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Absolute step and kink formation energies of Pb derived from step roughening
of two-dimensional islands and facets

M. Nowicki, C. Bombis, A. Emundts, and H. P. BonZel
Institut fir Schichten und Grenzithen, ISG 3, Forschungszentrumidh, D-52425 Jlich, Germany
(Received 15 July 2002; revised manuscript received 9 October 2002; published 6 February 2003

The shapes of111) oriented two-dimensional2D) islands and facets, the latter being part of three-
dimensional3D) crystallites of Ph, were equilibrated at 104—-520 K. Island sizes were in the range of 15-90
nm radius, facets typically at 100—-270 nm radius. They were imaged by scanning tunneling microscopy to
provide the exact outline of the bounding step. Increased step roughening with increasing temperature de-
creases the radius anisotropy of islands and facets in a consistent manner. Products of island/facet radius times
local step curvature versus temperature were obtained experimentally, serving as the basis of absolute step and
kink energies at 0 K. They ard ,(0)=128.3t0.3 meV, f;5(0)=115.7-5.8 meV, and g ,=42.5
+1.0 meV, g,5=60.6-1.6 meV, respectively. The combination of studying small 2D islafuistable at
high temperatureand large 2D facets allows measurements over a very large range of temperatures.
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. INTRODUCTION function of temperatur&-'21419n the latter case the chang-
ing anisotropy of the step free energy and its theoretical de-
Important surface energetic quantities, such as step, suscription play a crucial role for the evaluation. A correspond-
face, and kink energies, can be obtained from a systemati®g experiment has already been carried out(idr)) facets
study of two-dimensiona{2D) and three-dimensiondBD) of 3D Pb crystalliteé.4 The current study aims at comple-
equilibrium crystal shape$ECS.>~7 Observations of the Mmenting this previous work by analyzing 2D islands of Pb on
ECS at a single temperature will normally provide relativelarge (111 oriented terr.aces of a thin gpitaxial film of.Pb on
step and surface energies only. The experimental determin®U(003), for the following reasons: First, these 2D islands
tion of absolute step free energies, kink energies, and alsg'® considerably smaller than ttLD) facets studied before,
step interaction energies is difficult and requires considerabl uch that their 2D equilibrium shapes can b_e obtained and
more effort. On the other hand, absolute step free energi aged below room temperature, thus extending the measur-

play an important role in governing surface morphologies aﬁ le range to about 100 K. Second, comparing the results

well as kinetic processes associated with shape changes, a ﬁ? m 2D islands and thel11) facets of 3D crystallites offers
P P ges, ally possibility of checking the self-consistency of both data

furthermore, they are considered to be the key to absolutgetS e.g., with respect to a possible influence of step-step
surface free energies of well-defined low-index; .’ !

. . "5 interactions on the shape of facets.
orientations’

Several techniques for obtaining absolute step free ener-
gies have recently been reported for a number of metallic

system$;'971* Si surface® ™ and TiN?*?* Most of those All experiments to be described in this paper were carried
experiments are based on measuring temperature-dependet in the same ultrahigh vacuum system below 2
shape changes or shape fluctuations of small 2D islands cax 10~ '° mbars. The system was equipped with a variable-
ried out under ultrahigh vacuurfUHV) conditions. In one temperature scanning tunneling electron microsc(EM;
case, island coarsening kinetics are combined with shapleere Omicron VTSTNL, a Pb evaporator and, a cylindrical
analysis to reach this go#l.Another approach deals with mirror analyzer for Auger electron spectroscopy. The Pb
temperature-dependent shape changes of 2D facets presentiporator was calibrated externally by using a film thick-
on 3D equilibrated crystallites®'* The latter technique is ness monitor. STM images could be obtained at constant
capable of providing also a quantitative value of the surfacéemperatures of 95—800 K, using liquid nitrogen as coolant
free energy of the facét. for T<300 K. 2D Pb islands were prepaféas follows: A
Facets on the 3D ECS are at the same time 2D equilibthin Pb film of about 10-30 nm thickness was deposited at
rium shapes whose temperature dependence can be studi&2D K on a clean R@01) surface. This layer was annealed at
and evaluated in the same manner as that of 2D islands onthis temperature for 20 h. Its structure was checked by STM
flat substraté.Since the facet is in equilibrium with the bulk and it showed largé111) terraces separated by monatomic
of the whole crystallite, the size of the fadgk., its mean steps. To obtain small 2D islands on these terraces, the crys-
radiug is a direct measure of the step free energy, providedal had to be cooled below 200 K during further Pb deposi-
the 3D ECS is regular and differentiable at each pdimt. tion. Cooling was accomplished on the STM stage and about
this case, there are two different experiments that can be rut.1 nm of additional Pb was deposited on the cold surface,
to yield absolute step free energies: either a measurement gielding mostly 2D islands of monatomic height. A section
the facet radius as a function of temperat(oé the same of such an annealed film with islands imaged at 150 K is
crystaf) or a measurement of the anisotropic facet shape asshown in Fig. 1a). Overall, the mean radii were in the range

Il. EXPERIMENT
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FIG. 2. Cartesian plots of 2D island andl1l) facet radii,
r(¢e)/ry,, threefold averaged and normalized to the mean radius
ra,» versus azimuth. Data represent five different temperatures:
103, 167, 277, 353, and 480 K. The first thred &t300 K are from
2D islands, the last two frong111) facets of 3D Pb crystallites.
Note decrease in anisotropy with increasifigMinima indicate
positions ofB steps.

FIG. 1. STM images of 2D islands and ®f1) facets.(a) Sec- IIl. RESULTS AND EVALUATION

tion of flat film with 2D islands atT=150 K. Image size: 250 ) ) )
% 250 nm.(b) Island shape at 167 K, mean radius of upper island at Figure 1 shows examples of STM images of 2D islands
36 nm.(c) Island shape at 172 K, mean radius at 32 fanisland ~ and(111) facets annealed at several temperatures. The three-
shape at 277 K, mean radius at 42 r@.(111) facet shape at 308 fold symmetry is particularly well seen at lower temperatures
K, mean radius at 280 nnif) (111) facet shape at 323 K, mean Of 167-172 K, Figs. ) and Xc), and corresponds to a
radius at 110 nm. Well resolved monatomic steps outline the facemaximum radius anisotropy, /rg of about 10%. At 277 K
boundary. the island shape is much more rounded, Fig)).1Two (112)

facet images at 308 and 323 K are shown in figg) &and

. : . The vicinal steps surrounding the facet can be well seen
15-90 nm depending on annealing temperature subsequenfh(p : ) o
chosen between 100 and 300 K for shape equilibration. Cort the latter Image. The fac_et itself exhibits a separate 2D
stant temperature below 300 K was achieved by flowing ni—'SIand on top, Wh'Ch .essentlally has t_he same shape as the
trogen(gas or liquid through the cryostat connected to a Cufacet. The facgt in Fig. (.E) shows a single step emerging
block in contact with the STM sample holder. The tempera-from a'd|slocat|qn threading the surface. In thls case thg facet
ture, which was measured by a silicon diode on the Cu blockt,)_oundlng step Is even an open loop, but |t_s shape is not
could be selected by adjusting the nitrogen flow rate. Unde ifferent from the equilibrium sha_lpe of a nondislocated facet.
this condition the thermal drift for STM imaging was mini- he temperature-dependent anisotropy of the step free en-

mal. It was assumed that the temperature of the Ru substrafé9y: fa(e.T), Wh_iCh is_ responsible for the facet symmetry,
was equal to that of the Cu block within 5 deg. arises from two mequalelclose-packed steps, with their

The preparation of 3D Pb crystallites has been describe@dges perpendicular to th211] and[211] (and equivalent
before?325% |n brief, a thin film of Pb, about 20-30 nm directions?® These are commonly referred to @s and
thick, was deposited at 300 K on a clean(fd) surface. B-type steps, respectively. Steps in the intermediate low-
Melting of the film and subsequent freezing generated a disindex [ 110] and equivalent directions are fully kinked for
tribution of crystallites which were equilibrated at 300—550 geometric reason@ven at 0 K and have the highest energy.
K.23-%The(111) facets of the Pb crystallites were imaged by The rather straight sections of the island boundaries in Fig. 1
STM at temperatures in a range up to 51G°dmaging at  are due tdB steps, which have the lower step free enéfefy.
the temperature of equilibration is important for ensuring STM images, as in Fig. 1, provide the database for ex-
thermodynamic equilibriumd?” Although 3D equilibrium tracting the outline of the step bounding the island or the
may not be fully achieved at room temperature, there is evifacet. Examples are shown in Fig. 2 as Cartesian plat3,
dence that 2D shape equilibrium of th&1l) facets is  with r being the radius and being the azimuthal angle, after
reached. some image distortion in the scanning direction, mostly due
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to slow piezo relaxation, has been corrected. The data were foan(T)
also threefold averaged in accordance with the symmetry of rag(MKag(T)=——. 2
the[111] crystal axis. The anisotropy slowly decreases with f1a8(T)

increasing temperature, illustrated for 103, 167, 277, 3537hjs relationship follows from the Gibbs-Thomson equation
and 480 K. The anisotropy amounts to about 11% at 103 Kapplied to the facet edge on a 3D ECS. The same equation
and 2.5% at 480 K. The first three plots are data from 2Dy 55 also been derived for 2D islands by Gieseal? From
islands; the latter two froni111) facets:* The changing an-  this, one may conclude that it is valid for 2D islands, irre-
isotropy is also connected with a concomitant change of thgpective of these being isolated on a flat substrate or facets
local step c_urvatures, es_peC|aIIy in t_he direction\aind B on a 3D ECS. An important difference is however the tem-
steps—an issue that will become important further belowperature dependence of the radius of the 2D entity. The mean
The advantage of combining the |.nves.t|gat|on of 2D islands adius of a single 2D island may change with time due to
with that of facets on 3D crystallites is that 2D islands of ogywald ripening, especially difficult to avoid at higher tem-
small size can be prepared and equilibrated at low temperaseratyres. Disregarding for the moment this undesirable pro-
ture, whereas rather large crystallites and hence facets, rgass in the current context of equilibrium shapes, it is clear
sulting from the dewetting/freezing cycle, must be equili-inat the mean radius of an “isolated” 2D island does not
brated at relatively high temperaturesll relative to the  gepend on temperature, but that of a facet as part of a single
absolute melting point of Pb at 600.7).KHence the two  3p equilibrium crystallite does indeed. In fact, its tempera-
rather different preparations allow one to cover a large rangg e dependence is equal to that of the step free energy. On
of temperature. _ _ the other hand, as long as we consider pure shape changes as
For a quantitative evaluation of island/facet shapes, thg fynction of temperature, 2D islands and facets are analo-
data, such as in Fig. 2, are at first fitted by the function g5, such that we can ignore the temperature dependence of
radii. The relationship(2) is expected to be valid for 2D
r(¢)=rq+Ar[cog3¢+ o) +Hcogbp+ ot Ag)], islands and facets, and fér and B steps. With the product
@ raeKap(T) being equal td1—r"(¢)/r(¢)]ap, We expect
r aKA(T) to be<1 at low temperature, wherg >0 due to a
small minimum in the direction oA steps, but>1 at high
temperatures becausg becomes negative. In this range

wherer ,,=(ra+rg)/2, Ar=(ra—rg)/2, withr, andrg as
the local radii in the directions of thA& and B steps. The
cos(3p) term is analogous to the cosg{pfunction for 2D X :
hexagonal symmetry shap®¥sEquation(1) has minima at the local radius of thé\ step curvature is smaller thap—

3¢+ @o=nm (n=13,...), theposition of B-step direc- a feature that is never observed Brsteps. On the other
tions. The second ter cos(Gp+ o+ Ag) represents a con- hand.rgKg(T) is always<1 simply becauseg is >0 at all
tribution from the(110) type steps wherd o=+ ¢, isthe ~ t€Mmperatures. , , _
phase shift between the two contributions in the bracket. The TNe right-hand side of Eq2) can be obtained theoreti-
influence of these steps can be noted in the Cartagiah cally. The temperature dependence of trleAStep free energy,
plots, particularly at low temperature<400 K), by broader ~du€ to configurational entropy, is given By’

maxima or even extra minima<(250 K) in the region ofA

steps and sharper minima at tBesteps, as in Fig. (®). In fl(T)=f1(0)—2kTex;{ - 3) ©)
general, the fit curves yield a good value of the anisotropy kT
ra/rg. Second, when applied to a finite sectionrdfr),  Here we have neglected vibrational entropy contributions to

e.g.,=20° relative to the direction oA or B steps, values of the step free ener§§5_4l but will return to this point later
the local temperature-dependent curvatul€g(T) and  on. Step energief; (0) and kink energies, are different for
Kg(T) were obtained. In general, shapes in the vicinityAof A andB steps, with theB step having the lower step energy
andB steps were fitted as a function of angular range to se@nd higher kink energy***? Therefore the less curved part

whether the curvature would converge to a constant valug 5 (111) facet is indicative of thé® steps i 211] direction.
However, imaging problems and noise were often too seriougo step stiffness to first order is given‘By

to trust an extrapolated or small angle value. Values calcu-

lated for ranges of- 10° to == 20° (relative to the ideal step - 2KT &y

direction were averaged and taken to represent the best fl(T):TeXP(k—T), (4)
value of K g(T).

The principal data to be extracted from the measured facetuch that we know the ratib,(T)/f,(T) in this degree of
shape are the radiiy, andrg and the corresponding curva- approximation. Both of these equations are not expected to
tures at the locations oA and B steps,KA(T) andKg(T), be valid for very high temperature3>¢,/k (Ref. 14. A
where K(o)=[r(¢)—r"(¢)]/r%(¢) [note that r'(¢) plot of all experimental values,KA(T) andrgKg(T), col-
=dr/de, r'(¢)=0 for the idealA and B step directions  lected for PI§111) 2D islands and facets of 3D crystallites,
With r(¢) given by Eq.(1), the curvatures were calculated. versus temperature is presented in Fig. 3. The data are fitted
The product of facet radius and curvaturép)K(¢), is @  py first-order functiong ;5 g /f14 . The resulting step ener-
dimensionless quantity that can be shown to be equal to thgies 4 0 K are 115 meV and 127 meV for tieandB steps,
ratio of step free energy over step stiffneég(T), for 2D  respectively, and corresponding kink energies of 39.7 and

equilibrium forms!#16:31 62.8 meV. One can see that the simple first order theory
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FIG. 3. Plot of experimental data of gK g(T) for A andB FIG. 4. Experimental data afzKg(T) for B steps versus tem-

steps fitted by first-order equations of step free energy over steperature, fitted by second-order equations derived from the Akutsu

stiffness versus temperature. Filled symbols are froflPbh 2D equations(4.31) and (4.33 (Ref. 43. The extracted step and kink

islands, open symbols froifi1l) facets(Ref. 14. energies at 0 K aré;g(0)=115.7 meV andz=60.6 meV. Filled
symbols are from Rl11) 2D islands, open symbols frorill)

describes the experimental data of béthand B steps, al- facets(Ref. 14.

though the anisotropyg /r y=f1g/f14 IS >1 instead of the

experimentally expected value below 1. One reason is likelp.  the thus modified equations generéi¢T)/,(T)>1
to be that Egs.(3) and (4) are not valid in the high- pyt diverge at high temperatures. Hence the experimentally

temperature regime. In particular, the conditivrte,/k is — yo0rmined maximum irfy(T)/F,(T) versusT for A steps
partially violated forA steps because of their low k|nk_ €N" cannot possibly be fitted by either the exact or the modified
ergy. Next we used more accurate second-order equations fg o, equation§>“*This is unsatisfactory, especially since
the step free energy and step stlffne_ss instead of the f'rSWe want to utilize as many experimental points as possible
order Egs.(3) and (4). They were derived from the exact for determining correct energies for thestep.

solutions for islands of hexagonal symmettygenerated in

. For that reason the energies #isteps were obtained by
the framework of the Ising model theory. The second-ordet.... . .
expressions follow closely the exact functions o e, /k ftting the measured anisotropy rafigx(T)/15(T), keeping

i the already determined values ©ofz(0) ande,g fixed. The
(Ref. 49 and are as follows: data in Fig. 5 were fitted with the first-order expressions as a

Zsk)} simple test, yieldingf;,(0)=128.0-0.3 meV and ey
i) (5)

fl(T)=f1(O)—kT(2 exp{ - If_'ll(') —exp( T

~ 2kT €k
fl(T)Z ? ex k_T

Note, however, that Eq5) deviates from the exact for‘thy . ’ . . .

=45.0=0.7 meV. For comparison, the ratfga(T)/f1g(T)

was also calculated with the exact Akutsu expressi@xs

cept allowing for independent values Bf(0)# 2¢,). A vi-

4 4@)] ©6) sual fit of this function to the complete set of experimental
kT/]" data was carried out, using the first-order step and kink en-

allowing the step energy at=0 K to be independent of the 1.12r T
Ising valuef;"%(0)=2¢,. Since the conditioT <e,/k is 110 _"""""'"""'"’-"~'=-«.," ]
more easily met byB steps tham steps, we at first fit the {“\’ .

experimental B-step data to the second-order ratio £ 108] \'\g‘l o ]
fl(T)/Tl(T), shown in Fig. 4. The results ar&;g(0) 106t ¢ 9\0\ _
=115.7-5.8 meV anc,z=60.6+1.6 meV. Because of the E o\\°

good quality of the fit and sinc@<g,/k is fulfilled, we S04 o oxp. data \Q‘«o i
consider these values fd@ steps to be reliable. A corre- 1.02F = 1% order fit ° o™
sponding fit of theA-step data by the second-order ratioin | ™ exact egs. fit

the low-temperature range up to 280 K yieldg,(0)=101 100 00 200 300 400 500
+9 meV ande,=37*=1.6 meV—both values being even T(K)

lower than those obtained by the first-order fit in Fig. 3. This
behavior indicates that the second-order approximations of FIG. 5. Ratio of experimental shape anisotropy(T)/rg(T)
the Akutsu expressions are not valid fArsteps. The main versus T, fitted by a theoretical first-order and exact ratio
reason is that thé\-step data show ratios dfl(T)ﬁl(T) _flA(T)/le(T) due to Akutsuet al. (Ref. 43, modified to allow
>1 above 180 K and an asymptotic approach of the ratio oEdEpendem values 64(0)# 2z . The values of,5(0) ande, for
1 at high temperature. The exact Akutsu equations as well & steps determined in Fig. 4 were kept constant. The flrst-ord_er fit
the second-order approximations Wftﬁmg(O)z 26, do not yl_eldsflA(O):128.0 m(_aV ancLTkAz 45.0 meV forA steps. The fit

r with the exact equations vyield$;,(0)=128.3 meV andeya
allow the ratiof(T)/,(T) to become larger than.On  =42.5 meV forA steps. Filled symbols are from E41) 2D is-
the other hand, by choosinid®"%(0) to be independent of lands, open symbols frorfi1l) facets(Ref. 14.
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TABLE I. Step and kink energie§n meV/atom for Ph(111) vicinal surfaces, obtained through different
evaluation steps explained in the text. Values in bold are considered to be final.

Physical parameter Evaluation A step B step Energy ratio  Reference
Step energyf 14 5(0) 1st order eq., Fig. 3 1153 127+6 1.125 Present work
2nd order eq., Fig. 4 115.7+5.8
1st order egs., Fig. 5 128+10.3 0.904
Exact Akutsu egs., Fig. 5128.3+0.3 0.902
Step energyf 14 g(0) Expt. 131 117 0.893 14
Step energyf 14 g(0) Theory 95 78 0.821 42
Kink energyeya s 1st order eq., Fig. 3 3970.6 62.8-1.5 1.58 Present work
2nd order eq., Fig. 4 60.6+1.6
1st order egs., Fig. 5 4540.7 1.35
Exact Akutsu egs., Fig. 5 42.5+1.0 1.43
Kink energyeya g Expt. 40.0 60.3 151 14
Kink energyeya s Theory 41 60 1.46 42

ergies as starting values. The resulting fit, included in Fig. 5tal scatter and the path of evaluation.
behaves very much like the first-order ratio. The values In our previous discussion, we noted a significant differ-
obtained are fi5(0)=128.3-0.3 meV and &,=42.5 ence in the results to a related study by Arenhetdl® In
+1.0 meV, only slightly different from the simple first-order that work we had attributed the observed(Pl) facet an-
fit. It appears from this general comparison as if the firstisotropy of about 9%, measured at room temperature, to the
order equations have a wide range of applicability for dequilibration temperature of, e.g., 440 K. This resulted in
scribing theT dependence off;(T)/f15(T). much lower step energiéslt is now clear that the facet as
Overall, it is clear from this multiple-path evaluation of \e|| as the 2D island shapes of Pb can change substantially
shape anisotropy data that steps are characterized by a during cooling”?®?” Currently we have imaged all 2D island
significantly lower kink energy thaB steps, consistent with  and facet shapest the annealing temperature. Only then do
the higher curvature oA steps at elevated temperatures. Theye find a systematic variation of shape anisotropy with tem-
corresponding step energies are higher forAhgteps at all  perature, in the sense that it clearly decreases with increasing
studied temperatures. The current evaluation leads then tot@8mperature, despite considerable ndBigs. 2 and 5
reasonable description of the anisotropy/rg(T) and as The role of the step vibrational entroffy*°in the current
such confirms earlier results published for facets Shifhe  evaluation of absolute step free energies and kink energies
higher accuracy of energies obtained is believed to com@as been dealt with in a previous publicatiéror the type
from the extended range of investigated temperatures. At sugf steps under consideration, the magnitude of this entropy in
ficiently low temperatures there is, of course, no differencenarmonic approximation was estimated to be 0.032
between the first- and second-order equations. The use of thgev/K 814 n short, the relatively small step entropy may be

exact Akutsu equations to fit the ratiqa(T)/f15(T) over  neglected when fitting the experimental data by the theoret-
the whole studied temperature range strengthens the level of

reliability of A-step energies. A summary of all energies is

given in Table I. 130+ ' ' ' ' '
—_ 120 I .-~.~~ ~“~~
1S ""’“-....,__ ‘"\-
IV. DISCUSSION S 110] —

The current experimental study of the 2D island shape E 100k "'*-«..,:\\
changes due to step roughening covers the largest relative = ""-...:\\
range of temperature investigated for any material so far. It is £ 9o T
the only example in the literature where the ratio of step = sk T fia "5.‘.\
energy to step stiffness for two kinds of steps has been stud- R >
ied from the realm of exponential increase at low tempera- 70, 00 200 300 200 500
tures to the near saturation regime at high temperatures, as TK)

summarized in Fig. 3. The overall consistency of the data
originating from 2D islands and facets of 3D ECS is quite |G 6. Plot of step free energies Afand B steps versus tem-
good, although the level of scatter in the data is still disturbperature, based on the exact equations by Aketsal. (Ref. 43
ing. The results in terms of the final step and kink energiesnodified to allow independent values bf(0)# 2¢ and including
are in good agreement with those of a previous sttidpd  a constant vibrational step entropy of 0.032 me\(Ref. 8. The
also of theony” This is especially true for the kink formation input energies aref;A(0)=128.3 meV, e,=42.5 meV and
energies that seem to be relatively insensitive to experiment,5(0)=115.7 meV,&,z=60.6 meV.
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ical ratio functionle(T)[f(lB(T) or by f1A(T)/f15(T), be- with the curr(_ent kink energies. _The so-calle_d awning model
cause it appears in both the numerator and the denominatdhat relates kink and step energies geometri¢aljgelds for

On the other hand, for a complete description of the temperea step on fcl1l) f1,(0)=111.3 meV and f;5(0)

ture dependence of the step free energy itself, one has to usel00.7 meV, based on the kink energies in Table I. The
an appropriate equation that includes the vibrational entropyatio f;5(0)/f,14(0)=0.905 is almost exactly the experimen-
contributionst*** We illustrate the temperature dependencetal value.

of the step free energies of teand B steps in Fig. 6 by In conclusion, the systematic study of shape anisotropy of
using the exact Akutsu equatidisaind including a constant 2D islands and111) facets of Pb crystallites over a large
vibrational entropy for both. The input values are the best-fitemperature range of 103—520 K has shown that reliable step
step and kink energies of both steps in Tablshown in bold  and kink energies can be obtained #rand B steps, and,
print). Finally, note that the step vibrational entropy is par-fyrthermore, that all data can be consistently described by a
ticularly important in a discussion of the temperature depensingle physical model. Hence no recognizable difference in
dence of the step to surface free energy ratio, equal 10 thgehavior of islands and facets has been found, indicative of a

geometrsi)c ratio of the facet radius to crystal radius on regu'%egligible influence of neighboring steps on the facet shape.
3D ECS?

We conclude the discussion with a brief review of theo-
retical step energies for PtLl) vicinal surfaces at 0 K. A
recent first-principles calculation reportég,(0)=95 meV
and f,5(0)=78 meV** An embedded atom model calcula-  We gratefully acknowledge fruitful discussions with and
tion, based on an interaction potential that duplicates the awuggestions by Professor Harald Ibach and Professor Paul
erage Pb surface free energy at 38 me¥/fAyielded a step Wynblatt (Carnegie-Mellon University, PittsburghOne of
energy of 112 meV averaged ov&rand B steps® In terms  us (H.P.B) thanks Professor Gerhard Ertl for a sabbatical at
of an Ising modelf,(0) is equal to 2, and when averaged the Fritz-Haber-InstitutBerlin), where this paper was actu-
over both types of steps, this would lead to about 100 me\ally written.
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