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The observed anisotropies of surface vibrations for unreconstructed fcc (h&éhlsurfaces 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 peaforming
initio density functional theory calculations to obtain the surface force constant tensors(1A10AGCu(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 layer* (i) the MSD’s normal to the surface are larger for
second layer atoms than for first layer atoms, though one
The low-index surfaces of face-centered cuffcxz) met-  would expect that the MSD’s should decay monotonically
als are arguably the most studied of surfaces. Though theipto the bulk? (iii ) a third curious fact about unreconstructed
are often intended to serve as prototypes for understandinfgc (110 surfaces is that in some cases there is a thermal
the behavior of more complex surface systems, it has besontractionof interlayer distances upon heating. The rule of
come evident in the past two decades that even thed@umb seems to be that if the first interlayer spacihg
“simple” surfaces display a wide range of complicated andexpands upon heating, then the next interlayer spading
often counterintuitive phenomena. In this paper, | considecontracts® however, if d;, exhibits a thermal contraction,
the case of unreconstructed (10 surfaces. | try to show thend,; expands with increasing temperatdre.
that some of the observed features of their thermal behavior Some of these patterns of behavior have also been ob-
that have generally been accepted as violating “commorserved in molecular dynamid¢®D) simulationé=° but their
sense” can actually be explained by simple argumentsprigin remains a puzzle. In order to gain physical insight, and
backed up with results fronab initio density functional to be able to predict trends across differently oriented sur-
theory calculations. These results also have important implifaces and different elements, one would like to not only re-
cations for the study of other surface phenomena, and caproduce this behavior in a theoretical calculation, but also to
for example, provide insight into the mechanisms behindknow where these anomalous properties arise from. Are they
temperature-dependent surface phase transitions such p&marily a consequence of the bond topology, or are they
roughening and premelting. due to peculiarities in the electronic structure? Such ques-
More bonds are broken to creategH0) surface from a tions can reliably be answered by breaking up the process of
bulk fcc crystal, than for 4100) or (111) surface, and one obtaining a fully relaxed surface from the cleavage of a bulk
therefore expects the departures from bulklike behavior to berystal into steps, and performing a sequencelfinitio
largest for a(110 surface. Structurally, this is manifested in calculations at each component step.
fcc metals in one of two ways: either the surface reconstructs There have been fewb initio calculations of the lattice
into a “missing row” structure’ or the surface unit cell re- dynamics and thermal behavior of th&L0) surfaces of fcc
mains unchanged but there is a very pronounced oscillatorgnetals. Most of the previous calculations have been empiri-
relaxation of interlayer spacings near the surfade.either  cal (involving ad hocmodifications of near-surface interac-
case, the very existence of the surface lowers symmetry, artibns so as to reproduce experimental phonon spetr&
one expects to find anisotropic modifications in the thermabr semiempirical® The problem is, of course, that this pro-
properties of atoms at or near the surface. cedure is not guaranteed to give a unique result, and one may
The surprise is that for these unreconstructelfo® sur-  be fooled into making modifications that are actually very far
faces, some of these anisotropies @neersedi.e., they vio-  from the correct ones. The only fdd0 surface that has
late the “common sense” expectation. For example, experibeen investigated in detail, using first-principles methods, is
ments show that in generé) atoms in the topmost surface the Al(110) surface. The pioneering calculations of Ho and
layer have a bigger mean-squared displacerdd8D) inthe ~ Bohnert* and other researchérg®of the lattice dynamics of
surface plane than normal to it, whereas one might havél(110 have recently been followed by an impressaje
expected the latter to be larger, since along this directioninitio MD study? which reproduces the experimentally ob-
there are no higher layers to repel the atoms in the firsserved anisotropies and the thermal contractionof But
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can the behavior of a simple metal like Al also serve as aperformed for three case8) Neither electronic nor geomet-
adequate paradigm for transition or noble metals? Computaic relaxation was permitted, i.e., bulk coupling constants
tional constraints make it currently unfeasible to performwere used to calculate the MSD’s for the surface atdims.
such ab initio MD simulations on the noble metals or on Electronic relaxation was permitted, but not geometric relax-
transition metals. ation, i.e., the interatomic potential was fit to thb initio
However,ab initio investigations of vibrational properties results for the force constants for the bulk-truncated surface,
using the “frozen phonon” approach are possible, and havavith all interlayer spacings unchanged from the bulk inter-
in fact been performed by previous authors on other lowdayer spacinglg . (iii) Both geometric and electronic relax-
index surfaces of these materialsThis is the approach fol- ation was permitted, i.e., the force constants determined for
lowed in the present paper. the fully relaxed surfaces were used. The advantage of car-
rying out the calculation in these three steps is that it enables
one to pinpoint exactly what is responsible for the observed
Il. METHOD anomalous behavior. For example, one can get a handle on
In this paper, | present the results of a seriegiofinitio (1€ relative importance of the bond topolo@ye., coordina-
density functional theory calculations on the bulk fcc struc-On number at the surface, and which atoms are bonded to
tures as well as the unreconstructéd0) surfaces of Ag, Cu, each oth_e)rand the ways in which thg surface force _constants
and Al. These calculations were performed using the packag®® modified as a result of chang.es in the electronic structure
“hig6md,” 1 with fully separable norm-conserving due t0(a) cleavage andb) relaxation.
pseudopotentials and the Ceperley-Alder form of the local
density approximatior® The calculations were carried out Ill. RESULTS
using plane wave basis sets with energy cutoffs of 60 Ry, 70
Ry, and 20 Ry for Ag, Cu, and Al, respectively. It has been
verified in earlier studies that the pseudopotentials and basis For all three elements, the bulk lattice consteagsieter-
sets used here work well for both bulk and surface propertieslined from theab initio calculations are in good agreement
of these metal8! The surface calculations for Ag and Cu with experiments. For Ag, Cu, and Al, | obtaia,=4.06
were carried out using a repeating slab geometry comprise@.09, 3.54 (3.61), and 3.94(4.05 A, respectively(the ex-
of seven layers of atoms, separated by a vacuum thicknegerimental values at room temperature are given in parenthe-
equivalent to five layers; while a 15-layer slab was used foises. Upon allowing interlayer spacings to relax, all three
the calculations on AL10). (110 surfaces display the pattern of damped oscillatory re-
First, the relaxed structurékattice constant and interlayer laxation that is well known to be characteristic of these
spacings were determined by minimizing the total energy fce(110) surfaceg, with alternating contractions and expan-
and the Hellman-Feynman foréson the atoms. Then, sions of successive interlayer spacings. The changes with
frozen-phonon calculations were performed to determine theespect to the bulk interlayer spacing of the first three
exact interlayer and/or intralayer force constants from firsinterlayer spacings{d,,,d,;,d;,4 are {—6.9%:+2.3%,
principles, by distorting the equilibrium structure and com-—1.294, {—8.8%,+3.8%-1.194, and {—6.9%+3.5%,
puting the forces thereby induced on the atoms. For each-2.094 for Ag, Cu, and Al, respectively.
type of distortion, the forces were computed for at least five

A. Equilibrium structures

values of displacements away from equilibrium, so as to en- B. Force constants
sure accurate determination of the force constéfirtst de- ) o )
rivatives of forces with respect to displacemen®rozen- The interlayer force constangs, (i ) were obtained by

phonon calculations for the bulk structures were carried ouf?0ving the atoms in a layer along the directione, and
using both the conventional cubic unit cell and a unit cellcomputing the force along then experienced by atoms in
containing 12 to 16 layers of atoms stacked along|[ ] other IayerSJ. For the case of bu!k layers stack'ed. glong
direction. While performing frozen-phonon calculations on[110], I find that for all three materials, the only significant
the surface structures, distortions and relaxations were corg/éments of the interlayer force constant tensors are the di-
fined to one side of the slab. As described below, frozen@gonal termse,(i,i=1), ¢y (i,i=1), and ¢,(i,i+1)
phonon calculations on the surface structures were carriegPUpling nearest-neighbor layers, anf}(i,i+2) which
out on both the bulk-truncate@inrelaxed slabs and the re- couples next-nearest-neighbor layensth the Cartesian di-
laxed slabgwith interlayer spacings relaxed to the optimum rections defined as=[110], y=[001], andz=[110]). All
values. Both interlayer and intralayer surface force constantother elements of the interlayer force constant tensors are
were obtained in this way. either zero by symmetry, or are smaller by at least an order
After determining theab initio force constant tensors, of magnitude. Similarly, for the relaxed surfaces, the only
these results were used to parametrize an interatomic potesignificant terms involving the firgtopmosj layer of atoms
tial, with separate parametrizations for the bulk and the surare ¢,,(1 2), ¢yy(1 2), ¢,1 2), andp, (1 3).
face. This parametrized form of the potential was then used Some of these results are presented in Fig. 1. For all three
to determine phonon eigenvalues and eigenvectors by settingaterials, | find that the elements of the interlayer force con-
up and diagonalizing a dynamical matrix. These in turn carstant tensors stiffen considerably upon going from the bulk
be used to determine the atomic MSD’s, as described ito the relaxed surface. The most notable feature is a dramatic
greater detail below. For each surface, this calculation waBicrease ing,,(1 3), whose magnitude is almost doubled
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o 0.00 iy ' calculation of Xieet al. (Ref. 24, and the filled circles are data

-0.02 from neutron-scattering experimeriief. 28. The close agreement

between the solid and dot-dashed curves suggests that the inter-
atomic interactions for bulk Ag are well represented by nearest-
neighbor pair potentials.

FIG. 1. Results fronab initio calculations for selected diagonal

elements of the interlayer force constant tensors coupling the first . . .
layer of atoms with subsurface layetsfor the fully relaxed(110 potential: for each pair of nearest-neighl{tiN) atoms the

surfaces ofa) Ag: xx, yy, andzzelements angb) Ag, Al, and Cu: interatomic potential (r) is specified by a tangential param-
zzelements. Thezelements for bulk Ag are also shown. Note the €ter a=r51[dU(r)/dr]r=ro and a radial parametep
very large value of,{1 3) for all three relaxed surfaces; it is :[dzu(r)/drz]r:ro, wherer is the equilibrium value of
argued in this paper that this is largely responsible for the anomag,a interatomic distance
lous thermal behavior of these surfaces. For the interaction between two NN atoms in the bulk, |
obtain {ayp,Bppt={—0.0007,0.018}{—0.0006,0.023K

relative to the bulk valuep,(i,i=2). In fact, (1 3) is  and{—0.0007,0.015pfor Ag, Cu, and Al, respectively, with
found to be significantly larger thag,(1 2). This means all force constants being expressed in atomic units
that if the atoms in layer 1 are displaced alongzfiirection  (Ha/bohf). The oscillatory relaxation and charge redistribu-
(normal to the surfagethe resulting force along experi-  tion at the relaxed surfaces result in a modification of these
enced by atoms in layer 3 is considerably greater than thealues for bonds near the surface. Accordingly, four kinds of
force on atoms in layer 2, which is a surprising and counterNN bondsi-j between atoms in near-surface layemnd
intuitive result. Though the resudt, (1 3)>¢,(1 2) was (1-1, 1-2, 1-3, and 233 are described by new parameters
also obtained by some previous authors who fit force conand g;;, while all other terms are left unchanged from the
stant models to empirical data for ALO (Ref. 1) and  pulk values.
Ni(110),%% its importance seems to have been overlooked. | Though this form of potential is admittedly simple, it
will argue that this large enhancementdn (1 3) is largely  gives bulk phonon spectra that are in good agreement with
responsible for the anomalous thermal behavior of these suexperiments as well as earliab initio calculations, and also
faces. In particular, it reduces the amplitude of vibrationsuffices to bring out the essential physics behind the altered
along z of atoms in the topmost layegwhich would other-  surface behavior. Figure 2 shows the phonon dispersion
wise be large due to the reduced coordination at the Sl)[faCGalong high-symmetry directions for bulk Ag, as obtained
and damps the thermal expansiondat. from the parametrized form used in this papeith the two

In this way, | have assembled an extremely large databaggarameter$a,,, and8,,;,} being fit toab initio calculations.
of results fromab initio frozen-phonon calculations. In addi- For comparison, the results from an earla initio linear
tion to the terms listed above, the database includes resultgsponse calculation by Xiet al?* are also plotted; these
for other interlayer force constants, as well as intralayefatter calculations do not involve any parametrization of in-
terms. It should be emphasized that the results | have olieratomic potentials. The agreement between my param-
tained for force constant tensors are exact, and do not iretrized form and theb initio linear response results is re-
volve any assumptions about the form or range of intermarkably (and, in fact, surprisingly good, and provides
atomic potentials. However, | will now map these resultsstrong evidence for the adequacy of the parametrization
onto a model potential, in order to better understand the imgsed.
plications of the changes in the surface force constant ten- Moreover, though the parameter set is heavily overdeter-
sors. mined (with the eight modified surface parameters being fit
to a database of 34 different numbers determined fedm
initio calculations for 13 different kinds of surface distor-
tions, supplemented by three stability critgridne quality of
the fit is good for Al, and excellent for Ag and Cu.

The large database afb initio results for force constant Next, the model potential is used to set up the dynamical
tensors is used to parametrize a simple form of interatomienatrix for a slab composed of many layéMsstacked along

layer number n

C. Interatomic potentials and atomic mean squared
displacements
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TABLE |. Comparison of calculated and experimental MSD's for atoms in the two topmost ldyess.
the temperature in kelvin. Note the presence of the reversed anisottogjes-(u?,) and(u3,)>(us,).

Material Method T (K) (uz) (u3)) (u2) (u3) (u5y) (u3,)
Al(110 this work 400 0.018 0.027 0.022 0.015 0.014 0.032
Al-MD?2 400 0.028 0.019 0.013 0.030
LEED® 400 0.032 0.030
MEIS® 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
EAMY 300 0.014 0.020 0.013
ME|S® 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
EAMY 300 0.011 0.019 0.013 0.008 0.010 0.014
HAS' 300 0.012

8Reference 9.
bReference 6.
‘Reference 4.
dReference 7.
®Reference 3.
fReference 27.

[110], which is then diagonalized to obtain phonon frequen-result in a considerable increagks to 50 % in the value of
cies wy, and eigenvectore!‘g. The ath component of the the radial termB;,, and an even larger increa@ks to 85 %
MSD’s at temperaturd for atoms in layeri, (uiza(T)>, is in B43, relative toBy,. The huge enhancement By cor-
then given b{® responds to the very large value obtaineddgr(1 3), and
implies that the bonds between NN atoms in layers 1 and 3
2 1 h K\ 1 are extremely stiff. However, | find that the radial term cou-
<uia(T)>:N%:‘ kax|eia ‘(N t32), @) pling two NN surface atoms3,;, is softened by~20%.
These results differ considerably from the 40% softening
where the summation runs over all wave vecthrin the  suggested foB;; for Ag(110) by Franchiniet al,*® and the
surface Brillouin zone and all phonon branches 7 is  softening of3,, by 6% for CY{110) suggested by Blaclt
Planck’s constanM is the atomic mass, amy, is the Bose-  al.,** who fit the parameters of their models to experimen-
Einstein distribution factor. tally measured phonon spectra.

The geometry of the surface contributes to the MSD’s What is responsible for the increased stiffness of the 1-3
both directly (via the coordination numbgrand indirectly NN bonds? To answer this, | looked also at the intermediate
(via the coupling constants, which depend on the electronicase of bulk-truncated surfacéwith electronic relaxation
structure, which in turn depends on the geometysignifi-  permitted, but all interlayer distances set equal to the bulk
cant advantage of the present approaetative to experi- valué. | find that though the value g8,; relative toBy, is
ments or MD simulationsis that it enables one to easily and slightly modified for the bulk-truncated surfaces, the huge
reliably disentangle the purely geometric effects from elecenhancement comes upon going from the bulk-truncated sur-
tronic ones. To do this, for each material | consider varioudace to the fully relaxed one. The enhancemengjgfor the
cases. First, to determine the consequences of the reduchdly relaxed surfaces is sufficiently large to puaif,) down
coordination at the surfacalong all NN interactions are significantly, now makinquiz><<ugz> and(u§z><(u§y>.
replaced by the bulk parametess, and By,,. Upon using Table | shows the results obtained for selected MSD’s
Eq. (2), I find that all components of the MSD’s of atoms in ysing the modified surface force constants and(Eq.These
the first two layers are larger than the corresponding bulkesults compare well with those deduced from measurements
values, but the anisotropies differ from those seen in experigsing low-energy electron diffractiofLEED), medium en-
ments and MD simulations: the largest enhancement is igrgy ion scattering(MEIS), and helium atom scattering
(ui,) and(uf,), which are both approximately 2.2 times as (HAS), as well as MD simulations using eithab initio (Al-
large as in the bulk, andu,)>(u3,). Hitherto, there has MD) or embedded atom methd#AM) potentials(there is,
been a tendency to attribute any anomalies in the behavior dfowever, a considerable scatter in the values of MSD’s avail-
fcc(110) surfaces to the “very open” surface structure. How- able in the literature It is important to note that my results
ever, these results show that the open strucalwmaeis not  do not include anharmonic effects, which may be large for
sufficient to explain the observed phenomena. fcc (110 surfaces, especially €100).2° Thus any discrep-

The situation is considerably altered for the three relaxedncy between my results and the experimental or MD ones
surfaces. The changes in the surface force constant tensargy indicate that anharmonic effects are significant.
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D. Implications for thermal expansion 5.0 ,

As discussed above, the large enhancemep ifor the ao | @ Laverd o
relaxed surfaces is largely responsible for the reversed = 801 _Oﬁf’t;"gfaﬁzugflynomial_
anisotropies in the MSD's. Another consequence of the in- T .ol 1
creased value 0f3 is that the surface will try to always w
maintain a fixed value for the interlayer separatip, if < 1oy i
necessary at the expense of changesliyand d,;. This 0.0 t 8
tendency has been confirmed by additional calculations in 10 , ,
which, upon varyingl,,, d,; was found to change in such a (b) Layer 2
way thatd,; was approximately constant. One can now un- 407
derstand why, upon heating an unreconstructetlid® sur- 5 307 _Of,‘f’ti”‘“" rne,s““sl ]
face, whiled,, andd,; may expand/contract, they usually do E 20 | 1o quarte oy
so in such a way that,; remains roughly constant, i.e., if 4 ol
one contracts the other expands. Of course a full treatment of
the thermal expansion/contraction will require that one take 00T ]

into account the anharmonicity of the interatomic interac- -1.0 ' ' : :
tions. However, since the coefficient of thermal expansion in -05  -03 -0 0 0.1 03 035
an anharmonic well depends doth the harmonic and an- 2= [bohi]
harmonic force constants, and is directly proportional to the |G, 3. Change\E in the total energy of an AL10) slab upon
cubic force constant but inversely proportional to fugiare  moving (a) the topmost layer antb) the second layer by an amount
of the harmonic force constant, the fact tifat is consider-  z normal to the surface. The circles are the resultsabfinitio
ably larger thanB,, and 8,3 makes it likely that the thermal calculations; the solid lines are fits to quartic polynomials. These
variation ind,3 (=dq,+d,3) will be much less than the in- curves give information about the anharmonicity of the vibrations,
dividual variations ind;, and d,; (assuming that the anhar- normal to the surface, of the first two atomic layers. Both curves
monic coefficients do not differ widely become steeper upon moving towards the bulk rather than towards
To explain why, for exampleg,, expands andl,; con-  the vacuum, indicating a tendency for both layers to move outwards
tracts upon heating A@10), whereas the reverse happens for (due to these out-of-plane vibratioakne upon heating. However,
Al(110), one has to go beyond the harmonic sector and exthe vibrations of the two layers are coupled, and there are additional
amine the anharmonicity of the interlayer potentials. As forcontributions from in-plane vibrations, as discussed in the text.
fcc(111) surfaces! simple arguments based upon the anhar-
monicity of vibrations along alone do not appear to suffice, ~ The actual situation is a complex scenario involving two
nor does the vacuum appear to “act as a hard wall,” as hagdditional complications(i) One has to include the anhar-
been suggested for A110).° monicity of both in-plane and out-of-plane vibrations, i.e., in
Figures 3a) and 3b) show how the total energy of an addition to anharmonic terms of the forye®, one has to
Al(110 slab changes upon movir(@) the topmost andb)  include terms such ag’'x?z, y"x2%, etc. (i) There is a cou-
the second layer of atoms by an amounhormal to the pling of the variablesd;,, d,3 andd,3. [This effect is par-
surface. Quartic polynomials of the forB(z)=3Bz>+yz® ticularly strong for fc€110 surfaces, though it is negligible
+ 67 are fit to theab initio results, with positive defined as ~ for fcc (111) and (100 surfaces. It is possible to treat these
an excursion towards the vacuum. For movement of the topeffects within a quasiharmonic approximation, as has been
most layer, | obtain 3=0.0076, y=—0.0079 and § done for other surfaceéd:?* However, these considerations
=0.0030(all in atomic unitg; for shifts in the position of the ~are beyond the scope of the present paper, where | have
second layer, | get3=0.00815, y=—0.0085, and s restricted myself to looking primarily at the significant im-
=0.0104. Note that in both cases, is negative, i.e., the Pplications that the physics at harmonic order has for the ther-
potential becomes steeper for displacements towards tHgal behavior of these surfaces.
bulk, rather than for displacements towards the vacuum,
yvhich is not what one would expect if the vacuum were IV. DISCUSSION AND SUMMARY
indeed to act as a hard wall, as has been suggesied
Marzari et al. They have also suggested that the reason for The main result of the present paper is the seemingly
the thermal contraction af,, is that the anharmonicity along counterintuitive one that for the relaxétfLO) surfaces of Ag,
the z direction makes it easier for layer 2 to expand outwardsCu, and Al, there is a very large enhancementin(1 3),
than for layer 1. However, | find that the ratioy/ 82, which ~ an element of the force constant tensor that couplesirtste
specifies the tendency for the layer to move outwdtder-  andthird layers. This enhancement i, (1 3) (which, in
mal expansio) is 138 for the first layer, and 127 for the the model interatomic potential used in this paper, maps onto
second layer, i.e., it is approximately the same for both laya huge increase in the coupling constgBys), is large
ers, and in fact is slightlgreaterfor the first layer. In other enough to significantly reduce the amplitude of vibration of
words, if one considers vibrations along théirection alone, first-layer atoms along thedirection, thus reversing the ex-
both layers 1 and 2 will move outwards upon heating thepected anisotropies in MSD'’s, and damping the thermal ex-
surface, and layer 1 will move slightly more than layer 2. pansion ofd3. In order to understand whether this result can
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case of the bulk-truncated surface, with batp and d,;
=dg. In this case, the length of the bonds connecting the
atom “1” to the four “2” atoms is the same as the length of
the bond connecting “1” and “3.” In Fig. 4b), the topmost
layer has moved downwards, so that noyw<<dg. As a
result, both the 1-2 bonds and the 1-3 bond have shortened;
however the change in the former is less than the change in
the latter. For example, a 10% contractiordijy, relative to

FIG. 4. These figures show the bond geometry fofxt6) sur-  the bulk interlayer spacindg, translates to a 5% contraction
faces, and how the NN bond lengths change with the contraction dh the NN bond length between atoms in layers 1 and 3, but
dy,. Atom 1 is in the topmost layer, atoms 2a, 2b, 2c, and 2d are ira contraction of only 2.4% for the NN bond between atoms
the second layer, and atom 3 is in the third layer. The thick blackin layers 1 and 2. Since the stiffness of bonds scales in-
lines show the interlayer NN bonds involving atom(&) For the  versely as a high power of their equilibrium lengththis
bulk-truncatedunrelaxed surface, the four 1-2 bonds, and the 1-3 results in a much larger increase in the radial force constant

bond all have the same lengttin) For the relaxed surface, the first
interlayer spacingl,, is contracted, resulting in a shortening of all

for 1-3 than 1-2 bonds.
The increase iml,5 that results from the oscillatory relax-

four 1-2 bonds. For clarity, the contraction @f, is exaggerated in
this figure; in reality, the contraction is about 7 to 10%. Also, the
expansion ofd,; is not shown in this figure for simplicity.

be generalized to other surfaces, we have to ask: Where do
this enhancement come from?

simple geometric considerations suggest thadi is still
small enough relative tdg so thatds,+ 2d;,d,3—3d3<0,
one can still expect to find thg®,3> B1,. Similarly, if the
ggntraction ofds, is sufficiently small, then the radial force
constantB,, should be softened, thus increasifug,) fur-

The fact that all three materials display the same trends aper.

harmonic order, and the large impact of allowing for the

Another significant result of the present paper is that a

relaxation of interlayer spacings, suggest that the enhancedmple model interatomic potential involving radial and tan-

stiffening of 8,5 over all otherg;;’s may be more a conse-

gential terms between nearest-neighbor atoms is found to

quence of the bonding geometry than of special features g¥OTK remarkably well for Ag, Cu, and Al, and gives results

the electronic structure. There are two relevant features in th
geometry of fc€110 surfaces:(i) A topological peculiarity
of fcc(110) surfaceqdbut not the(111) or (100 surface$ is

that are in excellent agreement with those fraim initio
linear response calculations.
It has been shown above that @§0, Cu(110, and

that a surface atom is connected by NN bonds to atoms in thAl (110 show marked similarities in the behavior of their

first, secondand third layers of atoms parallel to the surface.
[This explains whys, (1 2) and¢,(1 3) may have com-

parable value, but not why the latter should be much lakger.
(i) There is a very large reduction in the coordination of

harmonic force constants, and given the simplicity of the
geometric arguments, it should also be easy to extend these
results to the unreconstructétl0) surfaces of other fcc met-
als. Thus, the reversed anisotropies and the very small ther-

surface atoms, as a result of which the bulk-truncated surfad@al variation ind,3, which follow directly from the behav-

relaxes by decreasindy, significantly.

The large enhancement iy ; and the smaller increase in
B1, can be rationalizedy posteriorj by simple trigonometry.
One has to realize that for the fdd0 geometry, upon con-
traction ofd;, (and thus also ofl;3), the shortening of the
interatomic bond lengths;, andr ;3 does not scale uniformly
with the contraction of the corresponding interlayer separa
tionsd,, andd,3. This is illustrated in Fig. 4, which shows
schematically the interlayer bonds involving atoms in the
first layer. The atom “1” in the topmost layer is connected by
nearest-neighbor bonds to four atorfi®a,” “2b,” “2c,”
and “2d”) in the second layer, and to one atd@t8” ) that
lies directly below it in the third layer. Figurg@ shows the

ior of the harmonic force constants, may be expected to be
general features of all such surfaces. It would, however, be
interesting to check what happens for “true” transition met-
als with partially filledd shells, in which directional bonding
effects may be more important. While more accurate calcu-
lations would need to fully incorporate the effects of anhar-
monicity, | hope to have shown that the physics at harmonic
order can go a long way towards explaining some of the
surprising thermal properties of these surfaces.
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