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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 p@iFP) is calculated by using the W approximation 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~upa@V. We show that the main effect
results from the electron group velocity obtained frat 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.
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[. INTRODUCTION For example, a theoretical prediction is that for high energies
the IMFP in free-electron-like metals is a function of the
The electron inelastic mean free pdtMFP) is of great  valence electron density only and has a similar behavior.
importance for an analysis of data of various spectroscopiedowever, there are indications that even for energies above
such as energy loss spectroscopy, low energy electron diB0 eV the band structure of some materials is far from
fraction, photoemission spectroscopy, two-photon photonearly-free-eIectron-liké‘.’ At low energies the IMFP is very
emission, and time-resolved two-photon photoemission, angensitive to details of the band structdte?® In particular,
a lot of experimental and theoretical work on this subject haghe deviations of the IMFP from the free-electron-like pre-
been done during the last several deca@es, for instance, diction at energies around 10 eV found for K and fef.
Refs. 1 and 2 The inelastic mean free path of the electron31) were attributed to unoccupietibands which are situated

quasiparticle is defined as a distance that an excited electrgi these energig:** But even more profound discrepancies
covers in the lifetimer which sets the duration of the exci- between the experimental and theoretical IMFPs were found

tation, i.e., the IMFR\ is the product of the inelastic lifetime for beryllium>* Photoemission measurements of Johansson
7 and the group velocity. First calculations ofr and\  and Serneliu§ showed that the experimental IMR, has a

were performed by Quinn and Ferfeih a degenerate elec- Minimum for energies close to 25 eV, going down to 1.8 A.
tron gas model within the self-energy formalism of many- The calculations performed within the degenerate free elec-
body theory. Later these evaluations were extended to infon gas (FEG) model do not reproduce this minimum.
clude, within the first-Born and random-phase Moreover these evaluations place the theoreti¢&l) curve
approximations, energies far away from the Fermi surface. higher than the experimental one by a factor of 3—4 for
Since then, many calculations of the IMFP and electron€xcitation energies below 30 é¥.The authors of Ref. 32
electron scattering rategnverse lifetimes have been per- Proposed several possible explanations of the observed dis-
formed with the inclusion of exchange and correlationcrepancies between their experimental results and the FEG
effects®~° chemical potential renormalizatidfi}' plasmon  theory, in particular the following.

damping'? and core polarizability® Statistical approxima- (1) Flat or negative dispersion of a bulk plasmon in a real
tions were also used in the evaluations of the IMEPBand  crystal can significantly reduce the measured IMFP.
structure effects, including spin dependence of the IMFP, (2) The experimental IMFP may be reduced by excitation
were discussed in Refs. 16—20. Very recently more sophistiof surface plasmon.

cated methods, namely, first-principles band structure meth- (3) The reduction of the IMFP is produced by excitation
ods, have been used to perfoah initio calculations of the of surface states, which play important role in the surfaces of

inverse lifetime(linewidth) for low energy hot electrons and Be 3%

holes in metak2” and in a |arge energy interval for The two last explanations were motivated by the use of
silicon?® The ab initio GW evaluations of the IMFP at high the measurement method: the authors of Ref. 32 derived the
energies have also been performed for berylliuminelastic mean free path from the measured core Iev_el shifts
chalcogenide®’ As a result of these intensive studies it is of Be atoms in two surface layers of @901 and Be(10D)
believed now that the behavior of the IMFP for high energiesby using the layer attenuation modeélThese core level
(higher than several tens of electronvpitswell understood shifts can be affected, in principle, by a surface collective
and well described in the framework of existing theofiés. excitation (surface plasmonas well as by a single-particle
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excitation from thel” surface state band on B901) (Refs. ]

33 and 34 or from theA surface state on Be(10).%° In the 35 g
present work we show that, in fact, most of the discrepancies ]

between the experiment and the calculation based on the 807

FEG modef? may be removed by taking explicitly into ac-

count the Bebulk band structureWe investigate the plasmon

dispersion in bulk Be and demonstrate that although it devi-

ates from the prediction of the FEG model, it does not influ-

ence significantly the IMFP in beryllium derived from the

FEG model. We demonstrate that the main effect of the band 4,
structure on the IMFP comes from the fact that the group ]
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velocity in beryllium is significantly lower than that evalu- 5]
ated within the FEG model, thus leading to much better 05 \/—‘ L
agreement with the experiment. On base of the performed r K M r A H L A

calculations of both the electron lifetime and the group ve-
locity we analize relative importance of band structure ef- FIG. 1. The calculated unoccupied electronic structure of Be
fects on IMFP in Be for two energy regions, namely, belowalong symmetry direptions of the BZ. The zero energy value corre-
and above 30 eV. sponds to the Fermi level.

The paper is organized as follows. In Sec. Il we give the
brief description of the self-energy approach of many-bodythe present work we assume an equal probability for popu-
theory for the evaluation of the inverse lifetinfmelastic  lation of one-electron states with differektfor the same
linewidth of an excited electronThe calculation results are energye. With this assumption we evaluate values of the
presented and discussed in Sec. Il and the conclusions afRIFP, \,, as a modulus of vector quantit?&nk=|xnk|-
given in Sec. IV. Unless otherwise stated, atomic units arerhen, for comparison with experiment, we determine IMFP

used throughout, i.ee?=fi=m,=1. \(e) as an average of,, over all wave vectors and energy
bands with the same excitation energy in the irreducible part
Il. CALCULATION METHOD of the Brillouin zone(IBZ). After this procedure one obtains

. . the value of the mean free patfic) as a function of electron
Band structure calculations yield one-electron states

hich h rerized b ! q funci energye only.
which are characterized by energigg and wave tunctions For the evaluation of wave functiong,(r) and one-
Yak(r), wheren andk are the band number and momentum

. . 'electron energieg,,, we employ a self-consistent pseudo-
respectively. To all these one-electron states one can att”bubeotential me'?hodnkwith th(f I)écal-density approgimation

a group velocityvy, defined a¥’ (LDA) for the exchange-correlation potenti&To describe
- the Be electron-ion interaction, a norm-conserving pseudo-
Unk= 9& i/ K (D potentia?® has been used. The calculations have been per-

and the lifetime 7. By using the Heisenberg relation formed for a hcp crystal structure with experimental lattice
N - - - tersa=2.2850 A andc=3.5847 A% In th

T =1 the linewidthI",,, of a given electronic state is Parametersaa=c. andc=s. - In the wave

function expansion the plane waves upgg,;=24 Ry have

been included. The corresponding unoccupied band structure

', we calculate the inelastic electron mean free pall  5iong high symmetry directions of the Brillouin zone is
of a given state as shown in Fig. 1.

The linewidth I, of the electron state is related to the
imaginary part of the electron self-ener8y, : **

determined as the inverse Iifetime?kl. Knowing Enk and

Xnk:;nklrnk- (2

In the FEG model, where a simple relation between the
momenturk and the one-electron energy, = k?/2m exists, Fe=—2Im% ., ©)]
the group velocityﬁnk and linewidthl",, are functions of an
absolute value of momentum; i.e., they depend only on avhere Im3,, is evaluated as a projection of B(r,r’;e.)
quasiparticle energy, while band structure based theories giusnto the one-electron statg,(r),*>*3
the velocity and the electron linewidth as functions of both
the energy and momentum. For a comparison with experi-
mental results, one should evaluateresolved in energy |m2nk:f P OIMI(r, 1 e ) Yn(r)drdr’ . (4)
only. The electron IMFP in bulk Be was obtained in Ref. 32
from measurements of core-level shifts in the first two
atomic layers. In such types of experiment, after an excitaThe self-energy. (r,r’;en) is calculated within th&sW ap-
tion from the core-level shells, which form bands with a zeroproximation of many-body theof, with W being the dy-
dispersion, excited electrons with the same energy have simiamically screened Coulomb interaction, and the Green
lar probabilities, in principle, to occupy all one-electron function G replaced by the noninteracting Green function.
states characterized by different momektaTherefore, in  Thus, for ImX, one obtains
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Im3(r,r';en)

8F<€mq<8nk

-3

m,q

Wna(DIMW(r 1" AE i mg) Pimg(1), - (5)

where the sum is extended over the final statgg(r) with
energy emq, ¢ is the Fermi energy, andE mq==enk
—&mq- The screened Coulomb interactig(r,r’, ) is
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Here,e (r,r",w) andV(r) represent the inverse dielectric P S R P S

function and the bare Coulomb potential, respectively. 0 10 20 30 40 50

Within the random phase approximati¢RPA) the Fourier
transform of the dielectric matrixgg: (k,w), whereG and

G’ are reciprocal lattice vectors, is related to the density-

density response functiopa(OGG,(k,w) for a noninteracting
electron system,

Energy (eV)

FIG. 2. The IMFP dependence on the electron energy. The solid
line shows the calculatedb initio IMFP, and the dashed line cor-

responds to the IMFP calculated within the FEG model. The dotted
line represents the IMFP with the linewidth obtained from the FEG
model and the group velocity from real band structure of Be. The
dash-dotted line describes the IMFP with the linewidth derived

whereVg(K) is the Fourier transform of the bare Coulomb from first principles and the group velocity taken from the FEG

GGGr(k,w):(SGGI_XOGG,(k,a))VGr(k), (7)
potential:
Vo(k)= ®)
S k+ )2
and
BZ
2 frg— frk
Yoo (k)= g = 3 R
a4 nn’ 8nq_<"'3n’k+q"'(w"'|77)

><<l/’nq|(37i(l(+(3)-r|‘/fn'k+q>

X<¢n’k+q|ei(k+e/)vr|¢nq>- (9)

In Eq. (9) the sums run over theg vectors in the first Bril-
louin zone and over all bands andn’. f,, is the Fermi
distribution function,» a positive infinitesimal, and) the
crystal volume.

As it has been shown by Maddocks al.,** the RPA is a
good approximation for calculation Of(;é,(q,w) for Be,
that is a key quantity for evaluation of,, . Therefore, in the
present work we perform calculations within the RPA.

To evaluate the density-density response funcidn a

method of analytical continuation similar to that used in Ref.
44 has been employed. A sampling over the BZ was per-
formed on the mesh of 691 points. For electron excitation

energies under studpelow 50 eV, the inclusion of up to 50
energy bands in Eq9) has been required.

Using Fourier transforms for all quantities in E¢4) and
(5) we obtain

8F<"3mq<8nk

=2 > IMWegr(K—0,&nc— &mg)

mq G,G’

XBrn(K,0;G)Brn(K,0;G), (10)

model. Filled circles and squares are the experimental values ob-
tained for the(0001) and (10D) Be surfaces, respectively.

Bum(k,0:G)=2 ajf(k+G+G')-an(q+G"), (11
anda,(k+ G) are the wave function expansion coefficients.
In Eqg. (10) summing has been performed over #Hpoints
in the IBZ. To estimate the accuracy which is achieved with
this number ofg points we have also performed calculations
with 425 g points in the IBZ. The results of both the calcu-
lations of I',, agree within 1%. On the other hanB,, is
more sensitive to the number of the reciprocal lattice vectors
G used in Eq(10), and final results have been obtained with
the use of 405 vectors. This number ensures a convergence
of I',, for k points near the center of the BZ within a few
percent. At the same time, fdr near the borders of the BZ
the accuracy is-5%. Taking into account every step of our
calculations, we estimate the overall accuracy of the evalu-
ated values of",, around 10%(of course, any estimations
related to the different level of consideration beyond @&
approximation are not included in this analysis

[ll. CALCULATION RESULTS AND DISCUSSION

In Fig. 2 we compare the evaluated IMRRe) with ex-
perimental datd? To elucidate the role that the group veloc-
ity v and the linewidtH play in the calculation ok, in Fig.

2 we show the results of four kinds of our calculations. In the
first one(dashed ling both the group velocity and the line-
width were computed within the FEG model. In the second
one (dotted ling the FEG model was combined with the
first-principles computation results, i.e., the linewidth was
obtained from the FEG model and the group velocity from
the first-principles results. In the third oéash-dotted ling

whereWgg: is the Fourier transform of the screened Cou-the linewidth was derived from the first-principles results

lomb interactionW(r,r’;w) andB,(k,q;G) are

and the velocity was taken from the FEG model. Finally, in
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FIG. 3. Group velocities obtained from tlad initio (solid line)

and the FEG modelédashed ling calculations. FIG. 4. The calculated linewidth: the solid line shows initio

results and the dashed line represents the FEG model linewidth.

the fourth kind of calculationsolid line) both v andI” were

obtained from the first-principles results. The comparison othe first-principles plasmon dispersion goes lower than that
the theoretical and experimental results demonstrates that ti¢é the FEG model. Therefore the first-principles plasmon
inclusion of the band structure in the calculation dramaticallycurves enter the electron gas continuum, where the electron-
changes the behavior of(e) obtained within the FEG hole excitations may exist, at substantially lower energies.
model, and leads to a good agreement with the experimentdinis plasmon dispersion behavior favors the largerinitio
data in the energy interval fromy 15 to ~30 eV. For exci- 1 compared to the FEG moddl. The evaluated first-
tation energies above 30 eV there are only a few experimeri2rinciples bulk plasmon dispersion in Be is consistent with
tal points and a significant scatter between them ighe experimental resulf§. Also, the ab initio calculation
observed? As follows from Fig. 2 the calculatedb initio  gives clear the directional anisotropy of the plasmon disper-
IMFP for energies above 30 eV is systematically lower tharsion observed experimentaft§:the dispersion in thd-A

the experimental one, although the difference between théirection (perpendicular to the hexagonal plang system-
calculated and measured curves is comparable with the adtically higher than in thé'-K andI'-M directions(the hex-
curacy of the experiment. agonal plangfor momentag>0.3 a.u. 1. One can note that

The major effect of the inclusion of band structure in Some discrepancy between the experimental abdnitio
M(e) results from the electron velocity.*® In Fig. 3 we  dispersions may be ascribed to the difficulty of extracting the
show the computed averaged electron group velocity as Blasmon position from the loss energy spectra since in Be the
function of energy(solid line) and compare it with the free
electron group velocitydashed lingin the energy interval Theory Experiment
from the Fermi level to 50 eV. The figure demonstrates s _ A o-T-A

clearly that the averaged band structure group velagjiyq o e — K o© - I-MI-K

varies slightly around 0.6 a.u. in this energy region while the _ s — M 7
-~

free electron velocityy, ., behaves ase(—e¢) Y being 1.03 > - 5
; o dicti () - % 8

a.u. at the Fermi leved. This distinct energy dependence =0 o B A .

leads to large differences in the velocities between two mod- > | _emsa_%avb J

els starting from a value of 2 ater and achieving a value =

of 3.3 for the ratiovf,ee/ Vpang- GCJ
Figure 4 shows the corresponding impact of band struc- LU

ture onI'(g). In this figure the full line represents(¢)

obtained from theb initio calculation and averaged over the

BZ as described above, the dashed line shb{) obtained

from the FEG model. As follows from a comparison of these . . .

two curves, the main effect of the inclusion of the band struc- 0 o5 4

ture inT" is the increasédecreaseof I' for energies below q (a_u.-1)

(above 34 eV. This effect can be attributed to different plas-

mon dispersions in bulk Be obtained from the first-principles  Fig. 5. Plasmon dispersion in Be. T initio dispersion is

calculations and from the FEG model. In Fig. 5 we show theshown by filled squaresI-A direction, the filled triangle [-M

plasmon dispersion derived from thé initio calculation of  direction, and filled circles ['-K direction. The FEG model result

€ 1(k,») along three high symmetry directioditM, T'K, is shown by the dashed line. Open symbols correspond to the ex-

andI'A of the BZ and compare it with that obtained from the perimental results. The dotted line is the averaged plasmon disper-

FEG model and with experimental d&ff'’ As one can see, sion obtained from thab initio calculation.

10
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plasmon peaks are severely affected by band structure effects IV. CONCLUSION
and have a linewidth of the order 3—5 &/Thus one can see

L . ; In summary, we have performed a first-principles calcula-
that taking into account a crystal structure in the calculation, ) L
of the self-energy leads to an increaselbin the energy tion of the IMFP for bulk beryllium within the PRA. A good

region below~30 eV and to a decrease of it for higher @greement with the experimental (Ref. 32 has been ob-
energies. This increase Bffor excitation energies below 30 t@inéd for energies from-15 to ~30 eV. For energies
eV leads to a better agreement with the experiment. How=>30 eV the deviations from the experimental data are com-
ever, this effect is of minor importance Compared to thatparable with the accuracy of the eXperiment. We have shown
introduced by the electron velocities. that the inclusion of the group velocity is crucial to account
Some discrepancy with the experiment for energies highefor the experimental IMFP for energies €5<30 eV. The
than ~30 eV can be attributed to more sophisticated calcuband structure effects in the [ being in general of less
lations of the self-energy and the use of a more relevanimportance for In® in this energy interval than for the
group velocity for these energies. As shown by Shahgl.  group velocity, are important to obtain better agreement with
in the self-energy calculations for the FEG motfeihe use  the experiment. We have also shown that the calculated plas-
of a real part o2 (&) for r¢=2 (for Ber,=1.866) increases mon peak dispersion is in good agreement with experimental
the group velocity of electrons and, consequently, increasegata?t4”
the IMFP for £>30 eV. On the other hand, Fleszar and  On the basis of the presented results one can interpret the
Hanke have shown for bulk Si that even in a semiconductogxperimentm data for the IMFP in B8 taking into account
the improved calculation of the real part of the self-energyonly bulk properties without invoking any of its surface fea-
makes electronic bands more similar to a free electron banf;res. Perhaps the inclusion of the surface properties of Be

for energies above 30 €{.This effect leads to higher group could lead to an even better agreement with the experiment.
velocities compared to the LDA case. Therefore, one can

expect that fore>30 eV the use of the quasiparticle band
structure for bulk Be can move up the group velocity curve
in Fig. 4, leading to a better agreement with the experiment.
The authors of Ref. 28 also showed that the inclusion of We acknowledge partial support by the University of
vertex corrections in the self-energy can decreasg Ifar ~ the Basque Country, the Departamento de Educadiel
&>30 thus leading to better agreement between the theoreGobierno Vasco, and the Spanish Ministerio de Educagio
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