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We report onab initio study of electron-phonofe-ph) and electron-electrofe-e) interactions in bulk Be.
The calculations show that treeph coupling parametex varies from 0.01 to 1.02 as a function of electron
energy and momentum,=0.21 at the Fermi level as averaged over momenta.€fjpie contributionl'e yy to
the electrons and holes lifetime broadening also manifests clear dependence on the momentum and energy of
an electron state. We demonstrate thatetgh coupling matrix elements strongly affect the Eliashberg func-
tion especially for low phonon frequencies. By using the Debye model relation betlyggnand A the
characteristic Debye frequeney is obtained in good agreement with the experimental one.efaeontri-
bution to the lifetime broadening is evaluated from the imaginary part of the electron self-energy computed
within a GW approximation.
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I. INTRODUCTION tral function «®F(w) and its first reciprocal moment.?2:23
) o The evaluation of these basic quantities requires the knowl-
Electron-phonon(e-ph) interaction is important for the edge of the electron energy spectrum, the complete phonon
description of many phenomena in condensed matter phygpectrum and the changes in the effective crystal potential
ics. In particular, it is a cornerstone of conventional superupon lattice vibrations.
conductivity and plays a key role in the description of elec-  In this work we calculate the Eliashberg functiafF(w),
trical and thermal resistivity, renormalization of electron the e-ph coupling parametex, and the phonon induced con-
bands close to the Fermi levéEg), structural phase transi- tribution to the excited electron and hole inverse lifetime's
tions and charge density wavkdt also contributes to the for bulk Be. This metal has been chosen for two reasons.
final lifetimes of excited electrons and hofespeing espe- First, bulk Be electron bands show very anisotropic behavior
cially important for energies close &. The strength of the that can seriously affea-ph interactions as well as quasi-
e-ph interaction is described by anph coupling parameter particle lifetimes2* Second, electronic properties of bulk Be
\, which depends on both the electrtiole) energye, and  are very distinct from those in Be surfaces. For instance, the
momentumk. In the past\ was mostly obtained from tun- electron density of stated®OS) in bulk Be has a very deep
neling or specific heat measureménas E-. Recently pho- minimum atEg making this material nearly semiconducting
toemission spectroscopfPES was successfully applied to (see Ref. 25 and Fig. 1 belgwvhile in the B€0001) and

deduce\ from the temperature dependence of the measurege(lofo) surfaces the DOS & was found to be larger by
hole linewidth in surface states on metal surfet@d.ln 3 factor of 4-5 that makes these surfaces two-dimensional
some PES experiments was obtained from the measured free-electron-like metaR®-28 The distinct character of the
slope of the real part of the self-energyit*>**Later PES  electronic structure can result in differemph interactions in
was also used to measukefor quantum well states in ad- the bulk and in the surfaces. Indeed, recent photoemission
layers on metal sgbstraté%?oDesplte its unprecedented ac- < ements of gaveA=0.7 for thel" surface state on
curacy of measuring for surface and quantum well states —
PES is not well suited to measure true hole lifetimes for bulkB&(000D (Ref. 14 at Er and\=0.66 for theA surface state
materials because of the known final states effeat. prin-  on Bg1010) (Refs. 9 and 1fthat are significantly larger
ciple, the energy resolvexs for bulk states can be obtained than the theoretical=0.24 evaluated long ago Bt for bulk
from photoemission measurements of quantum well stateBe (Ref. 1) (we are not aware of any measurementoh
for very thick adlayer films. However, it can be done only for bulk Be). Recentab initio calculatiort® of Be(000) also
a symmetry direction in the bulk Brillouin zone which is gave a largex value confirming strongege-ph interaction in
perpendicular to the adfilm. surfaces. Despite a wealth of data@ph interactions in Be

In this situation valuable information amph interactions surfaces for bulk Be there are only estimatea et Er based
can be obtained from theoretical calculations, especiallpn semiempirical relations to the superconducting transition
from ab initio computations, since such calculations can beemperatureT, (A=0.24+0.0) (Refs. 1, 30, and 3land
done for any wave vector in the Brillouin zone. The electron-pseudopotential calculatioris =0.26).%?
phonon interaction is fully described by the Eliashberg spec- Here we present thab initio calculation results in detail
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for aF(w), \, and Tf&lph:l“&ph resolved in energy and mo- respectively, which introduce a temperature dependence of
mentum. We show that varies from 0.01 at th&] state to  I'epn Wi, is the maximum phonon frequency, and

1.02 at the unoccupidd; state, i.e., the maximum value is

larger than the minimum one by two orders of magnitude.  @Fii(W) = 2 8w =wg,)la(ki ke, v)[8(e; = &)

The phonon induced contribution 16 also experiences no- gt

ticeable variations from a few meV to nearly one hundred (2

meV. Strong impact of electron-phonon coupling matrix ele-. : . .
ments onaz?z(w)pis found. In partFi)cuIar the rrllaatri%( elements 'S the Eliashberg spectral function for the particular electron

completely suppress low-frequency peaks of the phonon de,?_tatekF(k,l), with k being a wave vector in the Brillouin

sity of states. To complete the study of electron and hol _onle(:322{ andlt ? Eanddlnolllex. Thgl suhm n E@)és O\.ﬁr
decay mechanisms we also present here the calculation r nal e etc ron IS aEe fzan a p(?SStlh ep ononlmo edsm .
sults for an electron-electrofe-e) contribution rglezf‘ee. momentuny. in q.(2) we apply the commonly used quasi-
The I’y has been evaluated within a fudb initio method elastic scattering approximatio(ei; = e+ Wq,) =~ de;
from the imaginary part of the electron self-energy of the_’f‘k'f)' which allows us t_o calculatde s, .W't.h the same
excited quasiparticles using the so-calleW/ approximation Ellashberg spectral function for both emission E.md absorp-
of many-body theory? Previously thel'y. in bulk Be has tion processes. The electror?—.phonon matrix e'e’.“e”t
been computed by using an “energy-shell” approximation forg(ki,kf,q_, 1_z)_ reflects the prqbabmty of electron scattering
excited electrons onBf Here we calculatd’,, from the from the initial statek; to the final staté; by the phonory,.

imaginary part of the self-energy for both the electron and 1h€ electron-state-dependent strength of the electron-
hole excitations at the quasiparticle energy. Finally we evaluPhonon coupling is measured by the dimensionless param-
ate the full linewidthl'y=e.pn* e eter\, defined as the first inverse frequency moment of the

The paper is organized as follows. A short outline of theSPectral functioh

calculation methods is given in Sec. Il. In Sec. lll we present m o2F, (W)
and discuss in detail the calculation results. Finally the con- A= ZJ —<E 2 dw (3)
clusions are drawn in Sec. IV. 0 w

One can average the spectral functieffF, ;(w) over the

Il. THEORY initial states on the Fermi surface defined &§y=Eg:

A. Lifetime due to electron-phonon scattering

1
The phonon-induced linewidte (€ ) or lifetime o?F(w) = N(E )E 5(W‘Wq,y)z la(ki, k.0, )7
Tepn(€k,) Of an electron state with initial momentuky and Flaw kil f
energye,; can be evaluated from the imaginary part of the X &€ i — Ep) e s — Ep), (4)

electron-phonon self-energy which is related to the Eliash- , )
berg spectral function through the integral over all the scatVNereN(Eg) is the electron density of states per atom and

tering events that conserve energy and momentum: per spin at the Fermi levelte. In this case we obtain the
spectral function and the corresponding electron-phonon
fil Tepr(€i ) = Tepnl€ii) = 2 Im Eio(ek,i;T) coupling parametex as the Fermi surface averaged quanti-
W, ties.
= 277ﬁf maszi(w)[l —f(ei— W)+ (e +w) All the self-consistent calculations of phonons and
0 ' ' ’ electron-phonon interaction presented here have been per-

formed using the density-functional perturbation thébry
+ 2n(w)Jdw. (1) (DFPT) and the PwscrF code®® We employed a nonlocal
Here, f(w) and n(w) are the Fermi and Bose distributions, norm-conserving pseudopotentfato describe the electron-
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ion interaction in Be and a plane-wave basis set to expand
the crystal wave functions. The basis set was restricted by a0
the kinetic energy cutoff of 22 Ry, which is enough to obtain

the convergence within a few percent for the calculated pho- [ \
non frequencies. Local density approximati@®DA ) is used

-

~ 80 4
for the exchange and correlation energy functional in the?E: /
Perdew-Zunger form’ =

3 40 |-

B. Lifetime due to electron-electron scattering §

IT]

The calculation of the=-e contribution to the lifetime of
excited electrons or holes from first principles is by now an 20}
established techniqu&-4? Therefore only a short summary
of the formalism used is given here. For more details one can
see Ref. 38. The first step is a well-converged solution of the o
ground state of the system under consideration utilizing the T K M r A H L A
Kohn-Sham(KS) equation®® of density-functional theory.
For a crystalline system the KS equations are given by

Be

FIG. 2. Calculated phonon dispersion curves along the high-
symmetry directions for hcp Be. The filled circles indicate the ex-

52 X perimentally measured frequencid@®ef. 48.
(‘ Env + Ueﬁ(r))QDk,i(r) =& ieki(r), (5

All the numbers quoted in this article for the linewidth
where ve(r) is the mean-field potential in which the KS due to electron-electron interaction were obtained from a full
electrons move. It already contains exchange-correlation insolution of Eqs.(5)<8). For comparison we also calculate
teraction (for instance, at the LDA levglwhich does not the I, values in some symmetry points of the BZ at the
include any dynamical effects in order to describe the life-LDA eigenvalueg“energy-shell” approximation
time of excited states. These effects are included via a renor-

malization, which leads to the Dyson equafibf?
Ill. RESULTS AND DISCUSSION

h? = . i
[— ;nV2+ ueﬁ(r)] ilr) +h f d3r'S(r,r ER (') A. Electron-phonon interaction
In the linear response calculation of the phonon modes we
= E&ai(r). (6)  used 120 specigk points in the irreducible wedge of the

~ . Brillouin zone (IBZ) and the first-order Hermite-Gaussian
Here is the electron self-energy corrected by the Corr9|a'smearing techniqdé with a smearing width of 0.02 Ry,

tion effec;s alre_ady inclu_ded in the ef_fective _pote_:ntial of theleading to energy bands as shown in Fig. 1. The evaluated
KS equatulns via,(r). Since thee-ph interaction is treated phonon spectrum along the symmetry directions of BZ is
separately?, only contains contributions due to tleee in-  shown in Fig. 2. Our results are similar to those obtained in
teraction. The state-of-the-art approximation for the selfthe earlier DFPT calculation for bulk B&ef. 479 and are in

energy for weakly correlated electron systems of real mategood agreement with the experimental neutron diffraction
rials is theGW approximatior?>4%in which the self-energy data* To obtain the spectral functions needed for the calcu-
is obtained from the product of the single-electron Green'dation of the imaginary part of the self-energy the summation
function corresponding to the KS equatioffs and the over the phonon wave vectogsand phonon brancheswas

screened potential, performed by using the linear tetrahedron metfodith
= ) ) . ’ more than 6000 tetrahedra in the IBZ because of rather sig-
S(r,r" ) =iGLoA(r, 1 SHWIr, 1 t7) — vy (r) 8(r = '), nificant variation of the electron-phonon matrix elements

(7) throughout the BZ. The Dirac delta functions in E¢®.and
] ] ) (4 containing the electron band energies have been approxi-
Wis the pure Coulomb potentialscreened by the dielectric mated by first-order Hermite-Gaussian functions with a
function ¢, in symbolic notationW=v/e. Once the Dyson  gmearing width in the range of 0.01—0.03 Ry.
equation is solved, the-e contribution to the lifetimer, or In Fig. 3 we show Eliashberg spectral functiofF(w)
the linewidthl’, respectively, can be obtained—as in the pho-,eraged over the Fermi surface, which measures the contri-
non case—from the imaginary part of the electron self,sion of phonons with energy to scattering processes at
energy evaluated at the real part of the quasiparticle energ,e Fermj surface. To calculate the double Fermi surface
Eq.» sums in Eq.(4) properly we used a dense mesh of up to
_ _ < 30000k points in the IBZ because of a very small and
il e o B = T ERR) = = 20 Im 2(k, EQD. (8) complicated Fermi surface in Be. Since the set of wave vec-
Since in the Green’s function formalism the adding or re-tors sampled in the IBZ is very large the results are almost
moving of an electron are equivalent procedures, the calcunsensitive to the value of the smearing width. There are no
lation of the lifetime of excited electrons or holes bears noexperimental data fow”F(w) in Be. This function is deter-
difference. mined to a large extent by the phonon density of stE{@g
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FIG. 3. Phonon density of stateS(w) (dashed ling and
electron-phonon spectral functiarfF(w) averaged over the Fermi
surface(solid ling) for Be. The coupling functior? [defined as the
ratio &®F(w)/F(w)] is shown by dotted line.

a?F(®)

(also shown in Fig. B Nevertheless, in the case of Be the
two curves are rather different in shape, especially in the ;
lower frequency region. The Eliashberg spectral function is 00554080 s %% 25 20~ 80 85
dominated by two large peaks at high frequencies around o (meV) ® (meV)
w=67.4 meV andwv=76 meV. These peaks are mainly de-

termined by the scattering of the two lower and the upper FIG. 4. The electron-phonon spectral functiartF, (w) is
optical phonons, correspondingly, from tKepoint region.  shown for some electron states at fhéa), H (c), K (d) symmetry
The lower-frequency peak in the density of stakgsv) is  points and at the Fermi levéb) in the I'M direction.

completely suppressed by the electron-phonon matrix ele tates in thd’M direction. This peak is mainly determined

ments. The corresponding electron-phonon mass enhanc%— th tteri fthe two | tical oh th
ment paramete(\ at Eg) is found to be small\=0.21. This y (he scaltering of the two lower oplical phonons nearlthe

confirms that for Be the electron-phonon coupling is rathelp.omt and the two upper optical modes/atFor the unoccu-

weak as it was pointed out in the earlier reported theoretic led electt_rorll sta:je o thet?]gly c_o?tr_lrk%utlzn ﬁomes from ﬂlle
estimates o\ based on semiempirical relations to the crit- ower optical mode near point. The high-energy peaks

ical temperature and pseudopotential calculatiohs are determlngd by Interactions W.'th opt|c.a| V'bfa“ons mainly
—0.24+0 O5L30-32 from the region of theH point. Since\; is defined as the
inverse moment of’F, ;(w) the differences in the Eliash-
berg spectral function lead to considerable differencesin

show the Eliashberg spectral functiondF, (w) for some at these poipts. While at tHe point \ is very small_ for both
high symmetry points in the IBZEq. (2)]. The results are st.ates con5|dere_3(3kr§:0.04J\FZZO.OQ and pnly increases
shown forT (solid line), I'; (dashed ling electron states slightly for the first electron state on moving to the Fermi
[Fig. 4@)], and for the second and the third electron states d¢Ve!l (As,=0.09 the electron-phonon coupling at tieand

H [Fig. 4(c)] andK [Fig. 4d)]. At the Fermi leve[Fig. 4b)] K symmetry points enhances significantly wikh_=1.02,

the electron-phonon spectral function is given Xy (solid )\Hl=0.9, and)\§5=0.47, )\ﬁ5=0.44, respectively. Thus the
line) andZ; (dashed lingenergy bands in thEM direction  value of A depends strongly on the position of the wave
(see Fig. 1 As follows from the figure tha, ; and &®F, ;(w) vector.

for I, and the corresponding energy babd at the Fermi Using the calculated spectral functiongF, ;(w) we
level do not differ substantially while foF; and the corre- evaluated the electron-phonon contributiBgy, to the total
sponding ban@.; at Er these quantities increase notably onlinewidth of electrons(holeg as a function of energy. The
moving fromI" to the Fermi level. For these electron statestop panel of Fig. 5 gives the energy dependence of the life-
the stronge-ph coupling is observed at high phonon energiesime broadening calculated at=0 for 35 and X; energy
(60—80 meV. In the case of thd"; and I, electron states bands in the'M direction. The middle panel of the figure
the main contribution comes from optical phonons neatthe shows the variation of the electron-phonon coupling param-
andH symmetry points as well as from th& direction. For  eter\ for the same energies measured from the Fermi level.
the states at the Fermi level only optical modes intie  As follows from the figure s, varies fast aroundeg for
direction and the two upper optical phonons aldilg con-  electron energies smaller than the maximum phonon fre-
tribute to the scattering processes. However, the electrorguency and on moving from thE point to the Fermi level
phonon coupling in these states is rather small compared tmegative electron energies for tBg band and positive en-
electron states at other symmetry pointsHAandK there is  ergies for theX; band. In the latter casé&' , first increases

an enhanced spectral weight at lower frequencies arouniy a factor of 3 for both energy banda), (b) and then it
=55 meV, which is completely suppressed for the electrorachieves a minimum in the center of th&/ direction. Near

Let us consider now how-selected electron states couple
to phonons and how this coupling varies within Fig. 4 we
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FIG. 5. TheT=0 phonon induced lifetime broadenihg ., as a
function of the energy fok (a) andX, (b) energy bands in thEM . . . .
direction and the energy dependence of the electron-phonon cou- 0 10 20 30 40
pling parameten (c), (d) as well as of the characteristic Debye k,T (mev)
frequencywp (e), (f) calculated from equatiol'e.,p=2m\rwp/3
for these states. FIG. 6. The temperature dependence of the phonon induced life-

_ _ time broadening for th&?, K&, M, (solid lineg and thel';, KZ, M,
the Fermi level, at the maximum phonon energy, NeWgashed lineselectron states.

maxima of thel'.;, appear. However, when the energy in-

creases from zero to that at thd symmetry point the dif- .
ferent behavior of the phonon-induced lifetime broadening is]clat and demonstrates t_he_ extraordinary dependend?. gf
nd\ on energy the variation ab, does not exceed 10% of

observed. As the energy exceeds the maximum phonon er- :
ergy the I'c,, becomes almost saturated. The electron-:hg gve:;gezd Vt?;%?jéﬂzeea\(;zaﬂg%af?g(Lllan\(/a)st?r:its)o\tgme
phonon enhancement parameXgy that reflects the variation 3 1 9 - '

of I'e pn does not change notably in the latter case and th grfneesv (fglélfy 5V]§e£m\jm1tg 4trr:1ee\/5e2x$ﬁ2r2§?;ﬁ:bg d \r/:;lais d:rfn-
values of \; at the M symmetry point for these states i :

__ _ onstrates that despite very serious approximations used, the
()\MZ—O.12 and)\M4—0.09 are almost qual to those BE. Debye model can give a reasonable descriptioi' gf, for
For the>,; energy band above the Fermi level the data alsQeal bulk metals provided that, ; and wp are known from

show an additionak dependence of the electron-phonon o, heriments or from first-principle calculations. This conclu-

coupling parameter because we have the different values @, is also confirmed by numerous measurements ad
A On both sides of the energy maximum seen in Fig. 1y for surface states on met4t¥ and for quantum well
These results confirm that both thg,, and then, ;, depend  ¢iotas in thin filmd5-20
indeed strongly on thé position and on the energy of @  \ye aiso studied a temperature dependence of the phonon
state. ] L induced lifetime broadening for the second and the third

Studying electron-pzréonon interaction in thin films of Ag electron states at tHe, K andM symmetry points as shown
on F&100 Paggelet al™ found that for quantum well states j, ig 6. At T=0 we only have phonon emission scattering
in Ag \ varies from 0.015 to 0.52. They attributed this dif- J.J.asses. For temperaturesT higher than the maximum
ference to the symmetry of electron states. The lower valugp,5non frequency th& dependence df ., becomes linear

. e-

was obtained fod-quantum well states and the largest one i, 4 slope, which is determined by ?he electron-phonon
for spstates. In the case of Be all the states considered are %upling parameteh. For electron states at tHé and M
the sp symmetry, nevertheless, even the bigger spread of thgints the values ok do not differ notably and the slopes of

A values is obtained for this material. the corresponding curves are almost the same while for states

From the calculatedfe ;n and\ as functions of energy the 4 e point the slope is steepper reflecting the larger val-
characteristic Debye frequeney, is evaluated by using the | .o of\y
AN

relation I'e jp=2mAiwp/3 derived within the Debye model
at T=0 K for electron (hole) energies|e—Eg|> fiwp.2?°
The energy dependence &f, is shown in the bottom panel
of Fig. 5. We do not showsp, for |e-Eg|<%wp since for The results presented here for the electron-electron con-
these energieE, ,, shows nonlinear dependence on enérgy. tribution to the total linewidth are based on calculations per-
As one can see for both energy bands considered the Debyermed along the lines of Sec. Il B. The Brillouin zone was
frequency depends very slightly on energy. Even forhe sampled with a 1& 16X 12 mesh and the plane-wave cutoff
band at about 1000 meV abo#g where the band is very used was 20 Ry. The internal summations necessary for cal-

B. Electron-electron interaction

174302-5



SKLYADNEVA et al. PHYSICAL REVIEW B 71, 174302(2005

0.15

FIG. 7. The linewidthI'e of holes and ex-
cited electrons for Be is given versus the square
of the energy. In the left panél. is shown(dia-
monds for states located within 4 eV d&: and
in the right panell's. is given for states within
8 eV of Er. The double-dotted-dashed curve is
the result of Eq(9) for a Wigner-Seitz radius of
rs=1.87. The solid line is the result of a full jel-
lium GW calculation for the same value of.

e
=

Linewidth [eV]
o
&

0.00

(E-E.F [eV] (E-E) [eV]

culating the electron self-energy included 20 bands, meaning 7 [3mné
that an energy range of up to 50 eV above the Fermi energy I'=To(E-Ep)? with Ty=

was covered. Using these parameters the real part of the 64Ex m
quasiparticle energy is converged to within 50 meV. ) ) S

In the previous paragraph the discussion focused on reldD the literature Eq(9) is often referred to as Fermi liquid
tively small excitation energies, where thegph contribution ~ theory (FLT). The double-dotted-dashed lines in Fig. 7 de-
to the lifetime is significant compared to tleee one. Since ~ Nnote the result of Eq9) for rs=1.87.
for larger excitation energies the contributions to the line- The comparison of the two jellium results with tiad
width due to electron-electron scattering dominate, both enthitio data in Fig. 7 confirms that the HEG cannot be used in
ergy ranges are covered in the following discussion. Figure Prder to describe Be within say 4 eV of the Fermi energy. In
shows the calculated linewidth as diamonds for all electrorihis energy range calculations have to be performed, which
states in the energy range of 4 eV around the Fermi energ ke the true band structure of Be into account. On the other
(left pane) and up to 8 eV in the plot on the right-hand side. hand the dot-dot-dashed and solid curves agree quite well
In this figure the data for all electron states which were usedVith the ab initio data for larger energies. The two jellium
in the calculation of the self-energy are collected. The figurdesults also illustrate nicely that the so-called FLT can only
clearly shows that the linewidth for small excitation energiesPe applied to states close to the Fermi energy. For higher
cannot be described by a simple law or model as in the cas@xcited electrons the results of Eg) differ quite substan-
of the homogeneous electron qaﬂEG, Je|||um mode)_ The tlally from those of the full je”lum calculation, which is due
linewidth does increase with increasing distance from thdo the asymmetry of the imaginary part of the self-energy
Fermi energy but the data are not on a straight line but ar#ith respect to energ3.
scattered over a significant range. The scattering decreases The results of the above discussion are bolstered by a
for energies of more than 6 eV away from the Fermi energywave'vector resolved view on the data. Figure 8 shows the

The wide range of linewidths for different states of the wave-vector resolved linewidth plotted versus the square of
same energy is a result of the band structure of Be as showfe energy measured from the Fermi energy for four different
in Fig. 1. The band structure reveals bands, which resembidirectionsl’-M, M-L, L-A, andA-I" for an energy range cov-
quite well the parabola of the free electron gas. But Be als@'ing the occupied bandboles and the first two conduction
has flat bands, which look similar to tildebands of transition
metals. In addition Be has energy gaps in many directions of  *°f
the band structure. This results in a free-electron-like density . o2k
of states for the lowest occupied states, but a dip across th asf
Fermi energy. It is obvious that the linewidth of Be cannot be §
described by a HEG model for states in the energy region ofs
approximately —4 to 4 eV.

It is, however, interesting to explore to which extent the
jellium model gives reliable results for states above and be- _
low the just mentioned energy range. The direct way is the L-A
evaluation of Eqs(6)—(8) within the jellium model as first g R
done by Hedir?® The result of such a calculation for a § °%
Wigner-Seitz radius of;=1.87 is given by the solid lines in E

9

o4r

0.2

0.0l

Fig. 7. This value corresponds to the electron density 02}

=3/(4mr3) obtained from the lattice constants of real Be. For b "N~ N\ &

. . . . - . 80 40 20 0 20 40 80

higher electron energies this conclusion was confirmed in E-EF 2 C-Er 1oV ©

Ref. 53.

Despite the fact that the isotropic jellium model is fairly |G, 8. Linewidth of holes and excited electrons due to electron-
simple such computations are complex. Therefore very ofteg|ectron scattering in Be plotted versus the energy measured from
an approximation is utilized, in which a low-frequency ex- the Fermi energy for wave vectors from the different directions in
pansion of the dielectric functioa is made. This leads to a the BZz. Each plot contains the daffiled diamond$ for the first
closed expression for the linewidth of holes and excited elecfour bands. The dashed lines are a guide to the eye. The solid lines
trons within the HEG*° denote the result of a full jelliunGW calculation forrg=1.87.
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o o , TABLE 1. The total linewidthT, electron-phonor’e ,, and
s ool - “"" M-L electron-electrod’¢ ¢ contributions for certain states at the M,
g o2t *,‘ a}ndL points.I'g¢ is giv_en both at the quasiparticle and at the LDA
§ “ros ' AR /," (in parenthesgsenergies. The second column denotes the LDA
5 .1 . K o0 ‘7} g eigenvalue.
. oas R 4
M-a - -4.1-; [] ; 6 0 gg 2 ‘o 24 4 3 8 ELDA Fe—ph Fee Ftot
w0 Energy [oV] w0 State [eV] [meV] [meV] [meV]
< of LA asf A-r Iy -4.28 13 124124 137
< o.e-:\,“ 08 b FZ 1.19 18 11) 19
g aaf , oaf P M] -4.87 40 221189 261
< ol ‘\ SEE NS BN e M5 -3.07 22 9%84) 117
0.0 b :‘"".'2"-- r— a 00kt h; """ - 2""/; ] MZ 3.54 16 6280 78
Energy [eV] Energy [eV] Ly -3.54 38 7779 115
Ly 1.55 76 13 77

FIG. 9. As Fig. 8 but here the linewidth is plotted linearly versus

the energy.

bands(excited electrons In the sequence given above the

C. General discussion

Having discussed the linewidth of holes and excited elec-

chosen directions describe a rectangle in reciprocal spactons separately foe-ph ande-e scattering we can now com-
For each direction the obtained linewidths are marked byare the two sets of numbers. In Table | the values of the
filled diamonds. The dashed curves serve as a guide to thghonon induced lifetime broadening &0 are compared

eye. As a comparison the result of the full jelliuGW cal-

culation are given as solid lines.
Figure 9 shows the same data but now plotted linearly irdue to thee-ph scattering is smaller than that induced by the
energy. The two figures show that although the impact of the-e interactions. For the electron statE§ and M the e-e
four different bands entering each plot is quite different forcontribution is nearly one order of magnitude larger. How-
the four directions it is in all directions clearly noticable. In ever, for some electron states, suchi'gsaandL; (above the
Fig. 10 the band dependence is disentangled and magnifigeermi leve), I'e , is much bigger thari'e since for these

at the example of th&, and>5 bands in theM-T" direction

with the e-e contributions for some selected electron states at
theI', M, andL symmetry points. In general, the linewidth

states the-e contribution is very small. This is related to the

(see Fig. 1 Below the Fermi energy both bands resemble toabsence of final electron states with relatively small mo-
a certain extent the parabola of a HEG model and both bandsenta for the electrofthole) decay while for big momenta
cross the Fermi energy. In Fig. 10 this is reflected by verythe decay probability is small. As ferph interaction, the big
similar data for the lifetimes of holes in these bands. In themomenta scattering favors the large contribution to ¢he
range of excited electrons, however; keeps its character, ph coupling. This results in a small lifetime of these states in
while X, becomes almost flat. Consequently the lifetimes forspite of the negligible values of theee scattering. For higher

excited electrons in these two bands are very different.

temperatures the changes in #ph contribution depend on
the value of thee-ph mass enhancement parametger. As a
rule they are not very large, which is consistent with the

600 prrrrr rather wealke-ph coupling that is observed in hcp Be. Thus,
! at room temperature theph contributions to the linewidth
5°°;' for M3, M3, M electron states are found to be 48, 28, and
) aoof 20 meV, respectively. As one can see they remain smaller
= ] than the linewidths due to the-e scattering for the same
“E’ 00 b states, which do not depend on temperature. In Table | we
= [ M also comparéd’. . evaluated at the quasiparticle energies with
£ 200 I'ee computed at the LDA eigenvalugsn “energy-shell”
— F approximation. The latter are shown in parentheses. One can
100L b see that the “energy-shell’.. values are in a fairly good
! agreement with those obtained at the quasiparicle energies.
0 Lottt 1
S o482 IV. SUMMARY AND CONCLUSIONS
Energy [eV]

A first-principles study of the electron-phonon and

FIG. 10. The lifetime of holes and excited electrons for the €lectron-electron contributions to the lifetime broadening for
bandsS,; (diamond$ and3 5 (circles in fs plotted versus the energy €lectron states in bulk Be has been presented. The obtained
measured from the Fermi energy. The solid line denotes the resufesults for the phonon-induced linewidih. ,, and for the
for a full jellium GW calculation forrg=1.87.

electron-phonon coupling parameteshow a strong depen-
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dence on thek position and on the energy of a state. In|e—Eg|>%wp the electron induced linewidth. ¢ as a rule is
particular,\ varies from 0.01 to 1.02 as a function of elec- significantly larger than th&' ;.. However, for some states
tron energy and momentum, while=0.21 as averaged over theT, is one order of magnitude bigger than thig..
momenta at the Fermi surface has been obtained. The latter

value is consistent with the earlier reported theoretical esti-

mates of\ based on semiempirical relations to the critical ACKNOWLEDGMENTS
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