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Optical anisotropy and parallel energy bands in AU110) and Cu(110 surfaces
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The optical response of Al10) and Cy110) surfaces is calculated using the self-consistent method of linear
muffin tin orbitals. The imaginary part of the dielectric function determined through electronic interband
transitions presents an anisotropy with light polarized along the two directions at right angles fritaGhe
surfaces. This study establishes that the anisotropy does not result from a geometrical effect but from optical
transitions between parallel surface bands.
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I. INTRODUCTION muffin-tin orbitals (LMTO's). In the case of an AG10
surfacé® we found results in good agreement with the ex-
The investigation on surface optical properties of metalgperimental anisotropies and explained their origin through
has recently gained renewed impulse with the developmergurface, subsurface, and sub-subsurface interband transitions.
of the technique of the reflectance anisotropy spectroscopiowever, for C¢110 and Au110) surfaces we did not give
(RAS). This technique, which was mainly used in semicon-a detailed interpretation of the optical anisotropy through
ductor surface science has been extended successfully tointerband transitions involved in the Brillouin zof®Z). On
metal surfaces. Within this technique one measures the dithe other hand, recent investigation with new results on the
ference of the reflectivity along two perpendicular directionssurface optical properties of AllO) were reported by using
on the surface. Using this method, the optical anisotropy irRAS measurements.This recent experimental work on the
Ag, Cu, and Au(110 surfaces has been widely studisd®  Au(110) surface together with receab initio calculation$®
Several mechanisms may contribute to the surface-induceef the reflectance anisotropy spectra of(CLl0) has motived
optical anisotropy:(i) electronic transitions between local- this present study.
ized surface statés'® (ji) transitions involving near-surface From the experimental point of view, the interpretation of
bulk states whose symmetry is reduced by the presence of dhe optical spectrum of Gl10) is complicated and still sub-
anisotropically reconstructed surfade?® and (iii) surface ject to controversy. A sharp peak at 2.1 eV was observed in a
plasmons may also affect the optical speétra. clean surface with the RASRefs. 6, 8, and 10technique
Although RAS is a powerful technique for probing the and with second-harmonic generatiriThis peak is sensi-
optical properties of surfaces, there is still a problem in thdive to surface contamination and was assigned to electronic
microscopic interpretation of the origin of such anisotropy.transitions involving surface states at tfigoint of the sur-
From the theoretical point of view, different methods areface BZ%® The optical spectrum of Gi10) surface presents
used to interpret the available experimental data for metahlso two other structures at 3.6 and 4.2 eV which respond
surfaces. Among these methods, one can cite thdifferently to O and CO adsorptidf The first one is
paramatrized-model calculations like the so-callediss quenched by adsorption in the same way as the 2.1 eV struc-
cheesemodef®?°?! or the semi-infinite jellium modeé?  ture, while the second is less sensitive to contamindtion.
These models depend obviously on external input parameteiiiese optical structures were also observed in other
and cannot account accurately for the surface-inducedxperiments®®A recent RAS study combined with angle-
changes of the electronic structure. Recently, saiménitio  resolved ultraviolet photoemission spectroscqdgRUPS
effective one-electron calculations within density functionalon the surface optical properties of clean (Ci0) and
theory (DFT) and using the local density approximation Cu(110-(2x2)-O shows optical structures at 2.1 eV and 4.2
(LDA) have been attempt&ti?® with reliable results. In or- eV attributed to transitions between surface electronic states
der to go beyond the one-electron calculatioab, initioc  atY and X points of the BZ.
methods including self-energies, excitonic, and local field ef- Although investigations of the surface optical properties
fects are availablé’?® Unfortunately, to our best knowledge, on Au(110) started a few decades ago, the origin of its opti-
calculations on the optical response of metal surfaces base@l anisotropy is less understood than that1df0) surfaces
upon such sophisticated numerical methods have not beexf Cu and Ag, two materials of similar electronic properties.
attempted up to now. These methods are used to stud®ne of the first works on Al10 was performed by Kofman
semiconductor-based systems. It seems that self-energies, et-al>° who obtained an anisotropic optical response by us-
citonic, and local-field effects are rather important in opticaling  electroreflectance  measurements. The  RAS
properties of semiconductof$. measurement$®! in air and in an electrochemical
In this context we have previously performedaminitio environment’ yielded negative anisotropy around 2.4 eV
study of the optical anisotropy in Cu, Au, and AG10  and a dominant positive structure at 3.6 eV. Similar results
surface$>?® through interband transitions based on energywere also obtained recently through RAS experiments which
bands calculated by using a self-consistent method of linedrave been also performed under clean ultrahigh-vacuum
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conditions®® More recently, Stahrenberet al!® have used
the RAS technique to determine the surface dielectric anisot-
ropy under ultrahigh-vacuum conditions of @10 for
which they found spectral features at 1.9, 2.5, 2.8, 3.5, and
4.4 eV. In contrast to Qd10 and Ag110 surfaces, for
Au(110 the agreement between RAS measurements and
surface-local-field calculations is not satisfacto{:2°

In this work we attempt to give a microscopic interpreta-
tion of the origin of the anisotropies observed in(CL0) and
Au(110. We also propose to determine the symmetry of the
orbitals concerned by the electronic interband transitions.
Our calculations are based on the self-consistent method of
linear muffin-tin orbitals for which we give briefly some
technical details in Sec. Il. The results are presented and
discussed in Sec. Ill, and finally Sec. IV summarizes our
main conclusions.

Optical anisotropy [¢, (@) —¢,’(w)]
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The surface is modeled by a periodically repeated slabs
consisting of seven C(Au) atomic _Iayers sepa_lrated by five FIG. 1. Differenceel(w)— ej(w) between the components
vacuum layers. The cLystaI coordinates of this supercell '8ndy of the imaginary part of the dielectric constai(w) vs the
rotated to bring th¢ 110], [001], and[110] crystal direc-  photon energy» of (110) surfaces of C(a) and Au(b). For com-
tions parallel to the, y, andz axes, respectivek? The unit parison, we have indicated by arrows the experimental peak posi-
supercell is orthorhombic with interatomic distances carriedions: (c),(€) Refs. 6, 8, and 15d) Refs. 6 and 8(f),(i),(j): Ref. 20,
back to the experimental lattice constafitef cubic-face-  and(g),(h),(k) Ref. 13.
centered Cu3.61 A) Au (4.08 A) elements.

The optical absorption of the system is directly propor-increasing number ok points in the irreducible BZ until
tional to the imaginary part of the dielectric functiefw) convergence which is achieved for 5Kk§oints.
=¢1(w) +iey(w), w being the photon energy. Excluding the
cor_ltribgtion of_ the intraband transition@®rude’s term), IIl. RESULTS AND DISCUSSION
which is only important at very low energyx(L/w®), the
optical absorptiore,(w) incorporates the allowed interband  First, let us notice that new results concerning RAS mea-
transitions. According to the microscopic theory of optical surements on A@10) have been reported recentfyOn the
properties in the limit of an infinite lifetime of the excitations other hand,ab initio calculations of the RAS spectrum of
and afT=0 K, €,(w) is given by a surface integration in the Cu(110) were recently obtained by Monachesial *® where

Brillouin zone: they show that the peaks observed at low energy are pro-
duced by interband transitions involving surface states
4 ||3i ,(IZ)|2 whereas structures at high energy are due to transitions
e(w)=— f —__dS,, (1)  across bulk states. _
o T JBz|Vwny (K) In this present study, we will show that the calculated

anisotropies are due to electronic transitions between parallel
wherei denotes the polarization of the light<x,y,z) and  surface bands. So we focus on the energy bands along high-
P, (K) is theith component of the dipole matrix element Symmetry directions in the BZ in order to mark appropriately
between the initialnE} and final|n'|2) states with eigenval- the Iocathn of th_e mterk_)and electronic transitions giving rise
- . ) i .. to the optical anisotropies. The corresponding curves to our
uesk,(k) and E,.(k), respectively. The BZ integration is

) 53R calculated optical anisotropies in Cu and(ALO) surfaces
performed by using the usual tetrahedron techrig are shown in Fig. 1. For convenience and clarity in the dis-

where the constant surface energySis {k;E,/(k) —E,(K)  cussion, we report also in Table | the measured optical peak
=wyy(K)=w}. The details of the calculation d®,, (k) positions along with our calculated values. We denot€by
and e,(w) in the LMTO are given elsewher8. C,, andC4 the optical peaks found in the optical spectra of
The above expressidi) involves a transition probability Cu(110 slabs for photon energies of 2.0, 3.6, and 4.0 eV,
by means of the dipole matrix elements which obey the serespectively. The corresponding structures of the interband
lection rules concerning the interband transitions. The electransitions in AG110) found at 1.2, 2.4, 2.8, and 4.1 eV are
tronic structure is calculated by using the LMTO method inlabeled byA;, A,, Az, andA,, respectively.
the atomic sphere approximati¢ASA) including the com- Figures 2 and 3 display the energy bands along high-
bined correctior/*® The exchange and correlation potential symmetry directions in Gd10 and Au110), respectively,
has been treated in the LDA within the von Barth—Hedinwhere we have marked the locations of the different optical
approximatior?® The calculations are performed by using anpeaks. We give the energy ban@k) along the high-
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TABLE I. The optical peak positiongeV) obtained in the 5
present work along with available experimental and theoretical 4
data. 3

c A g >

u u > 1

Ci C G AL Ay Ag A E’ of

Present work 20 36 4.0 1.2 24 28 41 o

Hofmannet al.? 21 38 42 -2

Fredericket al.” 21 38 42 3
Stahrenbergt al. © 25 28 44

Mochanet al. ¢ 24 36 42 N

Monacheskt al. € 2.0 4.0 = 8

Stahrenbergt al.” 2.1 4.2 Lz

§ 1

8Reference 6. YReference 20. 2 o

bReference 8. ‘Reference 26. w

‘Reference 13. Reference 15. 2

3

symmetry directions oriented by the high-symmetry points

I', X, Y, andM. FIG. 3. Energy bands of Au along high-symmetry directions in
In the supercell, when the interslab bonding is broken, foseven layers slalta) and bulk (b) generated from(110 crystal

a fixedk vector in the k, k,) plane, one obtains the same coordinates. The calculated peak positions in the optical anisotropy

eigenvalues in thi, direction?® Therefore, in our discussion ¢ marked by Al, A2, A3, and A4. The horizontal dashed line

we limit ourselves only in this plane by giving the coordi- ndicates the Fermi level.

nates of the vectors in units ofr{a) and (m/b). In these First, we discuss the results of the optical structures ob-

units the positions of the high-symmetry poilts X, Y, and . ; ; . ) )
M are (0,0). (1,0), (0,1), and (1,1). respectively. We usetalned in Cy110 through Fig. 2a), which gives the corre

: sponding energy bands. The first pgakat 2.0 eV is mainly

?‘,\Ei) E:L,:I(S,A_\ui),sirr]filf\:le(s_si)béar?;;gnaatr? dthiunbo-zﬁ;rsnuﬁglc located around” point in thel'Y andI'M directions. For
whereaé\I(V) is assignéd to the bquI,ike state created in the(?hIS peak, the major contribution comes from SU(_.p [d(—;--
middle of the slab notes a transition frond to p state in the Cug) atomic

' spherg and CuG—2)4_.,. Beside this, there is another lo-
cation of this peak around th{6.5,1.0 k point along theY M
direction where the transitions are essentially due to
Cu(S)s_.,. The type of orbital symmetries involved and
atomic layers concerned by this transition near heoint
are different from those located in theM direction. How-
ever, it seems that this structure might contain contributions
arising from two different origins. The optical structure cor-
responding to this peakd;) was observed in a humber of
experiments performed on the @d0) surface and has been
found in several calculationdable ) where its double ori-
gin is also noticed. It was assigned to electronic transitions
involving surface statés® at theY point. Indeed, Hansen
et al1® observed that this structure is not quenched after ex-
posure of Cl10) clean surfaces to air and concluded that
this resonance might have two origins.

The peakC, that we found at 3.6 eV arises from elec-
tronic transitions occurring in a very narrow region between
(0.0,0.0 and(0.1,0.0 k points in thel X direction. Its origin
e v =S VA is due tod— p transitions in Cu§) and CuS—1). Hofmann
= S ST AN et al® and Fredericlet al® have also observed a structure at
r M x r Y M 3.8 eV and have assigned it tb—sp interband transitions.

FIG. 2. Energy bands of Cu along high-symmetry directions in ~ The presence of the pedlg (4.0 eV) results from contri-
seven layers slalfa) and bulk (b) generated from(110 crystal butions of all atomic Spheres Coming from different elec-
coordinates. The calculated peak positions in the optical anisotroptfonic transitions: p—d) type in deeper layers C€8-2) and
are marked by C1, C2, and C3. The horizontal dashed line indicate€u(V) and also of p—s) type in Cu@), Cu(S—1), and
the Fermi level. Cu(S—2). It seems that this peak is due to an intrinsic an-

Energy (eV)
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isotropy rather than to transitions involving only surface The peakA, at 4.1 eV originates fron{1.0,0.0 up to
states. This result is in qualitative agreement with the resulté1.0,0.7 k points mainly in theXM direction and also in
of Hofmann et al® who found a structure around 4.0 eV narrow regions along the high-symmetfM direction. A
which is only little affected by CO, O, and N adsorption major contribution to this anisotropy comes fram- p tran-
whereas the peaks at 2.1 and 3.8 eV are rather surface segitions involving the three top layers AB(S—1,S—2) but
sitive. As it is shown in Fig. @), this peakC; originates  mainly from AuS),s.
from electronic transitions which occur betwe¢h9,0.9 As for Cu110), we found that the bulklike layer AV)
and(1.0,1.0 k points in thel'M direction and also between remains neutral whereas ASY loses (0.487) which is
the M symmetry point up to th€1.0,0.8 k point in theMX  gained (0.387) essentially by its interface empty sphere.
direction. There is no contribution of AY) to anisotropic transitions
As we can notice, the contributions of the interband tran-of the Au110 surface. It is also evident from Fig(8 that
sitions to the calculated anisotropies arise essentially fronthe interband transitions involve mainly parallel energy
the three top layersS, S—1, S—2). The contribution to the bands which are not necessarily situated near high-symmetry
peak C; coming from the bulklike atomic layer QU) is  points.
small and can be considered as negligible. The bulk atomic In order to shed light on the possible geometrical contri-
sphere is not significantly affected by the surface. This carution to the optical anisotropies observed experimentally
be understood by the calculated charge transfer between t@d reproduced from our calculations, we have considered
different atomic spheres of the slab. The most important par@ Pulk Cu (Au) in the (110 direction without empty
of the charge lost (Oet’) in Cu(S) is mainly gained (0.87) atomic spheres. Figures( and 3b) display the energy

by the interface empty sphere whereas the rest goes (}ﬁands Of. bulk Cu and Au, respeptivgly, generated ffom
Cu(S—1) and CuG—2) atomic layers. The bulklike atom the coordinates of th€l10) crystal direction. For compari-

Cu(V) remains neutral and it is not affected by the surface. Itrsl
is clear from Fig. 2a) that the main contributions to the
interband transitions are due to parallel bands and they a
not limited to only high-symmetry points.

on, we have plotted the energy bands along the same
igh-symmetry directions as for Cll0 and AUY110
rsurfaces[Figs. 4a) and 3a)]. When we compare Fig.(8

ﬁig. 3(a)] with Fig. 2(b) [Fig. 3(b)], we can clearly notice
that the energy bands corresponding(140 surfaces are

From theoretical point of view, the optical anisotropy of . .
somewhat confined and the occupied bands are pushed to-
Au(110 seems to be less clear. In contrast to(110) and . ;
wards lower energies. In the cases of bulkli#d0 of the

Ag(110 surface$!®the agreement between RAS measure- L i
ments with the surface-local-field calculation assuming E}WO materialgFigs. 4b) and 3b)], there are no parallel en

bulk truncated (X 1) structure is not satisfactof{. ergy bands except for those connecting e direction for
> . . which the electronic transitions are not allowed by the selec-
As we can see in Fig.(d), showing the corresponding

energy bands of a seven-layer slab of £10), the electronic tion rules. So we can say that the optical anisotropies in
interggnd transitions giving )r/ise to the four,optical peaks Cu(110 an Au110 could have their origin from the reduced
A,. As, andA, can take place anywhere along the high_symmetry of the(110) surface. A similar qualitative conclu-

symmetry directions. Moreover, the interband transition sion has been traced back from our earlier calculafion
y Yy : ’ Yhe optical properties of AG10. The transitions take place

could not be limited to only these directions, but they COU|dbet\Neen parallel energy bands not necessary horizontal,

gcm&rtanyv_\;here in the Bza_ln thist X d('jol\rectloE, the inter- and they do not take place always near high-symmetry
and transitions correspondingAg andA; peaks are some- oints. At low energy a major contribution to these anisotro-

what eclipsed by the large presence of those correspondi es comes fromg{p—sp) involving generally(S) and (S

to A,. We have used a thick dotted line to bring up thelr—1) surfaces, and beyond 2.0 eV the contribution from oc-

presence. The first peak; at 1.2 eV appears in the three cuDi : .
Lo . piedd bands is enhanced and the deeper lager Z) is
directionsI'M, MX, and alongY M at the(0.8,1.0 k point. more implicated.

The contributions to the peak; located in thel'M and
MX directions come mainly from A8—1)s4 ., transitions,
mixed with some part coming from A& .,. For the last
location in theY M direction, the transitions are rather of

(sp—sp) type in AUS). According to our analysis of the calculated optical spectra
The peak A, at 2.4 eV located around the¥  of Cu and A§110) surfaces we can conclude that interband
high-symmetry point alongY M and I'Y has its origin  transitions do not occur only between bands that give high-
from Au(S—2)4_,, Au(S—1)4_., and Au@)s ., transi-  density region(i.e., bands with zero gradientand they are
tions. We found also another location around 0€5,0.0 Kk not limited to high-symmetry directions. The transitions may
point in the I'X direction arising from transitions ofp(  occur anywhere in the BZ when the two involved bands have
—s) type in Au@S—1), Au(S) and of @—p) type in  the same gradients and the corresponding transitions are al-
Au(S—2). lowed by the selection rules. The band structures presented
The structureA; at 2.8 eV is located only between here are only a partial representation of a global situation.
(1.0,0.6 and (1.0,0.7 k points along theXM direction. Its  Parallel bands that contribute to the transition may be found
origin comes from Au)sq., and AuS—2)s4 ., transi- in other directions which are not necessarily close to high-
tions. symmetry points. We can also conclude that for noble-metal

IV. CONCLUSION
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