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Measurement and density functional calculations of optical constants of Ag and Au
from infrared to vacuum ultraviolet wavelengths
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The dielectric function of Ag and Au for wavelengths ranging from the infrared to the vacuum ultraviolet
regime was measured with reflection electron energy-loss spectroscopy (REELS). The spectra are compared to
density functional theory (DFT) calculations and to experimental optical data available in the literature since
about three decades ago. The REELS and DFT results exhibit good consistency, while the earlier optical data
significantly deviate. The results demonstrate that REELS and DFT are powerful tools for the study of the

electromagnetic response of surfaces.
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Optical constants of a solid are not only of fundamental
relevance in many branches of science but also have many
practical applications. In spite of their importance, no com-
prehensive database exists for optical spectra of arbitrary ma-
terials at all frequencies. A fundamental understanding of the
underlying physics requires a theoretical background, which
has not been widely explored until the last decade from an ab
initio point of view. Nowadays, it has become more common
to perform first-principles calculations of the frequency-
dependent dielectric function of arbitrary solids"? within the
framework of density functional theory (DFT) and beyond.

Experimental data against which these theories can be
tested have been compiled by Palik?® and usually consist of a
number of individual data sets taken over different wave-
length ranges. The main difficulty with optical measurements
over a wide energy scale is related to the vanishing rest mass
of the photon which, by virtue of energy and momentum
conservation, implies that the overwhelming majority of
scattering processes lead to absorption of the probing par-
ticle. Therefore, the spectrum is divided into regions of high
opacity and high transparency for which accurate simulta-
neous determinations of the dispersive (real) and absorptive
(imaginary) parts of the dielectric function are more in-
volved. Often, complementary data from other sources are
used and a Kramers-Kronig analysis is invoked.* For these
reasons, the use of electron energy-loss measurements as a
probe of the dielectric response of a solid represents an at-
tractive alternative that provides information on the entire
range between the infrared and x-ray wavelengths. However,
the finite electron rest mass makes it highly unlikely for an
electron to be absorbed during scattering leading to strong
multiple scattering features in the loss spectra. Therefore, it
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is necessary to deconvolute the spectra before optical data
can be derived from them. Such measurements have been
routinely carried out in the transmission electron microscope
in the past,’ but this technique is quite involved when it
comes to sample preparation. Moreover, the measurements
are only rarely carried out in ultrahigh vacuum. A method
that is free of these deficiencies is the reflection electron
energy-loss spectroscopy (REELS), but the data analysis is
more complicated and an appropriate approach has only been
reported recently® and has been tested for several solids,%%
including Ag and Au, which are studied in the present work.

However, in these works, the full width at half maximum
(FWHM) of the elastic peak amounted to about 1.7 eV, im-
plying that the intensity of the elastic peak is significantly
higher than or comparable to the intensity of the loss features
for energy losses of up to ~4 eV, which makes elimination
of the elastic peak less reliable in this energy range. There-
fore, important features in the loss function and the dielectric
function in the visible and near visible range could not be
retrieved with good accuracy. In particular, the surface plas-
mon feature in the Ag spectrum at ~3.8 eV, which is highly
relevant for the field of plasmonics,” is obscured in this way
by the dynamic range of the REELS data. In the present
Rapid Communication, high-resolution electron energy-loss
spectra measured in reflection!? are analyzed to give the op-
tical spectra of Ag and Au between the infrared and vacuum
ultraviolet (VUV) range of wavelengths. An evaluation with
respect to DFT calculations reveals that the present approach
leads to more reliable dielectric functions compared to exist-
ing earlier optical data.

The dielectric response is calculated within the random
phase approximation, where the excited electron and the cre-
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ated hole are regarded to be independent (independent par-
ticle approximation),

h’e?
Im E(G))ZTEfpn’,n,kpn’,n,k
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with p,,  representing the momentum matrix element be-
tween bands n and n’ for a k point in the irreducible part of
the Brillouin zone and f(e,) being the occupation number
of the corresponding single-particle state with energy &, . A
lifetime broadening of 0.1 eV for the interband transitions is
used, while for the intraband contribution (n=n'), a Drude-
type line shape is adopted with broadenings of 0.1 eV for Au
and 0.02 eV for Ag (corresponding to a lifetime 7 of 31
X 10715 s as given in Ref. 11). The real part of the dielectric
function is obtained by a Kramers-Kronig transformation.

This approach is well suited for metals where the Cou-
lomb interaction of the electron-hole pair is efficiently
screened. The quasiparticle energies and wave functions are
approximated by the Kohn-Sham eigenstates, which are ob-
tained by the linearized augmented plane wave (LAPW)
method using the WIEN2K code.'? Exchange and correlation
effects are treated by the generalized gradient approximation
parametrized by Perdew et al.'> Spin-orbit interaction is in-
cluded via a second variational scheme. The theoretical
framework to compute the dielectric function within the
LAPW scheme is described in Ref. 2. Well converged spec-
tra are calculated on a 51 X 51 X 51 k-point grid consisting of
3276 irreducible points, with the Brillouin zone integrations
carried out by the linear tetrahedron method.

REELS spectra analyzed in the present work were ob-
tained on polycrystalline Ag and Au samples using the high-
energy electron scattering spectrometer at the Australian
National University operating at a base pressure of
11079 mbar.'® Sample cleaning was performed by Xe*
ion bombardment. The incidence and emission angles were
45° with respect to the surface normal, the scattering angle
was 120°, and the analyzer (half polar) opening angle was
about 0.5°. The energy resolution varied with energy but was
always better than 0.5 eV (FWHM of the elastic peak). The
spectra for primary energies of 5 and 40 keV are shown in
Fig. 1.

When an electron hits a solid surface, it experiences mul-
tiple elastic and inelastic collisions. The boundary conditions
of Maxwell’s equations lead to volume excitations experi-
enced deep inside the solid as well as surface excitations
occurring both in vacuum and inside the solid upon crossing
the solid-vacuum interface. The loss spectrum is a superpo-
sition of groups of electrons that have experienced multiple
surface and volume energy losses. Therefore, the employed
deconvolution procedure®'* for elimination of multiple scat-
terings giving the single-scattering loss distribution in an in-
dividual volume excitation w,(7) and surface excitation
w,(T) requires a simultaneous analysis of two loss spectra for
which the relative importance of surface and volume excita-
tions is different.

The probability for experiencing a surface excitation de-
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FIG. 1. (Color online) Experimental REELS for electron ener-
gies of 5 (light symbols) and 40 (dark symbols) keV. (a) Ag; (b) Au.

creases with increasing energy. Therefore, the procedure
mentioned above can be applied to two spectra taken at suf-
ficiently different energies. In Fig. 1, the decrease in the sur-
face excitation probability is clearly evidenced by the de-
crease in intensity for energies below 30 eV when the
primary energy is increased from 5 to 40 keV. The resulting
single-scattering loss distributions are shown in Fig. 2 as
data points. These single-scattering distributions are in good
agreement with results of the earlier analysis for energies
above ~35 eV [not shown (see Ref. 7)]. The insets of Fig. 2
demonstrate that with the energy resolution of the present
measurements, the peak at 3.8 eV in the Ag spectra can be
decomposed into a contribution of a surface excitation at
3.7 eV and a volume excitation at 3.9 eV, while a clear as-
signment is not possible on the basis of the earlier measure-
ments. The differences between these deconvoluted spectra
and the raw data in Fig. 1, in particular, above 50 eV, clearly
show the influence of multiple scatterings on REELS.

In the next step of the analysis, the single-scattering loss
distributions are fitted to theory'# using an appropriate model
dielectric function consisting of a set of the Drude-Lindhard
oscillators,!”
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where w=T is the energy loss and g is the momentum trans-
fer. Here, f; represents the oscillator strength, v; is the damp-
ing coefficient, and w; is the energy of the ith oscillator. A
quadratic dispersion w,(q)=w;+¢*/2 is assumed. Those val-

161404-2



MEASUREMENT AND DENSITY FUNCTIONAL...

T T T T T ol

(a) Ag Volume = "o Jwil
L =

"_> 0.02F t, /\ QSerace (x0.1)

3 2z

L_,_c 3 0 Ergrgy Iows(sJT(eWVS) 1

= 001

£

2

Au,Volume

—~
O
g

b

w (T), w (T) (eV')

s

Energy loss T (eV)

FIG. 2. (Color online) Retrieved surface and volume single-
scattering loss distributions (data points) and fit to the theory sum-
marized in Ref. 14 using the model dielectric function given by Eq.
(2) (solid curves). (a) Ag; (b) Au. The insets compare the low-
energy part of the present analysis (solid curves) with earlier data
(Ref. 7) (solid curves with data points).

ues of the Drude-Lorentz parameters in the above equation,
which minimize the deviation between experiment and
theory,'* are taken to parametrize the dielectric function.
Since various aspects of the surface scattering process, such
as its depth and angular dependence, cannot be modeled by
means of the simple formulas in Ref. 14 with the same level
of accuracy as the volume scattering process, the latter was
given a relative weight factor of 100 in the fitting procedure.
The solid curves in Fig. 2 represent the result of this ap-
proach for the present data set.

In Fig. 3, the loss function (Im{—1/&(0, w)}) as well as the
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real [£,(0, )] and imaginary [&,(0, w)] parts of the dielec-
tric functions of Ag and Au calculated within the DFT frame-
work (solid curves) and derived from REELS (circles) are
compared to the data from Palik’s book!> (dashed
curves). The fitting procedure yields the loss functions
Im{-1/&(0, )}, as shown in the left panels of Fig. 3. Inte-
grating these over the region of allowed momentum transfers
gives the single-scattering loss distributions in the upper pan-
els in Fig. 2. Since the model dielectric function [Eq. (2)]
satisfies the Kramers-Kronig dispersion relationships, the
real and imaginary parts of the dielectric function can also be
directly evaluated from the fit parameters describing the loss
function. These quantities are shown in the middle and right-
hand-side panels of Fig. 3. However, the measurements
mainly sample the absorptive part of the spectrum. There-
fore, by assuming that the experimental error in Im{-1/&} is
of the order of 5%-10%, the error bars for €, and &, can be
estimated using the common rules of error propagation. This
leads to experimental errors in &; and &, of the same order of
magnitude for energies above 10 eV, but for smaller energies
they can become excessively large and may exceed 100%, as
indicated in the figure by the error bars at selected energies.
In Ref. 18, the error introduced by the deconvolution proce-
dure has been estimated to be well below 10%.

The DFT results display a wealth of fine structure in the
dielectric function. Taking into account the finite energy res-
olution of the REELS measurements of about 0.5 eV as well
as the fact that the single-scattering loss distributions repre-
sent an average over all allowed momentum transfers, the
consistency between the REELS and DFT results is satisfac-
tory, while the agreement with Palik’s data is less good. In
particular, peaks in the REELS and DFT results for &, &,
and Im{-1/&} in the range between 20 and 40 eV are slightly
shifted in position, with respect to the earlier optical spectra.
The peaks in the range between 40 and 50 eV, which are the
strongest ones in the DFT results for Im{—1/¢}, are less in-
tense in the REELS data. This fact can be traced back to
local-field effects (LFEs) that are not accounted for in the
present calculations. As found for TiOz,19 the LFEs shift the
spectra in this energy range to higher energies, thereby sig-
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FIG. 3. (Color online) Loss function Im{—1/&} as well as dispersive &, and absorptive part &, of the dielectric function of Ag and Au
retrieved from the REELS spectra (circles) compared to Palik’s data (Ref. 15) (dashed curves) and to DFT results (solid curves).
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nificantly reducing the magnitude. The only pronounced fea-
ture where the REELS results agree significantly better with
Palik’s data for the loss function [Fig. 3(a)] is the peak at
about 4 eV for Ag. In this energy range, there are uncertain-
ties stemming from the DFT d band positions which are
deviating from experiment by some tenths of an eV. At the
same time, further clarification is needed concerning the role
of surface effects in the density functional calculations. This
is particularly important in view of the growing field of plas-
monics.

Sum rule checks are summarized in the insets of Fig. 3.
The REELS and DFT data above 60 eV were extended to
30 keV by the empirical x-ray scattering data of Henke et
al.*® For the Thomas-Reiche-Kuhn sum rule (or f-sum rule),
with an expectation value equal to the atomic number, all
three data sets show deviations of the same order of magni-
tude. In the present context, the perfect screening (ps) sum
rule, with an expectation value of unity, seems to be more
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important since it emphasizes low energies of <100 eV. The
ps-sum rule is accurately satisfied by the DFT calculations,
while the REELS data and Palik’s data exhibit deviations of
up to 7% and 15%, respectively.

Two powerful methods to obtain optical data, DFT calcu-
lations and REELS, have been compared over a large wave-
length range between the infrared and the VUV for Ag and
Au. Within the experimental error, satisfactory agreement
was found between experiment and theory, while the optical
data measured several decades ago® significantly deviate.
Since REELS is conceivably one of the simplest experiments
with electrons, it is expected to become a useful tool for
investigating the dielectric response of a solid and theoretical
modeling of associated phenomena.
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