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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 ALOO), Cu111), Cu(100), P(111), Si(111), and S{100-2 X 1 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 under vacuum conditior?.Crystallite sizes should be in the

range of the “thermodynamic limit.” They also should ex-

Surface free energies of crystalline metals and semicon-;, . s X . .
ductors are notoriously difficult to measure and experimentgp'b't a certain dislocation density to avoid the problem of the

values of this fundamentally important parameter for We"'ﬁ]?fh ?ﬁgvar?i?]ge??rr]r(laerre;cl)irz;filgﬁtogf]r:\ltvrtl:]e %r jiﬂgﬂhgmtb éstate
defined low-index orientations are practically unknoWwh. y d

The only source of information are theoretical values ob_for defect-free crystallites. The latter two requirements are

tained by more or less rigorous approactidéThe spread in usu?!f}zls’;fvl\llfwed f<|)r cn_/stlalht? rgdn of tthe_tr?_rdtehr of
theoretical values is substantial, as pointed out, for exampl dfm' facet. d enton ya S'”gde. T ept[s prtisendwl tlrr: € a]tcrea
for Pb surface$? The lacking comparison of theoretical and a tacet, due fo a screw dislocation threading the surlace,
experimental low-index surface free energies constitutes %Ee problem due to the activation barrier for equilibration of

; . S - ~_the crystallite is largely eliminated.
highly unsatisfactory situation. A principal remedy for this 2 . . .
dilgemyma may resZIt from a d%taile?j study Béf three- Utilizing Eq. (Dina suitable experiment seems to be the
dimensional(3D) crystallites in their thermodynamic equi- only way to obtain the surface free energy of an ideal low-

librium shape(ECS. Crystallites which exhibit continuous g‘f;g t()alr('alen;arl]tlorgtr[])érovgedertifrfeﬁ? Sg:ﬁﬁ s;gpcligea?/aen:r%i/ ':
facet-to-vicinal transitions are in principle an image of free - ANy P ' 9

energy relationships according to Wulff's theor&mt” In crystal or a liquid/solid wetting experiment carried out in a

particular, the radius of a facein a high symmetry direc- temperature gradierf, in general will not result in values

tion), divided by the distance between that facet and the cercharacteristic of ideal facet orientations. The more common

ter of the 3D crystallite, is proportional to the ratio of step zero creep experiments used to determine surface free ener-

) 59 ) X i
over surface free enerd$.This relation is illustrated in Fig. gies of metal$™%are all carried out for polycrystalline ma

1 which shows a cross section of a 3D crystallite. The outlineterlals yielding a surface free energy averaged over a range

is z(x), with a principal facet of radius; located az=z,. The of largely unknown orientations. .
transition between the facet and the vicinal range is continu- The measurement of absolute surfgce free energies, bas_ed
ous. The mentioned relationshin is as follotd® on quantitative images of 3D crystallite shapes under equi-
' P : librium conditions, is possible because of the very substantial
re(T) _ f2(7)

2™ fo™’ W
with fo(T) as the surface free energy of tteteplesy facet
and f,(T) as the free energy of the step bounding the facet.
Whenever eitheffo(T) or f1(T) is known, the other can be
calculated using the experimentally measurable ratio
r(T)/zy(T).

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 temperatdrevhere diffusion ki-
netics is fast enough to enable shape equilibration. Certain FIG. 1. Schematic cross section of a truncated 3D crystallite on
precautions have to be taken if equilibration is carried outa substrate surface.
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progress in determining absolute step and kink formatiorenergies. These experiments dealing with(180) and
energies on well-defined crystal surfaées’ The latter are  Si(111) energetics are reviewed in Refs. 32 and 33.

used to calibrate the energy scale of the 3D ECS. The new Extensive work on metal surfaces has demonstrated that
objective of utilizing this data for measuring absolute surfacedbsolute step free energies can be reliably measured from
free energies of low-index orientations has caused renewegfuilibrated 2D crystallitegadatom or vacancy islands of
interest in the study of 3D equilibrated crystallife$:2438.3¢  monolayer thicknegs Several approaches have been pro-
The current work draws attention to this general issue an@0sed and tested. In the first approach, the magnitude of
compares various experiments carried out on two_spana_l fIl_Jctuatlons of the_ bounding _|slanq step is dete_rmmed
dimensionai2D) and 3D equilibrium shapes of Si and some duantitatively as a function of the island's mean raduys,
metals which allow us to determine the surface free energ nd temperaturé?.v. It is shown .that the time and _a_2|muth

of a well-defined low index surface. A brief comparison with veraged fluctuation amplitude is p_roportlo_nahtﬁ divided
theory concludes this survey. The general comparison of th ?i/et(;](taoné?(alqgt%) u(fﬁ)%) egr?(;gg\/.q'll'ﬂ)s Stﬁffgggsu? nh:Z ebceoenr(lj ap-
most recent studies suggests that experimental and theore’ ! ' )

Lval f surface f . ¢ sl d | pproach the temperature variation of the equilibrium island
calvalues of surface free energies of silicon and several me shape is the source for a quantitative evaluation of step free
als may be of questionable accuracy.

energies*** The imaged island shapes were evaluated in
different ways, utilizing either temperature-dependent aspect
Il. 2D EQUILIBRIUM CRYSTAL SHAPES AND ABSOLUTE ratios or products of step radii times step curvature, accord-
STEP FREE ENERGIES ing to Eq.(2).3* A comparison of both the step fluctuation
~and equilibrium island shape techniques applied to the same
The current route to absolute surface free energies is Vighetal surfaces yielded consistent restiftQuantitative ex-
the primary determination of absolute step free energiespressions for the temperature dependence of step free ener-
Therefore we review briefly the published results for thosegies and stiffnesses derived in the framework of Ising theory
materials for which we intend to derive an absolute surfacglay an important role in most of these evaluations. More
free energy of a facet orientation. The key relationships forecently it has been shown that including next-nearest-
determining absolute step free energies from equilibriummeighbor interactions into the evaluation of (C00) im-
shapes are the Wulff theorem and the Gibbs-Thomson equ@roves the agreement between experiment and tteory.
tion applied to the boundary of 2D islands and facets of 3D A third approach for obtaining absolute step free energies
crystallites?:30:3436The following equation couples the prod- was proposed in connection with studying 3D crystallite
uct of the step radius;q, of a 2D island times the local shapes at various temperatufé8. Here the temperature-
(minimum or maximum, depending on S)alep Curvature, dependent radius of a facet .On a f!Jlly.eqUIllbI’ated 3D CI’yS-
K;, to the most important thermodynamic step properties, thé2llite has to be measured. SingeT) is directly proportional

. . to the step free energy, the data can be fitted by a two- or
step free energyi,(T), and the step stiffness, (T): three-parameter theoretical expression which describes the

f1,(T) temperature dependence of the step free energy. The fit
ri(MKi(M) ==——, (2)  would yield the step energy at 0 K, the kink formation en-
f1i(T) ergy and a constant vibrational step entropy. First experi-

fents have shown that Ostwald ripening, taking place in an

for stepi. This relationship has been recognized to be one o . ! .
the keys for the determination of step and kink formation.ensemble of crystallites on the support surface, is seriously

energies from 2D ECS. According to E®), experimental interfering with the observation of a single crystallite whose

; FT _facet is the prime object of investigatiéh.Any volume
r¢«(T)K(T) data for a particular equilibrium shape step are fit
{(DK(T) ) p. e am ":4 3637 35 P ! change of that crystallite caused by Ostwald ripening will
to theoretical expressions 6f(T)/f,(T).**>=""We return  t5isify the change in facet radius which is expected to corre-

to this further below. late with a change in temperature only, independent of any

Historically, absolute step free energies at a single teMgme effects. Hence no useful results have been obtained with
perature have been derived from step fluctuations Gt08i  hjs approach.

surfaces? Because of the reconstruction of this surface there T, proceed in the sense of E@), we discuss briefly the

are inequivalenA andB steps. At 900 K, for example, t®  temperature dependence of the step free energy and step
step remains nearly straight due to a high kink formationgiifness. In general, surface steps in a high symmetry direc-
energy, whereas thg step meanders with a large amplitude. tjon are perfectly straight at 0 K and develop increasing
Kinks on one step are made up by steps of the other typgoughness at elevated temperatures because an increasing
Hence a low(high) step energy correlates to a higlow)  density of kinks is produced by thermal excitation. Hence the
kink energy. In addition there is a kink corner energy ofste free energy decreases with increasing temperature. The
considerable magnitude in this caSeA related study by step stiffness, on the other hand, being a measure of the
Zandvliet et al*! utilizing “freeze-in temperatures” of step resistance to step meandering, is infinite at 0 K and de-
fluctuations led to similar values of single height step free;reases steeply with increasing temperature. To a first order,

energies of $1L00). A different approach was used by Bartelt j ¢ for ¢, > kT, these quantities are described by the follow-
et al*®® who evaluated 2D island equilibrium shapes onjng equationgfor a hexagonal lattice

Si(100 at different temperatures. Assuming elliptical island

shapes, they determined step radii and local step curvatures £(T) = 260 — 2kTexp<— ﬂ) 3

of A andB steps and from those the corresponding step free 1(T) =281 KT/’ @
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4T =, _ 2(b).3° The step energy at 0 K for a hexagonal Ising lattice is
@ 1 30 meV exact i equal to 2.
§ [ 60 meV " ] Next we briefly discuss the problem associated with an-
£ 1.0 07 S0mEV, 1T0MdRr | i isotropic 2D islands. The Ising model considers nearest-
B 60 meV e 550_5;0-01,;;;;;00°00°00 neighbor interactions only. It is therefore not surprising that
2 0.87 / 00" h the Ising formalism developed for a thermodynamic descrip-
> 0.6- # ”n, ] tion of steps is well suited for close-packed steps where
g ) / fd’ "..'_ ] nearest-ne!ghbor _interact_ions are more important than_ next-
& 0.4- // ., g nearest-neighbor interactions. This point seems to be impor-
53 J ., T tant when the step energy of a 2D island is anisotropic which
©® 027 / ; *u, ] is the case when two kinds of structurally inequivalent steps

Oo_a,m.g’,ﬁ,.,oa»“’d (0) =28, ™ are bounding the island, such as fad1), (100), and(110)

surfaces of fcc metals or for the reconstructed0&l)-2
X 1 and the nonreconstructed 811)-1 X 1 surfaces, for ex-
ample. Each step has then a specific step and kink formation
energy. The step with the lower free eneffyr metals called
the B step has a higher kink energy than the other step of
higher free energycalled theA step. Hence theA step be-
------- T ] comes round at lower temperature. It is obvious that a strict
’ . relation between step and kink enerdy,(0)=ce,; (with c
=consj, cannot hold for both types of steps. Recent mea-
surements for Ri11) demonstrated this very clearly by step
energies of 116 and 128 meV, and kink energies of 60.6 and
42.5 meV, forB and A steps, respectively. The Ising condi-
tion f1(0)=2¢, is closely obeyed for thB step but not at all
for the A step which has a more open structure. A similar
- — T situation is encountered for CLOO) where the close-packed
0 100 200 300 400 500 600 (110 step has a step energy of 220 meV and a kink energy
) Temperature (K) of 128—131 me\#>48 By taking nearest- and next-nearest-
_ ~ _ neighbor interactions into account and fitting the experimen-
_ FIG. 2. (a Plot of first order and exady(T)/f,(T) ratio func- 5| shape anisotropy data, separate formation energies of the
tions versus temperat~ure for two selected values of kink energ'e%lose-packedllo) step and the ope(010 step of 193 and
(p) Plot of _exactfl(T)/_fl(T) ratio function versud for a range of 5957 meV, respectively, were determirfdhese correspond
kink energies, according to the Akutsu thegRef. 47). 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
~ 2kT & for Si(001) -2x 1 which is a surface of two fold symmetry,
fi(TM) = 3 ex KT/ (4) the inequivalent steps have very different energies of 140 and
56 meV, respectivel§?
_ . . . The reason for going into so much detail here is that the
Similar expressions hold for square latti¢égaking the ra-  gigtarent types of steps of anisotropic islands cannot both be
tio f,(T)/f4(T), one obtains a function which increases from evaluated with the Ising model equations involving step cur-
zero at low temperature to a maximum of less than T at vatures, such as in E@2). The curvatures of the step with
near(2/3)g/k, such as illustrated in Fig.(@ for two kink  higher step free energy depend on the presence of the more
energies. The fact thdi(T)/f,(T) does not reach 1 and even Stable step of lower free energy. Hence the products

decreases beyond the maximum is a consequence of the dpcT)Ki(T) derived for the high energy step can 3b7ecome
proximate nature of Eqg3) and (4). A circular island, de- larger than 1 which in fact was observed for(PH).*>=In

fined byfl(T)/?l(T)=1, is expected at high temperatufés, other words, the local curvatun;(T) is then larger than

and once this has been reached, it should remain circulajr./rfi(T)' This effect never occurs for the lower free energy

Indeed, corresponding second ofdend especially the ex- St€P- The study of 2D equilibrium shape islands of0Gl)
orfé for f,(T)/F,(T) show the expected also shows this very clearfy). The elliptic island shape al-

act EXpressions. . B ) P lows a simple calculation of the minimugmaximun) step

asymptotic behavior towards 1 at high temperature, regardéurvature forA andB steps, according tKA(T):rfA/erB and

less of the value of the kink energy. This is also illustrated in _ 2 .

Fig. 2@). Consequently, if island shape changes are followeclt Bgirr)r\;)Ir;/B(/rrfD,r:;szpv?/ﬁ:gr? |in. ;zcr:cee thaeI gofx:g“.g&:(’#;)'

over a large rgnge of temp~eratures, it |§ necessary to use t tnce the anisotropy;a/re <1, ria(T)KA(T) increases with
exact expressions fofr(T)/f(T). The h|gh~er the kink en- temperature to asymptotically approach 1 whereas
ergy, the higher the temperature whéy€rl)/f,(T) beginsto  rz(T)Kg(T) is always larger than 1 and decreases with tem-
rise. A plot of the exact ratio versus temperature for a serieperature towards 1. Step free energies are in this case very
of kink energies between 30 and 80 meV is shown in Figdifferent, in the range of 52—60 and 120—180 meV/Aand

0 100 200 300 400 500 600

—_
2

Temperature (K)

Step energy / step stiffness

£,(0) = 2¢ ,
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1.4 + A-step data Ny . 14 I1l. ABSOLUTE SURFACE FREE ENERGIES: RESULTS
2] + Baepdaa e te. e o ve AND DISCUSSION OF RECENT EXPERIMENTS
40 e R 140 Together with the Wulff theorem of Eql) and a quanti-
o -’ . aa ’ tative image of the 3D ECS at a particular temperafiyrihe
E 0.8 °3 A, a 108 absolute step free energies htare the entry to absolute
£ os- 3 ;‘A los surface free ene_rgies of facet or|entat|ons. Hence it is clear
e n e that at least two independent experimental results are needed
0.4 . s 104 to determine the surface free energy of a facet orientation,
TV namely the geometric ratio;(T)/zy(T) from a 3D regular
027 Aé‘ 102 ECS(with no orientations missingand the free energfs(T)
0.0 4 oo of the step which is the boundary of that particular facet. For
0 100 200 300 400 500 600 anisotropic surfaces possibly two different step free energies
Temperature (K) andr(T)/zy(T) ratios may be involved. Some authors prefer

_ three separate measurements to be more independent of the-
FIG. 3. Plot of experimentally measureda(T)Ka(T) and  gretical model expressions describing the temperature depen-

r«g(T)Kg(T) versus temperature férandB steps of vicinal PEL.11) . = a8 i
surfaces. The data result from STM images of 2D island (@nd) dence offy(T) or the ratiof,(T)/fy(T).™ The relevant ex

facet shapegRef. 37. pression is thetf

_F(M~ — z(T)
B steps, respectivefi$4%-414%ith kink energies of 180 and fo(T) TET fl(T)rf(T) : (6)
56 meV/33:40 1(T)

The general behavior outlined above has been observed The ratio fl(T)/?l(T) is measured from the 2D ECS
H 36,37 ~
for 2D islands of P@L1Y). Islands as well agl1l) facets through the use of Eq2), the stiffnesst,(T) is indepen-

on 3D ECS of Pb are three fold symmetric, wiihsteps dently obtained from a statistical evaluation of single step

ha"”ﬁg the lower free_ energy. Combining exper_|menta| Olatg%Iuctuations atT, and finally zy(T)/r¢(T) is measured from
obtained from analyzing facet shapes and 2D island shap e 3D ECS at the same temperature. In this case the uncer-
over a large range of temperaturg(T)K;(T) dqta were tainties of three measurements enter into calculating the sur-
evaluated for both types of steps, such as seen in Fig. 3. Tr}sce free energy at a particulr
data for the low-energi step are less than 1 and approach 1 The evaluation of the 3D ECS is more involved when the
at high temperature whereas tAestep data are less than 1

transition between facet and vicinal surface is discontinuous,

only at low temperature, rise above 1, and then decreasltlae” characterized by a finite sloge. In general, the ratio

towards 1 at high temp_erature. TBSNtep data We_re f.|t with £,(T)/fo(T) will be larger thanr(T)/z(T).52 When the dis-
the exact Akutsu equatioffsfor ,(T)/f1(T), resulting in re- continuity is due to mixed repulsive and attractive step inter-

liable energy data foB steps quoted above. The quality of actions (f;<0,f,>0), the relationship(1) was shown to
the fit and the fact thafg(T) is close to 2,z justify this change t&°

Ising model approach. The same experimental data would

also permit a one-parameter fit with just the kink energy, ﬂ( ~0)= f(M | 45T (5)2 R
resulting ing,g=62 meV andf,g(T)=124 meV. TheA-step 2(T) Pr (M) 27D\ f,/)

data for the same islands, on the other hand, were evaluated

by fitting the island anisotropy versus temperature, keeping 2f,

the step and kink energy & steps fixed. This resulted in the Ps=— 3t (8)

energetic data oA steps wherd;,(T) is about equal to & 4,
a ratio in conflict with the Ising condition. Tha-step data However, an evaluation according to K@) is considerably
are consistent with th@&-step data in the framework of a more complicated because the quantitidg(T) and
simple awning approximatiGA which relates the ratio of f5(T)/f,(T) have to be determined in additiontgT)/zy(T).
kink energies to the island anisotropy ratio at 0 K: 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 crystalliteg3>* On the other hand, the dis-
exn 1-0.54/f1p continuity at the facet edge facilitates the experimental de-
- = o Jf—05" (5) termination ofr; by imaging techniques of lower than atomic
€kB 1a'T1 5 :
resolution.

Taking the extrapolated anisotropy ratio of 1.104 at 0 K At this point we add some comments regarding experi-
and g,z=62 meV, one obtainss,=46 meV and fi5(T) mental requirements. To obtain reliable experimental values
=137 meV. These values are in good agreement with thef zy(T) and r{(T) of the 3D ECS at elevated temperature
data evaluated from the temperature-dependent islangquires high resolution imaging, preferably step-resolved
anisotropy>3’ The experimental results on step energiesimaging, such as with scanning tunneli(®TM) and atomic
quoted here are furthermore supported by recent densitiprce microscopie$sAFM).3%% The same demand holds for
functional theory of step energies of Rh1).5* the investigation of 2D islands and for studying single step
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that cause the distortion. The crystallographic angles be-
tween different facets on the ECS determine the degree of
expansion(or contractioi.

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 d&&340.4149.66.63nd of 3D ECS
studies’®60.61.65.68-74gwever, only two groups report rela-
tive step free energies in the form ofT)/z,(T) values®®65
Note that even at high temperature the step free energy is not
necessarily equal to the step stiffné%4! Partial ECSs of Si
were obtained for voids of nanometer dimensf&i§as well
as equilibrated narrow columns of micrometer dianf8&r
and even cylindrical holes of 0.4 mm diametérMost
groups report stablél11) and(100) facets although the sta-
bility of (100) facets under equilibrium conditions has been
seriously questione®:’%"1We list in Table | examples of
step free energy data, in conjunction with two sets of
r+(T)/zy(T) values for(111) and(100) surfaces, which have
been calculated from derivatives of the anisotropic surface
free energy versus orientatiody(®)/d0®, at the respective
cusp?6® These data were obtained at three different tem-
peratures. A step free energy of 56 meV/A at 1073 K for the
high temperature phase($11)-1xX 1 was reported in early
work’273put later much lower values around 14—30 meV/A
seemed more appropriatet®.70.7475Because of this uncer-

a7 bondng s, 14 and b SV mageo sl 7% 970 e Aerent emperaies ol we poter
Pb crystallite(diameter: 7.5um) showing(111) and (100) facets

results of this calculation, in which first- and second-nearest-
(Ref. 58. : _ . .
neighbor interactions are taken into account, was matched to

fluctuations on vicinal surfaces. Examples in Fig. 4 show thaguasiexperimental values, origiDaIIy fit to a surface free en-
the boundary of #111) facet on a Pb crystallite, due to a step €rgy of 1 J/ni.5° The calculated';(T) also agrees with the

of monatomic height, is clearly seen by STM. The STM measured step stiffnes of 17 meV/A at 1373%.

image shows, furthermore, smajll12} and {221} facets In most cases we consider high temperature data, i.e.,
which were previously seen only on growth shapfeBy  those representing the ($11)-1x1 and the reconstructed
comparison, high resolution scanning electron microscopypi(100-2X 1 surfaces. For the twofold symmetric(800)
(SEM) is not capable of resolving facet edges for continuousve take the average of thfe andB-step free energies which
facet-to-vicinal transition&”:8 Interpolation or curve fitting is believed to correlate best with the measured average radius
procedures have to be used to estimate facet ta&eflec-  of the (100) facet on the ECS. Here a range of fairly consis-
tion electron microscopyREM) has been used successfully tent values between 7.6 and 3.5 meV/A was reported
to image single steps and 2D islands at elevated temperatuog calculated for the temperatures of the ECS
on Si surfaces, especially in context of studying the dynammeasuremef?*%41.77 ysing kink energies of 190 and
ics of step fluctuations, but severe image distortion limits thel20 meV for A and B steps, respectiveff). Table | shows
accuracy of measuring equilibrium sha&8! The image of  that the spread in surface free energies calculated for both Si
the 3D ECS has to be sufficiently complete such that thesurfaces is large, ranging from 48 to 103 meV/ &Korre-
Wulff point of the crystallite can be determined. This is es-sponding to 0.77-1.64 JAnif we disregard the lowest
sential for measuring the separation of the facet from thevalue of 29 meV/& for Si(100) at 1323 K. It appears that
Waulff point. Image distortions present in STM images of 3D temperature dependence may be partially responsible for this
truncated crystallites can be corrected if several main facetspread. The values at 973 K fall into a range between 0.77
of known orientation are preseHt3®A linear expansion of and 1.64 J/rhwhile those at 1323 K and above are all be-
the z scale will usually compensate piezorelaxation effectdow 0.85 J/n?. Despite this possible correlation the overall

(b)

FIG. 4. Experimental images of equilibrated Pb crystallites:
STM image of Pb crystallitédiameter: 1.35um) with (111) facet
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TABLE |. Step and surface free energies of well-defin@dl) and (100) orientations measured via a quantitative study of 3D

crystallites.
f2(T) T y111(T) Y111(T)
Surface (meV/A) (K)  Reference ri(T)/z(T) Reference (meV/A2) (J/m?)  Reference
Au(100 58.9 353 62 0.112 corr 53 Present
20.7# 1123 at 1123 K 90.6 1.46
quench
Cu(11y) 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
Ph(111) 28.6-30.7 323 14 0.34-0.35 14 275 0.44 14
27.2-28.7 373 0.33-0.35 average average
26.5-27.9 393 0.31
Ph(111) 19.3 550 14 ~0.25est. 57 22 0.35 Present
quench
Si(113) 35 973 47 0.15 65 75 1.19 Present
Si(11 20 1323 47 0.12 60 53 0.85 Present
1x1 phase
Si(113) 18 1373 47 0.12 38 48 0.77 Present
1X1 phase
Si(111 14.1-19.8 1373 38 0.12-0.14 38, 60, and 61 37-53 0.59-0.8 38
1X 1 phase
Si(100 7.6 973 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 7.38 973 41 0.054 65 101 1.61 Present
2.9 1323 (0.076 60 (29 (0.47)

aAu step free energy at 1123 K estimated with kink energy of 70 $eV
bSi(100) average step energy corrected for temperature of ECS measurement with kink energies of 190 and 120Arsnd Bisteps,

respectively(Refs. 33 and 40

result is not very satisfactory for a well studied material suchperature Ex situimaging of the crystallites by scanning elec-
as Si, especially in view of the relatively small surface freetron microscopy(SEM) along the(110 direction produced

energy anisotropy of only 11% at 973 (Ref. 65 and 3% at
1323 K (Ref. 60 between(111) and (100). Some authors
report ¥(100/y(111) >1 at 873—973 K(Refs. 65 and 6P
while another group find$(100)/4(111) <1 at 1323 K&9.61

shapes with well develope¢lll) and (100 facets whose
radii were determined by curve fitting with a general shape
function$* Using the data listed in Table I, calculated surface
free energies for bottil11) and(100) orientations turn out to

This is an unresolved discrepancy which causes further corbe very high, namely 4.0 and 5.5 J?espectively, com-
cern. The surface free energies of Si in Table | may be compared to published values of the order of 1.85 ?lifrffhe
pared with published absolute surface free energies, such &ge differences calculated for ti&11) and (100) orienta-

the experimental value of 1.23 J#rfor Si(111),’® and theo-
retical values(at 0 K) ranging from 1.4 to 1.8 J/#f879-83

Here we disregard the relatively small differences due tdemperaturé?
various forms of reconstruction. It appears that the current A special case is Au where the transitions betwéktd)
values tend to be lower than previously published surfacend (100) facets and their vicinal range on the ECS are
free energies of $100) and S{111). Some of the difference discontinuou$*# We evaluated the;(T)/zy(T) for Au(100)
may be due to temperature, an effect whose magnitude st 1123 K and corrected it via Eq7) by taking repulsive

difficult to estimate for such a large range.

0 K agree well with theoretical step energf#ésdowever, so

tions are also inconsistent with the experimental low aniso-
tropy of the surface free energy~2%) at this high

step interactions into accoutitSince the discontinuity at the
For Cu there are excellent absolute step and kink energgl00) facet is small, the corrected ratio of 0.112 is very close

datd?*3which allow the calculation of step free energies atto the measured one, 0.108. The step free energy for recon-

high temperature. The experimental values extrapolated tstructed(100) islands at 353 K was determined via the fluc-

tuation technique as 59 meV//Ref. 62 which was up-

far little information on the ECS of Cu crystallites is scaled to 1123 K using a kink energy of 70 méRef. 63
available?*%4 Recently, Cu crystallites deposited on sapphireand a vibrational entropy of 0.017 meV/AR The value for
have been equilibrated at 1240 K and quenched to room tenthe surface free energy is then 91 me\#/Ar 1.46 J/m
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which compares well with published values of
1.40-1.53 J/rhfor polycrystalline Aut

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 temperattfé.
The average surface free energy of (Pld) at about
320-400 K is 27.5 meV/A or 440 mJ/m. This value is
low but still compatible with previously published experi-

£,(T) (meV/A)

409 | —cut11
mental surface free energies of Pb, 560—610 n#FA# ok Cu100
since those presumably represent undefined high-index ori- 209 | e Cutiient

104 | === Cut00ent

entations. Thg111) surface is expected to have the lowest
surface energy, and secondly, the current value is close to a 0 0 200 400 600 800 1000 1200 1400
recently calculated value of 26 meV#fr 416 mJ/n for Temperature (K)
this surfacé® based on local density functional theory in-
cluding the effect of surface relaxation. In general, however, FIG. 5. Plot of temperature-dependent step free energies for
theoretical data for Rti11) surface energies cover a large vicinal Cu11l) and Cy100) surfaces, all steps along close-packed
range from 270 to 600 mJ/Am*3° (110 directions. The set labeled “ent” represents the higher vibra-
At this point one may wish to come to a general assesstional entropies. See the text for further details.
ment of the evaluation and data comparison presented in
Table 1. One point seems to be obvious: the surface freslow, or the facet radius being too small due to the low
energies obtained for Au and Pb are in reasonable agreemeamisolution of SEM. If the quenching rate were too slow, fac-
with previous experimental and theoretical results whileets could have grown during quenching causing a larger
those for Cu and Si are either totally out of bounds or show+(T)/zy(T) ratio. However, this effect can be ruled out be-
ing an unusual amount of scatter. Several reasons may be peduse it would mean even smallgfT)/z,(T) ratios at the
forward to rationalize this observation. First, Au and Pb arequench temperature. The influence of the other two factors
one noble and one fairly inert metal, such that surface conen r(T)/z,(T) is difficult to assess. Cleanliness control by
tamination may not play a role. Second, the facets could bauger electron spectroscopy and careful shape fitting of the
well located in both cases, due to the sharp edge at thfcet-to-vicinal transition make it rather unlikely that these
Au(100) facet, on the one hand, and STM imaging of experimental factors are responsible for the unreasonably
Ph(111), on the other hand. Third, step free energies were imigh values of the surface free energies of Cu in Table |
both cases obtained by STM techniques. compared to those obtained by theory and older
For Si we have a large number of investigations, somexperiments.
involving STM imaging, others low-energy electron micros-  The second possible shortcoming may be souglii (if)
copy, SEM, TEM and REM, all of them having different peing too large. By treating the temperature dependence of
resolution and vacuum environments. This holds for the dethe step free energy, we use a simple expression to extrapo-
termination of step free energies and step stiffnesses or Qhie the step energies up to 1240 K from the low tempera-
re(T)/z,(T) from the ECS of crystallites or voids. Different tyres where they were actually measured. There are two pa-
crystal sizes have been studied, a fact which may be respofameters which govern the temperature dependence of the
sible for some variation of the results. Note, however, thaktep free energy, the kink energy and the vibrational
the absolute step free energies of vicinal13l)-1X1 are  entropy?89-920ne generally assumes the kink energy to be
still uncertain. The theoretical,(T) of Akutsu et al. for  temperature independent, although this has not been proven.
Si(111) was fit to data of Ref. 60 that had been obtained byThe vibrational entropy, on the other hand, may well be tem-
assuming a surface free energy of 1.0 3/htence our pre- perature dependent due to anharmonicity at high tempera-
ferred data basef;(T), for that surface is uncertain. The ture. It is currently not possible to account for this in a physi-
variability in results for Si111) and(100) is then to be ex- cally accurate fashidd but by way of a rough approximation
pected. Despite this caveat we note that averages of 0.76 amee include anharmonicity by choosing a larger average vi-
1.13 J/n% are found for Sil11) and S{100), respectively, brational entropy contribution, compared to the harmonic
with the anisotropy(100)/(111) being clearly larger than 1 values of 0.0325 meV/K for Qall) (Ref. 43 and
when averaged over the measured range of temperature. 0.0173 meV/K for C(l00) vicinal steps at low temperature.
For Cu there is only a single investigation, in which the Consequently the step free energies at 1240 K will decrease.
crystallites were equilibrated at high temperature, quencheBigure 5 shows a comparison of the temperature dependence
to room temperature and then transferred to another systeof f,(T) for Cu(111) and C100) vicinal steps, calculated by
for SEM imaging?*®* The resulting surface free energies in using the vibrational entropies mentioned above and alterna-
Table | are too large and inconsistent with the known experitively higher entropies of 0.095 and 0.083 meV/K fad1)
mental and theoretical values of this quanti%*2'3There  and(100) steps, respectively. For the latter the step free en-
are basically two possible explanations: eithgil) of Cuis  ergies at 1240 K are found at about 27 and 17 meV/A, and
too large orr¢(T)/z(T) is too small. Regarding the latter the corresponding surface free energies are 119 méVogA
option, there are several possible shortcomings, such as uu(111) and C¢100), respectively(or 1.9 J/nf). The sur-
known surface contamination, the quenching rate being toface free energy anisotropy is negligible at this temperature.
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Of course, the chosen values for the average vibrational en- Surface free energies of 4.0-5.5 F/are calculated for
tropies are arbitrary but not unreasonable in view of the large€u(111) and Cy100) which are far too high compared to the
temperature gap between 320 K, where the step free energikeown experimental and theoretical values. Assuming a
were measured, and 1240 K where the ECS was formed arfdgher vibrational entropy to compute the step free energies
imaged after quenching. Future work will have to showat T (1240 K) improves the agreement with previously pub-
whether this rationale can be substantiated. lished data. The higher vibrational entropy may be justified
by an increasing importance of anharmonicity at high
temperatures.

Absolute experimental step free energies and the geom-
etry of a corresponding ECS, both at the same temper&ture
can be used successfully to determine the surface free energy
of a well-defined low-index orientation dt We gratefully acknowledge correspondence on the issue

Utilizing the above approach, trustworthy surface free enof Si step free energies with Ellen Williams, Jean-Jacques
ergies of Pl11) and Ay100) are calculated which are con- Métois, and Harold Zandvliet. We thank Dominique Chatain,
sistent with previously published experimental and theoretiVeronique Ghetta, and Paul Wynblatt for sending us the Cu
cal data. ECS data and for continued discussion. H.P.B is grateful to
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