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Ab initio calculation of depth-resolved optical anisotropy of the C110) surface
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We calculate the surface dielectric anisotrdSYDA) and the reflectance anisotropy of the relaxed(CL0)
surface using thab initio self-consistent full potential linear-muffin-tin orbital method within the local-density
approximation. Besides interpreting the spectra in terms of transitions involving surface and/or bulk states, we
carry out a depth depending scanning of them, from surface to bulk, with the resolution of one atomic layer. We
show that the SDA mainly arises in the vacuum region above the surface and in the first atomic layer.
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[. INTRODUCTION whereAce is the surface dielectric anisotrog$DA) ande® is
the bulk dielectric function, and the dependence is under-
The physics of surfaces and interfaces founds its interesttood. The SDA is given by
on potential technological applications though being of fun-
damental interest in itself. The breaking of translational sym- 1 [+ [+
metry, brought about by the surface, opens the possibility of A€(w)= af f dz dZ[€e,(2,2";0) — €y(2,2";w)],
the formation of new electronic statésurface statgsabsent e @)
in the bulk. Semiconductors surface physics, challenged by

the possible applications in electronics, started a couple Qfjheree;;(z,2'; ) is the dielectric susceptibility tensor of the
decades before the research on metallic surfaces. In thjgterface® The thickness of the surface layebis not a well
framework, the interaction of light with matter has enormousgefined quantity, although it is expected to be of the order of
practical applications. Therefore the optical properties of layy few angstroms. Anyway, it plays no role in Ed), since it
ered materials are of primary importance. In its early stepsgancels with the denominator of E@). It is here retained in
surface physics focused on basic questions, like the spectrgrder to deal with a dimensionless SDA. Thandy axes are
scopic characterization of surface stateslore recently, the principal directions of the surface dielectric tensor in the
much experimental work is done on the dependence of elegyrface plane. Equatiof) (and its imaginary counterpart
tronic, magnetic, and optical properties on the compositiory|iows one to extract the SDA from the measured reflectance
of interfaces. This drives theorists toward a morphology-and bulk dielectric function, as recently done for Cu and Ag
dependent analysis of the layered materials. (110 surface€. Bulk effects are important ingredients of Eq.

The dielectric functione(w), i.e., the linear response of a (1), for the presence of the bulk dielectric function in the
solid to an electromagnetic perturbation, is the quantity to b§ienominatof. The understanding of bulk effects is crucial
known for the interpretation of many optical properties, like for the correct interpretation of the RAS in metals as pointed
reflectivity, conductivity, dichroismiin magnetic materia)s oyt by some authofsand explained quantitatively in a recent
and related quantities, e.g., the loss function. Therefore thgsaper* In metals the dielectric function is due to two kinds
oretical investigations aim to evaluaitw) to obtain directly  of electronic transitiong(i) interband transitions between oc-
measurable optical quantities. An experimental, powerfukypied and unoccupied electronic states of different bands, as
technique used so far for the investigation of surfaces is thgy semiconductorsii) intraband transitions between occu-
reflectance anisotropy spectrosciRAS) that takes advan- pied and unoccupied states within the same band, obviously
tage of the anisotropy introduced in a cubic solid by theapsent in semiconductors. As it is well known from the el-
surface. In a RAS experiment one measures, as a function @mentary theory, intraband transitions are responsible for the
energy, the reflectivities along two inequivalent directions orngg-called Drude tail at very low energy, whereas the inter-
a given surface of a properly polished sample. The differencgand ones determine the remainder of the spectrum.
Ar of these two reflectivities, normalized to the total reflec-  The relatively simple definition of the RA, Eq1), con-
tivity r, gives the complex reflectance anisotrapy/r. This  trasts with the need of a complex theoretical apparatus for its
quantity, embodying the properties of bulk and surface elecinterpretation, on one side, and with a strong dependence of
tronic states, may be further analyzed through theoreticahe spectra on the treatment of the surface, on the other side.
model$® and byab initio calculations’ This latter aspect has blown up in the last years and is the

A well-known formula, derived from the microscopic sypject of intense experimental investigatitisat, in turn,
theory of electromagnetic interactions in maftés,normally challenge the theorists.
used to interpret RAS experiments. It is giverr by Very recent results have shofvhow to answer theoreti-

cally the question of which peaks in the RA spectra of Cu
Ar\ 4d7wd Ae
Re —|= Im ,
e( r ) c (eb—l)

(1) and Ag (110 surfaces originate from transitions among sur-
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face states, bulk states, or both. It is usually assumed that the
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dielectric susceptibility is different from its bulksotropig some criterion of convergence, depending on the sought for
form only close to the surface. This does not exclude thejuantity.
contribution of transitions involving bulk states, since these As long as the band structure is concerned, we have found
are present also in the surface region, where their wave funghat a unit cell consisting of 11 atomic layers plus 6 vacuum
tions are modified and made anisotropic by the perturbatiopyers is a good choice. In fact, tests of this slab configura-
due to the surface. A tight-binding calculation for G&BE)  tion against slabs with 7, 11, and 13 atomic laj&ksit with
has shown that the integratect calculated for a slab of 11 onjy 4 vacuum layers yield convergence in the band structure
layers is very similar to that of a slab of 31 layers, the lattery|raady for 11 layers. The introduction of 6 vacuum layers
being 1glmost undistinguishable from that of a slab of 9345 necessary to reduce the interactions of surface states
layers:” Hence t_he contrlbutlon_to the SDA is expected tothrough the vacuum region, appearing as spurious band split-
come from the first few(four or five) layers below the sur- tingsin the case with only 4 vacuum layers. This slab size
face. It would be interesting to check whether or not this isfyills satisfactorly also the convergence of the total dielec-
true also for noble metals and, moreover, to have a layer-bysic functions along the two surface directions. Therefore we
layer picture of the anisotropy. This is the main goal of thisperform the analysis of the overall optical properties, includ-
work. _ _ . ing the separation of optical transitions due to surface states
_ We exploit the local character of the linear muffin-tin or- o1y k states, within this slab configuration. We find results
bital (LMTO) approach, already used in Ref. 4, to producejy good agreement with the experiments, as shown below.
such a spatially resolved picture of the surface anisotropy. I o the other hand, the determination of the spatial local-
so doing, we will find that the RAS of QU10) originates in  jzation of the SDA within the cell requires a higher accuracy.
the topmost layer and in the vacuum above it. In fact, to ensure that the innermost layer shows, to a satis-
The paper is organized as follows. In Sec. Il we presentaciory extent, properties of the bulk whereas the layer just
the calculation of the electronic structure of bulk Cu and ofjyg1ow the vacuum describes surface properties, we had to
the CU110 surface obtained by the full potentidFP)-  piig up a slab of 21 atomic layers, keeping the number of
LMTO method within density-functional theory—local- \5cuum layers equal to 6.
density approximatior(DFT—LDA).ll We discuss the band  The Fp versioff of the LMTO (Ref. 14 method within
structure in terms of electronic states with surface or bulkye | pa approximatioht scheme for the exchange-
character. In Sec. Ill we calculate the dielectric functionsqre|ation potential is used to calculate the electronic and
€(w) of the surface and bulk. Thanks to the flexibility of the optical properties presented here. The unit cell is divided into
code, a fewad hocimplementations enable us to analyze theytfin tin (MT) spheres, where the atoms are centered, and
dielectric function according to two different criteri@) bulk an interstitial region surrounding the spheres. In the FP ver-
or surface character of the initial/final states included in thesion, the potential is computed without simplifying approxi-
interband transitiongji) layer-by-layer contribution t@&(w).  mations in the interstitial region, at variance with the original
We can say thati) is a spectroscopic criterion, since it helps | MTo model4
in determining the spectrum of surface statés;is instead a The basis functions are the so-called MT orbitals that are
local criterion, since it determines the regions where the angiven by two different parts: that within the sphere and that
isotropy arises, summing up over all initial and final, surfacej, the interstitial region. These two parts match continuously
or bulk states. The SDA and RAS spectra are calculated angk he MT sphere boundary. Therefore a wave function
discussed in Sec_. IV. In Sec. _V we summarize our resultSyatter if bulk or slab, made up by MT orbitals, has contri-
compare them with the experiments, and draw the concluptions from the MT spheres and from the interstitial region.

sions. We remind that the MT sphere is supposed to preserve more
the atomiclike properties of the potential and wave function
Il. ELECTRONIC STRUCTURE OF CU (110 SURFACE with respect to the interstitial region. The latter is, in fact,

affected by the presence of the surrounding atoms. This sepa-

The electronic properties of a solid limited by a surfaceration is intrinsic to the MTO method and in the case of real
may be described, to a good approximation, by the so-callegy|k calculations is irrelevant to conclusions of physical in-
repeated slatscheme that allows one to apply the saate terest. In the slab case, instead, the interstitial region, where
initio calculation techniques succesfully adopted for bulkihere are no MT spheres, includes also the volume occupied
materials. This scheme consists in the construction of a un'[gy the the vacuum layers which, of course, is not equally
cell of an arbitrarly fixed number of atomic layers symmetri- gistributed in the slab at variance with a plain bulk calcula-
cally terminated by an arbitrarly fixed number of empty lay-tjon. We shall come back to this point when discussing the
ers (the vacuum along the direction perpendicular to the gpatial properties of the dielectric function. Finally, the
surface. The unit cell is then repeated to infinity, as in theaxchange-correlation part of the potential is computed in the
bulk. The unit cell adopted in the present calculation hascheme of von Barth and Hedin.Self-consistency of the
basis vectors,;, a, andas. a; anda, are of lengthy1/2, 1,  potential is achieved with convergence of 1 part ovef. 10
respectively, along the direction$10] (x), [001] (y) in the  Brillouin-zone integrations are performed with Gaussian
(110 surface of an fcc structureas is orthogonal to the  smearing using regular meshes of &points and 18in the
(110 surface and of length §2. The interlayer distance is surface and bulk irreducible Brillouin zone, respectively.
d=1/2y/2 (bulk value and all lengths are in units of the The (110 surface of Cu does not reconstruct but under-
cubic lattice constant. The slab geometry must satisfy goes a relaxation of the two outermost lay&s® In the
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FIG. 2. Energy bands of the CLLO) slab of 11 atomic plus 6
vacuum layers. The dots indicate surface electronic states deter-
mined by the criterion described in the text.
0.0 ' o -
2100 75 00 25 50 DOS. We can analyze these effects further by comparing the
Energy (eV) | projected partial DOS per atom for the innerm@silk) and

. i outermost(surface layer of the slab also plotted in Fig. 1,
FIG. 1. Total(top) and partial(bottom densities of states of the lower panel. We focus on thidcomponent, that is the domi-

Cu slab. In the top panel the total DOS of the 1l-layer Slabnant component to the total DOS. Here we see that there are
(dasheg, normalized to one atom, is compared to the analogousSome d'ffgrences in the partial DO'S amona atoms in the bulk
guantity in the bulk(solid). In the bottom panel we report the ! I P H 9 : u
d-partial DOS of the same slab the surface atomic lageshed and surface layers. The main effect of .the surface amounts to
and for the bulk atomic layeisolid), respectively. The partial DOS a depletion ofd states at low enelfgy in favor of the same
includes the interstitialwith vacuum contribution. The vertical ~States closer t& . The new states introduced by the surface

thin line at zero energy marks the Fermi level. in the DOS “tail” (see upper panghave essentiallyl sym-
metry.

For the analysis of the optical properties it is important to
present work the lattice constantas-6.84 a.u. and the re- know if surface states are formed. We can adopt a wide-
laxation amounts to a contraction of the distance among firsspread quantitative criteriéhas a definition of an electronic
and second layerd(,) of =11% and an expansion of 2.4% surface state. This criterion states that: an electronic state is a
of the distance among second and third laygy; . These surface statés) or a bulk statgb) according to whether or
values are close to the experimental ones in Ref. 17 and toot its total localization on the two outermost layers of the
the results of recent calculatioffs!*We have performed cal- symmetric surfaces of the slab is larger than a given thresh-
culations for both unrelaxed and relaxed surfaces findingpld T>4/11 (1/11 being the localization of an equally dis-
from comparison of the total energies, that the relaxed strudfibuted state in a slab of 11 layer$Ve have chosen a rather
ture is indeed slightly more stable than the unrelaxed ondow threshold valueT=0.5, in order to include at least all
We checked further that the RAS, calculated with the relaxthe states considered as surface states in photoemission
ation mentioned above, is almost undistinguishable from thagxperiment$:?? In Fig. 2 we have plotted the energy bands
calculated using thab initio geometry of Ref. 18 and only of the slab indicating, by dots, surface states designed in this
slightly different (blueshifted with respect to the unrelaxed way. It can be seen that most of them form bands in the bulk
surface. We have carried out calculations also for a muchigaps,” as found also in previous calculations, whereas
larger relaxatior(about trice the values assumed thr, and  some isolated surface states are found among occupied bulk
d,5 given abové which leads to the suppression of the low- states. This division ints andb states will be used for the
energy surface peak and to a RAS line shape at higher eneanalysis of the surface optical properties in the next sections.
gies in strong disagreement with the experiment.

Integration over the reciprocal space is performed with Ill. DIELECTRIC FUNCTION AND OPTICAL
the linear tetrahedron methdo obtain, e.g., the density of PROPERTIES OF THE (110) SURFACE
states and the dielectric functi¢see the next sectipnin the . i
upper panel of Fig. 1 we report the total density of states 1ne optical properties of bulk Cu and of Qd0) can be
(DOS) of the Cu slab and of the bulk for comparison. By d_educed from the d|belectr|c tensor. This reduces tp a single
inspection one can see that the effects of the surface in thdagonal component®(w) in the bulk and to three diagonal
DOS are a shift of the occupied states toward higher energiszomponents!*°, €l ande' along the directions of the
with respect to the bulk and the introduction of additionalunit-cell basis vectors, respectively, for the slab geometry
states represented by small bumps in the flat region of thdescribed abovge" refers to the direction perpendicular to
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FIG. 3. Upper panel: imaginary part of the interband dielectric ~ FIG. 4. Imaginary part of the slab interband dielectric function

function é5% (dotted and el®°! (dashedifor the Cu(110 slaband €5 (dashedl and Y (dotted resolved into the contributions
of € (solid) in the bulk. Lower panel: the corresponding quantities from the possible types of optical transitions: bulk-to-bulk states
from the interstitial region onlysee text are shown with the same (bb), bulk-to-surface stategbs), surface-to-bulk state¢sh), and
symbols. surface-to-surface statéss.

thg(llO) sgrfacé. In metals.,. the dleleptrlc f“F‘C"O” is deter- eing irrelevant for the present analysiand of the bulkeg
mined by interband transitions, as in semiconductors, an

: " . o r comparison. We have also plotted in the lower panel the
intraband transitions stemming from excitations at low €Ncontribution to the dielectric function components coming
ergy (the sq-calle_d Drude tail The imaginary part of the only from the interstitial part of the muffin-tin orbitals. This
!anrband dlelgctrlc tensor companents may be compated picture shows that the largest differences, ascribable to the
initio as matrix elements of the momentum operakr

) ; . surface, occur below 2.5 eV, Where[lab(w)] drops to zero,
among wave functions of occupied and unoccupied states [110] 001l - -
[901] yield large structures. Thes show

in different bands, according to the random-phasevherease; ™ ande;” _
approximatior?>?* The real part of the dielectric function is relevant differences just at energies where the RAS peaks are

then obtained by a Kramers-Kronig transform. observed-® Worth noting is that also the interstitial dielectric
For the bulk case one can thus writ® tays for Drude, functions for the two directions are quite different with a
i for interband peak at=2 eV in 5%
. A In order to investigate this point closer we have analyzed
e(w)z(e'f+ 6'1)+i(6|23+ ), (3)  the optical matrix elements labeling the states as suifgce

or bulk (b) according to the criterion explained in the
where the subscripts 1,2 in the above equation denote thereceding section. Thus all matrix elements are divided
real and imaginary parts of the dielectric function anddéhe into bulk-to-bulk, surface-to-surface, bulk-to-surface, and
dependence in the right-hand side is understood. The Drudsurface-to-bulk state transitions. These four different contri-

contribution is given bye?+ie.5=l—w%/w(w+i7)’ With  putions toel1% and €l are plotted in Fig. 4. This plot
the values ofwp andy quoted in Ref. 4. It has been sho‘%/vn. confirms that the peaks occurring at low energy in the dielec-
that it is a good approximation to use the same formula, withyjc functions of the slab are indeed due to transitions among
the same Drude parameters, for the three components of thgface states, which are seen as weak structures in the range
dielectric tensor in the slab. S from —1 to 1.5 eV in the slab DOS of Fig. 1. This conclusion

In the upper panel of Fig. 3 we plot the imaginary part ofjs jmportant for a clearcut interpretattbaf spectra obtained

the interband surface dielectric functioas®!, €l (e~ by reflectance anisotropy experiments.

035426-4



AB INITIO CALCULATION OF DEPTH-RESOLVED.. .. PHYSICAL REVIEW B58, 035426 (2003

0.05

0.03

0.01

RAS

-0.01

-0.03

-0.05 T T

SDA

1.00

0.00

-1.00

SDA

-2.00

-3.00

-4.00

2.0 4.0 6.0 3.0

-5.00 :

15 25 3.5 45 55 6.5

Energy (eV) Energy (eV)

FIG. 5. Upper panel: calculated RAS for C1L0. Lower panel:
Imaginary part of the total SDAsolid) and without the interstitial
contribution(dashed

FIG. 6. Calculated SDA resolved into the contributions from the
possible types of optical transitions: bulk-to-bulk statels), bulk-
to-surface stategbs), surface-to-bulk state¢sb), and surface-to-

IV. SURFACE DIELECTRIC ANISOTROPY AND surface statesss.

REFLECTANCE ANISOTROPY SPECTRUM . .
at 4 and 4.6 eV underestimate by 0.2 eV the corresponding

A RA experiment is still the most effective technique to experimental energiésas a consequence of neglecting self-
get a fingerprint of the surface of a given metal. However, itsenergy corrections, which are in the range of 0.3-0.5 eV in
effectiveness for applications depends on how detailed inforCu2>?® Our smaller discrepancy, with respect to these val-
mation on the morphologic and electronic structure of theues, is probably due to the different numerical/convergence
interface can be extracted from the spectra. In a very recertccuracy of our calculations and to the slab geometry. As far
papef we solved the problem of interpreting, ab initioc  as the peak close to 2 eV is concerned, we get almost perfect
techniques, the RAS measured at&Refs. 1,6 and Cu(Ref.  agreement with the experimental energy; this is probably due
6) (110 surfaces. Presently, we perform calculations as deto the fact that self-energy corrections decrease with decreas-
scribed in the preceding sections. Our RAS for @00) is  ing transition energies, as verified also for the @Q0) sur-
calculated according to E¢l). The quantities\ e, andAeq, face electronic structure.

i.e., the imaginary and real part of the SDA, respectively, As pointed out very clearly in Ref. A€ in Eq. (1) em-
contain, in principle, an interband and an intraband termpodies only the bare effect of the electronic transitions. The
according to Eq{(2). The anisotropic intraband part of the bulk dielectric function, in the denominator of Ed,), deter-
SDA has been estimated recefity have very small effects mines largely the final form of the RAS. In particular, the
on the RA and we shall henceforth deal only with the inter-Drude term ine® reverses the negative peak in the SDA into
band term of the SDA. We plot in Fig. 5 the calculated RASthe positive one in the RA$see Eq.(1) and Fig. . It is
(upper pangl andA e, (SDA) (lower panel together with its  therefore very important to disentangle the intrinsic proper-
part coming from the MT spheres only. The two characteristies of the interface from Eq.l). To this end we plot the
tic features at=2 eV and between 4 and 5 eV in our plots are SDA calculated separately for the four possible interband
observed experimentalfyOther structures appearing in the transitions: bulk-to-bulk stategbb), bulk-to-surface states
calculated RAS spectrum are washed out by a larger broadbs), surface-to bulk statesh) and surface-to-surface states
ening in the experiment. In Ref. 4 we have discussed in(s9, as displayed in Fig. 6. From this it is very clear that
detail the comparison between the calculated RAS and thsurface and bulk transitions contribute differently to the total
experiments of Ref. 6 Our calculated bulk-induced structureSDA (and RAS of Fig. 6. (We remind that these plots in-
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clude both MTS and interstitial region contribution©ne 08
sees that the peak at low energy must be definitely attributed |
to surface states, whereas the broader feature between 4 ar
5 eV has mixed origin, while its large intensity in the RAS is 0.0 1
due to the vanishing of the denominator in Ef), namely to

a bulk effect. This is at variance with the interpretation of
Ref. 6 in terms of transitions from a surface state to a surface -08
resonance. However, the distinction between a final bulk

state(our interpretation and a final surface resonantsee
Ref. 6 is somehow arbitrary. 0.0 M
We now turn to the spatial analysis of the slab dielectric ~ _

function, as anticipated in the Introduction. We have imple-
mented the code to separate the dielectric function into the -o.8
contributions of each atomic layer. More precisely, we carry «
out a layer by layer calculation of the integral in E®), a
neglecting nonlocality(Namely, the contributions to the in- 0.0 ’WWW
tegral stemming fromez and z’ in different layers are ne-
glected in this analysis: We have checked the accuracy of
this approximation by showing that the slab including -08
nonlocal contributions, is very close to that given by the sum
of the single-layek's, not including nonlocal contributions.
Each atomic layer includes one atdimn the present case 0.0 \“J“"’\"’*"W‘W
centered on the corresponding MT sphere surrounded by the
interstitial region. The vacuum layers, although physically =
distinct from the so-called interstitial region, are computa- -08, Y 35 25 5 o5
tionally treated as part of the interstitial region. We stress | ’ “Energy (V) ’ |
that, in our FP-LMTO code, the MT contributions to SDA
may be resolved layer by layer, whereas this is not possible FIG. 7. Calculated SDA for four different types of atomic layers
for the interstitial part that includes also the vacuum. in the 21-layer slak{see text From bottom to top: central layer
With this in mind, one can answer the question: where, inbulk like), fifth layer, layer just below the surface, surface layer.
the slab, the SDA arises. As discussed briefly previously, th&nly the MT sphere contribution is considered in each case.
slab thickness had to be increased to 21 layers, to prevent
any interaction of the innermost layer with the surface oneface, including the reflectance anisotropy spectrRAS)
The individual contributions ta\ €r were calculated for all and the Surface die|ectric anisotro@A)' Opening the pos_

atomic layers in the slab. There are altogether 11 nonequivaspility of direct comparison with optical and energy-loss ex-
lent layers out of the 21, the difference arising from theperiments.

different positions with respect to the surfaces. In Fig. 7 the 5, RAS and SDAREef. 4 spectra for the CY110) sur-

four panels from top to bottom show the SDA for the surface, e are in satisfactory agreement with the experimnts.
layer, the subsurface one, the fifth layer, and the central 'ayeMoreover, we are able to interpret the optical features ac-

respectively. The curves shown represent only the MT sphergy qing to two basically different criteridi) the surface or
contribution to the dielectric function anisotropy. One cany | character of the states involved in the relevant optical
see that(i) the SDA of the central layefbulk like) is prac-  yansitions(see Figs. 4 and)6(ii) the SDA localization in
tically vanishing, as expectedi) the two main SDA struc- o4 spacdsee Fig. 7. These two kinds of theoretical analy-

tures, the ss peak below 2 eV, and the structure close 10 35 provide, in practice, the scanning of the interface, from
eV, due to transitions involving also bulk stateee Fig. 6 g rface to bulk, with the resolution of one atomic layer. The

are strongly present only at the surfaceilayer underlying thegjevance of this theoretical tool of investigation to the
vacuum. The subsurface layer, underlying the surface oney,,yqis of the interfaces of layered materials is obvious.
shows still some anisotropy in the SDA, whereas the fifth 3" sarticular we find that the SDA of th@ 10 surface of
layer is practically isotropic as the bulk layer. Cu mostly arises from the vacuum region and from the first
In view of the large interstitial contribution that can be 4iqmic Jayer. It is almost completely absent in the middle
deduced from the lower panel of Fig. 5, and of the vanishingayers a5 expected, and weak in the subsurface layers. How-
anisotropy below the surface layer, we conclude that most oo, only the low-energy peak, below 2 eV, is due to tran-

the anisotropy originates in the vacuum and in the surfacgitions across surface states. The SDA features at higher en-

layer. This of course does not discard the contribution Ofergy are instead of predominant bulk-to-bulk, bulk-to-surface

bulk states to the relevant transitions, since bulk states arggin According to our results, all these transitions are lo-
present also in these regions. calized in the vacuum region and in the surface layer, where
bulk states are also present. The RAS line shape, on the other
hand, is strongly affected by a bulk effect, namely &y

The present calculations yield tlad initio determination —1 in the denominator of Eql): not only does it yield a
of electronic and dielectric properties of a real metallic sur-positive RAS close 2 eV, where the SDA is negative, but it

V. CONCLUSIONS
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also strongly amplifies the RAS below 4 eV, where the dewolving surface and/or bulk states, and found that its spatial
nominator vanishes. localization is in the vacuum region and in the first atomic
The effect of the surface relaxation upon the RAS, a “sig-layer. These results are, in our opinion, of great importance
nature of the actual surface,” has been investigated carefullyfor interpreting experimental data as well as for predicting
We have calculated the RAS for two different relaxatigins  optical properties in new layered material, surfaces with
the range 8—11% for the contraction of the distance betweeadsorbate§ and so on. We hope that the present work will
the first two outermost layersand found that the one stimulate new measurements in the field of surface optical
adopted by us gives a spectrum barely distiguishable fronproperties of metals.
the other and only a little blueshifted with respect to the
unrelaxed surface. Therefore the agreement of our RAS with
the experimental one can be considered a sound and reliable
result. We are grateful to Letizia Chiodo for helping in the final
In conclusion, we have devised a theoretiedl initio  revision of the manuscript. We acknowledge the support of
method for the electronic and morphological analysis of surthe following funding agencies: INFMPRA 1MESS and
faces and interfaces of real metals. In the case ¢1 0l we Parallel Computing Initiative the EU (NANOPHASE Re-
have disentangled surface and bulk effects in the RAS, anaearch Training Network, Contract No. HPRN-CT-2000-
lyzed the SDA(a surface effegtin terms of transitions in- 00167, and the MIUR(COFIN 20032.
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