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Abstract

We have studied the step-step interactions on @9V vicinal surface. Grazing
incidence X-ray diffraction (GIXD) allowed us to amure the elastic atomic relaxations near
the surface due to the steps. By means of the mafdblried elastic dipoles, within the
framework of anisotropic linear elasticity (ALE)I|calations, the surface stress of Pt(111),
and the elastic interaction between steps are @eddde values so-obtained are compared to
the values previously measured on the Pt(779) cmrfa@ith the same technique. The

comparison shows the strong influence of step gégme step interactions.

1. Introduction
Among vicinal surfaces of transition and noble rstgl11) platinum vicinal surfaces
have attracted a considerable interest. In padicdlue to the high regularity achieved by the

array of monoatomic steps obtained when cutting erystal a few degrees from the (111)



direction, such surfaces have been used as numleagnters for the guided growth of
metallic nanowires [1,2,3]. The specific propertedsPt steps have also been enlightened in
numerous catalysis studies [4,5,6]. Beside thiartelogical interest, fundamental properties
of platinum stepped surfaces (atomic relaxatiomsgrhodynamics...) have been investigated
by various experimental techniques such as scartnmweling microscopy (STM) [7,8,9,10],
low energy electron microscopy (LEEM)[11,12], anchzing incidence X-Ray diffraction
(GIXD) [13, 14]. Theoretical investigations haves@albeen performed using semi-empirical
potentials [15], tight-binding (TB) approximatiotd], embedded atom method (EAM) [17]
or density functional theory (DFT) [16,18,19,20].

As compared for example with similar copper suréafg which numerous studies were
performed [21,22], there is still little data awdole on the energetics of Pt (111) vicinal
surfaces. Concerning the relative energy of st8p#/ experiments [7] have first shown that
the free energy of steps with {111} microfacet atation was 13% lower than the free
energy of steps with {100} orientation. This wasmfiomed by recent STM analysis of the
shape fluctuations of 2D-islands on Pt(111), givétep energieg?, =0.348+ 0.016 eV for
{100} steps andfB; =0.300+ 0.014 eV for {111} steps. On the theoretical sitiee first
calculations have determined a nearly equal valighe step energy:8, = Bz =0.34
eV/atom, using EAM [17], o3, =0.47 eV/atom for {111} steps ang, =0.46 eV/atom for
{100} steps using DFT [18]. However, more recent TDIEalculations succeeded in
reproducing the experimental anisotropy observgg:=0.40 eV/at andf; =0.35 eV/at
(Bs! B, =088)[19], or B, =0.43 eV/at andB, =0.38 eV/at B,/ [, = 088) [20].

The magnitude of the A constant for the¢ d” elastic interaction between steps was more
controversial. From the STM measurement of theaterrwidth distribution on Pt(997), a

surface with (111) terraces and {111} steps, & fiedue of the interaction energy constant of

A=2.4 eV.A [23] was deduced, which value was furtteevaluated in a more refined



analysis to the value oA =6 eV.A [24]. In contrast, a value of only 0.5 eV[#4] for the

elastic interaction energy between steps has betemndined from the GIXD measurement of
elastic relaxations on Pt(977), a surface with Jltetraces and {100} steps. Since it is
generally assumed that the major contribution ® s$kep interaction comes from elastic
interaction [14,25], the difference between the segts of measurements, by GIXD for {100}
type steps and from the TWD measurement for {1li€ps, cannot be attributed to the
influence of other interactions, not accessible@XD, such as electronic interactions or
electrostatic interactions between steps. It frsit surprising to find such a huge difference
on the A value between these step orientations on Pt(litif)aV surfaces, whereas the step

formation energieg3, and S; are found to be very similar.

These differences give rise to suspicion that sbimgtwas misunderstood or that other
effects remain to be discovered in our understandfrvicinal surfaces, thus casting doubt on
all the theories developed to model these syst&émss some effort has to be made to answer
the question of the origin of the difference obsenbetween {111} and {100} steps on
Pt(111) vicinals: we have studied by GIXD the atomalaxations near the surface of Pt(997)
and compared the results with those obtained bgdihee technique on Pt(779). The paper is
organized as follows. The experiment is describe@ection 2. The results are analyzed in
detail in Section 3 in the frame of the buried d&pmodel. We show that a quantitative value
of the step interaction energy can be derived ftbenmeasurements or from the calculation
of the atomic displacements. Section 4 is devotedatgeneral discussion and to the

conclusion.

2. Experimental

2.1 Sample preparation



GIXD experiments were performed on the ID3 beamlh¢he ESRF storage ring. The
sample was a disk of 1 cm diameter, with one sidleslped and oriented along the (997)
direction. The sample was positioned and preparside an ultrahigh vacuum chamber that
was coupled to a six-axis diffractometer. Sampkaging was achieved by cycles of Ar
sputtering at 2 kV for 2 h at a pressure of ?.hbar, followed by heating during 5 min at
650°C under 5.16 mbar Q and final annealing during 2 min at 850°C underVUHAfter
several cycles of sputtering and annealing, noaranor oxygen contaminations could be

detected by Auger electron spectroscopy.

2.2 Sample geometry

The Pt(997) surface consists of (111) terracesaraépd by[110] steps. The number of
[110] atomic rows in a terrace is equal to 9. Theaimtow distance, i. e. the distance between
two consecutive atoms along the step edg&aoisx/i , Where a, = 392 A is the lattice
constant of Pt. The inter-row distance @ :aox/% , and the interstep distance is

d = a,/1883/72=20.1 A. A schematic of the surface is given in.Fig The miscut angle,

i.e. the angle between (111) and (9979 s 6.45°.

-7
To define the basis for surface coordinates, we heed the orthogonal vect(ﬂs=% -7/,
18
L 1 9
b =§ -1|,and¢ =| 9. € is normal to the surface ard is oriented along the step edge.
0 7

The correspondind, k, and| indices are used for indexing a reflection in peatal
space. The reciprocal-space transformation fronsthace coordinatehkl) to the standard

fcc coordinates KIKL ) is given by:
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2.3 GI XD measurements

For GIXD measurements, monochromatic X-rays wigphaton energy of 17 keV were
selected by using a Si(111) monochromator. Thederase angle was kept fixed at 1° of the
(997) surface. The scattered X-rays were detectgidgua Nal scintillation counter.
Fluorescence was eliminated by use of an analyzstat mounted before the detector. 209

structure factorsF,,, were acquired by performing standard rocking scaonag 5 crystal

truncation rods (CTR): (OR), (3201 ), (3401 ), (36 0l ),and (380 ). For (0 21 ), only
the atomic relaxations along contribute to the shape of the rod (there is mgtralaxations

along y for symmetry reasons). For the other rods, thenataelaxations alongx are

dominant for small values.
Voigt curves were used for integration of the geotif the rocking scans and deriving the
diffracted intensity. The standard instrumentalrection was applied to the structure factors

for taking into account the geometry of the diffaneter.

2.4 Raw experimental results
Fig. 2 displays a map in the reciprocal space ef diffracted intensity around the

(340L) rod. Two Bragg spots are visible, at=| =3 on the (340) rod and at

Bragg

I =28 on the (36 0) rod. They correspond to maxima of intensity,idrich all atoms of

Bragg
the crystal diffract in-phase. Along a CTR, whenngoaway from the Bragg peak, the
variation of amplitude is not a monotonous decrediaima and maxima of the diffracted

intensity are clearly visible.



In Fig. 3, all data points are presented as a fonaif the momentum transfér alongl

with respect to the value corresponding to the estaBragg spoti~ =] -1 As can be

Bragg*

seen, sharp intensity variations occur for all radsthe same relative positioﬁ. For

example, along the (341Q and (36 OI) rods, the diffracted intensity has a minimum at

| =12; along the (32 0) and (34 0) rods, the diffracted intensity has a minimur at 34.

Apart from these minima, very sharp variationshaf structure factors are clearly visible, for

example, around dt =-25 for the (384d) rod or atl =25 for the (32 d) rod. These abrupt
variations occur in a very narrow domain loalues. They are thus related in real space to
slowly varying atomic displacements extending dieep the bulk of the crystal. As has been
pointed out previously [26], they are related te thlastic displacements due to atomic
relaxations near the step edge; they will be n@ewised in detail.

It is also worth noting that the width of the CTRaries slowly withl, allowing
measurement of the rod intensities far from thegBrpeaks. This is the first indication that

the steps are well ordered and that the surfaceb@dpelow its roughening transition.

3. Analysis
3.1 Elastic modes and diffraction spectrum
3.1.1 Elastic modes

The variations of the diffracted intensity for agped surface is associated with the elastic
relaxation modes near the surface of the crystd). [Rtomic relaxations for atoms in the
vicinity of the step edge occur due to the changdé number and symmetry of neighbouring
atoms, and to the modification of the local elegitalensity of states near the steps. Since the
steps form a periodic network of straight linestla surface of the crystal, the elastic

displacements at the surface can be written inuai€&oseries:



0% = 3o (Plexplpa,) with g, =27 (1)

P
where d is the interstep distance arg is an integer.pq, is thus multiple of the reciprocal
unit vector in thex direction (parallel to the surface and perpendictb the step). In our
case, there is no dependencetofwith y (direction parallel to the step) due to symmetry

reasons. The periodic surface relaxations propagtdstically into the bulk and the
displacements of bulk atoms keep the surface peripdwith depth dependant phase and

amplitude:

(%2 =Y 3 0(n, p) expix, pay2) exp(pdsX) @

n p=-ow
where, for each mode considereg, is a complex numbers that reflects the crystaa@npy
(see below) and determines the phase and amplhtadation of G with depth. We have

Uo(p) = Zﬁo(n, p). Eqg. (2) can be rewritten in a more concise way:

G(F) = 3 2 Uo(n. p) exp(d, 1) 3)
n p=-ow
P, X
whereq,, = O and © =| y|. According to the continuous model, the evaluatibn
K PG Z

the elastic relaxations at each atomic positioegihe discrete atomic relaxatioms.

The elastic modes have been studied by CrosePeéwubt [27,28] for surfaces of cubic

crystal with dense steps. This applies in the priesase since Pt is a fcc crystal and since
steps on Pt(997) runs along t[i&O] direction. In the frame of anisotropic linearstiaity, it
is shown thatk,, are given by the resolution of & 6rder secular equation, with coefficient

depending only on the elastic constants of thetalgsd of the orientation of the surface. In

the case wherexQz) is a plane of symmetry, the secular equatiomicesl to a % order



equation in which solutions are complex numberseiTiheal part gives the propagation
direction for each elastic mode, whereas the inaagipart gives thez attenuation. In the

case of an isotropic crystal one obtaingx) = -1. For Pt(997), the values found far are

Kk, =-0.465-1458, k,=0.172-0.613, «, =-0465+1458, and x, =0.172+0.613.
Kk, and k, have a positive imaginary part; sinee 0 in the bulk, the corresponding modes

diverge in the bulk, and must be rejected.

Thus, the atomic relaxations in the bulk dependhenvalues of the only two first elastic
modes. The first mode propagate along a direatiose to[110], and decays rapidly into
the bulk. The attenuation length of tipe" harmonic is given bypd /(2rrim(k,)) , giving 2.2

A only, for the first harmonic. The second elastiode propagate along a direction close to

[111] and decays more slowly into the bulk, and theratation length for the first harmonic

is 5.2 A. For each mode, the real partkofdefines the very same variation of the phase with
depth for all Fourier components. This defines Hpmedirections that reflect the elastic

anisotropy of the medium. Due to the large attdondength of elastic modes, the relaxations
of many non equivalent atoms (around 20 atomsdoh s depth) have thus to be taken into
account in order to fit correctly the GIXD resultdowever, since these relaxations are not

independant, the number of free parameters fofittireg procedure is restricted.

3.1.2 Diffraction spectrum
A first order expansion of the expression of thifratted amplitude allows us to easily

interpret the GIXD results [26]:

AQ) = Ao(q); exdi g(r, +dy)]

w 4)
= Ab(q){;exp[i a1+ Y 0,(n, p)exdi [a -, ], ]} ’

N,n p=—co



where the sum runs over all the atom®f the crystal with unrelaxed positiaf). According

to the second term, each harmonic of each modesmonds to new diffraction satellites in
addition to the Bragg spots. The positions of thtelites with respect to the Bragg spots are
given by Re(@, ,) - Along the x direction (h index), g, = pq, that is the periodicity of the
array of CTR. The diffraction satellites are thasdted on the crystal truncation rods. Along
the | index direction, the position of these satelltesm a rod is given by

+[cotan9— Re(Kn)] pQ,, Wherel Is the position of the Bragg spot considered, and

I Bragg Bragg

g,cotarg is the distance along thedirection between the Bragg spots of two conseeuti

rods.
The interferences between the amplitude assocwitidthe diffraction satellites and the
fundamental of the rod determine the shape of bia@psvariations that are observed on the

rods, whereas the full width at half maximum of tt#fraction satellites along is
\/§Im(—qz) (sharper is the intensity modulation for slowdemtation in the bulk). Let us
consider the first positive harmonig, of the elastic displacements. For Pt(997), usiag o
system of reduced unitg,cotard = 25he satellite associated with the first elasticde
appears at a distana®l, =23.7 from the Bragg spot, with a widtv, = 7.1, whereas the
satellite associated with the second elastic mpgeas thus af\l, =255 with a narrower

width w, = 3. The interferences of these satellites with tmelumental of the rods are clearly

experimentally observed as shown in Fig. 3. Thatijpos of the satellites associated with

these modes are indicated by dotted lines in Fig. 3

3.2 Modd for surfacerelaxation and atomic displacements
Atomic displacements due to step relaxations haentshown to be the same as elastic

displacements due to lines of force dipoles apptirda flat continuous interface, with the



same periodicity as the steps [29,28]. Using HaokaV and mechanical equilibrium at the

surface and in the bulk, it is possible to derimalgtically the elastic displacements due to

such dipoles. For this purpose, one generally agssuhat the lines have a lorentzian shape in
the xdirection [27,28].

However, for a given vicinal surface, the dipoléentation, the position with respect to
the step edge and the lever arm orientation ofdipeles area priori unknown. These
parameters can be adjusted to reproduce the relagagiven by numerical simulations. This
has been performed for vicinal surfaces of tramsitmetals, using a model with semi-
empirical potentials derived from tight binding saerations [15]. However, the comparison
with GIXD experimental results for Cu and Pt vidsdl4,25] shows that the predicted
displacements (from the tight binding model) arprapimately half the value of the ones
obtained by a fit of the experimental data. Thdicates that such semi-empirical potentials
hardly reproduce the finest details of surfacexaians. The real dipole parameters are better
obtained via a direct fit of the GIXD results, byetanalytical calculations of the elastic
displacements.

We proceed in that way for analyzing our GIXD datiad the measured diffracted

intensities are fitted by adjusting only 9 freegraeters: the positions, and z, of the lines
of dipoles with respect to the step edge, the wathof the lorentzian shape, the lever arm
orientation of the dipoles2, the two components of the dipole: the stretch mament pg
and the torque componeimt , a step roughness factgr and the mean relaxation of the two

first terrace planesgz, and dz,. No Debye-Waller factors have been used, and tihrie

positions only depend on the parameters listed@bov
In our calculation, the roughness is taken intooant in the frame of the model of
Robinson [30]. In this model, suitable for a weakbugh surface, each plane above the

reference surface is characterized by a fractionalipancyp(n), which is the probability of

10



finding an atom in then™ plane. In the model of Robinsom(n) follows an exponential

attenuation: p(n ¥¢&". £ =0 for an ideal surface and =1 for a surface above the

roughening transition (where all planes are eqiigbbe and no reference plane could be

defined anymore). The diffracted amplitude measis¢ken attenuated by a factor:

I:rough = \/ 2 (1_ 5)2 (5)
1+ &% = 28 cOS@T(l —gag,) /A

where | is the position of a Bragg spot along the rod artkre Al is the distance

Bragg
between two consecutive Bragg spots along a rooyincase, i.e. using surface coordinates
(hkl) described in section 2.2 =211).

The fit is performed by means of a mapping of taemeter space (nine free parameters),
combined with the Levenberg-Marquardt method [3A].good fit of the experimen,tal

structure factors is obtained with the elastic @ipaontensities ps=2.3+0.2 nN and
p;=1.1+0.1 nN. The corresponding R-factor [32] congout is

R=|Fope = Feac/ D Fors = 015, where F,,. and F,

. are respectively the measured and
simulated structure factors.

The roughness factor used for this f##=0.59+0.08, is small, considering the fact that the

terraces have a large width of 9 atomic rows. Bhisws that the surface is well below its
Kosterlitz-Thouless roughening transition. Due tarface roughness, the maximum
attenuation of the measured structure factorsurmeeasurements, is equal to 0.4. In Fig. 4 is
displayed the comparison between measured and atieaduktructure factors, using atomic
positions from the continuous elastic model. THéedknt parameters of the dipole used are
given in Table 1, whereas a scheme of the dipotirasvn in the top right corner of Fig. 4.
The corresponding elastic displacements are drawhkig. 5. The displacements depend

mainly on the lever arm orientatioR and on thepvalues (ps and p;). The relaxation of

11



the two first terrace planeslz, and dz, appear as negligible, and could be fixed to 0 eith

changing the quality of the fit. As it is displayedFig. 5, one observes along tﬁeiZ] axis

both an oscillatory behavior of the relaxations whevaries and its decay with. Near the
surface the mean displacements are higher inxtltrection than in thez direction. In the
bulk, the opposite is true. This shows the opposifects of the two different modes
responsible of the elastic displacements: neastii@ce, both modes contribute to the atomic
displacements, whereas deep into the bulk, therfimle becomes negligible. The step edge

and corner atoms relax in an opposite directiothénway of a "smoothing"” of the step edge.

3.3 Surface stress

It is interesting to have a precise measuregppfsince its value can be directly related to

the surface stress of the nominal surfagg,, through the relation:

Pr = hStepTPt(lll) (6)
where hg,,, = 3, /N3 =2.26A is the step height. This equation, firstexdalty Marchenko and

Parshin [29], has been shown to be a good approximéor various vicinal surfaces [15].

Reversing Eq. (6), one obtaing,;,;, =4.9 Nmi' for p,=1.1+0.1 nN as determined in this

study.
Experimentally, it is very difficult to measure tlsirface stress. Howeveab initio
calculations provide today accurate surface parammébdr dense surfaces. Theoretical values

of 7,4, have been derived in that way: Feibelman, withia focal density approximation,
has obtainedr,,,,,)= 6.3 Nmi' [18]. Needs and coworkers, with a similar techeigbave
obtained 7,,,,;, = 5.6 Nni* [33]. Note that the value we obtain (4.9 Njis in the same

range of magnitude as these theoretical predictialtisough slightly lower. It is closer to the

12



value 7y, =4.1 Nni* found from similar GIXD measurements of the etaslipole density

on Pt(779) [14].

Pt(997) and Pt(779) experimental dipole values rhayfurther compared since both
surfaces have the same terrace orientation, nafddly). They differ only by their step
orientation and the step microfacets have respaygtihe {100} and (111) orientations. Since

the surface stress of dense terraces is isotrigcyalue p; = hg I';,,,, Should not depend

tep
on the step orientation. In a first attempt, th&XBGlexperimental data on Pt(779) [13] were
interpreted by means of a Green function numesicatbmputed from semi-empirical

potentials derived from tight-binding considerapwhere the force distribution considered
was a dipole applied to the step edge and stepec@toms [14]. A surface stress value

Ty =41 Nmi' was found. In order to have a direct comparisotwden Pt(997) and

Pt(779), the measured structure factors have bted &gain, but with the present analytical
buried dipole model. The result is indicated in tiglit column of Table 1, and remains close

to the early one. The torque dipole dengity=0.82 nN is only slightly lower, giving a lower
estimate of the surface stresg;;,,, =3.6 Nmit. Thus, the analysis, within the same model, of

the GIXD results gives values of the torque dig@l® and 3.6 Nif) that slightly depends on
the step orientation. The fact that, within the samodel, the value of the torque dipole that
fits the GIXD results depends on the step oriemmatemonstrates either that Eq. (6) is only
an approximate, or the dipole determined does Rrattly reflects the force distribution
applied at the step edge.

Let us recall that if the elastic displacements directly determined by fitting the
experimental structure factors, the force distidoutis derived assuming three main
assumptions:

- standard linear elasticity is valid,;

- the surface is the limit of a semi-infinite contous half-space;

13



- the elastic constants are the same everywhehenwiite bulk, up to the surface.

In fact, the linear elasticity calculations do riake into account modifications of the
elastic constants near the surface and more efipawar step edges. Actually, it is shown
through a model with suitable manybody interacpotentialsthat astiffening of some elastic
constants occurs near steps of vicinal surfacésanséition metals [34]. Such an effect would
reduce the atomic displacements for one given egigbrce. By using bulk elastic constants
for the elastic calculations, one neglects thigaffand the fit of the atomic displacements
gives an undervalue of the dipole density.

Another alternative may be that the experimengal value would be slightly

underestimated due to step disorder. As pointednof6], thermal step disorder reduces the
contribution of integer-order harmonics in the HReurdecomposition of the elastic

displacements, leading to a decrease of the ardplitf the satellite associated with the
elastic mode considered. However, such an attemuadi here well taken into account by

means of the Robinson model for surface roughreessEq. (5)).

3.4 Step-step eastic interactions

The elastic interaction energy between two stragggps can be obtained from the value

of the elastic dipoles experimentally measured. ifiteraction energys,, between two force
dipoles is inversely proportional to the squarehef step-step distance [295,, (6) = A/d?.
The total free energy3 of a regular array of steps is thus the sum ofisiodated step

formation energyg, and this step-step interaction:

oA _
+

E
EX BRI

per @ray

(7)

The coefficient A depends on the elastic constants of the substeatd, on the

characteristics of the dipoles (lever arm orieotatistretch and torque component). It can be

14



analytically computed [27]. In particula’d depends quadratically op, with a prefactor
depending on the lever arm orientati@nand on the orientatiopp of the forces acting on the

lever arm.
Using the values of the elastic dipoles determibgdsIXD for Pt(997), and equations

given in ref. [27], one findsE, =1100+ 200 meV/atom, where “per atom” means per

interatomic distance along the step edge, whiclegaal to aOI\/E in our case. This
corresponds to a valua =14 eV.A. Applying the very same calculation for Pt9J;7a much
lower value is obtainedE, =360+ 200 meV/atom (A= 460meV.A). Note that this last
value is well consistent with the one derived if f&4] for the same surface. There is thus a
factor of three between the elastic interactionsvben steps on Pt(997) and on Pt(779). This
difference does not only result from the differenoethe componentp; and p; of the
dipoles, that are respectively 10% and 35% higheabsolute value for Pt(997) than for
Pt(779). Both the dipole lever arm orientati@nand the orientatiop of the forces acting on
the lever arm play a role. In order to illustrate tveight of these parameters, the evolution of
E,(Q,¢) versusQ and ¢ is drawn in Fig. 6 for Pt(997) and Pt (779), wille same dipole
density p = 24 nN, that is the mean of the Pt(99f) € 26HN) and Pt(779) p= 22%N)
values. The evolution oE,(Q,¢) is very similar for the two surface€, displays two
minima for ¢ = 0 (pure stretch dipoles), and two maxima fprclose to 90° (pure torque
dipoles). For Pt(997), the characteristics of thgolés are Q =173° and ¢ =154°. This
corresponds to a region of rather high values, and where the dependencé&pfwith ¢ is
weak. For Pt(779), the characteristics of the dipohre Q =101° and ¢ =21°. This
corresponds to a region of lok, values, between the two minima Ef .

The small differences between the two curves of Bigare due to the crystalline

anisotropy of PtC,, =0.0765 1&* Nm?, whereasC,, =0.3467 1&* Nm?, andC,, =0.2507

15



10" Nm™ [35]. Note that for both surfaces, we have choenconvention that steps are
ascending from the left to the right, so that fh#0] axis is oriented in opposite direction for
the two surfaces. However, the crystalline anigntres not at the origin of the strong
variations of E,(Q,¢) observed. These variations are due to the buadare of the elastic
dipole, and similar effects would be observed @tr@pic crystals, or on crystals with reverse
anisotropy [27]. The geometry of the step playsstlan important role for the dipole
orientation. However, it seems not possible to elate precisely the step geometry to the

dipole orientation (lever arm orientatidd and force orientatiomp ).

4. Discussion and conclusion
4.1 Discussion

The present result for the step-step interactioergn (A=1.4 eV.A) by GIXD
measurements on Pt(997) is lower than the valuesingul from the analysis of STM
measurements of the step fluctuation : from thesmesments of the terrace width distribution
(TWD) on the (997) surface [8], the first value Af=2.4 eV.A [36] has been deduced and
reevaluated toA =6 eV.A in a subsequent analysis of the TWD [24].

We have used the recent STM measurements [10]eofstip stiffness on Pt(111) to
reanalyze the results of Hahnatt [8]. Since it is not the aim of this paper to diss how
step interactions energies can be derived from TWisshall only mention the procedure
used in our present analysis. The TWDs were andlyz¢he capillary wave approximation

[37, 38]. In this model, the kink formation energlpng a stepkE, and the step interaction
energy A are analytically related to the step stiffnqésand to the variance/” of the TWD.

In such a model, using the experimental valués=1.095d2 and 3 =1.16 eV/at measured

respectively at 900 K [8] and at 653 K [10], onésgE, =0.223 eV/at for the kink energy and
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A=2.60 eV.A for the step interaction energy, in agrest with ref. [23]. Note that the use of
the capillary wave approximation in the analysistloé data is valid if the measurement

temperature is above the roughening temperatyreFirstly, this is qualitatively shown by
the wide TWD measured [8], much larger than thevensial TWD atT; [37]. Secondly, the
obtainedE, and A values lead td;= 570 K, which validate our approximation.

We cannot exclude that these values are overestilveatd marred by a high uncertainty
since the determination of the step stiffness ahthe TWD were done in two different
experimental studies and at two different tempeest8,9]. Note also that the simple
analysis of the TWD as performed in [36, 24] ortlie present paper is rather rough since
only one point of the step-step correlation funtti® considered. Only a full 2-d analysis of
the step roughness, like the consistent analysGI¥D and STM measurements of the full
correlation functions (see [39] for Cu(115)) or theesent GIXD measurements on large
segments of the CTRs with the subsequent elasatysia allows extracting much more
accurate values of the step interaction constant.

Our measurements confirm that step interactiongrareh higher on Pt vicinals than on
Cu vicinals [25, 36, 24, 38], but of the same ordemagnitude as on a (332) Au vicinal
surface, for which A=950 meV.A has been determined by GIXD [40]. The etasti
interactions can also be compared to the electiosiateractions between steps. These
interactions come from the presence of electrastdifpoles at the steps. The interaction

follows Eq. 7 with anE, coefficient proportional to the square of the #lestatic dipole.

Such dipoles have been measured on Pt(111) vieuwdhces, with the two types of step
orientation [41]. The vertical component of thecélestatic dipole at a step measured for
{111}-type steps (resp. {100}-type steps) is eqtml0.52 D/atom (resp. 0.64 D/atom), and

contributes to the interaction energy f&, =35 meV/atom (resp. 53 meV/atom). Whereas

elastic interactions depend highly on the stepntaitgon, this dependence appears thus much
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weaker for electrostatic interactions. For bothfemes, electrostatic interactions are much
lower than elastic interactions. This confirms, nécessary, that the elastic interaction
dominates and is thus the interaction driving timéage roughness behavior.

Our results can also be used for the comparisdheoisolated step free energy on the two
types of (111) vicinals. STM measurements undouptgtbw that the free energy of steps on
Pt(111) is anisotropic [7]. More precisely, theefrenergy of steps with {111} microfacet
orientation is 13% lower than the free energy epstwith {100} microfacet orientation. This
ratio is accurately obtained from the observatibthe shape of large islands for which elastic
interactions should be negligible. On the contr@¥T calculations have been performed on
vicinals with a small interstep distance: (331)2X R (211) and (533), with three or four
atomic rows per terrace [18,19] or on a nominatag@ with striped islands [20]. In all cases,
the contribution of the step-step interaction te gtep energy is not negligible: if one

extrapolates the elastic interactions between stapsg Eq. 7 with the values oE,

determined by GIXD, one finds that the contributminthe elastic interaction energy to the
step energy should be, for example, of 0.092 eWiator Pt(221), and 0.025 eV/atom for
Pt(533). As a result, the step energy, extrapolated the experimental measurements of the
island shape fluctuations and from the GIXD expernits should be 0.373 eV/at for Pt(553)
steps and 0.392 eV/at for Pt(221) steps. Our exyris show that at such small distances,
the energy anisotropy for isolated steps is comgtedsby step repulsive interactions that are
higher for {111} steps than for {100} steps. Noteat this does not allow to recover the
values of step energies computed by DFT [18,19epk for (221) steps in ref. [19] (see
Table 2).

Of course, at such small interstep distances, Hs|not strictly valid. Higher order terms

are not negligible and lead generally to a reductd the elastic interaction energy, with

respect to theE, /d? value. Atomistic calculations using semi-empiripatentials derived
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from tight-binding consideration [15] have showratttior Pt(221), the elastic energy was
reduced by 26% with respect to the value extrapdlfitom Pt(997), whereas this reduction
was of 12% for Pt(335) with respect to the valutedeined for Pt(779).

However, this shows that step energies computedanmal surfaces with a high miscut
cannot directly been used for determining stepgnef isolated steps without any estimate

of the step interaction energy.

4.2 Conclusion

We have measured by GIXD the Crystal TruncationSRafda Pt(997) surface. The data
has been analyzed by a model based on linearcaste have shown that the model of a
buried dipole reproduces well the atomic displacesi@lue to steps. The good agreement
between experimental and calculated structure facatlows us to determine with good
precision the characteristics of the force distidiuat the steps.

The value so-obtained of the elastic dipole allmssto measure a value of 4.9 Nrfor
the surface stress of the Pt(111) terraces ane@fficient of the step-step elastic interactions
of A=1.4 eV.A. These results compare well with resuft®BT calculations of the surface
stress [18,33] and STM measurements of the stepaittions [23,24].

By comparing our results on Pt(997) with previousasurements performed with the
similar technique on Pt(779), we find that desfite fact that elastic dipoles have nearly the
same density for these two surfaces, the elastgractions are 3.5 times higher on Pt(997)
than on Pt(779). The differences between thesestwwvtaces, which are mainly due to the
orientation of the dipole lever arm with respecttie surface plane, show the importance of
the step geometry on the elastic interactions.

Finally, we have shown that elastic interactionsehto be considered when comparing

the experimental values of the free energy of tediateps and DFT calculations of the free
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energy of steps on vicinal surfaces. Whereas msolgill1}-type steps are favored with
respect to {100}-type steps, this effect is comaeed by elastic interactions for short
interstep distances, leading to nearly equal ste@ énergies for the two kinds of steps on

(211) and (221) surfaces.
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Tables

Pt(997) Pt(779)
X, (A) 0.5+0.08 -0.9
z, (A) -1.0£0.2 -0.75
In(a, /a,) -2.7+0.2 -9.9
Q (degrees) 173+£3 101
ps (NN) -2.3+0.2 2.1
p; (NN) 1.1+0.1 0.82
dz, (A) 0.015+0.01 -0.026
dz, (A) -0.007+0.01 -0.017

Table 1. Parameters of the elastic dipoles useditforg the GIXD results on Pt(997), and

comparison with Pt(977).x, z,) is the position of the lines of dipoles with pest to the
step edge,a, is the width of the lorentzian shap®@, is the lever arm orientation of the
dipoles, ps and p; are the stretch component and the torque compafi¢he dipole, and
dz, anddz, are the mean relaxation of the two first terralem@s. Positive value fops and

p; correspond to the standard case of a contracfitineostep edge due to a tensile surface

stress for both the terraces and the step micrsface
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Step £ (eVl/at) E, (do /d)2 £ (eVl/at) £ (eVl/at) S (eVlat)

exp. [10] | (ev/at) extrapolated | DFT [18] DFT [19]
[this work]

(211) step 0.045 0.393 0.47

(533) step 0.025 0.373 0.470

(322) step 0.016 0.364 0.43

{100} 0.348 0. 0.348

isolated step

(221) step 0.092 0.392 0.463 0.38

{111} 0.300 0. 0.300

isolated step

Table 2. values of the step formation and inteosicénergies on various Pt vicinal surfaces.
In the first column are given the values found fr@mM analysis of the island shape
fluctuations on Pt(111) [10], in column 2 are givee values determined by GIXD from the
present analysis, column 3 is the sum of the fist columns, whereas the results of DFT

calculations [18,19] are given in the last two cohs.
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Figures

7 Side view

—

Fig. 1. Schematic of the Pt(997) surface, includihg unit cell (a,b,c) for X-rays

measurements.
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Fig. 2. Reciprocal space map of the diffracted ristiy around the (34 Q) rod (color

online).
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Fig. 3. Experimental structure factors of four ¢aysruncation rods on Pt(997), as function of

[ =1- (color online). Blue squares: (3210 rod; green crosses: (34 10 rod; red

Bragg

triangles: (36 0) rod; black dots: (38 @) rod. The dotted lines correspond to the positions

of the satellite spots associated with the elastides, at —Ig,,, multiple of 23.7 and 25.5

(see text).
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Fig. 4. Comparison between experimental and thieateftructure factors for Pt(997) (color
online). Black dots: experiments; full red linemsilation with the elastic response to lines of
dipoles. The parameters used for the fit are giwerfable 1. The schematic of the force

dipole used for fitting the X-rays is drawn in tfog right corner.
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Fig. 5. Elastic displacemenit) used for analyzing the GIXD results on Pt(997) Bud79)
(color online). Continuous black liner, ; red dotted lineu, . For Pt(997) (resp. Pt(779)),is
along a[IiZ] (resp. [11?]) axis, andt, = a,25//24 (resp. a,23/~/24) is the interstep

distance projected along thteaxis. The corresponding atoms are indicated bg dotthe

upper schematic.
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Fig. 6. Evolution of the coefficienE, of the step interaction energy with dipole levena
orientationQ and dipole orientatio . ¢ =0 corresponds to a pure stretch dipole, whereas
@ =90° corresponds to a pure torque dipole. Left: fo®1T(; right: for Pt(779). The value of
the dipole density used for the determinatiorfis the same for both surfacgs=  2Al.

The experimental values found for Pt(997) (resg7#)) are indicated by a flag on the

graphs; they correspond @ =173° andg =154° (resp. Q =101° andg =21°).
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