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First-principles calculation of the plasmon resonance and of the reflectance spectrum of silver
in the GW approximation
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We show that the position and width of the plasmon resonance in silver are correctly predicted byab initio
calculations including self-energy effects within theGW approximation. Unlike in simple metals and semi-
conductors, quasiparticle corrections play a key role and are essential to obtain electron energy loss in quan-
titative agreement with the experimental data. The sharp reflectance minimum at 3.92 eV, that cannot be
reproduced within density-functional theory~DFT! in the local-density approximation~LDA !, is also well
described withinGW. The present results solve two unsettled drawbacks of linear-response calculations for
silver.
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I. INTRODUCTION

Although the coexistence of quasiparticles and collect
excitations in an interacting system is well known, o
knowledge of their properties and mutual interactions in r
materials is far from being complete. One of the most s
cessful approaches to the calculation of the quasipar
~QP! band structure for a wide range of materials is theGW
method.1 Starting from a noninteracting representation of t
system, electrons and holes are screened by the surroun
electronic clouds created through the Coulomb interact
This description has been shown to be rather general in
scribing direct and inverse photoemission spectra, also
complicated systems as reconstructed surfaces
clusters.2,3 Noble metals, on the other hand, have been st
ied only very recently. Full quasiparticle calculations ha
been carried out only for Cu obtaining an excellent agr
ment with the experimental band structure.4 Collective
modes, i.e., plasmons, occur at energies for which the
part of the dielectric function vanishes with a correspond
small imaginary part; they can be observed experimentall
sharp peaks in electron energy-loss spectra~EELS!. A well
established technique to calculate EEL spectra uses
single particle or random-phase approximation~RPA! for the
polarization function, obtained in terms ofab initio energy
bands. The latter can be calculated within the Kohn Sha5

~KS! formulation of density-functional theory6 in the local-
density approximation7 ~DFT LDA! or in the generalized
gradient approximation8 when the exchange-correlation p
tential Vxc is considered as an approximation to the se
energy operatorS. This approach completely neglects se
energy corrections, that is the differenceS2Vxc , and
excitonic effects, whose inclusion has been faced only
cently. In the case of silicon, Olevano, and Reining9 showed
that using the quasiparticle energy bands without includ
excitonic effects the shape of the plasmon peak worsens
respect to the experiment. Inclusion of self-energy corr
tions and excitonic effects yields a spectrum very similar
DFT-LDA one and to the experiment. Ku and Eguiluz10 ob-
tained a correct positive dispersion of the plasmon width
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K using the single-particle approximation, with no man
body corrections beyond DFT LDA. In these cases ma
body effects~quasiparticle corrections and/or excitonic e
fects! are not required to describe correctly the experimen
data. These results agree with the general feeling that e
tonic effects partially cancel self-energy corrections. A sim
lar result has been found for Cu,11,12where the RPA respons
function calculated without many-body corrections yiel
good agreement with the experimental EEL and optical sp
tra.

In this framework the case of silver is rather surprisin
the experimental EELS is dominated by a sharp plasm
peak at 3.83 eV,13 whose position and width are badly repr
duced in DFT-LDA RPA.14 In particular, a width of about 0.5
eV is obtained within this approach, to be contrasted wit
much narrower experimental width (;100 meV). A similar
discrepancy occurs in the reflectance spectrum, where a
narrow dip at 3.92 eV is hardly reproduced by DFT-LD
calculations. Some papers have recently appeared15,16 which
correct DFT-LDA results by empirical scissors-operato
shifts ~or similar!, meant to better account for the band stru
ture. Improved dielectric functions are obtained in this w
but no solution of the puzzles mentioned above has b
given.

In Sec. II we show that nontrivial quasiparticle corre
tions on the highly localizedd bands strongly modify the
absorption spectrum threshold. As a consequence, in Se
we show that the plasmon position and width are renorm
ized by quasiparticle effects leading them close to the exp
mental values. Also the reflectance dip at 3.92 eV turns
to be well described in the same scheme. Finally in Sec.
we summarize our conclusions.

II. QUASIPARTICLE EFFECTS ON THE ABSORPTION
SPECTRUM

We proceed calculating the band structure of silver with
DFT LDA. The diagonalization of the KS Hamiltonian i
performed using norm-conserving pseudopotentials~PP’s!
©2002 The American Physical Society01-1
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and a plane-waves basis.12 The use of soft ~Martins-
Troullier17! PP’s allows us to work at full convergence with
reasonable kinetic-energy cutoff~50 Ry.!. Many-body cor-
rections are added on top of the DFT-LDA band struct
following the implementation of theGW method described
in Ref. 4. The resulting quasiparticle band structure of Ag
high-symmetry points is compared with DFT-LDA results
Table I. While the deeper energy levels remain mostly
changed, a downward shift of about 1.3 eV of the topd
bands leads to a decrease of the bandwidth, and hence
excellent agreement with experiment. The residual discr
ancies between the position of theGW bands and the experi
mental results (;0.2 eV) is larger than in the case o
copper4 (;0.05 eV). This is a consequence of the QP ren
malization of the Fermi level in silver (;0.6 eV), not
present in copper, which yields the large QP corrections
ported in Table I and an additional error. Differently fro
semiconductors,GW correctionsdo notact as a rigid shift of
the whole occupied band structure with respect to the em
~conduction! part. QP corrections are highly nontrivial sinc
even their sign turns out to be band/k-point dependent, as w
have already shown in the case of copper.4

To calculate the EEL spectra, we use the QP band st
ture to evaluate the inverse dielectric functione21(v):18

e21~v!5Fe ib~v!2
vD

2

v~v1 ih!
G21

, ~1!

where e ib(v) is the interband contribution andvD
59.48 eV is the Drude plasma frequency, both calcula
ab initio following the procedure described in Refs. 12 a
19. The interband RPA dielectric function is given by

e ib~v!5124p lim
q→0

E
BZ

d3k

~2p!3 (
nÞn8

u^n8k2que2 iq•runk&u2

uqu2

3
f n8,k2q2 f n,k

v1En,k2En8,k2q1 ih
, ~2!

TABLE I. Theoretical band widths and band energies for silv
at high-symmetry points.GW energies are relative to the QP Ferm
level. The striking agreement with the experimental results sh
that the silver band structure is very well described at theGW level.
The values in the last column are taken from Ref. 24 where s
orbit splittings have been removed by making degeneracy-weig
averages.

DFT LDA GW Experiment

Positions G12 23.57 24.81 24.95
of X5 22.49 23.72 23.97
d bands L3(2) 22.71 23.94 24.15

G122G258 1.09 0.94 1.11
Widths X52X3 3.74 3.39 3.35
of X52X1 3.89 3.51 3.40
d bands L3(2)2L3(1) 1.98 1.85 1.99

L32L1 3.64 3.17 2.94
X52X2 0.27 0.29 0.38
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where 0< f n(k)<2 represents the occupation numb
summed over spin components.h50.1 eV has been used i
the present calculations. Theq→0 limit of Eq. ~2! has been
done including the effects of the pseudopotential nonloca
as done in Ref. 12. TheGW optical-transition energies
(En,k2En8,k) are obtained fitting the QP corrections calc
lated at 29k points of a regular grid in the irreducible Bril
louin zone~BZ!. Separate fitting curves~shown in Fig. 1!
have been used for selected band pairs (n,n8) andk regions
in the BZ, in order to correctly reproduce the energy dep
dence of the quasiparticle corrections. From Fig. 1 it is e
dent thatGW corrections are highly nontrivial~ranging from
20.75 to 0.5 eV for filled states, and from 0 to 0.75 eV f
empty states, as shown in the inset!. GW optical-transition
energies are generally above the dashed line, representin
condition of vanishing quasiparticle corrections (En,k

2En8,k)5(En,k
0 2En8,k

0 ), and lead to upward shifts of th
electron-hole energies. However between 4 and 5 eV so
electron-hole energy shifts are negative. These correspon
transitions close to theL point from the Fermi level to the
seventh~empty! band.

In Fig. 2 theGW interband contributione ib9 (v) is com-
pared with the DFT-LDA result. In the upper panel all th
transitions except those involving thek points near theL
point are included:GW corrections shift the whole spectra t
higher energies, with the threshold energy occurring
;4 eV, in agreement with experiment. In panel~b! we con-
sider the transitions~sketched in the inset! not included in
panel~a!. At difference with panel~a!, GW shifts the DFT-
LDA spectrum towardlower energies. In conclusion, wea
interband transitions start at the threshold in panel~b! ~3.36
eV!, while the main onset ofe ib9 (v) is that of panel~a!,
;4 eV. The resulting~total! dielectric function is shown in
the inset of Fig. 3.

III. THE RENORMALIZED PLASMON FREQUENCY

The two different effects ofGW corrections one ib9 (v)
shown in Fig. 2 are crucial in determining the properties
the plasmon resonance whose frequency,vp , is defined
through the relation,

e ib~vp!2
vD

2

vp
2

50. ~3!

vp is, in general, complex since decay into electron-h
pairs gives to the plasmon a width proportional toe ib9 (vp).
Now, the sharp onset ofe ib9 (v) at ;4 eV ~see inset of Fig.
3! is responsible for a solution of Eq.~3! at 3.56 eV, just
below the main interband threshold. Within DFT-LDA, in
stead, the interband threshold ofe ib9 (v) at ;3 eV remains
below vp , resulting in a strongly damped plasmon peak
shown in Fig. 3~dashed line!. From Fig. 2, panel~b!, we see
that the only transitions contributing to the plasmon wid
proportional toe ib9 (vp), are those from the Fermi surface
the first conduction band at theL point. These decay chan
nels are in agreement with many experimental results20 that,
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FIG. 1. ~Color! GW optical-transition energies~circles! plotted as a function of DFT-LDA ones for a regular grid of 29k points in the
irreducible Brillouin zone. The dashed line corresponds to vanishingGW corrections while full lines are our fitted curves. They are used
extend theGW corrections to the optical-transition energies of a largerk-points grid. GW corrections shift upward the electron-ho
energies, except for some transitions between 4 and 5 eV~as discussed in the text!. In the insetGW corrections are shown versus DFT-LD
energies.
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using temperature and alloying techniques, have singled
the electron-hole transitions responsible for the plasm
damping.

GW-corrected EELS is compared with DFT LDA and e
perimental results in Fig. 3: the plasmon peak, undere
mated in intensity and position in DFT LDA, is shifted to
ward higher energies and strongly enhanced byGW
corrections, in striking agreement with experiment. In Fig
an overestimation of the absorption spectrum with respec
the experiment is observed@similar to that found in Cu~Ref.
12!#. This is reflected in an underestimation of the loss
tensity close to 8 eV, and might be due to the neglection
QP renormalization factors in Eq.~2! and to excitonic dy-
namical effects.21 Despite this partial agreement in the 8 e
region, the presentab initio GW calculation is able to repro
duce correctly the plasmon resonance. This resonance ca
interpreted as a collective~Drude-like! motion of electrons in
the partially filled band. However, according to Eq.~3!, vp
does not coincide with the bare Drude frequencyvD , the
difference arising from the screening of the electron-elect
11510
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interaction by virtual interband transitions. The plasm
resonance, although blue shifted with respect to DFT LD
remainsbelowthe main interband threshold, but overlaps t
weak low-energy tail of interband transitions@see Fig. 2,
frame ~b!# acquiring a small yet finite width. The highly
nontrivial QP shifts of interband transitions are crucial
obtain this result.

The polarization of the ‘‘medium’’ where the plasmon o
cillates ~the d electrons! is hence important to determine it
energy and width. This polarization is absent in the homo
neous electron gas because there are no localizedd orbitals
and no interband transitions; it is weak in semiconduct
~like Si!, because interband transitions occur at energies
from that of the plasma resonance. The same polariza
effect is present, but destructive in copper due to the low
onset of interband transitions. EELS peaks occurabovethis
onset and are therefore strongly broadened. In conclus
the delicate interplay of plasmon-frequency renormalizat
with the shift of the interband-transition onset, both due
QP corrections, may yield~in silver! or may not yield~in
Copper! a sharp plasmon resonance.
1-3
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Another important quantity is the reflectance,R(v)
5(uN(v)21u/uN(v)11u)2, whereN is the complex refrac-
tion index defined by@N(v)#25e(v). In Fig. 4 we compare
theGW R(v) with the DFT–LDA one, and with experimen
tal results.22 The latter shows a very narrow dip at 3.92 e
close to the plasmon frequency, arising from the ze

FIG. 2. Interband absorption spectrume ib9 (v) of Ag calculated
using the quasiparticleGW band structure. Theoretical spectra d
not contain the intraband contribution. In both panels and ins
solid line, GW; dashed line, DFT LDA. Only in panel~a!: boxes,
full experimentale9(v) ~Ref. 22!. In panel ~a! all the transitions
except those involving thek points near theL point are included.
These are considered separately in panel~b!. In the insets the DFT-
LDA band structure is compared with theGW result, and the ar-
rows indicate the most important transitions involved near the
sorption threshold. In panel~b! quasiparticle corrections shift som
transition energies at theL point belowthe main threshold of pane
~a!. These are responsible for the plasmon damping.

FIG. 3. Electron energy-loss spectrum~EELS! of silver. Solid
line: GW. Dashed line: DFT LDA. Boxes: experiment~Ref. 22!.
The nontrivial quasiparticleGW corrections improve considerabl
the DFT-LDA plasmon peak, yielding a striking agreement with t
experiment. TheGW dielectric function is shown in the inset.
11510
-

reflectance pointv0, defined ase(v0)51. Again, the width
and depth of this reflectance dip are related to the imagin
part of e(v). GW corrections makev0 to occur below the
main onset of interband transitions, and hence produc
very narrow and deep reflectance minimum. Here the ag
ment betweenGW results and experiments for the intensi
and width of the dip at 3.92 eV is even more striking than
the EELS.

This result is of great importance for the optical a
EELS properties of Agsurfaces. Very recent calculations o
reflectance anisotropy spectra~RAS! within DFT LDA for
Ag~110! ~Ref. 23! were not able to reproduce quantitatively
sharp dip observed experimentally. This feature, at an ene
v r53.8 eV, has been assigned to a bulk resonance, ari
in the RAS spectrum whene(v r)51. Hence, it is the same
occurring in the reflectance spectrum of Fig. 4. Its width a
shape are strongly related to the reflectance dip of Fig. 4,
therefore they needGW corrections to be well reproduced

IV. CONCLUSIONS

We have performed a calculation of the EEL and refle
tivity spectra of silver within the RPA approach, using th
quasiparticle band structure calculated within theab initio
GW method. We have shown that the peculiar, well-kno
plasmon peak in the EELS and the deep reflectivity mi
mum observed experimentally, are quantitatively describ
by theory, without requiring adjustable parameters. Our t
oretical calculations do not contradict previous results
semiconductors and simple metals~where many-body effects
are less important! if the role played byd orbitals is correctly
interpreted.
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FIG. 4. Reflectivity spectrum of Silver. Solid line:GW. Dashed
line: DFT LDA. Boxes: experiment~Ref. 22!. The experimental
sharp dip at 3.92 eV is correctly reproduced byGW, with a sub-
stantial improvement on the DFT-LDA spectrum.
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