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Role of occupiedd states in the relaxation of hot electrons in Au
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We present first-principles calculations of electron-electron scattering rates of low-energy electrons in Au.
Our full band-structure calculations indicate that a major contribution from occupiedd states participating in
the screening of electron-electron interactions yields lifetimes of electrons in Au with energies of 1.0–3.0 eV
above the Fermi level that are larger than those of electrons in a free-electron gas by a factor of;4.5. This
prediction is in agreement with a recent experimental study of ultrafast electron dynamics in Au~111! films @J.
Caoet al., Phys. Rev. B58, 10 948~1998!#, where electron transport has been shown to play a minor role in
the measured lifetimes of hot electrons in this material.
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Relaxation lifetimes of excited electrons in solids wi
energies below the vacuum level can be attributed to a v
ety of inelastic and elastic scattering mechanisms, suc
electron-electron (e-e), electron-phonon (e-p), and electron-
imperfection interactions.1,2 In addition, when these so-calle
hot electrons are generated by absorption of an optical pu
as occurs in the case of time-resolved two-photon pho
emission ~TR-2PPE! techniques,3,4 electron transport pro
vides an additional decay component to the photoexc
electron population. Since inelastic lifetimes of hot electro
become infinitely long as they approach the Fermi level,e-p
scattering and the scattering by defects both play a key
in the relaxation process of electrons very near the Fe
level. However, in the case of hot electrons with energ
larger than;0.5–1.0 eV above the Fermi level,e-e inter-
actions yield inelastic lifetimes that are on the femtoseco
time scale and they provide the main scattering mechan

Experimental femtosecond time-resolved photoemiss
studies of electron dynamics have been performed in a v
ety of solid surfaces,5–14 the role ofe-e inelastic scattering
and that of electron transport being difficult to identif
However, recent TR-2PPE experiments in Au~111! films
with thicknesses ranging from 150 to 3000 Å have sho
the relaxation from electron transport to be negligible and
hot-electron lifetime to be solely determined, at energ
larger than;0.521.0 eV above the Fermi level, bye-e
inelastic scattering processes.15 Hence, these measuremen
provide an excellent benchmark against which to investig
the importance of band-structure and many-body effects
electron dynamics in solids. Also, ballistic electron emiss
spectroscopy~BEES! has been shown to be capable of det
mining hot-electron relaxation times in solid materials.16

In this paper, we report first-principles calculations of t
energy-dependent inelastic lifetime of hot electrons in A
We follow the many-body scheme first developed by Qu
and Ferrell17 and by Ritchie,18 but we now include the full
band structure of the solid. This approach has already b
successfully incorporated in the description of inelastic li
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times of excited electrons in a variety of simple~Al, Mg, and
Be! and noble ~Cu! metals.19,20 A similar methodology,
which is also based on theGW approximation of many-body
theory,21 has been used by other authors to evaluate h
electron lifetimes in Al and Cu.22

Our many-body scheme for the calculation of inelas
lifetimes in real solids has been described elsewhere.19,20For
periodic crystals, the basic equation for the decay ratet i

21 of
an electron in the statefk,ni

of energy Ek,ni
is ~we use

atomic units throughout, i.e.,e25\5me51)

t i
215

1

p2 (
nf

E
BZ

dq (
G,G8

Bi f ~q1G!Bi f* ~q1G8!

uq1Gu2

3Im@2eG,G8
21

~q,v!#, ~1!

where Bi f (q¿G) represents the coupling between the h
electron initial and final states@see Eq.~5! of Ref. 19#, and
eG,G8

21 (q,v) are the Fourier coefficients of the inverse diele
tric function of the solid, which we compute in the random
phase approximation~RPA!.23 G andG8 represent reciproca
lattice vectors, the integration overq is extended over the
first Brillouin zone~BZ!, the sum overnf is extended over
the band structure for each wave vector in the first BZ,v
5Ek,ni

2Ek2q,nf
is the energy transfer (0,v,Ek,ni

2EF),

andEF is the Fermi energy.
If one neglects crystalline local-field effects, Eq.~1! can

be expressed as follows:

t i
215

1

p2 (
nf

E
BZ

dq(
G

uBi f ~q1G!u2

uq1Gu2
Im@eG,G~q,v!#

ueG,G~q,v!u2
.

~2!

Here, initial and final states of the hot electron enter throu
the coefficientsBi f (q1G). The imaginary part ofeG,G(q,v)
represents a measure of the number of states available fo
creation of an electron-hole pair involving a given mome
1500 ©2000 The American Physical Society



-
T
d

r
th

rg

ffi

,
th
Eq

he

,

ub
tu
he
f
ro

th

re-
ob-

n a
am

do-
e

all-
ug-

d
s al-
the

of
of

r
e
c-
of

e

e

in
G

om

and
er-

thin
rgy

m
ne-
lec-

G
the
.

s,
ea-
nd-
the

and

tr

PRB 62 1501BRIEF REPORTS
tum and energy transferq1G andv, respectively, renormal
ized by the coupling between electron and hole states.
factor ueG,G(q,v)u22 accounts for the dynamically screene
e-e interaction.

The decay rate of Eqs.~1! and ~2! depends on both the
wave vectork and the band indexni of the initial Bloch
state. Since measurements of hot-electron lifetimes are
ported as a function of energy and the proper choice of
wave vectork and the band indexni is usually not easy to
determine, we definet21(E) as the average oft21(k,n)
over all wave vectors and bands lying with the same ene
in the irreducible wedge of the Brillouin zone.

If all one-electron Bloch states entering both the coe
cients Bi f (q1G) and the dielectric functioneG,G8(q,v)
were represented by plane waves and, at the same time
energy bands were replaced by those of free electrons,
decay rates would not be direction dependent and both
~1! and ~2! would exactly coincide with theGW scattering
rate of hot electrons in a free-electron gas~FEG!.2 For hot
electrons with energies very near the Fermi level (E;EF)
this result leads, in the high-density limit (r s!1),24 to the
well-known formula of Quinn and Ferrell17 @see Eq.~7! of
Ref. 19, which yields time in fs whenE and EF are ex-
pressed in eV#. The r s

25/2 scaling of hot-electron lifetimes
predicted by this equation is found to originate entirely in t
density-dependent screening ofe-e interactions~high elec-
tron densities yield a weaker interaction,;r s

23/2) and the
density-dependent momentum of the hot electron~high elec-
tron densities yield a larger momentum and, therefore
smaller number of available transitions,;r s

21).
Gold is a noble metal with entirely filled 5d-like bands. In

Fig. 1 we show the energy bands of this face-centered c
crystal. We see large differences between the band struc
of this material and that of free electrons. Slightly below t
Fermi level, atE2EF;2 eV, we haved bands capable o
holding 10 electrons per atom, the one remaining elect
being in a free-electron-like band below and above thed
bands. Thesed bands, which are concentrated within a wid

FIG. 1. Calculated band structure of Au along certain symme
directions.
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of ;5.5 eV, are associated with the characteristicd-band
wave functions at levelsG258 and G12. Hence, a combined
description of both delocalized 6s1 and localized 5d10 elec-
trons is needed in order to address the actual electronic
sponse of Au. The results presented below have been
tained by first expanding all one-electron Bloch states i
plane-wave basis and then solving the Kohn-Sh
equation25 of density-functional theory26 with all 6s1 and
5d10 Bloch states taken as valence electrons in the pseu
potential generation.27 Thus, a kinetic-energy cutoff as larg
as 75 Ry has been required, thereby keeping;1200 plane
waves in the expansion of each Bloch state. Though
electron schemes, such as the full-potential linearized a
mented plane-wave~LAPW! method,28 are expected to be
better suited for the description of the response of localized
electrons, the plane-wave pseudopotential approach ha
ready been successfully incorporated in the description of
dynamical response29 and hot-electron lifetimes19,20,22of Cu.

The sampling over the BZ required for the evaluation
both the dielectric matrix and the hot-electron decay rate
Eqs. ~1! and ~2! has been performed on a 16316316
Monkhorst-Pack mesh.30 For hot-electron energies unde
study (E2EF;1.0–3.0 eV), well-converged results hav
been found with the inclusion in the evaluation of the diele
tric matrix of conduction bands up to a maximum energy
25 eV above the Fermi level. The sums in Eqs.~1! and ~2!
have been extended over 15G vectors, the magnitude of th
maximum momentum transferq1G being well over the up-
per limit of ;2qF (qF is the Fermi momentum!.

Our full band-structure calculation of the average lifetim
t(E) of hot electrons in Au, as obtained from Eq.~1! with
full inclusion of crystalline local-field effects, is presented
Fig. 2 by solid circles. The lifetime of hot electrons in a FE
with electron density equal to that of 6s1 electrons in Au
(r s53.01) is exhibited in the same figure, as obtained fr
either Eq.~1! or Eq.~2! with the full RPA dielectric function
of free electrons~solid line! and from the formula of Quinn
and Ferrell~dotted line!. Also plotted in this figure is the
lifetime of hot electrons in Au~111! films, as determined
from accurate TR-2PPE experiments~open squares!.15 The
agreement between our full band-structure calculation
the experimental data is excellent, for all hot-electron en
gies under study.

Both band-structure~solid circles! and FEG~solid line!
calculations presented in Fig. 2 have been carried out wi
the same many-body framework: The electron self-ene
has been obtained in theGW approximation andon the en-
ergy shell~deviations of the actual excitation energy fro
the independent-particle approximation have been
glected!, and the RPA has been used to compute the die
tric function of the solid. Hence, the ratio (;4.5) between
our calculatedab initio lifetimes and the corresponding FE
calculations unambiguously establishes the impact of
band structure of the crystal on the hot-electron lifetime31

Furthermore, since many-body effects beyond ourGW-RPA
scheme are expected to be within 20% of our calculation32

we conclude that large deviations of the experimental m
surements from the FEG prediction are mainly due to ba
structure effects. Nevertheless, one must be cautious with
comparison between our full band-structure calculations
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experiment. Since Au has a wide energy gap along theGL
direction just over the Fermi level, theki50 photoemission
in Au~111! cannot be associated, in the energy range un
study (E2EF;1.0–3.0 eV), with hot-electron Bloch state
in the same direction, and therefore the proper choice of
wave vectork appears to be unclear. We have evalua
hot-electron lifetimes along various directions of the wa
vector, and have found that differences between these re
and the average lifetimes presented in Fig. 2 are wit
;20%, which gives support to our comparison wi
experiment.33

In order to investigate the role that occupiedd states play
in the relaxation of hot electrons in Au, now we negle
crystalline local-field effects and compute hot-electron li
times from Eq.~2!. Scaled lifetimest(E)3(E2EF)2 of hot
electrons in Au, as obtained from Eq.~2! by replacing the
hot-electron Bloch states and bands enteringuBi f (q1G)u2 by
those of free electrons and the dielectric function
ueG,G(q,v)u22 by that of a FEG withr s53.01, are repre-
sented in the inset of Fig. 2 by open triangles. These ca
lated lifetimes, which have been obtained with full inclusi
of the band structure of the crystal in the evaluation
Im@eG,G(q,v)#, are close to those obtained within the FE
model of the solid~solid line!, showing that the combined
effect of the density of states~DOS! available fore-h pair

FIG. 2. Hot-electron lifetimes in Au. Solid circles represent o
full ab initio calculation of t(E), as obtained after averagin
t(k,n)21 of Eq. ~1! over wave vectors and over the band structu
for eachk. The solid line represents the lifetime of hot electrons
a FEG withr s53.01, as obtained within the fullGW-RPA. Open
squares represent the experimental measurements of Ref. 15
dotted line represents the prediction of Quinn and Ferrell. Diff
ences between the FEG calculations represented by solid and d
lines are due to the fact that the formula of Quinn and Ferrel
obtained for hot-electron energies very near the Fermi levelE
;EF) and in the high-density limit (r s→0). The inset exhibits
scaled lifetimes of hot electrons in Au. Open circles represent
calculation oft(E), as obtained after averagingt(k,n)21 of either
Eq. ~1! or Eq.~2! over wave vectors and over the band structure
eachk and neglecting crystalline local-field corrections. Open
angles represent the result obtained from Eq.~2! by replacing hot-
electron Bloch states inBi f (q1G) andueG,G(q,v)u22 with those of
free electrons, but with full inclusion of the band structure of t
crystal in the evaluation of Im@eG,G(q,v)#.
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creation and the small overlap betweend states below andsp
states above the Fermi level nearly compensate. Hence
viations of actual hot-electron lifetimes from FEG predi
tions mainly originate in the deviation of the hot-electro
momentum from the FEG prediction~the momentum of hot
electrons depends on the actual DOS at the Fermi level! and
the participation ofd electrons in the screening ofe-e inter-
actions.

The effect of virtual interband transitions giving rise
additional screening is largely to increase the hot-elect
lifetime in Au, as occurs in the case of Cu,19 a noble metal
with analogous electronic structure. Since the changede1

b in
e1(v) due to the presence ofd electrons in the noble metal
is found to be practically constant at low frequencies,34,35

Quinn36 treated the FEG as if it were embedded in a medi
of dielectric constante0511de1

b instead of unity. The cor-
rected lifetime is then found to be larger by roughly a fac
of e0

1/2, i.e., ;2.5 for both Cu and Au. Nevertheless, o
first-principles evaluation of the wave-vector- and frequen
dependent dielectric matrix leads us to the conclusion
the role that occupiedd states play in the screening ofe-e
interactions is much more important in Au than in Cu. Th
is an expected result, since Au 5d electrons lie further away
from the nucleus than Cu 3d electrons, and 5d bands in Au
are, therefore, more free-electron-like than 3d bands in Cu
(d bands in Cu are concentrated within a width of;3 eV,37

smaller than in the case of Au!.
The result we obtain with full inclusion of the band stru

ture of the crystal in the evaluation of Eq.~2!, but still ne-
glecting crystalline local-field effects, is represented in t
inset of Fig. 2 by open circles. Our full band-structure c
culation of Eq.~1! for Au is represented in the same figu
by solid circles, showing that neglecting crystalline loca
field corrections results in an overestimation of hot-elect
lifetimes of 40–50 %. These crystalline local-field effec
which partially compensate the pronounced participation od
electrons in the screenede-e interaction, are due to large
electron-density variations in this material.

In conclusion, we have presented full band-structure c
culations of the inelastic lifetime of hot electrons in Au. W
have found that a major contribution from occupiedd states
participating in the screening ofe-e interactions yields life-
times of electrons with energies of 1.023.0 eV above the
Fermi level that are larger than those of electrons in a F
by a factor of;4.5, in agreement with experiment. The e
fect of virtual interband transitions giving rise to addition
screening does not depend on whether the hot electron
excite d electrons~the d-band scattering channel opens
;2 eV below the Fermi level! or not. On the other hand, th
actual density of occupied states available for real transiti
is found not to play an important role in the relaxatio
mechanism. Consequently, actual lifetimes approxima
scale as (E2EF)22, as in the case of a FEG. That lifetime
of hot electrons in Au can be fitted within this scaling b
havior has also been demonstrated by a theoretical ana
of electron-electron mean free paths in BEES experimen16

We acknowledge partial support by the University of t
Basque Country, the Basque Hezkuntza, Unibertistate
Ikerketa Saila, and the Spanish Ministerio de Educacio´n y
Cultura.

he
-
ted
s

r

r



.

d
gy
.

w

on
n of
tial

alu-
-
n-

all-
ulk

W

m
d

re

lf-
its

an
ith

PRB 62 1503BRIEF REPORTS
1H. Petek and S. Ogawa, Prog. Surf. Sci.56, 239 ~1998!.
2P.M. Echeniqueet al., Chem. Phys.251, 1 ~2000!.
3J. Bokor, Science246, 1130~1989!.
4R. Haight, Surf. Sci. Rep.21, 275 ~1995!.
5W.S. Fannet al., Phys. Rev. Lett.68, 2834~1992!; Phys. Rev. B

46, 13 592~1992!.
6C.A. Schmutenmaeret al., Phys. Rev. B50, 8957~1994!.
7T. Hertelet al., Phys. Rev. Lett.76, 535 ~1996!.
8M. Aeschlimannet al., Chem. Phys.205, 127 ~1997!.
9S. Ogawaet al., Phys. Rev. B55, 1 ~1997!.

10J. Caoet al., Phys. Rev. B56, 1099~1997!.
11M. Aeschlimannet al., Phys. Rev. Lett.79, 5158~1997!.
12E. Knoeselet al., Phys. Rev. B57, 12 812~1998!.
13A. Goldmannet al., Surf. Sci.414, L932 ~1998!.
14M. Baueret al., Proc. SPIE3272, 201 ~1998!.
15J. Caoet al., Phys. Rev. B58, 10 948~1998!.
16K. Reuteret al., Europhys. Lett.45, 181~1999!; Phys. Rev. B61,

4522 ~2000!.
17J.J. Quinn and R.A. Ferrell, Phys. Rev.112, 812 ~1958!.
18R.H. Ritchie, Phys. Rev.114, 644 ~1959!.
19I. Campillo et al., Phys. Rev. Lett.83, 2230~1999!.
20I. Campillo et al., Phys. Rev. B61, 13 484~2000!.
21L. Hedin and S. Lundqvist, Solid State Phys.23, 1 ~1969!.
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