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Optical properties of copper and silver in the energy range 2.5–9.0 eV
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The optical properties of copper and silver bulk crystals with atomically clean surfaces have been deter-
mined experimentally and interpreted in terms ofab initio band structure calculations. The dielectric functions
are evaluated from spectroscopic ellipsometry data taken in ultrahigh vacuum~UHV! in the spectral range of
2.5–9.0 eV~at room temperature!. The data are corrected for surface roughness using results fromex situ
atomic force microscopy~AFM!. Significant differences of detail in the amplitudes and line shape are attrib-
uted to the better surface quality of our samples. Density functional calculations of the dielectric functions of
copper and silver are carried out, based on models of the valence bands deduced by fitting to experimental
Fermi surface and quasiparticle mass data. Small energy shifts, which take into account many-body effects in
the final states of the optical transitions in an extended scissors approximation, are needed to bring the
calculated dielectric functions into good agreement with the experimental data. The interband transitions
associated with individual features in the dielectric function are identified by comparing the energy derivatives
of the measured and calculated dielectric functions.
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I. INTRODUCTION

In a review published in 1986, Palik1 surveyed more than
30 studies of the dielectric functions of bulk copper and
ver, and found only limited data in the visible and vacuu
ultraviolet. Since then some new work has been reported
clusters and thin films, but none on the bulk metals. Pal
review reported significant variations among the vario
published data, presumably due in large part to inadequa
characterized samples. Both exposure to air and sur
roughness are expected to reduce the measured value o
imaginary part of the dielectric function«2, especially in the
visible where the reflectivity is high and the skin depth
very small. A common feature of previous studies is that
measurements were made on surfaces that had been ex
to air, and that the roughness of the reflecting surfaces
not determined.

Pells and Shiga2 measured the optical absorption of co
per under vacuum using a polarimetric technique. Th
found that exposure to oxygen strongly suppresses op
absorption at all photon energies above 2 eV. Their sam
were prepared by polishing ingots of polycrystalline copp
in air, then vacuum annealing at 531029 Torr, but some
readsorption of oxygen occurred as the temperature was
ered after annealing. Johnson and Christy3 prepared surface
of copper, silver, and gold by evaporation on to fused-qua
substrates at 431026 Torr, but their measurements of re
flectance and transmission were made in air. In a study
Hagemannet al.,4 copper and silver surfaces were prepar
by evaporating thin films on to a collodion substrate, th
dissolving away the substrate, so the surfaces were exp
to air before measurement. Levequeet al.5 madein situ re-
flectance measurements on silver films prepared a
31027 Torr, but their measurements did not cover the i
portant visible region of the spectrum. In none of these st
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ies was the surface roughness determined.
Many of the previous studies involved Kramers-Kron

analysis of reflectance data, in which assumptions and
proximations are unavoidable. An exception is the work
Johnson and Christy,3 who combined reflectance and tran
mission measurements at normal incidence withp-polarized
transmission at 60° to determine the real and imaginary p
of the dielectric function in the visible and the near UV.

The noble metals have been widely used to test theore
techniques for calculating the electronic properties ofd-band
metals, but relatively little work has been done on their
electric properties. Janaket al.6 used the KKR method in the
spherical approximation to carry out a self-consistent non
ativistic calculation of the dielectric function of copper. The
calculation involved two parameters that were determin
from experimental data. One parameter, the coefficient
Slater’sX-a exchange potential, was determined by fittin
the ground-state energy bands to the shape of the Fermi
face, and the other, representing the energy dependenc
the electron self-energy, was determined by fitting feature
the calculated dielectric function to peaks in the«2 data of
Johnson and Christy.3 Their fitting procedure greatly im-
proved the agreement with the experimental dielectric fu
tion of Pells and Shiga,2 but there were significant discrep
ancies with that of Johnson and Christy.3 Fuster et al.7

carried out a self-consistent full-potential nonrelativistic c
culation of the electronic and optical properties of silv
using a local von Barth-Hedin exchange-correlation pot
tial. They noted that the onset of interband transitions is s
nificantly too low in energy in comparison with experimen
This is because their calculation placed thed bands too close
to the Fermi energy by about 0.7 eV.

Campillo et al.8 reported first-principles pseudopotenti
calculations of the dynamical density response functions
copper, both in the RPA and in a time-dependent extensio
©2001 The American Physical Society11-1
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local density functional theory. Their results reproduce
general features of the experimental«2 data, although their
calculation appears to overestimate the strength of ene
dependent features. In another recent paper, Cazalillaet al.9

reported a similar calculation for silver. While their pap
focussed on the energy-loss spectrum, they also comp
the dielectric function with the data of Winsemiuset al.10 as
reported by Lynch and Hunter.13 They too noted that the
onset of interband transitions is significantly too low in e
ergy in comparison with experiment, and they suggested
this may be because the LDA does not adequately take
account correlations within the narrowd-like energy bands
of silver.

The GW approximation~GWA! to the electron self-
energy is widely used to treat correlation effects in optica
excited electron systems.11,12 However, to the best of ou
knowledge no such calculations have yet been reported
the dielectric function of noble metals. Provided that the
ergy shifts for excitation energies calculated in the GWA
only weakly dependent on the band index and thek point,
they can be approximated by a rigid shift, a method kno
as scissors operator approach.14 The actual amount of tha
shift for electronic states close to the Fermi energy can
determined from a comparison between the calculated
the measured dielectric function in the visible and vacu
ultraviolet.

The present study is the first to exploit current techniq
of surface preparation and surface characterization. It
carried out using a UHV ellipsometer mounted in a synch
tron beam line. Contamination-free~110! surfaces of single
crystal samples of Cu and Ag were preparedin situ by ion
sputtering and annealing. The surface preparation
checked by observing transitions between surface electr
states by reflection anisotropy spectroscopy~RAS!. Transi-
tions between localized surface states at theȲ point of the
surface Brillouin zone give rise to features in RAS data
2.1 eV on clean Cu~110! and at 1.7 eV on clean Ag~110!.16,18

Very small amounts of contaminants suffice to quench th
features, so their appearance in RAS data is a sensitive te
a clean adsorbate-free surface. Ellipsometry was use
measure independently the real and imaginary parts of
dielectric function, thereby avoiding the approximations
volved in Kramers-Kronig analysis of experimental data.
take into account the surface roughness that results from
sputtering and annealing, the roughness of the reflecting
faces was measuredex situby means of atomic force micros
copy, and the dielectric functions were corrected using
effective medium model.

In the present study, self-consistent relativistic fu
potential calculations of the dielectric functions of copp
and silver were carried out on the basis of density functio
theory, and the results were compared with the experime
data. The sensitivity to energy-dependent features of the
electric functions was greatly enhanced by comparing a
their energy derivatives.Ab initio calculations, in which the
exchange-correlation potentials were evaluated in the ge
alized gradient approximation~GGA!, yielded results that
are not in satisfactory agreement with experiment. This is
part because, as in previous work based on DFT, the ca
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lated threshold for interband transitions is too low in ener
We obtained much better agreement with experiment wh
following the approach of Janaket al.,6 we modeled the
ground state energy bands by using an empirical excha
correlation potential that was adjusted to fit experimen
Fermi surface and quasiparticle mass data. We conclude
the principal reason why our empirical dielectric functio
calculations are in better agreement with experiment is
they generate a more accurate configuration of the grou
state energy bands that are the initial states of the op
transitions.

Scissors shifts were extracted by fitting the remaining d
crepancies between the experimental and the calculated
electric functions. The scissors shifts prove to be small a
of similar magnitude for copper and silver, showing that
fects beyond DFT play at most a minor role in determini
the dielectric functions of the noble metals in the visible a
the vacuum ultraviolet.

The present paper is organized as follows. Experime
details of the RAS, ellipsometry, and surface roughness m
surements are reported in Sec. II. In Sec. III the theory
derlying the dielectric function calculations is outlined, a
the values adopted for the parameters are reported. Ou
sults for copper are presented and discussed in Sec. IV
and for silver in Sec. IV B. Finally, Sec. V summarizes t
results and conclusions of the present work.

II. EXPERIMENTAL

The experiments were performed in an ultrahigh vacu
chamber at the 2m-Seya-Namioka beamline at BESSY I s
chrotron in Berlin. We used single crystal Cu~110! and
Ag~110! samples. The crystals were aligned with Laue x-r
backscattering to within 0.1° and mechanically polished
fore being introduced into the chamber.In situ cleaning of
the surfaces was done using cycles of sputtering with 600
argon ions at room temperature and subsequent annealin
670 K.

The surface preparation was checked by means of re
tance anisotropy spectroscopy~RAS! after each cycle of
sputtering and annealing. The spectrometer, which was
tached to the chamber through a low strain quartz wind
covers the spectral range from 1.5 to 5.5 eV. Details of
spectrometer can be found elsewhere.15,16RAS measures the
difference between the complex reflectivities for polarizati
along two perpendicular axes~in our case@11̄0# and @001#!
within the surface. For~110! surfaces of fcc metals it ha
been shown that electronic transitions between surface s
are responsible for characteristic RAS features at 2.1 eV
Cu~110! and 1.7 eV on Ag~110!.16–18Thus, RAS can be used
in a similar way to valence-band photoemission spectrosc
to check the surface conditions. After the surface state tr
sitions appeared in the reflectance anisotropy spectrum,
surfaces were judged to be clean.

The ellipsometry measurements were performed usin
rotating analyzer ellipsometer operating with synchrotron
diation in the spectral range from the visible to the vacuu
UV. All of the optical components~polarizers, analyzer
sample, and Si photodiode! were mounted inside the vacuum
1-2
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OPTICAL PROPERTIES OF COPPER AND SILVER IN . . . PHYSICAL REVIEW B64 115111
chamber. In the ellipsometry measurements, the plane o
cidence was defined by the surface normal and the@11̄1#
direction in the sample surface. A detailed description of
ellipsometer is given elsewhere.19 In brief, the light from the
2m-Seya monochromator passes through an MgF2 prism be-
fore illuminating the sample, and the reflected light is an
lyzed by a second rotating MgF2 prism. The angle of inci-
dence is fixed at 67.5°. This configuration works between
and 10 eV. Between 2.5 and 4.5 eV an additional quartz fi
in the reflected beam is used to suppress second order
from the monochromator. This configuration gives super
accuracy compared to any laboratory ellipsometer since
sample and all optical components are under well-defi
UHV conditions. Also, artifacts such as those induced by
windows of a UHV chamber are completely absent.

Ion sputtering and annealing removes surface contam
tion, but the resulting surface may not be ideally flat. Sin
the surface roughness modifies the optical response,
samples were measured in air with an atomic force mic
scope~AFM! after the completion of the ellipsometry expe
ments. The AFM measurements were carried out in con
mode using a Digital Instruments Nanoscope III. The RM
roughness was calculated from the height profile of
scanned areas (5003500 nm). As described in Sec. IV th
dielectric functions of Cu and Ag bulk were estimated in
three-layer model using the ellipsometry and AFM data.

III. THEORY

In the limit of low momentum transfer, the dielectric fun
tion of a metal can be expressed as20,21

«~v!512
~e2/3p2\!*vFdSF

v21 iv/t
1« i~v!. ~1!

The first two~Drude! terms represent the contribution o
intraband transitions, while« i(v) represents the contributio
of interband transitions. In an intraband transition, exc
momentum is transferred to the lattice by phonon or impu
scattering. Assuming that the relaxation timet is isotropic,
Eq. ~1! can be used to calculate the intraband contribution
the dielectric function from the electronic energy bands
the vicinity of the Fermi level.

As the wave vector of a photon is typically much smal
than the size of the Brillouin zone, it is an excellent appro
mation to treat interband optical transitions ask conserving.
In this approximation, the imaginary part of the interba
contribution to the dielectric function at frequencyv and
temperature 0 K can be evaluated from the expression14,22

«2
i ~v!5

4\2e2

pv2 (
m,n

E
SF

dSF

u*d3rCn,k* eW•vW Cm,ku2

u¹k~En2Em!uEn2Em5\v
,

~2!

wherem and n denote the occupied initial and unoccupi
final states of wave vectork, Em , andEn are the correspond
ing energies,eW is the polarization vector of the incident ligh
and the matrix element of the velocityvW is evaluated be-
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tween the eigenvectors that correspond to the initial and fi
states of the optical transition. From the imaginary part of
interband contribution to the dielectric function, the real p
can be readily calculated by Kramers-Kronig inversion.22

Studies of many systems have shown that density fu
tional calculations within the local density approximatio
~LDA ! and the generalized gradient approximation tend
underestimate the energies of excitation.23 One approach to
try to address the limitations of density functional theo
~DFT! for excitations from the ground state is the G
formalism.24,25 If the k-dependence of the error in the exc
tation energies is negligible, i.e., if

D~k!5@En~k!2Em~k!#GW2@En~k!2Em~k!#DFT'D,
~3!

«2
GW(\v) can be obtained by shifting«2

DFT(\v) along the
energy axis,

«2
GW~\v!5«2

DFT~\v2D!. ~4!

This result,14 which takes into account the nonlocality of th
self-energy and is consistent with the requirement of ga
invariance, is the formal basis for thescissors approximation
that is widely used to correct the results of density functio
calculations of the dielectric function.

The electronic structures of copper and silver have b
calculated semirelativistically by means of the full-potent
linear augmented plane wave~FP-LAPW! method using the
WIEN97 code.26 The electronic energies were determined se
consistently by solving the Kohn-Sham equations of dens
functional theory. The spin-orbit interaction term was i
cluded in the Hamiltonian. Exchange and correlation w
the average electron distribution were represented by a
electron potential derived by Perdewet al.27 in the general-
ized gradient approximation, an extension of the LDA th
includes additional terms that involve the gradient of t
electron density. This potential is regarded as being am
the most accurate of the current generation ofab initio
exchange-correlation potentials.

The following are the parameters adopted for the calcu
tions. For copper at room temperature, the edge of the c
ventional cubic unit cell is 6.8087 a.u. and the sphere rad
was set to 2.20 a.u. For silver at room temperature, the e
of the conventional cubic unit cell is 7.7218 au and t
sphere radius was set to 2.73 a.u. Within the sphere,
charge density and potential were expanded in cubic harm
ics up toL59, and a plane wave expansion involving 92
Fourier coefficients was used in the interstitial region. T
Brillouin zone integrals for the Fermi energies were eva
ated numerically on a grid of 286 reducedk points, while the
dielectric functions were derived from joint densities
states and matrix elements evaluated on a grid of 11
reducedk points. Checks showed that these grids are su
ciently fine to ensure satisfactory convergence.

IV. RESULTS AND DISCUSSION

The spectroscopic ellipsometry data yield a pseudodie
tric function that depends, in an inhomogeneous system
a multilayer sample, on the dielectric properties of each la
1-3
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K. STAHRENBERGet al. PHYSICAL REVIEW B 64 115111
within the penetration depth of the light. For bulk crystals
investigated here, the sample consists of the semi-infi
bulk metal plus a thin, usually ill-defined, surface layer
distinct dielectric properties, which represents adsor
overlayers~contamination! and surface roughness. In ord
to extract the bulk dielectric function, the properties of t
surface layer must be known and corrected for by mean
an appropriate model. This is possible only if the thickne
and optical properties of the overlayers are known, a requ
ment that is generally not fulfilled. Therefore we present
the following ellipsometry data that were collected und
UHV conditions on atomically clean, well ordered Cu~110!
and Ag~110! surfaces. Even at a clean surface there is a
surface layer with dielectric properties different from t
bulk, but this effect is very small compared with a contam
nated surface under non-UHV conditions.

The clean surfaces of Cu~110! and Ag~110! are not ideally
flat on an atomic scale, and it is known that surface rou
ness lowers the value of^«2& in the spectral region of inter
band transitions.5,28 In Fig. 1, AFM images are shown tha
were taken in air after the completion of the optical expe
ments. r.m.s. surface roughnesses of 0.41 and 0.42 nm
found for Cu and Ag, respectively. These RMS values w
used to correct the measured dielectric function for surf
roughness. A three-layer model consisting of the bulk,

FIG. 1. AFM images of the copper and silver samples. T
images were taken in air after the completion of the optical exp
ments. The AFM microscope was used in contact mode. From
height profile the root mean square~RMS! roughness was calcu
lated. a! Ag~110!, RMS roughness 0.42 nm, b! Cu~110!, RMS
roughness 0.41 nm.
11511
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rough surface layer and the vacuum was used to extrac
bulk dielectric function. An effective medium model due
Bruggeman was used to describe the thin surface la
~thickness d!l) as a mix of 50% voids in 50% bulk
matrix.29

A. Copper

The ellipsometry data for Cu are shown in Fig. 2. T
dielectric function as measured on clean Cu~110! is shown
~dotted line!, together with the bulk dielectric function afte
correcting for surface roughness~solid line!, and the dielec-
tric function obtained from the FP-LAPW calculatio
~dashed line!. Representative data from the literature a
plotted for comparison.

The surface roughness correction is rather small,
maximum increase in̂«2& amounting to 0.2 at 4.5 eV. How
ever, our values of̂«2& are considerably higher~by 1.0 to
1.5 at 4.5 eV! than the dielectric functions determined fro
reflectance measurements in Refs. 1 and 3. We attribute
difference to the better surface quality of our samples, an
particular to the absence of adsorbed overlayers. Our
also show clearly a shoulder in̂«2& around 4.4 eV that was
hardly resolved in previous data.

The electronic energy bands of copper calculated s
consistently by means of density functional theory in t
GGA are plotted as solid lines in Fig. 3. The bands are nu
bered starting from the lowest band at a givenk. Below the
Fermi level, a broads-p band is crossed by, and hybridize
with, a relatively narrow set of fived bands, the topmost o

e
i-
e

FIG. 2. Real part~upper graph! and imaginary part~lower
graph! of the dielelectric function of Cu. The dotted line shows t
measured dielectric function and the solid line shows the dielec
function after correcting for surface roughness. The dashed
shows the results of the present calculation. Included are data
the literature: squares from Ref. 1 and dots from Ref. 3.
1-4
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which lies about 1.5 eV below the Fermi level. These ene
bands and the corresponding eigenvectors were used to
culate the dielectric function of copper in the limit of lo
momentum transfer.

The derivative of the experimental dielectric functio
with respect to the photon energy was calculated numeric
in order to enhance the energy-dependent features of
spectrum. The real and imaginary parts of the experime
d«(v)/dE are plotted in the upper panel of Fig. 4. In ord
to interpret the various features in the data, the band-reso
derivative spectrum of«2(v) was also calculated, from
which the contributions of transitions between all possi
pairs of initial and final state bands could be identified.

The most prominent features of the experimen
d«2(v)/dE are two maxima at 4.3 and 4.7 eV that corr
spond to the shoulder and the maximum in«2(v) discussed
above. In the calculatedd«2(v)/dE there are two prominen
peaks in the same energy range. The peak at 4.0 eV is d
transitions from band 6 to band 7, while the peak at 4.7 eV
due to transitions from band 1 to band 6. No single sciss
shift D can bring the energies of these two calculated pe
fully into agreement with experiment. The fact that fin
states in band 6 are predominantlyp-like, while final states in
band 7 are predominantlys-like, suggested a simpleansatz,
in the spirit of the scissors approximation, in which the e
ergy shiftD depends on the final state band. The only se
non-negative scissors shifts that brings the energies of t
two peaks into agreement with experiment isD650.0 eV
andD750.3 eV.

FIG. 3. Calculated band structure of copper. The solid lin
show the energy bands as determined from ourab initio density
functional calculation in which exchange and correlation w
treated in the GGA. The dotted lines show the bands calcula
using the empirical exchange-correlation potential described in
text. The labelsn1, n2 denote the symmetries of the relativist
electron states at special points of the Brillouin zone. The bands
numbered, as in the text, starting from the lowest band at a givek.
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The calculatedd«2(v)/dE, including the scissors shifts
is plotted in the center panel of Fig. 4. The strong peak
1.65 eV, due to transitions from occupied states in band 5
unoccupied states in band 6, marks the onset of interb
transitions. This peak is below the range of the present
perimental data, but it has been observed by others at a
2.10 eV.3,1 There is also a weak peak at 2.8 eV due to tra
sitions from band 3 to band 6, a broad hump at about 6.3
due to transitions from band 4 to band 7, and a weak pea
7.2 eV due to transitions from band 3 to band 7. For each
these, a corresponding feature appears in the experime
data at a significantly higher energy.

These discrepancies between the calculatedd«2(v)/dE
and the experimental data all suggest that the present de
functional calculation places thed-band complex too high
relative to thes-p band and the Fermi energy. Similar di
crepancies have been noted between density-functional
culations and experimental data for such ground state p
erties of copper as the shape of the Fermi surface and
many-body enhancement of the quasiparticle velocity, b

s

e
d
e

re

FIG. 4. Comparison between the energy derivative of our
perimental dielectric function for copper~upper graph!, the result of
our ab initio density functional calculation in the GGA~middle!,
and our result based on the empirical exchange-correlation pote
~lower graph!. In the lower graph the interband transitions that a
count for the principal features in the dielectric function are iden
fied according to the calculation. The calculated dielectric functio
include small final-state dependent scissors shifts as describe
the text.
1-5
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of which are strongly influenced by hybridization betwe
the valences-p band and thed-band complex.30–33 Signifi-
cant discrepancies are found irrespective of whether the
change and correlation are treated in the LDA or GGA31

This is surprising, because density functional theory is
pected to work well for such ground state properties as
energies of the valence bands.

The exchange-correlation potential is perhaps the grea
source of uncertainty in calculating ground state proper
on the basis of DFT. The present results suggest that,
copper, even the best of the current generation ofab initio
exchange-correlation potentials yieldd bands that are too
high relative to thes-p band. Increasing the strength of th
exchange potential lowers thed bands and raises thes-p
bands relative to the Fermi level. By adjusting the coeffici
of the exchange term it is possible to generate ground-s
energy bands for copper that are in good agreement
experimental Fermi surface and quasiparticle m
data.6,32,33,30The energy bands calculated from an empiri
exchange-correlation potential for copper constructed in
way are plotted as dotted lines in Fig. 3. Compared with
ab initio calculation, the top of thed-band is lowered by as
much as 0.3 eV relative to the Fermi level.

The dielectric function«(v) was also calculated from th
empirical exchange-correlation potential. Small sciss
shifts of the final state bands (D650.2 eV and D7
50.4 eV) were needed to bring the energies of the m
prominent peaks into agreement with experiment. The
and imaginary parts of the calculatedd«(v)/dE are plotted
in the lower panel of Fig. 4, and in Fig. 2 the real and ima
nary parts of«(v) are compared with the experimental d
electric function. The calculated dielectric function is in ve
good overall agreement with the experimental data. Wor
continuing to refine the empirical exchange-correlation
tential. However, since the dielectric function is much le
sensitive to the valence band configuration than is the Fe
surface, further refinements are not expected to bring abo
significant change in the calculated dielectric function. D
tails of the empirical exchange-correlation potential will
reported elsewhere.30

Scattering by phonons and defects results in lifeti
broadening of the optical transitions that contribute to«(v).
The best agreement with the strengths of the various feat
observed in the present experimental data for copper at r
temperature was found with an assumed energy broade
g50.15 eV'6 kT. Thatg is much larger thankT suggests
that, in the copper samples used in the present work, pho
scattering is dominated by other scattering processes. C
to the minimum in«2(v) at a photon energy of 2.0 eV~Fig.
2!, there is a significant discrepancy between the result
the present calculation and experimental data taken f
literature.3,1 This discrepancy is largely removed if the d
electric function is recalculated assuming much weaker s
tering (g50.025 eV'kT).

B. Silver

In Fig. 5 the measured dielectric function^«& of silver in
the energy range 2.5–9.7 eV is shown~dotted line!, together
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with the bulk dielectric function after correction for surfac
roughness~solid line!, and the result of our FP-LAPW cal
culation~dashed line!. Representative data from the literatu
are also shown. Below the onset ofd-band absorption at 3.84
eV,5 the noise in our̂ «2& data increases since the sample
nonabsorbing and no compensator could be used in the
perimental setup.

As for Cu, the correction for surface roughness turns
to be small~see Fig. 1!, increasinĝ «2& by only 0.1 at 4.5
eV. However, our«2 is significantly higher~by 0.5 at 4.5 eV!
than in representative data from the literature,3,1 and ^«1& is
also significantly different. As a consequence, the energ
where«1 is equal to zero differ from those in the earlier da
In particular, the zero crossing observed at 7.3 eV in Ref.
shifted to 7.95 eV in our data. While our dielectric functio
is in overall agreement with the literature, the features
sharpened. The data in the literature were derived from
flectance measurements on thin films and polycrystal
samples that were not cleaned and measured under U
conditions, so the discrepancies are most likely due to
presence of adsorbate overlayers in the earlier experime

Plasmon excitations are expected to occur at those e
gies where«150 and the first derivative of«1 is positive.34

In silver, «1 crosses from negative to positive at 3.79 eV a
again at 7.95 eV~see Fig. 5!, and energy loss peaks hav
been observed at both energies.35 The feature at 7.95 eV ha
been interpreted as a remainder of the free elect
excitation.34 Another interpretation involves the splitting o
the theoretical plasma frequency into two hybrid plasmon36

For the lower energy plasmon thes electrons are screened b

FIG. 5. Real part~upper graph! and imaginary part~lower
graph! of the dielelectric function of Ag. The dotted line shows th
measured dielectric function and the solid line shows the dielec
function after correcting for surface roughness. The dashed
shows the results of the present calculation. Included are data
the literature: squares from Ref. 1 and dots from Ref. 3.
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thed electrons, while for the higher energy plasmon one m
think of thed ands electrons with their polarizations being i
phase.36

The electronic energy bands of silver based onab initio
self-consistent relativistic FP-LAPW calculations in whic
the spin-orbit interaction was included and exchange
correlation were treated in the GGA, are plotted as solid li
in Fig. 6. As for copper, a broads-p band is crossed by, an
hybridizes with, a relatively narrow set of fived bands. Ac-
cording to the calculation, the highestd band lies about 2.7
eV below the Fermi level. The dielectric function of silver
the limit of low momentum transfer has been calculated fr
these energy bands and the corresponding eigenvectors

The energy derivative of the experimental dielectric fun
tion of silver is plotted in the upper panel of Fig. 7. The mo
prominent features of the experimentald«2(v)/dE are a
strong peak at 4.03 eV and a weaker overlapping shoulde
3.84 eV. The data also show a shoulder at 4.2 eV. The m
prominent features of the calculatedd«2(v)/dE are a strong
peak due to transitions from band 5 to band 6 at 3.10 eV
a weaker peak due to transitions from band 6 to band
3.75 eV. As in copper, no simple scissors shiftD can bring
the calculated dielectric function into agreement with expe
ment, so the scissors shift was allowed us to depend on
final state band. Of the two sets of non-negative sciss
shifts that can bring the most prominent peaks of the ca
lated dielectric function into agreement with experime
only D650.93 eV andD750.09 eV is consistent with the
shoulder observed experimentally at 4.2 eV, where the a
native set of scissors shifts predicts a dip. The result

FIG. 6. Calculated band structure of silver. The solid lines sh
the energy bands as determined from ourab initio density func-
tional calculation in which exchange and correlation were treate
the GGA. The dotted lines show the bands calculated using
empirical exchange-correlation potential described in the text.
labels n1, n2 denote the symmetries of the relativistic electr
states at special points of the Brillouin zone. The bands are n
bered, as in the text, starting from the lowest band at a givenk.
11511
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d«2(v)/dE is plotted in the center panel of Fig. 7. The ca
culated shoulder at 3.84 eV is comparable in strength to
peak at 4.03 eV, while in the experimental data the shou
is much weaker than the peak.

Density functional calculations of such ground state pro
erties of silver as the shape of the Fermi surface and
many-body enhancement of the quasiparticle mass give
sults that are in significant disagreement with the experim
tal data.32,33 This suggests that one reason why ourab initio
calculation yields a dielectric function that is not fully i
agreement with experiment is that, as for copper, it produ
an inaccurate configuration of initial states. To explore t
possibility, a calculation of the dielectric function of silve
was carried out based on an empirical exchange-correla
potential that was constructed by fitting experimental Fe
surface and quasiparticle mass data.30 Small final-state en-
ergy shiftsD650.18 eV andD750.60 eV were needed to
bring the most prominent peaks of the calculated dielec
function into agreement with the experimental data. The
sulting dielectric function is plotted in the lower panel
Fig. 7.

in
e
e

-

FIG. 7. Comparison between the energy derivative of our
perimental dielectric function for silver~upper graph!, the result of
our ab initio density functional calculation in the GGA~middle!,
and our result based on the empirical exchange-correlation pote
~lower graph!. In the lower graph the interband transitions that a
count for the principal features in the dielectric function are iden
fied according to the calculation. The calculated dielectric functio
include small final-state dependent scissors shifts as describe
the text.
1-7



a
-
o
a
a

n
a

le
t

d
tu

c
a

C
om
T

m
e
a

ce
v

n of
for
ith
not
ns,
rate
the

al-
tials
nd
in
re-

scis-
de
lay
s.

A.
e
to
he
ith
or-

s
the
l of

K. STAHRENBERGet al. PHYSICAL REVIEW B 64 115111
The agreement with experiment is significantly better th
for our ab initio calculation in which exchange and correla
tion were treated in the GGA. In particular, the strength
the shoulder at 3.84 eV is about one half of that of the pe
at 4.03 eV, as is found experimentally. Moreover, the fin
state energy shifts are both weaker and less dependent o
final state band. The main reason why the empiric
exchange-correlation potential yields a more accurate die
tric function for silver is that it generates a more accura
model of the ground-state energy bands.

The best agreement with the various features observe
the present experimental data for silver at room tempera
was found with an assumed energy broadeningg
50.025 eV'kT. Thatg is comparable tokT suggests that,
in the silver samples used in the present experiments, s
tering of the conduction electrons is dominated by therm
phonons.

V. SUMMARY

In situ ellipsometry measurements on atomically clean
and Ag samples prepared in UHV are presented and c
pared with calculated dielectric functions based upon DF
For both metals, the absolute values and the overall form
the dielectric function show significant differences as co
pared with data from the literature that are based on refl
tance measurements under non-UHV conditions. We
tribute these differences to the better quality of the surfa
of our samples, mainly due to the absence of adsorbed o
layers.
t
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Our numerical results show thatab initio calculations
based on DFT and using the best of the current generatio
exchange-correlation potentials yield dielectric functions
copper and silver that are significantly in disagreement w
the experimental data. This is partly because DFT is
strictly applicable to calculating the properties of excitatio
but a large part of the discrepancy is traced to an inaccu
configuration of the ground-state energy bands that are
initial states of the optical transitions. Density functional c
culations based on empirical exchange-correlation poten
that were derived by fitting experimental Fermi surface a
quasiparticle mass data yield dielectric functions that are
much better agreement with the experimental data. The
sidual discrepancies are fitted by final-state-dependent
sors shifts that prove to be small and of similar magnitu
for copper and silver, showing that effects beyond DFT p
at most a minor role in determining their dielectric function
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