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Local structural and vibrational properties of stepped surfaces: Cy211), Cu(511), and Cu(331)
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We present a comparative study of the local structural and vibrational properties of three regularly stepped
surfaces of Cu which have similar terrace widths. The local vibrational density of states are evaluated using a
real-space method with the force-constant matrix generated from a many-body, semiempirical potential based
on the embedded-atom method. We find that the multilayer relaxation pattern (881Lis quite different
from Cu211) and Cy511). Furthermore, we show that the relaxations of the step atoms are dictated by the
lower coordinations of their surrounding atoms. Our calculations also show that the local vibrational properties
of the three vicinal surfaces of Cu are sensitive to their local atomic environi891t63-18207)01720-7

I. INTRODUCTION experimental methods for structural determination have usu-
ally involved low-energy electron diffractiofLEED) (Ref.

The morphology of surfaces at an atomic level plays all) or low-energy ion scatterintf. Although these surface
crucial role in determining the behavior of surfaces in manystructure studies have focused on different types of stepped
physical phenomena, including epitaxial growth, chemicalsurfaces of various fcc metals, a few general trends have
reactivity, and the stability of crystalsOn any real surface, been found. For example, for @31),°!! Al(211),*3
steps are unpreventably present, and their nature describ@$(511),** and all fc¢211),™ the relaxation of the interlayer
the morphology of surfaces. These surface defects are espacings shows an oscillatory behavior(gf,+,-,-,+,-,...)
pected to serve as nucleation regions and to affect the enerith decreasing magnitude away from the surface into the
getics, reactivity, and dynamic properties of the surface bebulk. For Cy{410),*? Al(331),° and Pt775 (Ref. 5 step at-
cause of the unsaturated coordination sites in their victity.oms display a slight inward relaxation toward the remainder
Key guestions concerning the behavior of the surface in thef the metal, supporting the view of a charge smoothing
processes mentioned above are closely related to the reaffect around steps. As for the vibrational properties of
rangment of electronic and ionic structure induced by thestepped surfaces, since the pioneering work of Ibach and
presence of these surface defects. Due to SmoluchowsBruchman on R¥775 using the inelastic electron scattering
charge smoothing of the electron charge density around technique detailed analyses of A221),*® Ni(977),} and
step® electrons are expected to move from the step edg€u(211) and Cy511) (Ref. 18 have been performed with
toward the lower terrace, yielding a local rearrangement othe inelastic He-surface scattering method. On the theoretical
electronic and ionic structures. As a consequence of thiside, several studies of high Miller-index surface vibrational
charge redistribution, the force fields in the region of thesemodes have been reported:°-?*The earlier measurements
surface defects may be modified, resulting in local structuraby Ibach and Bruchma#frshowed the existence of a high-
relaxation of atoms around steps, in addition to the relaxatiofrequency vibrational mode associated with the step of
of the whole surface layer. Thus studies of the structuraPt(755. This mode was further identified in a theoretical
relaxations around the local environment of defects can betudy based on the tight-binding model by Allan as induced
informative about defect induced-charge redistribution. Theby step relaxation3The high frequency of the Ft75) mode
modification of the local force fields also alters the vibra-was ascribed to the stiffening of the force constants at the
tional properties of the surface, as manifested in the charasurface as compared to that in the bulk metal. More recently
teristics of localized modes around these surface defects. lon Ni(977), Niu et al!” found a low-frequency mode which
the case of stepped surfaces in particular, the existence tiiey attributed to a softening of the force constants in the
stepped localized modesand the “backfolding” of the vicinity of the step. Similar He-atom scattering measure-
modes, due to the reduction of the surface Brillouin Zbfife, ments by Witteet al. for the Cu211) surfacé® also exhibit a
are expected. These vibrational characteristics can be usedltaw-frequency surface mode whose origin is proposed to lie
analyze the force fields in the vicinity of steps. The studies ofn the relaxations at and near the step. This set of experimen-
vibrational dynamics can also lead to an evaluation of thdal data on step-localized modes point to the changes in the
thermodynamic properties which control the stability of force fields at and near steps, and to their implications for the
steps. characteristics of these modes.

With advances in atomic scale experimental and theoret- In this work, it is our aim to investigate the structural and
ical techniques, there has been a surge in studies, in recevibrational properties of some vicinal, or regularly stepped,
years, related to the structural and vibrational properties ofurfaces of Cu. Our main interest here is in a comparative
high Miller index, or vicinal, surfaces. Except for a few first- study of three types of surfaces, namely31), (211), and
principles electronic structure calculatioh®, most of the (511). These are chosen because they have similar terrace
theoretical investigations of the surface structure of vicinalWwidths, and possess different surface geometry, thereby al-
surfaces have been based on simple model potentials. Thewing an examination of the influence of the local
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[011] two different ways of generating monoatomic stepped sur-
faces(see Fig. L Thus the vicinals of the f¢d11) surfaces
are classified as fco(n,n*=2), while the vicinals of the
(100 are labeled fcc(2—1,1,1), if only monoatomic steps
and unkinked step edges are considéfetihe first class of
surfaces is composed ¢111) terraces separated by single-
atom-height steps of eithefl00 or (111) orientations,
whereas the second class of stepped surfaces consists of
(100 terraces and one-atom height @@f11) step faces. A
compact notation for visualizing the structure of vicinal sur-
faces was introduced by Lang, Joyner, and Somarjai several
years agd® In this notation the surface structure is given in
general form S(h:k;) X (hsksls), where §ikil;) and
(hekel) represent the Miller indices of the terrace plane and
the step plane, respectively, whifis the number of atoms
in the width of terrace, including those in the step and corner
chains, as used in Table I. In this paper we have chosen to
study Cy331) and Cy211), which are vicinals of111) cre-
ated by cutting the crystal at an angle of
22° and 19.5° away from th@l11) plane toward th¢211]
and the[211] directions, respectivelysee Fig. 1, and
FIG. 1. Top view of a fc€l11) surface. Thg111] direction is  Cu(511), which is a vicinal of the100) surface constructed
pointing out of the page. Cutting the crystal towgi1] creates by slicing the crystal at an angle of 15.8° from thE00)
B-type steps, whereas cutting the crystal tow@lll] creates plane toward th¢011] direction.
A-type steps. We have taken the andy axes to lie in the surface plane,
the x axis being perpendicular to the step, thexis being
atomic structure on its characteristics. We are also motivatedlong the step, and theaxis being along the surface normal,
by the availability of He-atom scattering data for the as shown in Fig. 2. As seen from Table I, all three surfaces
phonons on two of these systems. Among the issues investstudied here consist of three chains of atoms and have simi-
gated here are the multilayer relaxation patterns of theskr step-step separations. The three chains forming the
three different types of stepped surfaces, local relaxationg111) and (100) terraces are labeled corner ck@id), ter-
and force-constant modifications around the step atoms. Thace chain(TC), and step chaiSC).
frequencies and polarizations of the surface modes and the Our calculations for the structure of each vicinal surface
characteristics of the local density of states and the thermaare performed using a 72-layer supercell which is thick
dynamic functions of step atoms are also examined. enough so that two surfacé®p and bottomdo not interact.
The rest of this report is organized as follows. Section lIThe surface supercell dimensioNgX N, , whereN, is the
contains a brief summary of the geometry of the steppethumber of terraces arld, is the number of atoms along the
surfaces studied here, while the theoretical methods for olstep direction ¥), are chosen as»46 so as to reduce the size
taining the force-constant matrix and the local vibrationaleffects along the directions parallel and perpendicular to the
density of states are presented in Sec. lll. Our results anstep edge. Periodic boundary conditions are applied along
discussions are summarized in Sec. IV. the x andy directions, while no such constraint is imposed
along thez direction.

A type

Il. GEOMETRY

- . . Ill. THEORETICAL METHOD
Vicinal surfaces can easily be constructed by cutting the

crystal at an angle slightly off from the lower-index crystal  Since our main interest lies in the projected local vibra-
planesli.e., (100), (111), and (110 planeg. We are inter- tional density of states for the SC atoms, a local approach in
ested here in the vicinals of the fd®0 and fcg111) sur-  real space is needed. For this purpose the real-space Green's-
faces, of which the most tightly packed steps are along théunction (RSGH method is use@ The essential feature of
[110] direction. Since on the f¢t11) surface thg 110] di- this method is that it makes no use of the concepts of wave
rection is not parallel to any plane of symmetry, there existvector and Brillouin zone. In this method one can focus on

TABLE I. Structural notations and features.

Miller index Compact-step notation Step edge Miscut angle Step-step separation
hkl S(hikil ) X (hekgl ) (degrees R)
211 3111)% (100) [o11] 19.5 6.26
331 J11)x (111 [011] 22.0 5.57

511 3100% (111) [011] 15.8 6.64
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(a) Cu(211) (b) Cu(511)

[211] [511]

(111) terrace face (100) terrace face

(c) Cu(331)

[331]

(111) terrace face

FIG. 2. The(211), (511, and (331 surface geometries.

any local region according to need, and analyze the effect aipon the range of interatomic potential and the way layers
the rest of the system on that particular region. Also, it doesire stacked in the crystal, the number of layers to be included
not require the system to be periodic, and thus it is particuin a locality will be different. Once the force-constant matrix
larly suitable for studying the local vibrational density of is built in block-tridiagonal form, the Green’s-function ma-
states in complex systems with defects, disorder, and rerix corresponding to the local region of interest is then con-
duced symmetry. The only prerequisite to this method is thagtructed following the procedure described in Ref. 26. The
the interatomic potential between the atoms in the system b@ormalized vibrational density of states associated with lo-
of finite range, as it is then possible to write the force-cality i is given by
constant matrix in a block-tridiagonal form. Because our pur- 1
pose is to study surface-atom dynamics, we set up the force- Ni(0?)=— ——Ilim{Im[TH(G;(w?+ie))]}, (1)
constant matrix in a layer-by-layer manrtérDepending 37 o
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TABLE Il. The calculated percentage change in interlayer relaxatibns, and registries; ;,; for Cu211), Cu’511), and Cy¢331).
Hered; ;. ;=100X[(z—z11) —dp]/dy andr; ; + ;= 100X [ (X;— X;+1) — p]/ry, , Whered,, andr, are the bulk interlayer spacing and registry,
respectively.

Surface dip das dag das dse de7 dzg dgg dp

Cu(21)) —10.28% —5.41% +7.26% —5.65% -1.2% +3.99% —2.6% —-0.17% 0.738 A
Cu51)  —-9.48%  —7.87%  +876% —4.19% —4.04%  +3.44% —167% —114%  0.696 A
Cu(331) —10.42% +1.72% —1.66% —-0.27% —-0.3% +0.54% —0.37% +0.15% 0.829 A
Surface M2 l23 34 M5 I'56 67 l7g I'g9 Mp

Cu(211) —0.42% +0.61% 0.00% 0.00% —0.28% 0.00% +0.08% —0.1% 2.087 A
Cu(511) —1.86% —0.39% +0.80% —0.24% —0.41% +0.54% 0.00% —0.26% 2.459 A
Cu(33)) +0.93% —0.80% +0.82% —0.56% +0.2% 0.00% 0.00% —0.06% 2.052 A

with N;(w)=2wN;(w?), whereG;; is the Green’s-function interatomic potential and the way layers are stacked in the
matrix corresponding to locality, andn; is the number of crystal. The range of EAM potentials for Cu is such that
atoms in this locality. atoms in layer 6 have negligible interactions with those in
With some effort one can also determine the propagatiotayer 13. Thus in order to have the force-constant matrix in
direction of a surface mode by using the RSGF method. Foblock-tridiagonal form, at least six layers need to be included
this purpose, the eigenvector corresponding to a given moda a locality. Since C(831) and Ci211) are vicinals of
is obtained from the imaginary part of the column vector of(111) which hasABC stacking, and C(%11) is a vicinal of
the Green’s-function matrix associated with the mode. Onc€100 which hasAB stacking, in the present study the num-
the eigenvectotdisplacement vectprat every site is identi- ber of layers in a locality is six for G611) and nine for
fied, the wave front of the propagating mode is found byCu(331) and Cy211).
simply linking the sites with identical displacement vectors. Once the local vibrational density of states is calculated,
The propagation vector is then the vector perpendicular teve can easily determine the local thermodynamic functions
the wave front. In practice, to obtain the most accurate valuesf the system which, in the harmonic approximation, are
for the wave characteristi¢polarization and propagatipof  given by
a mode at any frequency in the density of states, the width of "
the Lorentzian €) needs to be reduced until only one mode _ . W
is singled out. This is, however, a tedious process and in F"ib_3kBTf0 23|n)'( ZkBT”N(W)dW’ )
addition the method itself is not suitable for the calculation
of the frequency of a given mode at a specific point in the o AW hw
Brillouin zone, since the density of states contains informa- Svib:skBTJ {mcmf‘( 2K T)
tion from the entire Brillouin zone at each frequency. If one B B
is interested in making a direct link with the experimental Aw
data on phonon dispersion, it is better to use a straightfor- —In(Zsin K T”N(W)dW, ©)
ward slab calculation in wave-vector spafé? B
To describe the interactions between the atoms in the ol Aw \2
model systems, we use the embedded-atom metBA). CU=3kBTf ( )
This is a semiempirical potential and of many-body type. o | 2kgT
Although the EAM potentials neglect the large gradient in
the charge density near the surface and use atomic charge
density for solids for the six fcc metals Ag, Au, Cu, Ni, Pd,
and Pt, and their alloys, it seems to have done a quite suc-
cessful job of reproducing many of the characteristics of the ) _ _
bulk and surface systeméWe have also found the EAM WhereFi,, Syip, C,, and(uy) are, respectively, the vibra-
potentials to be reliable for examining the temperature detional free energy, the vibrational entropy, the lattice heat
pendent structure and dynamics of Cu and Ag flat surfdtes, capacity, and the mean-square atomic displacements along
and for describing the energetics of Cu vicinals and selfthe Cartesian directior, andN(w) is the calculated vibra-
diffusion processes on the00) surfaces of Ag, Cu, and tional density of states for the local region of interest.
Ni.2%20 Using these interactions for a model system con-
structed in its bulk-terminated positions, the conjugate- IV. RESULTS AND DISCUSSIONS
gradient method is used to relax the system to 0-K equilib-
rium configuration. The dynamical matrix needed for
determining the Green’s-function matrix is then obtained
from analytical expressions for the partial second derivatives Due to the loss of neighbors along thalirection for all
of the EAM potential$’ As mentioned above, the number of surface atoms, and along thedirection for the step atoms,
layers to be included in a locality is dictated by the range otthe vicinal surfaces relax in both directions, leading to dif-

oo

In

0

N(w)dw, (4)
sinhZ( fw )

2KgT

o Rl hw q
<Ua>—m OWCOI 2kaT No(W)dw, ()

A. Relaxation and force constants
near the surface step-chain atom
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TABLE lll. Percentage change in the bond lengths of the step- cu(211)
chain atom to its nearest neighbors, relative to the bulk nearest- u
neighbor distance.

Bond cu211) cu(511) Cu(331)
SC-BNN —2.1% —2.3% —3.00% R =
sc-TC —1.27% ~229% =0.44% T @ cc
sc-cc —2.67% ~0.98% —1.86% @

ferent interlayer separationg-€Component relaxationand
interlayer registriesX-component relaxatiorat and near the Cu(511)
surfaces, as compared to those in the bulk. The calculated

percentage interlayer separations and registries for the three

stepped surfaces of Cu are presented in Table Il. For all

surfaces, the largest interlayer relaxations occudigr The

oscillation of the interlayer relaxations for both the (€11)

and Cy511) surfaces is(-,-,+,-,-,+,...) with decreasing

magnitude away from the surface into the bulk. It is worth

noting that such oscillatory behavior for interlayer relax-

ations has been reported for (BL1) by Gravil and

Holloway** and for all fc¢211) surfaces by Jiang, Jona, and Cu(331)
Marcus?® Results from local-density-approximation calcula-

tions and LEED experiment on the surface structure of

Al(331) surface reveal a similar oscillatory behavidt:

However, our calculations for the 3B1) surface show a

somewhat different relaxation pattern, i.e., it(ist+,-,-,-,+,

-,+,...). As seen in Table Il, the predicted interlayer registry

relaxations between the first two layers display contraction F!G- 3. Relaxation patterns of the atoms at and near the step of
for the Cu211) and Cu511) surfaces, expansion for Qq(le), Cu(511), and Ci331). All atomic displacements are mag-
Cu(331). The surface structure of €381 thus shows com- nified.

pletely different characteristics. We are not aware of an

Yy oo . .
theoretical or experimental study on the surface structure gfX@tion is even more dramatic. On this surface, the TC atom
Cu(331) with which our predictions can be compared. has a coordination of 8. Evidently, it is this lower coordina-
In Table Ill, we show the percentage change in the dis_tion of the TC atom that causes the SC atom to relax toward
tance of the SC atom to its neighbors, relative to the bul he BNN and TC atom. The fact th‘?‘t the bond-length change
etween the SC and BNN atoms is almost the same as the

nearest-neighbor spacing. As seen in Table Ill, fo33d) '
and Cu511) the maximum change in the distance appear ne between the SC and TC atoms reflects the influence of
the low coordination of the atoms in the local environment of

between the SC atom and the atom just undernedthulk )
nearest neighbaiBNN)]. For Cu211), however, relaxations the SC atom(see Table I\ O_n _the other hand, it has been
orted that, for several vicinal surfaces of1Rtl), the

cause the largest bond-length change between the SC and

atoms. The calculated changes in the bond lengths of $€0nd lengths of the SC atoms to the BNN are shortened the
atoms can be understood by analyzing the relaxation in thE10St:" This conclusion  supports what we predict for
low coordination region around the step edge. In Fig. 3, wa-4(33D. For P{331), f(())r example, this partlculaor bond-
present the relaxation pattern of the atoms on the terrace ang"dth change is—4.4%, as compared to-3.09% for

of the BNN, for the three vicinal surfaces. The pattern of thecu(331)' in our case. Conversely, our results for(€10) are

SC atoms displays a slight contraction toward the remaindgf©t In @greement with what has been reported fe2P¥. It
of the metal. An outward relaxation is found for the CC IS @lso worth noting that although the TC atoms have a dif-
atoms of C¢511) and Cy211), and an inward relaxation for fergnt atomi_c environment from théL_ll) surface atoms,
the CC atoms of C(831). The relaxation of the SC atom is their relaxation pa}tterns are pretty similar to the latter, as
strongly dependent on its surrounding atoms. When it relaxed1€Y relax mostly in the direction normal to the terrace. To
toward the remainder of the metal in order to maximize its@PPreciate the implications of the relaxations of the step at-
effective coordination, the relaxation should also satisfy the .
demand of its neighbors, that is the passivization of their TtﬁBLEdl.;f/' Thte r:“mbedr of rf'e'ghbors for the surface atoms on
lower coordination. As seen in Table IV, the CC atom on € fhree ditterent stepped surlaces.

Cu(21) has a lower coordination than its counterpart on

Cu(33)). Clearly, the SC atom on @211) maximizes the Surface s¢ e cc
effective coordination of both the CC atom and itself, by (211 7 9 10
relaxing toward the CC atom, resulting in the greatest short- (511 7 8 10
ening in the bond length between them. For the SC atom on (331 7 9 11

Cu(511), the influence of the lower coordination on the re-
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TABLE V. Force-constant matrices,z in (eV/ AJunit mass for the interactions between the SC atom on
Cu(211) and its nearest neighbotsn the surface and in the buylk

Atoms Surface Bulk
SC-SC X 0.0122 0.0613 0.0071 0.0931 0.0000 0.0079

y —0.0613 —-1.6129 —0.2330 0.0000 —-1.9777 0.0000

z 0.0071 0.2330 0.0008 0.0079 0.0000 0.0987
SC-TC X —-1.3793 0.8954 —0.6340 —1.2838 0.8500 —0.4907

y 0.8727 —0.4276 0.3859 0.8500 —0.4204 0.2932

z —0.3259 0.2036 —0.1298 —0.4907 0.2932 —0.0818
CC-SsC X —1.6344 0.0000 1.0355 —1.2837 0.0000 0.9814

y 0.0000 0.0898 0.0000 0.0000 0.0875 0.0000

z 1.3683 0.0000 —0.7534 0.9814 0.0000 —0.5897
BNN-SC X 0.1237 0.0162 —0.0582 0.0931 —0.0069 —0.0040

y —0.0140 —0.5070 1.1120 —0.0069 —0.4204 0.8991

z -0.0770 1.9530 —1.9071 —0.0040 0.8991 —1.4587

oms on the three stepped surfaces of Cu, we now turn to amnd BNN atoms on Q@11), Cu511), and Cy332) are, re-
examination of the force-constant matrices associated witBpectively, stiffened by 30%, 35%, and 45%. The stiffening
them. of this force constant on @831) and Cy511) is obviously

In Tables V, VI, and VII, we present the force-constantthe reason for the strong contraction in their bond lengths.
matricesk,z, wherea and g stand for Cartesian compo- From the tables we also notice that the existence of steps on
nents, as obtained from EAM potentials between the SC atthe surface induces changes not only on the diagonal ele-
oms and their neighbors on the @&1), Cu511), and ments of the force-constant matrices of the surface atoms,
Cu(33)) surfaces, respectively. The force constaqisbe-  but also on the off-diagonal elements. For example,and
tween the SC atoms in the direction perpendicular to the,, between SC and BNN atoms on Gal) are stiffened by
step, in the surface plane, are softened 86% fof2Cl), 30% and 35%, respectively.
93% for Cy511), and 85% for C(B31), relative to their
counterparts in the bulk, due to the loss of neighbors. This N _ :
unpreventable softening causes the density of states for th%' Local vibrational density of states for the step-chain atoms
step atom along the direction to be shifted strongly to In Fig. 4 we present the calculated local vibrational den-
lower frequencies. Such a softening in the force constansity of states for the SC atoms on tf#11), (511), and(331)
between SC atoms has also been reported f@MN) (Refs.  surfaces of Cu along the, y, and z directions. Note that
17 and 24 and for Au511).%? Thek,, element between SC there is a marked richness in these density of St6&&-

TABLE VI. Force-constant matricds, s in (eV/Alunit mass for the interactions between the SC atom on
Cu(51)) and its nearest neighbotsn the surface and in the bulk

Atoms Surface Bulk

SC-SC X 0.0057 0.0167 —0.0050 0.0887 0.0000 —0.0044
y —0.0167 —1.6104 —0.2388 0.0000 1.9777 0.0000
z —0.0050 0.2388 0.0380 —0.0040 0.0000 0.1030

SC-TC X —2.1859 0.0000 —0.8307 —1.8234 0.0000 —0.5452
y 0.0000 0.0678 0.0000 0.0000 0.0875 0.0000
z —0.3896 0.0000 —0.1067 —0.5452 0.0000 —0.0499

CC-sC X —0.9416 —0.7116 0.6304 —0.8418 —0.7037 0.7594
y —0.7637 —0.4282 0.4892 —0.7037 —0.4205 0.5598
z 0.8832 0.6337 —0.5432 —0.7594 0.5598 —0.5238

BNN-SC X —0.0683 0.3926 —0.5996 —0.0769 0.3062 —0.4846
y 0.3822 —-0.5201 1.0726 0.3062 —0.4205 0.8454

0.6337 1.1648 —1.7441 —0.4846 0.8454 —1.2888

N
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TABLE VII. Force-constant matrices, s in (eV/AJunit mas$ for the interactions between the SC atom
on Cu331) and its nearest neighbofsn the surface and in the bulk

Atoms Surface Bulk

SC-SC X 0.0149 0.0456 —0.0008 0.1034 0.0000 —0.0038
y —0.0456 —1.6045 —0.2369 0.0000 —-1.9777 0.0000
z —0.0008 0.2369 —0.0055 —0.0038 0.0000 0.0883

SC-TC X —1.2389 —-0.7979 —0.6305 —1.2436 -0.8310 —0.5361
y —0.7815 —0.3905 0.3957 —-0.8310 —0.4204 —0.3432
z —0.3288 —0.2154 —0.1622 —0.5361 —0.3432 —0.1220

CC-SC X —0.6906 0.6684 0.7882 —0.5914 0.5903 0.7704
y 0.7191 —0.4868 —0.7498 0.5903 —0.4204 —0.6782
z —0.9997 —0.8795 —0.9733 0.7704 —0.6782 —-0.7741

BNN-SC X —0.0153 0.0456 —-0.7127 —0.0053 0.0000 —0.4649
y 0.0000 0.1392 0.0000 0.0000 0.0875 0.0000
z —0.7140 0.0000 —2.7106 —0.4649 0.0000 —1.8681

DOS) compared to the smoother DOS for the bulklike atom,frequency mode corresponds to the wave propagat-
indicating a different nature of the bonding between atomsng along the step(along y) with a wavelengthA=2

on vicinal surfaces from those in the bulk. Also, the low- x(nearest-neighbor distare®.11 A and a wave vector
frequency modes of step atoms on all vicinal surfaces arg=(0.0,1.229 A1,0.0), i.e., it is a mode at the zone bound-
shifted overall toward lower frequencies as compared to thgry associated with the direction along the step edge. We
corresponding bulk modéeslark solid ling, in all directions.  have also reported a very similar mode for théa¥in) sur-

The most softening appears along thdirection, whichmay  t5ce at 3.3 THZ4 Remember that thé977) is an A-type

be traced to the loss of neighbors for the SC atoms. Althougljicinal of the(111) surface, like thé211) surface, with eight
(511) and (211) are vicinals of different low Miller-index nﬁl -

surfaces, the SC atoms on these surfaces have similar ato 11) chains on the terrace. The displacement patterns of the
environments, as they both have one fac€l@0) [ step face L SC, and CC atoms on the (877) surface are pretly
of (211 and terrace face d611)] and another face dfL11) similar to what we present here for the surf_ace atoms on
[terrace face 0f211) and step face af511)]. In contrast, the Cu(21). The mode on NB77) is a supetocalized mode
SC atoms on th¢331) surface have two faces of the same SINCe |t_|nvoIV(_as on_Iy the_concerted motion of the SC and CC
(111) orientation(step and terrace facesThe fact that the &toms in conjunction with the TC atoms next to the step
densities of states for the SC atoms on 6&1) and (211) edge. It is interesting that, with increasing terrace width, this
surfaces are similar, and that of the DOS for {881) sur- low-frequency mode becomessaipefocalized mode. This
face is different, seems to echo the effect of the atomic encalculated mode with a frequency 2.524 THar Cu(211)]
vironment on the local density of states. is in excellent agreement with the He-atom scattering mea-
As seen in Fig. 4, for the GRA11) surface, the most dis- surements by Witteet al,’® who found a horizontal low-
tinguished low-frequency mode appears at 2.524 THz witHfrequency modeT) at 2.684+0.2 THz. These authors also
vibrations most pronounced along thelirection. All terrace  performed a lattice-dynamical slab calculation using only a
atoms participate in this mode, with the displacement pattergingle radial force constant for the nearest-neighbor interac-
shown in Fig. %a). Note that while the SC and CC atoms tions, to determine the displacement patterns and polariza-
move alternately in the-x and —x directions with az com-  tions of the observed modes. The displacement patterns they
ponent, the TC atoms vibrate along thealirection with no  reported for the surface atoms are quite similar to what we
x and z components. The displacement vectors associatefind here. However, our calculations for BNN atoms vyield
with their motion are presented in Table VIII. From the dis- displacement patterns which are different from the ones
placement vectors for the SC atoms, it is clear that this lowfound by Witteet al.. In our case atoms vibrate along the

TABLE VIII. Displacement vectorsx,y,z) of the surface atoms of €831), Cu211), and Cy511) for
low-frequency modes. All displacement amplitudes are normalized.

Atom Cu33) Cu(211) Cu(511)
f=2.916 THz f=2.524 THz f=2.247 THz

CcC (—0.3492, 0.0000;-0.2695 (—0.5245, 0.0000, 0.725%8 (0.5271, 0.0000, 0.4738
TC (0.0000,-0.3325, 0.000D (0.0000,—-0.2009, 0.000p (0.8972, 0.0000, 0.2885
SC (1.0000, 0.0000, 0.3429 (1.0000, 0.0000;-0.2975 (1.0000, 0.0000;-0.0687%
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Cu(331) X FIG. 5. Displacement patterns of the @01) surface atoms for
AT y the low-frequency phonon modes with the propagafianalong
= / \\ -z and (b) perpendicular to the step edge.
E 10 T bulk N
£ AN ,,\\ it SC atoms on C®11) reveals a similar low-frequency mode
S 4 .\\ N with a polarization mostly in the direction at 2.247 THz.
3 / \\\ AL i These low-frequency modes on 381) and Cy511) have
A 05| ! O ‘ the same wave characteristi¢wavelength, wave vector,
Q') : . S\ propagation direction as the low-frequency mode on
7 /C,’ A Cu(211). The displacement vectors of the terrace atoms on
/,/'/ \ the surface are included in Table VIII. However, there is a
' \\ pictorial difference between displacement patterns of surface
0.0 &= atoms on C(211), Cu331), and Cy511). The terrace atoms

Frequency (THz)

01 2 3 4 5 6 7 8 9 10

on Cu331 and Cy211) have similar displacement patterns,
whereas those on Call) are different. The TC atoms on
vicinals of the(111) surface move backward and forward

along they direction. In contrast, the TC atoms on &),
which is a vicinal of(100), vibrate mostly perpendicularly to
the step edge, as do the other atoms on the terrace. These
results indicate that when a chain of atoms starts vibrating
direction with nox andz components. As pointed out in Ref. with a component perpendicular to the chain, in the terrace
18, the simple one-force-constant model is not sufficient tgolane, the atoms of the next chain, on vicinals(bt1), vi-
explain all characteristics of surface phonons on stepped subrate along the chain, whereas those on vicinal¢160)
faces. An additional low-frequency shear horizontal mode irfollow the motion of the first chairisee Figs. 5 and)6For
which all chains on the terrace move alternately along thécu(331), besides the low-frequency mode, the density of
+y and —vy directions is found at 3.095 THz. The wave- states reveals two higher-frequency modes with dominant
length of this mode i$2Xx one terrace length12.518 A, and  Vibrations along they direction at 5.256 and at 6.119 THz
its wave vector k=(0.0, 0.5 A™1, 0.0. It is thus a zone- (inside the bulk band
boundary mode with a propagation perpendicular to the step
edge. The displacement patterns of the surface atoms are
shown in Fig. %b).

For Cu331), a low-frequency mode propagating along With the calculated local vibrational density of states of
the step is found at 2.916 THz. The density of states for théhe SC atoms at hand, we have also determined the local

FIG. 4. Vibrational density of states for the step ato(B€-
DOYS) of Cu(211), Cu511), and C331), together with the bulk
DOS.

C. Local thermodynamic properties of the SC atoms
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a)Cu(511) 0.03
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b)Cu(331)
£=2.916 THz 0.00
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FIG. 6. Displacement patterns of the surface atoms(an
Cu(51) and (b) Cu(331) for the low-frequency phonon modes
along they direction. On the right, the top view of the displacement
patterns is shown.

0.02 |
thermodynamic functions of the SC atoms using H@$- <
(5). We find that the thermodynamic functions for the SC "\,
=

atoms on the three different surfaces are almost the same
revealing the sensitivity of the local thermodynamic func-
tions to the local atomic coordination. The thermodynamic
functions for the step-chain atom on the(€11) surface are
shown in Fig. 7.

In Fig. 8, the calculated mean-square vibrational ampli- 0.00 ° 0 100 150 200 250 300
tudes for the SC, TC, and CC atoms on thgZ11l) surface Temperature (K)
are plotted. In this plot, thr, y, andz directions are, respec-
tively, along the terrace, along the step edge, and normal to FiG. 8. Calculated mean-square displacements for the SC, TC,
the terrace. Note that the most dominant displacement of and CC atoms on G@11) along(a) X, (b) y, and(c) z directions.

"V oool}

step atom is along the direction, in which the SC atom has
T ] the most room to move. Here we observe that the largest

3 e
I e _
2 -
1} B :/. .
o L~=""
-1 — Fv,b(eV/atom)xlo'2
-——C, (eVK /atom)x10™
2r S.o (eVK 7atom)x10™
3
-4 ‘ ' - . .
0 50 100 150 200 250

Temperature (K)

300

value of the mean-square vibrational amplitude alongxhe
direction appears for the SC atoms, followed by that for the
TC atoms, and then that for the CC atoms, reflecting the
order in the coordination numbér, 9, and 10, respectively
while the order is the reverse for displacements alongzthe
direction. In contrast, the displacements along the step edge
(y) are more or less the same for all three vicinals at low
temperaturesT<50 K), and that of SC atoms increase a bit
more rapidly than that of TC and CC atoms at higher tem-
perature. At these temperatures, however, anharmonic effects
should become important and need to be included in the
calculations.

FIG. 7. The local thermodynamic functions: vibrational free en-  In summary, we have explored the local structural and
ergy (Fp), lattice heat capacity@,), and vibrational entropy Vibrational properties of the SC atoms of three different
(S,ip) for the SC atoms on GA11). types of vicinal surfaces of Cu, employing the embedded-
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atom method for the interaction potentials and the real-spac®und to be almost identical, and point to the similarity of
Green’s-function technique for the evaluation of the phonortheir local atomic environment. While these studies have
density of states. From an investigation of multilayer relax-provided insight into the force-constant changes at and near
ations of these surfaces, it is seen that33d) has com- steps and their relationship to surface relaxations and the
pletely different characteristics from @11 and Cy511),  appearance of localized modes, they have also increased our
which exhibit similar characteristics. For all three surfacesneed to understand the microscopic changes in the electron
relaxations induce about 30-45 % stiffening in the forcecharge densities at these steps and the nature of the bonding
constant between SC atoms and their bulk nearest neighboggtween atoms. Future work usiad initio electronic calcu-

in the direction normal to the surface plane, yielding a strongations on the types of surfaces discussed here will be very

contraction in their bond length. For @81) and CU511),  yseful in putting the conclusions drawn presently on a firmer
the bond length of the step atom to its bulk nearest neighbooting.

is shortened the most, whereas for(Z11) the contraction in

the bond length between the SC and CC atoms is the most.
We find that the frequencies of the vibrational modes are
softened the most for the step atoms along the direction per-
pendicular to the step edge in the surface plane, resulting We thank Pavlin Staikov for delightful discussions. One
from the large reduction in the force consta®%-93 %) of us, S.D., acknowledges financial support from the Minis-
between two SC atoms in the same direction. Moreover, th&ry of Education of Turkey. This work was supported in part
vibrational properties and the relaxations of the step atomby the KSTAR/NSF-EPSCoR program under Grant No.
are found to be sensitive to their local atomic environment006169. Computations were carried out on the Convex Ex-
The local vibrational density of states, and hence the ensuingmpler SMP funded by Grant No. DMR-9413513 from the
thermodynamic properties, for @L1) and Cy511 are National Science Foundation.
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