
Step fluctuation studies of surface diffusion and step stiffness for the Ni(111) surface

M. Ondrejcek,* M. Rajappan, W. Swiech, and C. P. Flynn
Department of Physics and Materials Research Laboratory, University of Illinois at Urbana-Champaign, Urbana, Illinois 61801, USA

�Received 16 August 2005; revised manuscript received 25 October 2005; published 12 January 2006�

Step edge fluctuations on clean Ni�111� are investigated using low-energy electron microscopy. When
interpreted as capillary waves the fluctuations yield values of the surface mass diffusion coefficient Ds and the

step edge stiffness �̃ in the temperature range 1050–1340 K. �̃�� ,T� is of magnitude �300 meV/nm at 1200
K, almost independent of step orientation �, and decreases with increasing temperature T. At the lower
temperatures, the decay of capillary modes depends on wave vector q as q3, as expected for surface diffusion
over terraces next to the step. Also, the deduced surface diffusion coefficient Ds=10−4±0.5 exp
��−0.65�0.1 eV/kBT� cm2/s is consistent with that on similar surfaces when scaled to homologous tempera-
tures by the melting temperature Tm, in keeping with a recently suggested universality. A component of step
relaxation driven by bulk diffusion above 0.65Tm is reasonably consistent with bulk diffusion results obtained
much earlier using radio tracer methods. This result is contrasted with earlier discussions that postulate a
regime of high-temperature surface diffusion with a large activation energy and very large prefactor. Sublima-
tion detected here by step edge flow near 0.75Tm is consistent with the known cohesive energy.
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I. INTRODUCTION

Diffusion on the surfaces of crystals has been studied for
almost a century.1 It is a central component in many pro-
cesses of practical importance, such as the kinetics of chemi-
cal reactivity,2 the stability of growth modes,3 and the physi-
cal smoothing that occurs on surfaces held at high
temperatures.4 Seminal papers by Mullins5 distinguish sur-
face diffusion from other processes, such as bulk diffusion,
vapor transport, and plastic flow, that also contribute to
smoothing, and establish that the several processes could be
identified by their differing dependences on the particular
wavelength representative of the roughness.

For clarity it is necessary to recognize two different dif-
fusion coefficients. First, there is the hopping diffusion coef-
ficient of surface atoms that measures the mean-square dis-
placement of each mobile atom over a given time interval, as
reviewed, for example, by Kellogg6 and by Ehrlich.7 Second,
there is the mass diffusion coefficient that measures the sur-
face flux of a species in response to a gradient of chemical
potential, as reviewed by Seebauer and Allen8 and Bonzel.9

Reviews that focus on adsorbate diffusion are given by
Gomer10 and by Naumovets and Vedula.11 The surface mass
diffusion coefficient Ds contains the equilibrium fraction of
mobile atoms in addition to the hopping diffusion rate. It is
the quantity of central interest in the present paper.

An extensive literature8,9 discusses two characteristic tem-
perature regimes of diffusion that contribute to surface
smoothing. First, at high temperatures, near the melting tem-
perature Tm, Ds has a high activation energy comparable to
that of the bulk, and a high prefactor �104 cm2/s. Second, in
a low-temperature regime T�0.6Tm, Ds has a small activa-
tion energy and prefactor �10−4 cm2/s. These possibilities
are clarified in the present research. Specifically, it is shown
here for Ni�111� that the high-temperature regime comprises
volume diffusion misinterpreted as surface diffusion.

In this paper, we report measurements of surface mass
diffusion on the clean �111� surface of fcc nickel. Low-index

Ni surfaces have been studied extensively in the past, by
both experiment and theory, partly due to the technological
importance of nickel and its compounds. Recent
experiments12–14 deal mainly with Ni oxidation, Ni-based ca-
talysis, and Ni alloys. Studies of diffusion, energetics, and
morphology on clean Ni terraces remain important as models
of more complex systems. Single and multiple steps formed
on vicinal Ni�111� were observed in low-energy electron dif-
fraction �LEED� research15 prompted by observed Ni�111�
faceting at 1500 K.16,17 Single-adatom diffusion observed by
field ion microscopy �FIM�18 appears to be the only diffusion
study of nickel surfaces since Bonzel and Latta’s19 1978 re-
port of Ds for Ni�110�. Hopping and mass self-diffusion are
summarized by Seebauer and Allen,8 and theoretical studies
by Liu et al.20 A brief summary follows.

Surface mass diffusion on Ni was studied during the pe-
riod 1960–1980. Maiya and Blakely16 and Blakely and
Mykura21 obtained Ed=0.62 eV and D0�5�10−4 cm2/s for
vicinal Ni�111� from the observed relaxation of sinusoidal
surfaces �etched “scratches”� at temperatures between 1075
and 1475 K �0.6�T�0.85Tm� using interferometry. They
recognized Mullins’ view5 that surface and bulk processes
could be distinguished by their wavelength dependences, but
used samples that faceted and were not well cleaned by to-
day’s standards. With scratches �10 �m wide and high-
precision profilometry, Azzeri and Colombo17 obtained
D0�105 cm2 s−1 and Ed=2.79 eV for T�0.75 Tm �1300 K�,
and confirmed that Ni�111� facets at 1500 K. In other reports,
Ed varied from 0.82 at low T and for cleaner surfaces, to
1.85 eV for low-index surface planes studied by
interferometry16,22 for T�0.6 Tm or field emission
microscopy �FEM� at lower T.23,24 The prefactors D0 ranged
from 0.01 to tens of cm2 s−1 for T�0.45 Tm �see Ref. 8�.
The FEM technique averages diffusion processes over a
range of surface planes; Ed rose from 1.08 eV on clean Ni
to 1.17 eV with 0.3 ML sulfur.24 Bonzel and Latta19 used
interference methods on Ni�011� in UHV to find two
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temperature regimes. Below 1150 K with Ds=9�10−3

exp�−0.76 eV/kBT� cm2/s along �11̄0� and Ds=470
�exp�−1.95 eV/kBT� cm2/s along �001�. Above 1150 K, the
diffusion was isotropic and similar to the latter values. The
wavelength dependence was omitted as a means to identify
mechanisms, and a variety of explanations were proposed for
different observed regimes.25,8,19

Hopping diffusion of single atoms has been examined by
FIM at low T. The activation energy of adatoms on Ni�111�
is 0.33 eV �Ref. 26� or 0.22 eV �Ref. 18� with a prefactor
�10−5 cm2/s. Ed=0.84 eV for step edge atoms ascending to
the upper terrace �which includes adatom formation�.

Only over the past few years has the role of bulk diffusion
in surface processes, identified by Blakely and Mykura27 for
scratch smoothing, been quantified more precisely for
Pt�111� and Pd�111�.28,29 The two contributions to step relax-
ation of �i� bulk vacancy flow and �ii� surface defect flow
over terraces, exchange dominance from the former to the
latter as the temperature is lowered through about 0.65Tm.
Surfaces as sources for bulk defects have been documented
for Pt�111� �Ref. 30� and NiAl�011�.31

In a number of recent publications,28,29,32–34 we discuss
step fluctuation spectroscopy as a means to explore the en-
ergetics of straight steps and the diffusive relaxation of step
profiles on the clean, close-packed surfaces of vacuum-
compatible metals. The analysis makes use of step profiles
recorded as video sequences obtained by low-energy electron
microscopy �LEEM�. Earlier work examined the behavior on
Si�100� �Ref. 35� and Si�111�.36 One main merit of the ap-
proach is that step fluctuations, interpreted as capillary
waves, offer explicit signatures that confirm the assumed
capillary character of the process. Thus, the step stiffness

�̃�� ,T�, for the given temperature T and step orientation �,
follows directly37 from equipartition as

��yq�2� =
kBT

�̃q2L
. �1�

Reviews of step behavior are available.38,39 Similar formula
describes amplitudes in real space rather than Fourier
space.40 In Eq. �1�, yq is the wave amplitude �Fourier com-
ponent q of the step profile� and L the length of step ana-

lyzed; the step stiffness �̃ is related to the free energy per
unit length �line tension� � by

�̃ = � +
�2�

��2 �2�

The important point is that the dependence of Eq. �1� on
wave vector as q−2 can be checked experimentally to verify
the assumed capillary behavior.

In a similar way, the kinetics of the step profile fluctua-
tions offer explicit signatures that help to identify particular
operative mechanisms. Step fluctuations relax because fluxes
of thermal defects respond to the chemical potential differ-
ence between points of negative and positive step curvature,
owing to the Gibbs-Thompson effect; this flow transports

matter that reduces the amplitude of the fluctuation. Fourier
amplitudes relax exponentially with rates determined from
correlation measurements. Thus,

�yq�t��yq
*�t�� = ��yq�t��2�exp	− �t� − t�

	q

, �t� � t� �3�

where, for relaxation by surface diffusion,34,38

	q
−1 =

2A�̃Dsq
3

kBT
�4�

and for relaxation by bulk diffusion,28

	q
−1 =


A�̃Dbq2

akBT
�5�

In these equations, Ds and Db are the surface and bulk mass
diffusion coefficients, A is the surface area per atom, and a is
the interplanar spacing. Experiments that explore step fluc-
tuations can employ the different explicit q dependences to
identify the two different mechanisms in practical cases. In
the recent experiments, these factors are employed to distin-
guish surface diffusion from bulk diffusion. When two
mechanisms occur together, it is commonly assumed that
their effects are additive so that

	q
−1 = 
�Db +

2qa



Ds�A�̃q2

akBT
�6�

although this is not proven. Behavior in crossover regimes
has been discussed explicitly.41–43 It bears comment that nei-

ther �̃�� ,T� nor Ds has proved easy to measure by alternative
methods. Bulk diffusion is known from radio tracer
measurements.44–46

The research reported in the present paper continues an
effort to investigate the surface properties of vacuum-
compatible metals at elevated temperatures. Here we report
step fluctuation results for Ni�111�. In combination with ear-
lier results for Pd�111� and Pt�111�, the Ni�111� results com-
plete examination of a column of similar metals from the
periodic table and, thus, affords interesting comparisons. Our
discussion of Ni diffusion differs from earlier treatment. We
show that behavior at high temperatures can be explained by
dominant bulk diffusion rather than by surface diffusion and
that the large activation energy and very large prefactor then
have natural explanations. Sublimation detected here by step
flow observed near 0.75Tm is consistent with the known co-
hesive energy.

Section II of the paper summarizes experimental details.
Section III reports our results for Ni�111�, and Sec. IV dis-
cusses matters of further interest.

II. EXPERIMENTAL

As details of the equipment and analysis procedures have
been presented in earlier publications,29,32 only a brief sum-
mary is needed here. A LEEM designed and built by Tromp47

has been modified with in situ sample preparation and pro-
cessing capabilities; it has a base pressure in the 10−11 torr
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range and operates with samples up to 1700 K.
A single crystal of Ni�111� 9 mm diameter, with the front

surface miscut by � 0.2°, was purchased from the Surface
Preparation Laboratory. Two independent series of experi-
ments were performed, each preceded by a full cleaning pro-
cedure as follows. The initial cleaning, in a UHV preparation
chamber with LEED optics, used cycles of 1 keV Ar+ ion
bombardment at room temperature followed by annealing in
UHV at 1050 K, and occasionally in 10−6 Pa of O2. The
crystal was also heated for several days in 5�10−5 Pa of H2
to remove bulk sulfur, until it attained a p�1�1� LEED pat-
tern with sharp spots. After a final heating close to the maxi-
mum experimental temperature of 1350 K, the crystal was
quickly transferred under N2 to the LEEM introduction
stage, and Ar+, O2, and H2 cleaning resumed for several
days, with Auger electron spectroscopy �AES�, LEED, and
LEEM employed to monitor surface conditions. Auger
analysis revealed a trace of new surface sulfur after an ex-
tended anneal at high temperature, but the clean surface
could be restored by fresh sputtering followed by a modest
anneal. A typical LEEM image of the clean surface with
almost parallel steps is given in Fig. 1.

Video sequences from the cleaned crystal were rotated,
digitized, and Fourier amplitudes of step profile yq�t� deter-
mined frame by frame, so that mean-square amplitudes
��yq�t��2� and correlation functions �yq�t��yq* �t�� could be ex-
tracted for each sequence. Methods described elsewhere cor-
rect these results for spatial and temporal resolution, pixel
noise, and nonzero correlations at long times arising from
bent or tilted steps.29 These procedures yield amplitudes to
�1 nm for wavelengths 2
 /q�100 nm, and relaxation
times 	q�30 ms.

The q−2 variation of ��yq�t��2� expected for capillary waves
was generally observed, as illustrated in Fig. 2 for a step
studied at 1105 K. Each individual q then defines a value of

�̃ as shown in inset in Fig. 2�b�, from which a best mean can
be selected. These provided the final data for step stiffness at
any given temperature. Correlation functions were fitted to
exponential decays, as in the example for T=1105 K shown
in Fig. 3�a�. It will be apparent in some cases that the func-

tion fails to reach zero at long times, for which the correction
mentioned above becomes necessary.32 The resulting relax-
ation times exemplified in Fig. 3�b� were employed, as de-
scribed in Sec. III, to determine diffusive properties and, in
particular, to separate the surface and bulk contributions to
the observed step relaxation.

The lowest temperatures for data acquisition in the
present research were set by the expanding time scale, which
generally exceeded the experimental constraints of image
drift and microscope stage stability at temperatures below
about Tm /2. The upper temperature limit was set by sample
evaporation, generally visible as a steady drift of the step
edges progressively across the screen, at speeds that increase
with T. A few runs were taken in this regime, with results
described below in Sec. III. Also, at these temperatures,
fewer than six modes were accessible because relaxation
rates for larger q exceeded the available time resolution
�1 frame=33 ms�.

III. RESULTS

Here we present results for �i� step stiffnesses and ener-
gies, including the relationship to island shapes; �ii� surface
and bulk diffusion; and �iii� sublimation of Ni�111� at high
temperatures.

A. Step stiffness on Ni(111)

Ni melts at Tm=1728 K. Step stiffness measurements
were completed in this research through the temperature

FIG. 1. LEEM image showing nearly ideal straight step edges
on the Ni�111� surface at 1150 K �impact energy E=4 eV�. The
broken arrow indicates the average step orientation �normal to the
step length� of �=−18° relative to the close-packed direction �ob-
tained from a LEED image not shown�. The steps pass uphill from
left to right. A screw dislocation occurs where the step terminates
�lower left�.

FIG. 2. �a� Steps marked by fitting Gaussians to the intensity
profiles �1105 K, E=4 eV�. �b� Squared Fourier amplitudes at 1105
K shown as a function of q for a single Ni step. Open circles are
raw data and full points are corrected for constant pixel noise, spa-
tial, and temporal resolutions. A straight line fit shows the q−2 de-
pendence of amplitudes expected for capillary waves. Inset shows
the variations of deduced stiffness with q. 1 frame �1f�=1/30 s,
q �nm−1�=2
q/L, q=1, 2, ..., integral and L�2.2 �m.
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range 0.5Tm�T�0.67Tm or 1050 K�T�1340 K. Values
of �̃ thus obtained are shown as a function of T in Fig. 4�a�.
The variation is featureless within experimental uncertainty,
and with a decreasing trend with temperature increase. The
broken line represents a least-squares fit to the unweighted
experimental points.

Various areas of the annealed crystal possessed slightly
differing miscuts. This made possible studies of the step
properties as a function of step orientation relative to the
surface crystallographic axes. Ni�111� has 3 m symmetry so
at least 60° of data are needed to fully fix the angular behav-
ior. A total of 50 lines were studied for 13 angles in the range
−28° ���75°. Results are presented in Fig. 4�b� as a plot

of �̃��� / �̄ at 1155 K, with �̄ the angular average. By deriv-
ing the relative stiffnesses from fits to the q dependence of
the Hanning relaxation rates, using Eq. �4�, we avoided
added scatter from the triangle subtraction analysis.29 The
advantage of this choice is certainly evident in the data of

Fig. 4�b�; also, little or no dependence of �̃ on � is visible. In
connection with this latter observation, we have also studied
the shapes of islands occasionally present on otherwise fea-
tureless terraces. The islands are notably isotropic, as may be
seen, for example, in Fig. 4�c�. It is known that the island

shape is related to the step free energy � through a Wulff

transformation,48 with �, in turn, related to �̃ through the
Legendre transformation, Eq. �2�. The circular island shape

thus provides a sensitive confirmation of the isotropy of �̃
determined here from step fluctuations �see Fig. 4�b��.

B. Surface and bulk diffusion

It is not initially known whether the observed step relax-
ation at these temperatures is due to the motion of atoms by
surface or by bulk diffusion. A means to distinguish between
these processes is provided by their dependence on fluctua-
tion wave vector q, as detailed above. With the surface con-
tribution to 	q

−1 varying as q3 and the bulk as q2, the two may
be separated by a method that is described by Ondrejcek et
al.,29 with �	qq2�−1 shown as a function of q. Then, the inter-
cept at q=0 gives the contribution of bulk diffusion and the
slope reflects the surface diffusion alone. Implicit in this
treatment28 is the assumption that surface and bulk effects
are simply additive in the net relaxation �Eq. �6��, although
this remains still to be demonstrated for practical examples.

Figure 5 illustrates the results for the case of Ni�111�.
Straight lines of non-negative intercept are first fitted to the
data for the lowest temperatures. Their slopes indicate sur-
face diffusion coefficients shown in Fig. 6�a�. Intercepts are
plotted in Fig. 6�b� as values of the bulk diffusion coefficient.

FIG. 3. �a� Exponential fits to time correlations F�t� for several
q at 1105 K obtained with Hanning window function to suppress
end effects. �b� Power-law fits q� to relaxation rates for five tem-
peratures �=3.1±0.1 at 1105 K, 2.8±0.1 at 1155 K, 2.6±0.2 at
1200 K, 2.6±0.1 at 1245 K, and 1.9±0.1 at 1340 K. The results are
near q3 at low temperature as predicted for terrace diffusion. No
sharp transition to q2 occurs at higher T. Values above T
�1280 K are influenced by sublimation.

FIG. 4. �a� Average step stiffness on Ni�111� shown as a func-
tion of temperature. The line is a least-squares fit. �b� Angle depen-
dence of stiffness derived from relaxation rates �see text�. Stiffness
exhibits little or no dependence on step orientation. �c� Observed
island shape measured at 1050 K confirms the almost isotropic step
free energy.
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The surface diffusion determined in this way is

Ds�T� = 10−4±0.5 exp�− 0.65 � 0.1 eV/kBT� cm2/s

�a least-squares fit gave an actual prefactor 9.3
�10−5 cm2/s�. Further comments on this result are deferred
to Sec. IV.

The data for bulk diffusion obtained here do define a mag-
nitude of diffusion but are not precise enough to offer an
independent assessment of an activation energy and prefac-
tor. Shown as a broken line in Fig. 6�b� is the bulk diffusion
predicted from diffusion parameters determined earlier by
radio tracer measurements.46,49 These are smaller than the
present values by an order of magnitude. It is worth noting in
this connection that tracer measurements are confined to
temperatures much higher than those employed here; thus,
the results shown derive from measurements closer to Tm. A
tendency for Arrhenius plots for bulk diffusion to curve to
higher values at lower temperatures44,45 has been widely rec-
ognized, and this is reasonably consistent with Fig. 6�b�.

A final important point in this same connection is pre-
sented in Fig. 7�a�, which shows a surface diffusion as a
function of reciprocal temperature determined by assuming
that the relaxation times are attributable to surface diffusion
throughout the entire range �they are instead due to bulk
diffusion in the upper part of the range�. The dotted line at
low temperatures in the figure correspond to surface diffu-
sion, and the broken line at high temperature indicates a

fictitious surface diffusion with an activation energy that cor-
responds to bulk diffusion. We return in Sec. IV to the way
this behavior illuminates the mistaken earlier speculations8,9

about high- and low-temperature domains of surface diffu-
sion.

C. Sublimation of Ni(111)

An uphill advance of steps over time is observed in a
temperature range above 1260 K where sublimation is
expected.19 For step velocities of �1 nm/s, the process is
slower than that associated with most step fluctuations and is
therefore expected to take place with the surface-defect sys-
tem very close to equilibrium. This entails provision by steps
of equilibrium proportions of adatoms to the terraces, with
an activation energy of the adatom formation free energy Ea,
followed by evaporation of adatoms from the terraces with
the required activation energy of the cohesive energy Ec
−Ea. The net activation energy for the process at equilibrium
is therefore Ec=4.45 eV for Ni.50 In principle, this value re-

FIG. 5. Effective diffusion coefficients for Ni�111� at various
temperatures plotted as a function of wave number q from Eqs. �4�
and �5�. From Eq. �6�, the slope fixes the Ds at any given T and the
intercept gives Db.

FIG. 6. Surface �a� and bulk �b� diffusion coefficients for
Ni�111� obtained by fits to Fig. 5. The scatter is large in �a� at high
T and in �b� at low T, owing to dominance of the competing pro-
cess. In �a� the solid line is a least-squares fit with Ds=9.3
�10−5 exp�−0.65 eV/kBT� cm2/s. The dashed line shows result of
earlier surface smoothing with Ds=5�10−4 exp
��−0.62 eV/kBT� cm2/s. In �b� the fit for high T �solid line� is
Db�1.4 exp�−2.49 eV/kBT� cm2/s and the dashed line is Db

=0.92 exp�−2.88 eV/kBT� cm2/s from radio tracer results. Open
circles mark data obtained in the step flow regime in which Ni
sublimes.
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quires correction for thermal contributions to the free energy
difference with the vapor phase, which, however, amount
only to tenths of electron volts per atom and which fall be-
low the precision available to the present observations.

Figure 8�a� presents images of steps on Ni�111� taken
during sublimation, which causes steps to flow “uphill” as
time progresses. In this figure, steps flow about 0.5 �m �ar-
row� in 45 s. The step flow is quantified by a screw disloca-
tion, made easily visible in the images, by the termination of
the surface step at the point where the screw intersects the
surface. The process in which a screw passes through a step
is itself of interest. It is discussed elsewhere51 for the case of
Nb�011�. Here we employ the screw dislocation, presumed
immobile relative to the Ni lattice, as a fiducial marker to fix
the locations of neighboring step edges as functions of time
in a way that eliminates temporal drifts of the microscope
stage. In Fig. 8�b� are shown, for the three temperatures stud-
ied here, the neighboring step positions in successive video
frames, relative to the screw dislocation. These positions de-
fine mean velocities that are shown as functions of reciprocal

temperature in Fig. 8�b�. The line drawn through the points
represents an activation energy of 4.45 eV equal to the co-
hesive energy. A least-squares fit yields instead 4.7 eV. The
precision of the measurements does not warrant inferences
drawn from these small differences. However, it is possible
to conclude that the sublimation process is, indeed, suffi-
ciently slow that the surface defect system remains close to
the equilibrium configuration. Similar conclusions have been
drawn from reflection electron microscopy observations on
evaporating Si�111�.52

IV. DISCUSSION

Here we offer further comments that place the measured
step stiffnesses and measured surface diffusion coefficients
in a larger context.

With regard to the step stiffness we note that the present
results for Ni�111� complete investigations of a column of
similar metals in the periodic table begun by work29 on
Pd�111� and Pt�111�. Some review of overall behavior is
therefore possible. At �300 meV/nm the step stiffness of
Ni�111� is a little larger than that of the heavier metals. In all
three cases, the stiffness is temperature dependent, with that
for Ni decreasing most rapidly with T. In no case is there any
evidence for a step-roughening transition associated with a
vanishing step free energy, even though the measurements
approach 70% of the melting temperature. Surface roughen-
ing has been reported for Ni�011� above 1300 K.53

A second matter of interest is the anisotropy of the step
stiffness. All three metals have relatively isotropic stiffnesses

FIG. 7. �a� Variation with T of effective Ds for Ni�111� surface
diffusion with coefficients evaluated from the relaxation times �Eq.
�4��. At low T, data points are similar to Fig. 6�a� and dotted line is
Ds=4�10−4 exp�−0.8 eV/kBT� cm2/s. At high T, the broken line is
Ds=1.5�104 exp�−2.7 eV/kBT� cm2/s with the bulk activation en-
ergy �the actual process is not surface diffusion�. �b� Surface mass
diffusion for close packed fcc surfaces Pt, Pd, Au, and Ni, shown as
functions of Tm /T. The values are similar to an earlier suggestion of
universal Ds�10−4 exp�−6 Tm /T� cm2/s indicated by the broken
line.

FIG. 8. �a� Uphill step flow from sublimation at 1340 K is
visible in LEEM images taken 45 s apart �arrows�. A stationary
screw dislocation serves as the fiducial point for the time series. �b�
Time dependence of step positions relative to screw at 1280, 1320,
and 1340 K. �c� Arrhenius plot of average velocities from �b� and
slope fitted well with Ni cohesive energy of 4.45 eV �solid line�.
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and, consequently, step free energies that are still more iso-
tropic by a factor of at least 32−1=8, where 3 recognizes the
3m symmetry of the fcc �111� surface.32,33 Of the three met-
als, Ni is the most isotropic, with little or no observed angu-
lar dependence of island shape or step fluctuations in the
present temperature range. The sixfold anisotropy on Pd�111�
is 25% between �112̄� and �1̄10�, the former being the larger,
and is 10% for Pt�111�. It is notable here that the anisotropy
does not correlate smoothly with atomic mass. In other work
it is found that Au�111�33 and Mo�011�32 exhibit very large
anisotropies of step stiffness. Apparently, no predictive
theory is as yet available to explain these important charac-
teristics.

Turning now to the observed surface diffusion, the results
invite comparison on a still broader scale. Evidence has re-
cently been put forward that surface mass diffusion on the
close-packed surfaces of vacuum compatible metals con-
forms to an unexpected type of universality.54,55,29 The be-
havior is similar to that, long recognized but still unex-
plained, for bulk diffusion, which follows the relationship
Db=0.3 exp�−17Tm /T� cm2/s with fair accuracy.43,44 Thus
all metals have approximately the same mass diffusion when
temperatures are scaled to Tm. A similarly homologous be-
havior has recently been attributed to surface mass
diffusion,55,29 as mentioned above.

To see how the Ni�111� results fit into these observations,
Fig. 7�b� shows the surface diffusion on Ni�111�, Pt�111�,
Pd�111�, and Au�111� as functions of Tm /T. The results do,
indeed, lie generally within a factor 3 of average values,
suggested earlier55 to be Ds=5�10−4 exp�−6Tm /T� cm2/s,
and indicated by the broken line in the figure. Further work
is, of course, needed to determine the degree to which all
�111� metal surfaces conform to the trend and whether other
surfaces behave the same way. Any explanation of such uni-
versality requires56 that the ratio of two specific integrals
over the configuration spaces of the crystal must take a par-
ticular value. No reason why this must be the case has, as
yet, been identified.

We return finally to the topic of high- and low-
temperature regimes of surface diffusion on metal surfaces
that remains unresolved in the literature of this area, as re-
viewed in Sec. I. The matter in question originates in the
study of surface smoothing �scratch annealing�, in which
Mullins predicts a q4 dependence for two-dimensional sur-
faces with relaxation driven by surface diffusion, and a q3

dependence for relaxation by diffusion through the bulk �i.e.,
by bulk vacancies�. This differs from the behavior in the
present study of one-dimensional step edges where the sur-
face diffusion drives step relaxation with kinetics dependent
on q3, while the bulk process gives q2 �with logarithmic cor-
rections�. In the present study, the q dependence is employed

to separate the physical mechanisms, as in the use by Blakely
and Mykura27 of Mullins’ predictions.5 Our analysis thus
provides an unambiguous assignment of processes at T
�0.65 Tm to surface diffusion, and those at higher tempera-
tures to step relaxation driven by bulk vacancy diffusion.

It is suggestive, by analogy, that the earlier anomalous
results for surface smoothing, described in the Introduction,
derive from surface diffusion at low temperatures, but from
bulk diffusion rather than the presumed surface diffusion at
high temperatures. This overview, nevertheless, remains to
be demonstrated as a fact. One key to this recognition de-
rives from Fig. 7�a�. In the upper temperature range of step
relaxation, where bulk diffusion becomes dominant, the ef-
fective surface diffusion coefficient shown there has an un-
realistic prefactor D0�104 cm2/s, suggestive of long jumps
or other conceived physical processes. This perspective is,
however, entirely spurious. In fact, the large prefactor results
from the incorrect ascription of a bulk process to surface
diffusion.

The final point to be made here is that this is a more
general problem, not directly dependent on the question of
whether step relaxation or surface smoothing is the matter
under discussion. To see this, suppose generally that two
processes D1 exp�−Q1 /kBT� and D2 exp�−Q2 /kBT� compete
in contributing additively to any particular observed quantity,
such that their contributions cross at T=�Tm. Then,

D1 = D2 exp�− �Q1 − Q2� /�kBTm� .

For the phenomena of concern here Q1−Q2� 1 eV while
kBTm�0.1 eV, and ��2/3 since the crossover occurs near
0.65 Tm. It follows that prefactors must be in the ratio
D1 /D2�e15�3�106. This is the correct order of magnitude
to explain reported prefactors for “surface diffusion” in the
high-temperature regime,8,19 which are a factor �106 larger
than the prefactors �10−3 cm2/s that are reported for actual
surface diffusion at lower temperatures. Thus the early and
confused data for surface diffusion are consistent with the
present results from step fluctuations, and with the related
conclusion that bulk diffusion prevails over surface diffusion
in surface smoothing at high temperatures. It appears that
this conclusion could have been evident beforehand had the
identification of specific mechanisms by their signature de-
pendence on wave vector q been carried out also in the ear-
lier research.
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