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Reflectance anisotropy spectra of Cu and Ag„110… surfaces from ab initio theory
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Reflectance anisotropy spectra of Cu and Ag~110! surfaces are obtained byab initio calculations. We
disentangle the effects of the intraband and interband parts of the bulk dielectric function in the spectra,
splitting them further into components stemming from bulk and surface states. As in the case of semiconductor
surfaces, transitions across bulk states yield large contributions. A good description of experimental results is
obtained. We find evidence of a small surface dielectric anisotropy due to intraband transitions.
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Reflectance anisotropy spectroscopy~RAS! is a powerful
technique for probing the optical properties of surfaces.
flectance anisotropy is the relative difference of the refl
tivities measured with light polarized along two perpendic
lar axes on the surface. Since the pioneering work
Aspnes1 in 1985, the technique has found widespread ap
cations in semiconductor surface science; however, the
RA spectrum of a metallic surface appeared, for Ag~110!,2 in
1993. This research has recently gained renew
impulse.3,4,6–10However, a microscopic interpretation of R
spectra in terms of electronic transitions among surf
and/or bulk states is still missing, which limits the potent
of the technique itself.11 This state-of-the-art situation call
for a sound interpretation of RAS based on microscopic c
culations. From the theory side, however, only two extre
models are available: the semi-infinite jellium model12

which yields no RA, and an interacting-dipole model~the
so-calledswiss cheesemodel!, which is currently used to
describe experimental data.2,5,6Ab initio effective one-
electron calculations have recently begun,13,14 but no clear
interpretation of the experiments has appeared so far.

In this paper we present the RA spectra of Cu and
~110! surfaces obtained by anab initio one-electron calcula
tion within density-functional theory15 ~DFT! using the
local-density approximation16 ~LDA !. This theoretical ap-
proach is the most effective and widely usedab initio treat-
ment of the electronic properties of solids when many-bo
effects are neglected.

We analyze the structures in the RA spectra in terms
optical transitions among surface or bulk states. This is
issue of fundamental interest since it is related to the e
ciency of optical spectroscopy in detecting surface states
in the case of semiconductor surfaces,17 we show that
surface-perturbed bulk states yield important contribution

The surface reflectivity anisotropy in the present case
Dr /r 52(r [11̄0]2r [001])/(r [11̄0]1r [001]), where r [11̄0] and
r [001] are the reflectivities measured with light polariz
along the two symmetry directions of the~110! surface. Ac-
cording to the microscopic theory of surface optic
properties18 the RA spectrum for a semi-infinite crystal
given by19
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whereeb is the bulk dielectric function andDe is the surface
dielectric anisotropy~SDA! ~subscripts 1,2 refer to the rea
and imaginary parts, and thev dependence is understood!.
De is related toe [11̄0](z,z8;v) and e [001](z,z8;v), the di-
electric susceptibilities of the surface for light polarize
along @11̄0# and @001#, by

De~v!5
1

dE2`

1`E
2`

1`

dzdz8@e [11̄0]~z,z8;v!

2e [001]~z,z8;v!#, ~2!

whered is the thickness of the surface layer.20

Self-energy, excitonic, and local-field effects can in pr
ciple be included in the dielectric susceptibilities.21 They are
known to be rather important in the optical properties
semiconductors,22 although they cancel each other to som
extent; their relevance in the case of metals is still uncle
For this reason and since they are difficult to account for,
neglect them altogether. With this approximationDe can be
obtained from slab calculations in terms of one-electr
transitions.17

It is important to realize that SDA and RA are not equiv
lent. On the one hand, one can determine the SDA fr
experiments only if thecomplexDr /r @not only its real part
given by Eq.~1!# is known @see Eq.~2! of Ref. 3#; on the
other hand, RA structures, although arising from the SDA
the numerators of Eq.~1!, can be severely affected by th
denominators, i.e., by bulk effects. In particular, wh
e1

b(v)51, the second term on the right-hand side~RHS! of
Eq. ~1! can have strong resonances, even thoughDe1 is
small and smooth. In the following, we try to distinguish,
the RA spectra, between the structures arising from the S
and those arising from bulk effects. We will show that t
deep RAS minimum of Ag~110! at 3.8 eV @see Fig. 2~a!#
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originates from bulk effects, while that of Cu~110! above 4
eV @see Fig. 1~a!# has a mixed character.

The dielectric function of metals contains contributio
from interband and intraband transitions.23 We calculateab
initio only the interband parts ofDe and eb, whereas the
intraband term ofeb is computed ase1

b,D512vp
2t2/(1

1v2t2) ande2
b,D5vp

2t/v(11v2t2).24 Here the plasma fre
quency vp and the relaxation timet are taken from
experiments.24 This is justified by the fact thatt can hardly
be computedab initio and that a test calculation ofvp agrees
well with experimental results.25 An anisotropic intraband
Drude-like contribution toDe cannot be excludeda priori.
However, for frequenciesv@1/t, it affects only the real par
of De, which, according to Eq.~1!, is important in determin-
ing the RA only whene2

b is different from zero. This happen
above the threshold of bulk interband transitions~about 2 eV
in Cu and 3 eV in Ag, respectively! where the Drude tail is
already small and structureless. Therefore, we neglect
intraband surface anisotropy altogether. Possible errors
duced by this approximation are discussed later.

The computation of the electronic properties and int
band part of the dielectric functions has been carried

FIG. 1. RAS of clean Cu~110!: ~a! experiment from Ref. 8 and
~b! present calculation with~bold! and without~dotted! the Drude
component ineb. The dashed curve also includes intraband surf
anisotropy~see text!, BE labels bulk resonances.~c! Real ~dashed!
and imaginary~solid! parts of the calculated interband surface
electric anisotropy~SDA!. The dotted line is the real part of SDA
including the intraband surface anisotropy. A Lorentzian broaden
of 10 meV is included in the calculated spectra.
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self-consistently using the full potential~FP! version26 of the
linear muffin tin orbital~LMTO! method27 within the DFT-
LDA, with a repeated slab scheme including 11 atomic p
6 vacuum layers.k-space integrations are performed with t
analytical tetrahedron method.28 Meshes as dense as 752 a
256 k points in the irreducible bulk and surface Brilloui
zone, respectively, give converged values for the dielec
functions calculated in terms of the matrix elements of
momentum operator among occupied and unoccupied e
tronic states.23 The relaxed, unreconstructed geometry of t
Cu and Ag~110! surfaces29 has been taken into account. I
order to keep all the details of the calculated spectra, we
a Lorentzian broadening as small as 10 meV.

In Fig. 1~a! we report the experimental RA data fo
Cu~110! ~Ref. 8! and in Fig. 2~a! those for Ag~110!.3,10 The
RA spectra are characterized by a low- (,2.5 eV) and high-
~between 3 and 5 eV! energy part, according to the prom
nent spectral features. A roughly bell-shaped peak appea
the low-energy part for both metals, whereas the high-ene
structures look quite different in either metal. These pe
and structures have been recently ascribed to transit
among surface states.3,8 We will show below that this is true
only for some of them.

In Fig. 1~b! for Cu and in Fig. 2~b! for Ag, we have
plotted the calculated RA@Eq. ~1!#, with and without the
Drude contribution ineb. This shows how the Drude term i

FIG. 2. The same plots as in Fig. 1 for Ag~110!. The experimen-
tal data in~a! are from Ref. 3~dot-dashed line! and from Ref. 10
~solid line!. The insets show the low-energy peak on a magnifi
scale.
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eb essentially determines the sign of the RAS peaks at
energies.De1(v) and De2(v) are plotted in Figs. 1~c! and
2~c! for Cu and Ag, respectively, in order to illustrate, b
comparison with the RA in panels~b!, the occurrence of bulk
effects in the latter. Finally, to ascribe the observed structu
in the RA spectra either to bulk- or surface-state transitio
we have plotted in Fig. 3 the four separate contributions fr
bulk-to-bulk ~BB!, surface-to-surface~SS!, surface-to-bulk
~SB!, and bulk-to-surface~BS! state transitions.30

Let us now discuss our results. Starting with Cu and
specting Fig. 1~c!, we see that the structures appearing in
real and imaginary parts of the SDA occur also in the R
spectrum albeit with reversed sign@Fig. 1~b!#, as far as
e1

b(v) is ,1, which is generally true within the range of ou
figures. Moreover, the calculatede1

b(v) ~not shown here! is
close to 1 at 4.0 and 4.8 eV, which strengthens the nega
~positive! RA resonance at 4 eV~close to 5 eV!. Hence, these
resonances~labeled BE! are partially due to bulk effects
Comparing Fig. 1~b! with Fig. 3 ~upper panel! one sees tha
the low-energy peak at.2 eV comes from SS interban
transitions. We confirm that such transitions occur amo

FIG. 3. Different contributions to the RA of Cu~110! ~top! and
of Ag~110! ~bottom!. Solid line: bulk-state to bulk-state transition
~BB!. Dashed line: surface-state to surface-state transitions~SS!.
Dotted line: bulk-state to surface-state transitions~BS!. Long-short
dashes: surface-state to bulk-state transitions~SB!. A Lorentzian
broadening of 10 meV is included in the spectra.
11542
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surface states at and near pointȲ of the surface BZ.8 The
other structure close to 4 eV is due, as inferred from Fig
to BB and SB transitions inDe, enhanced and shifted by th
bulk contribution of the denominators. This structure is n
therefore, due to interband transitions from surface re

nances to surface states atX̄ as previously hypothesized.8 By
comparing the calculated@Fig. 1~b!# and measured@Fig.
1~a!# RA spectra we see a rather good agreement for both
low- and high-energy structures. In particular, the expe
mental minimum at about 4.2 eV is well described by t
calculated one at 4 eV and the measured maximum at 4.
the calculated doublet centered at 4.6 eV. Theswiss cheese
model2,5 yields a worse description of all the structures. W
recall that the small broadening and the neglect of ma
body effects in our calculation are expected to hampe
more quantitative agreement with experimental data. The
in the experiment is 3 or 4 times weaker than in the calcu
tion, as happens at some semiconductor surfaces.32 This can
be due to the presence of steps and other imperfection
real surfaces.

Looking at Fig. 2~c!, we see that the SDA of Ag~110! is
less structured than that of Cu. Also for Ag~110!, Eq. ~1!
reverses, in the RA spectrum@Fig. 2~b!#, the sign of the SDA
structures@Fig. 2~c!#. Notice that, on the low-energy side
only the imaginary part ofDe effectively contributes in Eq.
~1!, sinceeb is almost completely real. The calculatede1

b(v)
~not shown here! is close to 1 at~i! 3.3 and~ii ! 3.8 eV: ~i!
yields the main feature of the spectrum, the large dip at
eV, where the SDA is small and structureless, while~ii !
yields the mixed SDA-bulk structure at 3.8 eV~both labeled
as BE!. Hence, the main structure of the calculated spectru
corresponding to the experimental one close to 3.8 eV
mostly due to a bulk effect. Comparing the total RA with th
partial contributions plotted in Fig. 3~lower panel!, we see
that the low-energy peak is due to SB transitions, wher
the high-energy structures are induced by BB, SB, and
transitions.

Our calculated RA spectrum for Ag in Fig. 2~b! also com-
pares satisfactorily with the experiments, apart from a shif
the high-energy structure of about 0.5 eV towards low
frequency31 ~a similar—albeit smaller—shift occurs also i
Cu!. This discrepancy, occurring also in Ref. 33, must be d
to the underestimation of transition energies in DFT. The l
shape of this structure is in good agreement with that
tained in intensively sputtered samples@solid line in Fig.
2~a!#.10 A double-peak structure@dot-dashed line in Fig. 2~a!#
is instead observed after a few sputtering cycles.3,10 This
double-peak structure, well reproduced by theswiss cheese
model,2,5 is absent in ourab initio calculations that do no
include the long-ranged local-field effect. In theswiss cheese
scheme the noble metal is modeled by a composite med
made by a jelliumlike background~the sp electrons! screen-
ing the embedded charged spheres, centered about ions
rying dipoles~due to thed electrons!. The main shortcoming
of this model is that the surface dipoles are assumed to h
the same polarizability as bulk ones. The effect of the
duced symmetry of the surface on the dipole-dipole inter
1-3
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tion yields a derivativelike RA line shape similar to the e
perimental one. We speculate that its absence at surf
treated by several sputtering cycles6,10 may be due to the
roughening of the surface, which destroys the long-range
der and the effect of dipolar interactions. The low-ene
peak never shows up inswiss cheesemodel calculations.2,6,10

A possible anisotropy in the plasma frequency, as m
tioned before, may induce an intraband term in the SD
Such anisotropy should only affectDe1, adding a Drude-like
term ~neglected in our calculation! to the contribution of in-
terband transitions~treated accurately in our calculation!. In
fact, the SDA’s of these surfaces have been extracted f
experiments in Refs. 3 and 9. The imaginary parts are
good agreement with our findings; the real parts, howe
are systematically lower. This discrepancy can be fixed
embodying a Drude-like anisotropic term2Dvp

2/v2 in De1.
We have assumed a relative anisotropy in the plasma
quencies of 3% and 5% in Cu and Ag, respectively, to fit
experimental data. We obtain the real parts shown by lo
dashed lines in Figs. 1~c! and 2~c!, which compare favorably
with the experimental results. This demonstrates that an
isotropic intraband contribution to the SDA does indeed
cur. However, the RA is poorly affected by this anisotropy
can be inferred by comparing the dashed and full curve
Figs. 1~b! and 2~b!, calculated with and without the intraban
anisotropy term, respectively.
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To summarize, we have calculatedab initio the RAS
spectra of Cu and Ag~110! within the DFT-LDA. The peaks
observed at low energy are produced by interband transit
involving surface states. Structures observed at high en
are not, however, due to pure surface-to-surface state tra
tions, but to transitions across bulk states~and to mixed tran-
sitions in the case of Ag!, whose strength and position ar
mostly determined by the vanishing of the denominators
Eq. ~1!, i.e., by a bulk effect. We find good agreement b
tween our calculations and experimental data, with the
ception of the line shape of the higher-energy structure
Ag~110!. Local-field effects are probably needed to expla
this line shape, as suggested by the good performance o
swiss cheesemodel in this case. Finally, we found evidenc
of some surface anisotropy arising from intraband transiti
in the surface dielectric functions, with little effect on th
RA.
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