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Ab initio calculations of the dynamical response of copper
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The role of localizedd bands in the dynamical response of Cu is investigated, on the basis ofab initio
pseudopotential calculations. The density-response function is evaluated in both the random-phase approxima-
tion and a time-dependent local-density functional approximation. Our results indicate that in addition to
providing a polarizable background which lowers the free-electron plasma frequency,d electrons are respon-
sible, at higher energies and small momenta, for a double-peak structure in the dynamical structure factor.
These results are in agreement with the experimentally determined optical response of copper. We also analyze
the dependence of dynamical scattering cross sections on the momentum transfer.@S0163-1829~99!10819-1#
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Noble-metal systems have been the focus of much exp
mental and theoretical work in order to get a better und
standing of how electronic properties of delocalized, fre
electron-like, electrons are altered by the presence
localized d electrons. Silver is one of the best understo
systems, where the free-electron plasma frequency
strongly renormalized~red-shifted! by the presence of a po
larizable background ofd electrons.1 Unlike silver, copper
presents no decoupling betweensp and d orbitals, and a
combined description of these one-electron states is ne
to address both structural and electronic properties of
material. Though in the case of other materials, such as s
conductors, electron-hole interactions~excitonic renormal-
ization! strongly modify the single-particle optical absor
tion profile,2 metals offer a valuable playground fo
investigations of dynamical exchange-correlation effects
interacting many-electron systems within a quasipart
picture.3 Indeed,ab initio calculations of the dynamical re
sponse of a variety of simple metals, as obtained within
random-phase approximation~RPA!, successfully accoun
for the experimentally determined plasmon dispers
relations4 and scattering cross sections.5 Within the same
many-body framework,ab initio calculations of the elec
tronic stopping power of real solids have also been report6

Since the pioneering investigations by Ehrenreich a
Philipp7 on the optical absorption and reflectivity of Ag an
Cu, a variety of measurements of the optical properties
copper has been reported.8 Nevertheless, there have been,
the best of our knowledge, no first-principles calculations
the dielectric response function of Cu that include the f
effects of the crystal lattice. Furthermore, the dynami
density-response function is well known to be a key quan
in discussing one-electron properties in real metals, and
also of basic importance in the description of low
PRB 590163-1829/99/59~19!/12188~4!/$15.00
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dimensional copper systems studied in optical and tim
resolved femtosecond experiments.9,10

In this paper we report a first-principles evaluation of t
dynamical density-response function of Cu, as computed
the RPA and a time-dependent extension of local-den
functional theory~TDLDA !, after an expansion of 4s1 and
3d10 one-electron Bloch states in a plane-wave basis wit
kinetic-energy cutoff of 75 Ry.11 Though all electron mixed
basis schemes, such as the full-potential linearized a
mented plane-wave~LAPW! method,12 are expected to be
well suited for the description of the response of localizedd
electrons, plane-wave pseudopotential approaches off
simple and well-defined scenario to describe ground-s
properties and dynamical response functions.13 This ap-
proach has already been successfully incorporated in the
scription of inelastic lifetimes of excited electrons
copper,14 and could also be applied to the study of oth
noble and transition metals.

The key quantity in our calculations is the dynamic
density-response functionx(r ,r 8;v). For periodic crystals
we Fourier transform this function into a matrixxG,G8(q,v)
which, in the framework of time-dependent densit
functional theory~DFT!,15,16 satisfies the matrix equation

xG,G8~q,v!5xG,G8
0

~q,v!1(
G9

(
G-

xG,G9
0

~q,v!

3@vG9~q!dG9,G-1KG9,G-
xc

~q,v!#

3xG-,G8~q,v!. ~1!

Here, the wave vectorq is in the first Brillouin zone~BZ!, G
and G8 are reciprocal lattice vectors,vG(q)54p/uq1Gu2
are the Fourier coefficients of the bare Coulomb potent
12 188 ©1999 The American Physical Society
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the kernelKG,G8
xc (q,v) accounts for short-range exchang

correlation effects,16 andxG,G8
0 (q,v) are the Fourier coeffi-

cients of the density-response function of noninteract
Kohn-Sham electrons:

xG,G8
0

~q,v!5
1

V (
k

BZ

(
n,n8

f k,n2 f k1q,n8

Ek,n2Ek1q,n81\~v1 ih!

3^fk,nue2 i(q1G)•rufk1q,n8&

3^fk1q,n8ue
i(q1G8)•rufk,n&, ~2!

where the second sum runs over the band structure for
wave vectork in the first BZ, f k,n are Fermi factors,h is a
positive infinitesimal,17 and V represents the normalizatio
volume. The one-particle Bloch statesfk,n(r ,v) and ener-
giesEk,n are the self-consistent eigenfunctions and eigen
ues of the Kohn-Sham equations of DFT,15 which we solve
within the so-called local-density approximation18 ~LDA ! for
exchange and correlation effects. The electron-ion inte
tion is described by a nonlocal, norm-conserving, io
pseudopotential20 in a nonseparable form, so as to have
better description of the conduction bands entering Eq.~2!.

The calculations presented below have been found to
well converged for all frequencies and wave vectors un
study, and they have been performed by including cond
tion bands up to a maximum energy of 80 eV above
Fermi level. BZ integrations were performed by sampling
a 10310310 Monkhorst-Pack mesh.19 In the RPA the ker-
nel KG,G8

xc (q,v) is taken to be zero. In the TDLDA the zero
frequency kernel, approximated within the LDA by a conta
d function, is adiabatically extended to finite frequencies.16,21

In both RPA and TDLDA, crystalline local-field effects ap
pearing through the dependence of the diagonal elemen
the interacting response matrixxG,G8(q,v) on the off-
diagonal elements of the polarizabilityxG,G8

0 (q,v) have
been fully included in our calculations.22

The properties of the long-wavelength limit (q→0) of the
dynamical density-response function are accessible by m
surements of the optical absorption, through the imagin
part of the dielectric response functioneG50,G850(q50,v).
On the other hand, the scattering cross section for inela
scattering of either x rays or fast electrons with finite m
mentum transferq1G is, within the first Born approxima-
tion, proportional to the dynamical structure factor

S~q1G,v!5
2

vG~q!
Im @2eG,G

21 ~q,v!#, ~3!

where

eG,G8
21

~q,v!5dG,G81vG8~q!xG,G8~q,v!. ~4!

Figure 1 exhibits, by solid lines, our results for both re
and imaginary parts of theeG,G(q,v) dielectric function of
copper, for a small momentum transfer ofuq1Gu
50.18a0

21 (a0 is the Bohr radius!, together with the optica
data (q50) of Ref. 8~dashed lines!. In this low-q limit, both
RPA and TDLDA dynamical density-response functions c
incide, and the dielectric function is obtained from the d
namical density-response function of noninteracting Ko
g
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Sham electrons.3 Corresponding values of the so-calle
energy-loss function Im@2eG,G

21 (q,v)# are presented in Fig
2, and a comparison between the imaginary parts of inter
ing xG,G(q,v) and noninteractingxG,G

0 (q,v) density-
response functions is displayed in the inset of this figu
showing that as the Coulomb interaction is turned on
oscillator strength is redistributed. Our results, as obtai
for a small but finite momentum transfer, are in excelle
agreement with the experimentally determined dielec
function, both showing a double-peak structure
Im @2eG,G

21 (q,v)#.
In order to investigate the role of localizedd bands in the

dynamical response of copper, we have also used anab initio
pseudopotential with the 3d shell assigned to the core. Th
result of this calculation, displayed in Fig. 2 by a dotted lin
shows that a combined description of both localized 3d10

and delocalized 4s1 electrons is needed to address the act
electronic response of copper. On the one hand, the
played in the long-wavelength limit by the Cud bands is to
provide a polarizable background which lowers the fre
electron plasma frequency by;2.5 eV.23 We note from Fig.
1 that near 8.5 eV the real part of the dielectric functi

FIG. 1. Real and imaginary parts of theeG,G(q,v) dielectric
function of Cu, forq50.2(1,0,0)(2p)/a (a53.61 Å is the experi-
mental lattice constant! andG50. Solid and dashed lines represe
our calculations and the optical data of Ref. 8, respectively.

FIG. 2. As in Fig. 1, for the energy-loss function of Cu. Th
dotted line represents the result of assigning the 3d shell to the
core. In the inset the imaginary parts of interacting~solid line! and
noninteracting~dashed line! density-response functions are com
pared for the same values ofq andG.
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12 190 PRB 59BRIEF REPORTS
(Ree) is zero; however, the imaginary part (Ime) is not
small, due to the existence of interband transitions at th
energies which completely damp the free-electron plasm
On the other hand,d bands are also responsible, at high
energies, for a double-peak structure in the energy-loss fu
tion, which stems from a combination of band-structure
fects and the building up of collective modes ofd electrons.
Since these peaks occur at energies (;20 eV and;30 eV)
where Ree is nearly zero~see Fig. 1!, they are in the nature
of collective excitations, the small but finite value of Ime at
these energies accounting for the width of the peaks.

A better insight into the origin of the double hump in th
energy-loss function is achieved from Fig. 3, where the d
sity of states~DOS! and the joint density of states~JDOS! of
Cu are plotted. The high-energy peak present in the JD
spectrum at about 25 eV, which appears as a result of t
sitions betweend bands at;2 eV below the Fermi level and
unoccupied states with energies of;23 eV above the Ferm
level, is responsible for the peak of electron-hole excitatio
in Im e and Imx0 at v525 eV ~see Fig. 1 and the inset o
Fig. 2!. Hence, there is a combination, at high energies
d-like collective excitations and interband electron-hole tra
sitions, which results in a prominent double peak in the l
spectrum.

Now we focus on the dependence of the energy-loss fu
tion on the momentum transferq1G. As long as the 3d
shell of Cu is assigned to the core, we find a well-defin
free-electron plasmon for wave vectors up to the critical m
mentum transfer where the plasmon excitation enters
continuum of intraband particle-hole excitations. This fre
electron plasmon, which shows a characteristic positive
persion with wave vector, is found to be completely damp
when a realistic description of 3d orbitals is included in the
calculations. At higher energies and small momenta,d-like
collective excitations originate a double-peak struct
which presents no dispersion, as shown in Fig. 4. In t

FIG. 3. Calculated density of states~DOS! and joint density of
states~JDOS! of Cu. The 25 eV peak in the JDOS mainly corr
sponds to transitions from thed band to unoccupied states wit
energies of;23 eV above the Fermi level. The JDOS is a fir
order approximation to the optical spectra, when matrix-elem
renormalization and Coulomb interactions are neglected. The D
and the JDOS were computed using an interpolation scheme b
on the linear tetrahedron method with a 20320 Mokhorst-Pack
mesh.
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figure the RPA dynamical structure factor forG50 is dis-
played, as obtained for various values ofq along the~100!
direction. For larger values of the momentum transferq
1G, single-particle excitations take over the collective on
up to the point that above a given cutoff the spectra is co
pletely dominated by the kinetic-energy term.3,10

In Fig. 5 we show the computed dynamical structure fa
tor for uq1Gu51.91a0

21 along the~111! direction, in both
RPA ~solid line! and TDLDA ~dashed line!, together with
the result of replacing the interactingxG,G(q,v) matrix by
its noninteracting counterpartxG,G

0 (q,v) ~dotted line!. The
noninteracting dynamical structure factor~dotted line! now
reproduces the main features of full RPA and TDLDA ca
culations. The double peak of Fig. 2, which is in the natu
of plasmons, is now replaced by a less-pronounced dou
hump originated from single electron-hole excitations.
similar double peak has been found in the loss spectra
simple metals,5 which has been understood on the basis
the existence of a gap region for interband transitions.24 We
also note that the effect of short-range exchange-correla
effects, which are absent in the RPA, is to reduce the ef
tive electron-electron interaction, thus the dynamical str
ture factor will be closer in TDLDA than in RPA from the
result obtained for noninteracting Kohn-Sham electrons. T

t
S
ed

FIG. 4. RPA energy-loss function of Cu along the~100! direc-
tion, for various values of the momentum transferuq
1Gu: 0.2, 0.4, and 0.8, in units of 2p/a (a53.61 Å).

FIG. 5. RPA~solid line! and TDLDA ~dashed line! dynamical
structure factors of copper, foruq1Gu51.91a0

21 along the~111!
direction @q50.2(1,1,1)(2p/a) andG5(1,1,1)(2p/a)]. The dot-
ted line represents the result of replacing the interacting dens
response matrix by its noninteracting counterpart.
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RPA dynamical structure factor of Cu is enhanced by up
40% by the inclusion, within the TDLDA, of many-bod
local-field corrections.

In summary, we have presentedab initio pseudopotentia
calculations of the dynamical density-response function
Cu, by includingd electrons as part of the valence comple
In the long-wavelength limit (q→0), d bands provide a po
larizable background that lowers the free-electron plas
frequency.d electrons are also responsible for a full dampi
of this s-like collective excitation and for the appearance o
d-like double-peak structure in the energy-loss function,
agreement with the experimentally determined optical
sponse of copper. We have analyzed the dependence o
dynamical structure factor on the momentum transfer,
we have found that, for values of the momentum trans
l-
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over the cutoff wave vector for which collective excitation
enter the continuum of intraband electron-hole pairs, a le
pronounced double hump is originated by the existence
interband electron-hole excitations. Experimental measu
ments of scattering cross sections in Cu would be desira
for the investigation of many-body effects, which we ha
approximated within RPA and TDLDA.
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