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Abstract

The distribution of terrace widths on vicinal Ag(110) surfaces is measured with scanning tunneling microscopy as
a function of mean terrace width (/) and interpreted in terms of a step—step interaction potential. As previously
observed on vicinal Cu(100) surfaces, but in contrast to reports involvin% semiconductor surfaces, the distribution
does not scale simply with (/). For vicinal Ag(110) surfaces with (/) =22 A, the distribution resembles that expected
for noninteracting steps. For {/) = 30 A, the distribution narrows significantly, suggesting repulsive interactions. For
(Iy=40 A, the distribution has a form expected for attractive interactions. The absence of simple scaling of this
distribution reveals that the decay of step-step interactions is more complicated than the /=% behavior expected for
elastic or dipolar repulsions. A nonmonotonic potential is found to reproduce the observed terrace-width distribu-
tions, as demonstrated with Monte Carlo simulations of a terrace—step-kink model. According to this trial potential,
step interactions are dominated by a repulﬁive 172 term at short / and by an RKKY-like oscillatory term at longer /.
The form of the latter term is reminiscent of indirect interactions between adsorbates.

1. Introduction

Although steps are known to play a major role
in equilibrium crystal shapes, thin film growth,
and catalysis, their essential properties remain
poorly characterized. Even the interaction poten-
tial between steps is not well established in either
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form or magnitude. Since these interactions gov-
ern step configurations and the manner in which
steps respond to adsorption, stress, and other
perturbations [1], the understanding of this po-
tential is an important pursuit.

In many cases it has proved reasonable to
describe the interaction potential between steps,
U(]), as repulsive and decaying by /=2, where /
denotes the distance between steps [2,3]. This
form describes energetic interactions expected
from both dipole-dipole [4,5] and elastic effects

0039-6028 /94 /$07.00 © 1994 Elsevier Science B.V. All rights reserved

SSDI 0039-6028(93)E0802-2



748 W.W. Pai et al. / Surface Science 307-309 (1994) 747-754

[6,7]. Given the absence of direct experimental
data to describe step~step interactions, there was
little incentive to develop U(!) further.

Recently, however, microscopic probes of sur-
face structure, such as the scanning tunneling
microscope (STM) and reflection electron micro-
scope, have permitted detailed measurements of
the configuration of steps on single crystal sur-
faces. In particular, measurements of the
terrace-width distribution function P(/) provide a
sensitive probe of step-step interactions. In cases
involving semiconductor surfaces, the form of P(l)
has generally proven consistent with steps which
interact via a repulsive /=2 potential [8—12]. How-
ever, this form for the potential provides an inad-
equate description of the terrace-width distribu-
tions which have been measured on vicinal
Cu(100) surfaces [13]. Although P(!) for Cu(117)
has the shape expected for a simple repulsive
potential, the width and asymmetry of P(l) for
Cu(1,1,19) suggests attractive interactions be-
tween steps. Thus, on these two vicinal Cu(100)
surfaces, the step-step interaction potential
seems to be repulsive for small step separations
and attractive at intermediate step separations.

Several possible sources of attractive step—step
interactions have been identified [5,13]. Attrac-
tive interactions may result from surface stress
relaxation in the vicinity of steps [3,5] or from
dipole—dipole interactions [3,14] (if dominated by
the in-plane orientation). More likely, indirect
step—step interactions mediated by extended
electron states in the substrate may introduce
attractive step—step interactions at some step
separations [5,13]. In order to establish the source
and form of U(/) on metal surfaces more gener-
ally, a more extensive data base must be ob-
tained.

In this paper we report STM measurements of
terrace-width distributions on vicinal Ag(110) sur-
faces with average terrace widths {/) =22, 30,
and 40 A. As in the previous study involving
vicinal Cu(100) surfaces, the width of P(l) is not
simply proportional to {/}, and plots of the scaled
form (I)P(l) versus //{l) depend even qualita-
tively on /), both results indicating the potential
is more complicated than /=2, For these vicinal
Ag(110) surfaces, steps appear noninteracting for

(=22 A, repulsive for {I) =30 A, and attrac-
tive for (/) =40 A. Monte Carlo (MC) simula-
tions based upon a terrace—step—kink (TSK)
model of surface structure and using a rather ad
hoc potential that contains an oscillatory term
beyond the first six lattice spacings is found to
reproduce the observed terrace-width distribu-
tions. While there is insufficient data to warrant
confidence in the specific potential, it is nonethe-
less noteworthy that this potential, with reason-
able parameters, can account for the three distri-
butions. The physical basis of this potential is
explored.

2. Experimental

Experiments were conducted in an ultrahigh-
vacuum chamber (base pressure 6 X 10~!! Torr)
equipped with a scanning tunneling microscope
(Omicron STU-52), reverse-view LEED, and re-
tarding field Auger. All STM measurements were
performed at room temperature with a negative
sample bias of <80 mV and a tunneling current
of 1.0-1.5 nA.

The two macroscopic silver single crystals em-
ployed in this study were obtained from
Monocrystals LTD and mechanically polished
with alumina down to a 0.3 um grit. One of the
crystals was oriented and polished to expose the
(110) surface and the other crystal to expose a
surface miscut by 2.3° from (110) toward the (001)
azimuth. The crystals were mounted on tantalum
sample plates and suspended from the variable
temperature (300-1200 K) sample manipulator.
The samples were initially cleaned by many cycles
of hot (600 K) argon ion sputtering (2 w A 500 eV
Ar* cm™?) and oxidation. After this procedure,
surfaces showed sharp (1 X 1) LEED patterns,
and no contaminants were detectable with AES.

Immediately prior to STM measurements, the
samples were sputtered for 15 min at 300 K,
flash-annealed at 875 K for 60 s, and then cooled
to room temperature at a rate of ~5 K/s. For
both crystals, this treatment produced sharp
LEED spots. When probed with STM, the sam-
ple was found to consist of microscopic (~ 1
um?) regions with different local orientations,
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but with well specified step orientations and den-
sities. These local orientations were generated by
this relatively high temperature (for silver) prepa-
ration, which introduces a low density (~ 1 site /5
pm?) of pinning sites on the surface [15], thereby
preventing the surface from attaining global equi-
librium. Within these micron-sized regions, sub-
stantial fluctuations in the step position are ob-
served, indicating that a local equilibrium is es-
tablished. These local orientations are stable for
times much longer than the time scale (48 h) in

which contamination from background gases can
be detected. Although such variations in local
surface morphologies are not usually desirable,
they prove convenient for the present study.

In order to perform a meaningful study of
step—step interactions, terrace-width distributions
were tabulated only for regions which contained
close-packed steps Eunning along [110]. Distribu-
tions for (/> =30 A and {/) =40 A were mea-
sured on the maocroscopic Ag(110) crystal and
that for {I> =22 A on the macroscopic Ag(110)-

Fig. 1. Scanning tunneling microscopy images of vicinal Ag(110) surfaces at different mean terrace widths {/): (a} {I) =22 A, (b)

(1>=30 A, and (©) (/) =40 A.
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2.3° [001] surface. The P(l) were derived from
large-area (3000 A X 3000 A) scans, well sepa-
rated (> 5000 A) from any pinning site. Two such
large-area scans on macroscopically different re-
gions of the surface are incorporated into each
P().

A statistical analysis of terrace-width distribu-
tions was performed by first creating a grid of
meshpoints on the STM images. (Since the steps
wander significantly, more than one terrace length
may be determined from two adjacent steps.) The
meshpoints are the points of intersection between
the step edge and an equi-spaced array of lines in
the [001] direction. The spacing between the lines
along [110], 40-60 A depending on mean step
separation, was selected to maximize the statisti-
cal information which could be obtained from an
image. Placing the lines closer than 40 A does not
improve the statistics, since correlations in the
position along the step edge extend to distances
of this order. Finally, we note that thermal fluctu-
ations in the position of the step edge on the time
scale of the STM measurement produce a charac-
teristic frizzled step edge, as previously observed
on vicinal Ag(111) [16], Cu(100) [13], and Cu(110)
[17] surfaces. This frizziness introduces an uncer-
tainty in determining the separation between two
adjacent steps, but is effectively averaged out in
the statistical analysis of a large number of mesh
points.

3. Experimental results

Sections of STM images acquired for ) =22,
30, and 40 A are provided in Fig. 1. By inspec-
tion, the distribution o°f terrace widths on the
surfaces with (/) =22 A appears broad yet very
regular. On sglrfaces with average terrace widths
of {I)=30 A, the distribution narrows signifi-
cantly. Finally, on surfaces with average terrace
widths of (/) =40 A the nature of the distribu-
tion no longer appears uniform. Rather, some
steps appear much closer than those observed
even on the surfaces with much smaller mean
step separations, while other steps remain widely
separated.

These qualitative observations of the terrace
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Fig. 2. Scaled terrace-width distributions measured for vicinal
Ag(110) °surfaces with mean terrace widths of (/) =22, 30,
and 40 A are plotted together with the universal distribution
predicted by a free fermion model, which considers only
entropic interactions between steps.

width distribution are confirmed in a statistical
analysis of the data. In Fig. 2 a plot of the scaled
terrace width distribution, {I)P(l) versus [/{I>,
reveals that the terrace-width distribution changes
shape as a functlon of mean terrace width. In the
case of {I)=22 A this distribution is similar to
that expected [18] for steps without energetic
interactions (i.e. the free fermion case). This dis-
tribution narrows for (/) =30 A, as expected for
steps w1th repulsive interactions. Finally, for {/)
=40 A the distribution becomes broad and
asymmetric with one peak in the distribution
clearly evident at small separation [/{l) =0.55
and a second smaller peak in the tail of the
distribution at [/{I) =1.7.

The sensitivity of these distributions to (/) can
thus be used to characterize further the step—step
interaction potential. Formally, the méa§ured
width (w) of the terrace-width distribution is de-
fined via the second moment of the distribution:

=0 211/2
[§<N_> | W

where N is the total number of terrace widths
included in the distribution. In Fig. 3, the experi-
mentally derived widths are compared to those
expected from potentials of the 4/~" form, which
are evaluated using the MC method described



W.W. Pai et al. / Surface Science 307—309 (1994) 747-754 751

8 T T
@] exp data o .
L free fermion
6 (theory) =
L _ free fermion ) <
L (Monte Carlo) =3
' =2
5 4 : A
i == Th=1 ]
2 -
o 1
0 5 10 15

<t>

Fig. 3. Measured width w of the terrace-width distribution
P(l) is compared to theoretical predictions based upon poten-
tials of the form A/™" as a function of mean terrace width
(1), for n=1, 2, and 3, generated by MC in the TSK model,
with A =4. Data area presented as open circles. The solid
line gives the result for the free fermion model [18] describing
steps with no energetic interactions (n =, in this scheme),
with the dotted line showing the Monte Carlo values for
noninteracting steps in the TSK model. The larger w in the
MC results compared to the free fermion values is due to the
moderately high temperature used in the simulation [19].

below. The absocissa in Fig. 3 is expressed in units
of a, =4.09 A (the lattice spacing in the [001]
direction, perpendicular to the steps); thus, {I) =
22, 30, and 40 A correspond to (/) = 5.4, 7.3, and
9.8, respectively. For both the noninteracting (free
fermion) and inverse-square potentials, w in-
creases linearly with (/). (In general, even for
noninteracting steps, an effective /=2 interaction
comes from entropic repulsions.) The proportion-
ality constant decreases slowly, by 4~1/4 with
increasing repulsive amplitude A, once this ener-
getic contribution dominates the entropic repul-
sion. In general, for a repulsive /=" potential, w
is proportional to /¢**2/4[19]. These three exper-
imental distribution widths are inconsistent with
any simple power form. The widths for (/) =22
and 30 A are significantly narrower than expected
for the noninteracting case, suggesting repulsive
potentials. (This result is curious for the smaller-
{I> case, which otherwise has the behavior of
noninteracting steps.) However, the width for (/)
=40 A is much larger than it would be for
noninteracting steps, suggesting attractive inter-
actions.

We thus conclude that the variation in
terrace-width distribution with {/) cannot be de-
scribed by a potential with just a simple power
form. The data strongly suggest there is an oscil-
latory RKKY-like term [20] in the potential to
generate distributions characteristic of attractive,
repulsive, and even noninteracting steps, depend-
ing upon the mean step separation. Such an oscil-
latory term in the interaction potential can arise
from indirect “through metal” interactions via
extended substrate electron states [21], and has
been previously identified as a possible source of
attraction between steps [5,13].

4. Model potential and simulations

We now show with MC simulations that the
distributions observed on vicinal Ag(110) can be
described by a potential with an RKKY-like form
at [ > 6 lattice spacings and a repulsive /~%like
form at smaller step separations.

To obtain a potential for use in our simula-
tions, we began with the general form

A B cos(kl+38)
U =m+— (2)

The first term, with n =2, is just the elastic or
dipolar interaction. We recall that the /=" behav-
ior comes from the r~3 elastic repulsion between
pairs of point defects, separated by r, on a sur-
face. Approximating the steps as lines of inde-
pendent points, we find the /=2 behavior by
naively integrating along one of the steps [22].

The second term has the form expected for
indirect interactions. On metals, the dominant
interaction between chemisorbed atoms (or de-
fects [23]), when there is little charge transfer, is
typically the electronic indirect interaction. This
interaction is insignificant on semiconductors,
since all bands are essentially filled or empty.
Indirect interactions can be attractive or repul-
sive, depending on whether the net coupling of
the adatoms’ wavefunctions is in-phase or out-
of-phase. In the present case, we imagine that
relaxations at step edges provide local perturba-
tions of the substrate comparable to chemisorp-
tive coupling.
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At small separations, the r-dependence of in-
direct interactions can be quite complicated, since
all occupied states contribute, but asymptotically
the interaction is mediated by electrons at the
Fermi level. In this limit, which should be reached
once adatoms are several spacings apart [24], the
interaction reduces to r~? cos(2kyr), where kg
is the Fermi wavevector pointing in the 7 direc-
tion. The exponent p depends strongly on the
electronic states mediating the interaction. The
integration along the step edge is complicated by
the oscillatory factor [22]. Redfield and Zangwill
[5] point out that, given site—site interactions of
the form r~? cos(xr), the inter-row interaction
has the form of the second term of Eq. (2), with
m=p— 3 and 8 =7 /4 [25]. For bulk electronic
states, p =35, so m =9 /2 [5]. When mediated by
(2D-isotropic) surface states, the interaction de-
cays like r~2, as reported by Lau and Kohn [26],
leading by similar arguments [5,25] to m =3 /2 in
Eq. (2). While there apparently are surface states
on the highly anisotropic (110) faces of noble
metals that may well mediate interactions in the
[001] direction, these states exist only near Y [27],
suggesting a small integration range along the
step-edge direction {25], and m much closer to 2.

Lacking definitive information, we chose m =2
as the best estimate in our trial empirical poten-
tial, which in any case should roughly approxi-
mate the actual interactions.

The MC method used to perform the simula-
tions has been described previously [28]. Briefly,
20 steps are created on a square lattice by apply-
ing screw-periodic boundary conditions in the
direction perpendicular to the steps. The lattice
is first allowed 10° MC steps per site to equili-
brate. Then, an additional 10° steps are run to
obtain sufficient data to calculate the distribution
curve with an acceptable signal to noise level.
Since previous experiments [15] on this surface
found a high density of thermally excited kinks,
we set the temperature T = e /k g, where € is the
energy of a unit kink and kp is Boltzmann’s
constant. The potential is then expressed in units
of €, as a function of / in units of lattice spacing
a,.

Our goal in this part of the work was to
concoct an interstep potential with a plausible
form which would lead to P(I)’s similar to those
measured. After many trial simulations involving
different choices of parameters, we were able to
reproduce our experimental observations with the
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Fig. 4. (a) The form of a step—step interaction potential U(/) which describes the terrace-width distributions observed on vicinal
Ag(110) surfaces is shown (solid line) as a function of step separation /. At step separations / > 6, this potential is parameterized as
U(l) = —4 cos(0.8 [ + 1)/1%. At step separations [ < 6, this potential is parameterized as U(/) = —0.1 + 0.55 /I, U(6) is essentially
a free paramater, but retains the minimum of the cosine form. MC simulations of terrace-width distributions were performed at
points A, B, and C, where / matches the mean terrace widths of our data of {/) =22, 30, and 40 A, respectively. (b) Scaled
terrace-width distributions, {/)P(l) vs. 1/{l}, evaluated via MC methods for the empirical step—step interaction potential U({) of
(a). Points A, B, and C denote surfaces with mean terrace widths of {/) =22, 30, and 40 1°\, respectively. The free-fermion
“universal” curve for noninteracting steps, is shown as a solid line for comparison. The calculated scaled terrace-width distributions
are similar to those observed on vicinal Ag(110) surfaces.
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functional form shown as the solid line in Fig. 4a.
This form is U(!) = —4 cos(0.8 + 1)/I? for [ > 6.
At short step—step separations, there is no reason
to expect a simple cosine form. Indeed, for any
reasonable choice of parameters, the strong oscil-
lations in this form at small / lead to spurious
terrace-width distributions inconsistent with the
experimental data. Instead, for [/ < 6 we chose the
form U(l)=A/I*>+ U, and picked 4 =0.55 to
set the strength of the repulsive wall and U, =
—0.1 so that U(]) joins the oscillatory form at
[ =7. Finally, U(6) is treated as a free parameter,
which assumes a slightly deeper minimum than
the cosine term evaluated at this /.

Terrace-width distributions obtained from MC
simulations performed with (I} corresponding to
pomts A (5 spacings or 20 A) B (7 spacings or 29
A), and C (10 spacings or 41 A) are shown in Fig.
4b. The distribution simulated at point A exhibits
a form similar to that of noninteracting steps.
The distribution simulated at point B exhibits the
narrow symmetric form expected for steps with
repulsive interactions. These distributions closely
match our experimental findings. Since points A
and B are close to local minima in U(l), the steps
are constrained into narrow (“repulsive”) distri-
butions. Finally, the distributions simulated at
point C exhibit the very broad asymmetric form
observed experimentally. Since point C is a local
maximum in U(/), steps with this separation will
redistribute to lower their energies, resulting in a
broader distribution. To summarize, MC simula-
tions of terrace-width distributions using the em-
pirical potential of Fig. 4a are consistent with our
experimental findings on vicinal Ag(110) surfaces.
In particular, we note that the distribution max-
ima are reproduced remarkably well in the simu-
lation.

Of course, to develop confidence in the exis-
tence of this oscillatory form, it is necessary to
measure distribution§ on avicinal surfaces with
larger {I) ({I) =56 A, 72 A, etc.).

5. Conclusion

We have measured the terrace-width distribu-
tions for three different (local) misorientations on

vicinal Ag(110) surfaces. Our results confirm ear-
lier reports of much richer behavior on noble-
metal vicinal surfaces compared to that which has
been observed on semiconductor surfaces.

Since the standard deviation of the terrace-
width distribution does not scale simply with av-
erage width, we have evidence that step-step
interactions have a more complicated form than
the AlI~? form familiar from semiconductors.
Since metals have partially filled bands, we sus-
pect there is an additional contribution of indi-
rect interactions between steps analogous to that
between adatoms. However, data sets are still too
limited for definitive conclusions.

While our results are tantalizing, it is clear
that more data over a wider range of misorienta-
tions is needed if we are to characterize convinc-
ingly the form of the interaction potential be-
tween steps. While we were able to mimic our
limited data with a potential of plausible form,
we caution that we have made no checks regard-
ing uniqueness. Even the decay power of the
asymptotic oscillations, crucial to understanding
which substrate electrons mediate the interaction,
has not been adequately determined; the power
of 2 that we used emerged from a limited empiri-
cal search for a viable form. Thus, our plans to
acquire more data are essential if we are to
clarify the nature of the interaction between steps
on vicinal metal surfaces.

6. Addendum

We have also measured P(!) for (/> =35 A on
the corresponding macroscopic orientation,
Ag(110)-2.3° [001]. The asymmetric distribution,
peaked at //{I) = 0.8, is consistent with our em-
pirical potential.
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