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Optical anisotropy and parallel energy bands in Au„110… and Cu„110… surfaces
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The optical response of Au~110! and Cu~110! 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 from the@110#
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

The investigation on surface optical properties of met
has recently gained renewed impulse with the developm
of the technique of the reflectance anisotropy spectrosc
~RAS!. This technique, which was mainly used in semico
ductor surface science,1,2 has been extended successfully
metal surfaces. Within this technique one measures the
ference of the reflectivity along two perpendicular directio
on the surface. Using this method, the optical anisotropy
Ag, Cu, and Au~110! surfaces has been widely studied.3–15

Several mechanisms may contribute to the surface-indu
optical anisotropy:~i! electronic transitions between loca
ized surface states,6,16 ~ii ! transitions involving near-surfac
bulk states whose symmetry is reduced by the presence o
anisotropically reconstructed surface,17,18 and ~iii ! surface
plasmons may also affect the optical spectra.19

Although RAS is a powerful technique for probing th
optical properties of surfaces, there is still a problem in
microscopic interpretation of the origin of such anisotro
From the theoretical point of view, different methods a
used to interpret the available experimental data for m
surfaces. Among these methods, one can cite
paramatrized-model calculations like the so-calledswiss
cheesemodel3,9,20,21 or the semi-infinite jellium model.22

These models depend obviously on external input parame
and cannot account accurately for the surface-indu
changes of the electronic structure. Recently, someab initio
effective one-electron calculations within density function
theory ~DFT! and using the local density approximatio
~LDA ! have been attempted23–26 with reliable results. In or-
der to go beyond the one-electron calculations,ab initio
methods including self-energies, excitonic, and local field
fects are available.27,28Unfortunately, to our best knowledge
calculations on the optical response of metal surfaces b
upon such sophisticated numerical methods have not b
attempted up to now. These methods are used to s
semiconductor-based systems. It seems that self-energie
citonic, and local-field effects are rather important in optic
properties of semiconductors.29

In this context we have previously performed anab initio
study of the optical anisotropy in Cu, Au, and Ag~110!
surfaces23,25 through interband transitions based on ene
bands calculated by using a self-consistent method of lin
0163-1829/2003/67~23!/235419~5!/$20.00 67 2354
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muffin-tin orbitals ~LMTO’s!. In the case of an Ag~110!
surface25 we found results in good agreement with the e
perimental anisotropies and explained their origin throu
surface, subsurface, and sub-subsurface interband transit
However, for Cu~110! and Au~110! surfaces we did not give
a detailed interpretation of the optical anisotropy throu
interband transitions involved in the Brillouin zone~BZ!. On
the other hand, recent investigation with new results on
surface optical properties of Au~110! were reported by using
RAS measurements.13 This recent experimental work on th
Au~110! surface together with recentab initio calculations26

of the reflectance anisotropy spectra of Cu~110! has motived
this present study.

From the experimental point of view, the interpretation
the optical spectrum of Cu~110! is complicated and still sub
ject to controversy. A sharp peak at 2.1 eV was observed
clean surface with the RAS~Refs. 6, 8, and 10! technique
and with second-harmonic generation.14 This peak is sensi-
tive to surface contamination and was assigned to electr
transitions involving surface states at theY point of the sur-
face BZ.6,8 The optical spectrum of Cu~110! surface presents
also two other structures at 3.6 and 4.2 eV which resp
differently to O and CO adsorption.6,8 The first one is
quenched by adsorption in the same way as the 2.1 eV st
ture, while the second is less sensitive to contaminatio6

These optical structures were also observed in ot
experiments.10,18A recent RAS study15 combined with angle-
resolved ultraviolet photoemission spectroscopy~ARUPS!
on the surface optical properties of clean Cu~110! and
Cu~110!-(232)-O shows optical structures at 2.1 eV and 4
eV attributed to transitions between surface electronic st
at Y andX points of the BZ.

Although investigations of the surface optical propert
on Au~110! started a few decades ago, the origin of its op
cal anisotropy is less understood than that of~110! surfaces
of Cu and Ag, two materials of similar electronic propertie
One of the first works on Au~110! was performed by Kofman
et al.30 who obtained an anisotropic optical response by
ing electroreflectance measurements. The R
measurements20,31 in air and in an electrochemica
environment32 yielded negative anisotropy around 2.4 e
and a dominant positive structure at 3.6 eV. Similar resu
were also obtained recently through RAS experiments wh
have been also performed under clean ultrahigh-vacu
©2003 The American Physical Society19-1
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conditions.33 More recently, Stahrenberget al.13 have used
the RAS technique to determine the surface dielectric ani
ropy under ultrahigh-vacuum conditions of Au~110! for
which they found spectral features at 1.9, 2.5, 2.8, 3.5,
4.4 eV. In contrast to Cu~110! and Ag~110! surfaces, for
Au~110! the agreement between RAS measurements
surface-local-field calculations is not satisfactory.3,10,20

In this work we attempt to give a microscopic interpre
tion of the origin of the anisotropies observed in Cu~110! and
Au~110!. We also propose to determine the symmetry of
orbitals concerned by the electronic interband transitio
Our calculations are based on the self-consistent metho
linear muffin-tin orbitals for which we give briefly som
technical details in Sec. II. The results are presented
discussed in Sec. III, and finally Sec. IV summarizes o
main conclusions.

II. METHOD

The surface is modeled by a periodically repeated sl
consisting of seven Cu~Au! atomic layers separated by fiv
vacuum layers. The crystal coordinates of this supercell
rotated to bring the@11̄0#, @001#, and @110# crystal direc-
tions parallel to thex, y, andz axes, respectively.25 The unit
supercell is orthorhombic with interatomic distances carr
back to the experimental lattice constants34 of cubic-face-
centered Cu~3.61 Å! Au ~4.08 Å! elements.

The optical absorption of the system is directly prop
tional to the imaginary part of the dielectric functione(v)
5e1(v)1 i e2(v), v being the photon energy. Excluding th
contribution of the intraband transitions~Drude’s term!,
which is only important at very low energy (}1/v3), the
optical absorptione2(v) incorporates the allowed interban
transitions. According to the microscopic theory of optic
properties in the limit of an infinite lifetime of the excitation
and atT50 K, e2(v) is given by a surface integration in th
Brillouin zone:

e2
i ~v!5

4

pv2 (
n,n8

E
BZ

uPW nn8
i

~kW !u2

u¹W vnn8~kW !u
dSW k , ~1!

where i denotes the polarization of the light (i 5x,y,z) and
Pnn8

i (kW ) is the i th component of the dipole matrix eleme

between the initialunkW & and finalun8kW & states with eigenval-
ues En(kW ) and En8(k

W ), respectively. The BZ integration i
performed by using the usual tetrahedron technique35,36

where the constant surface energy isS5$kW ;En8(k
W )2En(kW )

5vnn8(k
W )5v%. The details of the calculation ofPnn8(k

W )
ande2(v) in the LMTO are given elsewhere.35

The above expression~1! involves a transition probability
by means of the dipole matrix elements which obey the
lection rules concerning the interband transitions. The e
tronic structure is calculated by using the LMTO method
the atomic sphere approximation~ASA! including the com-
bined correction.37,38 The exchange and correlation potent
has been treated in the LDA within the von Barth–Hed
approximation.39 The calculations are performed by using
23541
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increasing number ofk points in the irreducible BZ until
convergence which is achieved for 578k points.

III. RESULTS AND DISCUSSION

First, let us notice that new results concerning RAS m
surements on Au~110! have been reported recently.13 On the
other hand,ab initio calculations of the RAS spectrum o
Cu~110! were recently obtained by Monachesiet al.26 where
they show that the peaks observed at low energy are
duced by interband transitions involving surface sta
whereas structures at high energy are due to transit
across bulk states.

In this present study, we will show that the calculat
anisotropies are due to electronic transitions between par
surface bands. So we focus on the energy bands along h
symmetry directions in the BZ in order to mark appropriate
the location of the interband electronic transitions giving r
to the optical anisotropies. The corresponding curves to
calculated optical anisotropies in Cu and Au~110! surfaces
are shown in Fig. 1. For convenience and clarity in the d
cussion, we report also in Table I the measured optical p
positions along with our calculated values. We denote byC1 ,
C2, andC3 the optical peaks found in the optical spectra
Cu~110! slabs for photon energies of 2.0, 3.6, and 4.0 e
respectively. The corresponding structures of the interb
transitions in Au~110! found at 1.2, 2.4, 2.8, and 4.1 eV ar
labeled byA1 , A2 , A3, andA4, respectively.

Figures 2 and 3 display the energy bands along hi
symmetry directions in Cu~110! and Au~110!, respectively,
where we have marked the locations of the different opti
peaks. We give the energy bandsE(k) along the high-

FIG. 1. Differencee2
x(v)2e2

y(v) between the componentsx
andy of the imaginary part of the dielectric constante2

i (v) vs the
photon energyv of (110) surfaces of Cu~a! and Au~b!. For com-
parison, we have indicated by arrows the experimental peak p
tions: ~c!,~e! Refs. 6, 8, and 15,~d! Refs. 6 and 8,~f!,~i!,~j!: Ref. 20,
and ~g!,~h!,~k! Ref. 13.
9-2
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symmetry directions oriented by the high-symmetry poi
G, X, Y, andM.

In the supercell, when the interslab bonding is broken,
a fixed k vector in the (kx ,ky) plane, one obtains the sam
eigenvalues in thekz direction.40 Therefore, in our discussion
we limit ourselves only in this plane by giving the coord
nates of the vectors in units of (p/a) and (p/b). In these
units the positions of the high-symmetry pointsG, X, Y, and
M are (0,0), (1,0), (0,1), and (1,1), respectively. We u
N(S), N(S21), andN(S22) to designate the noble-met
(N5Cu, Au! surface, subsurface, and sub-subsurf
whereasN(V) is assigned to the bulklike state created in t
middle of the slab.

FIG. 2. Energy bands of Cu along high-symmetry directions
seven layers slab~a! and bulk ~b! generated from~110! crystal
coordinates. The calculated peak positions in the optical anisot
are marked by C1, C2, and C3. The horizontal dashed line indic
the Fermi level.

TABLE I. The optical peak positions~eV! obtained in the
present work along with available experimental and theoret
data.

Cu Au

C1 C2 C3 A1 A2 A3 A4

Present work 2.0 3.6 4.0 1.2 2.4 2.8 4.
Hofmannet al. a 2.1 3.8 4.2
Fredericket al. b 2.1 3.8 4.2
Stahrenberget al. c 2.5 2.8 4.4
Mochanet al. d 2.4 3.6 4.2
Monachesiet al. e 2.0 4.0
Stahrenberget al. f 2.1 4.2

aReference 6. dReference 20.
bReference 8. eReference 26.
cReference 13. fReference 15.
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First, we discuss the results of the optical structures
tained in Cu~110! through Fig. 2~a!, which gives the corre-
sponding energy bands. The first peakC1 at 2.0 eV is mainly
located aroundG point in theGY and GM directions. For
this peak, the major contribution comes from Cu(S)d→p @de-
notes a transition fromd to p state in the Cu(S) atomic
sphere# and Cu(S22)d→p . Beside this, there is another lo
cation of this peak around the~0.5,1.0! k point along theY M
direction where the transitions are essentially due
Cu(S)s→p . The type of orbital symmetries involved an
atomic layers concerned by this transition near theG point
are different from those located in theY M direction. How-
ever, it seems that this structure might contain contributio
arising from two different origins. The optical structure co
responding to this peak (C1) was observed in a number o
experiments performed on the Cu~110! surface and has bee
found in several calculations~Table I! where its double ori-
gin is also noticed. It was assigned to electronic transitio
involving surface states6,15 at the Y point. Indeed, Hansen
et al.10 observed that this structure is not quenched after
posure of Cu~110! clean surfaces to air and concluded th
this resonance might have two origins.

The peakC2 that we found at 3.6 eV arises from ele
tronic transitions occurring in a very narrow region betwe
~0.0,0.0! and~0.1,0.0! k points in theGX direction. Its origin
is due tod→p transitions in Cu(S) and Cu(S21). Hofmann
et al.6 and Fredericket al.8 have also observed a structure
3.8 eV and have assigned it tod→sp interband transitions.

The presence of the peakC3 ~4.0 eV! results from contri-
butions of all atomic spheres coming from different ele
tronic transitions: (p→d) type in deeper layers Cu~S22! and
Cu~V! and also of (p→s) type in Cu(S), Cu(S21), and
Cu(S22). It seems that this peak is due to an intrinsic a

py
es

FIG. 3. Energy bands of Au along high-symmetry directions
seven layers slab~a! and bulk ~b! generated from~110! crystal
coordinates. The calculated peak positions in the optical anisotr
are marked by A1, A2, A3, and A4. The horizontal dashed l
indicates the Fermi level.
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A. ZIANE AND S. BOUARAB PHYSICAL REVIEW B 67, 235419 ~2003!
isotropy rather than to transitions involving only surfa
states. This result is in qualitative agreement with the res
of Hofmann et al.6 who found a structure around 4.0 e
which is only little affected by CO, O, and N adsorptio
whereas the peaks at 2.1 and 3.8 eV are rather surface
sitive. As it is shown in Fig. 2~a!, this peakC3 originates
from electronic transitions which occur between~0.9,0.9!
and ~1.0,1.0! k points in theGM direction and also betwee
the M symmetry point up to the~1.0,0.8! k point in theMX
direction.

As we can notice, the contributions of the interband tra
sitions to the calculated anisotropies arise essentially f
the three top layers (S, S21, S22). The contribution to the
peak C3 coming from the bulklike atomic layer Cu~V! is
small and can be considered as negligible. The bulk ato
sphere is not significantly affected by the surface. This
be understood by the calculated charge transfer between
different atomic spheres of the slab. The most important p
of the charge lost (0.4e2) in Cu(S) is mainly gained (0.3e2)
by the interface empty sphere whereas the rest goes
Cu(S21) and Cu(S22) atomic layers. The bulklike atom
Cu~V! remains neutral and it is not affected by the surface
is clear from Fig. 2~a! that the main contributions to th
interband transitions are due to parallel bands and they
not limited to only high-symmetry points.

From theoretical point of view, the optical anisotropy
Au~110! seems to be less clear. In contrast to Cu~110! and
Ag~110! surfaces3,10 the agreement between RAS measu
ments with the surface-local-field calculation assuming
bulk truncated (131) structure is not satisfactory.20

As we can see in Fig. 3~a!, showing the correspondin
energy bands of a seven-layer slab of Au~110!, the electronic
interband transitions giving rise to the four optical peaksA1 ,
A2 , A3, and A4 can take place anywhere along the hig
symmetry directions. Moreover, the interband transitio
could not be limited to only these directions, but they cou
occur anywhere in the BZ. In theMX direction, the inter-
band transitions corresponding toA1 andA3 peaks are some
what eclipsed by the large presence of those correspon
to A4. We have used a thick dotted line to bring up th
presence. The first peakA1 at 1.2 eV appears in the thre
directionsGM , MX, and alongY M at the~0.8,1.0! k point.

The contributions to the peakA1 located in theGM and
MX directions come mainly from Au(S21)sd→p transitions,
mixed with some part coming from Au(S)s→p . For the last
location in theY M direction, the transitions are rather o
(sp→sp) type in Au~S!.

The peak A2 at 2.4 eV located around theY
high-symmetry point alongY M and GY has its origin
from Au(S22)d→p , Au(S21)d→p and Au(S)s→p transi-
tions. We found also another location around the~0.6,0.0! k
point in the GX direction arising from transitions of (p
→s) type in Au(S21), Au(S) and of (d→p) type in
Au(S22).

The structureA3 at 2.8 eV is located only betwee
~1.0,0.6! and ~1.0,0.7! k points along theXM direction. Its
origin comes from Au(S)sd→p and Au(S22)sd→p transi-
tions.
23541
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The peakA4 at 4.1 eV originates from~1.0,0.0! up to
~1.0,0.7! k points mainly in theXM direction and also in
narrow regions along the high-symmetryGM direction. A
major contribution to this anisotropy comes fromd→p tran-
sitions involving the three top layers Au(S,S21,S22) but
mainly from Au(S)p→s .

As for Cu~110!, we found that the bulklike layer Au~V!
remains neutral whereas Au(S) loses (0.43e2) which is
gained (0.33e2) essentially by its interface empty spher
There is no contribution of Au~V! to anisotropic transitions
of the Au~110! surface. It is also evident from Fig. 3~a! that
the interband transitions involve mainly parallel ener
bands which are not necessarily situated near high-symm
points.

In order to shed light on the possible geometrical con
bution to the optical anisotropies observed experiment
and reproduced from our calculations, we have conside
a bulk Cu ~Au! in the ~110! direction without empty
atomic spheres. Figures 2~b! and 3~b! display the energy
bands of bulk Cu and Au, respectively, generated fr
the coordinates of the~110! crystal direction. For compari-
son, we have plotted the energy bands along the s
high-symmetry directions as for Cu~110! and Au~110!
surfaces@Figs. 2~a! and 3~a!#. When we compare Fig. 2~a!
@Fig. 3~a!# with Fig. 2~b! @Fig. 3~b!#, we can clearly notice
that the energy bands corresponding to~110! surfaces are
somewhat confined and the occupied bands are pushe
wards lower energies. In the cases of bulklike~110! of the
two materials@Figs. 2~b! and 3~b!#, there are no parallel en
ergy bands except for those connecting theGY direction for
which the electronic transitions are not allowed by the sel
tion rules. So we can say that the optical anisotropies
Cu~110! an Au~110! could have their origin from the reduce
symmetry of the~110! surface. A similar qualitative conclu
sion has been traced back from our earlier calculation25 on
the optical properties of Ag~110!. The transitions take place
between parallel energy bands not necessary horizo
and they do not take place always near high-symme
points. At low energy a major contribution to these anisot
pies comes from (sp→sp) involving generally~S! and (S
21) surfaces, and beyond 2.0 eV the contribution from
cupiedd bands is enhanced and the deeper layer (S22) is
more implicated.

IV. CONCLUSION

According to our analysis of the calculated optical spec
of Cu and Au~110! surfaces we can conclude that interba
transitions do not occur only between bands that give hi
density region~i.e., bands with zero gradients! and they are
not limited to high-symmetry directions. The transitions m
occur anywhere in the BZ when the two involved bands ha
the same gradients and the corresponding transitions ar
lowed by the selection rules. The band structures prese
here are only a partial representation of a global situati
Parallel bands that contribute to the transition may be fou
in other directions which are not necessarily close to hi
symmetry points. We can also conclude that for noble-me
9-4
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~110! surfaces, the interband transitions inducing the anis
ropy are surface effects and can occur mainly in surface (S),
subsurface (S21), and sub-subsurface (S22) atomic lay-
ers. They are not limited only to high-symmetry points or
high-density regions. For low photon energies, the domin
part of the transitions is of type (sp→sp) and (sd→p). The
contribution from pured bands becomes important only fo
high-energy range.
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