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First-principles calculation of the electron inelastic mean free path in Be metal
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The Be electron inelastic mean free path~IMFP! is calculated by using theGWapproximation of many-body
theory. It is demonstrated that the inclusion of band structure effects significantly improves the agreement
between the calculated and measured IMFP in the energy range up to;30 eV. We show that the main effect
results from the electron group velocity obtained fromab initio band structure calculations, whereas the
evaluated linewidth averaged over momenta is not significantly affected with respect to the prediction of a free
electron gas model. The comparison of the IMFP computed within two models, namely, the free electron gas
model and the full band structure model, supports the idea of the importance of band structure effects for the
description of electron transport in this metal for energies below 30 eV, and a nearly free-electron-like behavior
for excitation energies above 30 eV. The calculated plasmon dispersion is in excellent agreement with available
experimental data.

DOI: 10.1103/PhysRevB.68.205106 PACS number~s!: 71.20.Dg, 71.45.Gm, 72.15.Lh
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I. INTRODUCTION

The electron inelastic mean free path~IMFP! is of great
importance for an analysis of data of various spectrosco
such as energy loss spectroscopy, low energy electron
fraction, photoemission spectroscopy, two-photon pho
emission, and time-resolved two-photon photoemission,
a lot of experimental and theoretical work on this subject
been done during the last several decades~see, for instance
Refs. 1 and 2!. The inelastic mean free path of the electr
quasiparticle is defined as a distance that an excited elec
covers in the lifetimet which sets the duration of the exc
tation, i.e., the IMFPl is the product of the inelastic lifetime
t and the group velocityv. First calculations oft and l
were performed by Quinn and Ferrell3 in a degenerate elec
tron gas model within the self-energy formalism of man
body theory. Later these evaluations were extended to
clude, within the first-Born and random-pha
approximations, energies far away from the Fermi surface4,5

Since then, many calculations of the IMFP and electr
electron scattering rates~inverse lifetimes! have been per-
formed with the inclusion of exchange and correlati
effects,6–9 chemical potential renormalization,10,11 plasmon
damping,12 and core polarizability.13 Statistical approxima-
tions were also used in the evaluations of the IMFP.14,15Band
structure effects, including spin dependence of the IM
were discussed in Refs. 16–20. Very recently more soph
cated methods, namely, first-principles band structure m
ods, have been used to performab initio calculations of the
inverse lifetime~linewidth! for low energy hot electrons an
holes in metals21–27 and in a large energy interval fo
silicon.28 The ab initio GWevaluations of the IMFP at high
energies have also been performed for berylliu
chalcogenides.29 As a result of these intensive studies it
believed now that the behavior of the IMFP for high energ
~higher than several tens of electronvolts! is well understood
and well described in the framework of existing theories1,2
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For example, a theoretical prediction is that for high energ
the IMFP in free-electron-like metals is a function of th
valence electron density only and has a similar behav
However, there are indications that even for energies ab
30 eV the band structure of some materials is far fro
nearly-free-electron-like.30 At low energies the IMFP is very
sensitive to details of the band structure.21–26 In particular,
the deviations of the IMFP from the free-electron-like pr
diction at energies around 10 eV found for K and Rb~Ref.
31! were attributed to unoccupiedd bands which are situate
at these energies.27,31 But even more profound discrepancie
between the experimental and theoretical IMFPs were fo
for beryllium.32 Photoemission measurements of Johans
and Sernelius32 showed that the experimental IMFP,l, has a
minimum for energies close to 25 eV, going down to 1.8
The calculations performed within the degenerate free e
tron gas ~FEG! model do not reproduce this minimum
Moreover these evaluations place the theoreticall(E) curve
higher than the experimental one by a factor of 3–4
excitation energies below 30 eV.32 The authors of Ref. 32
proposed several possible explanations of the observed
crepancies between their experimental results and the F
theory, in particular the following.

~1! Flat or negative dispersion of a bulk plasmon in a re
crystal can significantly reduce the measured IMFP.

~2! The experimental IMFP may be reduced by excitati
of surface plasmon.

~3! The reduction of the IMFP is produced by excitatio
of surface states, which play important role in the surfaces
Be.33–36

The two last explanations were motivated by the use
the measurement method: the authors of Ref. 32 derived
inelastic mean free path from the measured core level sh
of Be atoms in two surface layers of Be~0001! and Be(101̄0)
by using the layer attenuation model.31 These core level
shifts can be affected, in principle, by a surface collect
excitation ~surface plasmon! as well as by a single-particle
©2003 The American Physical Society06-1
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excitation from theḠ surface state band on Be~0001! ~Refs.
33 and 34! or from theĀ surface state on Be(1010̄).35 In the
present work we show that, in fact, most of the discrepan
between the experiment and the calculation based on
FEG model,32 may be removed by taking explicitly into ac
count the Bebulk band structure. We investigate the plasmo
dispersion in bulk Be and demonstrate that although it de
ates from the prediction of the FEG model, it does not infl
ence significantly the IMFP in beryllium derived from th
FEG model. We demonstrate that the main effect of the b
structure on the IMFP comes from the fact that the gro
velocity in beryllium is significantly lower than that evalu
ated within the FEG model, thus leading to much bet
agreement with the experiment. On base of the perform
calculations of both the electron lifetime and the group
locity we analize relative importance of band structure
fects on IMFP in Be for two energy regions, namely, belo
and above 30 eV.

The paper is organized as follows. In Sec. II we give
brief description of the self-energy approach of many-bo
theory for the evaluation of the inverse lifetime~inelastic
linewidth of an excited electron!. The calculation results ar
presented and discussed in Sec. III and the conclusions
given in Sec. IV. Unless otherwise stated, atomic units
used throughout, i.e.,e25\5me51.

II. CALCULATION METHOD

Band structure calculations yield one-electron sta
which are characterized by energies«nk and wave functions
cnk(r ), wheren andk are the band number and momentu
respectively. To all these one-electron states one can attri
a group velocityyWnk defined as37

yWnk5]«nk /]k ~1!

and the lifetime tnk . By using the Heisenberg relatio
tnkGnk51 the linewidthGnk of a given electronic state i
determined as the inverse lifetimetnk

21 . Knowing yWnk and

Gnk , we calculate the inelastic electron mean free pathlW nk
of a given state as

lW nk5yWnk /Gnk . ~2!

In the FEG model, where a simple relation between
momentumk and the one-electron energy«nk5k2/2m exists,
the group velocityyWnk and linewidthGnk are functions of an
absolute value of momentum; i.e., they depend only o
quasiparticle energy, while band structure based theories
the velocity and the electron linewidth as functions of bo
the energy and momentum. For a comparison with exp
mental results, one should evaluatel resolved in energy
only. The electron IMFP in bulk Be was obtained in Ref.
from measurements of core-level shifts in the first tw
atomic layers. In such types of experiment, after an exc
tion from the core-level shells, which form bands with a ze
dispersion, excited electrons with the same energy have s
lar probabilities, in principle, to occupy all one-electro
states characterized by different momentak. Therefore, in
20510
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the present work we assume an equal probability for po
lation of one-electron states with differentk for the same
energy«. With this assumption we evaluate values of t
IMFP, lnk as a modulus of vector quantity,lnk5ulW nku.
Then, for comparison with experiment, we determine IM
l(«) as an average oflnk over all wave vectors and energ
bands with the same excitation energy in the irreducible p
of the Brillouin zone~IBZ!. After this procedure one obtain
the value of the mean free pathl(«) as a function of electron
energy« only.

For the evaluation of wave functionscnk(r ) and one-
electron energies«nk we employ a self-consistent pseud
potential method with the local-density approximatio
~LDA ! for the exchange-correlation potential.38 To describe
the Be electron-ion interaction, a norm-conserving pseu
potential39 has been used. The calculations have been
formed for a hcp crystal structure with experimental latti
parametersa52.2850 Å andc53.5847 Å.40 In the wave
function expansion the plane waves up toEcut524 Ry have
been included. The corresponding unoccupied band struc
along high symmetry directions of the Brillouin zone
shown in Fig. 1.

The linewidthGnk of the electron state is related to th
imaginary part of the electron self-energySnk :41

Gnk522 ImSnk , ~3!

where ImSnk is evaluated as a projection of ImS(r ,r 8;«nk)
onto the one-electron statecnk(r ),42,43

Im Snk5E cnk* ~r !Im S~r ,r 8;«nk!cnk~r 8!drdr 8. ~4!

The self-energyS(r ,r 8;«nk) is calculated within theGWap-
proximation of many-body theory,42 with W being the dy-
namically screened Coulomb interaction, and the Gre
function G replaced by the noninteracting Green functio
Thus, for ImS, one obtains

FIG. 1. The calculated unoccupied electronic structure of
along symmetry directions of the BZ. The zero energy value co
sponds to the Fermi level.
6-2
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Im S~r ,r 8;«nk!

5 (
m,q

«F,«mq,«nk

cmq* ~r !Im W~r ,r 8;DEnk,mq!cmq~r 8!, ~5!

where the sum is extended over the final statescmq(r ) with
energy «mq , «F is the Fermi energy, andDEnk,mq5«nk
2«mq . The screened Coulomb interactionW(r ,r 8,v) is

W~r ,r 8;v!5E e21~r ,r 9;v!V~r 92r 8!dr 9. ~6!

Here,e21(r ,r 9,v) andV(r ) represent the inverse dielectr
function and the bare Coulomb potential, respective
Within the random phase approximation~RPA! the Fourier
transform of the dielectric matrixeGG8(k,v), whereG and
G8 are reciprocal lattice vectors, is related to the dens
density response functionxGG8

0 (k,v) for a noninteracting
electron system,

eGG8~k,v!5dGG82xGG8
0

~k,v!VG8~k!, ~7!

whereVG(k) is the Fourier transform of the bare Coulom
potential:

VG~k!5
4p

uk1Gu2
~8!

and

xGG8
0

~k,v!5
2

V (
q

BZ

(
n,n8

f nq2 f n8k1q

«nq2«n8k1q1~v1 ih!

3^cnque2 i(k1G)•rucn8k1q&

3^cn8k1quei(k1G8)•rucnq&. ~9!

In Eq. ~9! the sums run over theq vectors in the first Bril-
louin zone and over all bandsn and n8. f nq is the Fermi
distribution function,h a positive infinitesimal, andV the
crystal volume.

As it has been shown by Maddockset al.,44 the RPA is a
good approximation for calculation ofeGG8

21 (q,v) for Be,
that is a key quantity for evaluation ofGnk . Therefore, in the
present work we perform calculations within the RPA.

To evaluate the density-density response functionx0, a
method of analytical continuation similar to that used in R
44 has been employed. A sampling over the BZ was p
formed on the mesh of 6912q points. For electron excitation
energies under study~below 50 eV!, the inclusion of up to 50
energy bands in Eq.~9! has been required.

Using Fourier transforms for all quantities in Eqs.~4! and
~5! we obtain

Gnk52 (
mq

«F,«mq,«nk

(
G,G8

Im WGG8~k2q,«nk2«mq!

3Bnm* ~k,q;G!Bnm~k,q;G8!, ~10!

whereWGG8 is the Fourier transform of the screened Co
lomb interactionW(r ,r 8;v) andBnm(k,q;G) are
20510
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Bnm~k,q;G![(
G8

an* ~k1G1G8!•am~q1G8!, ~11!

andan(k1G) are the wave function expansion coefficien
In Eq. ~10! summing has been performed over 765q points
in the IBZ. To estimate the accuracy which is achieved w
this number ofq points we have also performed calculatio
with 425 q points in the IBZ. The results of both the calcu
lations of Gnk agree within 1%. On the other hand,Gnk is
more sensitive to the number of the reciprocal lattice vect
G used in Eq.~10!, and final results have been obtained w
the use of 40G vectors. This number ensures a convergen
of Gnk for k points near the center of the BZ within a fe
percent. At the same time, fork near the borders of the BZ
the accuracy is;5%. Taking into account every step of ou
calculations, we estimate the overall accuracy of the eva
ated values ofGnk around 10%~of course, any estimation
related to the different level of consideration beyond theGW
approximation are not included in this analysis!.

III. CALCULATION RESULTS AND DISCUSSION

In Fig. 2 we compare the evaluated IMFPl(«) with ex-
perimental data.32 To elucidate the role that the group velo
ity y and the linewidthG play in the calculation ofl, in Fig.
2 we show the results of four kinds of our calculations. In t
first one~dashed line!, both the group velocity and the line
width were computed within the FEG model. In the seco
one ~dotted line! the FEG model was combined with th
first-principles computation results, i.e., the linewidth w
obtained from the FEG model and the group velocity fro
the first-principles results. In the third one~dash-dotted line!
the linewidth was derived from the first-principles resu
and the velocity was taken from the FEG model. Finally,

FIG. 2. The IMFP dependence on the electron energy. The s
line shows the calculatedab initio IMFP, and the dashed line cor
responds to the IMFP calculated within the FEG model. The do
line represents the IMFP with the linewidth obtained from the FE
model and the group velocity from real band structure of Be. T
dash-dotted line describes the IMFP with the linewidth deriv
from first principles and the group velocity taken from the FE
model. Filled circles and squares are the experimental values

tained for the~0001! and (101̄0) Be surfaces, respectively.
6-3
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V. M. SILKIN, E. V. CHULKOV, AND P. M. ECHENIQUE PHYSICAL REVIEW B68, 205106 ~2003!
the fourth kind of calculations~solid line! bothy andG were
obtained from the first-principles results. The comparison
the theoretical and experimental results demonstrates tha
inclusion of the band structure in the calculation dramatica
changes the behavior ofl(«) obtained within the FEG
model, and leads to a good agreement with the experime
data in the energy interval from;15 to ;30 eV. For exci-
tation energies above 30 eV there are only a few experim
tal points and a significant scatter between them
observed.32 As follows from Fig. 2 the calculatedab initio
IMFP for energies above 30 eV is systematically lower th
the experimental one, although the difference between
calculated and measured curves is comparable with the
curacy of the experiment.

The major effect of the inclusion of band structure
l(«) results from the electron velocityy.45 In Fig. 3 we
show the computed averaged electron group velocity a
function of energy~solid line! and compare it with the free
electron group velocity~dashed line! in the energy interval
from the Fermi level to 50 eV. The figure demonstra
clearly that the averaged band structure group velocityyband
varies slightly around 0.6 a.u. in this energy region while
free electron velocityy f ree behaves as («2«F)1/2, being 1.03
a.u. at the Fermi level«F . This distinct energy dependenc
leads to large differences in the velocities between two m
els starting from a value of;2 at «F and achieving a value
of 3.3 for the ratioy f ree /yband.

Figure 4 shows the corresponding impact of band str
ture on G(«). In this figure the full line representsG(«)
obtained from theab initio calculation and averaged over th
BZ as described above, the dashed line showsG(«) obtained
from the FEG model. As follows from a comparison of the
two curves, the main effect of the inclusion of the band str
ture in G is the increase~decrease! of G for energies below
~above! 34 eV. This effect can be attributed to different pla
mon dispersions in bulk Be obtained from the first-princip
calculations and from the FEG model. In Fig. 5 we show
plasmon dispersion derived from theab initio calculation of
e21(k,v) along three high symmetry directionsGM , GK,
andGA of the BZ and compare it with that obtained from th
FEG model and with experimental data.46,47As one can see

FIG. 3. Group velocities obtained from theab initio ~solid line!
and the FEG models~dashed line! calculations.
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the first-principles plasmon dispersion goes lower than t
of the FEG model. Therefore the first-principles plasm
curves enter the electron gas continuum, where the elect
hole excitations may exist, at substantially lower energ
This plasmon dispersion behavior favors the largerab initio
G compared to the FEG modelG. The evaluated first-
principles bulk plasmon dispersion in Be is consistent w
the experimental results.46 Also, the ab initio calculation
gives clear the directional anisotropy of the plasmon disp
sion observed experimentally:46 the dispersion in theG-A
direction ~perpendicular to the hexagonal plane! is system-
atically higher than in theG-K andG-M directions~the hex-
agonal plane! for momentaq.0.3 a.u.21. One can note tha
some discrepancy between the experimental andab initio
dispersions may be ascribed to the difficulty of extracting
plasmon position from the loss energy spectra since in Be

FIG. 4. The calculated linewidth: the solid line showsab initio
results and the dashed line represents the FEG model linewidt

FIG. 5. Plasmon dispersion in Be. Theab initio dispersion is
shown by filled squares (G-A direction!, the filled triangle (G-M
direction!, and filled circles (G-K direction!. The FEG model result
is shown by the dashed line. Open symbols correspond to the
perimental results. The dotted line is the averaged plasmon dis
sion obtained from theab initio calculation.
6-4
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plasmon peaks are severely affected by band structure ef
and have a linewidth of the order 3–5 eV.46 Thus one can see
that taking into account a crystal structure in the calculat
of the self-energy leads to an increase ofG in the energy
region below;30 eV and to a decrease of it for high
energies. This increase ofG for excitation energies below 3
eV leads to a better agreement with the experiment. H
ever, this effect is of minor importance compared to th
introduced by the electron velocities.

Some discrepancy with the experiment for energies hig
than;30 eV can be attributed to more sophisticated cal
lations of the self-energy and the use of a more relev
group velocity for these energies. As shown by Shunget al.
in the self-energy calculations for the FEG model,48 the use
of a real part ofS(«) for r s52 ~for Be r s51.866) increases
the group velocity of electrons and, consequently, increa
the IMFP for «.30 eV. On the other hand, Fleszar a
Hanke have shown for bulk Si that even in a semiconduc
the improved calculation of the real part of the self-ene
makes electronic bands more similar to a free electron b
for energies above 30 eV.28 This effect leads to higher grou
velocities compared to the LDA case. Therefore, one
expect that for«.30 eV the use of the quasiparticle ban
structure for bulk Be can move up the group velocity cur
in Fig. 4, leading to a better agreement with the experime
The authors of Ref. 28 also showed that the inclusion
vertex corrections in the self-energy can decrease ImS for
«.30 thus leading to better agreement between the theo
ical IMFP and the experimental one.
20510
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IV. CONCLUSION

In summary, we have performed a first-principles calcu
tion of the IMFP for bulk beryllium within the PRA. A good
agreement with the experimentall ~Ref. 32! has been ob-
tained for energies from;15 to ;30 eV. For energies«
.30 eV the deviations from the experimental data are co
parable with the accuracy of the experiment. We have sho
that the inclusion of the group velocity is crucial to accou
for the experimental IMFP for energies 15,«,30 eV. The
band structure effects in the ImS, being in general of less
importance for ImS in this energy interval than for the
group velocity, are important to obtain better agreement w
the experiment. We have also shown that the calculated p
mon peak dispersion is in good agreement with experime
data.46,47

On the basis of the presented results one can interpre
experimental data for the IMFP in Be,32 taking into account
only bulk properties without invoking any of its surface fe
tures. Perhaps the inclusion of the surface properties of
could lead to an even better agreement with the experim
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