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Determination of Step Free Energies from Island Shape Fluctuations on Metal Surfaces
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The absolute measurement of free energies associated with crystal steps on a metal surface has
been a long-standing problem. We report a reliable estimate of the step free energy on a Cu(111)
crystal surface, based on an analysis of island shape fluctuations directly imaged by scanning tunneling
microscopy. The result of 0.22 eV per atomic distance for steps running into close-packed directions is
in good agreement with theoretical predictions. [S0031-9007(99)09095-X]

PACS numbers: 68.35.Md, 61.16.Ch, 68.35.Ja

The step free energy is one of the fundamental quantitiestep entropies [6]. For the Ag(111) surface, Morgenstern
used to describe real crystal surfaces. It is defined as thet al. have estimated the step free energy at about room
free energy required to create a crystal step and it catemperature to 0.22 eV per atomic distaacky studying
be regarded as the low-dimensional analog of the surfadhe decay of Ag adatom islands and fitting the shape of
free energy. Just as the angular variation of the surfacisland decay curves with a theoretical model based on the
free energy determines the equilibrium shape of threeGibbs-Thomson equation [7]. This result is not unreason-
dimensional crystals via the famous Wulff construction [1],able but still significantly larger than the corresponding
the variation of the step free energy with angle determinegheory result for the step formation energyof56 eV/a
the equilibrium shape of monolayer islands on a crystaht 0 K as calculated by Stoltze using effective medium the-
surface. Moreover, as stated by the well-known Gibbseory (EMT) [8]. The same experimental procedure applied
Thomson relation [1], this quantity is proportional to the to the Cu(111) surface by Schulze Icking-Konetral. [9]
chemical potential of monolayer islands and curved stepgesulted in an even larger discrepan6yt5 eV/a com-
and hence its magnitude is directly linked to mass transpogtared to an EMT result 0§.208 eV/a [8], questioning
rates close to equilibrium. whether or not this approach measures indeed the true step

Given the fundamental importance of this material pafree energy [10].
rameter, it is amazing how little experimental information In this paper we describe a method to determine the step
is available on this quantity, at least for metal surfacesfree energy on metal surfaces which appears to be more re-
While several estimates based on various computationdiable. We measure the amplitude of island shape fluctua-
schemes exist, experiments have mostly been limited tbons around the equilibrium shape which can be directly
the determination of theelative magnitude of the free related to the step free energy. The advantage of this ap-
energies of differently oriented steps from equilibrium is-proach is that the experiments are performed under con-
land shapes. A prominent example of studies of this typalitions of equilibrium and constant island size, and hence
is the work of Michelyet al. who determined a ratio the method does not require the knowledge of any mass
of 0.87 = 0.02 for the step energies of so-called tyBe transport rates and is immune against peculiar size effects
and typeA steps on Pt(111), i.e., the (111)- and (100)-as, for instance, size-dependent electronic contributions to
microfaceted close-packed steps [2]. This experimentahe free energy of an island [11]. In this paper, we study
result has been a challenge for advanabdnitio energy  the shape fluctuations of monatomically deep vacancy is-
calculations [3], and could be reproduced only recently byands on a Cu(111) surface at temperatures between 263
calculations of Boisverét al. [4]. Experiments suited to and 343 K using scanning tunneling microscopy (STM).
reliably determine thabsolutevalue of the step free en- From the amplitude of the fluctuations we obtain an esti-
ergy on metal surfaces, however, are hardly available [SJmate for the step free energy ¢f= 0.22 * 0.02 eV/a.
Bonzel has estimated absolute step energies on metals byis value is in good agreement with the EMT result of
extrapolating old results on surface free energies at ten.208 eV/a [8].
peratures close to the melting point to low temperatures us- The experiments were performed in a ultrahigh vacuum
ing the terrace-ledge-kink model and available estimates afhamber with a base pressure o 10~!! mbar. The
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STM itself is a modified “beetle” similar to the ones
described in [12]. The sample was prepared by cycles
of sputtering with AF ions (600 eV) and annealing to
850 K. The mean terrace width of the sample was more
than 200 nm. Monatomically deep vacancy islands were
induced by bombardment with Ar ions at 270-290 K.
The sample was then heated to 350 K to let the adatom
islands decay which were also produced by the ion pulse.
Finally, the sample was cooled to the temperature of the
experiments.

In each measurement, a sequence of STM images was| 318K 318K

recorded at time intervals of 20 s and a spatial resolution e
(pixel size) 0f0.36 X 0.36 nm?. The time interval ap- { -H"% 'P

peared to be long enough to avoid correlations between

consecutively measured cluster shapes. Moreover, we did

not find an influence of the finite scanning time of one is- ﬁ .

land (typically 1 s) on the shape fluctuations. Tunneling %\Wh

voltage and current were in the rangd 6 = 0.7-1.0 V

and/ = 0.3-0.5 nA, respectively. For the high gap resis-

tances_corresponding to these vaIl_Jes, no tip effectonislangg 1 Shapes of vacancy clusters on Cu(111). Top: STM

dynamics was observed [13]. During a measurement (lastmages of vacancy clusters at 263 K (left) and 318 K (right).

ing up to 1200 s), the vacancy cluster size did not chang&he two different types of close-packed steps (i.e., steps

significantly (at the highest temperature of 343 K, the sizéunning in(110) directions) are indicated (labeled A and B for

decreases only by=10% in one hour due to adatoms fill- tge{loo}- and{l11}-microfaceted steps, respectively). Bottom:

. - . uster contours at 318 K derived from two single STM images

ing the vacancy islands). Details abo_ut the apparatus a ft) and averaged over 17 images (right).

the experimental procedure are described elsewhere [13].
The fluctuation of the vacancy cluster shape is derived

5nm 5nm

from STM measurements by comparing the shape found iﬁ(a’ 1) [15]:

a single image to the mean cluster shape obtained by av- r(6,1r) — R(0)

eraging a large number of STM images of the same clus- 8(6.1) = R(9) ) ()
ter. Figure 1 (top) shows representative STM images of i . .

vacancg/ cluste(rsrz):\)t two tempgratures. Also shown ?Fig. W e further define a fluctuation functiai by

(bottom)] are contours found in two single measurements R> (™

and the mean shape of a cluster at 318 K derived from 17 G = 27 Jo g°(0,1)do, (2)

consecutively measured STM images. The mean shape
represents the equilibrium shape, and hence we can deri
the ratio of the free energies afandB steps from the ratio
of the normal distancels, andip (cf. Fig. 1). The result
of yg/ya = hg/hy = 1.02 £ 0.02 is in agreement with
previous work [14]. Because of the almost perfect hexago- ) )
nal symmetry, we can further estimate the anisotropy of the G =R Z lgn (I, (3)
step free energy (i.e., the maximum variationyofvith po- Inl>1
lar angle) from the ratio of¢ to 4, whereh denotes the Note that the sum extends only over valupgd > 1
normal distance of the corners (cf. Fig. 1). We obtain arbecause, if the deviation from the equilibrium shape is
anisotropy of about 7% at temperatures between 318 argmall and the origin has been chosen at the cluster’s center
343 K, and about 10% at 263 K. of mass,g; andg_; vanish and the contribution @f = 0

To quantify the shape fluctuations, we follow the work can be neglected.
of Khare and Einstein [15] and define the instantaneous To relate the measurable quantify to the step free
position of the cluster edge in cylindrical coordinates byenergy we use the theory of shape fluctuations of nearly
a functionr(6, r), wherer and# are the radius and polar circular clusters (cf. [15]). The free energy of the
angle, respectively, andis the time. Since the origin of cluster contour is given by = [,y ds, where ds =
the coordinate system can be chosen freely, we define {{r2 + (dr/06)%. Substitution of Eq. (1) results in an ex-
at any time in such a way that it coincides with the centerpression for the increase in free energy due to a deviation
of mass of the cluster. If we define the functiBfd) as  from the equilibrium shape:
the time-averaged position of the cluster’'s edge relative to
its center of mass, we may describe the deviation from AF =F — Fy = wyR Z (n* — a)lg (D), (4)
the average shape in terms of a dimensionless variable [n]>1
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ereR denotes the average value Bf6). By writing
g(0,1) in Fourier representatio} , g,(t) expinf), one
can express; in terms of the Fourier componengs (for
which the conditiorg, = g*, guarantees that is real):
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tensiony. If y(#) andR(#) are not constanty may de- s
viate slightly from unity, andy is an effective line tension £
given by some average over the functib@) = [y(0)/ ’\%
RI[R(6)*/p(0)] with p(60) = /R(0)* + [0R(6)/96T 0]
[16]. The functionl’ has a broad minimum at angles cor- Vv
responding to the side facdsandB of the islands, where
it has a value ofy, sha 5/R, i.€., a few percent lower than | °
the step free energy of close-packed steps. The sharper 0.04 2 4 6 8 10
maximum is assumed in the direction of the island corners R [nm]
(C) and it has a value ofchc/R, i.e., about 14% higher
than the minimum, as can be estimated directly from theIG. 2. Shape fluctuation functio@., (for a definition, see
measured equilibrium shape. The average vaiuwill text) as a function of mean cluster radius for different
be in between the maximum and the minimum and willléMPeratures as indicated.
thus differ from the step free energy of close-packed steps
by only a factor1.05 = 0.07, the error being certainly order of half the pixel size). This error can be regarded
overestimated. as statistically independent and thus leads to an additive

Equipartition of energy demands that on the time avercontribution to the fluctuation function:
age an amount &fT' /2 is stored in each of the independent 5 . 2
modesn, i.e.,(AF,(t)) = kT /2 [17]. Hence, one obtains (Gexp) = R <[ (r(e’t) +Ar — R(e)) d0>

0

whereF, = [, v ds (i.e., the line integral ofy along the 0.14 — . . .
averaged contour of the island, i.e., the equilibrium-shaped v 343K
island). In the limit in whichy(#), and thus als® (), can 0.12{ 4 33K
be assumed to be constant= 1 andy is equal to the line ® 328K
u
o]

for the Fourier componenisg, (n # 0): 2m R(6)
=(G) + (Ar?).
QenPy = —*T ©) o)+ @ @

2myR(n? — @) We thus identifyGy = 5.2 X 1072 nn? with the mean
Combining Egs. (3) and (5), and noting thaj,~; 1/  square experimental errdAr?), i.e., r(0,1) is measured
(n*> — 1) = 3/2, one gets the following forr = 1: with an average errot/(Ar2) = 0.23 nm which corre-

0.75kTR sponds rather well to the expected accuracy of about

v = (G) (6) 0.18 nm, i.e., half the pixel diameter of 0.36 nm. This

interpretation is also backed up by the observation that,
This equation is also a good approximation for the islandat the lower temperature of 263 KG.x,) is essentially
shapes observed in our experiments for which the possibleonstant and equal 6.9 + 0.3) X 1072 nn? (although
systematic deviation ofr from unity is estimated to be a slight decrease at small cannot be excluded). At
20% [16]. Changingae by 20% results in a change of this lower temperature, the island edges are relatively
D=1 1/(n* — a) by only 3.5%. Thus, Eq. (6) allows straight (cf. Fig. 1) and any diffusion process requiring
one to determiney by substituting the time-averaged the breakup of close-packed island ledges is frozen out
fluctuation function determined from experiment. [13]. The observedG.,,) at 263 K can therefore be in-

In Fig. 2 the shape fluctuation functiofG..,) mea- terpreted as being due to the mean experimental error,
sured at five temperatures is shown as a function of theith possibly an additional small contribution @1 nr?
cluster radiusk. At the higher temperatures (318—-343 K) caused by a few mobile step adatoms which are not part
a clear dependence @his found. Within the experimen- of the closed island edges.
tal resolution, this dependence is the same for the four Thus, one finally gets for the shape fluctuation function
temperatures (as expected beca(Se is directly pro- (G)= GR = (7.4 X 1073 nmR. By substituting into
portional to the temperature which varies only t4%)  Eq. (6) the mean temperature (330 K) and the value

and can be well described by a linear functi@,,) = of (G), we obtain a value for the line tension of =
Go + GR. Error-weighted linear regression yields 0.92 = 0.09 eV/nm = 0.23 * 0.02 eV/a. A slightly
parametersGy = (5.2 * 0.4) X 1072 nn? and G, = lower value ofy = 0.22 = 0.02 eV/a, and a slightly
(7.4 = 0.8) X 1073 nm. better fit is obtained if we fi{G.,) for each temperature

The constant contributiorG, to the measured fluctua- separately and calculate the average value ofythalues
tion function is interpreted as a systematic experimentabbtained in this way. A% is most likely to be about 5%
error caused by the limited spatial resolution. WHil@)  higher than the step free energy of close-packed steps (see
is derived by averaging and the uncertainty of this quantityabove), we give this lower value as our best estimate for
can therefore be reduced as much as wanted, the valdlee step free energy of close-packed steps on Cu(111).
of r(#,r) obtained from one measurement does have an Note, however, that this estimate might still be slightly
errorAr(6, t) (which, on average, is expected to be of thetoo large because, in deriving Eqg. (6) equipartition is
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assumed to apply for values ¢f| sufficiently large to  [5] The situation is more satisfactory for the covalently
approximate the summation af/(n> — 1) by 3/2 (i.e., bonded semiconductor surfaces, where step energies can
the infinite sum). It is clear, however, that because of the =~ be associated with kink energies determined from the
discrete nature of the island edge the sum has a cutoff at roughness of steps [B.S. Swartzentruber, Y.-W. Mo,
some valuei,, which is determined by both the island R. Kariotis, M.G. Lagally, and M.B. Webb, Phys.
size and the temperature. Using as an estimate:for Elev'..ll(‘ettE' 6J5' 1913L (1990); H'&]'Y)V' S?EEVHEL ﬂ'hB'
half the number of edge atoms in the smallest islands (i.e., SWik, = van -oenen, an - OiKKamp, Fhys.

- . ) : . Rev. B 45, 5965 (1992)], or have been determined by
nmax = 25), we find that our estimate is too high by 5% combining information from equilibrium island shapes

at most [18]. _ _ with a Langevin analysis of fluctuating steps [N.C.
To compare our estimate to the step formation energy at  Bartelt, R. M. Tromp, and E. D. Williams, Phys. Rev. Lett.

0 K of 0.208 eV/a as calculated by Stoltze using effective 73, 1656 (1994)].

medium theory [8], we further need to discuss the effect of [6] H. Bonzel, Surf. Sci. Lett328 L571 (1995).

finite temperature, i.e., the contribution of step entropy to [7] K. Morgenstern, G. Rosenfeld, E. Laegsgaard, F. Besen-

the step free energy. As an upper bound for this contri-  bacher, and G. Comsa, Phys. Rev. L8€, 556 (1998).

bution we can use the literature value for the step entropyl8] P. Stoltze, J. Phys. Condens. Mat6219495 (1994).

of close-packed steps on Cu(111) at temperatures betweel?! géisggglg Iézllgg%-)Konert, M. Giesen, and H. Ibach, Surf.

—4 . - . .
1100 and_l300 K 01._2 X 107 eV/a K [6,19], yielding I410] Note that EMT does not yield absolute values beyond
an entropic contribution to the step free energy at 330

S . . any doubt, especially for low coordinated structures. For
of —0.04 eV/a. A more realistic estimate can be obtained the electronically simple Cu surface, however, and the

on the basis of the configurational step entragyexpx relatively high coordination of step atoms, this method
(—€/kT) [20] with a kink creation energy = 0.13 eV will yield reasonable values.
[21] resulting in an entropic contribution of less than[11] K. Jin, G.D. Mahan, H. Metiu, and Z. Zhang, Phys. Rev.
—1073 eV/a. Hence, one can conclude that the entropic Lett. 80, 1026 (1998).
contribution to the step free energy at the temperature2] M. Bott, T. Michely, and G. Comsa, Rev. Sci. Instrum.
used here is most likely to be smaller than the error bar 66, 4135 (1995); S. Horch, P. Zeppenfeld, R. David, and
of the measurement. Taking further into account that the G- Comsa, Rev. Sci. Instrurb5, 3204 (1994).
effective medium theory typically slightly underestimates!13] D-C. Schloer, L.K. Verheij, and G. Rosenfeld (to be
energy values, we can safely conclude that our experimen-  Published); D.C. ‘SchioRer, Ph.D. thesis, University of
.. - Bonn, Berichte des Forschungszentrums, Jilich, Report
tal result is in good agreement with the theory result. No. 3475, 1997.
In _conclugon, we hav_e studied the flu.ctuatl.o'ns_ of 14] M. Giesen, U. Linke, and H. Ibach, Surf. SE89 264
two-dimensional vacancy islands around their equilibrium = (1997),
shape on Cu(111) at temperatures between 318 angs] S. Khare and T.L. Einstein, Phys. Rev. B}, 11752
343 K. From the amplitude of these fluctuations we have  (1996).
estimated an absolute value of the free energy of closg16] L. K. Verheij and G. Rosenfeld (to be published). Deriva-
packed steps df.22 + 0.02 eV per atomic distance. This tion of Eq. (4) in the case thak(6) is not constant is
result is in good agreement with effective medium theory ~ based on the fact thaf T'(6)g(6)*d6 =¥ [ g(6)*do,
calculations and can serve as a basis for further studies of ~Wherey is some average df(6), asg(¢)2 > 0 for all 6.
energetics and dynamics on similar metal surfaces. For a, one obtains in that case = YoR>/YRy, where
Discussions with Georg Schulze Icking-Konert, Harald grdésr Eguﬁ‘;‘irﬂgﬁg’cﬁfﬂtg 323)73@"1?(?5’ raégpgqgivz;;o
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