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Oscillatory interaction of steps on W{110}
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Using a modified fourth-moment approximation to tight-binding theory, we have carried out a systematic
study of the energetics of steps and kinks on tRd Y@ surface. This model predicts an oscillatory interaction
(as a function of separatipbetween isolated stable steps on thel®0} surface, whereas previous studies of
step-step interactions on late transition and noble metals with the embedded atom method found a purely
repulsive, inverse-square decay. The oscillations are similar to those found by scanning tunneling microscope
measurements of vicinal €100 and Ad110; systems[S0163-18286)05228-9

[. INTRODUCTION potential®* The energetics of steps and kinks on Ag and Pt
were also investigated using equivalent crystal thédmn
The study of the energetics of steps, kinks, and step-steftiese calculations, the interaction potentials between steps on
interactions on metal surfaces is very important becausthe metal surfaces are dominated by a repulsive term, which,
these energies provide the key to understanding equilibriuri? general, can be described wittra® term. (Herer is the
surface structures, surface roughening, and the dynamics §paration between two stepslowever, they failed to yield
neling microscopgSTM) has made it possible to measure as found in STM measuremerits. .
such energies:’ STM observations of semiconductor N this paper we report an investigation of the energetics
surface$™ indicated that step-step interactions were purelyof steps and their interactions on a{1Q surface. Our cal-
repulsive, decaying inversely with the square of their Sepacula’uo_ns |nd|cqte that the interaction potential has oscillatory
ration, indicative of entropic and elastic mechanisms. HowJPehavior, dominated by an"? term plus an oscillatory
ever, similar studies of some metallic systems revealed Elodulation, compatible with STM observations.
more complicated interaction between st&pstrohn and This paper is arranged as follows. The theoretical ap-
co-worker§ measured the distribution of terrace widths onProach used in this work will be described in Sec. Il. The
vicinal Cu{100} surfaces using a STM. They found that the results of step and kink formation energies on th¢1¥@}
distribution does not scale simply with the mean terracesurface.wnl be reported in Sec. . Section IV discusses the
width and so are not produced simply by inverse-square renteraction between two steps. Finally, conclusions will be
pulsions. Instead, the step-step interactions can be interpret&§gwn in Sec. V.
as repulsive at short distances and attractive at larger sepa-
rations of 3-5 atomic spacings. In their study of vicinal
Ag{110 surfaces, Paét al.” similarly concluded that inter- Il THEORETICAL MODEL
actions did not decay monotonically and were attractive at The model used in this work is based on the low-order
intermediate spacings. Furthermore, they noted that in thimoments approximation to tight-binding theory. Complete
case the oscillatory interactions could be described as inddetails of the fourth-moment method are contained in the
rect electronic interactions, the envelope of which decayegiaper by Xu and Adam®. The method builds on earlier
unusually slowly because a surface state near the Fermi emork by Carlssoi’ and Foilest® The total energy is given by
ergy (and in the correct directigmmediated the interaction.
Much theoretical work has been motivated by these in- 1

triguing STM measurements. Most of these studies concen- E=>2 Voudrij) +EQ+EC+E®, (1)
trated on the fcc transition metals, both because the experi- 27]
ments were on these systems and because the semiempirical
methods usually used are most suitable for these elementdere V,,i{ri;) is a pair interaction between pairs of ions
For example, the embedded-atom metl{B&M) has been separated by a displacement. The second-, third- and
used to calculate step formation energy and step-step intefourth-moment terms of the electronic density of states
actions on C{L00},® Ag{100, and Ad111} (Ref. 9 and [E®, E®), andE™ in Eq. (1)] are evaluated by taking
other fcc metal surfacé$-*? Similarly, faceting on the double, triple, and quadruple products of tight-binding ma-
Au{l11ln; surfaces has been studied using the similar gludrix elements of thel orbitals, which are formulated in Ref.
model®® The step formation energy and step-step interacd16. These moment terms represent the angular components
tions on C¢113 and{115 were calculated using ad-body  of the interatomic interactions. In general, EAM-type poten-
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tials include only the first two terms in E@l), without the
third- and fourth-moment terms in their Hamiltonians. The
parameters in this fourth-moment method were determined
empirically by fitting to many bulk properties. In previous
papers:®1920 this fourth-moment method has successfully
yielded the W100/(y/2Xx \2)R45° surface reconstruction,
reasonable activation energies for single adatom self-
diffusion on the W110}, {211}, and{321} surfaces, adatom-
adatom interactions, and dimer diffusion on{M/0; and
{211} surfaces.

The computational method used in this work will be
briefly introduced as follows. The Y10 surface is mod-
eled by creating a slab with two free surfaces and periodic
boundary conditions in the two directions parallel to the sur-

face. The periodic length is held fixed at the bulk value. The 393-“4209.
_ ; e DU 2020002
N-atom slab is 25 A thickalong thez direction with about [001] Q»- 8 'iigig S
1200 total atoms. The-y plane is about 1545 A?, with .Q =) =)
steps parallel to the direction. Energy minimization by a ~6959iii!i o
conjugate gradient method is used to determine the stable Qi!igiiigi.....
structure of this system. [110] gigg%iiigigig
02022202020
lIl. ENERGETICS OF PRINCIPAL STEPS 5959i5595~5~"
AND KINKS ON W {110 59.26..5.5
The surface structure of Y¥10 has been reported in an (b)
earlier papef® In general, the calculated multilayer relax-
ations are in reasonable agreement with experimental results.
Three different step orientations ¢h10; surfaces have been
considered in this study. Figure 1 shows the top view of
these three steps with their orientations along fh#&1], oo @
which is the closed packed directiof,10], and[001]. To —<§ ~5~0~0~590
calculate the formation energy, we add a half-monolayer Hiﬁ§a§g§=§a~9‘
zg:g)ct(ijg r;31:)<Jfr?hseont_o the fully relaxefl 10 surface with the N%ggggg%ggg%gag
pair of up and down steps aldid 1], [001], 0500500000
and[110], respectively. Then, the whole system is relaxed .QCQGQSQ 59595
freely to find the ground-state energi4.). As discussed, 0= ~5§.~59"95
e.g., in Ref. 9, the step formation enerGye,at 0 K (Ref. ’.‘95959525259595
21) can be constructed as OeOsOsOuOsOsOy
Gstep: 2L,83tep: (Estep_ NstepECOh_ 2A7(110))- 3] (C)

HereL is the length of the stepBe,is the step formation FIG. 1. Schematic of steps and kinks on thél\a0 surface:(a)
energy per lengthlN g, is the number of atoms in this sys- [111] step with kink (\) and antikink @), (b) [001] step with kink,

tem, andE®" is the bulk cohesive energy. For the orienta-and(c) [110] step with kink.

tions we consider, the up and the down steps are geometri- ]

cally equivalent, enabling us simply to include the factor of 2Thus, as expected from Ref. 9, the step energy increases as
to account for the two of them. The factoAZ;yq is deter- the planar d_ens_lty of the microfacet d_ecreases. _\Nhlle_3|mple
mined from a calculation of the energy of a slab bounded byond coordination models can sometimes be misleading, we

flat {110 surfaces: note that on a bc¢110 surface, each ledge atom on the
[111] step has 5 nearest neighbdMN'’s). When[110] and
2AY(110=Esur— NgurE ", ©) [001] steps are formed on this surface, however, the number

of NN’'s changes to 4 with one extra bond to be broken.
whereA is the surface area of each side of the stgh;o)is  These two steps thus will require much higher formation
the {110 surface energy per area, aNg,s is the number of energy compared to that of a step along the close-packed
atoms of this flaf110 slab (without the extra half layer [111] direction.

Table | lists the calculated step formation energies for The step formation energy can be estimated using the
three steps along thEl11], [110], and [001], on a{110;  “awning” approximation? We briefly summarize this ap-
surface, specifically 110) plane, as illustrated in Fig. 1. proach here; further details can be found in Ref. 9. One starts
The microfacet orientations for these steps @0, {112,  with the free energy per area of the microfacet of the step
and{001}, respectively. An obvious feature found in Table | riser planes connecting atoms at the top and bottom
is that the[111] step has the lowest formation enerh86  “creases” of a step, multiplied by the distandeacross the
meV/A) compared with the other tw208 and 309 meV/R  riser. From this one subtracts the free energy per area of the
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TABLE |. Formation energies of a step and a kink of20} at 0 K.

Step formation energymeV/A) Kink formation energymeV)
[1171] step 136 orf111] step kink 349
[110] step 208 antikink 427
[001] step 309 orf 110] step —288
on[001] step —275

terrace plane times the projection@bnto the terrace plane [001] steps?? Since the separation §001] steps 16 A)
(i.e., d times the cosine of the tilt of the microfageFor a  on {430 surface is rather large, it seems unlikely that inter-
simple [110] step, the riser is &112 microfacet with actions betweeri001] steps reduce this discrepancy. This
d= (\/3/2)a, wherea=3.165 A is the lattice constant for issue certainly demands further investigation.
bulk W. We find, in this case, that the free energy per unit To compute the kink formation enerdy,,« at 0 K, we
length of step formation can be approximated as use two methods. When we remove a half row of atoms from
one step, it will actually create two kinks in the simulation

V3 1 cell, due to the periodic boundary conditighig. 1). Two
o Y1127 5%110|3 (4 Kinks created in the simulation cell qa10] or [001] steps

are equivalent to each other, i.e., have the same microfacet
where y(112 and y(110) are the surface energies per unit areastructure. ThereforeGy;,x can be calculated using this ex-
of the{112 and the{110 planes, which have the values 137 pression
and 116 meV/R, respectively. The estimate ¢ for the
[110] step is 192 meV/A |, close to the calculated value in Grink= (Exink— NinkE®"— 2A (119 = 2L Bsiep/2,  (7)
Table I. Similarly, the step formation energy ft11] and
[001] steps on thg110 surface are

V6 G

Brugi110™~

whereN, is the total number of atoms in this system and
Eyink is the total energy of the system in the ground state.
The Ay(110) and L Bgep are the formation energy of surface

~|— - a=0.408 a (5) and step, which have been given in E¢8) and (3). The
Prumao™| 3 a0~ g Yawo Yato distance between kinks is over 15 A. The kink formation
and energies on th€110] and[001] steps are listed in Table I.

For [111] steps there are two kinds of kinks: kinks and
antikinks. As shown in Fig. (), a kink (A) is a simple unit
a (6) deviation of the step along the “other{’111] direction on
the surface. To return to the original step requires a unit

and the surface energy of tH80L} plane is 217 meV/A&. deviation along the higher-ener§¥00] direction; we call it
The estimateds's for these two steps are 150 and 427 an antikink @). Alternatively, the antikink can be viewed as
meV/A | respectively. The awning estimates, while fair, arereturning to the original step one atom sooner, along the

not as good as for late transition and noble metals becau%?me[lll] direction as the kink, along a “Z-_shaped” path, .
the directionality of bonds is much more important for w. 0rming an acute rather than obtuse angle with the step. This

In a two-dimensional zero-temperature Wulff plot, we perspective turns out to produce a lower energy in the aw-

would quickly find that thg¢ 111] step provides the dominant ni_ng apprqximatipr) that _is c]oser to the com_puted \./alL.'e'
“facet,” i.e., edge. Moreover, closer inspection shows that if SI"C€ @ kink-antikink pair will be created using periodic

- . boundary condition§.e., by adding or removing half a chain
Br11n<v2/3B11q, there will be ng 110] edge on the equi- . .
librium crystal shape, where the numerical factor comesOf T\tf{)rgs)l,(_wlf needtt(lz_alf(;pta(il_lfferent metr\'/(\)/d to o?c';aln the
from the inner product of the unit direction vectors of the ISo/ated Kink or antikink formation eéneérgy. We could use a

two steps. This inequality is in fact satisfied by the number lab with a high Miller index associated with an azimuthal

in Table I. Likewise, Sincg81,1,< \/mﬁ[oog, there will be wist, but it is easier to use a large cluster on {h&0; plane

no [001] edge. Presumably, no other lower-symmetry orien-}'é'r:h ﬂ']tsoff%ircﬁ (i%ese :islogl\?erd'zfgejfﬁlhgg g'ﬁgg?;id L?nek or
tation is stable either. In other words, the fourth-moment 9 9 ) ’

calculations predict that the only stable step orientation at @n.“kmk can be created in one edge. Simila can be

K is [111], so that the equilibrium two-dimensional crystal written as

shape is a diamondAt finite temperature, we expect these  _pE . _N. . pEcoh_ _

statements to remain excellent approximations, though, of Grink= Buane ™ NianE™= 247120~ L Bstepy ®
course, the facet will be rounded by finite-temperaturewherelL is the total ledge length of the cluster and other
roughening. We shall see next that the instability of the terms have the same definition as Eg). Table | gives the
[110] and the[001] steps in these calculations is reflected byformation energies of single kink and antikink on[511]
their negative kink energies. Experimentally, there are ncstep.

direct measurements of isolated single steps on th&10/ One feature observed from Table | is that fi40] and
surface. However, low-energy electron diffraction studies of 001] steps possess negative kink formation energies, in con-
the W{430@ surface, which can be treated [@91] steps uni- trast to that or{111] step. This negativity simply indicates
formly separated of110} surface, revealed no roughness for the [110] and [001] steps are energetically unstable in this

V2

ﬁ[oomuo)*[ Y(00y ™ % V(110
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FIG. 2. “Mesa” step-step in-
i teraction potentialU(r) shown
(diamond pointsas a function of

, step separatiom on the W110
20 - surface. The dashed line is from
’ Eq. (14), using parameters listed
l( S — e in Table III.
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calculational method, decaying into segments with the stable " \/§ \/5
orientation. In the other words, ti&11] step, in which the G0~ — Bray~ 5 Brua
step ledge is running in thEL11] direction, will be very

smooth and have a very low density of thermally excited

kinks. In contrast, th¢110] and[001] steps, as well as steps GlooT
in any other direction, would form a large-scale zigzag pat- kink
tern with a high densities of kinks. To understand the differ- _ ) o _ ] )
ence in kink formation energies, we first count the bond co-Such simple estlmates_ will give the kink formation energies
ordination change when a kink is created. Then arfO be 249 meV for a kink and 497 mefér 730 meV if one
“awning”-type argument is used to give quantitative esti- chooses thg100] perspectivefor an antikink on 4111] step
mates. Qualitatively, when a kink is formed on tiel1]  — 93 and—116 meV on[110] and[001] steps, respectively,
step, one NN bond will be broken with the total NN's for the which agree qualitatively with the full calculation based on
outer corner kink atom changing from 5 to 4 and the othef£ds.(7) and(8).

ledge atoms retain the same NN’s. The formation energy

therefore is a positive value. In contrast, during the formation IV. INTERACTION BETWEEN [111] STEPS
of a kink on the[110] and[001] steps, the number of NN’s

ON THE W{11G SURFACE
will increase by oné5 NN's for the inner corner kink atom

vs 4 NN's for a ledge ato Thus it is energetically more Using th.is fourth—moment meth_od, we studied the interac-
favorable to form a kink on th§110] and[001] steps with t!on potenyal of two_ isolated straigifi11] step; as a func- _
formation energies of- 288 and— 275 meV per kink, re- tion of thelr separation. There are_three _p055|ble geometries
spectively. f_or two |sqlated steps. As shown in the inset of Fig. 2, _the
Similar to the estimates of step formation energy using arj'St yPe involves an up and down pair, with the region
awning approximation, the kink formation energiesaa1], between them elevated above the surface by one layer; we

a, (11

J3 1

7/3[111]— 5/3[001]

a. (12

110], and[001] steps can be approximated as call this the “mesa” configuration. The second type, illus-
[110 [001] step PP trated in the inset of Fig. 3, has a down and up pair, with the
intervening region depressed by a layer; we call this a

g | V3 V3 V3

“dado” configuration. Such interactions occur across islands
Glink' ~ 7'8[111]_ ?3[111] a= ?'B[lll]a’ ©  and pits, respectively, on the surface. The third type of step-
step interaction, having two uger two downs, is shown in
the inset of Fig. 4. It would occur on a vicinal surface and is
a= ﬁg a called a “staircase” configuration.
3 Py To calculate the interaction between a mesa pair, we first
create twg 111] steps on th¢11G surface, separated by 20
A. The distance between steps is defined as the distance be-
a (10 tween the midpoints of the riser planes. The ground-state
' energy of this fully relaxed system bf, atoms is denoted as

Gl - \/§ \E

antikink™ 7,3[111] + ?,3[111]

V3

Briog— ?3[111]
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FIG. 3. “Dado” step-step in-
teraction potentialU(r) shown
(diamond pointsas a function of
step separatiom on the W110
surface. The dashed line is from
Eqg. (14), using parameters listed
in Table IlI.
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E... Then, we reduce the separation between the two stepsscillatory modulation. Ar=1.4 A, only one linear adatom
by removing atomic rows and relaxing the new structurerow is left on the{110 surface and the interaction is a very

(total energy denoted &, with N, atoms. The interaction
can be written as:

Uy=5p [Ei— Eom (N = NL)ET. (13

strong repulsion(82.3 meV/A); this indicates that such a
linear pattern of adatoms on tk&10 surface is very unfa-
vorable energetically. With the separation increased to
r=3.77 A, two steps will attract each other with an interac-
tion energy of—16.8 meV/A. Thereafter, the interaction os-
cillates between repulsive and attractive out to very large

Figure 2 shows the interaction potential as a function ofseparations.

separationr. Basically, the interaction potential can be

Similarly, we can calculate the interactions for dado pairs

treated as a monotonic repulsive function plus a decayin@s a function of separatian In this caseE., is the ground-

30

25

20 - \

FIG. 4. “Staircase” step-step
interaction potentialU(r) shown
(diamond pointsas a function of
step separatiom on the W110
surface. The dashed line is from
Eq. (14), using parameters listed
in Table I11.
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TABLE Il. Step-step interactions in the three configurations as a function of their separation.

Rigid Mesa Dado Staircase
ro (A) r (A U (meV/A) r (A) U (meV/A) r (A) U (meV/A)
1.29 1.40 82.3 1.29 —135.8
3.88 3.77 —16.8 4.03 -29 3.91 7.9
6.46 6.35 16.8 6.59 1.6 6.50 0.9
9.05 8.99 -7.3 9.20 0.2 9.06 2.9
11.63 11.52 4.6 11.77 0.8 11.67 0.2
14.21 14.13 -3.0 14.35 -0.1 14.23 0.9
16.80 16.69 1.0 16.93 0.0 16.81 -0.4
19.38 19.29 -1.3 19.38 0.0

state energy with the two steps separated by 20 A. The inymptotic limit; k is the Fermi wave vector with velocity in
teraction potential also shows oscillatory behavior for dadahe direction of the interstep separatighis associated with
steps. The minimum distance between two dado steps is 1.2Be localized perturbation. In fitting E¢L4) to the results of
A, which actually is the nearest distance between fivi] the fourth-moment calculation, we found valuesnofrather
atom rows on 110 plane. The interaction at=1.29 A is  close to 2(and decidedly less than for the three interaction
—135.8 meV/A. Wherr increases to 4.03 A, the interaction potentials. While the indirect interaction is typically charac-
is still attractive with a magnitude of 2.9 meV/A. At large  terized by an envelope decaying Bs°, it decays ag 2
r, the interaction changes to repulsive and then fluctuates ashen the interaction is mediated by surface stdt®se foot-
seen in Fig. 3. note 27 in Ref. 3. While, to our knowledge, there has been
Unlike the previous two types of steps, most of the inter-no computation of the surface electronic structure ¢L¥¢},
actions between staircase pairs are repulsive, with a smathere have been such computations for its neighbor,
attraction atr =16.81 A.(See Table I). Figure 4 shows the Ta{110.2%2° There are some surface states in these calcula-
interaction potential as a function of separatior(Herer is  tions a couple eV about the Fermi level. They might be
just the lateral separation and does not include the verticalloser to it for W. Unfortunately, the computations were not
componen). The staircase interactions also exhibit the mainperformed in the direction associated with propagation be-
feature observed in mesa and dado interactions: oscillatorfyveen[111] steps, so it is not clear whether these states
behavior. At the nearest separati91 A), the interaction actually contribute to the step interaction. In any case, to
between two steps is a repulsion of 7.9 meV/A. Whensimplify our argument, we seh to be 2. The fitting param-
r increases to 6.5 A, the repulsion reduces to 0.9 meV/Aeters for three interactions are listed in Table Ill. The dashed
The interaction oscillates back to 2.9 meV/Arat9.06 A  lines on Figs. 2—4 are from E¢l4) using parameters listed
and then decreases again as seen in Fig. 4. in Table 1ll. The agreement with the fourth-moment calcula-
Two experimental studies found that the interaction po-<ions is quite reasonable, consistent with the idea that the
tential between two steps on particular noble metal surfacegscillations arise from indirect electronic interactions, as
exhibits oscillatory behavidt’ Evidently the step-step inter- conjectured from experimental measureméritsEurther
actions are repulsive for small step separations and attractiyaositive evidence in Table Il is the fact that tkevalues for
at intermediate separations, in contrast to the step-step intethree cases are similar, while the values #odiffer consid-
actions on semiconductor surfaces, which show a monotonierably.
r ~2 repulsion due to elastior at least entropjeeffects! It From Table Il it is clear that relaxations of the individual
has been suggested that the attractive step-step interactiosteps play a notable role in these problems. For an isolated
can result from dipole-dipole interactidfi€* or indirect step, the top edge retracts both inward and downwhyd
electronic interaction&/:2>26 about 0.01 A, as one might expect from because of its de-
Figures 2— 4 show that the interactions between two isoereased coordination. The atom at the base of the step moves
lated steps on the YW1G surface do not simply decay aboutthe same distance and direction horizontally, while ris-
monotonically with increasing separation. Instead, they caing twice as much. The lateral part of this shift can be seen in
be modeled as a monotonic function plus an oscillatorythe decreaséexcept at the smallest separajion separations
modulation. In order to establish the source and form of the
interactions, we fit a general form to the “data” produced by  TABLE III. Parameters used in Eq. 14 for three types of step-
the fourth-moment method. Following the arguments by Paktep interactions.
et al” and Einsteirf® we choose the general form as

Parameter Mesa Dado Staircase
A Bcog2kr+ )
U=+ —m (14 A(mev A 84.51 ~117.12 109.05
B (meV A) 406.44 568.99 126.43
Here A, B, m, k, and & serve as fitting parameters. The k (A1) 0.52 0.56 0.51
r—2 term is the elastic or dipolar interaction. The seconds —0.037 0.107 —0.80m
term in Eq.(14) has the Ruderman-Kittel-Kasuya-Yosida- m 2 2 2

like form?’ characteristic of indirect interactions in the as-
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relative to the rigid lattice for the mesa configuration and thdower formation energy compared to other steps aldrig|
concomitant increase for the dado configuration. In the stairand[001]. On the other hand, it is much easier to form a kink
case configuration, both steps relax in the same direction, son the[110] and[001] steps, with negative kink formation
there is less effect on their separation. energies, than that on th&11] step. A simple theory based
The elastic interaction, which can be described by theon the bond coordination change and an *awning” approxi-
r 2 term in Eq.(14), only contributes partly to the step-step mation can be used to understand the difference of those
interactions on a metal surface. Indirect electronic interacformation energies.
tions will dominate at longer separations. A simple EAM-  The present calculation shows that the interaction poten-
type potential always yielded a monotonic interaction be-ials between two isolated steps include two pafis:an
tween steps for all the region and failed to predict suchelastic r=2 term and (i) an oscillatory modulation
oscillatory behaviof:>*? This is because the Hamiltonian in r~Mcos(xr+4). This is consistent with recent STM mea-
the EAM includes only a mean electronic dendilike the  surements, which found the step-step interactions on metal
second-moment termcontributed from its local environ- surfaces are repulsive for small step separations and attrac-
ment. Although the fourth-moment model, which includestive at intermediate step separations, unlike the step interac-
the higher momentgthird and fourth of the local electron tions on semiconductor surfaces. Our analysis supports the
density of states, is unable to provide detailed informatiorbelief that the oscillations are due to indirect electronic in-
about Fermi-surface singularities, it certainly is a considerteractions.
able improvement over the EAM-type potentials in describ-
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