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Absolute experimental surface free energies of low-index metal and semiconductor surfaces are practically
nonexistant. To obtain these fundamentally important parameters, quantitative measurements of absolute step
free energies and equilibrium shapes of three-dimensional crystallites for a particular material and facet ori-
entation are needed. The current work is an evaluation of some absolute surface free energies, based on the
above concept, for well-defined Au(100), Cu(111), Cu(100), Pb(111), Si(111), and Sis100d-231 surface ori-
entations. A comparison with previous experimental and theoretical surface free energies shows good agree-
ment for Au and Pb but substantial discrepancies and scatter for Cu and Si. Possible reasons for this surprising
result are pointed out.
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I. INTRODUCTION

Surface free energies of crystalline metals and semicon-
ductors are notoriously difficult to measure and experimental
values of this fundamentally important parameter for well-
defined low-index orientations are practically unknown.1–3

The only source of information are theoretical values ob-
tained by more or less rigorous approaches.4–13The spread in
theoretical values is substantial, as pointed out, for example,
for Pb surfaces.14 The lacking comparison of theoretical and
experimental low-index surface free energies constitutes a
highly unsatisfactory situation. A principal remedy for this
dilemma may result from a detailed study of three-
dimensional(3D) crystallites in their thermodynamic equi-
librium shape(ECS). Crystallites which exhibit continuous
facet-to-vicinal transitions are in principle an image of free
energy relationships according to Wulff’s theorem.15–17 In
particular, the radius of a facet(in a high symmetry direc-
tion), divided by the distance between that facet and the cen-
ter of the 3D crystallite, is proportional to the ratio of step
over surface free energy.18 This relation is illustrated in Fig.
1 which shows a cross section of a 3D crystallite. The outline
is zsxd, with a principal facet of radiusr f located atz=z0. The
transition between the facet and the vicinal range is continu-
ous. The mentioned relationship is as follows:18,19

r fsTd
z0sTd

=
f1sTd
f0sTd

, s1d

with f0sTd as the surface free energy of the(stepless) facet
and f1sTd as the free energy of the step bounding the facet.
Whenever eitherf0sTd or f1sTd is known, the other can be
calculated using the experimentally measurable ratio
r fsTd /z0sTd.

For Eq.(1) to be valid, full thermodynamic equilibrium of
the 3D crystallite has to be assured. This requires sufficiently
long annealing times at a temperatureT where diffusion ki-
netics is fast enough to enable shape equilibration. Certain
precautions have to be taken if equilibration is carried out

under vacuum conditions.20 Crystallite sizes should be in the
range of the “thermodynamic limit.” They also should ex-
hibit a certain dislocation density to avoid the problem of the
large activation barrier for facet growth or shrinkage21,22

which may hinder the realization of a true equilibrium state
for defect-free crystallites. The latter two requirements are
usually fullfilled for crystallite radii of the order of
mm.14,23,24When only a single step is present within the area
of a facet, due to a screw dislocation threading the surface,
the problem due to the activation barrier for equilibration of
the crystallite is largely eliminated.25

Utilizing Eq. (1) in a suitable experiment seems to be the
only way to obtain the surface free energy of an ideal low-
index orientation, provided the absolute step free energy is
available. Any other experiment, such as cleavage of a
crystal1 or a liquid/solid wetting experiment carried out in a
temperature gradient,26 in general will not result in values
characteristic of ideal facet orientations. The more common
zero creep experiments used to determine surface free ener-
gies of metals27–29 are all carried out for polycrystalline ma-
terials yielding a surface free energy averaged over a range
of largely unknown orientations.

The measurement of absolute surface free energies, based
on quantitative images of 3D crystallite shapes under equi-
librium conditions, is possible because of the very substantial

FIG. 1. Schematic cross section of a truncated 3D crystallite on
a substrate surface.
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progress in determining absolute step and kink formation
energies on well-defined crystal surfaces.30–37 The latter are
used to calibrate the energy scale of the 3D ECS. The new
objective of utilizing this data for measuring absolute surface
free energies of low-index orientations has caused renewed
interest in the study of 3D equilibrated crystallites.2,14,24,38,39

The current work draws attention to this general issue and
compares various experiments carried out on two-
dimensional(2D) and 3D equilibrium shapes of Si and some
metals which allow us to determine the surface free energy
of a well-defined low index surface. A brief comparison with
theory concludes this survey. The general comparison of the
most recent studies suggests that experimental and theoreti-
cal values of surface free energies of silicon and several met-
als may be of questionable accuracy.

II. 2D EQUILIBRIUM CRYSTAL SHAPES AND ABSOLUTE
STEP FREE ENERGIES

The current route to absolute surface free energies is via
the primary determination of absolute step free energies.
Therefore we review briefly the published results for those
materials for which we intend to derive an absolute surface
free energy of a facet orientation. The key relationships for
determining absolute step free energies from equilibrium
shapes are the Wulff theorem and the Gibbs-Thomson equa-
tion applied to the boundary of 2D islands and facets of 3D
crystallites.2,30,34,36The following equation couples the prod-
uct of the step radius,r fi, of a 2D island times the local
(minimum or maximum, depending on step) step curvature,
Ki, to the most important thermodynamic step properties, the

step free energy,f1sTd, and the step stiffness,f̃1sTd:

r fisTdKisTd =
f1isTd

f̃1isTd
, s2d

for stepi. This relationship has been recognized to be one of
the keys for the determination of step and kink formation
energies from 2D ECS. According to Eq.(2), experimental
r fsTdKsTd data for a particular equilibrium shape step are fit

to theoretical expressions off1sTd / f̃1sTd.34,36,37,39We return
to this further below.

Historically, absolute step free energies at a single tem-
perature have been derived from step fluctuations on Si(100)
surfaces.40 Because of the reconstruction of this surface there
are inequivalentA andB steps. At 900 K, for example, theA
step remains nearly straight due to a high kink formation
energy, whereas theB step meanders with a large amplitude.
Kinks on one step are made up by steps of the other type.
Hence a low(high) step energy correlates to a high(low)
kink energy. In addition there is a kink corner energy of
considerable magnitude in this case.40 A related study by
Zandvliet et al.41 utilizing “freeze-in temperatures” of step
fluctuations led to similar values of single height step free
energies of Si(100). A different approach was used by Bartelt
et al.30 who evaluated 2D island equilibrium shapes on
Si(100) at different temperatures. Assuming elliptical island
shapes, they determined step radii and local step curvatures
of A andB steps and from those the corresponding step free

energies. These experiments dealing with Si(100) and
Si(111) energetics are reviewed in Refs. 32 and 33.

Extensive work on metal surfaces has demonstrated that
absolute step free energies can be reliably measured from
equilibrated 2D crystallites(adatom or vacancy islands of
monolayer thickness). Several approaches have been pro-
posed and tested. In the first approach, the magnitude of
spatial fluctuations of the bounding island step is determined
quantitatively as a function of the island’s mean radius,r f,
and temperature.42,43 It is shown that the time and azimuth
averaged fluctuation amplitude is proportional tor fT divided
by the mean step free energy. This technique has been ap-
plied to Cu(111), Cu(100), and Ag(111) surfaces. In a second
approach the temperature variation of the equilibrium island
shape is the source for a quantitative evaluation of step free
energies.34,44 The imaged island shapes were evaluated in
different ways, utilizing either temperature-dependent aspect
ratios or products of step radii times step curvature, accord-
ing to Eq. (2).34 A comparison of both the step fluctuation
and equilibrium island shape techniques applied to the same
metal surfaces yielded consistent results.43 Quantitative ex-
pressions for the temperature dependence of step free ener-
gies and stiffnesses derived in the framework of Ising theory
play an important role in most of these evaluations. More
recently it has been shown that including next-nearest-
neighbor interactions into the evaluation of Cu(100) im-
proves the agreement between experiment and theory.45

A third approach for obtaining absolute step free energies
was proposed in connection with studying 3D crystallite
shapes at various temperatures.2,46 Here the temperature-
dependent radius of a facet on a fully equilibrated 3D crys-
tallite has to be measured. Sincer fsTd is directly proportional
to the step free energy, the data can be fitted by a two- or
three-parameter theoretical expression which describes the
temperature dependence of the step free energy. The fit
would yield the step energy at 0 K, the kink formation en-
ergy and a constant vibrational step entropy. First experi-
ments have shown that Ostwald ripening, taking place in an
ensemble of crystallites on the support surface, is seriously
interfering with the observation of a single crystallite whose
facet is the prime object of investigation.46 Any volume
change of that crystallite caused by Ostwald ripening will
falsify the change in facet radius which is expected to corre-
late with a change in temperature only, independent of any
time effects. Hence no useful results have been obtained with
this approach.

To proceed in the sense of Eq.(2), we discuss briefly the
temperature dependence of the step free energy and step
stiffness. In general, surface steps in a high symmetry direc-
tion are perfectly straight at 0 K and develop increasing
roughness at elevated temperatures because an increasing
density of kinks is produced by thermal excitation. Hence the
step free energy decreases with increasing temperature. The
step stiffness, on the other hand, being a measure of the
resistance to step meandering, is infinite at 0 K and de-
creases steeply with increasing temperature. To a first order,
i.e., for «k@kT, these quantities are described by the follow-
ing equations(for a hexagonal lattice):

f1sTd = 2«k − 2kTexpS−
«k

kT
D , s3d
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f̃1sTd =
2kT

3
expS «k

kT
D . s4d

Similar expressions hold for square lattices.34 Taking the ra-

tio f1sTd / f̃1sTd, one obtains a function which increases from
zero at low temperature to a maximum of less than 1 atT
nears2/3d«k/k, such as illustrated in Fig. 2(a) for two kink

energies. The fact thatf1sTd / f̃1sTd does not reach 1 and even
decreases beyond the maximum is a consequence of the ap-
proximate nature of Eqs.(3) and (4). A circular island, de-

fined by f1sTd / f̃1sTd=1, is expected at high temperatures,18

and once this has been reached, it should remain circular.
Indeed, corresponding second order36 and especially the ex-

act expressions47 for f1sTd / f̃1sTd show the expected
asymptotic behavior towards 1 at high temperature, regard-
less of the value of the kink energy. This is also illustrated in
Fig. 2(a). Consequently, if island shape changes are followed
over a large range of temperatures, it is necessary to use the

exact expressions forf1sTd / f̃1sTd. The higher the kink en-

ergy, the higher the temperature wheref1sTd / f̃1sTd begins to
rise. A plot of the exact ratio versus temperature for a series
of kink energies between 30 and 80 meV is shown in Fig.

2(b).39 The step energy at 0 K for a hexagonal Ising lattice is
equal to 2«k.

Next we briefly discuss the problem associated with an-
isotropic 2D islands. The Ising model considers nearest-
neighbor interactions only. It is therefore not surprising that
the Ising formalism developed for a thermodynamic descrip-
tion of steps is well suited for close-packed steps where
nearest-neighbor interactions are more important than next-
nearest-neighbor interactions. This point seems to be impor-
tant when the step energy of a 2D island is anisotropic which
is the case when two kinds of structurally inequivalent steps
are bounding the island, such as for(111), (100), and (110)
surfaces of fcc metals or for the reconstructed Sis001d-2
31 and the nonreconstructed Sis111d-131 surfaces, for ex-
ample. Each step has then a specific step and kink formation
energy. The step with the lower free energy(for metals called
the B step) has a higher kink energy than the other step of
higher free energy(called theA step). Hence theA step be-
comes round at lower temperature. It is obvious that a strict
relation between step and kink energy,f1is0d=c«ki (with c
=const), cannot hold for both types of steps. Recent mea-
surements for Pb(111) demonstrated this very clearly by step
energies of 116 and 128 meV, and kink energies of 60.6 and
42.5 meV, forB andA steps, respectively. The Ising condi-
tion f1s0d=2«k is closely obeyed for theB step but not at all
for the A step which has a more open structure. A similar
situation is encountered for Cu(100) where the close-packed
k110l step has a step energy of 220 meV and a kink energy
of 128–131 meV.35,48 By taking nearest- and next-nearest-
neighbor interactions into account and fitting the experimen-
tal shape anisotropy data, separate formation energies of the
close-packedk110l step and the openk010l step of 193 and
227 meV, respectively, were determined.45 These correspond
to an island anisotropy of 1.18 at 0 K, compared to 1.24
experimentally and 1.41 if both steps were Ising-like. Also
for Sis001d−231 which is a surface of two fold symmetry,
the inequivalent steps have very different energies of 140 and
56 meV, respectively.33

The reason for going into so much detail here is that the
different types of steps of anisotropic islands cannot both be
evaluated with the Ising model equations involving step cur-
vatures, such as in Eq.(2). The curvatures of the step with
higher step free energy depend on the presence of the more
stable step of lower free energy. Hence the products
r isTdKisTd derived for the high energy step can become
larger than 1 which in fact was observed for Pb(111).36,37 In
other words, the local curvatureKisTd is then larger than
1/r fisTd. This effect never occurs for the lower free energy
step. The study of 2D equilibrium shape islands on Si(001)
also shows this very clearly.30 The elliptic island shape al-
lows a simple calculation of the minimum(maximum) step
curvature forA andB steps, according toKAsTd=r fA/ r fB

2 and
KBsTd=r fB/ r fA

2 , respectively. Hence the productr fAsTdKAsTd
is simply sr fA/ r fBd2 which is also equal to 1/fr fBsTdKBsTdg.
Since the anisotropyr fA/ r fB,1, r fAsTdKAsTd increases with
temperature to asymptotically approach 1 whereas
r fBsTdKBsTd is always larger than 1 and decreases with tem-
perature towards 1. Step free energies are in this case very
different, in the range of 52–60 and 120–180 meV forA and

FIG. 2. (a) Plot of first order and exactf1sTd / f̃1sTd ratio func-
tions versus temperature for two selected values of kink energies.

(b) Plot of exactf1sTd / f̃1sTd ratio function versusT for a range of
kink energies, according to the Akutsu theory(Ref. 47).
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B steps, respectively,33,40,41,49with kink energies of 180 and
56 meV.33,40

The general behavior outlined above has been observed
for 2D islands of Pb(111).36,37 Islands as well as(111) facets
on 3D ECS of Pb are three fold symmetric, withB steps
having the lower free energy. Combining experimental data
obtained from analyzing facet shapes and 2D island shapes
over a large range of temperature,r isTdKisTd data were
evaluated for both types of steps, such as seen in Fig. 3. The
data for the low-energyB step are less than 1 and approach 1
at high temperature whereas theA-step data are less than 1
only at low temperature, rise above 1, and then decrease
towards 1 at high temperature. TheB-step data were fit with

the exact Akutsu equations47 for f1sTd / f̃1sTd, resulting in re-
liable energy data forB steps quoted above. The quality of
the fit and the fact thatf1BsTd is close to 2«kB justify this
Ising model approach. The same experimental data would
also permit a one-parameter fit with just the kink energy,
resulting in«kB=62 meV andf1BsTd=124 meV. TheA-step
data for the same islands, on the other hand, were evaluated
by fitting the island anisotropy versus temperature, keeping
the step and kink energy ofB-steps fixed. This resulted in the
energetic data ofA steps wheref1AsTd is about equal to 3«kA,
a ratio in conflict with the Ising condition. TheA-step data
are consistent with theB-step data in the framework of a
simple awning approximation50 which relates the ratio of
kink energies to the island anisotropy ratio at 0 K:

«kA

«kB
=

1 − 0.5f1A/f1B

f1A/f1B − 0.5
. s5d

Taking the extrapolated anisotropy ratio of 1.104 at 0 K
and «kB=62 meV, one obtains«kA=46 meV and f1AsTd
=137 meV. These values are in good agreement with the
data evaluated from the temperature-dependent island
anisotropy.23,37 The experimental results on step energies
quoted here are furthermore supported by recent density
functional theory of step energies of Pb(111).51

III. ABSOLUTE SURFACE FREE ENERGIES: RESULTS
AND DISCUSSION OF RECENT EXPERIMENTS

Together with the Wulff theorem of Eq.(1) and a quanti-
tative image of the 3D ECS at a particular temperatureT, the
absolute step free energies atT are the entry to absolute
surface free energies of facet orientations. Hence it is clear
that at least two independent experimental results are needed
to determine the surface free energy of a facet orientation,
namely the geometric ratior fsTd /z0sTd from a 3D regular
ECS(with no orientations missing) and the free energyf1sTd
of the step which is the boundary of that particular facet. For
anisotropic surfaces possibly two different step free energies
andr fsTd /z0sTd ratios may be involved. Some authors prefer
three separate measurements to be more independent of the-
oretical model expressions describing the temperature depen-

dence off1sTd or the ratio f1sTd / f̃1sTd.38. The relevant ex-
pression is then38

f0sTd =
f1sTd

f̃1sTd
f̃1sTd

z0sTd
r fsTd

. s6d

The ratio f1sTd / f̃1sTd is measured from the 2D ECS

through the use of Eq.(2), the stiffnessf̃1sTd is indepen-
dently obtained from a statistical evaluation of single step
fluctuations atT, and finally z0sTd / r fsTd is measured from
the 3D ECS at the same temperature. In this case the uncer-
tainties of three measurements enter into calculating the sur-
face free energy at a particularT.

The evaluation of the 3D ECS is more involved when the
transition between facet and vicinal surface is discontinuous,
i.e., characterized by a finite slopepf. In general, the ratio
f1sTd / f0sTd will be larger thanr fsTd /z0sTd.52 When the dis-
continuity is due to mixed repulsive and attractive step inter-
actions sf3,0, f4.0d, the relationship(1) was shown to
change to53

r fsTd
z0sTd

spf . 0d =
f1sTd
f0sTd

+
4f3sTd
27f0sTd

S f3

f4
D2

, s7d

pf = −
2f3

3f4
. s8d

However, an evaluation according to Eq.(7) is considerably
more complicated because the quantitiesf3sTd and
f3sTd / f4sTd have to be determined in addition tor fsTd /z0sTd.
This requires a detailed evaluation of the round portion of
the ECS adjacent to the facet, as it has been carried out for
the ECS of Au crystallites.53,54 On the other hand, the dis-
continuity at the facet edge facilitates the experimental de-
termination ofr f by imaging techniques of lower than atomic
resolution.

At this point we add some comments regarding experi-
mental requirements. To obtain reliable experimental values
of z0sTd and r fsTd of the 3D ECS at elevated temperature
requires high resolution imaging, preferably step-resolved
imaging, such as with scanning tunneling(STM) and atomic
force microscopies(AFM).39,55 The same demand holds for
the investigation of 2D islands and for studying single step

FIG. 3. Plot of experimentally measuredr fAsTdKAsTd and
r fBsTdKBsTd versus temperature forA andB steps of vicinal Pb(111)
surfaces. The data result from STM images of 2D island and(111)
facet shapes(Ref. 37).
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fluctuations on vicinal surfaces. Examples in Fig. 4 show that
the boundary of a(111) facet on a Pb crystallite, due to a step
of monatomic height, is clearly seen by STM. The STM
image shows, furthermore, small{112} and {221} facets
which were previously seen only on growth shapes.56 By
comparison, high resolution scanning electron microscopy
(SEM) is not capable of resolving facet edges for continuous
facet-to-vicinal transitions.57,58 Interpolation or curve fitting
procedures have to be used to estimate facet radii.59 Reflec-
tion electron microscopy(REM) has been used successfully
to image single steps and 2D islands at elevated temperature
on Si surfaces, especially in context of studying the dynam-
ics of step fluctuations, but severe image distortion limits the
accuracy of measuring equilibrium shapes.60,61The image of
the 3D ECS has to be sufficiently complete such that the
Wulff point of the crystallite can be determined. This is es-
sential for measuring the separation of the facet from the
Wulff point. Image distortions present in STM images of 3D
truncated crystallites can be corrected if several main facets
of known orientation are present.14,39 A linear expansion of
the z scale will usually compensate piezorelaxation effects

that cause the distortion. The crystallographic angles be-
tween different facets on the ECS determine the degree of
expansion(or contraction).

Now we proceed to the evaluation of actual experimental
data. Only a small number of experiments are available in
the literature which allow us to estimate reliable surface free
energies from 3D ECS of small crystallites. A survey of these
studies and their results are summarized in Table I. The step
free energy is calculated for the temperature at which the
ECS has been analyzed. Configurational and vibrational en-
tropies were taken into account for metal surfaces but for Si
only the configurational entropy was considered.

The best studied solids in this context are Pb and Si. Es-
pecially for Si there is an abundance of absolute step free
energy and step stiffness data30,33,40,41,49,66,67and of 3D ECS
studies.38,60,61,65,68–70However, only two groups report rela-
tive step free energies in the form ofr fsTd /z0sTd values.60,65

Note that even at high temperature the step free energy is not
necessarily equal to the step stiffness.38,47 Partial ECSs of Si
were obtained for voids of nanometer dimensions65,69as well
as equilibrated narrow columns of micrometer diameter60,61

and even cylindrical holes of 0.4 mm diameter.70 Most
groups report stable(111) and (100) facets although the sta-
bility of (100) facets under equilibrium conditions has been
seriously questioned.20,70,71 We list in Table I examples of
step free energy data, in conjunction with two sets of
r fsTd /z0sTd values for(111) and (100) surfaces, which have
been calculated from derivatives of the anisotropic surface
free energy versus orientation,dgsQd /dQ, at the respective
cusps.60,65 These data were obtained at three different tem-
peratures. A step free energy of 56 meV/Å at 1073 K for the
high temperature phase Sis111d-131 was reported in early
work72,73but later much lower values around 14–30 meV/Å
seemed more appropriate.38,60,70,74,75Because of this uncer-
tainty and the different temperatures involved we prefer to
use the results of a model calculation for this surface.47 The
results of this calculation, in which first- and second-nearest-
neighbor interactions are taken into account, was matched to
quasiexperimental values, originally fit to a surface free en-

ergy of 1 J/m2.60 The calculatedf̃1sTd also agrees with the
measured step stiffnes of 17 meV/Å at 1373 K.76

In most cases we consider high temperature data, i.e.,
those representing the Sis111d-131 and the reconstructed
Sis100d-231 surfaces. For the twofold symmetric Si(100)
we take the average of theA- andB-step free energies which
is believed to correlate best with the measured average radius
of the (100) facet on the ECS. Here a range of fairly consis-
tent values between 7.6 and 3.5 meV/Å was reported
or calculated for the temperatures of the ECS
measurement30,40,41,77 using kink energies of 190 and
120 meV for A and B steps, respectively.40 Table I shows
that the spread in surface free energies calculated for both Si
surfaces is large, ranging from 48 to 103 meV/Å2, corre-
sponding to 0.77–1.64 J/m2, if we disregard the lowest
value of 29 meV/Å2 for Si(100) at 1323 K. It appears that
temperature dependence may be partially responsible for this
spread. The values at 973 K fall into a range between 0.77
and 1.64 J/m2 while those at 1323 K and above are all be-
low 0.85 J/m2. Despite this possible correlation the overall

FIG. 4. Experimental images of equilibrated Pb crystallites:(a)
STM image of Pb crystallite(diameter: 1.35mm) with (111) facet
and bounding step(Refs. 14 and 39). (b) SEM image of equilibrated
Pb crystallite(diameter: 7.5mm) showing (111) and (100) facets
(Ref. 58).
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result is not very satisfactory for a well studied material such
as Si, especially in view of the relatively small surface free
energy anisotropy of only 11% at 973 K(Ref. 65) and 3% at
1323 K (Ref. 60) between(111) and (100). Some authors
report gs100d /gs111d.1 at 873–973 K(Refs. 65 and 69)
while another group findsgs100d /gs111d,1 at 1323 K.60,61

This is an unresolved discrepancy which causes further con-
cern. The surface free energies of Si in Table I may be com-
pared with published absolute surface free energies, such as
the experimental value of 1.23 J/m2 for Si(111),78 and theo-
retical values(at 0 K) ranging from 1.4 to 1.8 J/m2.68,79–83

Here we disregard the relatively small differences due to
various forms of reconstruction. It appears that the current
values tend to be lower than previously published surface
free energies of Si(100) and Si(111). Some of the difference
may be due to temperature, an effect whose magnitude is
difficult to estimate for such a large range.

For Cu there are excellent absolute step and kink energy
data42,43 which allow the calculation of step free energies at
high temperature. The experimental values extrapolated to
0 K agree well with theoretical step energies.84 However, so
far little information on the ECS of Cu crystallites is
available.24,64Recently, Cu crystallites deposited on sapphire
have been equilibrated at 1240 K and quenched to room tem-

perature.Ex situimaging of the crystallites by scanning elec-
tron microscopy(SEM) along thek110l direction produced
shapes with well developed(111) and (100) facets whose
radii were determined by curve fitting with a general shape
function.64 Using the data listed in Table I, calculated surface
free energies for both(111) and(100) orientations turn out to
be very high, namely 4.0 and 5.5 J/m2, respectively, com-
pared to published values of the order of 1.85 J/m2.1 The
large differences calculated for the(111) and (100) orienta-
tions are also inconsistent with the experimental low aniso-
tropy of the surface free energys,2%d at this high
temperature.24

A special case is Au where the transitions between(111)
and (100) facets and their vicinal range on the ECS are
discontinuous.54,85We evaluated ther fsTd /z0sTd for Au(100)
at 1123 K and corrected it via Eq.(7) by taking repulsive
step interactions into account.53 Since the discontinuity at the
(100) facet is small, the corrected ratio of 0.112 is very close
to the measured one, 0.108. The step free energy for recon-
structed(100) islands at 353 K was determined via the fluc-
tuation technique as 59 meV/Å(Ref. 62) which was up-
scaled to 1123 K using a kink energy of 70 meV(Ref. 63)
and a vibrational entropy of 0.017 meV/K.86 The value for
the surface free energy is then 91 meV/Å2 or 1.46 J/m2

TABLE I. Step and surface free energies of well-defined(111) and (100) orientations measured via a quantitative study of 3D
crystallites.

Surface
f1sTd

(meV/Å)
T

(K) Reference r fsTd /z0sTd Reference
g111sTd

smeV/Å2d
g111sTd
sJ/m2d Reference

Au(100) 58.9 353 62 0.112 corr 53 Present

20.7a 1123 at 1123 K 90.6 1.46

quench

Cu(111) 102.4 0 43 0.11 64 Present

57.6 1240 quench 251 4.0

Cu(100) 83.3 0 43 0.08 64 Present

49.3 1240 quench 341 5.5

Pb(111) 28.6–30.7 323 14 0.34–0.35 14 27.5 0.44 14

27.2–28.7 373 0.33–0.35 average average

26.5–27.9 393 0.31

Pb(111) 19.3 550 14 ,0.25 est. 57 22 0.35 Present

quench

Si(111) 35 973 47 0.15 65 75 1.19 Present

Si(111) 20
131 phase

1323 47 0.12 60 53 0.85 Present

Si(111) 18
131 phase

1373 47 0.12 38 48 0.77 Present

Si(111) 14.1–19.8
131 phase

1373 38 0.12–0.14 38, 60, and 61 37–53 0.59–0.8 38

Si(100) 7.6b 973 30 and 40 0.054 65 103 1.64 Present

Si(100) ,3.5 973 30 and 40 0.054 65 48 0.77 Present

Si(100) 7.35b 973 41 0.054 65 101 1.61 Present

2.9b 1323 (0.076) 60 (29) (0.47)

aAu step free energy at 1123 K estimated with kink energy of 70 meV63.
bSi(100) average step energy corrected for temperature of ECS measurement with kink energies of 190 and 120 meV forA and B steps,
respectively(Refs. 33 and 40).
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which compares well with published values of
1.40–1.53 J/m2 for polycrystalline Au.1

For Pb we have trustworthy step free energies and 3D
ECS data at four different temperatures between 323 and
550 K based on STM and SEM imaging at temperature.14,57

The average surface free energy of Pb(111) at about
320–400 K is 27.5 meV/Å2 or 440 mJ/m2. This value is
low but still compatible with previously published experi-
mental surface free energies of Pb, 560–610 mJ/m2,29,87

since those presumably represent undefined high-index ori-
entations. The(111) surface is expected to have the lowest
surface energy, and secondly, the current value is close to a
recently calculated value of 26 meV/Å2 or 416 mJ/m2 for
this surface,88 based on local density functional theory in-
cluding the effect of surface relaxation. In general, however,
theoretical data for Pb(111) surface energies cover a large
range from 270 to 600 mJ/m2.14,39

At this point one may wish to come to a general assess-
ment of the evaluation and data comparison presented in
Table I. One point seems to be obvious: the surface free
energies obtained for Au and Pb are in reasonable agreement
with previous experimental and theoretical results while
those for Cu and Si are either totally out of bounds or show-
ing an unusual amount of scatter. Several reasons may be put
forward to rationalize this observation. First, Au and Pb are
one noble and one fairly inert metal, such that surface con-
tamination may not play a role. Second, the facets could be
well located in both cases, due to the sharp edge at the
Au(100) facet, on the one hand, and STM imaging of
Pb(111), on the other hand. Third, step free energies were in
both cases obtained by STM techniques.

For Si we have a large number of investigations, some
involving STM imaging, others low-energy electron micros-
copy, SEM, TEM and REM, all of them having different
resolution and vacuum environments. This holds for the de-
termination of step free energies and step stiffnesses or of
r fsTd /z0sTd from the ECS of crystallites or voids. Different
crystal sizes have been studied, a fact which may be respon-
sible for some variation of the results. Note, however, that
the absolute step free energies of vicinal Sis111d-131 are
still uncertain. The theoreticalf1sTd of Akutsu et al. for
Si(111) was fit to data of Ref. 60 that had been obtained by
assuming a surface free energy of 1.0 J/m2. Hence our pre-
ferred data base,f1sTd, for that surface is uncertain. The
variability in results for Si(111) and (100) is then to be ex-
pected. Despite this caveat we note that averages of 0.76 and
1.13 J/m2 are found for Si(111) and Si(100), respectively,
with the anisotropy(100)/(111) being clearly larger than 1
when averaged over the measured range of temperature.

For Cu there is only a single investigation, in which the
crystallites were equilibrated at high temperature, quenched
to room temperature and then transferred to another system
for SEM imaging.24,64 The resulting surface free energies in
Table I are too large and inconsistent with the known experi-
mental and theoretical values of this quantity.1,9,12,13There
are basically two possible explanations: eitherf1sTd of Cu is
too large orr fsTd /z0sTd is too small. Regarding the latter
option, there are several possible shortcomings, such as un-
known surface contamination, the quenching rate being too

slow, or the facet radius being too small due to the low
resolution of SEM. If the quenching rate were too slow, fac-
ets could have grown during quenching causing a larger
r fsTd /z0sTd ratio. However, this effect can be ruled out be-
cause it would mean even smallerr fsTd /z0sTd ratios at the
quench temperature. The influence of the other two factors
on r fsTd /z0sTd is difficult to assess. Cleanliness control by
Auger electron spectroscopy and careful shape fitting of the
facet-to-vicinal transition make it rather unlikely that these
experimental factors are responsible for the unreasonably
high values of the surface free energies of Cu in Table I
compared to those obtained by theory and older
experiments.1

The second possible shortcoming may be sought inf1sTd
being too large. By treating the temperature dependence of
the step free energy, we use a simple expression to extrapo-
late the step energies up to 1240 K from the low tempera-
tures where they were actually measured. There are two pa-
rameters which govern the temperature dependence of the
step free energy, the kink energy and the vibrational
entropy.2,89–92One generally assumes the kink energy to be
temperature independent, although this has not been proven.
The vibrational entropy, on the other hand, may well be tem-
perature dependent due to anharmonicity at high tempera-
ture. It is currently not possible to account for this in a physi-
cally accurate fashion93 but by way of a rough approximation
we include anharmonicity by choosing a larger average vi-
brational entropy contribution, compared to the harmonic
values of 0.0325 meV/K for Cu(111) (Ref. 43) and
0.0173 meV/K for Cu(100) vicinal steps at low temperature.
Consequently the step free energies at 1240 K will decrease.
Figure 5 shows a comparison of the temperature dependence
of f1sTd for Cu(111) and Cu(100) vicinal steps, calculated by
using the vibrational entropies mentioned above and alterna-
tively higher entropies of 0.095 and 0.083 meV/K for(111)
and (100) steps, respectively. For the latter the step free en-
ergies at 1240 K are found at about 27 and 17 meV/Å, and
the corresponding surface free energies are 119 meV/Å2 for
Cu(111) and Cu(100), respectively(or 1.9 J/m2). The sur-
face free energy anisotropy is negligible at this temperature.

FIG. 5. Plot of temperature-dependent step free energies for
vicinal Cu(111) and Cu(100) surfaces, all steps along close-packed
k110l directions. The set labeled “ent” represents the higher vibra-
tional entropies. See the text for further details.
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Of course, the chosen values for the average vibrational en-
tropies are arbitrary but not unreasonable in view of the large
temperature gap between 320 K, where the step free energies
were measured, and 1240 K where the ECS was formed and
imaged after quenching. Future work will have to show
whether this rationale can be substantiated.

IV. CONCLUSIONS

Absolute experimental step free energies and the geom-
etry of a corresponding ECS, both at the same temperatureT,
can be used successfully to determine the surface free energy
of a well-defined low-index orientation atT.

Utilizing the above approach, trustworthy surface free en-
ergies of Pb(111) and Au(100) are calculated which are con-
sistent with previously published experimental and theoreti-
cal data.

Average surface free energies of 0.8 and 1.1 J/m2 at
973–1373 K are obtained for Sis111d-131 and Sis100d-2
31, respectively. These values are below experimental and
theoretical data known so far for Si.

Surface free energies of 4.0–5.5 J/m2 are calculated for
Cu(111) and Cu(100) which are far too high compared to the
known experimental and theoretical values. Assuming a
higher vibrational entropy to compute the step free energies
at T s1240 Kd improves the agreement with previously pub-
lished data. The higher vibrational entropy may be justified
by an increasing importance of anharmonicity at high
temperatures.
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