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Fluctuation spectroscopy of step edges on Pt(111) and Pd(111)
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By step fluctuation spectroscopy, using low-energy electron microscopy (LEEM), we investigate step ener-
gies and relaxation on clean Pt(111) and Pd(111) surfaces at temperatures above half the melting temperature
T,.. Some effort has been expended to develop accurate procedures for analyzing fluctuations observed as
video recordings. The average step stiffnesses are about 210 meV/nm and 265 meV/nm for Pt and Pd, weakly
temperature dependent, and in each case fairly isotropic with mainly a sixfold angular variation. Consequently,
the step free energies are highly isotropic. At the lower temperatures, the relaxation rates of fluctuations with
wave vector, g, vary as ¢°. This is the unambiguous signature of step relaxation by surface diffusion over the
terraces. It affords accurate determinations of the surface mass diffusion coefficients D,=5(Xx2*!)
X 10~ exp(=1.2%0.1 eV/kgT) cm?/s for Pt(111) and D,=3(Xx2.5%") X 1073 exp(=1.15£0.15 eV/kzT) cm?/s
for Pd(111). At more elevated temperatures the measured rates vary approximately as ¢> in both cases. This
corresponds to the surface process being short-circuited by a faster flow of bulk vacancies. Known bulk
diffusion coefficients for Pt and Pd are consistent with this interpretation. An effective procedure is developed
to separate bulk and surface contributions. There is the appearance of universality in the fluctuation processes,
which approximates as an homologous dependence on 7/T,,. It is observed for Pt(111) at 1400 K and above
that neighboring steps react to form multisteps that retain capillary characteristics. The stiffnesses of multisteps
formed from up to five associated steps have been determined by fluctuation spectroscopy and are employed to
discuss the energetics of multistep formation. Clear evidence is found that the multistep free energy contains
important contributions from internal degrees of freedom. The kinetics of multistep fluctuations are explained
by the same diffusion coefficient D, determined from single steps.
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I. INTRODUCTION

This paper reports kinetic and energetic properties of
clean Pt(111) and Pd(111) surfaces in a range of temperatures
that lies above half the melting temperature 7,,. The main
kinetic information appears as values for the surface mass
diffusion coefficient D, of the surface in thermal equilibrium.
D, measures the rate at which tracers at equilibrium on the
surface progress distance R according to R*?=4D¢, with ¢ the
elapsed time. In the simplest case, when a single-defect
mechanism is dominant, D, is the product of the
(temperature-dependent) hopping diffusion coefficient D of
adatoms, ! presumed to be the dominant thermal defects,
and their (temperature-dependent) fractional occupancy of
surface sites. Each factor is thermally activated, so D, obeys
an Arrhenius relationship with an activation energy equal to
the sum of formation and hopping parts. Hopping rates of
adatoms have been widely explored.> However, neither the
thermal concentrations nor the mass diffusion is easy to mea-
sure, so that the typical behavior of D, on clean metal sur-
faces still remains largely to be established. It is important
here that Dy also determines the surface flux that flows in
response to a gradient of chemical potential such as that cre-
ated by a curved step.

The energetic characteristic of a curved step that drives

local mass flow is the Gibbs-Thompson potential u= E x with

x the step curvature and ,E? its stiffness. The stiffness is re-
lated to the step free energy 8 per unit length by*
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in which 6 is the azimuthal angle of the step. Here we define
6 by the downhill normal to the step, measured relative to
some crystallographic axis. The profile of a step fluctuates in
time as thermal defects are transferred between the step and
the adjacent terraces. It turns out that the kinetics of the

profiles are determined by D, and ,@ Thus a study of step
fluctuations can be used to measure both the step free energy
and surface diffusion.>”’

We are engaged in an extended program that employs the
spectroscopy of step fluctuations, observed by low-energy
electron microscopy (LEEM), to explore diffusion and step
energetics on the close-packed surfaces of refractory and
noble metals. For these materials, vacuum compatibility
makes results reasonably reproducible. LEEM yields video
output of micron-sized areas with ~10 nm resolution at 30
frames per second, characteristics that are well suited to the
capillary fluctuations (see below) of steps on metal surfaces
at temperatures ~7,,/2. Our recent effort have concerned
Mo(011) (Ref. 8) and Au(111) (Ref. 9). The present research
reports detailed results for two similar and almost ideal
close-packed surfaces Pt(111) and Pd(111). Brief reports of
results for Pt steps’ and multisteps,'® using a preliminary
procedure for analysis of video records, point in addition to
important features of energetics and kinetics that behave sys-
tematically among alternative surfaces.!! Examples are the
observation that diffusion is approximately universal among
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surfaces, when viewed as a homologous function of 7/T7,,
and that step stiffnesses in this range are unexpectedly small
and temperature insensitive. Optimized procedures for deriv-
ing step and terrace properties from video tape are lacking
from the pioneering efforts that used LEEM (Ref. 6) and
reflection electron microscopy (REM) (Ref. 5) for these pur-
poses, so a significant part of our subsequent research has
been to develop reliable new procedures, described below.
The application of these improved methods to Pt cause the
deduced values of stiffness and D, to change by factors up to
50% in a nonsystematic manner, so these are matters of some
interest for future research. The purpose of the present paper
is to report, first, the required improvements of methods for
data analysis, second the resulting stiffness and kinetic prop-
erties these procedures yield for the similar surfaces of
Pt(111) and Pd(111), and finally to assess the light these re-
sults shed on the possibility raised earlier that surface prop-
erties behave systematically among different metal surfaces.

The step fluctuation spectroscopy employed in this re-
search originates in ideas of capillarity developed for two-
dimensional (2D) objects!? and first applied to the analogous
1D energetics of step edges later by Nozieres.'® In a Fourier
decomposition,

y(x.1) =2y, (t)exp igx, 2)

for a step of length L, and ¢g=2mq/L, q integral, the added
free energy is of second order,

1. -
Ulygh =228y . 3)

and accordingly the amplitudes have Gaussian distributions

with

kgT

(v =="
BLq

In effect, the g~' variation of the mean amplitude with ¢ is a
definition of capillarity and the attendant dependence of en-
ergy on displacement. This exact result also affords a means

4)

.

to obtain ,l~5‘ from direct observation of steps, as pioneered
using LEEM (Ref. 6) and REM (Ref. 5) for Si(001). It needs
to be mentioned that while Eq. (2), as employed, takes the
step to be periodic in L, this is not true in actual images, and
there are practical repercussions in the analysis that are not
under complete control. At the 10 nm resolution offered by
LEEM, atomic details of step profiles are entirely sup-
pressed, and the pertinent step fluctuations with wavelengths
~102-10° nm do have a smooth appearance, just as con-
ceived in the capillary theory that leads to Egs. (2)—(4). One
can show also that the time correlation of the Fourier ampli-
tudes obeys

G0y, 1) = |y, (OPYexp = |t = '|/7,, ©)

with 7, the relaxation time for Fourier mode ¢.'*!?

It is important for this research that the decay kinetics can
be discussed for very general models of the diffusion pro-
cess, without added statistical assumptions, and for general
reaction conditions of arbitrary transport mechanisms at the
step edges.!®> A variation of T;l ~¢> provides a specific sig-
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nature that such reactions do not dominate (this will gener-
ally be the case for metals at high temperatures) and that
mass diffusion over the terraces, by any operative micro-
scopic mechanism, is the pathway by which relaxation takes
place.®!%!5 Under these conditions, the unambiguous predic-
tion is that

7' =2ApBDaq’lkyT. (6)

Here, A is the surface area per atom and a the interlayer
spacing.  Alternative ~ mechanisms  have  different
signatures.*!® In particular, mass diffusion through the bulk,
regardless of mechanism, causes relaxation approximated
by!5:17

T;l = wABDq*/akgT, (7)

with a D, the coefficient for bulk mass diffusion.

The above equations follow generally from the Nernst
Einstein equation for flow and the capillary nature of the
fluctuating object.'> Accordingly, they are expected to find
application for other capillary objects in addition to single
steps. An example is the multistep, recently defined as step
complexes that retain capillary characteristics,'? formed by
the association of almost-parallel steps. Facets also form in
this way and retain capillary behavior such as fluctuations
(e.g., on Nb films'®) but may be distinguished by the appear-
ance of locking to primitive crystallographic azimuths. Step
reactions are observed on clean surfaces,'%2 on adsorbate-
covered surfaces,?!?? and step bunches form through growth
instabilities.?® Configurations of one to four steps have been
observed on Si(113) after quenching.>* In a preliminary re-
port we described a variety of multisteps with different
heights that form on Pt(111) at temperatures above about
1400 K.'° Their energetics and kinetics are reported and dis-
cussed more precisely in the present paper.

The step free energy and the surface energy of terraces
determine the energy per unit of a multiterrace surface as the
surface energy together with the step energies (and the step-
step interactions).?>%® Values of the step stiffness as a func-
tion of orientation for isolated steps thus provide a path to
the basic energetics of surfaces. Even for clean, vacuum-
compatible metal surfaces, the available information presents
an uncertainty of almost an order of magnitude in the typical

value of S for clean metals.®2728 In the case of Pt(111),
relevant here, measurements using scanning tunneling mi-
croscopy (STM) below 500 K have been interpreted in terms
of stiffnesses ~3—4 eV/nm,'®?® whereas a preliminary ac-
count of the present research gave a value ~0.2 eV/nm
above 900 K.” Differences of this magnitude among ob-
served properties reflect the primitive character of present
knowledge, which theory has not been able to resolve. The
stiffness could possibly decrease abruptly between these
temperatures. It has long been anticipated that metal surfaces
may exhibit a step roughening transition above which the
step free energy is greatly reduced in this way.>?° Argu-
ments for this transition stand mainly on entropic factors due
to the proliferation of kinks on the step profile. Experiments
described below suggest that the typical behavior is not in
accordance with these expectations.
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Each of the (face-centered-cubic) refractory metals Pt and
Pd, chosen for this study, is well suited by low reactivity to
the UHV conditions required for experiments on clean sur-
faces, and their (111) surfaces have been the subject of nu-
merous prior investigations that we now summarize. The
various techniques employed include low-energy electron
diffraction methods,>*3? photoemission spectroscopy,’>3
x-ray,>®37 ion3®3 and He atom scattering,***! scanning tun-
neling microscopy,*>* low-energy electron microscopy,*®
reflection electron microscopy,*’ and ion erosion.*® It is per-
tinent that the LEEM studies*® of islands on Pt (111) above
1100 K observe effects of bulk vacancies being created at
the free surface. Clean Pt(111) and clean Pd(111) are both
known to lack reconstruction at room temperature and low
pressure, but Pt(111) reconstructs reversibly above 1330 K
(Refs. 30, 31, 36, and 37) and also reconstructs under super-
saturated Pt vapor at 400-700 K (Refs. 42 and 43). The
Pt(111) reconstruction increases the surface density of atoms
by 4% to create alternating domains of ideal fcc stacking and
faulted hcp stacking, separated by disordered arrangements
of misfit surface dislocations referred to as double stripes.
The double stripes on Pt(111), symmetry 3m, lie along three
equivalent orientations and leave the surface under isotropic
compression. They are observed for both the high- and low-
temperature reconstructions. At low temperatures the stripes
form a hexagonal honeycomb structure with cells varying
from 10 to 30 nm. An increase of chemical potential drives
the honeycomb pattern towards an appearance of wavy tri-
angles and star structures.

In what follows, Sec. II outlines the main features of
equipment, sample handling, and data acquisition and pro-
vides details of the data analysis procedures developed to
obtain quantitatively reliable stiffnesses and diffusion coeffi-
cient. The main results of our investigations of single steps
and multisteps on Pt(111) and Pd(111) are then presented in
Sec. III. Section IV interprets the results and places the cases
of Pt and Pd in the broader context of surface properties.

II. EXPERIMENT

The present study of Pt(111) and Pd(111) follows work on
Mo(001), Nb(011), and Au(l111) that employs the same
equipment and similar methods. For this reason, the present
account of equipment and procedures is concise, with refer-
ence to more complete description elsewhere when possible.

A LEEM built at IBM, with operating characteristics de-
scribed by Tromp and Reuter,** was employed in this re-
search. Its upper chamber has been extensively rebuilt in-
house to conveniently accommodate various sample
manipulations including sample introduction, processing,
and growth. Techniques relevant to the present work include
in situ Ar*-ion sputtering and Auger analysis. The LEEM has
a base pressure maintained in the 107!! torr range. It is ca-
pable of operating at sample temperatures up to 1700 K, us-
ing electron beam heating directed to the rear of the sample.
Temperatures were measured to +15 K using a disappearing
filament pyrometer above 1000 K and an infrared optical
pyrometer over the entire range of the present experiments.

Platinum and palladium fcc crystals were purchased from
the Surface Preparation Laboratory in the form of disks
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1 mm thick and 9 mm in diameter, and oriented (111) to
within ~0.1°. Care was taken to ensure that the sample face
was fully cleaned before measurements were undertaken.
Prior to introduction into the LEEM they were cleaned in an
auxiliary vacuum chamber by many cycles of Ar*-ion sput-
tering at room temperature followed by anneals at 1300 K
for Pt(111) and 1100 K for Pd(111), with occasional O, ex-
posure. A sharp LEED pattern with no additional spots and a
low secondary background were finally achieved in each
case before the crystal was placed in the LEEM. Once there,
a similar cycling was renewed briefly to restore the pristine
surface. Auger analysis revealed no foreign species, with
<1% sensitivity.

Large areas of the Pt and Pd surfaces were relatively per-
fect, with steps reasonably parallel and well spaced, consis-
tent with the average surface miscut. For Pt it proved diffi-
cult to find regions with sufficiently varied step orientations
to afford an opportunity to explore angle dependent factors.
Typical views of the cleaned surfaces at elevated tempera-
tures are given for Pt and Pd in Figs. 1(a) and 1(b), respec-
tively. It is apparent that the two surfaces are almost ideal for
step fluctuation studies. In this research, 65 lines were stud-
ied on Pt(111) at 11 temperatures, comprising 53 single steps
and 12 multisteps. All 60 steps studied for Pd were single
steps.

Our procedures for step profile analysis continue to be
refined, but remain in part as described in an earlier report.”$
Digitized images were rotated to a convenient orientation,
and the step profile was identified by fitting a Gaussian to the
line intensity profile, thereby locating a line center for each
row to a fraction of a pixel. The bilinear rotation had no
negative impact on image quality. An example of Pt steps,
marked along their lengths by such fitted centers, is given in
Fig. 2(a), with intensity profile below. Sequences of 1 -2 min
of frames at video rates (f=30 s~!), making more than 103
frames per run, were processed and then fast Fourier trans-
formed (FFT) to obtain the y,(¢) as a time sequence. From
these, {|y,(r)[*) and (yq(t)y;](t’» could be obtained by
straightforward methods. Any residual inclination of the av-
erage line relative to the zero axis causes the Fourier com-
ponents of a triangle to be added to those of the fluctuations.
To eliminate errors of the average slope we employed a “tri-
angle subtraction.”

Figure 2(b) shows an example the variation with g of
([y,(0]*) for Pd at 1090 K. The open points represent raw
data, and the solid points are the same results when the spa-
tial and temporal bandwidths of the LEEM are deconvolved
from the output, as detailed elsewhere.® There is excellent
agreement with the dependence on g2 predicted by capillary
theory, through Eq. (4). Equally satisfactory results were
found in almost all other cases. The noise power in the Fou-
rier amplitudes is evidently low enough, since the data yield
consistent experimental values of (|y,(r)|?), for q as large as
22 for Pt at low temperatures. At high temperatures, results
were confined to a smaller range of g values, where relax-
ation rates approached the limiting video rate. The indepen-
dent results for so many Fourier components provide an ex-
cellent opportunity to explore step kinetics, as illustrated

inset in Fig. 2(b). There, values of 3 derived for different g,
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FIG. 1. (a) LEEM micrographs showing Pt(111) surface features
at 1375 K and an impact energy E=5 eV. Almost ideal straight
single step edges are visible. The step angles studied here have
—14° < #<-4°. (b) The Pd(111) surface at 1235 K taken with E
=20 eV, 0=26°. The step angles studied have —6° < #<65°. For
each image, the broken arrow indicates the average step orientation
(normal to the length) relative to the close- packed direction. The
orientation is based on a LEED image not shown. The field of view
is 2.6 um.

directly from the respective amplitudes, exhibit a satisfactory
scatter about a common mean.

There nevertheless occurs some spurious noise in the Fou-
rier amplitudes, apparently associated with the cutoff of the
step at each end of the arbitrary length L, typically ~2.2 um.
In the manipulation of Fourier data such end effects are often
handled using a “window” function®® designed to reduce end
effects. Of these, the best known “Hanning” window multi-
plies the profile prior to its FFT by [1-cos(2my/L)]/2 to
deemphasize displacements at the two ends. Because any
such window distorts the resulting amplitudes as functions of
q, window procedures cannot properly be employed to obtain
(|y,(1)|?). In the case of time correlations, however, we found
that the Hanning window gave a considerable reduction of
experimental noise, as evidenced by the scatter of the data,
without systematic modification of the deduced relaxation
times, within the uncertainties, although individual results
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FIG. 2. (a) The left panel shows steps marked by fitting Gaus-
sians to the intensity profiles, for Pt(111) at 1330 K, with E
=18 eV. Right panel shows step profiles at a 2-s interval at 1460 K
for Pt(111) and at 1090 K for Pd(111). (b) Squared Fourier ampli-
tudes shown as a function of ¢ for a single Pd step at 1090 K. Open
circles represent raw data, and solid points are data corrected for
constant pixel noise, spatial, and temporal resolutions. A straight
line fit shows the ¢~> dependence of amplitudes. Inset shows the
variations of stiffness with q calculated using Eq. (4). 1 frame
(1)=1/30s, ¢ [nm~"]=2mq/L, q=1,2,..., integral, and with L
~2.2 pm.

are changed. This is illustrated by an example shown in Fig.
3 and described in what follows.

Figure 3(a) shows the normalized time correlation
(yq(t)y;(t’))/(yq(t)y:(t)) for Pd at 1090 K, evaluated for sev-
eral Fourier components ¢, for both the triangle subtraction
[see Fig. 3(a)] and Hanning [see Fig. 3(b)] procedures. An
initial point of importance in (a) is that the normalized time
correlation is expected, by definition, to decay from 1 at ¢’
=t to 0 at ' —t— 0. Instead, the observed correlations often
decay to a substantial and nonzero value. This happens
mainly because the line is bent or rotated by local strains or
other fields on the surface, so that the final relaxed shape has
nonzero Fourier components. Given this interpretation, the
correct time correlation requires that the t— oo value be sub-
tracted for all earlier times. In this connection it is notewor-
thy that the Hanning window often reduces the erroneous
correlations at long times, presumably because any average
curvature causes its largest displacements at the ends. It is an
important matter that this correction applies additionally to
the =0 value (|y,(r)|?). In our use of the triangle subtraction
to determine stiffness, the deduced values of the step stiff-
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FIG. 3. Relaxation times obtained from fits to time correlations
F(r) for Pd(111) at 1090 K. (a) With the “triangle” subtraction,
FFT’s calculated from profiles with average slope subtracted often
exhibit an offset as " — o that must be subtracted in a calculation of
the stiffness. Thus corrected E=0.27 eV/nm for the data set of Fig.
2. (b) With the Hanning window function applied to the profiles to
suppress end effects, the relaxation times do not show big changes
from (a) but offsets are greatly reduced. (c) Comparison of the
“triangle” subtraction (open circles) and the Hanning analysis (solid
circles). The power dependence ¢“ fits with @=2.64+0.19 and «
=2.62+0.19 in the two cases, and the two methods yield relaxation
times differing here by 25%.

nesses are increased by the elimination of the spurious cor-
relations that arise from static step structure, thus identified.

Returning now to the use of window functions, Fig. 3(c)
shows how fitted values of 7';1 obtained from the data in
Figs. 3(a) and 3(b) using triangle and Hanning methods, re-
spectively, each vary with g. Several matters are clarified by
this graph. First, the two methods do yield similar exponents,
so that the power-law dependence is fitted as ¢>%% and ¢>%* in
the two cases. Second, the scatter of points is noticeably less
for the Hanning procedure. Third, the exponents are quite
close to the value 3 predicted for relaxation driven by surface
diffusion [cf. Eq. (5)]. This is central to the identification of
surface mass diffusion coefficients in Sec. III. Finally, the
absolute magnitude of the relaxation time is modified by
~25%, and the changes enter directly into deduced diffusion
coefficients.
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FIG. 4. Mean orientation dependence of the stiffnesses. Experi-
mental data for Pd (solid circles) and Pt (open circles) were fitted to
the constant and cos 66 terms of a Fourier series. The best mean-
square fit for Pd is obtained for —2° azimuth. The isotropic part is
B=0.27 eV/nm for Pd(111) at 1190 K and B=0.21 eV/nm for
Pt(111) at all temperatures given a weak T dependence of 3 (see
Fig. 5). The Pt surface was smoother than Pd so steps occupied a
limited range of angles. Inset shows polar plot of the almost isotro-
pic step free energy (gray shaded area) of Pd(111) obtained from the
stiffness.

II1. RESULTS AND ANALYSIS

The results presented here are organized for convenience
into three areas respectively concerning step stiffness, diffu-
sion driven kinetics, and multistep behavior.

A. Step stiffness

It is shown above that the step stiffness follow directly
from (|yq(t)|2), subject to possible corrections from any re-
maining correlation at r— . Because the measured stiffness
enters as a significant factor into the analysis of kinetics, it is
most convenient to deal with the stiffnesses first.

From the measured squared amplitudes, for steps of dif-
ferent orientation at a selected temperature, we have deter-

mined the dependence of E( 0) on O for Pd and, to a lesser
degree, for Pt. The final values are shown in Fig. 4. There,
the results for Pd at 1190 K, shown as solid circles, cover an
angular range of 70°. This range is sufficient to define the
angle dependence almost completely for the given (3m) sur-
face symmetry. The observed values do not depart far from
isotropy, and the deviations seem consistent with mainly a
sixfold departure alone. The solid line through the angle-
dependent data represents the fit

B(6) =270+ 15 + (40 = 10)cos 60 meV/nm. (8)

The best fit gives the angular reference at 2°, close to the

expected symmetry of about [112].

For the case of Pt our results are less complete because
the surface was macroscopically smoother and so offered
less opportunity to study steps over a wide range of angles.
Steps were nevertheless explored over a range ~14° of ori-
entations, with results presented in Fig. 4 as open circles.
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FIG. 5. Average stiffnesses along the prevalent miscut for
Pt(111) (open circles) and Pd(111) (solid circles) showing their
weak temperature dependence.

The available range is much too small to afford a definitive

measurement of 3(6), and further analysis depends on an
assumed functional form. In an earlier effort we employed a
threefold deviation from isotropy, in keeping with the basic
symmetry of the terrace. However, ancillary observations of
small islands at these temperatures have since suggested that
the threefold component of the free energy is small, leaving
an observed sixfold island anisotropy, as in Eq. (8) for Pd. A
fit of this assumed form to all the data yields the result

E(ﬁ):ZlOilS—(lOiS)cos 66 meV/nm 9)

for Pt. Evidently the step stiffness for Pt is more isotropic
than that for Pd at these temperatures. Note that the step free
energy follows from a Fourier transform of Eq. (9) with the
same isotropic term and the sixfold (n=6) anisotropy a factor
—(n?—1)=-35 smaller that that of the stiffness, as indicated
inset in Fig. 4 for Pd. Our measurements thus show that the
step free energy is remarkably isotropic for these surfaces.
This contrasts with a large anisotropy observed under similar
conditions for Au(111).° At the present time there exists no
explanation for the factors that enter into anisotropy of step
stiffness for individual metals.

Of considerable added interest is the temperature depen-
dence of the step stiffness. For Pt and Pd the step stiffnesses
are shown as functions of temperature in Fig. 5. These results
were obtained by assuming, for lines close to the prevalent

miscut, that B could be factored into two terms: one angle
dependent and the other temperature dependent. For Pt and
Pd the mean step stiffnesses decrease only weakly with tem-
perature. The Pd data set reported here are distinct from a set
reported earlier, and it is reassuring that the two agree rea-
sonably well.?’

B. Step kinetics and diffusion

In this section we present mode relaxation times deter-
mined by step fluctuation spectroscopy and interpret them in
terms of microscopic diffusion mechanisms. As described in
Sec. II, relaxation times determined with use of the Hanning
window function provide the most precise measure of the
rates, and for this reason the procedure is employed for all
the results reported in this section.
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FIG. 6. (a) The dependence of the measured relaxation times on
wave vector q for Pt(111) at 1190 K (open circles) and at 1520 K
(open squares). Rates 7' vary closely as ¢° at low temperature as
expected for relaxation limited by terrace diffusion and as ¢ at high
temperature (solid lines). The dashed lines show reversed ¢° rate
and ¢ for comparison. (b) Similar graphs for Pd(111) at 1050 K
(solid circles) and 1300 K (solid squares). (c) The variation of av-
eraged power law « for all lines as a function of 7/7,, 1 frame
(1)=1/30s, g [nm™"]=2mq/L, q=1,2,..., integral, L~2.2 um.

A valuable feature of the present research is the ability to
track the microscopic mechanism to which the observed re-
laxation may be attributed. In this connection, Fig. 6(a)
shows for Pt and Fig. 6(b) for Pd the dependence of relax-
ation rate on wave vector index q at selected temperatures.
The power laws of fits to such data show a change of expo-
nent from roughly 3 to 2, from low to high temperature, in
both data sets, as the selected examples indicate. From the
complete results in Fig. 6(c) the transition centers on T/T,,
~0.67 for Pt(111) and ~0.65 for Pd(111).

The variation as ¢ at low temperatures (~7,,/2) is cen-
tral to the interpretation of the data. Of comparable interest is
the observation that the behavior at higher temperatures ap-
proaches a different limit of ~g? As far as is currently
known, the ¢ dependence is the unambiguous signature of
diffusion to steps over the neighboring terraces,*'*!3 as re-
viewed in Sec. I. In this process, surface defects pass from
regions of high chemical potential on a step to regions of low
chemical potential by flow loops that pass over the terraces.
Therefore the relaxation times determined at low T by Fig. 6
may be attributed with some confidence to surface diffusion.
Absolute values of D, may then be derived by use of Eq. (6).
In contrast, several mechanisms can possibly create the g°
dependence of relaxation that is clearly observed for both
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metals at higher 7. These include two that can be ruled out.
Of these the first is relaxation depressed by slow defect re-
actions at the step, which is compatible neither with the ob-
served speed of relaxation nor with the likely size of Ehrlich-
Schwoebel barrier’!? in these metals at high temperatures.
A second is that alternative sinks for defect flow adjacent to
the steps, including other steps, modify the kinetics,*!°
which is not consistent with the observed clean, wide ter-
races. A process of greater interest here is the effect of bulk
vacancies in short-circuiting the surface process by alterna-
tive flow loops that pass through the bulk and provide a more
effective mechanism at high temperature. For several de-
cades, quantitative measurements have been available for
bulk diffusion at high temperature in a wide variety of met-
als, including Pt and Pd.’® As a result it is possible to predict
beforehand, with reasonable accuracy, the contribution that
bulk diffusion makes to step relaxation on both Pt and Pd.
This turns out to be the dominant mechanism for step relax-
ation at high temperatures.

Ondrejcek et al.” treat data approximately by assuming
that surface and bulk processes simply add. In this way they
obtain the equation

L?Z =D, + (2gal/m)D;. (10)
77,Bq°A

Figure 7(a) for Pt(111) shows for various temperatures the
quantity on the left, plotted as a function of ¢ for the best
data, which include only >2 and 7,' <25 s™' (30 s7" is the
frame rate). The data for the lowest four temperatures are
linear in q with at most small intercepts at q=0 [see also the
inset in Fig. 7(a)]; from Eq. (10), this identifies the process
with surface diffusion. From the slopes so determined, D(7)
is shown against T,,/T in Fig. 8(a). The surface fraction for
the higher temperatures in Fig. 8(a) is small and poorly de-
termined. The resulting intercepts in Fig. 7(a) are shown in
Fig. 8(b) as values of the bulk diffusion D,,.

The line passing near the points in Fig. 8(b) compares the
resulting values with the values determined decades ago by
radio tracer methods. The solid line through the data repre-
sents the tracer result D,=0.57 exp(-2.85 eV/kzT) cm?/s
determined for the particular temperature range.* We remark
that there are no adjustable parameters whatever in this com-
parison of tracer results with the present data. Thus the radio
tracer results are seen to afford a remarkably effective pre-
diction for the observed step fluctuation spectra in the bulk-
dominated regime. The coarse dotted line below the data
points indicates other Pt diffusion measured>>°® by radio
tracer methods, but taken at higher temperatures and extrapo-
lated into the present temperature range. While curvature of
diffusion plots is documented®*>’ and may be the origin of
the visible difference between the different sets of tracer re-
sults, it must be recognized also that the uncertainties of
activation energies, as determined by tracer measurements,
also can account for differences of this magnitude.

A similar analysis of Pd results is shown in Fig. 7(b).
There is a smaller proportion of bulk diffusion in the range
studied, so that the surface diffusion can be followed further.
The resulting plot of Dy is presented in Fig. 8(a) as solid
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FIG. 7. Effective diffusion coefficients plotted as a function of
wave number q from Eq. (10) for (a) Pt(111) and (b) Pd(111). At
any given T, the slope fixes the D, and the intercept gives D,. For
actual temperatures see Fig. 6(c). Inset of (a) shows fits for Pt(111)
at low T, giving D;=5X10"*exp(-1.2 eV/kgT) cm’s~' and D,
~0.8 exp(—2.85 eV/kgT) cm?s~! (the latter is not accurately deter-
mined). The fit for Pd(111), inset in (b), yields D=3 X 1073
exp(—1.15 eV/kgT) cm?s7!.

circles. Using the same procedure as for Pt it is possible to
identify some contribution of bulk diffusion at the higher
temperatures, although the quantitative values are not suffi-
ciently certain to warrant detailed analysis. A fine dotted line
in Fig. 8(b) represents the tracer results extrapolated from
high temperature.’® The values inferred here are substantially
larger, and it is not known whether this arises from curvature
or from the combined experimental uncertainties. In all,
however, the results for Pd, like those for Pt, are in generally
fair agreement with Eq. (7) and known diffusion properties.

By dividing out the ¢? factor, the data presented in Fig. 8
offer a sensitive insight into the surface diffusion process.
The solid lines in Fig. 8(a) fitted to the experimental points
by the above procedure are derived for Pt by fitting diffusion
coefficients in the domain where surface diffusion is domi-
nant:

D, =5(X2*") X 10™* exp(— 1.2+ 0.1 eV/kzT) cm?/s.
For Pd, the fitted line gives
D, =3(x2.5%") X 107} exp(— 1.15 £ 0.15 eV/kgT) cm?/s.

A broader if less sensitive perspective on the results is

obtained by comparing measured 7, with values predicted

from chosen diffusion coefficients. A comparison of this type
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FIG. 8. Surface (a) and bulk (b) diffusion coefficients obtained
by fits to Pt(111) and Pd(111) results in Fig. 7. For both surfaces,
the scatter in (a) is large at high T and in (b) at low T, owing to
increasing dominance of the competing process. The solid line
through the Pt results in (b) represents published tracer results (Ref.
54) from this T range, while the dashed line is from tracer results
extrapolated from high 7' (Refs. 55 and 56). The dotted line shows
tracer results (Ref. 58) for Pd extrapolated from high 7. The solid
line through the Pd points is a least-squares fit for high
temperatures.

is shown for Pd in Fig. 9(a) as a function of q at fixed 7 and
as a function of T at fixed q in Fig. 9(b). These graphs use
data from the Hanning analysis and diffusion parameters:

D, =0.2 exp(—2.75 eV/kgT) cm?/s,

D, =2.9 X 107 exp(— 1.2 eV/kzT) cm?/s.

The results are thus fairly insensitive to the type of analysis
employed. Also, the diffusion parameters are close to those
determined in Fig. 8. For Pt, a global fit to data obtained
using the Hanning analysis yields

D, =0.55 exp(— 2.7 eV/kgT) cm?/s,

D, =5 X 10 exp(- 1.21 eV/kzT) cm?/s.

An earlier analysis with the triangle correction’ gave noisier
data and a similar D, and with

D, =2 X 10 exp(= 1.25 eV/kgT) cm?/s.

The differences are not large. From an analysis of surface
scratches on Pt(111) smoothing during annealing, an activa-
tion energy of 1.12 eV for surface diffusion has been
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FIG. 9. Observed relaxation rates compared with predictions for
Pd(111). In (a) the measured rates 7';1 are shown for various 7T as
functions of g, and in (b), the T dependence is shown for selected
values of q. The solid lines are predicted from Eq. (10)
for D,=0.2exp(-2.75eV/kzT) cm’s™!  and D,=2.9X1073
exp(—1.1 eV/kgT) cm?s~".

inferred.’® This value, also, is in satisfactory agreement with
the results reported above.

C. Multisteps

In an earlier brief note'® the stiffnesses and kinetics re-
ported for multisteps on Pt(111) were obtained by the tri-
angle subtraction procedure, before the significance of corre-
lations at r—o was recognized. The following account
differs first in the use of the corrected analysis and, second,
employs the Hanning procedure for kinetics. The resulting

values E and D, are changed considerably in some cases.

Step stiffnesses obtained using the triangle subtraction,
and now corrected for the correlations observed as t— % at
1500 K, are presented inset in Fig. 10 as solid circles. Re-
sults of the earlier approximate analysis!? are indicated there
by open circles. The revised values increase almost linearly
with step number n. This is not the case in the absence of the
t— oo correction, as made apparent by Fig. 10. In the main
panel of Fig. 10 the temperature dependences of the mea-
sured stiffnesses is reported. Only at 1500 K could values be
determined for all n.

For the kinetics of multisteps, the present revisions em-
ploy the Hanning analysis of relaxation processes. The
changed results nevertheless support global conclusions
similar to those reported earlier using the “triangle” correc-
tion. We note here that the capillary derivation leading to
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FIG. 10. Measured values of E,l for multisteps on Pt (111) with
1=n=<5. For n>2 results are available only above 7~ 1400 K.
The grey circle at 1400 K for n=2 lies in the region of unstable
steps. Inset compares the dependence of B,l on n at 1500 K (solid
circles) with solid line showing Enzn,é,. Results of an earlier in-
complete analysis (Ref. 10) are shown as open circles.

Eqgs. (7) and (10) carries through for multisteps in all but one
respect. That is, the multistep displacement must be written
with A/n in place of the factor A employed for the single
step, because n adatoms are required to move the multistep
through the area per atom, A. Provided that the multistep
structure causes no further complication in the kinetics, we
may write for Eq. (10)

wkpTn

m =[D, + (m/2ga)D;] = Dy, (11)

in which 7, is the decay rate for the mode g of a multistep of

height n. It follows that the quantity

Lq) = Byt /n (12)

should be independent of multistep height n and this is the
basis upon which experiment is compared with prediction in
what follows. [In a preliminary report the substitution a
= /A with () the atomic volume, was employed in Eq. (11)
to identify, erroneously, A2 in place of A there and, hence, n?
in place of n in Eq. (12). We believe that { in the present Eq.
(12) contains the correct scaling. ]

In Fig. 11, 7! is shown as a function of q for multisteps
on Pt(111) for steps of height n<35. To a fair approximation,
the results for different multistep heights do fall close to the
same line and so conform to the predicted scaling. Evidently
the capillary modeling does provide a good first description
of the multistep kinetics. A second perspective on this matter
is presented inset in the main figure, where the effective
surface diffusion coefficient, denoted by D, is derived for
the best-determined data, which have 3=<q<7 at T
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FIG. 11. Variation of {,(q)~" with q and n, determined from
measurements of ,é,, and 7,,. The solid line indicates a q*> depen-
dence. The values are fairly independent of n, as predicted. Inset
sketch at the top shows multistep modeled as a net with sparse
contacts. Inset at the bottom shows an effective surface mass diffu-
sion coefficient D as a function of n, here derived from the best-
determined data (3<q<7) at 1500 K for Pt(111). This surface dif-
fusion coefficient depends only weakly on step height (inset).

=1500 K, are shown as a function of step height n. Clearly,
the kinetics of capillary fluctuations for steps of different
height determine much the same terrace diffusion coefficient,
independent of n and g. We conclude that the internal struc-
ture of the multisteps must lack major consequence for the
kinetics of their equilibrium fluctuations, so that the behavior
can be approximated by a capillary model, in agreement with
an earlier assessment.'” A model of multistep structure as a
dilute network, shown inset in Fig. 11, is discussed below.

IV. DISCUSSION

The values of E reported in Sec. III have generally similar
features for Pt(111) and Pd(111). In several respects they also
resemble earlier results obtained by step fluctuation spectros-
copy for the metals Mo(011) (Ref. 8) and Au(111) (Ref. 9).
In each case the step stiffness just above T,/2 is

~250 meV/nm. The observed values of B depend only
weakly on temperature, apparently decreasing slightly with
increasing 7 in several cases. In order of magnitude a free
energy decrease of this size would identify a step entropy of
~kg/nm. One characteristic in which the several surfaces

differ significantly is in the anisotropy of B. In the present
work, Pd(111) and Pt(111) are much more isotropic than
Au(111) and Mo(011) above 0.5T,,. Too few surfaces have as
yet been studied for systematic trends to be identified. Nev-
ertheless, the differences among similar metals make it hard
to see how these stiffnesses could find an explanation in
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terms of macroscopic ideas such as elasticity. Furthermore,
the stability with temperature change seems inconsistent with
the possibility that the small step stiffnesses are a sum of
large terms with opposite signs.

In contrast to the present observations, step roughening
transitions, in which the step free energy becomes small or
zero, have a striking effect on the appearance of a surface, as
documented for Si(001) (Ref. 14) and S/Fe(011) (Ref. 11)
studied by LEEM. What happens is that the step length in-
creases without apparent bounds as the step profile under-
goes progressively larger displacements of shorter periodic-
ity. It has long been expected that metal surfaces would
exhibit step roughening for entropic reasons connected with
kink formation at elevated temperatures.*'® Our LEEM ob-
servations on clean metals at higher temperatures show no
traces of any such roughening, only smooth fluctuations of
average step profiles with average profiles determined by
surface contours. Also, the magnitude of step entropy de-
duced above is consistent, for example, with modest frac-
tional frequency changes for several atoms for each nanom-
eter of step or else with some fractional change of step free
energy between O K and T,,. Neither the step free energy nor
its entropic portion can be calculated from first principles
accurately at the present time, so a detailed explanation of
the results is not possible.

The present results add to a discrepancy, by up to an order
of magnitude, in the step stiffnesses reported for particular
metal surfaces at high temperatures and at low
temperatures.' In the case of Pt, for example, the low tem-
perature value is reported as 3—4 eV/nm,**® which agrees
poorly with the value of 0.2 eV/nm determined here. Other
than 7, the main difference in the experiments lies in the
equipment employed for observation, which is LEEM or
REM at high temperatures and STM at low temperatures. It
remains possible, of course, that major changes of stiffness
occur at 7<T,/2, although no large changes have as yet
been reported. Two merits of the LEEM results are that the ¢
dependence affords multiple, mutually consistent determina-

tions of ,@ at each T and that the elevated temperatures tend
to reduce heterogeneous step trapping at defects or impurity
islands.

Turning now to kinetics, we affirm that a systematic pro-
cedure is now in place to interpret fluctuation kinetics in
terms of surface and bulk mass diffusion coefficients. Here
once more the observed g dependence is an important asset
that permits the clear separation of surface and bulk compo-
nents. One caution is that the present analysis rests on a
supposition that the two processes have additive effects, for
which the validity remains a matter for future study.!”

Within this framework, the step edges on Pt(111) and
Pd(111) conform to a growing body of information that sug-
gests that surface mass diffusion on close-packed metal sur-
faces may be notably systematic. Specifically, the diffusion
coefficients are similar when shown homologously as a func-
tion of 7/T,,. A strong trend of this type in bulk diffusion of
metals has been known and documented®®®! for decades. The
analogous behavior has been suggested for metal surfaces
also,%%!7 but the experimental information needed to assess
the actual behavior has been lacking. The present results for
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FIG. 12. Surface mass diffusion coefficients for the close packed
surfaces Pt(111), Pd(111) (present data), and Au(111), shown as
functions of 7,,/T. The values of Dy and the magnitudes of
D are similar to an earlier suggestion (Ref. 17) D,~5Xx 107
exp(=6T,,/T) indicated by the dashed line. Homologous behavior is
known also for bulk diffusion D, shown for the same three metals.

surface mass diffusion are presented as functions of 7,,/7T in
Fig. 12, together with results for Au(111) derived by similar
means and reported elsewhere.” The corresponding bulk
tracer results are shown also, for comparison. In the range of
homologous temperatures shown, the three sets of surface
data conform closely to a common trend from which they
scatter by a factor typically less than 3. The line represents
the average behavior suggested elsewhere:%3!7-?7

D, =5 X 10" exp— 67,/T cm?/s.

The result for surface mass diffusion differs notably in
both prefactor and activation energy from the documented
average result D,=0.3 exp—17T,,/T cm?/s for bulk diffusion
(see Fig. 12). This is hardly surprising given the large per-
turbation in the surface layer and the fact that the bulk pro-
cess takes place via vacancy hopping whereas the surface
diffusion is thought to occur by adatom motion. Various cal-
culations support a view that the activation energy on close-
packed surfaces is largely for defect formation, with perhaps
20%-30% for defect hopping.®* Thus, an independent
measurement of the hopping energy for Pt adatoms reports®
0.26 eV, which is to be compared with 1.2 eV for the sum of
hopping and formation energies, as measured in the present
research.

Because both D, and D, are said to depend on T,,/T
alone, it follows that their combination in Eq. (11) for step
fluctuations takes this form also; some degree of universality
is therefore to be expected in step relaxation phenomena, as
outlined in more detail elsewhere.!” In the results of Sec.
III B, the behaviors of Pt and Pd are not identical, but the
crossover from the surface regime to fluctuations dominated
by bulk diffusion takes place at similar values of 7/T,,
~0.66 as anticipated from the model and with similar abso-
lute diffusion rates for the two metals.!” This is true also for
Au,’ although in that case the data are more scattered owing
to more difficult experimental conditions. In all, the experi-
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ment on these close packed surfaces must be said to conform
well to the suggested average behaviors.

Finally, with regard to the properties of multisteps, the
observations reported for Pt(111) in this paper constitute a
significant fraction of the total information currently avail-
able about multisteps. Multisteps on this surface form readily
above 1400 K and are accessible to fluctuation analysis. The
properties finally identified herein differ markedly from an
earlier preliminary analysis,'” but lead to parallel conclu-
sions, summarized here.

From the present analysis, multistep energies on Pt(111)
increase almost linearly with height n for n<35 (see Fig. 10).
Because S is fairly isotropic, even for single steps (see, e.g.,
Fig. 4), we may take the measured isotropic stiffnesses Bn of
multisteps as approximate measures of the multistep free en-
ergies f3,. These structures possess also contributions of free
energy due to the observed fluctuation modes. A reasonable
estimate!® of the extra free energy per atom length
(~0.2 nm) due to capillary modes for & <kgT is

1
f -~ EkBT In S/kBT,

with & the energy to make a kink. At 1500 K, typically
In(e/kgT) ~~1. Then f~-0.25 eV/nm is negative and com-
parable in magnitude with B, so that the net free energy of
single steps is small and possibly negative. If multisteps
were to possess the same number of capillary modes as
single steps and a possibly larger &,, their negative contribu-
tion is smaller, while the positive line energy is larger, mak-
ing a much larger positive sum. It now becomes impossible
from these two contributions to the free energy alone, given
the observed increase of 8, with n, to explain how two single
steps reacting to form a two-step can cause a reduction of
free energy.'!? This is nevertheless required by the observed
reactions forming multisteps at 1400 K. The problem be-
comes progressively more intractable with increasing n. In
the present work, this interesting fact is made still less trac-
table because the correct multistep energies are further in-
creased relative to the single-step energy.
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A suggested'” resolution of this difficulty remains consis-
tent with the accurate line energies reported here. It is that
multisteps have internal structure and internal modes, whose
excitation further reduces their net free energies at elevated
temperatures. Internal structure is indeed visible on
quenched multisteps examined near atomic resolution.’* We
speculate that these internal degrees of freedom are available
for excitation. A limiting model is that multisteps comprise a
network of single steps with sparse interconnections, so that
the free energy per unit length of the component single steps
is largely preserved in the combined structure. A cartoon of
this structure, inset in Fig. 11, resembles an earlier sugges-
tion from modeling.67 The observed reactions, in which the
network adds or subtracts unit steps, then reflect small dif-
ferences in the two free energies that evidently change in the
sense of favoring multisteps as the temperature is raised. It
appears that fractional free energy differences on so fine a
scale fall beyond the present capabilities for theoretical pre-
diction, since neither the structures of multisteps nor their net
free energies have as yet been calculated with success. The
experimental facts reported here nevertheless provide quite
specific insight into these complex phenomena.

The kinetics of multisteps, reported in Sec. III, also bear
on multistep structure in an interesting way. Since their fluc-
tuations, as described by capillary theory with the observed
stiffnesses, are consistent with a common effective diffusion
coefficient (Fig. 11), the actual internal structures can have
little or no effect on the efficiency with which thermal de-
fects exchange with the multistep. It seems reasonable that
multisteps modeled by a loose network of single steps, as
proposed here, could behave in the observed manner.
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