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Effects of next-nearest-neighbor interactions on the orientation dependence of step
stiffness: Reconciling theory with experiment for Cu(001)
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Within the solid-on-solidSOS approximation, we carry out a calculation of the orientational dependence of
the step stiffness on a square lattice with nearest- and next-nearest-neighbor interactions. At low temperature
our result reduces to a simple, transparent expression. The effect of the strongg@tdgesite, nonpairwige
interaction can easily be incorporated by modifying the interpretation of the two pairwise energies. The work
is motivated by a calculation based on nearest neighbors that underestimates the stiffness by a factor of 4 in
directions away from close-packed directions, and a subsequent estimate of the stiffness in the two high-
symmetry directions alone that suggested that inclusion of next-nearest-neighbor attractions could fully explain
the discrepancy. As in these earlier papers, the discussion focuseq@®LCu
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[. INTRODUCTION the density of which are fixed by geomefignd so are pro-
portional to tard). In a bond-counting model, the energetic
At the nanoscale, steps play a crucial role in the dynamicgortion of the step free energy per lengtr, equivalently,
of surfaces. Understanding step behavior is therefore essethe line tension, since the surface is maintained at constant
tial before nanostructures can be self-assembled and copzero chargé] B(6) is canceled by its second derivative with
trolled. In turn, Step stiffness playS a central role in our un'respect toa, so that the stiffness is due to the entropy con-
derstanding of how steps respond to fluctuations and drivingihution alone. Away from close-packed directions, this en-
forces. It is one of the three parameters of the steptropy can be determined by simple combinatoric factors at
continuum modet, which has proved a powerful way to de- |ow temperaturer.3-5
scribe step behavior on a coarse-grained level, without re- |nterest in this whole issue has been piqued by the recent
course to a myriad of microscopic energies and rates. As thgnding by Dieluweitet al® that the stiffness as predicted in
inertial term, stiffness determines how a step responds tghe above fashion, assuming that only nearest-neigthisy
interactions with other steps, to atomistic mass-transport pronteractionse; are important, underestimates the values for
cesses, and to external driving forces. Accordingly, a thorcy001) derived from two independent types of experiments:
ough understanding of stiffness and its consequences is Crdirect measurement of the diffusivity on vicinal Cu surfaces
cial. _ with various tilts and examination of the shape (single-
The step stiffnes@ weights deviations from straightness layer islands. The agreement of the two types of measure-
in the step Hamiltonian. Thus, it varies inversely with the ments assures that the underestimate is not an anomaly due
step diffusivity, which measures the degree of wandering of @0 step-step interactions. In that work, the effect of next-
step perpendicular to its mean direction. This diffusivity cannearest-neighbo(NNN) interactionse, was crudely esti-
be readily written down in terms of the energigsof kinks ~ mated by examining a general formula obtained by Akutsu
along steps with a mean orientation along close-packed diand Akutsu’ showing a correction of order efpe,/kgT),
rections [(110) for an fcc (001) surfacé: in this case, all which was glibly deemed to be insignificant. In subsequent
kinks are thermally excited. Conversely, experimental meawork the Twente groubconsidered steps in just the two
surements of the low-temperature diffusivityia the scale principal directions and showed that if one included an at-
factor of the spatial correlation functipean be used to de- tractive NNN interaction, one could evaluate the step free
duce the kink energy. A more subtle question is how thisenergies and obtain a ratio consistent with the experimental
stiffness depends on the azimuthal misorientation angle, comesults in Ref. 6. This group later extended their cal-
ventionally calledd and measured from the close-packed di-culationg® to examine the stiffness.
rection. In contrast t@=0 steps, even for temperatures much  To make contact with experiment, one typically first
belowe,, there are always a non-vanishing number of kinks,gauges the diffusivity along a close-packed direction and
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from it extracts the ratio of the elementary kink eneegyto Yu
T. Arguably the least ambiguous way to relatgto bonds in

a lattice gas model is to extract an atom from the edge and
place it alongside the step well away from the new unit in-
dentation, thereby creating four kinksThe removal of the
step atom costs energy3 2¢, while its replacement next to
the step recoups, +2¢,. Thus, whether or not there are NNN
interactions, we identif,=—3€;=3|e)| (since the formation
of Cu islands implieg; <0); thus, as necessarj > 0. Note
that for clarity we reserve the characterfor lattice-gas

FIG. 1. Afinite-sized step edge whose projected length iBhe
step has heighy, at positioni (O<i=<L). The height difference
energied2 which are deduced by fitting this model to ener- Y-~ Yo IS fixed; thus, the step edge makes an arigieith the hori-

zontal axis, and has an overall slapgshown as the top of the gray

gies which can be measured, suchegs ; . .
The goal of this paper is to compute the step line tensioﬁeglom' The energy of the step edge is found by counting the num-
ber of broken links required to form it. Here all NN and NNN

B and the stiﬁnesé as functions of azimuthal misorientation proken links are shown.
6, when NNN (in addition to NN interactions contribute.
Since it is difficult to generalize the low-temperature expan- ; -

. : . ) .. problems, most notably in the seminal work of Burton, Ca-
sion of the Ising model;* we instead study the solid-on-solid b y

SOS model. which behaves verv similarly at low temper _brera, and Frank® and later used for steps of arbitrary ori-
(SO3 model, hich behaves very similarly at Iow tempera- o 444, by Leamy, Gilmer, and Jacksbnit was also ap-
tures and at azimuthal misorientations that are not too larg

. . . lied to an interface of arbitrary orientation in a square-
but can be analyzed exactly even with NNN mteractlons?pattice Ising modet y q
Thllstid(:]r|\|/?jt|?[n”|s dlescrébiidﬂl]n SAec. Irl{ d‘i’;’('tr;nmSOSt olliltt/]ve cdal— Although the SOS model can be treated exactly, the result
fitj/a 0 aimela Sf?ce on fer tp;]pe tiffh ei%' th el Vs_'is somewhat unwieldy. Fortunately, at low temperature—the
€ a simple expression 1o € stiiness e o appropriate  regime for the experiments under

temperature limit, presented in E@l4). We also make ; : : - -
: ) ) consideration—the solution reduces to a simple expression.
contact with parameters relevant to(G01), for which this P P

limit is appropriate. In Sec. IV we extend the formalism to
encompass the presumably strongest (tiwee-atom, non- A. Description of the model

pairwisg interaction, showing that its effect can be taken ~gnsider a step edge of projected lengtseparating an
into account by shifting the pair energies in the precedinngper adatom-free region from a lower adatom-filled region
work. The final section offers discussion and conclusions. (see Fig. 1. The step edge is completely described by speci-
fying its heighty; at positioni (0<i<VL). The energy of the
[l. NNN SOS MODEL ON A SQUARE LATTICE step edge depends on the number of broken bonds required
to form it. LetV andH represent the vertical and horizontal

Including NNN interactions in the low-temperature ex- .
uding : ! ! " peratu X é\IN bond strengths divided by T, and letU andD represent

pansion of the square-lattice Ising model lifts the remarkabl . .
degeneracy of the model with just NN bonds. In that simpIeup'd""‘gon""I and down-diagonal NNN bond strengths over

case, the energy of a path depends solely on the number glFT' Then the step-edge enerfy=E({A;}) depends only on

NN links, independent of the arrangement of kinks along it; i=Yi7Yi-1. . L

thus, the energy of the ground state is proportional to the O clarity, we consider two examples. FirstAf=3 (as

number of NN links of the shortest path between two points!S the case between columasindb in Fig. 1), then between
ositionsi andi+1 there are 3 brokeHl links, 2 brokenU

and the entropy is related to the number of combinations of

horizontal and vertical links that can connect the potfits. inks, gnd 4 brokg@ links. There are glso 2 brokenlinks,
Including NNN interactions causes the step energy to bePut this number is independent 4f, since every step-edge

come a function of both the length of the step and the numEonfiguration of projected lengthrequires exactly. broken
if A;=—3 (as is the case between columns

ber of its kinks, eliminating the simple path-counting reSult. V links. _S|m_|larly,
It can then become energetically favorable for the step tz andd in Fig. 1), then there would be the same number of
lengthen rather than add another kink. This causes the NRrokenH links, but there would now be 4 brokénlinks and
energy levels to split in a nontrivial way, making it possiblez. brokenD links (that is, the number of broket and D

for a longer step to have a lower energy than a shorter steggks switch frpm the previous cageFrom these_examples
Arelated complication is that the expansion itself depends i€ Se€ that, in general, there grg| brokenH links, |A;
the relative strength of the NNN interaction: Instead of an
expansion just in terms of ekge;|/kgT), the expansion also

—1| brokenU links, and|A;+1| brokenD links. It therefore
follows that the step-edge energy is

is in terms of expe,/2kgT). Hence, to take the NNN expan- E{A) L L
sion to the same order of magnitude as the NN expansion, ar—~—= = > (V + H|A;| + U|A; - 1| + D|A; + 1) = >, K(A).
unspecified number of terms is required, depending on the "8 i=1 i=1
size of the ratioe,/ €;. (1)

Since the NNN Ising model cannot be solved exactly and _
we cannot generalize the loWw-expansion, we turn to an Because we seek the orientation dependenge afd g3,
SOS model, which was used in earlier examinations of stepve constrain the step to have an overall offSety, -y,
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=L tan 0:2}:1&. (This constraint is represented in Fig. 1 by 9’ (po)

the shaded gray area. Equivalently, we specify that the over- T T M= tané. (4)

all slope of the step isn=tané.) The constrained partition B

function is therefore Here, the primgas ing’) denotes a derivative with respect to

p. This result can be regarded as applying a “torque” to the
L step to produce a rotatioA=tarr*m from the minimum-
z) =2, 5(Y— > Ai>e‘E({Ai})“‘BT, (2)  energy, close-packed orientatith.
{a} i=1 Taking the logarithm of Eq.3), we find the projected free

) ) energy per columri(m) as a Legendre transform of the re-
where{A} is the set of allA; each of which ranges over all 4,ced Gibbs free energy per colurgtpy):

integers. FronZ(Y) we can find the orientation dependence
of the free energ¥(Y)=-kgT In Z(Y), the projectedfree en- fm . 9(po)
ergy per lengthf(m)=F(Y)/L, and the line tensioior free kgT = pom kgT
energy per lengthB(6) =f(m)cos# (since the step length is

(5

_ i ) ~ Note that this expression is valid only ftu>1; for finite-
L/cos@); thence, we can find the stiffnesg(6)=B(6)  gjzed systems, corrections are required. As standard for Leg-

+p(0)] 9. endre transform¥, we have
For future reference, note that the process of extracting an
atom from the step edge and replacing it alongside the edge, 'f'(m) ke T
discussed in the penultimate paragraph of the Introduction, E =~ 9" (po)’ (6)

creates two pairs ak=+1 andA=-1, costing 4 according
to Eq. (1) and removing a net of 2 NN bonds, so té  where f=#f/on?. Using B(#)a=f(m)cosd and m=tané,
—€,/2kgT=¢,/kgT. Similarly, we compare the energies of \ith a the lattice constant of the squafee., the column

two NN atoms, abuttingthe lower side of a step edge gpacing, which is 1/2 the conventional fcc lattice constant
({Ai}=0) at iy and either parallel or perpendicular to the \ye can rewrite the stiffness as

edge. In the first casaioz +1 andAi0+2:—1, with an added B )
energy of H+2(U+D) according to Eq(1). In the perpen- B(6)a=f(m)/cos 6, (7)
dicular cas%io=+2 andAio+1=—2, implying an added en-

imi 8
ergy of H+4(U+D). Counting bonds we see that the paral- or, similar to results by Bartett al.

lel configuration has one more, bond and two moree, keT  g"(po) 3
bonds than the perpendicular configuration. Invokidg (0 - keT cos’ 6. (8
—€,/2ksT, we see thal+D=-e,/kgT; if U=D, thenD= plo)a

—€,/2kgT. The factor-of-2 difference between broken links Thus, we only need’(p) to find the stiffness as a function of
in Eqg. (1) and broken bonds was notér H links) already m or 6.

in the classic exposition by Leangt al'4 An alternate argu- Of course,py in g’ must be eliminated in favor ah via
ment, presented over a decade &yfor this factor of 2 is  Eq. (4). The details for the general case are somewhat in-
that the ragged edge is created by severing bonds along th@lved. Here, we simplify to the physically relevant case of
selected path through an infinite square. This leads to thgl=D and, definingS=H+U+D=H+2D, just quote the re-
formation of two complementary irregular boundary layerssylts:

(with reverse values dfA;}, so that the associated energy of

each is half that of the broken bonds 9;’((? __ m{ 2C sinhpo Cothpo} s )
B (Spo)
B. Evaluation of the free energy where C(S, pg) = coshS-coshp, and pg(m) is found by in-
As detailed in the first part of the Appendix, the sum in verting
the Fgurier transform oZ(Y), .WhiCh we denote by\V(u), _ sinhpy sinhS
factorizes. Thus, it can be written as m= C(S po)[SinhS—C(S.po) (1 —e )]’ (10
W(u) = exd— Lg(iu)/kgT], Some details can be found in the Appendix. Since(&@) is

a quartic equation for coshy or e, the explicit expression
whereg(i u) is the reduced Gibbs free energy per column. Tofor pg(m) is rather opaque. However, at low-temperatures, a
evaluate the inverse transform, we exploit the saddle poinsimpler formula emerges, as shown in the next section.
method and obtaiisee the Appendix for deta)ls

Z2(Y) = exp[— L(po tané+ M

KeT

):| Ill. LOW- T SOLUTION: SIMPLE EXPRESSION
, ()

At low temperatures, we find that the appropriate root for
po diverges. Then we can write coph~ sinhpy= /2. Of
where the saddle poifizo=—ipo) is defined implicitly by the  courseH«1/T so that cosls~ e 2. With these approxima-
stationarity condition tions, Eq.(10) becomes quadratic ief:
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epO+S
= . 11
" e @-ea-em) Y
Likewise, the expression fa’(py), Eq. (9), becomes
g"(po) 2e%
=- 1|+, 12
keT m{ (S-e) | " (12

Solving fore” in Eq.(11) and inserting the solution into Eq.
(12) gives

g'(po) _
ksT
so that, from Eq(8), and recallingD=-¢,/2kgT, we arrive

at ourmain result a simple, algebraic expression fgras a
function of m:

2D

-my(1-m)?+4me (13)

kT _ my(1 - m)?+ 4me2*eT

'Ba (1+mZ)3/2

We examine Eq.(14) in several different limiting cases.
When €,=0, this reduces to
KgT _

Ba
as found in a previous study involving only NN interactiéns.

Interestingly, ath=45°, Eq.(14) shows a simple dependence
on e, namely,

(14)

m+ m?

(1 +m2)3/2’ (15)

kBT eezl 2kgT
a2

Of course, this reduces to the venerable Ising result qp1/
in the absence of NNN interactionis,=0).3:18:19

(16)

By considering just the lowest and second lowest energy

configuration$;!° Zandvliet et al. obtained the resuft (ex-
pressed with our sign convention fes) for the maximally
misoriented casen=1,

V2

KgT _
- 1+ e—52/2kBT’

Ba
which has, for the attractive, of primary concern here,
some qualitative similarities to E¢16) (including the value
1/y2 for €=0) but is too small by a factor of 2 for
€,/ 2kgT<<0; even the coefficient of the first-order term in an

expansion ine,/ 2kgT is half the correct value.for the oppo-
site limit of repulsivee,, Eq.(17) levels off(at y2), in quali-

(17)

tative disagreement with the actual exponential increase seen

in Eq. (16).

Figure 2 compares E@14) to corresponding exact solu-
tions[found by numerically solving Eq$8)—10)] at several
temperatures wheg,=¢;/10. We see that Eq14) overlaps
the exact solution at temperatures as highTgs. As the
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ks T
B@a

T=Te/3
T=Tc/6

" T=Tc/10
low-T=Tc/3
low-T=Tc/6

low-T =Tc/10

m=tané

0.2 0.4 0.6

0.8 1

FIG. 2. The range of validity of Eq.14) is examined by com-
paring it to exact numerical solutions of the SOS model at several
temperatures. In the legerid refers to the NN lattice-gadsing)
model; for|e;| =256 meV,T,=1685 K.

keT _ sinhS
B(0)a C(SO[sinhS-C(S0)(1-e®)]’

Finally, in Fig. 3 (using the experimental valtfe g,
=128 meM] €,=-256 me\}, we compare Eq(14) to the
NN Ising model afT=320 K, as well as to the experimental
results of Ref. 6. For strongly attractivenegative e,
kgT/ Ba decreases significantly. In fact, whejl e, is 1/6, so
that —e,/2kgT=(ex/ €1)(e /kgT) =(1/6)4.64, the model-
predicted value okgT/Ba has decreased to less than half its
€,=0 value[viz., by a factor of 0.46, versus 0.63 if EA.7)
is used, so about 3/2 the experimental ratio. df/ e; in-
creases even furthdig T/ Ba further decreases and develops
positive curvature, causing an end-point local minimum to
appear at9=45°. We can determine when this occurs by
expanding Eq(14) aboutm=1:

kT _e®

r_ee |
Ba V2

Setting the coefficient of(m-1)? to zero gives -B
=e,/kgT=-In(6) =-1.8, which corresponds to a value of

e 3eP

—— = |m-12%+--. (18
~ 4\5)< ) (18)

m=tané

0.2 04 0.6 08 1

FIG. 3. Equation14) is plotted for a variety of different values
of D=-¢,/2kgT, where e; and e, are NN- and NNN-interaction
energies, respectively, in a lattice-gas picture. The solid curve de-
noted “Ising NN” corresponds te,=0. The dots labeled “Exp’t”
are taken from Fig. 2 of Ref. 6 and were derived from the equilib-

temperature increases, the stiffness becomes more isotropifum shape of islands on Q@01) at 302 K, with the line segments

and Eq.(14) begins to overestimate the stiffness néai0°.

Of course, Egs(8)—«10) can be used to find the exact SOS
stiffness afT=0. In agreement with previous calculation's,
we find

serving as guides for the eye. To minimize clutter, we omit similar
data derived from correlation functions of vicinal surfaces at vari-
ous temperatures. Note that fe/=¢€;/4 a maximum has developed
near targ=1/2 that is not evident in the experimental data.
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kBT/Zga: V3/6~0.29, about 2/5 the value a$=0. ForT _ There is implicit experimental information fa,: from
=320 K ands,=128 meV, this corresponds te/e;~0.2.  island shaped and fluctuation® 5(0)=220+11 meV. Since
However, for the NNN interaction alone to account for the'elated measurements showée;=-128 meV, we deduce
factor-of-4 discrepancy between modelitheory and experi€2=—92 meV if ezr is insignificant. These values imply that

ment reported by Dieluweit al®, Fig. 3 shows that,/e, €/ €1 1S somewhat larger than 1/3, which seems unlikely in
~0.3 would be required. light of the unobserved predictions about the shape of islands

in that casecf. the end of Sec. I)I
To corroborate this picture, one should estimate the values
IV. EFFECT OF TRIO INTERACTIONS of €; ande,, as well asegy, from firstz-zpzrénciples total-energy
- . . . Iculations. In contr 1),%4<°> however, n h
.In gddl}lon to t'he NNN lnteraptlon, tn(Ihree-a.tom, non- icna;(frumi[t%ns ever?ofotrZSth:i% %]é[ler)l, publigheed efo,r ((I)ngf)c
pairwisg interactions may well influence the stifiness. Thehare are, however, several semiempirical calculations which
strongest such interaction is most likely that associated with, ;nq £,~0.14 eV?* In such calculations based on the em-
three atoms forming a right isosceles triangle, whose sidegeqged atom methodEAM), which work best for late tran-
are at NN distance and hypotenuse at NNN separation. In gtion andnoble fcc metals, the indiretthrough-substrate”
lattice-gas model, there is a new term withy times the  interactions are expected to be strong only when the adatoms
occupation numbers of the three sités\ote that this trio  share common substrate nearest neighbors; then the interac-
interaction energygy is in addition to the contribution&  tion should be repulsive and proportional to the number of
+¢, of the constituent pair interactions. If we count brokenshared substrate atorfiLonger range pair interactions and
trios and weight each bR, we find an additional contribu- multisite nonpairwise interactions are generally very-to-
tion to Eq.(1) of R times, negligibly small in such calculations; they probably underes-
timate the actual values of these interactions since there is no
4Ail + 20y 0+ 2= 20 +|A+ 1 +[A -1 +2, (19  Fermi surface in this picture, and it is the Fermi wavevector

where we have converted the Kronecker delte=dt to make that dominates long-range interactignié.the NN and NNN

better contact with Eq.1). Thus, without further calculation mtergctlonslon C@01) were purely |nd|rect., we WOUld then
we can include the effect of this trio by replaciivby H predict e,=5€;>0. However, whenever direct interactions
+2R, U by U+R, D by D+R, and(trivially) V by V+2R. (due to covalent effects between the nearby adatcms

By arguments used at the end of Sec. Il A, we recc)gmzémportant, they overwhelm the indirect interaction. At NN

__1 . o separation, which is the bulk NN spacing, direct interactions
R=-;¢qr. Consequently, the effective NN lattice-gas energymust be significant, explaining wha; can be attractive. It is

is €1+2ext and, more significantly the effective NNN inter- .

action energy is,+ exr. ThUS, ery Must be attractivénega- n_ot (_)pwous .from .such ggneral arguments whether there are
tive) if it is to help account for the discrepancy in Fig. 2 of S'gn'f'c"’.‘m direct interactions between Cu adatoms at NNN
Ref. 6 between model and experiment. Furthermore, by re?expi)alratlonsi%Fvc\)lrhiPéa\t\?ms onr; IP%O;)) trr]r:ai ?1:1I>i/riholrln02%-vl
visiting the configurations discussed in the penultimate para—a al case Cle, Was computed semiempirically,

: : : calculation$® gave e,/ |e;|=0.2, less than half the ratio pre-
graph of t?e Introduction, we find thqt the kink energy dicted by counting substrate neighbors, but with the pre-
becomes 5e;—ert Thus, for a repulsivesgy, |€| will be

dicted repulsivee,.] It is also not obviousa priori whether

Ie}rger than predicted by an analysis of, e.g., step-edge d'mﬁwulti-atom interactions also contribute significanfiyor ho-
sivity that neglectsgr. Lastly, the close-packed edge energy’moepitaxy the only semiempirical result is that they are in-

i -0 i i -_1__ 1 _
l.e. theT=0 line tension3(0)=—;€,~ €, becomes ze,~¢, significant for Ag on Ag001);2” however, it is likely that

~2€RT. semiempirical calculations will underestimate multiatom in-
teractions]
V. DISCUSSION AND CONCLUSIONS To address these questions, we are currently carrying out

_ . _ _ calculation$® using thevasp package?® Preliminary results

We now turn to experimental mforma'tlo'n about'the inter-for Cu001) suggest thate, is indeed attractive, and that
actions, followed by comments on the limited available cal-¢ /¢, is about 1/8; there are also indications of an attractive
culations of them, often recapitulating the discussion in Refright-triangle trio interactioneg with sizable magnitude
9. All the experiments are predicated on the belief that afperhaps comparable tde,|, consistent witha priori
320 K there is sufficient mobility to allow equilibrium to be expectation®39, but there is also a sizeable colinear trio
achieved. If the NNN interactions are to explain at least parinteraction which is repulsive.
tially the high s_tiﬁness_of experiment co_mpared to Ising | summary, NNN interactions may well account for a
t_heory, the NNN mte_ractlon must bg attractive and a SUbSta”significant fraction, perhaps even a majority, of the discrep-
tial fraction of e, Since compact islands do form on the 5ncy hetween NN Ising model calculations and experimental
Cu(00) surface, it is obvious that, is attractive. lfe; is also  measurements of the orientation dependence of the reduced
attractive, as required for reduction of the overestimate otiffnessé the effect is even somewhat greater than estimated
kgT/B, then the low-temperature equilibrium shape hasby the Twente group!® However, inclusion of, is not the
clipped corners(octagonal-like, with sides of alternating whole answer, nor, seemingly, is considerationegf. One
lengthg, as noted in Ref. 9; no evidence of such behavior hapossible missing ingredient is other multisite interactions,
been seen. The lack of evidence of a decreasing stiffness neaost notably the linear trig, + consisting of three colinear
0=~ 45° suggests that,/ €; is at most 1/5. atoms(a pair of NN legs and an apex angle of 180h a
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model calculation their energy was comparableetg,?>3°  nary axis(u=-ip), at the valuep, given by the stationary-
albeit with half as many occurrences per atom in the monophase condition:

layer phase. The corrections duegg would be more com- ,

plicated than simple shifts in the effective valuesepfand _9po) _ m= tané. (A5)
€. Since direct interactions are probably important, there is kT

no way to escape doing a first-principles computation; WeCalculating the derivative from EgéA2) and(A3), we find
continue to use theasp package to extend our preliminary ' '
calculations® A more daunting(at least for lattice-gas afi- m=B’(po)/B(po), (AB)
cionado$ possibility is that long-range intrastep elastic ef-
fects mZyp be |mp)c/thant Shengoy a%d Clobanﬁ have madwhere prime stands fo#,. The leading contribution to this
noteworthy progress in understanding how this interactloﬁntegral (A4) is just the mtegrand evaluated at this point:

contributes to the orientation dependence of noble-metal d(po)
steps’? Z(Y) =~ exp —L{ mpy+ T (A7)
B
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Jretp 2 =-B(IB() +[B (BT (A9)
B
APPENDIX: CALCULATIONAL DETAILS This can be Slmp'lfled by EqAG) to
1. Partition function 'Tpd
To carry out the sum in Eq2), we consider the Fourier kT =~ mB'(po)/B’ (po) + 7, (A10)

transform ofZ(Y):
the quantity needed for computing the stiffness as a function

* v of m. While straightforward, computing the derivatives with
W(p) = f dYeéYz(Y) =2 exp X [iud; - K(4)] the general form foB [Eq. (A3) with p=iu] is quite tedious.
- A A slight simplification emerges if we specialize to the physi-

L

© L cally relevant cas&J=D. Then, withS=H+2D, we have
= iuA-K(A Al .
Agoo extlis A1 (A1) e® e’® o €Psinhs
Blp) = l+e5+”—1+ e&P—lzl_‘32 ¥ CoshS— cosh
whereK(A)=(V+H|A|+U|A-1]|+D|A+1]) is the energy in P
Eq. (1), associated with adjacent columns with height differ- _1_eD4 e’® sinhS ALl
enceA. Carrying out the summation in EAL) gives - C(Sp) (A11)
i
gli”)———mwaﬂ) V+U+D-InBliy), (a2 Sothat
o! B(p) = &° sinhSP A12
where (p) =& sin CASp)’ (AL2)
_ e?® e and
B(I,LL) =1+ H+U+D+ip _ 1 + H+U+D—-ip _ 1 (A3)
) ° 8/(p) = @ sinhg| SO, 2SR o)
Thus, the original partition functio&(Y) is p)=€=S CZ(S,p) C3(Sp)
1~ Inserting these expressions into £46), we have
2= | dueat ’ P 4
27 ] _, . sinhpg sinhS (AL4)
1 (- (i) C(S.pol[sinhS~ C(S,po) (1 - & )]’
:—f duexp L{—iptano— g (A4) . . .
27) ke T Similarly, with Eq.(A10), we find
ForL> 1, we can evaluate this inverse transform by steepest 9"(po) _ _ | 2inhpg +cothpg | +m2.  (AL5)
decent approximation. The saddle point occurs on the imagi- keT C(S,po) Po
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