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First-principles calculations of hot-electron lifetimes in metals
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First-principles calculations of the inelastic lifetime of low-energy electrons in Al, Mg, Be, and Cu are
reported. Quasiparticle damping rates are evaluated from the knowledge of the electron self-energy, which we
compute within theGW approximation of many-body theory. Inelastic lifetimes are then obtained along
various directions of the electron wave vector, with full inclusion of the band structure of the solid. Average
lifetimes are also reported, as a function of the electron energy. In Al and Mg, splitting of the band structure
over the Fermi level yields electron lifetimes that are smaller than those of electrons in a free-electron gas.
Larger lifetimes are found in Be, as a result of the characteristic dip that this material presents in the density
of states near the Fermi level. In Cu, a major contribution fidelectrons participating in the screening of
electron-electron interactions yields electron lifetimes that are well above those of electrons in a free-electron
gas with the electron density equal to that of valence'4lectrons.

[. INTRODUCTION In this paper, we report first-principles calculations of in-
elastic lifetimes of excited electrons in a variety of real met-
Low-energy excited electrons in metals, with energiesals. We start with free-electron-like trivalefAl) and diva-
larger than~0.5eV above the Fermi energy, experiencelent (Mg) metals, and then focus on divalent Be and the role
strong electron-electrorefe) scattering processes. Although that d electrons play in a noble metal like Cu. First, we
inelastic lifetimes of these so-called hot electrons have beeexpand the one-electron Bloch states in a plane-wave basis,
investigated for many years on the basis of the free-electrorand solve the Kohn-Sham equation of density-functional
gas(FEG model of the solid 1% time-resolved two-photon theory® (DFT) by invoking the local-density approximation
photoemissionTR-2PPE experiments have shown the key (LDA) for exchange and correlatidiXC). The electron-ion
role that band-structure effects may play in the decaynteraction is described by means of nonlocal, norm-
mechanisnt!~2° First-principles calculations of hot-electron conserving ionic pseudopotentials, and we use the one-
lifetimes that fully include the band structure of the solid electron Bloch states to evaluate the screened Coulomb in-
have been reported only very recently for aluminum anderaction in the random-phase approximati®PA).>* We
copper?t?2 These calculatio$ show that actual lifetimes finally evaluate the lifetime of an excited Bloch state from
are the result of a delicate balance between localization, derthe knowledge of the imaginary part of the electron self-
sity of states, screening, and Fermi-surface topology, even ianergy, which we compute within th@W approximation of
the case of a free-electron-like metal such as aluminum. many-body theory® Our calculations indicate that scattering
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rates may strongly depend, for a given electron energy, osolutions of the time-dependent counterpart of the Kohn-

the direction of the wave vector of the initial state. Also, Sham equation. In usual practice, these amplitudes are ap-

average lifetimes, as obtained by averaging over all waveroximated by standard LDA wave functions. The kernel

vectors and bands with the same energy, are found to deviat€*“(r,r,; ), which accounts for the reduction in tieee

considerably from those derived for a FEG. interaction due to the existence of short-range XC effects, is
The rest of this paper is organized as follows: Explicit obtained from the knowledge of the XC energy functional. In

expressions for the electron decay rate in periodic crystalthe RPA, this kernel is taken to be zero.

are derived in Sec. Il, within th&&W approximation of For periodic crystals, one may introduce the following

many-body theory. Calculated inelastic lifetimes of hot elec-Fourier expansion for the screened interaction of @g.

trons in Al, Mg, Be, and Cu are presented in Sec. lll, and the

conclusions are given in Sec. IV. Atomic units are used 1 B2 _ _ o
throughout, i.e.e?=A=m,=1. W(r,r'iw)= = E 2 gl (a+G)-rg=i(q+G’)-r
Q q G,G’
-1
Il. THEORY XUG(Q)EG’G/(q,w), 6)

Take an inhomogeneous electron system. In the frame- ) ) ] o
work of many-body theory” the damping rater; * of an where the first sum is extended over the first Brillouin zone
’ I

excited electron in the statg (r) with energyE; is obtained (BZ_)’ G_ andG’ are reciprocal lattice vectorg s the nor-
from the knowledge of the imaginary part of the electronmal'zat'on volumep(q) represents the Fourier coefficients

self-energy3.(r,r';E;), as of the bare Coulomb interaction, am;g’z,(q,w) are the
Fourier coefficients of the inverse dielectric function,

-1 r gk ’. ’
i =—2f drf dr’ ¢ (nImX(r,r';E)i(r’). (1) -
| ! . €e.6/(0:®) =30t xco (e (@.  (7)
In the GW approximatior?® one considers only the first- , .. -
. ; X . Within RPA,
order term in a series expansion of the self-energy in terms

of the screened Coulomb interaction: 0
_ €6,6'(0, )= g6~ Xg o (A @)ve(d), ®
i

2(rr'E)= EJ dEG(r,r;Ei—E)W(r,r";E), (2) whereXOG,G,(q,w) are the Fourier coefficients of the density-
density correlation function of noninteracting Kohn-Sham
electrons(see, e.g., Ref. 28

After introduction of the Fourier representation of E6).
into Eq.(3), and in the limit that the volume of the systein
becomes infinite, one finds the following expression for the
damping rate of an electron in the sta&gni(r) with energy

where G(r,r’;E;—E) represents the one-particle Green
function andW(r,r’;E) is the time-ordered screened Cou-
lomb interaction. After replacing the Green functi@®) by
the zero-order approximatioi0), the imaginary part of the
self-energy can be evaluated explicitly:

Exn:
M (r,rE) =2 6F (r)IMW(rIw)é(r),  (3) o
wherew=E;— E; represents the energy transfer, the sum is Tl—lzi 2 j qu B (q+G)Bit(q+G’)
extended over a complete set of final staggér) with en- PomtF ez Go lq+G|?
ergy E; (Er<E;<E;), Eg is the Fermi energy, and .
XIm[—eg s (9,0)], 9

W(r,r’;w)zv(r—r’)+fdr1f drov(r—ry) wherew=Ey , — Ex_qn, and
B —a.ng

Xx(ry,ry,@v(r—r’). 4
Here,v(r—r') represents the bare Coulomb interaction, and Bif(g+ G)=f dr d)’k‘,ni(r)ei(quG)'r¢k—q,nf(f)- (10)
x(r,r';w) is the density-density correlation function of the
solid. .
In the framework of time-dependent density-functional Couplings of the wave vectag+G to wave vectors

+G’ with G# G’ appear as a consequence of the existence
of electron-density variations in real solids. If these terms,
representing the so-called crystalline local-field effects, are
neglected, one can write

theory?®?’ the density-density correlation function satisfies

the integral equation

X(r,r’;w)=X°(r,r’;w)+fdr1J drox°(r,ri; o)

1 B; 2
X[v(ry=r) +K*(ry,ro;0)x(ra,r'; o), == > | dq> | 'f(q+Gz)| m[GG’G(q'wz].
(5) ™ f BZ G |q+G| |6G,G(Q!w)|

wherex?(r,r’; ) is the density-density correlation function
of noninteracting Kohn-Sham electrons, as described by the Within RPA, Eq.(8) yields
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2mug(A) <
Imle6,6(0,0)]= —5— 2 2 (fin=firqn)

X |< ¢k,n|e_i(q+G)-r| ¢k+q,n’>|2

Xé(w_Ek+q'n7+Ek'n). (12)

E-

E®-E: (eV)

Hence, the imaginary part et; (q, ) represents a measure
of the number of states available for real transitions involv-
ing a given momentum and energy transter G and w,
respectively, which is renormalized by the coupling between
initial and final states. The factoeg (g, »)| 2 in Eq. (11)
accounts for the screening in the interaction with the probe
electron. Initial and final states of the probe electron enter
through the coefficientB;;(q+ G). _ FIC_;. 1. Calculated band structure of Al along certain symmetry

If all one-electron Bloch states entering both the coeffi-directions.
cients Bj;(q+G) and the dielectric functioneg g/(0, w)
were represented by plane waves, then E§s.and (11)  trons, the plane-wave pseudopotential approach has already
would exactly coincide with th& W scattering rate of ex- been successfully incorporated in the description of the dy-
cited electrons in a FEG, as obtained by Quinn and Férrellnamical response of copper.
and by Ritchi€? For hot electrons with energies very near the ~ Samplings over the BZ required for the evaluation of
Fermi level E;~Eg) this result yields, in the high-density both the dielectric matrix and the hot-electron decay
limit (rs<1),?® the well-known formula of Quinn and rate have been performed on Monkhorst-Pack mehes:
Ferrelll 20x20x20 for Al, 24x24x10 for Mg, 24x24x16 for Be,
and 16<16x16 for Cu. For hot-electron energies under
study E—Er~0.5-4.0 eV), the inclusion of up to 40
bands has been required, and the sum in (Ed). has been
extended over 1& vectors of the reciprocal lattice, the mag-

w Q L A r A X Z W K

=263 YA E—Ef)? eV fs. (13

For a detailed discussion of the range of validity of this ap-

proach, see Ref. 28. ., _ .. nitude of the maximum momentum transtet G being well
We note that the decay; = of hot electrons in periodic o the upper limit of~ 2q (g is the Fermi momentujn

crystals depends on both the wave vedtoand the band o the evaluation of hot-electron lifetimes from E@),

indexn; of the initial Bloch state. Nevertheless, we also de-ith full inclusion of crystalline local-field effects, dielectric

fine 7~ Y(E), as the average af *(k,n) over all wave vec-  magrices as large as 4010 have been considered.
tors and bands lying with the same energy in the irreducible

wedge of the Brillouin zon€lBZ). Decay rates of hot elec-
trons lying outside the IBZ are considered by simply using
the symmetry property ™ *(Sk,n)=r~1(k,n), whereSrep-
resents an operator of the point group of the crystal.

For the evaluation of the polarizability, (g, ) and Due to the free-electron-like nature of the energy bands of
the coefficientsB; (q+G), Eq. (10), we use the self- face-centered-cubic aluminufsee Fig. 1, a simple metal
consistent LDA eigenfunctions of the one-electron Kohn-With no d bands, the impact of the band structure on the

Sham Hamiltonian of DFT, which we first expand in a plane-€lectronic excitations had been presumed for many years to
wave basis, be small. However, x-ray measureméhnt§and careful first-

principles calculations of the dynamical density response of
this materiai®“° have shown that band-structure effects can-
not be neglected. Full band-structure calculations of the elec-
tronic stopping power of Al for slow ions have shown that
The electron-ion interaction is described by means of nonlothe energy loss is-7% larger than that of a FE®G. Our

IIl. RESULTS AND DISCUSSION

A. Aluminum

1 )
bren(r)= NG % U n(G)e kHor, (14)

cal, norm-conserving ionic pseudopotenti@s!and the XC
potential is obtained in the LDA with use of the
Perdew-Zungéf parametrization of the XC energy of Cep-
erley and Alder®

Well-converged results have been found with the intro-
duction in Eq.(14) of kinetic-energy cutoffs of 12, 6, and 20
Ry for Al, Mg, and Be, respectively. In the case of Cu, all
4st and A0 Bloch states have been kept as valence elec

present calculations indicate that actual hot-electron lifetimes
in Al are ~35% smaller than those of electrons in a FEG.
Our ab initio GWRPA calculation of the average lifetime
7(E) of hot electrons in Al, as obtained from E) with
full inclusion of crystalline local-field effects, is presented in
Fig. 2 by solid circles. Th&GW-RPA lifetime of hot elec-
trons in a FEG with the electron density equal to that of
valence electrons in Alrg=2.07) is exhibited in the same

trons in the pseudopotential generation, and an energy cutofigure, by a solid line. Our calculations indicate that the life-

as large as 75 Ry has been required, thereby keepB@0D
plane waves in the expansion of E@l4). Though all-

time of hot electrons in Al is, within RPA, smaller than that
of electrons in a FEG witlig=2.07 by a factor of~0.65.

electron schemes, such as the full-potential linearized augA/e have performed band-structure calculations of €.

mented plane-wave methdd,are expected to be better
suited for the description of the response of localidezlec-

with and without[see also Eq(11)] the inclusion of crystal-
line local-field corrections, and have found that these correc-
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FIG. 3. Calculated band structure of Mg along certain symmetry
FIG. 2. Hot-electron lifetimes in Al. Solid circles represent our directions.
full ab initio calculation of 7(E), as obtained after averaging
7(k,n;) of either Eq.(9) or Eq.(11) over wave vectors and over the are represented in the inset of Fig. 2. In the liltEg, the
band structure for eack. The solid line represents the lifetime of available phase space for real transitions is sinmplyE,
hot electrons in a FEG withs=2.07, as obtained within the full which yields the E—Eg) 2 quadratic scaling of very-low-
GW-RPA. Open triangles represent the result obtained from Edelectron energies in a FEG, as predicted by @8) (dashed
(11) by replacing hot-electron initial and final states [iBi;(q9  |ine).*> However, as the energy increases, momentum and
+G|2 by plane waves, but with full inclusion of the band structure energy conservation prevents the available phase space from
in the evaluation of Iffi— e (d,)]. Dotted and long-dashed peing as large aE — E, and the lifetime of electrons in a
lines represent the lifetime of hot electrons in ba@jsand Z,, FEG depart, therefore, from th& ¢ E,:)_z scaling. For en-
respectively, with the wave vector along théX direction. The o nieg ynder study, band-structure effects in Al are found to
inset eXthHES spaled lifetimes of hot electrons in Al. Solid cwc!es be nearly energy independent; hence, our calculated lifetimes
and the_ solid line represent band-structure an.d FEG CaICUIat'On%lre found to approximately scale as in the case of electrons
respectively, both withirGW-RPA. The dashed line represents the . .
prediction of Eq.(13). ina FEG’ and they slightly depart, therefore, from tite (
—Eg) ¢ scaling. The agreement &— Er~3 eV between
) o ) . .actual lifetimes and those predicted by ELB) is simply due
tions are negligible for electron energies under study. This igy the nearly thorough compensation, at these energies, be-
an expected result, since Al crystal does not present Strongueen the departure of this formula from full free-electron-
density gradients nor special electron density dlrect|on§Jas RPA calculations and band-structure effects.

(bondings. . Although the energy bands of Al show an overall similar-
In order to understand the origin of band-structure effectsy yith the fcc free-electron band structure, in the vicinity of
on hot-electron lifetimes in Al, we first focus on the role that the W point there are large differences between the two cases

the band structure plays in the creation of electron-holggee Fig. 1. At this point, the free-electron parabola opens an
(g-h) pairs. Hence, we evaluate_ hot-electron Ilfte_t|mes fromenergy gap around the Fermi level and splits along\ihé
either Eq.(9) or Eq.(11) be replacing the electron initial and  gjrection into two bandsZ, andz,) with energies over the
final states inB;;(q+ G)|* by plane wavesplane-wave cal- Eormi level. We have calculated lifetimes of hot electrons in
culation. The result we obtain with full inclusion of the band {page bands, with the wave vector along We direction.
structure of the crystal in the evaluation of Hg,lgr(q,w) IS The results of these calculations are exhibited in Fig. 2, as a
represented in Fig. 2 by open triangles. Due to splitting offunction of energy, by dottedZ;) and long-dashed lines
the band structure over the Fermi level, new channels argz,). Although hot electrons in th&, band have one more
opened fore-h pair production, and band-structure effects channel available to decay along t#éX direction, the band
tend, therefore, to decrease the lifetime of very-low-energyyap at thew point around the Fermi level results in hot
electrons by~5%, as in the case of slow iofts. electrons living longer on th&, than on thez, band. When

In the case of moving ions, differences between actuaihe hot-electron energy is well above the Fermi levél (
decay rates and those obtained in a FEG only enter through E_>4 eV), bothZ, andZz, lifetimes nearly coincide with
the so-called energy-loss matrix, [Imeg'lG,(q,w)]. How-  the average values represented by solid circles. We have
ever, hot-electron decay rates are also sensitive to the actuavaluated hot-electron lifetimes along other directions of the
initial and final states entering the coefficiel8g(q+G). wave vector, and have found that differences between these
Differences between our fullsolid circles and plane-wave results and average lifetimes are not larger than those ob-
(open triangles calculations come from this sensitivity of tained along th&VX direction. This is in disagreement with
hot-electron initial and final states on the band structure ofhe calculations reported by Safmet al?? In particular, the
the crystal, showing that the splitting of the band structurébending of the hot-electron lifetime along tMéL direction
over the Fermi level now plays a major role in lowering theat ~1 eV reported in Ref. 22 is not present in our calcula-
hot-electron lifetime. tions. The origin of this discrepancy is the crossing near the

Scaled lifetimes7(E) X (E—Eg)?, of hot electrons in Al,  Fermi level between band3, andQ_ along theWL direc-
as obtained from our full band-structure calculati@olid tion reported in Ref. 22. This crossing is absent in the
circles and from the FEG model withs=2.07 (solid line), present(see Fig. 1and previou¥®*3~*5self-consistent band-
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FIG. 5. Calculated band structure of Be along certain symmetry

FIG. 4. Hot-electron lifetimes in Mg. As in Fig. 2 witn,  directions.

=2.66.
_ _ . (see Fig. % exhibits the largest departure from free-electron
structure calculations, which all show that at ¥wepoint of  pehavior. Both Be and Mg have hcp crystal structure and two

the Al band structure the lev&l; is belowW;. conduction electrons per atom. Nevertheless, the electronic
structure of Be is qualitatively different from that of Mg, the
B. Magnesium Be band gaps at poinis, H, andL being much larger than

those in Mg. Also, the Be band gaps are located on both

In Fig. 3 we show the band structure of hexagonal Closed'sides of the Fermi level, and the density of Sta@S) of

packe_d(hcp) magnesium. '_I'here Is a close resemblance 1Eorihis material falls to a sharp minimum near the Fermi level.
energiesE <Er between this band structure and that (?f free Our band-structure calculation of the average lifetime
electrons, though the free-electron parabola now splits near

the Fermi level al ai v directi A 7(E) of hot electrons in Be is shown in Fig. 6 by solid
€ Fermilevel along certain symmetry directions. AS a re<jrcjes, as obtained from E@9). The lifetime of hot elec-

. -1 .
sult, the energy-loss function, [M e ¢, (d, )], of thisma- o in a FEG with the electron density equal to that of
terial is approximately well described within a free-electronyzjence electrons in Be {=1.87) is represented in the same
model, and band-structure effects on hot-electron lifetimesigyre by a solid line. In the inset, the corresponding scaled
enter mainly, as in the case of Al, through the sensitivity ofca|culations are plotted, together with the results obtained
hot-electron initial and final states on the band structure ofrom Eq. (13) (dashed ling It can be seen that large devia-

the crystal. _ o tions from the FEG calculation occur for electron energies
Our ab initio calculation of the average lifetimg(E) of  npear the Fermi levelE—Eg<3 eV), especially aE—Eg
hot electrons in Mg, as obtained from E@) with full in- 1 4 and 1.8 eV where the presence of band gaps at goints

a FEG with the electron density equal to that of valenceye| tends to increase the inelastic lifetime of all excited
electrons in Mg (s=2.66). As in the case of Al, we have Bjoch states. Furthermore, actual lifetimes strongly deviate
found that local-field corrections are negligible for electronfom the~ (E— Eg) ~2 scaling predicted within Fermi-liquid

energies under study. theory. This deviation comes from the contribution to the

Scaled lifetimes of hot electrons in Mg, as obtained fromayerage lifetime due to Bloch states near the pdinendL
our full band-structure calculatiorsolid circles and from  \ith energies close to the energy gap.

the FEG model withr ;=2.66 (solid line), are represented in
the inset of Fig. 4. We note that actual lifetimes in this ma-
terial scale with energy approximately as in the case of elec-
trons in a FEG, thereby slightly deviating from thé& (
—Eg) 2 scaling predicted by Eq(13) (dashed ling Be- 150
cause of splitting of the band structure over the Fermi level .
new decay channels are opened, not present in the case of a
FEG, and band-structure effects tend, therefore, to decrease
the lifetime of hot electrons in Mg by a factor 6£0.75.
Since the splitting of the band structure of Mg is not as .
pronounced as that of Al, the departure of actual lifetimes 50 -
from those of electrons in a FEG is found to be smaller in
Mg than in Al
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C. Beryllium

Among the so-called simple metals, with ddands, be- FIG. 6. Hot-electron lifetimes in Be. As in Fig. 2 withg
ryllium presents distinctive features in that its band structure=1.87.
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FIG. 7. Hot-electron lifetimes in Be. Solid circles and the solid |G, 8. Hot-electron lifetimes in Be. Solid circles and the solid
line represent the same quantities as in Fig. 6. Short-dashed afde represent the same quantities as in Fig. 6. Dotted and dashed
long-dashed lines represent the lifetime of hot electrons in bagds  |ines represent the lifetime of hot electrons in bagjsand S|
andT,, respectively, with the wave vector along t& direction.  regpectively, with the wave vector along thel andHA directions.

The dotted line represents the lifetime of hot electrons inAhe Open squares are located at the energy of the ldvebndH.
band along thd'A direction. The open square is located at the
energy of the level’, , showing the beginning and the end of the ity the average lifetime of hot electrons in real Bmlid
A, and T, bands, respectively. circles and in a FEG withrg=1.87 (solid ling). As in the

) _case of hot electrons in bandlg and> ;, the presence of the

At the I' point, the free-electron parabola opens a widepand gap at the point yields a very long average lifetime,
energy gap around the Fermi level and splits alonglthe  put now atE—E;~1.8 eV. A similar behavior is obtained
andI'M directions into two bandsT,/T, andX;/%3, re-  near thel point for electrons in th&®;R; band along thé. A
SpeCtlvely. The results of our calculated lifetimes of hot eleC'direction, and both bancsl and R1R3 contribute to the en-
trons in bandg, andT,, with the wave vector along théK hanced average lifetime &—Ef~1.8 eV. In Fig. 8 we
direction, are plotted in Fig. 7 by short-dashed and longhave also represented calculations of the lifetime of hot elec-
d_ashed lines, respchyer. For comparison, _the average lifgrons in theS] band along theiA direction(dashed ling At
time of hot electrons in real beryllium and in a FEG with |5, energies E—Ex<2 eV), the presence of the gap at the
re= 1_.87_are also plo_tted in this figure by solid circles gnd by point leads to hot-electron lifetimes along theA direc-

a solid line, respectively. At very-low electron energi€s ( {jon that are longer than those of electrons in a FEG, but
—Er<1 eV), interband transitions yield lifetimes of hot yeparture from free-electron behavior at th@oint is not as
electrons in thel, band that are below those of electrons in pronounced as at thE or L points. At higher energies, the

a FEG, as in the case of Al and Mg. However, at highels: pang shows great similarity with the corresponding hep

energies the coupling with lower-lying flat bands becomegge _electron band, and lifetimes nearly coincide, therefore,
small, and lifetimes of electrons in thig ) band are found \,:th those obtained within the FEG model.

to be above the FEG prediction. Lifetimes of hot electrons in
the T, band are also, at very-low electron energies-(Eg
<1.4 eV), below those of electrons in a FEG. Nevertheless,
at energies of~1.4 eV the presence of the band gaplat Copper, the most widely studied metal by TR-2PPE, is a
yields very long lifetimes, especially at the levé] . noble metal with entirely filled 8-like bands. In Fig. 9 we

We have calculated hot-electron lifetimes in baidsand ~ show the energy bands of this fcc crystal. We see a profound
3.5, with the wave vector along thEM direction, and have difference between the band structure of Cu and that of free
found results that are similar to those obtained for electrons

D. Copper

in bandsT, andT,. Calculations of the lifetime of hot elec- 6
trons in theA, band, with the wave vector along tHeA
direction, are also shown in Fig.(dotted ling. Though this
is not a flat band, the presence of the gap atlthmint near
the Fermi level results in hot electrons close to the ldvgl
living much longer than in the case of a FEG. The combined
contribution from hot electrons in bands, 2, andA, is
the origin of the enhanced average lifetirfs®lid circleg at 2]
E—Er~1.4 eV, which corresponds to the energy of the E
level ', at thel' point. 4 A
A wide band gap is also opened at thepoint, which ~ /—
originates the enhanced average lifetime Bt Eg -6
~1.8 eV. Hence, we have plotted in Fig. 8 the results of our
calculated lifetimes of hot electrons in ti$g band, with the FIG. 9. Calculated band structure of Cu along certain symmetry
wave vector along th&H direction (dotted ling, together directions.

E(k)-E- (eV)

W Q L A r A X Z w K
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T T T T First of all, we focus on the role that both DOS and cou-
50 - I pling between Bloch states participating in the creation of
e-h pairs, i.e., localizatiorfsee Eq.(12)] play in the hot-
. electron decay mechanism. Hence, we neglect crystalline
local-field effects and present the result of evaluating hot-
electron lifetimes from Eq(11) by replacing initial and final
states in|B;;(q+G)|?> by plane waves and the dielectric
function in|eg (g, w)| 2 by that of a FEG withr ;=2.67. If
we further replaced lireg g(q,w)] by that of a FEG, then
we would obtain the FEG calculation represented by a solid
line. The impact of the actual DOS below the Fermi level
may be described by simply replacing the one-electron Bloch
states in Eq.12) by plane waves but keeping the actual
number of states available for real excitations. The result of
FIG. 10. Hot-electron lifetimes in Cu as in Fig. 2 with  thjs calculatiofi® is represented in Fig. 10 by a dashed line.
=2.67. The dashed line represents the result of replacing all onerpis result is very close to that reported by Oga&tail.,ls

electron Bloch states by plane waV@£G calculationbut keeping 491 these authors approximated the FEG dielectric func-
in Eq. (12) the actual number of states available for real transitionstiOn in |eca(q w)|72 within the static Thomas-Fermi

(Ref. 46. The dotted line represents our fab initio calculation of model.

7(E), as obtained after averagingk,n;) of Eq. (9) over wave - . .
vecFors and over the k_)and structure for eh_cbut with the 3 shell realr It?aill:i%:):lrgrgi;gs. :ILi?e:ir:na{;;hteh:t(: t‘:?el gf% Srt?rwtirl:gglet}hfg;e
assigned to the core in the pseudopotential generation. obtained in a FEG model, especially fBr E.>2 eV due
to opening of thed-band scattering channel dominating the

electrons. Slightly below the Fermi level, Bt-E-~2 eV, DOS with energies-2 eV. However, if one takes into ac-
we haved bands capable of holding 10 electrons per atomgount, within a full description of the band structure of the
the one remaining electron being in a free-electron-like bandrystal in the evaluation of Ifieg g(d,w)], the actual cou-
below and above thé bands. Hence, a combined description pling between initial and final states avaliable for real tran-
of both delocalized €' and localized 8%° electrons is Sitions, then one obtains hot-electron lifetimes which lie, at
needed to address the actual electronic response of this mé¢ery-low electron energiedss(— Er<2.5 eV), just above the
terial. The results presented below have been found by keeffEG curve(see open circles in Fig. 1 of Ref. RTrhis en-
ing all 4s! and 3% Bloch states as valence electrons in thehancement of the lifetime, even at energies below the open-
pseudopotential generation. ing of t.he d-band scattermg channel, is due to the _fac.t.that

Band-structuréW-RPA calculations of the average life- states just below the Fermi level have a small but significant

; . - d component, thus being more localized than pipestates.
time 7(E) of hot electrons in Cu are exhibited in Fig. 10 by ’ L .
solid circles, as obtained from E¢P) with full inclusion of The combined effect of DOS and localization, which en-

crystalline local-field effects. The lifetime of hot electrons in }i[s . thro(ug:))]th?nérrzzgsgsmeﬂﬁgﬂgz E)hfehc()jtlzll(vaa f;ttrrlgn;n;ti:ﬁ(
a FEG with the electron density equal to that sf lectrons e @)l

) = . o energiesE —E<2.5 eV (see open circles in Fig. 1 of Ref.
in pu (r.s_.2-67) is repres?nt?d by a solid line. Thgse calgu-21)_ As for the departure of hot-electron initial and final
lations indicate that the lifetime of hot electrons in Cu is

Y ) 'states from free-electron behavior, entering through the co-
within RPA, larger than that of electrons in a FEG Wit efficients B;;(q+G), we have found that it yields hot-
=2.67, this enhancement varying from a factord.5 near  gjectron lifetimes that are strongly directional dependent,
the Fermi level E-Er=1.0 eV) to a factor of~1.5 forE  jth Fermi surface shape effects tending to decrease the av-
—Eg=3.5 eV. In order to investigate the role that localizederage inelastic lifetime of very-low-energy electrong (
d bands play in the decay mechanism of hot electrons, we-E_<2.5 eV) (see Ref. 21 Furthermore, the combined ef-
have also used aab initio pseudopotential with thedBshell  fect of DOS and localization, on the one hand, and Fermi-
assigned to the core. The result of this calculation, displayedurface shape effects, on the other hand, nearly compensate.
in Fig. 10 by a dotted line, shows that it nearly coincidesConsequently, large differences between hot-electron life-
with the FEG calculation; thusl-band states play a key role times in real Cu and in a FEG with=2.67, are mainly due
in the hot-electron decay. to a major contribution frond electrons participating in the
We have performed band-structure calculations of(8y. screening of electron-electron interactions, which is ac-
with and without[see also Eq(11)] the inclusion of crystal- counted for by the factofeg ¢(q, )| 2 in Eq. (11).
line local-field corrections, and have found that these correc- The Fermi surface of Cu is greatly flattened in certain
tions are negligible foE—Eg>1.5 eV, while for energies regions, showing a pronounced neck in the directidn
very near the Fermi level, neglecting these corrections resulfEhus, the isotropy of hot-electron lifetimes in a FEG disap-
in an overestimation of the lifetime of less than 5%. There-pears in this material. While flattening of the Fermi surface
fore, differences between our full band-structure calculationsillong thel’K direction is found to decrease the hot-electron
(solid circles and FEG calculationgsolid line) come from lifetime by a factor that varies from-15% near the Fermi
the actual density of statd®OS) available for real excita- level (E—Er=1 eV) to ~5% for E-E-=3.5 eV (see also
tions, localization, additional screening, and Fermi-surfaceRef. 47, the lifetime of hot electrons with the wave vector
topology. along the necks of the Fermi surface, in 1Ak direction, is

T(fs)
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found to be much longer than the average lifetime. We haveplitting of the band structure and the presence of band gaps
calculated hot-electron lifetimes in th&; band, with the over the Fermi level play an important role in thee decay
wave vector along thEL direction, and have found the life- mechanism. In Al and Mg, splitting of the band structure is
time of hot electrons at thie; level withE—Er=4.2 eV to  found to yield electron lifetimes that are smaller than those
be longer than the average lifetime at this energy80%.  of electrons in a FEG. On the other hand, large deviations of
A comparison between our calculated hot-electron life-the band structure of Be along certain symmetry directions
times in Cu and those determined from most recent TR-2PPEom the free-electron model near the Fermi level result in a
experiments was presented in Ref. 21EAt E-<2 eV, our  strong directional dependence of hot-electron lifetimes in
calculations are close to lifetimes recently measured byhis material.
Knoeselet al.in the very-low energy rang€.At larger elec- As for the presence of band-structure effects on the cre-
tron energies, good agreement between our band-structuagion of e-h pairs, there are contributions from the actual
calculations and experiment is obtained for(C10),' the = DOS available for real transitions, from localization, i.e., the

only surface with no band gap in ttke=0 direction. actual coupling between electron and hole states, and from
screening. The combined effect of DOS and localization is
IV. CONCLUSIONS found not to be large, even in the case of a noble metal like

Cu with d bands. However, large differences between hot-
_ We have presented fuBW-RPA band-structure calcula- ejectron lifetimes in Cu and in a FEG with the electron den-
tions of the inelastic lifetime of hot electrons in Al, Mg, Be, sjty equal to that of valence 4) electrons are found to be
and Cu, and have demonstrated that decay rates of loWjye to a major contribution frord electrons participating in
energy excited electrons strongly depend on the details of th@e screening oé-e interactions.
electronic band structure. Though the dependence of hot- cyystalline local-field corrections in these materials have

electron lifetimes in Al and Mg on the direction of the wave peen found to be small for hot-electron energies under study.
vector has been found not to be large, in the case of Be and
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