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Measurement of step and kink energies and of the step-edge stiffness from island studies
on Pt(111)
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By using temperature-variable scanning tunneling microscopy, we studied two-dimensional vacancy islands
on Pt(111) between 593 and 713 K. Due to the difference in the step free energies of A and B steps, the
equilibrium shape of the vacancy islands has a threefold symmetry. From the analysis of the equilibrium shape
of the vacancy islands, we calculate the angular dependence of the step free energy on Pt(111). The absolute
values for the step free energies per atom of A and B steps are determined from the equilibrium shape
fluctuations to be B8,=348+16 meV/atom and Bz=300+14 meV/atom, respectively. Furthermore, we derive

the temperature dependence of the step-edge stiffness /~3’ with EA between 510 and 453 meV/atom and ,EB
between 1974 and 1104 meV/atom in the temperature range considered. From the stiffness, we obtain the kink
formation energies for A and B steps, £4=143+9 meV and £3=206+9 meV, respectively.
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I. INTRODUCTION

One of the most important energy parameters that deter-
mines equilibrium as well as nonequilibrium properties of
crystals and of crystal surfaces is the step line tension defined
as the work per unit length (or per step atom) needed to
create a step. For uncharged surfaces in vacuum, the step line
tension is equal to the (Helmholtz) free energy of a step.' It
can be understood as the one-dimensional analog to the sur-
face tension, which is the free energy per unit area on un-
charged surfaces in vacuum. The step free energy (and its
dependence on the step-step distance) determines the equi-
librium shape of crystals.>? It is also the driving force for
coarsening phenomena on surfaces such as two-dimensional
Ostwald ripening and therefore a key parameter in epitaxial
growth. Nevertheless, it was only recently that methods were
established to determine the step line tension experimentally,
e.g., from the temperature dependence of the equilibrium
shape of islands on surfaces* and from the equilibrium fluc-
tuations of the island perimeter.>~’ The free energies of steps
on Ag(111), Cu(111), Cu(100), and TiN(111) and TiN(100)
have been measured employing these methods.>"!! In par-
ticular, Kodambaka et al. presented for the first time data on
the orientation dependence of step energies and step stiff-
nesses from island studies on TiN(111) (Refs. 12 and 13) and
(100) (Refs. 9 and 11) surfaces. Recent studies also include
steps on charged metal surfaces in contact with an
electrolyte'*!> (where the step line tension differs from the
free energy!®!7).,

Here, we present the experimental study on the step line
tension of the Pt(111) surface, a surface that was otherwise
extensively studied in the past and has served as a model for
epitaxial growth on metals.'® Using scanning tunneling mi-
croscopy (STM), we have measured the equilibrium shape of
(vacancy) islands in the temperature range between 593 and
713 K. From an inverse Wulff construction on the equilib-
rium shape, the angular dependence of the step line tension is
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obtained. We have furthermore analyzed the equilibrium
fluctuations of islands in the same temperature range, which
renders the mean absolute value of the step line tension.
Combining the two results, we obtain specifically absolute
values for the step free energies per atom of A and B steps
[steps displaying (100) and (111) facets, respectively]. From
the angle dependence of the step free energy, we furthermore
derive the step-edge stiffness. Within the framework of a
low-temperature approximation, kink energies for A and B
steps are calculated. While our results on the step line ten-
sion and kink energies are by and large in keeping with pre-
vious theoretical studies, the values for the stiffness of A and
B steps differ significantly from those reported recently for
Pt(111) at high temperatures.'®

The paper is organized as follows. Section II describes the
experimental procedures. Section III provides a brief sum-
mary of the relevant theoretical equations needed for the
analysis. Experimental results are presented in Sec. IV. Sec-
tion V discusses the results in the context of previous theo-
retical and experimental studies.

II. EXPERIMENT

The experiments were performed in a standard ultrahigh-
vacuum chamber equipped with a temperature-variable
microscope?’?! with high thermal drift stability. The Pt(111)
samples were cut from a (111) single-crystal rod by spark
erosion. They were polished and oriented by diffractometry
to the desired orientation within 0.1°. The surface was
cleaned by repeated cycles of ion sputtering (5.5X 107
mbar Ne, 3 kV, 10 uA sputter current) and subsequent an-
nealing to 1200 K.?2 After 15—20 cycles, the Auger spec-
trum showed no residual carbon contamination on the Pt
samples. Since the detection limit of the Auger spectrometer
is about 1%, some carbon contamination was, however, still
visible in the STM images after 15-20 preparation cycles.
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FIG. 1. STM image of the Pt(111) surface with vacancy islands
at 7=593 K. The scan width is 97.6 nm.

Therefore, the surface cleaning was extended to about
30 cycles after which no surface contamination was detect-
able in STM. The vacancy islands were produced by Ne
sputtering (1 kV, 5 uwA) at the temperature where the mea-
surements eventually were performed. As an example, Fig. 1
shows a STM image of vacancy islands on Pt(111) at 593 K.
For the analysis, we used exclusively islands in equilibrium
as indicated by the presence of island perimeter fluctuations
and the absence of pinning points on the perimeter. Further-
more, we analyzed exclusively islands, which were free to
move and were not restricted by the presence of step and
island edges in close vicinity.

The tunneling tip was made from polycrystalline tungsten
wire by electrochemical etching. In the experiments, we used
a tunneling current of 2 nA and a tunneling bias of 0.6 V
which are appropriate values to prevent an influence of the
tunneling tip on the surface atomic motion on Pt(111).2* The
STM images were analyzed using the computer codes de-
scribed in detail in Refs. 4 and 24.

The island perimeter on (111) surfaces contains two types
of steps with different atomic configurations at the step edges
(Fig. 2): A and B steps forms (100) and (111) microfacets
with the underlying terrace, respectively. In general, the two
steps have different energies, although the difference may be
small. In the case of Cu(111) and Ag (111) for instance, A-
and B-step energies differ by less than 1%.*%7 Consequently,
the equilibrium shapes of islands on these surfaces have
nearly sixfold symmetry. For Pt(111), Michely and Comsa
determined the energy ratio between A and B steps to be 1.15
for temperatures between 700 and 925 K.?? The island equi-
librium shape on Pt(111) therefore resembles a truncated tri-
angle and the symmetry of the islands is visibly threefold.
This is demonstrated in the STM image of a vacancy island
on Pt(111), as shown in Fig. 3(a). The short frizzes visible at
the inner vacancy island edge in Fig. 3(a) are due to the rapid
motion of kinks at the island perimeter2¢ and represent
another manifestation of the perimeter equilibrium fluctua-
tions.
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FIG. 2. Atomic ball model of an island on a fcc (111) surface.
The geometry of alternating island edges is different: A and B steps
form (100) and (111) microfacets, respectively, with the underlying
terrace. For Pt(111), A and B steps have considerably different en-
ergies; hence, the islands display a threefold symmetry.

Islands on crystal surfaces fluctuate around their equilib-
rium shape at finite temperature due to attachment-
detachment processes of individual atoms and diffusion pro-
cesses along the island perimeter.>!>!% In order to measure
the equilibrium shape of islands at a distinct temperature,
one has to average over many individual island shapes. The
total number of individual islands and island shapes required
to determine the equilibrium shape depends on the system
and on the temperature. The number typically ranges from at
least 100 up to several hundreds of island shapes. As an
example, Fig. 3(b) displays the perimeter of the vacancy is-

(b)

FIG. 3. (a) STM image of a vacancy island on Pt(111) at 633 K.
The scan width is 15.2 nm. (b) Island perimeter of the vacancy
island as shown in (a) as obtained from the used computer code. (c)
Equilibrium island shape for Pt(111) at 633 K as found after aver-
aging over more than 800 individual island shapes, as shown in (b).
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FIG. 4. Equilibrium shape (bold solid line) and an island perim-
eter as obtained from an individual island in a particular STM im-
age (thin solid line). Both shapes are normalized to have the same
area. The deviation of the individual shape from the equilibrium
shape is used to determine the fluctuation correlation function [Egs.
(4) and (5)] and from that the step line tension. See text for further
discussion.

land in Fig. 3(a) as detected by our computer code. The
corresponding equilibrium shape obtained by averaging over
more than 800 individual island shapes at 633 K is shown in
Fig. 3(c).

The computer code determines the island perimeter in po-
lar coordinates with the center of mass as the origin. In order
to compare and average the shapes of islands of different
sizes, the island areas are normalized. In total, we analyzed
4500 islands at six different temperatures between 593 and
713 K.

III. THEORY OF ISLAND SHAPE ANALYSIS

The island shape fluctuations are analyzed by comparing
the island perimeter in a distinct STM image with the equi-
librium shape at the same temperature. The procedure is il-
lustrated in Fig. 4. Here, R(6,./) and r(6,) are vectors that
define the perimeter of an 1sland in a particular STM frame j
and the equilibrium island shape, respectively, where 6, is

the polar angle. The relative difference of R(6,,/) and r(¢9 )
in polar coordinates is denoted as
R(6,.)) — r(6,)
N = Ipe /) T )
(0,.7) = : (1)
r(6,)

A measure of the island perimeter fluctuations is
72 2
G(r’J) - 2’7TJ‘0 g (ap?])d0p7 (2)

where 7 is the mean radius of an equilibrium island written in
terms of the angle-dependent island radius r(6,) as

27
F= —f r(6,)d0,. (3)

For the isotropic case, the ensemble averaged fluctuation
function can be written as®

3k T

<G(7)>j= 4 ,[_3
|

(4)

where kg is the Boltzmann constant, 7 the temperature, and
B the mean step free energy per length (in general, the line
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tension'). Hence, B may be obtained by measuring the aver-
aged perimeter fluctuations for different mean island sizes.
Equation (4) holds for the isotropic case; however, it proves
to be a good approximation for island fluctuations on
Cu(111), Ag(111) where the anisotropy of the step free en-
ergy is small.>7?7 In the case of Pt(111), however, the aniso-
tropy of the step free energy is larger and Eq. (4) is to be
replaced by’

kgrT 2 1 (5)

2
27Bn[>1 1 -a

(G(r);=

Here, a is an “anisotropy” factor which is defined as’

ol 2]
a—zﬂ_J ) (6)

The anisotropy factor « is @=1 for a circle and 1.028 for
Cu(111) at 313 K. The sum in Eq. (5) yields 3/2 and 1.507,
respectively. Hence, for Cu(111), the isotropic model [Eq.
(4)] is a good approximation. However, for the more aniso-
tropic islands on Pt(111), the use of Eq. (5) is preferred.
According to Ref. 7, there is a direct relation between the

mean step free energy 3 and the angle-dependent, absolute
step free energy B(6):

_ 1 | B(6,) (6,)
B=— f db,. (7)
270 7 ar(6,) | | ¥
r2(01,)+
a0,

Dividing both sides of Eq. (7) by B(6=0)=p, as well as
multiplying the integrand by r4B/ ’"43’ yields

B(ep) r4(0p)
,[_3 1 21 ﬁB Vé
—_— = dﬂp.
By 2mlo F ar(6,) | |**
— r2(0p) +
r;; 0"9[,

(8)

Now, we have in principle a tool to determine absolute val-
ues of step free energies for A and B steps: 8(6,)/ By can be
determined using the angular anisotropy of the step free en-
ergy B(6,) as obtained from the island equilibrium shape via
the inverse Wulff construction.?® As a caveat, we emphasize
that the angle dependence of the step free energy as obtained
from the inverse Wulff construction is given with respect to
the tangential angle 6, (see Fig. 4. for the definition of 6))
rather than to the polar angle 6,. Therefore, from both angles
6, and 6,, only the tangential angle yields the meaningful
physical information. There is, however, a simple relation
between 6, and 6, (Ref. 29):
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FIG. 5. Equilibrium island shapes for Pt(111) at various
temperatures.
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Since B is obtained from island shape fluctuations in a cer-
tain temperature regime (in our experiments between 593
and 713 K), the ratio 3(6,)/ B is a temperature-dependent
function. Because of the smallness of the anisotropy and the
temperature dependence, it suffices to evaluate Eq. (8) with
data for B(6,)/Bg at a single intermediate temperature (T
=653 K in our case). We emphasize that the complete angu-
lar dependence of the step free energy can only be obtained
if the two-dimensional equilibrium shape of islands has no
facets or sign changes in the curvature. So far, facets have
never been observed on islands. Thus, steps seem to behave
as one-dimensional objects, which are thermodynamically
rough at any finite temperature. Furthermore, islands of
three- and fourfold symmetries studied so far all retain the
same sign of the curvature along the perimeter.

From the angular anisotropy of the step free energy B(6,),

6, = 6,+ arctan

one can deduce the step-edge stiffness B( 6,) which is related
to B(6,) via?>30

~ FB(6,)
0)=pB06)+———. 10
B(6,) = B(6) Py (10)
Alternatively, one can determine the stiffness directly from
the equilibrium shape by using a relation which combines
Wulff’s theorem with the Herring-Mullins equation (see,
e.g., Refs. 1 and 27)

B(@)K(@)=BA/”A=BB/VB’ (11)

where «(6,) denotes the curvature of the crystal equilibrium

shape. The step stiffness is generally related to the diffusivity
b2 Via23,30

kT
b ="=a, (12)

with g the nearest-neighbor atomic distance along the (110)-
crystal direction [for Pt(111), a;=2.77 A]. For steps oriented
along the direction of dense packing (A and B steps), the
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FIG. 6. Temperature dependence of the ratio r,/rg (circles) of
the radii in the equilibrium shape at angles ¢,=60° and 0°, corre-
sponding to the ratio 8,/ of the step free energies of A and B
steps. The square refers to a data point as reported in Ref. 22.

diffusivity can be expressed in terms of the kink energy &
(Ref. 26) if the temperature is not too high,

bi,B = 2ai exp(— SA,B/kBT)’ exp(— 8A,B/kBT) <1.
(13)

Here, a, is the distance between densely packed atomic
rows [a,=(v3/2)aj=2.40 A for Pt(111)]. Combining Egs.
(11)—(13) yields?’

&5 = — kT In[(2ksT)/(3a) By )]
=—kpT In[(2r, K gkpT)/(3a)B, )] (14)

Here, «, p denotes the curvature of the crystal equilibrium
shapes in the orientation that corresponds to A and B steps.
These curvatures are reliably obtained only if the tempera-
ture is not too small. In our experiments, this was the case
for the entire temperature range between 593 and 713 K.

IV. EXPERIMENTAL RESULTS

Figure 5 shows measured equilibrium shapes of vacancy
islands on Pt(111) for three different temperatures. In agree-
ment with the studies of Michely and Comsa,?? the “length”
of A step segments is smaller than the “length” of B step
segments, indicating that A steps have the higher step forma-
tion energy compared to B steps. Figure 6 shows the ratio
ra/rg vs temperature as light gray circles. The ratio r,/rp
decreases with increasing temperature with r,/rg~1.19 at
593 K and 1.13 at 713 K in agreement with the data by
Michely and Comsa®? plotted as dark gray square in Fig. 6.
The decrease of r,/rp with T results in a rounding of the
island equilibrium shape at higher temperatures (Fig. 5).

Applying the inverse Wulff construction”-?® to the equilib-
rium shapes of the Pt(111) vacancy islands yields the Wulff
plot B(6,)/ By for Pt(111) which is shown in Fig. 7(a) for
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FIG. 7. (a) B(6,) for Pt(111) for three different temperatures 7=593 K (squares), T=653 K (triangles), and T=713 K (circles). The values
are normalized to the free energy B of the B step. (b) Comparison of 5(6,) (open triangles) and 3(86,) (filled triangles) for Pt(111) at 653 K.
(c) Plot of B8(6,)/ B (filled triangles) and r(6,)/r (filled diamonds) at an intermediate temperature of 653 K to determine the absolute step

free energies B4 and Bg. See text for further discussion.

three different temperatures. Due to the threefold symmetry
of the islands, the Wulff plot is periodic in 2/37 and Fig.
7(a) displays merely the range between O and 2/37. The
values at 0 and 1/37 correspond to the step free energies of
B and A steps, respectively. The data points are normalized
with respect to the free energy of the B step. Because of the
mirror symmetry around the orientation of A and B steps, the
ratio B4/Bs equals the ratio of the radii r4/rg (Fig. 6).
Hence, one can directly obtain the relative step free energies
from the equilibrium shapes. For T=593 K, we find 8,/8p
=1.19 and for T=713 K, B,/ Bz=1.13. For comparison, Fig.
7(b) displays B(6,)/ By (open triangles) as well as 3(6,)/ By
(filled triangles). For the regions around B, and Bg, both
curves coincide. For angles in between p(6,)/Bz and
B(6,)/ By deviate significantly. This is not due to an experi-
mental error. Rather the differences in the definition of the
tangential and the polar angle as shown in Fig. 4 give rise to
the differences in B(6,)/ B and B(6,)/ Bp. Although the polar
angle is easily accessible from experimental data of island
shapes, the tangential angle yields the physically meaningful
information. Figure 7(c) shows 3(6,)/ B (gray triangles) and
r(6,)/ rg (gray diamonds) for Pt(111) at T=653 K. By calcu-
lating the integrals in Egs. (6) and (8), we derive the aniso-
tropy factor « for Pt(111) to be 1.060 and the sum in Eq. (5)

yields 1.516. Furthermore, we obtain B/ Bz=1.034.

In order to determine the absolute values of the step free
energies, the island shape fluctuations are analyzed according
to Eq. (5) with the help of Egs. (6) and (8). Figure 8 shows
(G(r)); plotted vs the product of the mean island radius 7 and
temperature T between 593 and 713 K. According to Egs. (4)
and (5), the slope of the linear fit is inversely proportional to
the mean step free energy per atom unit. From Fig. 8, one
finds a slope (1.856+0.085)% 107> nm/K, which corre-
sponds to

a8=310% 14 meV, (15)

with a=1.060. Using ,[_3/,83=1.034 and B,/B=1.16+£0.01
as the aspect ratio at 7=653 K, we then obtain for the abso-

lute values of the step free energies of A and B steps on
Pt(111)

a”,BA =348+ 16 meV and aHBB =300+ 14 meV.
(16)

According to Eq. (10), one may calculate the angle-
dependent stiffness B(6,) from the data for B(6,). Of particu-
lar interest is the stiffness of A and B steps. By numerical
differentiation, we obtain from Fig. 7 for T=653 K, a”,éA

~0.5 eV and aHEB~ 1.4 eV.

By using Eq. (11), one can also determine the stiffness
from the product of curvature and radius and the step energy.
Table I shows the minimum curvatures on the equilibrium
shapes for the A- and B-oriented steps for three temperatures.

0.7
0.6

Slope = (1.856 + 0.085) 10~ nm K™
a“5= 310 + 14 meV

05+t
0.4

03+
0.2
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-0.1¢

0.2 N 1 L 1 N 1 L 1 N 1 N 1 N
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FIG. 8. The ensemble averaged fluctuation function (G(7)); vs
the product of the mean island radius 7 and temperature T [Eq. (5)
with a=1.060 and Z|,,‘>11/(n2—a)=1.516]. According to Eq. (5),
one obtains the mean step free energy B3 from the slope of a linear
fit to the data.
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TABLE I. Experimental data on the products of curvatures and radial distances from the center for three
equilibrium shapes together with the calculated stiftness aHB A and a”,éB and the corresponding kink energies
g, and ep. Curvatures were calculated by fitting the experimental data in a range of £5° and +10° for A and
B steps, respectively. The errors in the curvature are the statistical errors of the fitting procedure. The errors
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in @y and & include the errors of ;3. Note that @=0.277 nm for P(111).

Temperature (K) FaKy a By (meV) &4 (meV) rgKp @By (meV) &5 (meV)
593 0.708+0.010 492+32 136+3 0.152+0.004 1974138 207+4
653 0.722+0.013 482+32 144+3 0.204+0.005 1471£102 206+4
713 0.769+0.007 453+30 148+3 0.288+0.012 1042+70 199+4

From this, we obtain the temperature-dependent step stiff-
ness according to Eq. (11). In total, we could analyze the
curvature and stiffness for five different temperatures. The
result is displayed in Fig. 9 as open squares (A steps) and

circles (B steps). Ba depends merely weakly on temperature

between 593 and 713 K. In contrast, 8z shows a strong tem-
perature dependence. According to Eq. (14), we derive from
the island edge curvature and the step-edge stiffness also the
kink energies of A and B steps (Table I shows the results for
three different temperatures). Using all data as shown in Fig.
9, we obtain for the kink energies

g4=14329 meV and &3=206x9 meV. (17)

V. DISCUSSION

Our values for the step free energies of A and B steps
were obtained using the perimeter fluctuation function for

2500
o EA
< 2000 ° b
r_ i A Ref. 19
§ —Egs. (13), (17)
[P
£ 15001
tq
5]
§ 1000 F
=
N
n
500
ok D AL ASSI
600 800 1000 1200 1400
Temperature T (K)

FIG. 9. Step-edge stiffness as obtained from the island edge
curvature according to Eq. (11) for A (squares) and B steps (circles)
on Pt(111). The solid lines show the expected temperature depen-
dence of the stiffness using kink energies e,=143 meV and ep
=206 meV in Eq. (13). The gray shaded areas around the solid lines
represent the error margins =9 meV of the kink energies. The data
plotted as gray triangles are taken from Ref. 19.

anisotropic islands [Eq. (5)]. For comparison, if one would
have used the fluctuation function for the isotropic case [Eq.

(4), a=1], one would have found a||,[_3= 307 meV, a8,
=344 meV, and ¢Bz=297 meV, which are marginally
smaller values and well within the error margins. Hence,
even in the case of threefold symmetry islands on Pt(111)
with an anisotropy in the step energies up to 19%, the use of
Eq. (4) is still a very good approximation.

Our results may be compared with experimental data of
Michely and Comsa®? as well as with theoretical results of
Feibelman et al.3' and Feibelman,323* Boisvert et al.,’® and
Nelson et al.’® Table Il summarizes the experimental and

theoretical data for B, Ba, Bs. €4, €5 and the stiffnesses EA,

BB. Michely and Comsa?? studied the shape of vacancy is-
lands on Pt(111) at room temperature after annealing to tem-
perature above 700 K. They determined the length ratio of A
and B steps to be 0.66+0.05, from which a ratio r4/rg of
1.15+0.03 was deduced. Depending on the unspecified cool-
ing rate in their experiments, the islands in their experiment
may correspond to the equilibrium shape somewhere be-
tween 600 and 700 K, which brings the result in agreement
with Fig. 6.

The experimental step free energies 8, and Bz of A and B
steps obtained at temperatures around 653 K are slightly
smaller than the energies (i.e., the free energy at T=0 K)
calculated in the local density approximation (LDA). Feibel-
man, e.g., finds a8,=400 meV; q|Bz=350 meV.** Even
larger values were obtained by Boisvert er al.®® (ayB,
=430 meV; q)Bz=380 meV). Using embedded atom method
(EAM) calculations, Nelson et al.3® determined step energies
of ¢84,=344 meV and q|Bz=341 meV. In order to discuss
these theoretical results in the light of our experimental data,
one needs to extrapolate the experimental results to 7=0 K.
The by far largest contribution to the temperature depen-
dence of the step free energy is owed to the entropy of
phonons. In general, it can be argued that step atoms have a
lower coordination and their vibration spectrum has therefore
more weight in the low-frequency regime, which renders a
larger vibrational entropy of step-edge atoms. At tempera-
tures larger than the Debye temperature, the step free energy
is well described by the form!

J(T) = f(0) = ckgT, (18)
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TABLE II. Experimental and theoretical data for the step free energy, the kink energy, and the step stiffness on Pt(111) as obtained in this
work and as reported in other authors’ publications. All energies are in meV. Note that ¢;=0.277 nm for Pt(111).

a)B aBa a,Bp

aiBal a\Bp €4 €p a)By a)By

Experiment (this work): 310+14  348+16 300+14 1.19to 1.13 (x0.01) 143+9 206+9 510to 453 1974 to 1104
(593<T<713 K)

Expt.? 1.15+0.03

(T=600-700 K)

Expt. ~60 ~60
(1190<T<1520 K)

Expt.© 167 167

(T=540 K)

LDA (T=0 K)4 400 350 1.14 180 250

LDA (T=0 K)® 430 380 1.14

EAMf 344 341 1.01

4Reference 22.
PReference 19.
“Reference 41.
dReference 34.
“Reference 35.
fReference 36.

with a constant c¢ that is of the order of 1 but depends on the
type of surface and the type of step. Durukanoglu and Rah-
man have calculated the temperature dependence of the step
free energy for A and B steps on Cu(111) surfaces.’” If one
extrapolates their results to 653 K, one finds downshifts in
the free energy from 7=0 to 653 K by 48 and 32 meV for A
and B steps, respectively. Since the general structures of the
phonon spectra of Pt and Cu are similar, and since the step
free energy depends only on the ratio of step atom frequen-
cies to bulk atom frequencies, it may be legitimate to transfer
the temperature dependence from copper to platinum. The
experimental step energies would then extrapolate to T
=0 K as

ayBA(T=0K) =396+ 16 meV,

ayBy(T=0 K) =332+ 15 meV, (19)

in excellent agreement with LDA calculations, in particular,
those of Feibelman3* (Table 1I).

Recently, Ondrejcek ef al. measured the step-edge stiff-
ness on Pt(111) using low-energy-electron msicroscopy in
the temperature regime 1190 K<T<1520 K (gray triangles
in Fig. 9).!° The authors report an average value for the

stiffness  of ,é=210 meV/nm corresponding to a”,é
=60 meV. In order to compare our results to the data of
Ondrejcek et al., we employ Eq. (13) with the experimental

kink energies [Eq. (17)] inserted to extrapolate B, and B
into the temperature regime 1190 K<T7=<1520 K (solid
lines in Fig. 9). The extrapolated curves run high compared
to the result of Ondrejcek et al. and further indicate a con-

siderable remaining anisotropy in E which is at variance
with Ondrejcek et al.'" We note, however, that Eq. (13) is a
valid expression for the diffusivity only in the low-
temperature limit [exp(—g,/kzT) < 1]. The deviation between

the extrapolated curves for B8,(T) and Bg(T) and the experi-
mental result of Ondrejcek ef al. may merely indicate that the
stiffness drops faster with temperature than predicted by Eq.
(13). Possible reasons for a faster drop include the excitation
of kinks of multiple length, an increasing phonon entropy in
the step free energy because of anharmonic effects, and a
temperature dependence of the kink energy itself.

We cannot completely dismiss though the alternative that
our data and the data of Ondrejcek et al. refer to a different
state of the surface. A phase transition is known to occur on
the clean surface at 1330 K where Pt(111) reconstructs in a
fashion similar to Au(111).3® The transition temperature
shifts downwards under the influence of an ambient Pt-vapor
pressure and in the presence of impurities.3%40

Finally, we discuss the kink energies. The present values
are comparable to the result of a STM study on step fluctua-
tions around 7=540 K several years ago*' where &, ~¢p
=~ 167 meV was found. Contrary to that earlier study, €5 is
found to be distinctly larger than e4. The experimental kink
energies are smaller than those calculated by Feibelman* for
T=0 K (g,=180 meV and £5=250 meV). As in the case of
the step energies, the deviation may have to be attributed to
the temperature dependence of the free energy. Kara and
Rahman have recently reported that the free energy of kink
atoms on A steps on Cu(111) surfaces has about the same
temperature dependence as step atoms.*> Taking the tempera-
ture shifts to be the same as for the step energies on Cu(111)
surfaces, one would extrapolate our experimental kink ener-
gies to £4=195 meV and eg3=241 meV at 7=0 K, thereby
nicely matching the theoretical result of Feibelman.3*

VI. SUMMARY

By measuring equilibrium shapes and the equilibrium pe-
rimeter fluctuations of vacancy islands on Pt(111), we have

245411-7
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derived the angular anisotropy of the step free energy and the
step-edge stiffness as well as absolute values of free step and
kink energies of A and B steps. Our results are in good agree-
ment with theoretical data and with previous experiments,
where existent.
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