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Optical properties of copper and silver in the energy range 2.59.0 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 termsabfinitio band structure calculations. The dielectric functions
are evaluated from spectroscopic ellipsometry data taken in ultrahigh va@lidii) in the spectral range of
2.5-9.0 eV(at room temperatuje The data are corrected for surface roughness using resultsexositu
atomic force microscopyAFM). 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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[. INTRODUCTION ies was the surface roughness determined.
Many of the previous studies involved Kramers-Kronig

In a review published in 1986, Patilsurveyed more than analysis of reflectance data, in which assumptions and ap-
30 studies of the dielectric functions of bulk copper and sil-proximations are unavoidable. An exception is the work of
ver, and found only limited data in the visible and vacuumJohnson and Chrisfywho combined reflectance and trans-
ultraviolet. Since then some new work has been reported omission measurements at normal incidence \pibolarized
clusters and thin films, but none on the bulk metals. Palik’'sransmission at 60° to determine the real and imaginary parts
review reported significant variations among the variousof the dielectric function in the visible and the near UV.
published data, presumably due in large part to inadequately The noble metals have been widely used to test theoretical
characterized samples. Both exposure to air and surfaaechniques for calculating the electronic properties-bfind
roughness are expected to reduce the measured value of theetals, but relatively little work has been done on their di-
imaginary part of the dielectric functiosy,, especially in the  electric properties. Janak al® used the KKR method in the
visible where the reflectivity is high and the skin depth isspherical approximation to carry out a self-consistent nonrel-
very small. A common feature of previous studies is that theativistic calculation of the dielectric function of copper. Their
measurements were made on surfaces that had been exposedtulation involved two parameters that were determined
to air, and that the roughness of the reflecting surfaces wasom experimental data. One parameter, the coefficient of
not determined. Slater’s X-a exchange potential, was determined by fitting

Pells and Shigd measured the optical absorption of cop- the ground-state energy bands to the shape of the Fermi sur-
per under vacuum using a polarimetric technique. Theyace, and the other, representing the energy dependence of
found that exposure to oxygen strongly suppresses opticahe electron self-energy, was determined by fitting features in
absorption at all photon energies above 2 eV. Their sampleghe calculated dielectric function to peaks in thedata of
were prepared by polishing ingots of polycrystalline copperJohnson and Chrisfy.Their fitting procedure greatly im-
in air, then vacuum annealing at<8l0"° Torr, but some proved the agreement with the experimental dielectric func-
readsorption of oxygen occurred as the temperature was lowion of Pells and Shiga,but there were significant discrep-
ered after annealing. Johnson and Chrigtyepared surfaces ancies with that of Johnson and Chridtytuster et al”
of copper, silver, and gold by evaporation on to fused-quartzarried out a self-consistent full-potential nonrelativistic cal-
substrates at %10°° Torr, but their measurements of re- culation of the electronic and optical properties of silver,
flectance and transmission were made in air. In a study bysing a local von Barth-Hedin exchange-correlation poten-
Hagemanret al.* copper and silver surfaces were preparedtial. They noted that the onset of interband transitions is sig-
by evaporating thin films on to a collodion substrate, themificantly too low in energy in comparison with experiment.
dissolving away the substrate, so the surfaces were exposathis is because their calculation placed thigands too close
to air before measurement. Levegeieal®> madein siture-  to the Fermi energy by about 0.7 eV.
flectance measurements on silver films prepared at 5 Campillo et al® reported first-principles pseudopotential
x 10" Torr, but their measurements did not cover the im-calculations of the dynamical density response functions of
portant visible region of the spectrum. In none of these studeopper, both in the RPA and in a time-dependent extension of
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local density functional theory. Their results reproduce thdated threshold for interband transitions is too low in energy.
general features of the experimenial data, although their We obtained much better agreement with experiment when,
calculation appears to overestimate the strength of energyollowing the approach of Janakt al.> we modeled the
dependent features. In another recent paper, Cazefi#®  ground state energy bands by using an empirical exchange-
reported a similar calculation for silver. While their paper correlation potential that was adjusted to fit experimental
focussed on the energy-loss spectrum, they also comparddermi surface and quasiparticle mass data. We conclude that
the dielectric function with the data of Winsemigsall®as the principal reason why our empirical dielectric function
reported by Lynch and Huntéf. They too noted that the calculations are in better agreement with experiment is that
onset of interband transitions is significantly too low in en-they generate a more accurate configuration of the ground-
ergy in comparison with experiment, and they suggested thaitate energy bands that are the initial states of the optical
this may be because the LDA does not adequately take int@ansitions.

account correlations within the narrosvlike energy bands Scissors shifts were extracted by fitting the remaining dis-
of silver. crepancies between the experimental and the calculated di-

The GW approximation(GWA) to the electron self- electric functions. The scissors shifts prove to be small and
energy is widely used to treat correlation effects in optically-of similar magnitude for copper and silver, showing that ef-
excited electron sys,ten%,12 However, to the best of our fects beyond DFT play at most a minor role in determining
knowledge no such calculations have yet been reported fdhe dielectric functions of the noble metals in the visible and
the dielectric function of noble metals. Provided that the enthe vacuum ultraviolet.
ergy shifts for excitation energies calculated in the GWA are The present paper is organized as follows. Experimental
only weakly dependent on the band index and khaoint,  details of the RAS, ellipsometry, and surface roughness mea-
they can be approximated by a rigid shift, a method knowrsurements are reported in Sec. Il. In Sec. Il the theory un-
as scissors operator approathirhe actual amount of that derlying the dielectric function calculations is outlined, and
shift for electronic states close to the Fermi energy can béhe values adopted for the parameters are reported. Our re-
determined from a comparison between the calculated ansults for copper are presented and discussed in Sec. IV A,
the measured dielectric function in the visible and vacuurrand for silver in Sec. IV B. Finally, Sec. V summarizes the
ultraviolet. results and conclusions of the present work.

The present study is the first to exploit current techniques
of surface preparation and surface characterization. It was
carried out using a UHV ellipsometer mounted in a synchro-
tron beam line. Contamination-fré&@10) surfaces of single The experiments were performed in an ultrahigh vacuum
crystal samples of Cu and Ag were prepaiedsitu by ion  chamber at the 2m-Seya-Namioka beamline at BESSY | syn-
sputtering and annealing. The surface preparation washrotron in Berlin. We used single crystal @@0 and
checked by observing transitions between surface electronigg(110 samples. The crystals were aligned with Laue x-ray
states by reflection anisotropy spectroscdPAS). Transi-  backscattering to within 0.1° and mechanically polished be-

tions between localized surface states at Yhpoint of the  fore being introduced into the chambén. situ cleaning of
surface Brillouin zone give rise to features in RAS data atthe surfaces was done using cycles of sputtering with 600 eV
2.1 eV on clean C{110 and at 1.7 eV on clean A@.10.*618  argon ions at room temperature and subsequent annealing to
Very small amounts of contaminants suffice to quench thes€70 K.
features, so their appearance in RAS data is a sensitive test of The surface preparation was checked by means of reflec-
a clean adsorbate-free surface. Ellipsometry was used f@nce anisotropy spectroscopRAS) after each cycle of
measure independently the real and imaginary parts of thgPuttering and annealing. The spectrometer, which was at-
dielectric function, thereby avoiding the approximations in-tached to the chamber through a low strain quartz window,
volved in Kramers-Kronig analysis of experimental data. Tocovers the spectral range from 1.5 to 5.5 eV. Details of the
take into account the surface roughness that results from iosPectrometer can be found elsewhEr& RAS measures the
Sputtering and annea"ng, the roughness of the reﬂecting sudjﬁerence between the Complex reﬂeCtiVitiES for polarization
faces was measurex situby means of atomic force micros- along two perpendicular axés our casq 110] and[001])
copy, and the dielectric functions were corrected using amvithin the surface. Fof110 surfaces of fcc metals it has
effective medium model. been shown that electronic transitions between surface states
In the present study, self-consistent relativistic full- are responsible for characteristic RAS features at 2.1 eV on
potential calculations of the dielectric functions of copperCu(110) and 1.7 eV on A¢110).16-*Thus, RAS can be used
and silver were carried out on the basis of density functionain a similar way to valence-band photoemission spectroscopy
theory, and the results were compared with the experimentab check the surface conditions. After the surface state tran-
data. The sensitivity to energy-dependent features of the dsitions appeared in the reflectance anisotropy spectrum, the
electric functions was greatly enhanced by comparing alssurfaces were judged to be clean.
their energy derivativesib initio calculations, in which the The ellipsometry measurements were performed using a
exchange-correlation potentials were evaluated in the generetating analyzer ellipsometer operating with synchrotron ra-
alized gradient approximatiofGGA), yielded results that diation in the spectral range from the visible to the vacuum-
are not in satisfactory agreement with experiment. This is ilJV. All of the optical componentspolarizers, analyzer,
part because, as in previous work based on DFT, the calcisample, and Si photodiofleeere mounted inside the vacuum

Il. EXPERIMENTAL
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chamber. In the ellipsometry measurements, the plane of inween the eigenvectors that correspond to the initial and final
cidence was defined by the surface normal and[lIEl] states of the optical transition. From the imaginary part of the
direction in the sample surface. A detailed description of thdnterband contribution to the dielectric function, the real part
ellipsometer is given elsewhetIn brief, the light from the ~ can be readily calculated by Kramers-Kronig inversibn.
2m_Seya monochromator passes through an J\,tg'lgm be- Studies of many Systems have shown that denSity func-
fore illuminating the sample, and the reflected light is anational calculations within the local density approximation
lyzed by a second rotating MgFprism. The angle of inci- (LDA) ar_ld the generahz_ed grad|ent approximation tend to
dence is fixed at 67.5°. This configuration works between 2.#/nderestimate the energies of exmtaﬁér@ne approach to
and 10 eV. Between 2.5 and 4.5 eV an additional quartz filtef'y t0 address the limitations of density functional theory
in the reflected beam is used to suppress second order ligPFT) _for28<50|tatlons from the ground state is the GW
from the monochromator. This configuration gives superioformalism==*If the k-dependence of the error in the exci-
accuracy compared to any laboratory ellipsometer since thition energies is negligible, i.e., if
sample and all optical components are under well-defined _ _
UHV conditions. Also, artifacts such as those induced by the A(K)=[En(k) =Em(k) Jow—[En(k) =Em(k) Jorr~ A, 3
windows of a UHV chamber are completely absent.
lon sputtering and annealing removes surface contaminass (% ») can be obtained by shifting>™ (%) along the
tion, but the resulting surface may not be ideally flat. Sinceenergy axis,
the surface roughness modifies the optical response, the ow OFT
samples were measured in air with an atomic force micro- gy (hw)=ez; (ho—A). (4)
Scope(AFM) after the completion of the ellipsometry experi- Thg result which takes into account the nonlocality of the
ments. The AFM measurements were carried out in contacle|t_energy and is consistent with the requirement of gauge
mode using a Digital Instruments Nanoscope Ill. The RMS;yariance, is the formal basis for tiseissors approximation
roughness was calculated from the height profile of thepat s widely used to correct the results of density functional
sganne_d areas (5800 nm). As described in S_ec. \% t_he calculations of the dielectric function.
dielectric functions of Cu and Ag bulk were estimated in @  The electronic structures of copper and silver have been
three-layer model using the ellipsometry and AFM data.  cgcylated semirelativistically by means of the full-potential
linear augmented plane wayEP-LAPW) method using the
. THEORY WIEN97 code?® The electronic energies were determined self-
consistently by solving the Kohn-Sham equations of density-
functional theory. The spin-orbit interaction term was in-
cluded in the Hamiltonian. Exchange and correlation with
o the average electron distribution were represented by a one-
(e°3m°h) fued S tel(w) (1)  electron potential derived by Perdeatal?’ in the general-
wl+iolT ’ ized gradient approximation, an extension of the LDA that
includes additional terms that involve the gradient of the
The first two(Drude terms represent the contribution of electron density. This potential is regarded as being among
intraband transitions, while' () represents the contribution the most accurate of the current generationabf initio
of interband transitions. In an intraband transition, exces€xchange-correlation potentials.
momentum is transferred to the lattice by phonon or impurity  The following are the parameters adopted for the calcula-
scattering. Assuming that the relaxation timés isotropic,  tions. For copper at room temperature, the edge of the con-
Eq. (1) can be used to calculate the intraband contribution tozentional cubic unit cell is 6.8087 a.u. and the sphere radius
the dielectric function from the electronic energy bands inwas set to 2.20 a.u. For silver at room temperature, the edge
the vicinity of the Fermi level. of the conventional cubic unit cell is 7.7218au and the
As the wave vector of a photon is typically much smallersphere radius was set to 2.73a.u. Within the sphere, the
than the size of the Brillouin zone, it is an excellent approxi-charge density and potential were expanded in cubic harmon-
mation to treat interband optical transitionskasonserving. ics up toL=9, and a plane wave expansion involving 9261
In this approximation, the imaginary part of the interbandFourier coefficients was used in the interstitial region. The
contribution to the dielectric function at frequeney and  Brillouin zone integrals for the Fermi energies were evalu-

In the limit of low momentum transfer, the dielectric func-
tion of a metal can be expressed%<

g(w)=1—

temperatue 0 K can be evaluated from the expressfdi ated numerically on a grid of 286 reduckgoints, while the
dielectric functions were derived from joint densities of
| 47,22 Ud3r\p:’kg,5\pmyk|2 states and matrix elements evaluated on a grid of 11480
ex(w)= — 2 dSFIV (E—E,)] , reducedk points. Checks showed that these grids are suffi-
TT mn JSe kKien EmJIE —Ep=to @ ciently fine to ensure satisfactory convergence.
wherem and n denote the occupied initial and unoccupied IV. RESULTS AND DISCUSSION

fmal state_s OI Yvave vect@ EfT" andE, are the_co_rrespo_nd- The spectroscopic ellipsometry data yield a pseudodielec-
ing energiese is the polarization vector of the incident light, tric function that depends, in an inhomogeneous system like
and the matrix element of the velocity is evaluated be- a multilayer sample, on the dielectric properties of each layer
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FIG. 2. Real part(upper graph and imaginary part(lower
graph of the dielelectric function of Cu. The dotted line shows the
0.0 measured dielectric function and the solid line shows the dielectric

function after correcting for surface roughness. The dashed line
shows the results of the present calculation. Included are data from

FIG. 1. AFM images of the copper and silver samples. Thethe literature: squares from Ref. 1 and dots from Ref. 3.

images were taken in air after the completion of the optical experi-

ments. The AFM microscope was used in contact mode. From thEough surface layer and the vacuum was used to extract the
height profile the root mean squa(BMS) roughness was calcu- bulk dielectric function. An effective medium model due to
lated. & Ag(110, RMS roughness 0.42 nm,) KCu(110, RMS  Bruggeman was used to describe the thin surface layer
roughness 0.41 nm. (thicknessd<A) as a mix of 50% voids in 50% bulk

matrix.2°
within the penetration depth of the light. For bulk crystals as

investigated here, the sample consists of the semi-infinite
bulk metal plus a thin, usually ill-defined, surface layer of
distinct dielectric properties, which represents adsorbed The ellipsometry data for Cu are shown in Fig. 2. The
overlayers(contamination and surface roughness. In order dielectric function as measured on clean(Tl) is shown
to extract the bulk dielectric function, the properties of the(dotted ling, together with the bulk dielectric function after
surface layer must be known and corrected for by means aforrecting for surface roughnegésolid ling), and the dielec-
an appropriate model. This is possible only if the thicknesdric function obtained from the FP-LAPW calculation
and optical properties of the overlayers are known, a require(dashed ling Representative data from the literature are
ment that is generally not fulfilled. Therefore we present inplotted for comparison.
the following ellipsometry data that were collected under The surface roughness correction is rather small, the
UHV conditions on atomically clean, well ordered @L0)  maximum increase ie,) amounting to 0.2 at 4.5 eV. How-
and Ag110) surfaces. Even at a clean surface there is a thirever, our values ofe,) are considerably highgby 1.0 to
surface layer with dielectric properties different from the 1.5 at 4.5 eV than the dielectric functions determined from
bulk, but this effect is very small compared with a contami-reflectance measurements in Refs. 1 and 3. We attribute this
nated surface under non-UHV conditions. difference to the better surface quality of our samples, and in
The clean surfaces of C110) and Ag110 are not ideally  particular to the absence of adsorbed overlayers. Our data
flat on an atomic scale, and it is known that surface roughalso show clearly a shoulder {&,) around 4.4 eV that was
ness lowers the value @&,) in the spectral region of inter- hardly resolved in previous data.
band transition$:?® In Fig. 1, AFM images are shown that ~ The electronic energy bands of copper calculated self-
were taken in air after the completion of the optical experi-consistently by means of density functional theory in the
ments. r.m.s. surface roughnesses of 0.41 and 0.42 nm we@GA are plotted as solid lines in Fig. 3. The bands are num-
found for Cu and Ag, respectively. These RMS values weréered starting from the lowest band at a giverBelow the
used to correct the measured dielectric function for surfac&ermi level, a broad-p band is crossed by, and hybridizes
roughness. A three-layer model consisting of the bulk, thewith, a relatively narrow set of fivel bands, the topmost of

A. Copper
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functional calculation in which exchange and correlation were g xR R e
treated in the GGA. The dotted lines show the bands calculatec® [ =
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Energy [eV]

which lies about 1.5 eV below the Fermi level. These energy g 4. Comparison between the energy derivative of our ex-

bands and the corresponding eigenvectors were used to Cjlarimental dielectric function for coppéupper graph the result of
culate the dielectric function of copper in the limit of low our ab initio density functional calculation in the GGgniddle),
momentum transfer. and our result based on the empirical exchange-correlation potential

The derivative of the experimental dielectric function (lower graph. In the lower graph the interband transitions that ac-
with respect to the photon energy was calculated numericallgount for the principal features in the dielectric function are identi-
in order to enhance the energy-dependent features of t}«f@d according to the calculation. The ca_llculated Qielectric fun(_:tions_
spectrum. The real and imaginary parts of the experimente{PdUde small final-state dependent scissors shifts as described in
de(w)/dE are plotted in the upper panel of Fig. 4. In order the text

to interpret the various features in the data, the band-resolved . . . .
P The calculatede,(w)/dE, including the scissors shifts,

derivative spectrum ofe,(w) was also calculated, from . . .
which the contributions of transitions between all possibleIS plotted in the center panel of Fig. 4 The strong peak at
. - ! i o 1.65 eV, due to transitions from occupied states in band 5 to
pairs of initial and final state bands could be identified. unoccupied states in band 6, marks the onset of interband
The most promlnen_t features of the eXpe”mentaltransitions. This peak is below the range of the present ex-
dey(w)/dE are two maxima at 4.3 and 4.7 eV that corre- o imental data, but it has been observed by others at about
spond to the shoulder and the maximunme{w) discussed 5 10 e\A1 There is also a weak peak at 2.8 eV due to tran-
above. In the calculatedis,(w)/dE there are two prominent  sjtions from band 3 to band 6, a broad hump at about 6.3 eV
peaks in the same energy range. The peak at 4.0 eV is due ¢ge to transitions from band 4 to band 7, and a weak peak at
transitions from band 6 to band 7, while the peak at 4.7 eV isy 2 eV due to transitions from band 3 to band 7. For each of
due to transitions from band 1 to band 6. No single scissorghese, a corresponding feature appears in the experimental
shift A can bring the energies of these two calculated peakdata at a significantly higher energy.
fully into agreement with experiment. The fact that final These discrepancies between the calculategw)/dE
states in band 6 are predominarphike, while final states in  and the experimental data all suggest that the present density
band 7 are predominantkylike, suggested a simplensatz ~ functional calculation places thé-band complex too high
in the spirit of the scissors approximation, in which the en-relative to thes-p band and the Fermi energy. Similar dis-
ergy shiftA depends on the final state band. The only set otrepancies have been noted between density-functional cal-
non-negative scissors shifts that brings the energies of thesgilations and experimental data for such ground state prop-
two peaks into agreement with experimentAg=0.0 eV  erties of copper as the shape of the Fermi surface and the
andA,=0.3 eV. many-body enhancement of the quasiparticle velocity, both
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of which are strongly influenced by hybridization between P ARAARRAR R R R AR AL AL
the valences-p band and thel-band complex®~* Signifi- [ A9 3
cant discrepancies are found irrespective of whether the ex
change and correlation are treated in the LDA or GBA. -2
This is surprising, because density functional theory is ex-,
pected to work well for such ground state properties as thev
energies of the valence bands. -6
The exchange-correlation potential is perhaps the greates
source of uncertainty in calculating ground state properties
on the basis of DFT. The present results suggest that, fo "5
copper, even the best of the current generatiomoinitio

-------- measured

— corrected for

0.42 nm roughness

= = = calculation
® Johnson and Christy
o Palik

exchange-correlation potentials yietd bands that are too 4
high relative to thes-p band. Increasing the strength of the
exchange potential lowers thet bands and raises thep 3

bands relative to the Fermi level. By adjusting the coefficient ;3
of the exchange term it is possible to generate ground-stanv 2
energy bands for copper that are in good agreement witt

experimental Fermi surface and quasiparticle mass 1
data®323%3%The energy bands calculated from an empirical
exchange-correlation potential for copper constructed in this

EERENI AR RN RN ENE N

o
OrrTTT

2 4 6 8 10
way are plotted as dotted lines in Fig. 3. Compared with the Energy (6V)
ab initio calculation, the top of the-band is lowered by as o
much as 0.3 eV relative to the Fermi level. FIG. 5. Real part(upper graph and imaginary partlower

The dielectric functiore(w) was also calculated from the graph of the dielelectric function of Ag. The dotted line shows the
empirical exchange-correlation potential. Small scissoré“eas_'ured dielectric fgnction and the solid line shows the dielect_ric
shifts of the final state bandsA{=0.2 eV and A, function after correcting for surface rou_ghness. The dashed line
—0.4 eV) were needed to bring the energies of the mos?hovys the results of the present calculation. Included are data from
prominent peaks into agreement with experiment. The redf'® iterature: squares from Ref. 1 and dots from Ref. 3.
and imaginary parts of the calculatdd(w)/dE are plotted
in the lower panel of Fig. 4, and in Fig. 2 the real and imagi-with the bulk dielectric function after correction for surface
nary parts ofe(w) are compared with the experimental di- roughnesgsolid line), and the result of our FP-LAPW cal-
electric function. The calculated dielectric function is in very culation(dashed ling Representative data from the literature
good overall agreement with the experimental data. Work isre also shown. Below the onsetdsband absorption at 3.84
continuing to refine the empirical exchange-correlation poeV, the noise in oue,) data increases since the sample is
tential. However, since the dielectric function is much lessnonabsorbing and no compensator could be used in the ex-
sensitive to the valence band configuration than is the Fernperimental setup.
surface, further refinements are not expected to bring about a As for Cu, the correction for surface roughness turns out
significant change in the calculated dielectric function. De+to be small(see Fig. 1, increasing(e,) by only 0.1 at 4.5
tails of the empirical exchange-correlation potential will beeV. However, ouk, is significantly highekby 0.5 at 4.5 eV
reported elsewher¥. than in representative data from the literattiteand(e,) is

Scattering by phonons and defects results in lifetimealso significantly different. As a consequence, the energies
broadening of the optical transitions that contributef@).  wheree, is equal to zero differ from those in the earlier data.
The best agreement with the strengths of the various featuref particular, the zero crossing observed at 7.3 eV in Ref. 1 is
observed in the present experimental data for copper at rooghifted to 7.95 eV in our data. While our dielectric function
temperature was found with an assumed energy broadening in overall agreement with the literature, the features are
y=0.15eV=6 KT. Thaty is much larger thalkT suggests  sharpened. The data in the literature were derived from re-
that, in the copper samples used in the present work, phondfectance measurements on thin films and polycrystalline
scattering is dominated by other scattering processes. Clos@mples that were not cleaned and measured under UHV
to the minimum ine,(w) at a photon energy of 2.0 el¥ig.  conditions, so the discrepancies are most likely due to the
2), there is a significant discrepancy between the results gfresence of adsorbate overlayers in the earlier experiments.
the present calculation and experimental data taken from Plasmon excitations are expected to occur at those ener-
literature®* This discrepancy is largely removed if the di- gies wheres ;=0 and the first derivative of; is positive®*
electric function is recalculated assuming much weaker scain silver, ¢, crosses from negative to positive at 3.79 eV and
tering (y=0.025 eV~kT). again at 7.95 eV(see Fig. 5, and energy loss peaks have
been observed at both energiédhe feature at 7.95 eV has
been interpreted as a remainder of the free electron
excitation®* Another interpretation involves the splitting of

In Fig. 5 the measured dielectric functi¢a) of silver in  the theoretical plasma frequency into two hybrid plasmtns.
the energy range 2.5-9.7 eV is shovyadotted ling, together  For the lower energy plasmon teelectrons are screened by

B. Silver
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FIG. 6. Calculated band structure of silver. The solid lines show », 8| > 8 oo (Empirical XC) r1s E
. « el . v . A AN -
the energy bands as determined from abr initio density func- o +F dL AL 514 8
tional calculation in which exchange and correlation were treated in 2 [ ' =~
the GGA. The dotted lines show the bands calculated using the 3 ©OF o
empirical exchange-correlation potential described in the text. The £ _4 o =
labelsn™, n~ denote the symmetries of the relativistic electron L
. . . . _8 P Y
states at special points of the Brillouin zone. The bands are num- 0
bered, as in the text, starting from the lowest band at a dkven Energy [eVv]

thed electrons, while for the higher energy plasmon one may /G- 7. Comparison between the energy derivative of our ex-

. . . L . . ““perimental dielectric function for silvgupper graph the result of
g‘;gig}; thed ands electrons with their polarizations being in our ab initio density functional calculation in the GGéniddle),

. . L and our result based on the empirical exchange-correlation potential
The electronic energy bands of silver basedadminitio P g P

. L ) . ., (lower graph. In the lower graph the interband transitions that ac-
self-consistent relativistic FP-LAPW calculations in which count for the principal features in the dielectric function are identi-

the spin-orbit interaction was included and exchange anfeq according to the calculation. The calculated dielectric functions
correlation were treated in the GGA, are plotted as solid linegcjyde small final-state dependent scissors shifts as described in

in Fig. 6. As for copper, a broastp band is crossed by, and ine text.

hybridizes with, a relatively narrow set of fivkebands. Ac-

cording to the calculation, the highestand lies about 2.7 de,(w)/dE is plotted in the center panel of Fig. 7. The cal-
eV below the Fermi level. The dielectric function of silver in culated shoulder at 3.84 eV is comparable in strength to the
the limit of low momentum transfer has been calculated frompeak at 4.03 eV, while in the experimental data the shoulder
these energy bands and the corresponding eigenvectors. is much weaker than the peak.

The energy derivative of the experimental dielectric func-  Density functional calculations of such ground state prop-
tion of silver is plotted in the upper panel of Fig. 7. The mosterties of silver as the shape of the Fermi surface and the
prominent features of the experimeni@,(w)/dE are a many-body enhancement of the quasiparticle mass give re-
strong peak at 4.03 eV and a weaker overlapping shoulder gults that are in significant disagreement with the experimen-
3.84 eV. The data also show a shoulder at 4.2 eV. The moshl data?>3 This suggests that one reason why abrinitio
prominent features of the calculatdd,(w)/dE are a strong calculation yields a dielectric function that is not fully in
peak due to transitions from band 5 to band 6 at 3.10 eV andgreement with experiment is that, as for copper, it produces
a weaker peak due to transitions from band 6 to band 7 ain inaccurate configuration of initial states. To explore this
3.75 eV. As in copper, no simple scissors shifican bring  possibility, a calculation of the dielectric function of silver
the calculated dielectric function into agreement with experiwas carried out based on an empirical exchange-correlation
ment, so the scissors shift was allowed us to depend on theotential that was constructed by fitting experimental Fermi
final state band. Of the two sets of non-negative scissorsurface and quasiparticle mass d&t@&mall final-state en-
shifts that can bring the most prominent peaks of the calcuergy shiftsA;=0.18 eV andA,=0.60 eV were needed to
lated dielectric function into agreement with experiment,bring the most prominent peaks of the calculated dielectric
only Ag=0.93 eV andA,=0.09 eV is consistent with the function into agreement with the experimental data. The re-
shoulder observed experimentally at 4.2 eV, where the altesulting dielectric function is plotted in the lower panel of
native set of scissors shifts predicts a dip. The resultingrig. 7.
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The agreement with experiment is significantly better than Our numerical results show thab initio calculations
for our ab initio calculation in which exchange and correla- based on DFT and using the best of the current generation of
tion were treated in the GGA. In particular, the strength ofexchange-correlation potentials yield dielectric functions for
the shoulder at 3.84 eV is about one half of that of the peakopper and silver that are significantly in disagreement with
at 4.03 eV, as is found experimentally. Moreover, the finalthe experimental data. This is partly because DFT is not
state energy shifts are both weaker and less dependent on thigictly applicable to calculating the properties of excitations,
final state band. The main reason why the empiricaPut @ large part of the discrepancy is traced to an inaccurate
exchange-correlation potential yields a more accurate diele@onfiguration of the ground-state energy bands that are the
tric function for silver is that it generates a more accuratdnitial states of the optical transitions. Density functional cal-
model of the ground-state energy bands. culations based on empirical exchange-correlation potentials

The best agreement with the various features observed ﬁ’?at were derived by fitting experimental Fermi surface and

: . uasiparticle mass data yield dielectric functions that are in
the present expe fimentaldataiopSiveratoon temperatur uch better agreement with the experimental data. The re-
was found with an assumed energy broadening

o . sidual discrepancies are fitted by final-state-dependent scis-
=0.025 eV=kT. Thaty is comparable tkT suggests that, gq5 ghifts that prove to be small and of similar magnitude
in the silver samples used in the present experiments, scais, copper and silver, showing that effects beyond DFT play

tehring of the conduction electrons is dominated by thermak mqst a minor role in determining their dielectric functions.
phonons.
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