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Reversed anisotropies and thermal contraction of fcc„110… surfaces

Shobhana Narasimhan
Theoretical Sciences Unit and Chemistry and Physics of Materials Unit, Jawaharlal Nehru Centre for Advanced Scientific Rese

Jakkur PO, Bangalore 560 064, India
~Received 17 January 2001; published 10 September 2001!

The observed anisotropies of surface vibrations for unreconstructed fcc metal~110! surfaces are often
reversed from the ‘‘common sense’’ expectation; for example, atoms in the top layer have larger amplitudes of
vibration in the surface plane than normal to it, and the amplitudes normal to the surface are larger for atoms
in the second layer than those in the first layer. The source of these reversals is investigated by performingab
initio density functional theory calculations to obtain the surface force constant tensors for Ag~110!, Cu~110!,
and Al~110!. The most striking result is a large enhancement in the coupling between the first and third layers
of the relaxed surface, which strongly reduces the amplitude of out-of-plane vibrations of atoms in the first
layer; the relaxation of interlayer spacings is found to be crucial in order to observe these effects. This
enhancement also provides a partial explanation for the thermal contraction of interlayer distances. It is shown
that the enhancement in the coupling between the first and third layers, and the consequent anomalous features,
can be rationalized by simple geometric arguments.
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I. INTRODUCTION

The low-index surfaces of face-centered cubic~fcc! met-
als are arguably the most studied of surfaces. Though
are often intended to serve as prototypes for understan
the behavior of more complex surface systems, it has
come evident in the past two decades that even th
‘‘simple’’ surfaces display a wide range of complicated a
often counterintuitive phenomena. In this paper, I consi
the case of unreconstructed fcc~110! surfaces. I try to show
that some of the observed features of their thermal beha
that have generally been accepted as violating ‘‘comm
sense’’ can actually be explained by simple argume
backed up with results fromab initio density functional
theory calculations. These results also have important im
cations for the study of other surface phenomena, and
for example, provide insight into the mechanisms beh
temperature-dependent surface phase transitions suc
roughening and premelting.

More bonds are broken to create a~110! surface from a
bulk fcc crystal, than for a~100! or ~111! surface, and one
therefore expects the departures from bulklike behavior to
largest for a~110! surface. Structurally, this is manifested
fcc metals in one of two ways: either the surface reconstru
into a ‘‘missing row’’ structure,1 or the surface unit cell re
mains unchanged but there is a very pronounced oscilla
relaxation of interlayer spacings near the surface.2 In either
case, the very existence of the surface lowers symmetry,
one expects to find anisotropic modifications in the therm
properties of atoms at or near the surface.

The surprise is that for these unreconstructed fcc~110! sur-
faces, some of these anisotropies arereversed, i.e., they vio-
late the ‘‘common sense’’ expectation. For example, exp
ments show that in general~i! atoms in the topmost surfac
layer have a bigger mean-squared displacement~MSD! in the
surface plane than normal to it, whereas one might h
expected the latter to be larger, since along this direct
there are no higher layers to repel the atoms in the
0163-1829/2001/64~12!/125409~7!/$20.00 64 1254
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layer;3,4 ~ii ! the MSD’s normal to the surface are larger f
second layer atoms than for first layer atoms, though
would expect that the MSD’s should decay monotonica
into the bulk;5 ~iii ! a third curious fact about unreconstructe
fcc ~110! surfaces is that in some cases there is a ther
contractionof interlayer distances upon heating. The rule
thumb seems to be that if the first interlayer spacingd12
expands upon heating, then the next interlayer spacingd23
contracts;3 however, if d12 exhibits a thermal contraction
thend23 expands with increasing temperature.5,6

Some of these patterns of behavior have also been
served in molecular dynamics~MD! simulations7–9 but their
origin remains a puzzle. In order to gain physical insight, a
to be able to predict trends across differently oriented s
faces and different elements, one would like to not only
produce this behavior in a theoretical calculation, but also
know where these anomalous properties arise from. Are t
primarily a consequence of the bond topology, or are th
due to peculiarities in the electronic structure? Such qu
tions can reliably be answered by breaking up the proces
obtaining a fully relaxed surface from the cleavage of a b
crystal into steps, and performing a sequence ofab initio
calculations at each component step.

There have been fewab initio calculations of the lattice
dynamics and thermal behavior of the~110! surfaces of fcc
metals. Most of the previous calculations have been emp
cal ~involving ad hocmodifications of near-surface interac
tions so as to reproduce experimental phonon spectra!,10–13

or semiempirical.7,8 The problem is, of course, that this pro
cedure is not guaranteed to give a unique result, and one
be fooled into making modifications that are actually very
from the correct ones. The only fcc~110! surface that has
been investigated in detail, using first-principles methods
the Al~110! surface. The pioneering calculations of Ho a
Bohnen14 and other researchers15,16of the lattice dynamics of
Al ~110! have recently been followed by an impressiveab
initio MD study,9 which reproduces the experimentally o
served anisotropies and the thermal contraction ofd12. But
©2001 The American Physical Society09-1
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can the behavior of a simple metal like Al also serve as
adequate paradigm for transition or noble metals? Comp
tional constraints make it currently unfeasible to perfo
such ab initio MD simulations on the noble metals or o
transition metals.

However,ab initio investigations of vibrational propertie
using the ‘‘frozen phonon’’ approach are possible, and h
in fact been performed by previous authors on other lo
index surfaces of these materials.17 This is the approach fol-
lowed in the present paper.

II. METHOD

In this paper, I present the results of a series ofab initio
density functional theory calculations on the bulk fcc stru
tures as well as the unreconstructed~110! surfaces of Ag, Cu,
and Al. These calculations were performed using the pack
‘‘fhi96md,’’ 18 with fully separable norm-conservin
pseudopotentials19 and the Ceperley-Alder form of the loca
density approximation.20 The calculations were carried ou
using plane wave basis sets with energy cutoffs of 60 Ry
Ry, and 20 Ry for Ag, Cu, and Al, respectively. It has be
verified in earlier studies that the pseudopotentials and b
sets used here work well for both bulk and surface proper
of these metals.21 The surface calculations for Ag and C
were carried out using a repeating slab geometry compr
of seven layers of atoms, separated by a vacuum thick
equivalent to five layers; while a 15-layer slab was used
the calculations on Al~110!.

First, the relaxed structures~lattice constant and interlaye
spacings! were determined by minimizing the total energ
and the Hellman-Feynman forces22 on the atoms. Then
frozen-phonon calculations were performed to determine
exact interlayer and/or intralayer force constants from fi
principles, by distorting the equilibrium structure and co
puting the forces thereby induced on the atoms. For e
type of distortion, the forces were computed for at least fi
values of displacements away from equilibrium, so as to
sure accurate determination of the force constants~first de-
rivatives of forces with respect to displacements!. Frozen-
phonon calculations for the bulk structures were carried
using both the conventional cubic unit cell and a unit c
containing 12 to 16 layers of atoms stacked along the@110#
direction. While performing frozen-phonon calculations
the surface structures, distortions and relaxations were
fined to one side of the slab. As described below, froz
phonon calculations on the surface structures were car
out on both the bulk-truncated~unrelaxed! slabs and the re
laxed slabs~with interlayer spacings relaxed to the optimu
values!. Both interlayer and intralayer surface force consta
were obtained in this way.

After determining theab initio force constant tensors
these results were used to parametrize an interatomic po
tial, with separate parametrizations for the bulk and the s
face. This parametrized form of the potential was then u
to determine phonon eigenvalues and eigenvectors by se
up and diagonalizing a dynamical matrix. These in turn c
be used to determine the atomic MSD’s, as described
greater detail below. For each surface, this calculation
12540
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performed for three cases:~i! Neither electronic nor geomet
ric relaxation was permitted, i.e., bulk coupling consta
were used to calculate the MSD’s for the surface atoms.~ii !
Electronic relaxation was permitted, but not geometric rel
ation, i.e., the interatomic potential was fit to theab initio
results for the force constants for the bulk-truncated surfa
with all interlayer spacings unchanged from the bulk int
layer spacingdB . ~iii ! Both geometric and electronic relax
ation was permitted, i.e., the force constants determined
the fully relaxed surfaces were used. The advantage of
rying out the calculation in these three steps is that it ena
one to pinpoint exactly what is responsible for the observ
anomalous behavior. For example, one can get a handl
the relative importance of the bond topology~i.e., coordina-
tion number at the surface, and which atoms are bonde
each other! and the ways in which the surface force consta
are modified as a result of changes in the electronic struc
due to~a! cleavage and~b! relaxation.

III. RESULTS

A. Equilibrium structures

For all three elements, the bulk lattice constantsa0 deter-
mined from theab initio calculations are in good agreeme
with experiments. For Ag, Cu, and Al, I obtaina054.06
~4.09!, 3.54 ~3.61!, and 3.94~4.05! Å, respectively~the ex-
perimental values at room temperature are given in paren
ses!. Upon allowing interlayer spacings to relax, all thre
~110! surfaces display the pattern of damped oscillatory
laxation that is well known to be characteristic of the
fcc~110! surfaces,2 with alternating contractions and expa
sions of successive interlayer spacings. The changes
respect to the bulk interlayer spacingdB of the first three
interlayer spacings $d12,d23,d34% are $26.9%,12.3%,
21.2%%, $28.8%,13.8%,21.1%%, and $26.9%.13.5%,
22.0%% for Ag, Cu, and Al, respectively.

B. Force constants

The interlayer force constantsfab( i j ) were obtained by
moving the atoms in a layeri along the directiona, and
computing the force alongb then experienced by atoms i
other layersj. For the case of bulk layers stacked alo
@110#, I find that for all three materials, the only significa
elements of the interlayer force constant tensors are the
agonal termsfxx( i ,i 61), fyy( i ,i 61), and fzz( i ,i 61)
coupling nearest-neighbor layers, andfzz( i ,i 62) which
couples next-nearest-neighbor layers~with the Cartesian di-
rections defined asx̂5@11̄0#, ŷ5@001#, andẑ5@110#). All
other elements of the interlayer force constant tensors
either zero by symmetry, or are smaller by at least an or
of magnitude. Similarly, for the relaxed surfaces, the on
significant terms involving the first~topmost! layer of atoms
arefxx(1 2), fyy(1 2), fzz(1 2), andfzz(1 3).

Some of these results are presented in Fig. 1. For all th
materials, I find that the elements of the interlayer force c
stant tensors stiffen considerably upon going from the b
to the relaxed surface. The most notable feature is a dram
increase infzz(1 3), whose magnitude is almost double
9-2
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REVERSED ANISOTROPIES AND THERMAL. . . PHYSICAL REVIEW B64 125409
relative to the bulk valuefzz( i ,i 62). In fact, fzz(1 3) is
found to be significantly larger thanfzz(1 2). This means
that if the atoms in layer 1 are displaced along thez direction
~normal to the surface! the resulting force alongz experi-
enced by atoms in layer 3 is considerably greater than
force on atoms in layer 2, which is a surprising and coun
intuitive result. Though the resultfzz(1 3).fzz(1 2) was
also obtained by some previous authors who fit force c
stant models to empirical data for Al~110! ~Ref. 11! and
Ni~110!,23 its importance seems to have been overlooke
will argue that this large enhancement infzz(1 3) is largely
responsible for the anomalous thermal behavior of these
faces. In particular, it reduces the amplitude of vibrati
along z of atoms in the topmost layer~which would other-
wise be large due to the reduced coordination at the surfa!,
and damps the thermal expansion ofd13.

In this way, I have assembled an extremely large datab
of results fromab initio frozen-phonon calculations. In add
tion to the terms listed above, the database includes re
for other interlayer force constants, as well as intrala
terms. It should be emphasized that the results I have
tained for force constant tensors are exact, and do no
volve any assumptions about the form or range of int
atomic potentials. However, I will now map these resu
onto a model potential, in order to better understand the
plications of the changes in the surface force constant
sors.

C. Interatomic potentials and atomic mean squared
displacements

The large database ofab initio results for force constan
tensors is used to parametrize a simple form of interato

FIG. 1. Results fromab initio calculations for selected diagona
elements of the interlayer force constant tensors coupling the
layer of atoms with subsurface layersn, for the fully relaxed~110!
surfaces of~a! Ag: xx, yy, andzzelements and~b! Ag, Al, and Cu:
zz elements. Thezz elements for bulk Ag are also shown. Note th
very large value offzz(1 3) for all three relaxed surfaces; it i
argued in this paper that this is largely responsible for the ano
lous thermal behavior of these surfaces.
12540
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potential: for each pair of nearest-neighbor~NN! atoms the
interatomic potentialU(r ) is specified by a tangential param
eter a5r 0

21@dU(r )/dr# r 5r 0
and a radial parameterb

5@d2U(r )/dr2# r 5r 0
, where r 0 is the equilibrium value of

the interatomic distancer.
For the interaction between two NN atoms in the bulk

obtain $abb ,bbb%5$20.0007,0.0181%,$20.0006,0.0236%,
and$20.0007,0.0152% for Ag, Cu, and Al, respectively, with
all force constants being expressed in atomic un
(Ha/bohr2). The oscillatory relaxation and charge redistrib
tion at the relaxed surfaces result in a modification of th
values for bonds near the surface. Accordingly, four kinds
NN bondsi -j between atoms in near-surface layersi and j
~1-1, 1-2, 1-3, and 2-3!, are described by new parametersa i j
and b i j , while all other terms are left unchanged from th
bulk values.

Though this form of potential is admittedly simple,
gives bulk phonon spectra that are in good agreement w
experiments as well as earlierab initio calculations, and also
suffices to bring out the essential physics behind the alte
surface behavior. Figure 2 shows the phonon dispers
along high-symmetry directions for bulk Ag, as obtain
from the parametrized form used in this paper~with the two
parameters$abb andbbb% being fit toab initio calculations!.
For comparison, the results from an earlierab initio linear
response calculation by Xieet al.24 are also plotted; these
latter calculations do not involve any parametrization of
teratomic potentials. The agreement between my par
etrized form and theab initio linear response results is re
markably ~and, in fact, surprisingly! good, and provides
strong evidence for the adequacy of the parametriza
used.

Moreover, though the parameter set is heavily overde
mined ~with the eight modified surface parameters being
to a database of 34 different numbers determined fromab
initio calculations for 13 different kinds of surface disto
tions, supplemented by three stability criteria!, the quality of
the fit is good for Al, and excellent for Ag and Cu.

Next, the model potential is used to set up the dynam
matrix for a slab composed of many layersN stacked along

st

a-

FIG. 2. Bulk phonon dispersion relation for fcc Ag. The sol
lines are obtained from the two-parameter model described in
paper; the dot-dashed lines are from theab initio linear response
calculation of Xieet al. ~Ref. 24!, and the filled circles are data
from neutron-scattering experiments~Ref. 28!. The close agreemen
between the solid and dot-dashed curves suggests that the
atomic interactions for bulk Ag are well represented by neare
neighbor pair potentials.
9-3
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TABLE I. Comparison of calculated and experimental MSD’s for atoms in the two topmost layersT is
the temperature in kelvin. Note the presence of the reversed anisotropies^u1y

2 &.^u1z
2 & and ^u2z

2 &.^u1z
2 &.

Material Method T ~K! ^u1x
2 & ^u1y

2 & ^u1z
2 & ^u2x

2 & ^u2y
2 & ^u2z

2 &

Al ~110! this work 400 0.018 0.027 0.022 0.015 0.014 0.032
AI-MD a 400 0.028 0.019 0.013 0.030
LEEDb 400 0.032 0.030
MEISc 330 0.020 0.027 0.018 0.012 0.015 0.015

Ag~110! this work 300 0.013 0.021 0.014 0.010 0.010 0.026
EAMd 300 0.014 0.020 0.013
MEISe 300 0.022 0.048 0.026 0.012 0.022 0.026

Cu~110! this work 300 0.008 0.009 0.010 0.006 0.007 0.010
EAMd 300 0.011 0.019 0.013 0.008 0.010 0.014
HASf 300 0.012

aReference 9.
bReference 6.
cReference 4.
dReference 7.
eReference 3.
fReference 27.
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@110#, which is then diagonalized to obtain phonon freque
cies vkl and eigenvectorseia

kl . The ath component of the
MSD’s at temperatureT for atoms in layeri, ^uia

2 (T)&, is
then given by25

^uia
2 ~T!&5

1

N(
kl

\

Mvkl
ueia

klu2~nkl1 1
2 !, ~1!

where the summation runs over all wave vectorsk in the
surface Brillouin zone and all phonon branchesl; \ is
Planck’s constant,M is the atomic mass, andnkl is the Bose-
Einstein distribution factor.

The geometry of the surface contributes to the MSD
both directly ~via the coordination number! and indirectly
~via the coupling constants, which depend on the electro
structure, which in turn depends on the geometry!. A signifi-
cant advantage of the present approach~relative to experi-
ments or MD simulations! is that it enables one to easily an
reliably disentangle the purely geometric effects from el
tronic ones. To do this, for each material I consider vario
cases. First, to determine the consequences of the red
coordination at the surfacealone, all NN interactions are
replaced by the bulk parametersabb and bbb . Upon using
Eq. ~1!, I find that all components of the MSD’s of atoms
the first two layers are larger than the corresponding b
values, but the anisotropies differ from those seen in exp
ments and MD simulations: the largest enhancement i
^u1y

2 & and ^u1z
2 &, which are both approximately 2.2 times

large as in the bulk, and̂u1z
2 &.^u2z

2 &. Hitherto, there has
been a tendency to attribute any anomalies in the behavio
fcc~110! surfaces to the ‘‘very open’’ surface structure. How
ever, these results show that the open structurealone is not
sufficient to explain the observed phenomena.

The situation is considerably altered for the three rela
surfaces. The changes in the surface force constant ten
12540
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result in a considerable increase~15 to 50 %! in the value of
the radial termb12, and an even larger increase~45 to 85 %!
in b13, relative tobbb . The huge enhancement inb13 cor-
responds to the very large value obtained forfzz(1 3), and
implies that the bonds between NN atoms in layers 1 an
are extremely stiff. However, I find that the radial term co
pling two NN surface atoms,b11, is softened by;20%.
These results differ considerably from the 40% soften
suggested forb11 for Ag~110! by Franchiniet al.,13 and the
softening ofb12 by 6% for Cu~110! suggested by Blacket
al.,12 who fit the parameters of their models to experime
tally measured phonon spectra.

What is responsible for the increased stiffness of the 1
NN bonds? To answer this, I looked also at the intermed
case of bulk-truncated surfaces~with electronic relaxation
permitted, but all interlayer distances set equal to the b
value!. I find that though the value ofb13 relative tobbb is
slightly modified for the bulk-truncated surfaces, the hu
enhancement comes upon going from the bulk-truncated
face to the fully relaxed one. The enhancement inb13 for the
fully relaxed surfaces is sufficiently large to push^u1z

2 & down
significantly, now makinĝ u1z

2 &,^u2z
2 & and ^u1z

2 &,^u1y
2 &.

Table I shows the results obtained for selected MS
using the modified surface force constants and Eq.~1!. These
results compare well with those deduced from measurem
using low-energy electron diffraction~LEED!, medium en-
ergy ion scattering~MEIS!, and helium atom scattering
~HAS!, as well as MD simulations using eitherab initio ~AI-
MD! or embedded atom method~EAM! potentials~there is,
however, a considerable scatter in the values of MSD’s av
able in the literature!. It is important to note that my result
do not include anharmonic effects, which may be large
fcc ~110! surfaces, especially Cu~110!.26 Thus any discrep-
ancy between my results and the experimental or MD o
may indicate that anharmonic effects are significant.
9-4
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D. Implications for thermal expansion

As discussed above, the large enhancement inb13 for the
relaxed surfaces is largely responsible for the rever
anisotropies in the MSD’s. Another consequence of the
creased value ofb13 is that the surface will try to always
maintain a fixed value for the interlayer separationd13, if
necessary at the expense of changes ind12 and d23. This
tendency has been confirmed by additional calculations
which, upon varyingd12, d23 was found to change in such
way thatd13 was approximately constant. One can now u
derstand why, upon heating an unreconstructed fcc~110! sur-
face, whiled12 andd23 may expand/contract, they usually d
so in such a way thatd13 remains roughly constant, i.e.,
one contracts the other expands. Of course a full treatme
the thermal expansion/contraction will require that one ta
into account the anharmonicity of the interatomic intera
tions. However, since the coefficient of thermal expansion
an anharmonic well depends onboth the harmonic and an
harmonic force constants, and is directly proportional to
cubic force constant but inversely proportional to thesquare
of the harmonic force constant, the fact thatb13 is consider-
ably larger thanb12 andb23 makes it likely that the therma
variation ind13 (5d121d23) will be much less than the in
dividual variations ind12 andd23 ~assuming that the anha
monic coefficients do not differ widely!.

To explain why, for example,d12 expands andd23 con-
tracts upon heating Ag~110!, whereas the reverse happens
Al ~110!, one has to go beyond the harmonic sector and
amine the anharmonicity of the interlayer potentials. As
fcc~111! surfaces,21 simple arguments based upon the anh
monicity of vibrations alongz alone do not appear to suffice
nor does the vacuum appear to ‘‘act as a hard wall,’’ as
been suggested for Al~110!.9

Figures 3~a! and 3~b! show how the total energy of a
Al ~110! slab changes upon moving~a! the topmost and~b!
the second layer of atoms by an amountz normal to the
surface. Quartic polynomials of the formE(z)5 1

2 bz21gz3

1dz4 are fit to theab initio results, with positivez defined as
an excursion towards the vacuum. For movement of the
most layer, I obtain b50.0076, g520.0079 and d
50.0030~all in atomic units!; for shifts in the position of the
second layer, I getb50.00815, g520.0085, and d
50.0104. Note that in both cases,g is negative, i.e., the
potential becomes steeper for displacements towards
bulk, rather than for displacements towards the vacu
which is not what one would expect if the vacuum we
indeed to act as a hard wall, as has been suggested9 by
Marzari et al. They have also suggested that the reason
the thermal contraction ofd12 is that the anharmonicity alon
thez direction makes it easier for layer 2 to expand outwa
than for layer 1. However, I find that the ratio2g/b2, which
specifies the tendency for the layer to move outwards~ther-
mal expansion!, is 138 for the first layer, and 127 for th
second layer, i.e., it is approximately the same for both l
ers, and in fact is slightlygreater for the first layer. In other
words, if one considers vibrations along thez direction alone,
both layers 1 and 2 will move outwards upon heating
surface, and layer 1 will move slightly more than layer 2
12540
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The actual situation is a complex scenario involving tw
additional complications:~i! One has to include the anha
monicity of both in-plane and out-of-plane vibrations, i.e.,
addition to anharmonic terms of the formgz3, one has to
include terms such asg8x2z, g9xz2, etc.~ii ! There is a cou-
pling of the variablesd12, d23 and d13. @This effect is par-
ticularly strong for fcc~110! surfaces, though it is negligible
for fcc ~111! and~100! surfaces.# It is possible to treat these
effects within a quasiharmonic approximation, as has b
done for other surfaces.21,24 However, these consideration
are beyond the scope of the present paper, where I h
restricted myself to looking primarily at the significant im
plications that the physics at harmonic order has for the th
mal behavior of these surfaces.

IV. DISCUSSION AND SUMMARY

The main result of the present paper is the seemin
counterintuitive one that for the relaxed~110! surfaces of Ag,
Cu, and Al, there is a very large enhancement infzz(1 3),
an element of the force constant tensor that couples thefirst
and third layers. This enhancement infzz(1 3) ~which, in
the model interatomic potential used in this paper, maps o
a huge increase in the coupling constantb13), is large
enough to significantly reduce the amplitude of vibration
first-layer atoms along thez direction, thus reversing the ex
pected anisotropies in MSD’s, and damping the thermal
pansion ofd13. In order to understand whether this result c

FIG. 3. ChangeDE in the total energy of an Al~110! slab upon
moving~a! the topmost layer and~b! the second layer by an amoun
z normal to the surface. The circles are the results ofab initio
calculations; the solid lines are fits to quartic polynomials. The
curves give information about the anharmonicity of the vibratio
normal to the surface, of the first two atomic layers. Both curv
become steeper upon moving towards the bulk rather than tow
the vacuum, indicating a tendency for both layers to move outwa
~due to these out-of-plane vibrationsalone! upon heating. However
the vibrations of the two layers are coupled, and there are additi
contributions from in-plane vibrations, as discussed in the text.
9-5
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be generalized to other surfaces, we have to ask: Where
this enhancement come from?

The fact that all three materials display the same trend
harmonic order, and the large impact of allowing for t
relaxation of interlayer spacings, suggest that the enhan
stiffening of b13 over all otherb i j ’s may be more a conse
quence of the bonding geometry than of special feature
the electronic structure. There are two relevant features in
geometry of fcc~110! surfaces:~i! A topological peculiarity
of fcc~110! surfaces@but not the~111! or ~100! surfaces# is
that a surface atom is connected by NN bonds to atoms in
first, secondand third layers of atoms parallel to the surfac
@This explains whyfzz(1 2) andfzz(1 3) may have com-
parable value, but not why the latter should be much larg#
~ii ! There is a very large reduction in the coordination
surface atoms, as a result of which the bulk-truncated sur
relaxes by decreasingd12 significantly.

The large enhancement inb13 and the smaller increase i
b12 can be rationalized,a posteriori, by simple trigonometry.
One has to realize that for the fcc~110! geometry, upon con-
traction of d12 ~and thus also ofd13), the shortening of the
interatomic bond lengthsr 12 andr 13 does not scale uniformly
with the contraction of the corresponding interlayer sepa
tions d12 andd13. This is illustrated in Fig. 4, which show
schematically the interlayer bonds involving atoms in t
first layer. The atom ‘‘1’’ in the topmost layer is connected
nearest-neighbor bonds to four atoms~‘‘2a,’’ ‘‘2b,’’ ‘‘2c,’’
and ‘‘2d’’ ! in the second layer, and to one atom~‘‘3’’ ! that
lies directly below it in the third layer. Figure 4~a! shows the

FIG. 4. These figures show the bond geometry for fcc~110! sur-
faces, and how the NN bond lengths change with the contractio
d12. Atom 1 is in the topmost layer, atoms 2a, 2b, 2c, and 2d ar
the second layer, and atom 3 is in the third layer. The thick bl
lines show the interlayer NN bonds involving atom 1.~a! For the
bulk-truncated~unrelaxed! surface, the four 1-2 bonds, and the 1
bond all have the same length.~b! For the relaxed surface, the firs
interlayer spacingd12 is contracted, resulting in a shortening of a
five bonds shown. However, the 1-3 bond is now shorter than
four 1-2 bonds. For clarity, the contraction ofd12 is exaggerated in
this figure; in reality, the contraction is about 7 to 10%. Also, t
expansion ofd23 is not shown in this figure for simplicity.
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case of the bulk-truncated surface, with bothd12 and d23
5dB . In this case, the length of the bonds connecting
atom ‘‘1’’ to the four ‘‘2’’ atoms is the same as the length o
the bond connecting ‘‘1’’ and ‘‘3.’’ In Fig. 4~b!, the topmost
layer has moved downwards, so that nowd12,dB . As a
result, both the 1-2 bonds and the 1-3 bond have shorte
however the change in the former is less than the chang
the latter. For example, a 10% contraction ind12, relative to
the bulk interlayer spacingdB , translates to a 5% contractio
in the NN bond length between atoms in layers 1 and 3,
a contraction of only 2.4% for the NN bond between ato
in layers 1 and 2. Since the stiffness of bonds scales
versely as a high power of their equilibrium length,27 this
results in a much larger increase in the radial force cons
for 1-3 than 1-2 bonds.

The increase ind23 that results from the oscillatory relax
ation of these surfaces weakens this effect. However, th
simple geometric considerations suggest that ifd23 is still
small enough relative todB so thatd23

2 12d12d2323dB
2,0,

one can still expect to find thatb13@b12. Similarly, if the
contraction ofd34 is sufficiently small, then the radial forc
constantb24 should be softened, thus increasing^u2z

2 & fur-
ther.

Another significant result of the present paper is tha
simple model interatomic potential involving radial and ta
gential terms between nearest-neighbor atoms is found
work remarkably well for Ag, Cu, and Al, and gives resul
that are in excellent agreement with those fromab initio
linear response calculations.

It has been shown above that Ag~110!, Cu~110!, and
Al ~110! show marked similarities in the behavior of the
harmonic force constants, and given the simplicity of t
geometric arguments, it should also be easy to extend th
results to the unreconstructed~110! surfaces of other fcc met
als. Thus, the reversed anisotropies and the very small t
mal variation ind13, which follow directly from the behav-
ior of the harmonic force constants, may be expected to
general features of all such surfaces. It would, however,
interesting to check what happens for ‘‘true’’ transition me
als with partially filledd shells, in which directional bonding
effects may be more important. While more accurate cal
lations would need to fully incorporate the effects of anh
monicity, I hope to have shown that the physics at harmo
order can go a long way towards explaining some of
surprising thermal properties of these surfaces.
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