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We analyze hot-electron scatterings in metals within a first-principles approach based on density-functional-
theory band-structure calculations and on Green-function calculations within theGW approximation. Results
for hot-electron lifetimes and the differential cross section of the underlying scattering process are presented
for Al, Cu, Au, and Pd, and analyzed with emphasis on the differences and similarities with respect to the
predictions of the homogeneous electron-gas model. The electron-gas results can nicely explain the scattering
characteristics in aluminium, whereas in copper and gold a strong enhancement of the hot-electron lifetimes is
found and attributed tod-band screening. Finally, in palladiumd-band scatterings are responsible for a drastic
modification of the scattering characteristics, which no longer can be explained by the homogeneous electron-
gas results.
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I. INTRODUCTION

Over many decades the understanding of metals as proto-
typical many-particle systems has led to numerous theoreti-
cal efforts. Only many-body perturbation theory, which was
originally developed in the field of quantum electrodynam-
ics, finally allowed one to describe the basic characteristics
of electron dynamics in metals within the normal state:1–5

while electrons with excess energies slightly above the Fermi
level can be approximately treated as independent particles
with almost infinite lifetimes, states at higher energies be-
come short lived because of Coulomb renormalizations
which can be effectively described by electron-electron scat-
terings. Although the basic features of such hot-electron life-
times can be already grasped from the solutions of the ho-
mogeneous electron-gas model,1–5 for real metals the more
complex band structure is expected to have a decisive influ-
ence. The advent ofab-initio techniques, e.g., density-
functional theory, brought a new facet to modern solid-state
research, as they allowed to calculate such decisive material
properties within a true first-principles manner. Echenique
and co-workers6–12were the first to derive within a combined
first-principles band-structure and many-body perturbation
theory framework the hot-electron lifetimes for real metals,
and to demonstrate the importance of band-structure effects.
Their work, based on the Green function formalism within
the GW approximation,13–15 revealed a substantial enhance-
ment of hot-electron lifetimes in noble metals attributed to
d-band screening, and lifetime anisotropies attributed to the
genuine solid-state band structure. These findings were sup-
ported by other work,16–20 which addressed in more detail
effects associated to, e.g., energy or quasiparticle renormal-
izations.

An accurate knowledge of hot-electron lifetimes in metals
is of paramount importance for the understanding of a vari-
ety of important physical and chemical phenomena, ranging
from surface chemistry to the design of devices based on
metal-semiconductor junctions. However, the experimental
knowledge of hot-electron lifetimest due to electron-
electron scatterings is still far from being complete. This
somewhat surprising situation stems from the difficulties to

extractt from experiment. All available techniques, such as,
e.g., transport,21 photoemission, inverse photoemission,22

two-photon photoemission,23 and ballistic electron emission
spectroscopy24,25 only provide indirect information oft,
which then has to be extracted by support of a sufficiently
sophisticated theory. Each technique has its own advantages
and disadvantages. For instance, Flores and
co-workers20,25–28 theoretically analyzed the role of hot-
electron scatterings in ballistic electron emission spectros-
copy and demonstrated the sensitivity of this technique for
the extraction of accuratet values in metals. In Ref. 20 hot-
electron lifetimes of gold and palladium were obtained from
experimental data,29,30 and shown to be in excellent agree-
ment with the results of first-principles calculations. An as-
sumption implicitly made in this work is that the hot electron
loses in electron-electron scatterings a substantial fraction of
its excess energy. Also in the analysis of other experimental
techniques, such as two-photon photoemission,23 the final
state of the hot electron as well as that of the scattering
partner has a decisive impact on the deconvolution procedure
to extractt. Quite generally, such details of the scattering
process require a careful analysis of both, the hot-electron
lifetimes and of the differential cross section of the scatter-
ing.

It is the purpose of this paper to analyze within a first-
principles approach based on density-functional-theory band-
structure calculations and on many-body perturbation theory
the lifetimes of hot electrons in metals and the differential
cross sections of the underlying electron-electron scatterings.
To our best knowledge, no corresponding analysis has hith-
erto been reported in the literature. In our theoretical ap-
proach we extend the framework presented in Ref. 20, where
we obtained hot-electron lifetimes from aGWapproximation
calculation of the quasiparticle lifetimes based on band-
structure results obtained within the local-density approxi-
mation and with a linearized-augmented-plane-wave
(LAPW) basis.31 Our paper has been organized as follows. In
Sec. II we briefly describe our theoretical approach, and pro-
vide evidence that theGW self-energy can be interpreted in
terms of a scattering process. Section III provides details of
our computational scheme, and we present results for the
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hot-electron scatterings in aluminium, copper, gold, and pal-
ladium. More specifically, we investigate differences and
similarities of our first-principles calculations with respect to
the predictions of the homogeneous electron-gas model, and
elucidate the role ofd-band screening in copper and gold and
of d-band scatterings in palladium. Finally, in Sec. IV we
draw some conclusions.

II. THEORY

Band structure calculations based on density-functional
theory provide us with the eigenenergiesEn and functions
fnsrd characterizing the solid-state ground state.32 Although
not strictly justified, they are conveniently also interpreted as
excited-state properties. For instance, one additional hot
electron injected above the Fermi energy into a metal has the
approximate energyEi and wave functionfisrd. The most
obvious shortcoming of this interpretation is the lack of scat-
terings: becauseEi is entirely real, an electron placed in this
state will stay there forever. On general physical grounds we
expect that the hot electron will suffer scatterings with the
electrons of the metal and hereby lose energy. Many-body
perturbation theory is a convenient tool for the description of
such scatterings.4,5 Within the framework of the celebrated
GW approach,13–15 to the lowest order of approximation the
hot-electron lifetimes can be computed from the imaginary
part of theGW self-energy according to6–8,16,33

ti
−1 =

1

p2o
f
E

BZ
dq o

G.G8

Bifsq + GdBif
* sq + G8d

uq + Gu2

3Imf− eG.G8
−1 sq,Ei − Efdg. s1d

Here, q is a wave vector within the first Brillouin zone,G
andG8 are reciprocal lattice wave vectors,Ei is the energy of
the initial state of the hot electron, the sum extends over all
statesf whose energiesEf are above the Fermi energy and
belowEi, Bif is the hot-electron overlap matrix element for a
given wave vector[for details see Eq.(6)], and, finally,e is
the dielectric function calculated within the usual random-
phase approximation. Equation(1) accounts for the fact that
a single-electron excitation is not a stationary state of the
combined system hot electron plus electrons of the metal,
and thus becomes attenuated through inelastic scatterings. It
might betempting to interpretf as the final states of the scat-
tering. This, however, is not directly backed by theGW ap-
proach itself which only allows for the calculation of the
complex self-energy, whose imaginary part is closely related
to t−1, but provides no clear answer regarding the meaning of
the statesf. Yet, the scattering-type interpretation of Eq.(1)
in terms of initial and final scattering states is sound. To see
that, we adopt a simple density-matrix description34 instead
of the more complicated framework of nonequilibrium Green
functions. LetH0=okEkck

†ck be the Hamiltonian of single-
particle excitations, whereck is the fermionic field operator
associated to the single-particle excitationk, and H1 the
Hamiltonian of those Coulomb couplings which are not in-
cluded in the band-structure calculation and which will be
treated by means of perturbation theory. Suppose that ini-

tially the system is in the stateuil=ci
†u0l with u0l the metal

ground state. What we shall do next is to introduce the pro-
jection operatorsP= uilki u andQ=1−P which project on state
i and on the remainder, respectively, and to separate the Cou-
lomb couplings intoH1=sPH1Q+QH1Pd+QH1Q=H8+H9,
whereH8 accounts for the Coulomb couplings between the
hot electroni and the other electrons, andH9 for the remain-
der. We have dropped the self-interaction termPH1P which
is already included inH0. With this at hand, we can now
approximately describe the scattering process by introducing
an interaction representation according toH0+H9 and treat-
ing the scattering within lowest order perturbation theory of
H8, i.e., in the so-called Born approximation. We denote the
density operator of the system withr, whose time evolution
is given by the Liouville von-Neumann equation35,36

ṙstd=−ifH8std ,rstdg subject to the initial conditionr0= uilki u.
Within this scheme,

ṙstd > −E
t0

t

dt8fH8std,fH8st8d,r0gg s2d

describes the approximate time evolution of the density
operator.37 The term on the right-hand side has the intriguing
structure that at timet8 the hot electron and the metal elec-
trons become correlated throughH8st8d, the correlated sys-
tem propagates for a while[note thatH8std is given in the
interaction representation according toH0 and H9], and fi-
nally a back-action on the hot electron occurs at timet. Be-
cause of the finite interaction time the hot electron can ex-
change energy with the metal electrons. In evaluating the
double commutator in Eq.(2) we describe the Coulomb cou-
pling in the random-phase approximation38–40

H8 >E drdr8
n̂8srdn̂9sr8d

ur − r8u
, s3d

where n8srd describes those density fluctuations that affect
particle i andn̂9sr8d the remaining ones, and assume that the
density fluctuationsn8srd and n̂9sr8d move independently of
each other. As discussed in more detail in the Appendix, for
the distribution function ni =kci

†cil we then obtain the
Boltzmann-like equation of motion

ṅi >
1

p2o
f
E

BZ
dq o

G.G8

S−
Bifsq + GdBif

* sq + G8d
uq + Gu2

3Imf− eG.G8
−1 sq,Ei − Efdgnis1 − nfd

+
Bfisq + GdBfi

* sq + G8d
uq + Gu2

3Imf− eG.G8
−1 sq,Ef − Eidgnfs1 − nidD . s4d

This is the result we were seeking for. The first term in
parentheses accounts for out scatterings which lead to a de-
crease of the populationni, where the Pauli-blocking term
s1−nfd asserts that the final state of the scattering is unoccu-
pied. This loss of population ofni is accompanied by an
increase of the populationnf, i.e., in scatteringsdescribed by
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the second term. Thus, Eq.(4) describes a scattering-type
process where population is transferred from the initial state
i to the final statef. Comparison of Eqs.(1) and (4) reveals
that theGWself-energy can indeed be interpreted in terms of
a scattering process. Finally, we introduce the differential
cross section

Pisvd =
1

p2o
f
E

BZ
dq o

G.G8

Bifsq + GdBif
* sq + G8d

uq + Gu2

3Imf− eG.G8
−1 sq,vdgdsv − Ei + Efd, s5d

which gives the probability that in the hot-electron scattering
the energyv is exchanged. Apparently, the total scattering
rate must be given by the sum over all transition probabili-
ties, i.e., ti

−1=e0
Ei−EFdvPisvd, as can be easily verified by

insertion of Eq.(5).

A. Local fields

Let us analyze the various contributions to Eq.(1) in
slightly more detail. The overlap matrix elementsBif account
for the fact that the electron wavefunctions are not just plane
waves, but have an additional Bloch partunksrd with lattice
periodicity. It can be readily shown that7,41

Bifsq + Gd =
1

V
E

V

drfnik
* srde−isq+Gdrfnfk+qsrd, s6d

where the integral extends over the unit cellV. The initial
electron state is characterized by the band indexni and the
wave vectork, and the final one by the band indexnf and the
wave vectork+q. This overlap matrix element describes
how the hot electron couples to the charge fluctuations of the
metal electrons. The propagation of the charge fluctuation is
described by the inverse dielectric function, which, as shown
in the Appendix, can be expressed through the density-
density correlation function. Because the problem under con-
sideration is homogeneous, in the propagation of a density
fluctuation with wave vectorq no fluctuations with different
wave vectors can be induced. However, no corresponding
conclusions apply for fluctuations with reciprocal lattice
wave vectorsG and G8 which become coupled. This is a
genuine solid-state effect absent in a homogeneous electron
gas, and is known as the crystalline local-field effect(other
local-field effects attributed to the Pauli and Coulomb
hole5,42 exist, which will not be considered in this work). To
estimate the importance of local-field effects, we shall find it
convenient to compare the results obtained from Eq.(1) with
those where local-field effects are neglected by setting
G=G8. Within this approximation, we can invert the dielec-
tric function and obtain

ti
−1 >

1

p2o
f
E

BZ
dqo

G

uBifsq + Gdu2 ImfeG.Gsq,vdg
usq + GdeG.Gsq,vdu2

, s7d

with v=Ei −Ef the inelasticity of the scattering. Occasionally
we shall replace the dielectric function in the denominator by
the static dielectric functioneG.Gsq,0d, and shall refer to this
approximation as a static one.

B. Electron gas

For an electron injected into a homogeneous electron gas
with an excess energyEi close to the Fermi energyEF, the
hot-electron lifetimes can be approximately computed ac-
cording to2,6

t−1 > 0.038rs
5/2sEi − EFd2eV−2 fs−1, s8d

wherers is the usual electron-gas parameter2,4 defined for an
electron densityn throughn=4prs

3/3, and the excess energy
is supposed to be given in eV. The functional dependence of
t−1 on the excess energy can be easily understood from an
analysis of the differential cross sectionPisvd. For the ho-
mogeneous electron gas,Pisvd can be obtained in a similar
fashion to Eq.(5) from the integrand of Eq.(7) for constant
overlap matrix elements. We next put forward a simple rea-

FIG. 1. (Color online) Band-structure(left panel) and density-
of-states(right panel) plots for aluminium as calculated within the
LAPW method.

FIG. 2. (Color online) Hot electron lifetimes in aluminium as
computed from Eq.(1) by including local field effects and dynamic
screening. The inset shows the total scattering ratet−1. The symbols
1 andv report the scattering rates which are obtained by neglect-
ing local field effects and using a static approximation for the
screening, respectively. The results clearly reveal a minor impor-
tance of local-field effects and dynamic screening, and support the
electron-gas description of hot-electron scatterings in aluminium.
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soning which allows one to grasp the essentials of Eq.(8) on
qualitative grounds: owing to the small momentum depen-
dence of the screened Coulomb matrix elements, for a given
v!EF the scattering rates are completely governed by the
phase space Imesvd~4pEF

2v of electrons inside the Fermi
sea which can act as scattering partners for the hot electron.
Thus,

ti
−1 ~ E

0

Ei−EF

dvv ~ sEi − EFd2 s9d

is the approximate energy dependence of the hot-electron
scattering rates—in accordance to Eq.(8) which is derived
within a more detailed approach. In the following we shall
explore the influence of band structure effects on the simple
Pisvd~v dependence expected from the electron-gas model.

III. RESULTS

In our calculations we start from band structure calcula-
tions based on density functional theory in the local-density
approximation,32 which are performed with a linearized-

augmented-plane-wave basis(LAPW) by use of theWIEN

code.31 For this LAPW basis the computation of the overlap
matrix elementsBif turned out to be the most time-
consuming part. To account for the localizedd-band states in
noble metals, within the atomic spheres an expansion of
plane waves into spherical harmonics and spherical Bessel
functions has to be performed by use of the Rayleigh
expansion.41 In our calculations we use an equidistantk mesh
with typically 20320320 points and expand the dielectric
matrix in a plane-wave basis set.41 All pertinent parameters
of our computational approach were chosen on the basis of
careful convergence tests.43

A. Aluminium

Because of the free-electron-like dispersion(see Fig. 1)
aluminium is expected to exhibit hot-electron lifetimes and
scattering rates reminiscent of the homogeneous electron
gas, with only moderate deviations due to band structure
effects.8,44–47Figure 2 shows hot-electron lifetimes as com-
puted from Eq.(1) for different initial states. One clearly
observes the energy dependencet~ sEi −EFd−2 of hot-
electron lifetimes, as expected on the basic grounds of Eq.
(9) for the homogeneous electron gas. For an electron gas
parameterrs=2.07 representative for aluminium and an ex-

FIG. 3. (Color online) Intensity plot of the averaged differential
cross sectionPisvd in arbitrary units for the hot electron transitions
in aluminium. The intensity of each square corresponds to the mag-
nitude of the corresponding cross section. The inset reports the in-
tegrated differential cross section as a function of the energyv
transferred in the transitions.

FIG. 4. (Color online) Integrated differential cross section in
arbitrary units for different initial state energies and for aluminium.

FIG. 5. (Color online) Band-structure(left panel) and density-
of-states (right panel) plot for copper as calculated within the
LAPW method.

FIG. 6. (Color online) Band-structure(left panel) and density-
of-states(right panel) plot for gold as calculated within the LAPW
method.
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cess energy of 1 eV we obtain from Eq.(8) a hot-electron
lifetime of 42.7 fs—to be compared with the value of ap-
proximately 60–70 fs of our LAPW band structure calcula-
tions. This discrepancy has been discussed in the literature
with some controversy.7,16

In the following we use the interpretation of Eq.(1) as a
scattering process where the hot electron is scattered from an
initial to a final state. The differential cross sectionPisvd
introduced in Eq.(5) gives the probability that in a hot-
electron scattering the energyv is exchanged. Figure 3
shows a density plot ofPisvd as obtained by averaging over
all initial statesi of the Brillouin zone with energyEi and
over all final statesf with energy Ef =Ei −v. Because
Ei −EF is the largest energy that can be exchanged in a scat-
tering process, the differential cross sectionPisvd is nonzero
only for v,Ei −EF. We observe that the differential cross
section has an energy dependence according toPisvd~v, as
expected from the electron-gas result(9). This is seen even
more clearly in the inset of Fig. 3 which reports the inte-
grated transition probabilitye0

vdv8Pisv8d for all initial states
i. For the electron gas, where the differential cross section

Pisvd of Eq. (9) does not depend on the initial statei (with
exception of the above-mentioned energy cutoffv,Ei −EF),
this quantity exhibits a simplev2 dependence. Indeed, such
behavior is clearly seen in Fig. 3 as well as in Fig. 4, which
reports the integrated differential cross section for five se-
lected hot-electron energiesEi, where again all curves lie
almost perfectly on top of each other. In conclusion, our
results demonstrate that the electron-gas model provides an
excellent qualitative explanation of the hot-electron scatter-
ing characteristics in aluminium, and band structure effects
are only responsible for moderate quantitative deviations.

B. Gold and copper

Things become considerably more complicated for the
noble metals copper and gold. The band structure of these
two materials depicted in Figs. 5 and 6 has a striking simi-
larity: a few electron volt below the Fermi energy there is a
huge density-of-states associated tod bands, and the states
above the Fermi energy have strongsp and minord charac-
teristics. Figure 7 shows the hot-electron lifetimes as com-
puted from Eq.(1) for copper and gold. Let us first concen-

FIG. 7. (Color online) Hot-electron lifetimes for copper(top)
and gold(bottom) as computed from Eq.(1). For details see figure
caption 2.

FIG. 8. (Color online) Same as Fig. 3 but for copper(top) and
gold (bottom).
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trate on the excess energiesEi −EF below approximately
4 eV. The hot-electron lifetimes show the expected
sEi −EFd2 behavior. However, as compared to the electron-
gas results for gold(e.g., t,17 fs for an excess energy of
1 eV) the hot-electron lifetimes in Fig. 7 are enhanced by a
factor of almost 4, where similar conclusions apply for
copper.6,7 This strong enhancement of hot-electron lifetimes
is attributed in accordance to Campilloet al.6,7 to d-band
screening, where the highd-band density of states below the
Fermi energy results in efficient screening contributions.
However, in contrast to the pseudopotential results presented
by Campillo et al.,8 our all-electron results obtained within
an LAPW basis exhibit only a small influence of local-field
effects and static screening on the hot-electron lifetimes, as
shown in the insets of Fig. 7.

From the inspection of the band structure and density-of-
states plots of Figs. 5 and 6 one might expect that above an
excess energy of approximately 2 eV an additional scattering
channel opens for the hot electron, where the partner elec-
trons are promoted fromd bands below the Fermi energy to

states aboveEF. This would result in an abrupt and strong
decrease ofti. Such behavior is clearly neither seen in Fig. 7,
nor in the differential cross sections shown in Fig. 8 where
no substantial enhancement ofPisvd at the onset of possible
d-band scatterings is present. The reason is that for scatter-
ings where the initial and final state of the scattering partner
have different symmetries, i.e.,d like versussp like, the
resulting overlap matrix elements are vanishingly small, and
correspondingly the contributions to the hot-electron life-
times become strongly suppressed. As compared to the re-
sults of aluminium, the integrated differential cross sections
reported in the insets of Fig. 8 exhibit a stronger dependence
on the initial state energies, as apparent from the broadening
of the curves. This is due to the more complex band structure
and the complicated interplay of the overlap matrix elements
and the dynamic form factor in Eq.(5). Finally, in copper
and gold a second band for initial hot-electron states opens
above approximately 4 eV, i.e., at theL point shown in Figs.
5 and 6, within which the scattering characteristics is sub-
stantially different. To summarize, the hot-electron lifetimes
in copper and gold exhibit the expectedsEi −EFd−2 depen-
dence, and only the absolute values of hot-electron lifetimes
are strongly altered with respect to the electron-gas result(8)
because ofd-band screening.

FIG. 9. (Color online) Band-structure(left panel) and density-
of-states(right panel) plot for palladium as calculated within the
LAPW method.

FIG. 10. (Color online) Hot electron lifetimes in palladium as
computed from Eq.(1). The inset shows the total scattering ratet−1

and the symbols1 and v report the scattering rates which are
obtained by neglecting local field effects and using a static approxi-
mation for the screening, respectively. For details see text.

FIG. 11. (Color online) Same as Fig. 3 but for palladium.

FIG. 12. (Color online) Integrated differential cross section in
arbitrary units for different initial state energies and for palladium.
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C. Palladium

The band structure of palladium depicted in Fig. 9 is simi-
lar to those of copper and gold, with the important difference
that thed bands cross the Fermi energy. As we shall discuss
in the following, this opens the possibility for efficient
d-band scatterings and results in a strong alteration of the

lifetime characteristics, which no longer can be explained
within the electron-gas model. Figure 10 reports the hot-
electron lifetimes as computed from Eq.(1) for different ini-
tial energies. One clearly observes thatti does not follow at
all the sEi −EFd−2 dependence predicted by the electron-gas
model (with the exception of states very close to the Fermi

FIG. 13. (a) s-like, (b) p-like, and(c) d-like band characteristics for palladium. The sizes of the circles indicate the degree ofs, p, and
d-like characteristics for a givenk point.
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level where the quadratic energy dependence of the self en-
ergy remains valid).

Details of the scattering process are depicted in Fig. 11
which reports the differential cross sectionPisvd for different
initial energiesEi. Pisvd is strongly enhanced for the largest
transition energiesv=Ei −Ef where the hot electron is scat-
tered to a finald-band state aboveEF. Indeed, the width of
the region wherePisvd is substantially enhanced directly
corresponds to the narrow energy window ofd-band states
aboveEF depicted in Fig. 9. To understand the details of the
underlying scattering process, in Fig. 13 we plot thes, p, and
d character of the band structure. While hot-electron states
slightly aboveEF have a dominantsp character, those at
lower energies have a dominantd character. Quite generally,
such different characteristics of initial and final states results
in very small transition probabilities because of the small
overlap matrix elementsBif , as previously seen at the ex-
amples of copper and gold. However, since all hot-electron
states have a smalld admixture there exists a small, but
nonvanishing transition probability to the finald-like states.
Because of the extremely highd-band density-of-states
aroundEF, this gives rise to an additional scattering channel
with a significant impact on the hot-electron lifetimes. A
quantitative estimate can be obtained from Fig. 12 which
reports the integrated differential cross section for four se-
lected initial states. Within the narrow energy window of
d-band states aboveEF, the integratedPisvd is approxi-
mately doubled. Thus, scatterings within thesp bands and
scatterings from an initialsp- to a final d-band state are of
equal importance.

There exist other interesting effects associated tod-band
transitions. First, in Fig. 10 one observes that for certain
initial states the hot-electron lifetimes are strongly enhanced.
A closer analysis reveals that these states are associated to
high-symmetryk points of the Brillouin zone, e.g., theL or X
point, where, as shown in Fig. 13, thed-character becomes
almost zero. Correspondingly, the scattering to the final
d-band states is strongly suppressed and the hot-electron life-
time strongly enhanced. Further support for this interpreta-
tion is provided by the “plane-wave”(PW)6 results shown in
Fig. 10, which are obtained by setting all overlap matrix
elementsBif in Eq. (1) equal to 1. The corresponding hot-
electron lifetimes clearly exhibit a much smoother energy
dependence, thus demonstrating the important role of the
overlap matrix elements. A second effect associated to thed
bands can be observed in the inset of Fig. 10 where the
hot-electron scattering rate as a function of energy increases
stepwise. A comparison of this figure with the carrier
density-of-states depicted in Fig. 9 shows that the steps occur
at those energies where thed-band density-of-states has
peaks. This can be understood as follows. Since the energy
exchanged in a scattering of the hot electron to ad-band state
is approximatelyv,Ei −EF, the scattering partner has to be
scattered from a state with energyE8 below the Fermi energy
to a state with energyE8+v aboveEF. Because of the high
d-band density-of-states aboveEF, the partner electron will
preferentially end up in ad-band state with an energy close
to EF. Thus,E8+v,EF, and accordinglyE8,2EF−Ei is the
initial energy of the partner electron. Since the differential
cross section of the corresponding transition is proportional

to the carrier density-of-statesgsE8d of partner electrons, the
total cross section is a quite direct measure of,gs2EF−Eid,
and thus explains the strong correlation betweenti

−1 and the
carrier density-of-states belowEF. We finally emphasize the
large influence of local-field effects and dynamic screening
on the hot-electron lifetimes, as depicted in the inset of Fig.
10. This clearly shows that an accurate band structure de-
scription is indispensable for the calculation of hot-electron
lifetimes.

IV. CONCLUSIONS

In conclusion, we have analyzed hot-electron scatterings
in metals within a first-principles approach based on density-
functional-theory band structure calculations and on Green
function calculations within theGW approximation. It has
been shown that the self-energy can be interpreted in terms
of a scattering process, where the hot electron is scattered
from an initial to a final state. For aluminium the homoge-
neous electron-gas model provides a good description of
both the lifetimes and the differential cross section. In copper
and gold, the larged-band density of states below the Fermi
energyEF is responsible for a strong enhancement of hot-
electron lifetimes. Finally, for palladium thed bands around
EF lead to a drastic modification of the lifetimes and the
scattering characteristics in comparison to the predictions of
the homogeneous electron-gas model. Our results provide
further support for theGW approximation scheme that has
recently proven particularly successful in the first-principles
description of excited-state properties in metals and semicon-
ductors. In this work we have employed the most simple
description scheme based on theG0W0 and mass-shell ap-
proximations. More sophisticated schemes are expected to
introduce moderate modifications without substantially
changing the qualitative behavior. Future work should also
address description schemes beyondGW to account for the
enhanced correlation effects of localizedd-band electrons in
palladium.
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APPENDIX

In this appendix we present the details of deriving Eq.(4)
within the density-matrix framework. Consider an operatorA
acting upon the hot-electron degrees of freedom solely,
whose expectation value is given bykAstdl=trfrstdAstdg.
When we expand the double commutator in Eq.(2) and
make use of the cyclic permutation under the trace we get
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kȦstdl > −E
t0

t

dt8fkAstdH8stdH8st8dl + kH8st8dH8stdAstdl

− kH8stdAstdH8st8dl − kH8st8dAstdH8stdlg. sA1d

This expression has a very precise meaning in the context of
the master equation in Lindblad form,37,48where the first two
terms in parentheses account for out scatterings and the re-
maining ones for in scatterings. As we shall see, analogous
conclusions apply for hot electrons in metals. To compute the
loss of population of the initial state we evaluate Eq.(A1) for
the number operatorci

†ci and use according to Eq.(3)

H8 > o
f
E drdr8

fBifsrdci
†cf + Bif

* srdcf
†cign̂sr8d

ur − r8u
, sA2d

for the Coulomb coupling of the hot electron with the metal
electrons; hereBifsrd=fi

*srdf fsrd is the overlap matrix ele-
ment. The random-phase approximation, which assumes that
the density fluctuation of the hot electron moves indepen-
dently of n̂sr8d, then translates tofci ,n̂sr8dg=0 and
fcf ,n̂sr8dg=0. Inserting expression(A2) into Eq. (A1) gives
after some straightforward calculation

ṅi > − 2 ReE
t0

t

dt8E dtBifsrdBif
* sr̄deisEi−Efdst−t8d

3
kci

†cfcf
†cin̂sr8,tdn̂sr̄8,t8dl0

ur − r8uur̄ − r̄8u
+ si ↔ fd, sA3d

wheredt denotes the integration overr, r8, r̄, andr̄8, k¯l0 is
the expectation value for the initial density operatorr0, and
the second term follows from the first one by exchanging
i and f. In deriving this expression we have assumed that the
time evolution ofci andcf is solely according toH0, which is
similar to the G0W0 approximation of the Green function
approach. The expectation value can be factorized into
nis1−nfdkn̂sr8 ,tdn̂sr̄8 ,t8dl0, where the last term is known as
the dynamic form factor3,42 Ssr8 , r̄8 ,t− t8d. This is the point
where we meet with the corresponding Green function cal-
culation. It is worth emphasizing the simplicity of our
present derivation, which solely required the general master
equation(2) in Born approximation together with the Cou-
lomb coupling(A2) in random-phase approximation—to be
contrasted with the whole machinery of auxiliary functions
invoked in the corresponding Green function approach.
Equation(A3) has the obvious structure that at timet8 the
hot electron becomes correlated with a density fluctuation
n̂sr̄8 ,t8d of the metal, where the coupling strength is given by
the overlap matrix elementBif

* sr̄d; the scattered electron and
the density fluctuation move independently of each other, as
described by the exponential and the dynamic form factor;

and finally, at time t the propagated density fluctuation
n̂sr8 ,td acts back on the hot electron, where again the cou-
pling strength is given byBifsrd. Because of the finite inter-
action time the hot electron can transfer energy to the metal
electrons, and becomes scattered from the initial statei to the
final state f. The response of the metal electrons is fully
described by the dynamic form factorSsr ,r8 ; t− t8d, which is
a measure of how much of a density fluctuation created at
time t8 and positionr8 is left in the system at a later timet
and a different positionr. This function is closely related to
the density-density correlation function42

Lsr,r8;td = − iustdkfn̂sr,td,n̂sr8,0dgl0, sA4d

which accounts for the propagation of density fluctuations.
By inserting a complete set of eigenstates ofH0+H9 in be-
tween the density fluctuation operatorsn̂, we can establish a
relation betweenL andS:4,5,42

Lsr,r8;vd =E
−`

` dv8

2p

Ssr,r8;v8d − Ssr8,r ;− v8d
v − v8 + i0

. sA5d

At zero temperatureSsr8 ,r ;−vd vanishes because the
metal can only absorb energy. Thus, ImLsr ,r8 ,vd
=−ReSsr ,r8 ;vd /2. We next follow Refs. 6–8 and 33 and
consider in Eq.(A3) only the real part ofSsr ,r8 ;vd. Within
this approximation the hot-electron lifetimet−1 of Eq. (1) is
computed on the “mass shell,” i.e., for the unrenormalized
single-particle energiesEi and Ef, which is known to be a
well-controlled approximation.17 Our remaining task is to
compute the density-density correlation function within the
random-phase approximation. To this end, we introduce the
irreducible polarization4,5 Psr ,r8 ; t− t8d which is related to
the density-density correlation function throughL=P+PVL,
where V is the bare Coulomb potential and the different
quantities are supposed to be connected through a convolu-
tion in time and space. Within the random-phase approxima-
tion the polarization function becomes4,5,39,42

Psr,r8;td = − iustdkfeiH0tn̂srde−iH0t,n̂sr8dgl0. sA6d

We finally define in accordance to Refs. 6–8 and 33 the
dielectric function throughe=1−PV to bring Eq.(A3) to its
final form of Eq.(4), together with41

Im eG.G8sq,vd =
1

2p
o
mn
E

BZ

dk
Bnmsq + GdBnm

* sq + G8d
uq + G8u2

3dsv + En − Emd, sA7d

wherem denotes an occupied state with wavevectork andn
and unoccupied one with wave vectork+q. The real part of
the dielectric function is obtained by use of the Kramers-
Kronig relation.
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