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We report the calculations of dielectric functions and quasiparticle lifetimes for noble metals Cu, Ag, and Au
performed within the LMTO-GW approach. We show that by changing the value of continuous principal
guantum number of states it is possible to improve the calculated local density approximétdA) band
structures and dielectric functions. In particular, the plasmon absorption in Ag, which is absent in the self-
consistent LDA approach, is obtained with the corrected band structure. We also show that the drawbacks of
the LDA band structures do not lead to qualitative changes of the quasiparticle lifetimes. The lifetimes of
electron excitations calculated by the LMTO-GW method agree well with the results of the LDA plane-wave
GW approach. By adjusting the value of the density parameteyood agreement with the results of the
many-body free-electron gas calculations is also achieved for the electrons and hglpsbands. For the
holes in the topd bands we report the lifetime band structures.
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[. INTRODUCTION functional theory to evaluate the band structure of solids.

Then the practical calculation schemes employ the linear re-

The field of electron dynamics in metals has undergoneponse theoRy*°to compute the dynamical density response
extensive development during the last decades. The impofunction of a solid. Based on RPA, the response function is
tance of such investigations is determined by the role that thesed to compute the dielectric functions and screened Cou-
hot electrons play in a variety of physical and chemical phelomb potential. Finally the matrix elements of the self-energy
nomena, including, e.g., chemical reactions on surfaces Operator are calculated and the Dyson equation is solved to

electron correlation phenomena in the spectra of molecule@Ptain the self-energy corrections to the local density ap-
and solid€ A number of experimental techniques to study prOX|mat|0n(LDA) eigenvalues. The quasiparticle character-

electron dynamics in solids have been developed, a ver t'c_f t(_)btamed |n”th|sh way, 1.€., en?_:glt_es and I|fet|m(£:‘s ?;]
powerful being time-resolved two-photon photoemissione);c'ee:ir'ﬁgrsl{arzlﬁay I—TO\?VVCYVSI(‘amHIanL;Ian Ir?)éY:ng:(;ﬁa\rEa%ntthlhe
spectroscopy(TR-2PPH that allows the measurement of the SXPENMeNt : ; y p

e : . . . . .~ approximations employed still remain unresolved.
hot electron lifetimes directly in a time domain. Using this

kind of t d ; ts of it One such problem is associated with the usage of LDA
Ind Of Spectroscopy, a series of measurements of exct ?gand structures in many-body calculations. Although the GW
electrons lifetimes has been performed for nonmagneti¢

411 ; . 13 . Iculations can be performed self-consistently, non-self-
metals] ™ ferromagnetic transition metals;and highTc  ;onsistent computations appear to be more practical because
superconductort! they often produce excitation energies in better agreement
The first theoretical evaluations of the hot electron life-itp experimental data than the self-consistent
times within the self-energy formalism of many-body theory calculations'?"?® The success of the non-self-consistent
were performed by Quinn and Ferrélfor a free electron Gw approach is, however, dependent on the quality of the
gas(FEG model. Later a number of improved FEG calcu- one-particle LDA eigenstates. Being invented to study the
lations have been carried out based on the random-phasgectronic ground state, the LDA approach is in principle not
approximatio® (RPA) and including also exchange- well suited to describing the excited states. So the direct
correlation effects! In subsequent FEG-based researchesisage of LDA to analyze excitations sometimes leads to es-
statistical approximations were uséand the inclusion of sential disagreement with experiment. Hence, some well-
band-structure effects was discussgd. known problems appear, e.g., the “band-gap problem” in
Recently first principles calculations of the electron life- semiconductors. When used in the first step of many-body
times in bulk noble metals Cu, Ag, and Au have also beercalculations, the LDA approach may also lead to some draw-
published in Refs. 21-23,25 and 26. These evaluations eniacks. An example is the calculations of Ref. 24 for the
ployed a non-self-consistent GW approach that has provedielectric functions of Cu and Ag. While generally success-
its effectiveness in many previous researcHeé§in the first  ful, these calculations failed to reproduce the most prominent
step, theab initio GW calculations use the local density part of the electron-energy-loss spectryBELS) of Ag,
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which is the peak of plasmon absorption with an energy
about 3.8 eV. The absence of the plasmon peak is evidence b —Ho(r)1G(r,r",w)— f d*r"S(r,r",w)G(r",r', »)
some drawbacks in the calculations for dielectric functions.
Hence, the precision of lifetime calculations can be affected. =§(r—r’), Q)
Some important problems are also related to the details of i ) L
GW calculations. Almost all of thab initio evaluations of WhereHpg is the sum of the Hartree potential and kinetic
the quasiparticle lifetimes performed to date employed th&nergy ands is the electron self-energy. The quasiparticle
plane-wave basis set:23?>2°Such computations are very €quation is defined by
time-consuming and hence several additional approximations
are used. The size of dielectric function matrices is usuallyy (ry, . (r wa A3 S(r,r’ @) g (r', )
reduced to some tens of plane waves. The validity of using ° @’ vt
such small basis sets in the studies of excitations from the —E.. _ @
partly localizedd states of noble metals has still to be 0. (@) thq(1,@).
checked. The verification of the calculated lifetimes by com-
paring them with experimental data is, however, often prob
lematic. One of the reasons is that different experiment
researches for all the same objects under study often result mq"(w)’
very divergent values of quasiparticle lifetimesee, for ex- ) . ) _
ample, the discussion of experimental data in Ref. 22 Bqi(w)=eqi+(WqilAX (@) 4q,)- ®
A further reason why the results of the lifetime calcula-Here A3 (w)=3(w)—V(5s, Vips being the LDA
tions deserve new verification is that in the cited papers vergxchange-correlation potential, so the matrix elements of Eq.
dlff_erent methods were used to §0Ive the Dyson equationg), hereafter labeled S, ;(w), are many-body self-energy
This may be the origin of some disagreements in the calcucorrections to the LDA eigenvalues ; . In practicalab ini-
lated lifetimes. In Refs. 22, 25 and 26 the so-cal@trgy g calculations the self-energy corrections are often calcu-
shgllapproxmatlon with the' renor(nal|z'at|on factor equal t0 |ateqd at the energw=e,, : the so-calledenergy shellap-
unity was employed to obtain the imaginary part of the quay o imation, Refs. 22, 25 and 26. Another way to simplify

siparticle energies, while in Refs. 21 and 23 direct search fof, o o, tion of Dyson equation appears when only the linear
Green’s function poles was invoked. Such cwcumstancesart of the dependence of BE on  is retained and the
stimulate attempts to perform new improved lifetime calcu-P P

lations with different basis sets. In this paper we present thghange of I, with « is neglected, Refs. 27 and 28. In this

results of the calculations for dielectric functions and quasi-@PProximation the self-energy corrections are

particle lifetimes in noble metals Cu, Ag, and Au by the

From the first-order perturbation theory we have the
yson equation for the complex quasiparticle energy

linear muffin-tin orbital LMTO)-GW method. In particu- Aeqi=Eqi€qi=ZqiAZq,i(€,), @)
lar, we avoid using thenergy shelbpproximation, perform- where

ing precise calculations for the renormalization factor. The

main advantage of the LMTO approach is that instead of IREAZ () -1

©)

large sets of plane waves it uses small sets of linear muffin- Zgi=
tin orbitals constructed from the numerical solutions of the

Kohn-Sham equations inside atomic spheres. The numericl yhe so-called renormalization factor. For the free-electron
difficulties to calculate partly localized bands appear to be .o 1\ 0del this is a slowly varying function that is approxi-
moderate here. One further favorable feature of this approac ately equal to 0.8° Taking Z, =1 one has thenergy

. . qvl -

is that the basis sets for the polarization and dielectric func-

tions are created using the products of the muffin-tin orbitalsshell_apprOX|mat|on. In this paper we dqal only W'th the
so rather small basis sets appear to suffice. imaginary part of the self-energy correction that gives the

Within the LMTO approach we propose a simple proce_Iinewidth of the quasiparticle excitation and whose inverse

dure to modify band states by changing the continuous prind€términes the lifetime of a quasiparticfe,
cipal quantum number of basis orbitals. Using this procedure ~1_ 5 [ImA 6
we assess drawbacks in the calculated dielectric functions Tai = [Im eqvi" ©)

and quaS|pa_rt|cIe I|_fet|mes. Employing the. gdvantagg Qf We calculate the self-energy with the GW approximation
small numerical basis sets we are able to distinguish within

7,28 i : ;
the multitude of data on lifetimes some branches that can b%f many-body theorﬁ, by retaining the first member in the

referred to for the symmetry directions in the Brillouin zone, >¢"€s gxpar.wsmn Gk in terms of the screened Coulomb
o : . .. interactionW:

For these directions we plot the dispersion laws of lifetimes

for the first time. Finally, we discuss the applicability of the i

free-electron-gas theory to the calculations of lifetimes of E(r,r’,w)zz—f do'G(r,r", o+ o )W(r,r',o"). (7)

free-electron-like quasiparticles. "

Jw

w:eq’i

The method of evaluating the matrix elements of the self-
energy operator within the LMTO-GW approach has been

Within many-body perturbation thedthe excited elec- described in Refs. 28,31-34. It starts from the self-consistent
trons are described by the dynamical equation for the GreehMTO calculations of the LDA band structure. Such calcu-
function lations are performed either with the minimal basis set of

IIl. METHOD OF CALCULATIONS
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muffin-tin orbitals, i.e.ns,np,(n—1)d orbitals, or with the e=1-VP, (17
extended basis set including higteerf, andg states’ Then

the set of Bloch functions employed in many-body calcula- e l1=1+VR (18)
tions is constructed by using the products of intersphere parts

of muffin-tin orbitals ¢g ,, The calculations oR in Eq. (16) are performed in the

basis ofBg; functions. This is valid also for the Coulomb
=3 @ikt (r—R-T (T—R=T), 8 potential matrixV that is calculated following Ref. 32. By
P Z el Yorw( ) ® using theB; basis we include the local-field effects in the

wherei={RL»,RL'v'}. The complete set of such products calculations of EELS,

contains linear dependences that are eliminated by perform-
ing the diagonalization of the overlap matrix 8f functions. Ime 1(q,0)=Im>, (alBg) e (Bgila). (19
B ’

O11=(Bil By). © Here (q|B;) is the Fourier transform of the product basis
Oz=\z. (10) function.
In order to provide comparison with experimental data,
The resulting orthonormal basis is a linear combination ofwe also calculate the dielectric functions in the plane wave
the product functions basis|q+ G). The diagonal elements of the dielectric matrix
are expressed for an arbitrary reciprocal lattice veGas

BqI:; quzji . (17)
+G,w)=1- +G|Bg)P;
Using the basis set thus created we calculate the RPA polar- €(d ) (q +G)2 2 (g | q'> i
ization matrix3%33
X (Bgjlq+G). (20
occ unocc
P i(q,0)= > D (B inl Yicr qunr) The elements of the inverse dielectric matrix are calculated
' T n ' ' analogously,
(el BB :
k+qg,n’'| ¥k,nBqj - -1 _
an o+ Bt 15 e Y(q+G,v) 1+(Q+G E (q+G|Bg)R:
(12)
X (Bgjlq+G). (22)

The summation includes terms with- = (electrons and
holeg and spin valuer. We avoid, however, direct use of
Eqg. (12), making faster computations for the spectral func-
tion matrix

With the inverse dielectric matrix in the basis of product-
orbitals we calculate the screened Coulomb potential matrix

W(g,w)=€"*(q,)V(q). (22)
0oCccC unocc
S.j(qw)= Z E (By ¢k1n|¢,k+q’n,> To finally qalculate 'ghe self—energy matrix elements we
otk no use the equations obtained by replacing the full Green func-
tion by the Green function of noninteracting electrons, Ref.
X<¢k+q,n’|¢k,anj>X5(w_ek+q,n’+ek,n)- 28: y g
(13
. . - . . OCC
This quantity is related to the imaginary part®fs follows |m2q'n(w):§k: E |§,: <wq,n’pk7q,n’|Bki>
n b
1
Sij(@@)=——Pij(qe)sgre). (14) XIMW, (K, e qn — @)
Having obtaineds; ; we calculate the real part &f; ; by the X<Bki|¢k—q,n’¢q,n> O(&—qn — @), (23

Hilbert transform: whenw<u and

,Si,j(q#),) unocc
w o—' : (15 |m2q,n(w):_§k: 2 I}J: <’pq,n‘//k7q,n’|Bki>

Once the polarization matrix is obtained, we use the RPA to
evaluate the density-density response function marbo-
gether with dielectric and inverse dielectric matrices, X (Byj| k- qn qn) (@ —€k_qnr). (24)

Rd:'vl(q’w):'])J d

X |mWi’j(k,w_ek—q,n’)

R=P+PVR, (16 whenw> u.
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1o 8 N -4E c 'ZV 0 2 ¢ FIG. 2. Experimentalthin solid line$ and “the best” calculated
- (8V) (thick solid line EELS for Cu, Ag, and Au. The best calculated

. -, . EELS correspond td>(d)=3.85 (Cu), 4.85 (Ag), and 5.87(Au).
FIG. 1. Self-consistent total densities of staB®S) in Cu, Ag, EELS obtained from the self-consistent band structures are shown

and Au calculated by the standard LMTO meth@blid lines. . :
Dashed lines show the DOS computed with the modified value of %)Xg()ja;:gds Iéngizyu;hgﬁngvrﬁ)ir;nc;:;ir-c;zttee%uﬁ:lég :rS(EElIJ—Z)Lg .gglcu-
continuous principal quantum numb@&(d) = 3.85(Cu), 4.85(Ag), Iated with P.(d):3..77 (Cu), 4.80 (Ag) and 5.79(Au). Dash-dot-
5.87 (Au) dotted lines present the calculated EELS wiitd) =4.75(Ag) and
P(d)=5.74 (Au).
Practically, instead of full screened potential we use its
correlation partW*=W-V that %nly contributes to the g 05,0.05,0.05) that is the shortest in our sek octors.
imaginary part of the self-energy: Creating the By-basis vectors, all possible products of
We calculated the LDA band structures of noble metals by, fin-tin orbitals within the minimal basis setsks
us_ing the ti_ght-binding yersion of the LMTO methdt® sXp,sxXd,pXp,pxXd) have been used. In the calculat,ions
with the minimum basis set that mcludes tines,np, (n of the spectral function matrix thé functions were replaced
—1)d states. To check the convergence with respect to thg.., 4 gaussian
extension of a muffin-tin basis set, we also performed for Cu
the evaluations of the band structure, dielectric functions and 1 -
lifetimes with the extended basis set that includes high- S(X)— ——=e X7, (25
energynd and 4f orbitals. For the energy interval 0-5 eV I'\m
above the Fermi level that is usually studied in experimentsype broadening factof employed was equal to 0.136 eV
such extension of the basis set does not change the calculatgsloos Hartree a. .
results noticeably. The convergence of the results with in-

crease pf the number kf_v_ectors has also been verified. T_he Il DIELECTRIC FUNCTIONS OF NOBLE METALS
conclusion is that the minimal number lofvectors needed is
about 250 per irreducible part of the Brillouin zof8900 per The band structures of noble metals calculated by the

Brillouin zone. For the energy interval discussed the calcu-LMTO method within LDA do not differ essentially from
lations with higher numbers d&f vectors produce no impor- earlier results—see, e.g., Ref. 37. In Fig. 1 we show the
tant changes either in band structures or in dielectric funcdensity of statesDOS) of Cu, Ag, and Au. The ingredients
tions. To avoid numerical complications relating to theof the DOS are the low DOS afs,np states extending from
singularity of the Coulomb potential gt=0, the calculations —10 eV to 30 eV and the higm(1)d DOS around-7 to

of dielectric functions were performed afj=(2m/a) —1 eV, all the energies being relative to the Fermi level.
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0 FIG. 4. The calculated quasiparticle lifetimes for Ag with the

corrected LDA band structure &(d)=4.85(panel a and with the

self-consistent LDA band structure &(d)=4.90 (panel . FH
FIG. 3. Real and imaginary part of the dielectric function cal- (FE) indicates the holéelectron lifetimes in thes-p band. One and

culated for Ag agg=(2/a)(0.05, 0.05, 0.05). Thin solid lines rep- W0 arrows depict the hole lifetimes in the upgebands.

resent experimental data, while thick solid lines correspond to “the

best” calculated data witl(d) =4.85. Shown by dashed lines are

the results for the self-consistent band structure V#Afldl) =4.87

Energy (eV)

Here D|(E,) is the logarithmic derivative of the basis
muffin-tin orbital at the atomic sphere, calculated at the en-

whereas dash-dotted lines correspondPid)=4.77. The inset ergy'EV that is usue}IIy chosen to be equal to the center of
shows the calculated imaginary part forq=(2w/a)  9ravity of the occupied bands. The value of theparameter
X(0.05, 0.05, 0.05) (solid line and q=(2/a)(0.1,0.1,0.1) IS connected with the shape of the muffin-tin orbital: the
(dashed ling more localized the radial part of the orbital the smaller it is.
So this value is determined by the charge distribution inside
The 4d states of Ag begin with an abrupt change of DOS at'[he atomic s_puerbe. (';'_he pararqet?q_r IS used;%co%s'_[ruct Itfhe
the energy of—2.7 eV. The energy interval between this LMTQ TB (tight- n mg_) I_-|am| tonian matrix, andin setr-
threshold and the Fermi level is small compared to eXperig:onsstent calculations it is recalculated at each iteration step.
mental photoemission data, 3.8 ®\For Cu and Au the cal- Expecti_ng that with the decrease B.f of d states,P(d), .

! 7the magnitude of exchange-correlation energy would in-

culatedd-band threshold energy is equal to 1.5 eV and 1. ease thus shiftind bands to lower eneraies. we performed
eV, respectively, compared to photoemission data 2.0 eV an us Shitt g W gies, we p .
the calculations of band structures and dielectric functions

2.5 eV*® So the calculated energy of states is too high, . ; .
especially in the case of Ag. This drawback of the LDA maym;[rr:] Ft)r(]g) dc:ies%r:gscic:\zosr?r:tliizeIl;iﬁgflisﬁggtezallule.r:jstLIJ?WS

explain why the plasmon peak in the EELS of Ag is not : . ; .
reproduced  in  pseudopotential  plane-wave LDAnOble metals are shifted to negative energies without changes
calculations’* The analogous effect takes place in the con-in the shape of DOS, thus improving agreement with photo-

ventional LDA calculations for ZriRef. 39 where the cal- emission measurements. Such calculations are not exactly
culated EELS differs essentially frdm the threshold Iineself-consistent: after self-consistency is achieved in a stan-

shape observed in the experimental spectroscopic data. ?ard waly, €., \.N'th f'|nally Self'(.:%nsr'fte? valueds, V‘:? pr)]er-
Hence, in order to better describe dielectric functions, it is '™ °Nly one iteration step with the changedd). If the

desirable to improve the LDA band structures. In Ref. 39 thigelf-consistency process with the changed and firéd)

has been done by changing thecoefficient in Slater's ap- were continued, the final results would be almost indistin-
proximation for the exchange-correlation potential. In thisQuishable from the self-consistent results. So ttiuy self-

paper we retain a nonempirical approach to the exchangé:-ﬁnS'Sten_trplgMTo calculations are insensitive to small
correlation potential, and modify the LDA band structure byC anges Irr.

changing the continuous principal quantum numberdof Cqmparlng with experimental data we TO.CUS on_the en-
states® ergy interval between 0 and 5 eV, because it is for this region

that the experimental and theoretical lifetime researches are
usually performed. The effect of tHe(d) parameter on the
P,=0.5+arctafD,(E,)]/7+n. (26) electron energy loss spectra is illustrated in Fig. 2. In com-
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FIG. 5. The energy dependence of the averaged renormalizatior .z . r . : ,
factor Z for Cu, Ag, and Au. a0 ! 2 s 4 °
parison with experimental dafd certain precautions should ...
be taken relating to the nonzero value of the momentum 140.]
used in our calculations, whereas the optical data refey to 5 1]
=0. The calculated EELS are typically lower than the opti- é 100
cal data. This is compatible with the results of Ref. 20 that 3 @0
also show the decrease of the calculated EELS with increase” 7
of g. Generally with the decrease &f(d) the threshold of ]
interband optical absorption shifts to higher energy. For Cu 22'-

the calculated onset energy of the interband transition ap- 0
pears to be in very close agreement with optical measure- (E-E)
ments atP(d)=3.85. With further decrease d?(d) the

agreement becomes worse. For Ag it follows from F|g 2 that FIG. 6 The calculated and experimental data on electron life-
with the P(d) value being in the interval between 4.85 andtimes. Solid diamonds show our LMTO results; open squares rep-

4.80 a plasmon absorption peak emerges in the vicinity oféSent the calculated data of Refs. 21 and 23 along1ie0 di-
3.5 eV, while with lower values oP(d) it disappears. For rection. Open circles depict the computed data of Refs. 22 and 25

Au good agreement between the calculated and experimentfacﬂIr Cu and Au, respectively, and our new pseudopotential plane-

. . ~ wave calculation results for Ag. Open triangles are experimental
d?]t.ahfqr the thlreShotld tﬁnergilf_ls aqhtlevfd Ri('d) _]:558;’9 Adata of Refs. 6, 11, and 41 along ttie1,0 direction. Dashed lines
which IS very close 1o the sefi-consistent value of 5.63. represent the results of FEG theory with the adjustepgarameter,
very damped plasmon emergesP{tl) =5.75. However, the .o 1o+
last calculations have no real physical meaning, because at
suchP(d) the energy ofd bands is too low compared with
experimental data. g. The second drawback, similar to that of EELS, is a too

Figure 3 shows the changes of dielectric functions of Aglow energy for the onset of interband transitions that take
with changes in th@®(d) parameter. In the results fap two ~ place between 3 and 4 eV. Decreasi(f) leads to much
sources of disagreement between the calculated and optidagtter agreement with the experimental data. Through the
data become evident. The first one is observed at approxHilbert transform it changes the value that becomes zero
mately 1 eV where a large difference appears between that the energy of 3.5 eV faP(d) values in the interval 4.80—
experimental and calculated edge of the intraband absorg85. The calculated, turns out to be small at this energy,
tion. This discrepancy is most probably related not to a drawso that the peak of plasmon absorption emerges. Rfit)
back of the LDA calculations but rather to the nonzero valugoelow this intervale; is again negative, so the plasmon dis-
of g momentum used for comparisons with experimentalappears. One further conclusion is that of the two compo-
data. In order to confirm this we show in the inset to Fig. 3nents of e that govern the emergence of plasmon, the
the graphs ofe, of Ag with the values ofg equal to value is the more important. In fact, is nearly the same:
(2/a)(0.05, 0.05, 0.05) and (2/a)(0.1, 0.1, 0.1). The dif- either plasmon exists &(d)=4.80 or disappears @& (d)
ferences between these results are drastic: with the decreaset.75.
of momentum the maximum af, increases by a factor of 7 The changes in the dielectric functions of Cu and Au with
and shifts by 1 eV to zero energy. Hence one can expedthangingP(d) are similar to those of Ag. However, there is
better agreement with optical data using very small values ofin important difference: the; curve of Cu does not pass

—

eV)
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j FIG. 8. The energy band structure of the upgestates of Cu.

Au quasiparticle lifetimes. In particular, the lifetimes of Ag do
not depend essentially on the presence or absence of plasmon
absorption. In order to reveal the origin of such stability, we
performed for Ag the calculations of EELS at higher values
of g momentum. These calculations show that the differences
between the EELS obtained from the conventional and from

T T A ™ T . the corrected LDA band structure are noticeable only at

(E-Ef} (V) small momenta, and with increasirggthe intensity of the
plasmon rapidly decreases. As follows from Ezp) the self-

FIG. 7. The calculated hole lifetimes for noble metals. Solid energy corrections are determined by the screened potential
diamonds represent our results; open circles depict the calculatest all the values of momentum, so the inaccuracies in LDA
data of Ref. 25. Dashed lines indicate the results of FEG theoryyand structures at smaijl appear to be unimportant.
with the adjusted s parameter, see text. The averaged renormalization fac@®of Cu, Ag, and Au

is given in Fig. 5. In all the metals of interest the calculated
through zero, while for Au it becomes zero only at suchz is quite far from the 1.0 used in thenergy shellpproxi-
small values ofP(d) as to have no real physical meaning. mation. The values of for electron excitations are in good
agreement with those obtained in the FEG mddét. For
d-hole excitations the renormalization const@nvaries be-
tween 0.57 and 0.77. So for these excitations the use of the

Changing the value of continuous principal quantumtrue Z values is especially important.
number one can adjust the thresholddobands to experi- Below we present and discuss the best data obtained by
mental photoemission data and hence avoid some drawbacksing the corrected LDA band structures and with the calcu-
pertinent to the LDA band structures. To verify if the quasi-lated values of. In Fig. 6 we compare our calculated elec-
particle lifetimes depend on such modifications of the bandron lifetimes with the lifetimes of Ref. 21 and 23 that were
structure we performed the calculations for Ag with the self-obtained within the LDA pseudopotential plane wave ap-
consistent value of the paramet®(d)=4.90 and with proach. For Ag we also show our new results calculated
P(d)=4.85. The results are shown in Fig. 4. One can distinwithin the energy shellapproximation using the pseudopo-
guish freelike electrontFE) and holegFH); these are qua- tential approach. The quasiparticle energies of Dyson equa-
siparticles in thes,p bands. A further type of holes belongs tion were calculated in Refs. 21 and 23 by searching for the
to the arrays marked by one and two arrows; they corresponploles of a Green function near the real axis of energy. So, in
to the excitations in d bands. the calculations of Refs. 21 and 23 the renormalization factor

The FE and FH lifetime values for “the best” band struc- has implicitly been taken into account. In spite of great dif-
ture in the panela do not differ much from the self- ferences in the methods of calculation, very good agreement
consistent data in the paniel This is also valid ford holes, is observed for Cu between our data and the results of Refs.
the data in the pana being mainly shifted to lower energies 21 and 23; at energies above 1 eV the agreement is also good
in accordance with the shifts of the LDA eigenenergies. Sdor Ag and Au. Slightly worse is the accord between our data
one may conclude that the drawbacks in the LDA band strucand the averaged lifetime data of Ref. 22 calculated within
tures discussed above do not lead to qualitative changes the energy shelbpproximation, i.e.Z=1. We also show the

Lifetime (eV)

IV. QUASIPARTICLE LIFETIMES IN NOBLE METALS
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FIG. 9. Thed-hole lifetime band structure of Cu.

experimental data on the lifetimes for Cu from Ref. 6, Agute torg, and in general this parameter is unknown. Here we
from Ref. 41 and Au from Ref. 11. Unlike the calculated find therg value by adjusting the results of the FEG theory to
data, the experimental results display a sudden increase at ttiee lifetimes of our LMTO-GW calculations. The, values
energy below 2 eV for Cu and 1 eV for Au. The origin of obtained in such a way are equal to 2.1, 2.0, and 1.9 for Cu,
disagreement between calculated and experimental data wAg, and Au, respectively. At such values Kof good agree-
discussed in Ref. 42. The authors attribute the disagreementent is observed between the results of the LMTO-GW cal-
to excitonic effects that are not taken into account in theculation and the FEG model.
model of hot electron damping employed. Other mechanisms The hole excitations in Cu, Ag, and Au appear to repre-
discussed that can influence the lifetimes at these energiegnt a very different case, as follows from Fig. 7. The life-
are electron-phonon interactions and electron trandport.  times of holes ins,p bands, whose energies are above
In Figs. 4 and 6 we preserdll the calculated lifetime —1.5 eV, are in good agreement with the FEG theory when
values, and these data show that the dispersion of the elethe r, parameter is adjusted to electron excitations. Big de-
tron excitation lifetimes with respect to the momentum ap-viations from the FEG model are observed for holes in the
pear to be small. A smooth dispersionless decrease of thgpperd bands where the calculated lifetimes are factors of
electron lifetime with increase of energy is an intrinsic fea-8—10 longer than the FEG values. In particular, long life-
ture of the free-electron gas model. The attempts to describémes are obtained for the holes in states nearXpd ',
the lifetimes of thes,p electrons in noble metals within the direction, marked by one arrow in Figs. 4 and 7. The second
FEG model lead at low energy to rather unsatisfactorygroup of such holes belongs to states close to the
results?® The origin of this failure is evident: the electron W, ,-Xs-L4-I';, directions; they are marked by two arrows.
density parameterg of the FEG is not determined only by The energy dispersion curves for the states with long hole
the density of thes, p electrons. Thel electrons also contrib- lifetimes are given for Cu in Fig. 8. For Ag and Au such band

100 B T Ag

80 5 .
60

404

Lifetime (fs)

204

FIG. 10. Thed-hole lifetime band structure of Ag.
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FIG. 11. Thed-hole lifetime band structure of Au.

structures are similar to that of Cu, differing mainly by a  The effect of increasing the hole lifetimes at the tp
uniform energy shift. bands becomes more pronounced if one considers the ratio of
A detailed picture of thel-hole lifetimes is provided by the hole lifetimer(h) to the electron lifetimer(e) at the
Figs. 9—11. Those show the “lifetime band structures” for same magnitude of energy. To provide a clearer insight into
some of the energy states plotted in Fig. 8. The long holéhe hole decay mechanisms we calculated the values of both
lifetimes at the top ofl bands are qualitatively explained by electron and hole lifetimes averaged over wave vectors for
different symmetry of these states and of #)p states at each fixed energy. In Figs. 12—-14 we show this ratio ob-
higher energy that provide channels for the damping oftthe tained from our LMTO-GW evaluations for Cu, Ag, and Au
holes*® Due to the symmetry, the oscillator strengths of theand compare it with the results of pseudopotential GRf.
transitions between tha-hole state and thes,np states are 25) and FEG calculations. As follows from Figs. 12 and 14
small. It follows from Fig. 7 that with the decrease of the the curves obtained in Ref. 25 are qualitatively similar to our
energy of ad hole its lifetime generally rapidly decreases. 7(e)/r(h) dependence. Both these curves show a sharp peak
This can be explained by a rapid increase of the number ddit the energy of the tod bands, which are characterized by
higher d states that have large oscillator strengths with thevery long lifetimes. The main quantitative difference is the
d-hole states. Figures 9—11 show that this appears to be alshifted position of our curve to higher energies. A further
valid when one follows the lifetime changes along the sym-
metry directions of the Brillouin zone. One finds, however,
some exceptions. The examples Xeeand X5 states: for Ag 3.5 -
eLpa(X2) <€ pa(Xs), but 7(X,)>7(Xs). One more exclu- ] * Cu
sion is theXs-W;, band: this energy band is very flat, and 30 \
the changes of hole lifetime in this band are determined by | o
the changes of oscillator strength. _ \
Unlike the case of electron excitations, the amount of |
available experimental data on hole dynamics in the nobleg , , |
metals is very limited. Recently the dynamicsdholes in w7 , *
Cu have been deduced from TR-2PPS measureffeantsl ] / \’
from one-photon photoemission experimehtsKnoesel
et al® estimated the lifetime of a hole in the uppeband as )
=35 fs, while Peteket al** obtained for theXs point a 107 g W\
value of 24 fs. These lifetimes are shorter than our theoreti- T T O Vg
cal values(45 fs, Fig. 9 by factors of 1.2—1.8. The evalua- 0.5 %o0
tions performed in Ref. 45 give the lifetime value as 11.7 fs
at the excitation energy 3 eV that is twice our result, see Fig. 0.0 I T
7. The same evaluations produce at the energy 2 eV a life 0 1 2 3 4 5
time value equal to 26 fs, in good ageement with our data. Sc lE-E.l (eV)
the discrepancy between experimental and theoretical data
for hole excitations can be significant. However, the conclu- FIG. 12. Ratio between the hole and electron lifetimes in Cu
sions about long lifetimes of holes at the topdbands?®  obtained from our LMTO-GW evaluationgsolid diamonds
rapidly decreasing with the reduction in energy, are conpseudopotential plane-wave GW calculatiofRef. 25 (open
firmed by the calculations. circles and FEG theory withr;=2.1 (dashed ling

£ 1.5
=
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FIG. 13. Ratio between the hole and electron lifetimes in Ag
according to our LMTO-GW evaluatiorisolid diamondsand FEG
theory withr,=2.0 (dashed ling

FIG. 14. Ratio between the hole and electron lifetimes in Au
according to our LMTO-GW evaluatiorsolid diamonds pseudo-
potential plane-wave GW calculatioriRef 25 (open circley and

. . . FEG theory withr ;=1.9 (thick solid line.
difference is observed for energies smaller than 1 eV. How- v s ( 9

ever, the most striking discrepancy is observed between thghow that they qualitatively accord with the FEG theory. By
results based on band structure and FEG results. The lattadjusting the electron density parametgmwe were able to
exhibit completely structureless behavior that is a direct conachieve a good quantitative agreement between the electron
sequence of the absence btates in the free electron gas lifetimes resulting from LMTO-GW calculations and from
model. the FEG theory. Moreover, with such values agreement is
also obtained for the hole lifetimes 8)p states.

The lifetimes of holes in the tod bands are much longer
than the lifetimes calculated in the FEG theory, but they

The numerical calculations performed with varying banddecrease rapidly with the decrease of energy. In the energy
structures show that the energy of theands is very impor- dependence of the hole lifetimes the two groups of quasipar-
tant for a correct description of the dielectric functions of{icles in the states along th&,-I'y, direction and the
noble metals for small momenta. Within the LMTO method, W1i-Xs-Ls-I'1, direction are clearly distinguished. We
the changes of the(d) parameter seems to be a sufficiently present for the first time the lifetime dispersion curvegof .
good tool to make corrections to the LDA band structure. Fo'0/€S: They show that phase space arguments work well in
Cu and Au only a small decrease of the principal quantunfXPlaining the lifetime changes, although for some momenta
numberP(d) appears to be necessary to adjust the calculateli'® transition probabilities are also important.
energy of the onset of interband transitions to the experimen- The comparls_on.wnh available experimental data on elec-
tal EELS data. With slight changes &(d) the plasmon tron and hole lifetimes reveals, however, some dlsa_gree—
absorption peak emerges in the calculated EELS of Ag. ments, that can be relgted'to effects' not considered n the

The evaluations performed with the conventional and corPrésént model of quasiparticle damping; namely, excitonic

rected self-consistent LDA band structures lead to a Ver)processes, transport effects and electron-phonon interactions.
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