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Calculated lifetimes of hot electrons in aluminum and copper using a plane-wave basis set
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We report about the lifetimes of hot electrons in crystalline aluminum and copper. For aluminum the results
agree quantitatively with the experimental results. For copper we get good agreement for quasiparticle energies
in the (110 direction above 2 eV which shows that the lifetimes for quasiparticle states above 2 eV are
determined bysp bands, explaining the puzzling fact that simple Fermi liquid theory describes Cu in this
direction quite well. The calculations were performed within the shielded interaction approximation using a
plane-wave basis expansion for the wave functions. We show that for Cu this basis leads to equally good
results as the more demanding linearized augmented plane-wave[584i§3-1829)10835-X]

[. INTRODUCTION determining the lifetimes and is up to now still treated within
Fermi liquid theory(FLT).8-10
The understanding of the physical and chemical reactions
on surfaces on a microscopic level is one of the major goals Il. THEORY

in modern surface physics. A very interesting subfield is the W deall ithan i . |
understanding—and possible future engineering—of photo-. /€ aré dealing with an interacting many-electron system.

chemical processes on surfaces. As one step in this direction? the nzz\jturall s.tartm? prm]mnlt(fcr)]r OSU; calgulatlons_ |S£’l\£vell—
the study of the lifetime of excited electrons is currently atonverged so utlon' of the Kohn- ?3(1( ) equation
very active field within density functional theoryDFT),

Copper has been one of the first elements for which the 2
lifetime of excited electrons has been measured using mod- — ﬁVZﬂLVeﬁ(T) @qi(1)=€q;Pq(r)- )
ern time-resolved two-photon photoemission spectroscopy

(TR-2PPB.1~" In these experiments electrons from the va-q andj denote a wave vector in the Brillouin zof®Z) and

lence band are excited by a femto-second laser piife® 3 pand index, respectively(r) is the mean-field potential
so-called pump lasgrinto the conduction band. A second i, which the KS electrons move. It is given by

(time-delayed photon excites the electron above the vacuum
level where it can be detected. By varying the time delay V(1) =Vion(r) + Veou(r) + Vie(r). 2

between the two laser pulses this technology allows the mea- . . -
surement of the lifetime of electrons in excited states. Herevie, is the crystal potential set up by the ionic cores. In

The measured lifetime of excited electrons is determine®! 2P |n|t|o”tre|\atment it IIS lco_ngdereoé) exactlly,_ either by
by several distinct physical processes. The most important €09 an all-electron calculation or by applying norm-
electronic correlation. The second contribution is transporfONSeTVing pseudopotentialg,,, is the classical Coulomb
away from the surface. The experiments are typically conPotential(Hartree potentialandv, the so-called exchange-
ducted about 30 A to 50 A below the surfdcbrifting of an correlation potential. It contains all quantum-mechanical
excited electron into the bulk—before the probe laser carfontributions to the electron-electron interaction. In real cal-
eject it—will lead to a measured lifetime which is shorter culations it s approximated using local density approxima-
than the actual lifetime. A third process which has to belion (LDA).”* However, the KS equations describe only
considered is the so-called cascadirithe excited electron dround-state properties, i.e., they are not suitable for calcu-
leaves a hole in the valence band. Particle and hole magt'”g the properties oéxcitedstates. Moreover, since the
recombine and excite another electron via an Auger proces§l@miltonian in Eq.(1) is Hermitian the eigenvalues, ; are

This process leads to measured lifetimes which are too long€@l- Any lifetimes calculated within this framework are
erefore infinite. In order to describe properly the dynamical

Connected to this is another observation: in some systems, ‘
such as, e.g., copper, where it has been observed first BfOC€sses one has to go back to many-body perturbation
theory (MBPT).14

Pawlik, Bauer, and Aeschlimarirthe lifetime of an excited I , , )
Within MBPT the dynamics of a many-particle system is

electron at a fixed energf —Er (Eg being the Fermi en- : i5
ergy) depends on the frequency of the pump laser, i.e., thd€scribed by the Dyson equatidn

band from which the electron originated. 52
In order to extract valuable information about excited (——V2+v (r)),/, .(r)+J d3r 'S (r,r Eq ) g i(r')
. L : om eff q. o Ea,j Y
electrons from the experiments it is important to disentangle
these processes by understanding each of them. In the fol- —E
. . . . . = q'jlﬂq'j(r). (©)
lowing we are considering the first process, namely, the in-
trinsic lifetime of excited quasiparticle states due to elec-Compared to the KS equations it contains an additional “po-
tronic correlation effects. It is the dominant process fortential term” which is non-local, complex, and energy de-
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pendent. Instead of the real eigenvalegs its solutions are
complex quasiparticle energiésg, ; . Therefore the time evo-
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correlation effects in the Dyson equation twice, the self-
energy has to be corrected by those contributions already

lution of the system is no longer oscillatory but contains anconsidered inv,., 3*°=3*°—v,.. Furthermore, the new
additional decaying term which defines the lifetime of thechemical potential has to be determinéithin the LDA

quasiparticle stafé

gl etlfi_, g(ile~Re[S}H/A) g(~Im{T}t/h)

(4)

where R¢E}=e—Re(X} and I{E}=—Im{X} are the real and
imaginary part of the quasiparticle enerigy respectively3
is the electronic self-energy.

In practice the Dyson equation is solved within a certain

basis set. We use the Bloch basis, i.e., the orthonormal set
solutions of the KS equationfEg. (1)], for a crystalline
system‘"1® Furthermore, we work on the imaginary fre-
qguency axigMatsubara axijs The Dyson equation can then
be transformed from the form of E€B) into

G, (Qiwm =G " ion ~S j(aion, ©)
whereq is a vector in the BZj,j’ are band indices, and the
o, are fermion Matsubara frequenciesp,=m(2m
+1)/I(Bh). Gj;(d,iwy) is the dressed Green’s function
andeL'JDf*(q,iwm) the propagator of the KS electrons,

5]"]'/
lom— g

LDA

Gj,jr (Quiwm): (6)

the Fermi energy equals the chemical poteritial In the
quasiparticle picture the term Fermi energy is no longer de-
fined because of the renormalization of the Fermi function.
Nevertheless we will use the term Fermi energy in the fol-
lowing meaning the chemical potentiaHaving obtained the
Green'’s function on the Matsubara axis we can now perform
an analytic continuation using standard Pag@roximation
tgchnique$?* to obtain the retarded Green's function
G;j/(d,0). The spectral function is defined by
Ajyj/(q,w)=—2ImG“-/(q,w). (10)

It contains complete information about the one-particle prop-
erties, especially the real and imaginary parts of the quasi-
particle energie$® The spectral function is calculated for all
wave vectors in the Brillouin zone and all bands. From
A;-j(q,0) the width of the quasiparticle excitatial, ; is
extracted. In order to obtain data which are dense enough to
be compared to experiment we perform a three dimensional
interpolation of Ay in k space. The lifetime is simpl§
Tq,j = 1/Aq’] .

The SIA forms a set of equations which have to be solved
self-consistently>?°~22However, it has been shown by sev-

Thewg,; are the KS eigenvalues measured from the chemicagral author®?>~*that self-consistent calculations lead to

potential u, fiwg ;= €q;—u. A detailed description of this
method can be found in Refs. 18,19.

results which compare much less with experiment than cal-
culations in which the self-energy is evaluated only once. In

We calculate the self-energy within the shielded interacthe latter case typically very good agreement with experi-

tion approximation(SIA or GW approximation,®1°>2°-22jn

which 3 is given as the product o&'°* and the shielded
potential VS,

Exc(rlr,;t):iGLDA(r!r,;t)VS(rvr,;t+)' (7)

The shielded potential is just the bare Coulomb potemtial
screened by the dielectric functioMg=v/e. It is obtained
from the polarizabilityP by solving a matrix equation in the
band indice¥ for each wave vectoq and each frequency
iwy,. In the Bloch basis Eq.7) becomes

BZ

S (o= —; > AN (a—kgk)

MviM/:V,
XAV,j',V’(q_k’q!k)
1
Bh

XV5 (q—Kion—iop).

X G2 (K,iwy)

o

®)

k andq are elements of the BZ and the irreducible Brillouin
zone (IBZ), respectively.k—q is understood to be folded

back into the BZ. The coefficients are defined as the inte-

grals of three Bloch functions

AR = [ 6 U3 (g (DUELD. ©

ment is achieved3°—32Two examples where this is illus-
trated very clearly are the occupied bandwidth in simple met-
als and the fundamental band gap in silicon. Whereas in
LDA calculations the occupied bandwidth in simple metals
is too large and the band gap in semiconductors much too
small, aGW calculation in which the self-energy is calcu-
lated only once leads to values for the occupied bandwidth
and the band gap in semiconductors which are typically
within 10% of the experimental valué$>233|f the Dyson
equation is solved self-consistently this agreement is de-
stroyed. In fact the self-consistent results disagree more with
experiment than results from conventional LDA
calculations:®2°?’|t seems that if the self-energy is evalu-
ated only once a cancellation of errors occurs which is not
present in the case of self-consistency. In other words, the
physics underlying theGW approximation describes the
electronic correlation incorrectly. Additional diagrams need
to be included. So at present the situation is as follows; the
SIA or GW approximation leads to very good results if done
non-self-consistently although it is not fully understood why.
If one wants to perform realistic calculations beyond the
LDA level it is the method which has to be used.

We close this section with a couple of technical remarks.
On the level of the first evaluation of the self-energy the
Hartree part of the self-energyadpole diagramequals the
Hartree potential of the KS equations. Since we calculate the
self-energy only once, it is therefore sufficient to determine
only the exchange-correlation part of the self-eneiqx?, .

Once the self-energy has been calculated the Dyson equatidfle only calculate the diagonal elemenjs=( ") of the self-
(5) can be solved. In order not to account for exchange anénergy since it has been shown that the off-diagonal ele-
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FIG. 1. The LDA band structure of Aldashed ling compared Energy [eV]
to the quasiparticle band structufeolid line). As expected for an

| t with I Wi Seitz radius the diff ) th FIG. 2. The lifetime of excited electrons in Al plotted versus the
zrﬁzllen with a small YVigner-seiiz radius the difierence IS ra erenergy of the electrons measured from the Fermi energy. The main

part of the figure shows the bands and directions which we identi-
34 . fied to be important for the explanation of the experimental data

ments can be neglecté¥™ It is, however, crucial to con- (Ref. 37. The most striking result is the lifetime of electrons in the
sider the full matrix of the shielded pOtentimﬁj’(qviwn) third band in then-L direction(solid line). At the band crossing of
when determining the self-enerd§?® Calculating the self- the third and fourth band around 1 e¥ee Fig. 1 a new decay
energy only once has another consequence. The polarizabidhannel opens and the lifetime drofsee main tejt The inset
ity is the product of two Green’s functio’3P=GG. Inthe  shows the lifetime of hot electrons in all directions and bands we
case thatG=G'P the frequency summation can be donehave calculated. The denotation of the curves is the same as in the
analytically, leading to the familiar form main part. The curves drawn with the thin solid lines are lifetimes

of electrons in directions which were not probed by the experiment.

BZ
2 ™ Firaw o
P (Qiow.)=— : Jad g where the prefactor is given by
I8 (q wn) V; % |wn+wk,,u,_wk+q,v
. 64 m
XAJ',V,M(q’k—’—q’k)Aj’,V,M(q’k+q’k)' To= ? m (13
(13)

n is the density of the homogeneous electron gas. By con-
struction Eq.(12) does not include any band-structure ef-
lll. THE LIFETIME OF ALUMINUM fects.

The lifetimes of excited electrons in Al were measured by

The starting point for our discussion about the lifetimes OfAeschIimann’s group on a polycrystalline sampidhe fre-

excited electrons in Al is the band structure as shown in Fi ; . )
1. The dashed line denotes the LDA band structirthe gquency of the pump laser used in their experiment was 3.0

solid line the quasiparticle band structure. As can be seeev to 3.4 eV. For photons of this energy domain conserva-
he q P ; " flon of momentum allows only direct transitions. Inspection
from the figure the two curves differ only little, a conse-

) . . of the band structure in Fig. 1 shows immediately that only
quence of th? small Wigner-Seitz radius of Aly( the low lying conduction bands in th&-X, W-K, andW-L
;gf;)l?s?IQI/IZEArLé?a?;ecgage]Zuseon-t(l:;”tiz giﬂ:ﬁ;&ig?gﬁtrgpdirections can be populated by this pump laser and therefore
the band structure is thep bands along the directior-L, only the lifetimes of electrons in these states were probed by

. o the experiment.
FX and to a certain ext.erw-L. In the vicinity of theW Figure 2 shows the lifetimes of hot electrons in Al plotted
point the band struc_ture differs markedly from a fr.ee-e.lectronversus the(quasiparticle energy measured from the Fermi
system. The behavior of the band structureNiL. direction ooy The triangles denote the experimental results of Ref.
lies in between; it shows two nearly degenerate bands whic 7. The long-dashed curve is the result of Ef2). The
are eactsp-like. As will be shown below, this small devia- Wiéner-Seitz radius of Al corresponds tg="0 311 fs. It
tion from the free-electron characteristic will lead to a strik- . :

. : o ; does not explain the data very well, which is no surprise. As
ing difference between the real lifetime of excited electronsWe argued above, the bands probed by the experiment of the

along th's d!rect|on and the predictions from FLT. In FLT Aeschlimann group have no free-electron-like character. The
the lifetime is calculated for the homogeneous electron gager four curves are ouab initio results for the selected

withi.n the GW approximation. The dieleptric fur]ction Is ap- directions and bands given in the legend. The most striking

prOX|ma_ted by a 'OW fr_equt_ancy expan.:%gg. This leads to aurve is the solid one. It displays the lifetime of electrons in

expression for the lifetime in closed forf, the third band along th&/-L direction. Starting from thé&

E point and going down in energy as one approachesvthe

= To—an (12)  point the lifetime increases as predicted by FLT. Around 1
(E—Ep) eV above the Fermi energy, the third band crosses the fourth
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band. By this crossing interband transitions become possiblarge transport contribution especially when compared with
and therefore an additional decay channel is opened. Thite data of the noble metalsote that the smallet, ,nsiS, the
results in a shorter lifetime, i.e., the curve bends down, ifarger is the transport effectFurthermore, conductivity ex-
contrast to simple FLT. This explains the unusual behavioperiments suggest that the excited electrons of Al should be
of the measured lifetimes around 1 eV. The remaining threeonfined in a certain surface regirand therefore limiting
curves show that the measured lifetimes originate fronthe transport effects. In summary, it seems that a value of 23
bands in thew-X and W-K directions and agree very well fs is too small.
with the experimental data. Especially tt@n first sight os- We obtained the value af,,,=49.9 fs by comparing our
cillatory) structure of the experimental data between 1.5 e\Wata with the experimental ones. So in this way we are even
and 2 eV can be traced back to the lifetimes of excited elecable to give a crude estimate for the size of the transport
trons in two distinct bands. The sudden dropoff of three ofcontributions to the overall lifetime. This approach is of
the experimental data points beyond 2.5 eV cannot be excourse only possible for an element like Al, where electron-
plained by our data. We suspect that this dropoff is an artielectron interaction and transport are the two largest contri-
fact of the experimental setup. butions to the electronic lifetime. It also depends on the va-
The experimental data include all the processes menidity of Eq. (14). This validity has not been shown yet.
tioned in the Introduction whereas our calculation is re-Currently Eq.(14) is used due to the lack of a better—
stricted solely to electron-electron interaction. However, inpreferablyab initio—description of transport processes.
Al transport effects play an important role. Therefore the
authors of Ref. 37 corrected their measured lifetimes for IV. COPPER

transport effects according to Matthiessen’s fule .
A. Ground state and polarizability

=+ , . .
Tmeas Tee Ttrans below the Fermi surface. The natural choice for a band-

structure calculation is therefore a modern all-electron
method such as, for example, the full-potential linearized
augmented plane-wavéFP-LAPW) method® which has

1 1 1 (14) Cu is a noble metal with its@bands lying about 2—4 eV

where 7,0a5iS the measured lifetimerg, the lifetime due to
electron-electron interactions, ang,,s the lifetime correc-

tion due to transport effects, respectively. Baekal. used a been coded, e.g., miEN9s In the LAPW method the unit

value of 7yans=23fs. We corrected the measured IIfetImeSceII is divided up into nontouching spheres around the atoms

(the squares in Fig. 3 of Ref. )37?)’ Trans=49.91s. This with radiusRy; (denoted M7 and the remaining so-called
difference in the transport corrections needs some explana- " .
X i interstitial part(denoted 1$. (Full potential denotes the fact
tions. Baueret al. get the value of 23 fs from scaling the

transport correction as obtained by a simole model calcul that no shape approximation of the potential is done, either in
ransp . Y npie. he MT or in the 1S) In the IS every function is expanded
tion in Cu by the ratio of the Fermi velocities in copper and_ . . .

) ) . T . with respect to plane waves. To describe the wave functions
aluminum. Using 23 fs the experimental values coincide W|thIn the spheres the plane-wave basis is auamented by atomi-
the result of FLT(long-dashed curve in Fig.)2FLT is a b P 9 y

valid model to describe the effects of tis@ bands in Al, clike functions. So a Bloch state in the LAPW formalism is

However, as we ar given by

. gued above, due to momentum conserva-

tion the measured data are lifetimes of low lying states in the

W-X, W-K, andW-L directions. These bands are definitely U j(N=2 ¢j(k+G)pARM(r), (15
not sp-like. More serious is a point which is addressed al- ¢

ready by the authors of Ref. 37; 23 fs seems to be a verwhere the basis functions are definef’as

iei(k+G)l’, rels

B (o

lZ {A m(k+G)ui(r,e)+B n(k+G)u(r,e)}Y| m(#,0), reMT

The division done in the LAPW method allows a good de-with (highly) excited states, partly because of the lineariza-
scription of the rapidly oscillating wave functions inside the tion of the energy with respect to a reference enejgyhich
atomic spheres and the smoother wave functions in the ISypically lies within the valence bands. Equatiofi$) and

For Cu it has been shown that the band energies calculategd6) show the three fundamental numerical parameters which
within this method are in rather good agreement with result®nter into the LAPW method, namely, the plane-wave cutoff,
obtained by, e.g., photoemission experiméhtsiowever, the maximum angular momentulp,, used in the MT, and
these experiments probe only the valence bands and providiee radius of the spheré, ;. In order to check the stability
therefore only a check of the theoretical results for the occuef the unoccupied bands we varied these parameters.

pied bands. It is known that the LAPW method has problems The maximum| value is very uncritical. By default



8620 SCHONE, KEYLING, BANDIé, AND EKARDT PRB 60

50 0.025
0.020 |
0.015 - —— LAPW
o ——-PW
AN =
== /0 3 oo
N ,\-I imag. part
z / ’sf_ 0.005
= %
2 u:) N
:Cj & o0 7 WM
-0.005 real part
\— -0.010 : : : : ‘
0.0 10.0 20.0 30.0 40.0 50.0
< Energy [eV]
—
] FIG. 4. The figure shows the polarizabilig g/(q,®) of Cu
\ calculated for a small wave vectpy=2/ay(—1/6,1/6,- 1/6)] on

the real frequency axis using a plane-wave basis set with an energy
cutoff of 60 Ryd(dashed linpand a LAPW basis sésolid ling). In

FIG. 3. The band structure of Cu calculated using the LAPWthe LAPW calculation the following parameters were uskgh,
basis set(solid line) and a plane-wave cod@lashed ling The =8, Ryr=2.4bohr., cutoff of 11 Ryd.
Fermi energy is set to zero. Up to about 25 eV the two band struc-
tures compare very well. Above this energy the LAPW band struc- In both cases we used the exchange-correlation potential
ture is not convergecsee main text as obtained by Ceperley and Aldrin wiENgs the param-

etrization of Perdew and Wafigis used whereas theHi

WIEN95 Uses| =10, however, we fountl,,=8 to be fully  code uses the parametrization of Perdew and Zuffgers
sufficient. There was no impact on either the unoccupied ounlikely that the difference in the occupied bandwidth is due
the occupied bands. The cutoff was varied between 11 antb the different parametrizations.
16 Ryd and the atomic sphere radius between 2.0 and 2.4 The difference is also not caused by the different treat-
bohr. The occupied bands and the unoccupied bands up tent of relativistic effects in the two programs. In the
about 20 eV above the Fermi energy were not affected byieEN9s program the electronic structure inside the atomic
these variations. Higher lying bands, however, were stronglgpheres is calculated by solving the scalar-relativistic Schro
affected. We were not able to converge to a stable bandinger equation. In fhi9émd relativistic effects enter via the
structure for band energies above 20 eV. Even introducinggseudopotential. However, in both cases relativistic effects
extra local orbitals with energy parameters within the con-can be completely neglected by solving only the nonrelativ-
duction bant? did not improve on this situation although the istic Schralinger equation. In both methods this resulted in a
linearization error should become smaller this way. decrease of the occupied bandwidth, keeping the difference

We also calculated the ground state of Cu using a planesf 0.25 eV constant.
wave basis. Plane waves form a complete basis so any func- The FP-LAPW method is an all-electron calculation
tion can in principle be expanded with respect to this basiswhich means that in each iteration the electronic configura-
However, it is not obvious that the band structure of thetion of the core electrons is relaxed. In other words, the core
noble metal Cu can be obtained in this way, because thelectrons are allowed to interact dynamically with the va-
number of needed plane waves has to be kept at a levédnce electrons. In the kind of pseudopotential calculation
which does not make the calculation impossible. To calculatpresented here, by construction a so-called frozen-core ap-
the band structure of Cu we used the program fhi98d. proximation is used? It might be possible that the resulting
The interaction between the ions and the electrons was delifference in the electronic structure of the core affects the
scribed by a norm-conserving pseudopotential in the sepdewest lying bands.
rable form of Kleinman and Bylandé?. We used a soft A comparison of the two band structures gives only infor-
Troullier-Martins pseudopotentiat:*>We found that using a mation about the KS eigenvalues. For the many-body calcu-
plane-wave cutoff of 60 Ryd is enough to converge the ocilation we also need the wave functions. In order to test the
cupied bandwidth to within 0.2%. agreement of the wave functions obtained within the two

Figure 3 shows a comparison of the band structures obmethods we calculated the polarizability of Cu using an ex-
tained with the two methods. Besides a small difference apansion of the wave functions with respect to plane waves
the I" point which results in a difference of 0.25eV in the and LAPWS, respectively. In Fig. 4 the Fourier transform of
occupied bandwidth the agreement in the valence band ihe polarizability Eq.(11), Pg/(9,w), for a small wave
perfect. Above the Fermi level the differences between theector andG=G’' =0 is shown. The solid line denotes the
two results increase. Above 40 eV there are differences up tpolarizability as obtained using the LAPW expansion of the
5 eV. These differences are due to the nonstable LAPWvave functions witH ,,,=8, Ryr=2.4 bohr, and a cutoff of
bands. The unoccupied bands obtained with the plane-wavel Ryd. The dashed line corresponds to a plane-wave calcu-
calculation are converged. lation using 22 bands and a cutoff of 60 Ryd. There are only

r X w L m K X
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200 ! cell) would result inrg=1.20. In this case the lifetimes

Ii \ would be considerably largét.

' ! The complete information comes from the sixth band

A

150 1 e (dra:;en which cuts the Fermi surface at about 60% of the distance
4 - FLTd('zfm) I'-K (see Fig. 3 Above 2 eV the theoretical result and the
\ — our gata

experimental result, respectively, agree rather well. Below 2
eV the experimental lifetime suddenly increases. This behav-
ior cannot be explained within the framework of tNV
approximation or with single-particle states. The sudden in-
crease is possibly due to Auger processes which contribute to
the measured lifetimes of transition and noble metals at small
energies. Therefore the experimental data could be larger
than theoretical results which consider only electron-electron
‘ o= interactions.
£ The theoretical curve resembles very much the Fermi lig-
nergy [eV] . X . . . ..
uid result. On first sight this might be surprising. However,

FIG. 5. The lifetime of excited electrons in Cu in tk&10) the band which crosses the Fermi surface inIthK direc-

direction. The solid line is the&in three dimensionsinterpolated  tion is ansp band and therefore very jelliumlike. On the

lifetime within the SIA. The dot-dashed line is the result of FLT level of the SIA the impact of the real band structure is
usingrs=2.67, the dashed line the one fQr=1.20. The diamonds  herefore just a shift to longer lifetimes.

are the measured lifetiméRef. 6. The energy is measured from
the Fermi energy.

100 -

Lifetime [fs]

50

V. CONCLUSIONS
small differences between the two quantities; in the low fre-

quency regime there is a difference around 2 eV. For larger We presented results for the lifetimes of hot electrons in
frequencies kw=10eV) the curves differ mildly. This is the crystals Al and Cu calculatedb initio within the
understandable from the differences in the band structuréhielded interaction approximation.
We also compared the polarizabilities for larger wave vec- The “simple” metal aluminum really behaves simply
tors. Here the agreement becomes slightly worse. with respect to the lifetimes of the excited electrons. Our
data, calculated within the shielded interaction approxima-
tion for the self-energy using no further approximatieng.,
for the dielectric functiojy can explain the experimental data
The inputs for the calculation of the self-eneidq. (8)] very well. We were able to identify the bands and directions
are the LDA Green’s function E¢6) which depends only on whose electrons contribute to the experimental results ob-
the LDA eigenvalues and the polarizability EG.1) which  tained from a polycrystalline sample. Along tWé-L direc-
enters via the shielded potential. The results presented ifion we could identify the opening of another decay channel
Sec. IV A show that both quantities can be calculated equallglue to a band crossing, a genuine band-structure effect which
precisely using a plane-wave or a LAPW basis set, respe@annot be described by Fermi liquid theory. In this respect Al
tively. We can therefore perform the many-body calculationis by no means simple, confirming the conclusions of the
using a plane-wave basis set. The calculation was done usirgeschlimann group’ We are even able to give a crude es-
30 bands and a Monkhorst-Pack m&shith 29 k points in  timate for the lifetime due to transport.
the irreducible wedge of the Brillouin zone. As in the case of In Cu the theoretical and experimental results along the
the transition metal N this is sufficient. (110 direction agree down to 2 eV. Below 2 eV processes
As in the case of Al it is important to know which fre- which are beyond the SIA or a single-particle picture, respec-
guency of the pump laser was used in the experiments. Itively, seem to have a strong contribution to the measured
their experiments the Petek gréupsed 3.1 eV to 3.2 eV and lifetimes. Cu reveals, however, another mystery; in experi-
they detected only electrons which were in intermediatements one can measure lifetimes in 1id.1) direction for
states up to 3 eV above the Fermi energy. The experimentsectrons in the energy range of 1 eV to 3 eV above the
were conducted along th@00), (110), and(111) direction.  Fermi energy. In this energy range there are no band states.
However, by inspecting the band structure of Gee Fig. 3  As has been discussed in Sec. IV B these results can also not
it is obvious that only thesp band in the(110 direction  be explained within the shielded interaction approximation.
(I'-K) can be populated by photons of this energy. Therefore€€opper offers a third unsolved puzzle; as already mentioned
the only meaningful comparison of our data with the experi-in the Introduction the measured lifetimes of excited Cu elec-
mental ones can be along this direction. Figure 5 shows th&ons in these two directions depend on the frequency of the
lifetime of excited electrons along th@10 direction. The pump laser. It seems that in Cu a particle-hole interaction
solid line is the result of the present calculation. The dashetietween the hole in thé band and the electron in the excited
line is the result of Fermi liquid theory, E¢L2). For Cuwe band exists which cannot be described by @&/ approxi-
usedr =2.67, which corresponds to only considering the 4smation. Clearly further studies are needed.
electrons(four electrons in the cubic unit cgllTaking into In both elements the problem of how to handle the influ-
account also the @ electrons(44 electrons in the cubic unit ence of transport processes ataminitio level exists. Cur

B. Lifetime of excited states



8622 SCHONE, KEYLING, BANDIé, AND EKARDT PRB 60

rently neither theoretical nor experimental data are availablénportance since the calculation of the self-energy is com-

that go beyond simple models. More studies of this effect argutationally very demanding.

needed. In our calculations we also neglected the problem of

the surface. Especially image states should contribute to the ACKNOWLEDGMENTS
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