

V. SUMMARY

We have shown that two simple and well-established
experimental methods, LEED and A¢ measurements, can
be used to obtain detailed information on 1D clusters and
on the transition to 2D clusters with increasing coverage
and temperature. This opens up the possibility of study-
ing a much wider variety of adsorbates and substrates
than those accessible to FIM. It is hoped that such stud-
ies will lead to a better understanding of this one-
dimensional order which is possible only due to the or-
dering field of the substrate.
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FIG. 7. LEED patterns of metal atom adsorbates on W(110).
(a) Pt at ©= 1 as deposited (45 eV), (b) Rh at © = } as deposited
(73 eV), (c) Rh at © = I after annealing at T < T, (55 eV), (d) Rh

b)

at © = 7 after annealing at about 1200 K (48 eV).



