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Quasiparticle band structures and lifetimes in noble metals using Gaussian orbital basis sets
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We present the calculations of quasiparticle bandstructures and lifetimes for noble metals Cu and Ag within
the GW approximation based on localized Gaussian orbital basis sets. For Cu, both the calculated positions of
the d bands and the width of the d bands are within 0.1 eV compared to the experimental results. For Ag,
partial core correction should be included in the pseudopotential to get reliable positions of the d bands. The
calculated lifetimes agree with the experiment in the energy region away from the Fermi level, but deviate
from the experimental results near the Fermi level where short-range interactions which GW approach fails to
describe play an important role. For a better description of the lifetime near the Fermi level, terms beyond the
GW approximation in the many-body perturbation theory need to be considered.
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I. INTRODUCTION

In the last decade the electronic band structures and elec-
tron scattering in noble metals have been studied using dif-
ferent experimental techniques'= and a variety of theoretical
methods.*!° The GW approximation derived by Hedin'' in
1965 has become the state-of-the-art approach to study the
quasiparticle band structures and lifetimes of a large number
of systems* 112714 going beyond the well-known density-
functional theory (DFT).

It is well-known that the usual local density approxima-
tion (LDA) (Ref. 15) underestimates the band gaps for the
semiconductors, which can be improved by using the so-
called scissors operator (i.e., by rigidly shifting the conduc-
tion bands to higher energy). However, for the noble metals
the quasiparticle corrections are both k point and band
dependent,’ so a scissors operator is useless. Another impor-
tant drawback of the traditional DFT is that the exchange-
correlation part is real and hence lifetime is infinite, whereas
the lifetime of excited electrons and holes in metals is known
to be finite.

A significant numerical problem when performing GW
calculations for noble metals is given by the issue of basis set
expansion. The presence of strongly localized d bands and
the inclusion of semicore states for Cu and Ag make the ab
initio calculations based on a plane-wave expansion basis
much heavier than those for semiconductors. For the case of
Cu, plane waves with cut-off energy of at least 160 Ry (about
2700 plane waves) are needed for convergence.” GW calcu-
lations need larger computational requirements than DFT, in
particular for the calculations of surfaces and bulk solids
with occupied d orbitals.'® It turned out that a Gaussian or-
bital basis set instead of using plane-wave Fourier represen-
tations of the relevant two-point functions is efficient for the
evaluation of GW self-energy corrections.'® Another com-
mon simplification, i.e., the plasmon-pole approximation of
the frequency dependence of €(w) should be avoided for the
GW calculation of Cu,® which means that the dielectric ma-
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trix 62;1(;,(51 ; w) should be computed explicitly by performing
the energy integral numerically. This imposes further heavy
CPU load for the GW calculation with plane waves.

Most previous lifetime calculations are based on the DFT
band energies.*~7!8 Furthermore, the so-called “energy shell”
approximation with renormalization factor equal to unity was
employed to obtain the imaginary part of the quasiparticle
energies. In fact, the renormalization factor for noble metals
varies between 0.57 and 0.77.8 The renormalization factor
directly changes the quasiparticle energies, and hence,
changes the lifetime. Because of the large discrepancies be-
tween DFT d-band energies and experiments, the calculated
lifetimes based on the DFT energies are not consistent with
the experiment. In order to compare the calculated lifetimes
based on the DFT band energies with experiments, the DFT
band energies have to be shifted rigidly (which, as mentioned
above, is questionable in metals).

So far the quantitative understanding of excitation mecha-
nisms and their relaxation channels is far from being com-
plete. In many cases the GW approach correctly reproduces
the changes of experimental electron relaxation times with
the excitation energy.'* However, large discrepancies be-
tween theoretical and experimental results occur for d holes
in Cu and Ag. The lifetimes of holes at the top of d bands as
calculated in Refs. 6 and 8 appear to be almost twice longer
than the experimentally derived lifetimes. In Ref. 19 it was
argued that due to the shifted d bands in the DFT calculation
the available phase space for Auger recombination is under-
estimated yielding calculated lifetimes which are too long.
However, Zhukov et al.,®?° conclude that the drawbacks of
the LDA band structures do not lead to qualitative changes of
the quasiparticle lifetimes. The quasiparticle lifetime calcu-
lations based on the exact band energies have been per-
formed for Cu using plane-waves method.?! However, be-
cause of large requirements of the computation, only several
lifetimes at high-symmetry points were calculated. In Ref. 8
the lifetimes were calculated using the corrected local den-
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sity approximation, but the d band threshold energies (1.7 eV
for Cu, 3.2 eV for Ag) reported in this paper are still close to
the Fermi level, compared to the photoemission data about 2
eV for Cu and about 3.8 eV for Ag. So it is necessary to
calculate the lifetimes based on the accurate quasiparticle
band energies.

In this paper, we go beyond the “energy shell” approxi-
mation to calculate the lifetimes of electrons and holes
for Cu and Ag based on the accurate GW band structure
energies, using the efficient localized Gaussian orbitals. First,
we discuss the quasiparticle band structures for Cu and Ag.
Then we analyze the influence of the quasiparticle correc-
tions to the lifetimes. Our calculation starts with DFT evalu-
ation of the ground-state properties performed using norm-
conserving pseudopotentials, then the calculated DFT band
structure energies and wave functions are used within the
GW approximation (GWA) framework for the calculation of
the self-energy operator, whose real part yields the quasipar-
ticle band energies and imaginary part yields the lifetimes.

One particular aim of our work is to provide an approach
to both band structure energies and their lifetimes within one
calculation within the GW approximation for the self-energy.
For computational purposes many calculations so far have
focused on either the band structure (which can often be
obtained within the plasmon-pole approximation of the
GWA, leading to a real self-energy and thus infinite lifetime)
or on the lifetime (which can be done efficiently by consid-
ering a limited number of bands in the calculation). Here we
show that both quantities are in fact obtained when the com-
plex nature of the dielectric screening and the self-energy are
treated carefully.

The paper is organized as follows. In Sec. II, we discuss
some details of the theory of the GWA and summarize the
basic equations needed for the following discussions. In Sec.
I, the quasiparticle band structures for Cu and Ag are dis-
cussed. In Sec. IV, we present the quasiparticle lifetimes for
Cu and Ag based on the accurate quasiparticle energies. A
short summary concludes the paper in Sec. V.

II. THEORY OF GW APPROXIMATION

The starting point of the calculation of band structures
and lifetimes is given by a DFT calculation (referring to the
electronic ground state), in which the Kohn-Sham equation

ﬁZ
{ - %Vz + Vps(r) + Vy(r) + ch(l‘)) }‘I’nk(l’) = E W, (r),

(1)

is solved. In here, Vpg and Vj are the ions and Hartree po-
tential, respectively. Since the d electrons have to be consid-
ered as valence electrons, the entire shell to which they be-
long must be included as valence states throughout the
calculations.>!” For Ag we employ a norm-conserving
pseudopotential constructed along Hamann’s scheme,?
based on the ionic configuration 45>4p%4d'°. For Cu, on the
other hand, the transferability of such a pseudopotential
seems not guaranteed. Therefore we employ a multireference
pseudopotential (MRPP) constructed along Reis’ scheme,”
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based on the configuration 35?>3p%3d'%4s'. Gaussian orbitals
are used to construct the LDA basis sets. We use 50 Gaussian
orbitals of s, p, d and s™ type for Cu atom and 60 Gaussian
orbitals of s, p, d, and s* type for Ag atom. The decay con-
stants are 0.18, 0.50, 1.24, 3.2, and 8.5 in units of a(_)z for Cu,
and 0.16, 0.50, 1.40, 3.00, 6.5, and 14.0 in units of aaz for
Ag, respectively.

Based on the DFT results, the final treatment of band
structures and lifetimes is done within many-body perturba-
tion theory (MBPT).?* Assuming that the electronic spectrum
is still given by well-defined quasiparticles, excited holes and
electrons are described by an equation

h2
{— %VZ + Vps(r) + VH(r)}\I’ng(l')

+f§(r,r’,E,?kP)<D,?kP(r’)d3 ’:E,?kp‘lffkp(r). (2)

Compared to the KS equation, the local, real, and Hermitian
exchange-correlation part is replaced by a nonlocal, complex
and energy dependent self-energy operator. The self-energy
operator results from electronic many-body effects beyond
the DFT part of the exchange correlations. In particular, it
contains exchange and correlation effects (relevant for the
band structure energies) as well as Coulomb-scattering ef-
fects (relevant for the resulting lifetimes). Consequently, the
self-energy operator leads to complex quasiparticle energies,
i.e., the real part denotes the band structure energy while the
imaginary part yields the inverse of the lifetime.

We calculate the self-energy within the GW approxima-
tion of many-body perturbation theory by retaining the first
term in the series expansion of self-energy operator in terms
of the screened Coulomb interaction W

E(r,r’,E):sz éYG(r,r' E- o)W(r,r',0)dw. (3)
ar

Equation (2) has to be solved self-consistently. It turns out
that for many systems the DFT wave functions agree remark-
ably well with the final GW wave functions.?’

WE (r) = Wi (r). (4)

Therefore, the self-energy operator can be constructed using
the results of the LDA calculation (wave functions, energy
spectrum, and electronic density) and an iterative treatment
of Eq. (2) is not necessary. The quasiparticle energies are
then simply given by

ES" = EDT + Re[ 3,4 (EZD)] - Vi, (5)

where 3, (E9D)=(nk|S, (v, x" ,E9)nky  and Vi
=(nk|Vxc(r)|nk).

Simultaneously the imaginary part of (E) can be consid-
ered, which yields the Coulomb-scattering lifetimes. The
imaginary part of the self-energy corresponds to the quasi-
particle lifetimes, and the probability of the scattering decay
is given by

7o = 22 (EZD)]]. (6)

The numerical evaluation of the GW self-energy operator for
the present case of metals, aiming at its real part and its
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imaginary part on equal footing, is more demanding than the
common techniques for GW calculations which focus on the
band structure alone, and is also more demanding than the
evaluation of lifetimes alone.

One key quantity is given by the time-ordered polarizabil-
ity of the system, P=—iGG, which we calculate from DFT-
LDA quantities. For a periodic system it can be represented
by basis functions x4(q,r), leading to a matrix representa-
tion

P la.0) =235 5 S M My (kT O,
k m n

—E,)O(E, kiq — Ep)
1
Emk - En,k+q —-—w+ lO+
1

+ , 7
Emk - En,k+q + w+ l0+ ( )

X

with spatial integrals Mp'(k,q)
= [ Y4 (O)X5(Q. 1) ¢, 1 q(1)dr. The summation is restricted
to bands and k points such that |m,K) is occupied and |n,k
+q) is empty. The direct evaluation of Eq. (7) can be tricky
due to the careful balance between reciprocal-lattice points
and frequencies, both of which have to be from a finite grid.
In particular, the correct maintenance of charge neutrality
(i.e., correct sum of the occupations of all states) is difficult
to control. Furthermore, the replacement of the infinitesi-
mally small imaginary part (from i0") by broadening is dif-
ficult to control. Last but not least, the direct evaluation of
Eq. (7) for all desired frequencies w (usually several hun-
dred) constitutes a computational bottleneck.

Instead, we first calculate the imaginary part of P [using
1/(a+i0")=1/a—imwda)], i.e.,

1
Im P (q,0) == 2m 2, > 3 My (k. @) [M5 (k@) )

k m n

X |fmk _fn,k+q| a:(x) - (Emk - En,k+q)] . (8)

In here, the occupation numbers f, and f, x.q result from
the respective band structure energy. The most important ad-
vantage of focusing on Im(P) first is that a given combina-
tion of |m,k) and |n,k+q) contributes to a very small num-
ber of values for w, only, thus reducing the total numerical
demand by an order of magnitude or more.

In practice, an occupation number f is not taken from a
sharp step at the Fermi level, but includes spectral broaden-
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ing by a Gaussian broadening parameter, which corresponds
to the finite k-point grid employed in all calculations. Simply
speaking, a state near the Fermi level can be expected to
exhibit band structure dispersion in k (which is not explicitly
considered due to the finite grid) and to cross the Fermi level
somewhere in the vicinity of the grid point. It is thus not
reasonable to attribute an occupation of just 0 (or 1) to a state
slightly above (or below) the Fermi level, but the occupation
function should be smeared out for states near the Fermi
level. This procedure allows to mimic finer k-point sampling
than the one which is really employed, thus reducing the
dependence of the final results on the k-point grid. In addi-
tion, the 6 function with respect to w must be replaced by a
finite-width spectral function, as well. The evaluation using a
finite k-point grid yields sharp, discrete lines in the spectrum,
which would be smeared out by continuous k-point integra-
tion. Again, the effect of using k-point integration instead of
simple grid sampling can be mimicked by spectral broaden-
ing (smearing) of & w—(E,x—E,k+q)]- The convergence of
the spectral broadening has been tested carefully, 15 meV
yields converged results both for bandstructures and life-
times, when the value of the spectral broadening is reduced
from 75 to 15 meV.

After calculating the imaginary part of P by carrying out
the double summation of states |m,k) and |n,k+q), its real
part is simply obtained by a Kramers-Kronig transformation.
All these operations are performed using a grid of 200 fre-
quencies from zero to 100 eV for Cu, and a grid of 150
frequencies from zero to 100 eV for Ag. Negative frequen-
cies need not be considered explicitly since P(-w)=P(w).

Regardless of the above-mentioned issues concerning
band structure summation, broadening etc., the polarizability
must also be expanded in a real-space basis {8} to represent
its spatial properties. Here we employ a second (“auxiliary™)
basis of Gaussian orbitals (“GW basis”). This GW basis set
must contain functions of higher angular momenta than the
LDA basis set.!® We use 65 Gaussian orbitals of s, p, d, s, f,
and g type for Cu atom and 80 Gaussian orbitals of s, p, d,
s*, f, and g type for Ag atom. A suitable choice of decay
constants for these basis functions is given by 0.18, 0.65, and
2.65 in units of aaz for Cu, and 0.18, 0.65, and 3.00 in units
of aaz for Ag, respectively.

After transforming the polarizability into the dynamically
screened Coulomb interaction W, the self-energy operator is
constructed. While its exchange part is quite simple to ob-
tain, the correlation contribution to 2(E) is more difficult. Its
expectation value for a given state is evaluated as

/ i - Wp (- q,0) —vgp (- q)
(KX (B)m'k) = 3 MEk,q) (M, "(k,q)" X 5~ | e T T do
[& B B +
an g 2 E—®—E, xiq+i0"sign(E, x.q— Er)
] L+ me’n(k»q’w)
=3 | oo —— do
q.n 2 E-w- En,k+q +i0 Slgn(En,k+q - EF)

with F containing the screening potential W—v evaluated between states m, m’, and n. Owing to its origin from P(w) (see

above),
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F has a form (again within time-ordered Green-function
theory) of!'®

1 1
me’n(k’q’a)) = E aj(
J

o~ (w;—i0%) T w+ (wj—i0+)) ®)
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(omitting the dependence of a; and w; on m, m’, n, k, and q)
having real amplitudes a; and poles at frequencies *(w;
—i0*) with w; being real and positive. The self energy thus

results as

(k|2 (E)m'k) = 2 X a;

qn j

Consequently, the imaginary part of the self energy is given by

- if |n,k+q) is occupied
E+ ((l)j - lO+) - En,k+q (10)
1
- if |n,k+ is empt
E— (= i0%) - By g @ Py
TSE+ 0~ E, ) if |n,k+q) is occupied (an

Im(mk|3 (E)|m'K) = >, > a; X {

q.n j

which is immediately identified as

Im{(mk|3 (E)|m'k) = >, >, 'Im F,,,,1,,(k.q,
q n

E- En,k+q )s

(12)

with the sum over n restricted to such states |n,k+q) that are
located between E and the Fermi level. On the one hand, this
expression reflects the physical mechanism, i.e., the imagi-
nary part of the self-energy at energy E is related to scatter-
ing events [contained in Im(W) and thus in Im(F)] involving
final states between E and Ep (i.e., both quasielectrons and
quasiholes are inelastically scattered toward the Fermi level).
On the other hand, Eq. (12) provides an efficient way of
calculating the self energy: we first evaluate its imaginary
part (for frequencies E on a real grid), from which the real
part of 3, is obtained via Kramers-Kronig relation afterwards.
Again, the evaluation of the sum in Eq. (12), which includes
or excludes states n according to their energy relative to E
and Ep, is realized by employing spectral broadening of
E, kiq 1.€., if E, i1 q is close to the Fermi level or close to E,
it is included in the sum with fractional weight between 0
and 1, mimicing the dispersion of E, in k+q.

II1. QUASIPARTICLE BAND STRUCTURES

In this section, we discuss the band structures resulting
from the quasiparticle theory outlined above.

A. Copper

Figure 1 displays the band structure of Cu, as obtained
within DFT (dashed curves) and within GWA (solid curves).
In here, 50 Gaussian orbitals are used for representing the
wave functions and 65 Gaussians for the polarizability and
related quantities. Bandstructure energies for Cu at selected
high-symmetry points are given in Table I, as well. For com-
parison, the table also contains data from a different quasi-

T E - wj = En,k+q)

if |n,k+q) is empty

particle calculation’ (employing a plane waves basis) and
from experimental photoemission data.’®

Exchange-correlation contributions to the self-energy aris-
ing from 3s and 3p core levels in copper are shown to be
crucial,’ so we include the whole third atomic shell into the
valence in the pseudopotential generation.

As can be seen from Fig. 1, the calculated d band thresh-
old within DFT amounts to 1.5 to 1.7 eV, respectively, com-
pared to quasiparticle data of 2.0 to 2.5 eV.?” All d states are
shifted to lower energy by 0.5-0.6 eV, leading to an excellent
agreement with the experimental results for the positions of
the d bands, as can be seen from Table I. Our calculated
results deviate from the experiments by less than 0.1 eV
except for the L,, state. This indicates that Cu is very well
described within the GWA. We also compare our calcula-
tions and the calculated data using plane waves reported in
Ref. 9. For the widths of bands, our results employing
Gaussian basis sets are close to the results of Ref. 9. A big
difference between our result and the result of Ref. 9 occurs

Energy(eV)

FIG. 1. Calculated band structure for Cu along high-symmetry
lines, obtained within DFT (dashed lines) and within GWA (solid
lines).
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TABLE I. Calculated bandwidths and band structure energies (in eV) for Cu at high-symmetry points. We
show our DFT and GWA results in comparison. The values of the fifth column are GWA data from Ref. 9
using plane waves. The last column contains experimental data from Ref. 26.

State DFT GWA GWA Expt.
This Work Ref. 9 Ref. 26
Positions of d bands I'p -2.31 -2.82 -2.81 -2.78
X -1.56 -2.09 -2.04 -2.01
L5(2) -1.71 -2.24 -2.24 -2.25
Positions of s/p Iy -9.22 -8.68 -9.24 -8.60
Bands Xy 1.43 2.14
L 4.14 4.73
Ly -1.07 -0.59 -0.57 -0.85
Width of d bands - 0.86 0.63 0.60 0.81
X5-X; 2.9 2.50 2.49 2.79
X5—X; 341 2.86 2.90 3.17
LP-Ly 1.47 1.27 1.26 1.37
Li-L, 3.43 274 2.83 291

at the I'; point. The value of Ref. 9 is smaller than experi-
ment by 0.64 eV, while our quasiparticle energy deviates
from experiment only by 0.08 eV. All these results indicate
that the localized Gaussian basis sets are efficient both for
DFT and GWA calculations, especially for the GWA calcu-
lation of materials with occupied d orbitals or other semicore
states, which require a heavy CPU load with plane waves.
For the case of Cu, we only need 65 Gaussian orbitals for
convergence. We note in passing that for a given state the QP
shift does not simply result from the difference between 2,
and V. alone, but also includes the recalibration of the Fermi
level (which is shifted up by 0.27 eV due to X-V,.).

We also find that the values of the quasiparticle correc-
tions (the differences between DFT energies and quasiparti-
cle energies) change with the different bands and k points,
and at the L point the shifts evenly change sign for different
valence bands, with QP corrections ranging from —-0.53 eV
to +0.52 eV. This indicates that the so-called scissors opera-
tor often used in LDA for semiconductor systems is not suit-
able for noble metals. These results are consistent with the
results of Ref. 9. In short, the GW self-energy corrections
lead to excellent agreement with the experimental data.

B. Ag

Our calculated DFT band structures and the full GWA
band structures for Ag are shown in Fig. 2. Some character-
istic energy differences relating mostly to the occupied bands
are given in Table II. This table also contains results from a
different QP calculation'® and photoemission data® for com-
parison.

Since the atomic structure of Ag is similar to the Cu, we
also include the 4s and 4p states to the valence for Ag in the
pseudopotential generation. Though the semicore states are
included, we find out that partial core correction (PCC) (Ref.
29) cannot be neglected for Ag. The DFT band energies of
Ag are changed by 0.2 eV with the inclusion of partial core

correction. Our DFT band energy at X5 point is —2.68 eV,
and close to the result of —2.70 eV from a full-potential
calculation (within LMTO).® Based on the DFT calculation,
our computed d band threshold at the X5 point is about
—-3.80 eV within GWA, compared to photoemission data of
3.97 eV. Our quasiparticle results are in quite good agree-
ment with the photoemission data.

Like in the case of Cu, the Fermi level observes a value of
36W_v.. of about 1.0 eV, while the top position of the d
bands observes 3%V, =—0.2 eV. In total, this results in a
downward of shift of about 1.2 eV of the top of the d bands,
and leads to excellent agreement with available photoemis-
sion data, as can be seen from Table II. It can be seen from
Fig. 2 that the GW corrections do not act as a rigid shift of
the whole occupied band structure with respect to the unoc-
cupied part. This is similar to the situation in Cu. Note, how-
ever, that the bottom of the sp band (at I') is shifted down-
wards by 0.5 eV for Ag, which is different from the upwards

Energy(eV)

FIG. 2. Calculated band structure for Ag along high-symmetry
lines, obtained within DFT (dashed lines) and within GWA (solid
lines).
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TABLE II. Calculated bandwidths and band structure energies (in eV) for Ag at high-symmetry points.
We show our DFT and GWA results in comparison. The values of the fifth column are GWA data from Ref.
10 using plane waves. The last column contains experimental data from Ref. 28.

State DFT GWA GWA Expt.
This Work Ref. 10 Ref. 28

Positions of d bands Iy -3.73 -4.94 -4.81 -4.95
X5 -2.68 -3.80 -3.72 -3.97

L5(2) -2.90 -4.05 -3.94 -4.15

Width of d bands I'p=-Tos 1.08 0.97 0.94 1.11
X5—X3 3.65 3.54 3.39 3.35

X5—-X, 3.77 3.61 3.51 3.40

X5—X, 0.25 0.35 0.29 0.38

Y-y 1.92 1.89 1.85 1.99

Li—L, 3.52 3.26 3.17 2.94

shift in the case of Cu. For the bandwidths of d bands, our
GWA results are closer to experiments than the DFT results
are.

We also show calculated data using plane waves reported
in Ref. 10 for comparison. In spite of the different methods
of calculation, our calculated results are in good overall
agreement with the results of Ref. 10 except for some minor
differences. For example, our calculated quasiparticle ener-
gies of d bands deviate from photoemission data by only
about 0.1 eV, while the discrepancy is about 0.2 eV in Ref.
10. For the case of Ag, we get converged results using only
80 Gaussian orbitals.

IV. QUASIPARTICLE LIFETIMES

Electron and hole dynamics in the bulk as well as at the
various surfaces of a solid play a key role in a great number
of physical and chemical phenomena.’®3! A path for the
study of both electron and hole dynamics in the time domain
was opened by the development of the time-resolved two-
photon photoemission (TR-TPPE) technique.’?>33 Recently
first-principles calculations of the electron lifetimes in bulk
noble metals have also been published in Refs. 4-8, 18, and
20. However, many problems related to the approximations
employed still remain unresolved. The common problem is
that these calculations are based on the DFT band energies.
Another problem is that the renormalization factors are ne-
glected in many GW calculations such as Ref. 4, 6, and 18.
In fact, the renormalization factor [Z=(1-2")"'] is quite far
from the 1.0 used in the energy shell approximation. We got
an average value of Z=0.66 for Cu, and Z=0.74 for Ag. This
modifies the energy of the excitation, and hence, the lifetime.

A. Cu

In Fig. 3 we compare our calculated lifetimes of electrons
for Cu with the lifetimes of Ref. 7 and experimental data.®
The dashed lines in Fig. 3 are the lifetimes of Ref. 7 obtained
within the so-called Fermi-liquid theory (FLT), the solid line
represents the lifetimes of Ref. 7 calculated with plane

waves, and the diamonds are the experimental data of Ref.
35.

In spite of great differences in the methods of calculation,
very good agreement is observed above 1.4 eV between our
data and the lifetimes based on the plane waves. Compared
to the lifetimes obtained with plane waves, our calculated
lifetimes are closer to the experimental results at about 1.1
eV. Both our calculated electron lifetimes of hot electrons
and the calculated lifetimes with plane waves are slightly
larger than the results obtained within FLT. This is due to the
influence of the d electrons which provide an additional
screening mechanism that is absent in the jellium model.
Below 2 eV the experimental data show a sudden increase.
The origin of the disagreement between the calculated results
and experimental data was discussed in Ref. 7, where it was
explained that the increase is due to the interaction of the
excited electron with its hole in the d bands. As can be seen

80 -
] Exp.

70 \ . This work e -

60
50 4

40

Lifetime(fs)

30
20

10

o+
0 1 2 3 4 5

|E-E |(eV)

FIG. 3. Calculated lifetimes of hot electrons in Cu along high-
symmetry lines (circles) in comparison with experimental data (dia-
monds). (Ref. 35) The solid and dashed lines denote theoretical
results Ref. 7, obtained within GWA and within Fermi-liquid
theory.
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FIG. 4. Calculated lifetimes of d holes in Cu, at high-symmetry
points. For comparison, the electron lifetimes are also presented
(solid circles); open circles represent the hole lifetimes.

from Fig. 1, the threshold of d bands is located about 2 eV
below Fermi level. The electrons at the top of d bands can be
excited by the photon energies widely used in 2PPE experi-
ments, then the excited electrons interact with the holes in d
bands, and hence, the electron lifetimes increase at 2 eV for
Cu. Ref. 34 compute the lifetimes for Cu with full inclusion
of exchange and correlation (XC) effects based on the DFT
band energies calculation. This approximation treats on the
same footing XC effects between pairs of electrons within
the Fermi sea (screening electrons) and between the excited
hot electron and the Fermi sea. Though the inclusion of the
high order terms of self-energy operator, the electron-hole
interactions are still not included. They conclude that the
overall effect of short-range XC is small and GWI line-
widths are close to their XC-free GyW, counterparts. Our
calculation is based on the accurate band energies and in-
cludes the semicore states. So the only one reason for the
discrepancies between theoretical methods and experiments
should be the interactions of the excited electrons with its
holes in the d bands, which are not included in the GW
calculation.

First-principle calculations based on the DFT predict an
upper d-band edge that is located about 1.5 eV below the
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Fermi level, i.e., about 0.5 eV higher than observed by pho-
toemission experiments.?® This indicates that a rigid shift of
the lifetime dependent energy will occur for the hole lifetime
calculations based on the DFT band energies. The direct in-
fluence on the calculated lifetimes based on the DFT band
energies is that the calculated values of d-hole lifetimes can-
not be directly compared with experiment. Our calculation is
based on the accurate band energies (i.e., the d hole lifetimes
at energies below the Fermi level by 2 eV), as shown in Fig.
4. It can also be seen from Fig. 4 that d holes exhibit a longer
lifetimes than sp electrons with the same excitation energy,
in agreement with experiment. As can be seen from Fig. 1,
sp-like bands cross d bands below the fermi level, and a
small overlap occur between sp states and d states. The small
overlap between sp bands and d bands is responsible for the
increase in hole lifetimes at the top of d bands.®

In order to find out the influence of quasiparticle correc-
tions on the hole lifetimes, we compare our calculated d hole
lifetimes with the lifetimes of Refs. 8, 20, and 21 and the
experiment,'® as shown in Table III. In Ref. 8, the linear
muffin-tin orbitals (LMTO) method has been used. Ref. 20
employs full potential linear muffin-tin orbitals (FP LMTO)
method. In the FP LMTO method the crystal space is sepa-
rated into atomic spheres and interstitial region. Contrary to
the LMTO ASA method, all the nonspherical components of
the crystal potential in the interstitial region are taken into
account. Inside the atomic spheres the LDA eigenfunctions
are expanded into a set of muffin-tin orbitals and their energy
derivatives. Inside the interstitial space the LDA eigenfunc-
tions are expanded into a set of plane waves. In Ref. 21 the
pseudopotential method with the plane-wave basis set has
been used. The last column is the experimental data.

For the calculated d hole lifetimes near the Fermi level,
different methods yield different results, as can be seen from
Table III. Our calculated d hole lifetimes at X5 and X, points
within the on energy shell approximation are significantly
larger than the results of experiment. Our method beyond on
energy shell approximation leads to a decease of d hole life-
times at X5 and X, points, but the results are still larger than
the experimental data. In Ref. 21 the calculated d hole life-
times beyond on shell approximation at these points agree
with the experimental data. In Ref. 20 the calculated d hole
lifetimes within the on shell approximation at X5 and X,
points slightly deviate from the experimental results. They

TABLE III. Lifetimes of d holes in Cu (in fs).

ASALMTO FPLMTO FPLMTO PW PW
Symmetry points This work  This work Ref. 8 Ref. 20 Ref. 20 Ref. 21  Ref. 21  Expt.
On shell On shell On shell
Life time of d states X5 73.1 64.4 47.1 33.7 23.6 238 79.4 33x7
X, 69.4 53.9 47.5 30.7 21.2 17.9 88.0 6.5
L3(2) 27.1 239 23.5 21.4 15.0
' 17.7 222 12.6 14.8 9.9 12.7 25.0 5.0
s/ 4.0 6.2 32 6.4 42 6.7 6.8 3.7
Ls(1) 4.1 6.0 3.0 6.4 42
X3 1.0 1.7 0.6 2.3 1.5 2.3 1.1 2.8
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FIG. 5. Calculated lifetimes of hot electrons in Ag at high-
symmetry points, solid circles show our results; solid diamonds
represent experiments; (Ref. 35) solid line and dashed line denote
the results of Ref. 7.

differ from our results and the results of Ref. 21. The reason
for these discrepancies is not clear. Ref. 19 reported that the
calculated lifetimes below 3 eV tend to approach those pre-
dicted by a FEG (free electron gas) model of the solid, the
experiment show a distinct asymptotic behavior at the large
binding energies. They attribute this discrepancy to the fail-
ure of the DFT to reproduce the actual band structure of Cu.
As can be seen from Table III, our calculated lifetime at I"5s/
(about 3.58 eV below Fermi level) is larger than the experi-
mental data. Both our calculated lifetime and the lifetime of
Ref. 8 at X; (about 4.78 eV below the Fermi level) are
smaller than the experimental data, especially, the calculated
lifetime of Ref. 8 deviate from experiment by 2.2 fs. The
LDA eigenvalues have been corrected before entering the
matrix elements of self-energy operator in Ref. 8. As can be
seen from Table I and Fig. 1, the positions of d bands are
close to the experimental results. As can be seen from Table
I, all theoretical lifetimes above I',5, deviate from experi-
mental data. So the quasiparticle corrections to the DFT
bandstructure energies are not essential reasons for the dis-
agreements between theoretical lifetimes and experiments,
and this is consistent with the conclusion of Ref. 20. In order
to accurately describe lifetimes of holes for noble metals,
GW approximation should be improved.

B. Ag

Our calculated electron lifetimes for Ag are given in Fig.
5 (solid circles). We compare our results with the results of
Ref. 7 based on the plane-wave bases sets, FLT results and
experimental data.®

Our calculated lifetimes of electrons in Ag are well agree-
ment with the results from literature. As can be seen from
Fig. 5, our results are closer to the results obtained within
FLT than the theoretical lifetimes with plane waves. As can
be seen from Fig. 2, the d band threshold locates about 3.80
eV below the Fermi level. This indicates that for all excited
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FIG. 6. Calculated lifetimes of d holes in Ag, at high-symmetry
points. Open circles represent the lifetime of holes; solid circles
depict the lifetime of electrons.

electrons below 3.80 eV the relaxation of the hot electrons
cannot excite the electrons in the d bands, and lead to FLT
behavior of Ag. Contrary to the case of Cu, the experimental
data for Ag do not show a sudden increase at small energies,
due to the fact that the d band threshold is about 3.80 eV
below the Fermi level, as shown in Fig. 2, and no d electrons
are excited for the photon energies widely used in 2PPE
experiments. This indicates that the electron lifetimes of Ag
are mainly attributed to the electron-electron interactions.

It can be seen from Fig. 6 that the hole lifetimes are larger
than the electron lifetimes, which is in agreement with
experiments,*® and this is similar to the case of Cu. The band
structure in Fig. 2 presents a small overlap between d and sp
states at the top of d bands (3.8 eV below the Fermi level)
and large overlaps between d bands at deeper energy below
Fermi level. The small overlap yields a dramatic increase of
the hole lifetimes, especially, at the top of d bands. As the d
hole energy decreases, large overlap between d bands yields
a rapid decrease in hole lifetimes.

Unlike to the case of Cu, our calculated d hole lifetimes
within on shell approximation are slightly smaller than the
results beyond on shell approximation (Table IV). At X5
point our calculated lifetime beyond on shell approximation
is about 68 fs, while the experimental®® value is 22 fs. Large
discrepancy appears at X, point. For the states at X;, a good
agreement is observed between our calculated lifetime be-
yond on shell approximation and lifetime measured by ex-

TABLE IV. Lifetimes of d holes for Ag (in fs)

This work This work Expt.
Symmetry points On shell
X5 53.7 68.8 22
X, 65.4 74.2 12
X3 1.6 22
X, 1.6 2.0 2.0
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periment. In spite of the large quasiparticle corrections of the
d bands for Ag (1.2 eV), our calculated hole lifetimes for Ag
still deviate from experiment, and this is similar to the case
of Cu.

It is well-known that the GW approximation well ac-
counts for the long-range screening. The short-range interac-
tions such as electron-hole and hole-hole interactions near
Fermi level may be crucial for the hole lifetimes in the case
of noble metals and electron lifetimes in the case of Cu. With
increasing distance to Fermi level, the long-range interac-
tions dominate the scattering mechanism and thus lead to
well agreement with the experiments.

V. SUMMARY

In conclusion, we have performed the first ab initio cal-
culations of quasiparticle band structures and lifetimes for
noble metals Cu and Ag using efficient Gaussian orbital basis
set. With the use of localized Gaussian orbitals, only less
than 80 Gaussian orbitals both for the LDA basis sets and the
GWA basis sets are needed, instead of thousands of plane
waves. The traditional LDA calculations for Cu and Ag usu-
ally place d bands too close to the Fermi level, especially for
the Ag. The well-known discrepancies between experiments

PHYSICAL REVIEW B 81, 125125 (2010)

and DFT band structures are almost completely corrected by
GW calculations. It turns out that Hedin’s GW approximation
is successful for the description of band structures of noble
metals.

Based on the accurate band structures, the lifetimes of Cu
and Ag have been calculated. Comparing with experimental
data, the quasiparticle corrections do not lead to qualitative
improvements of the quasiparticle lifetimes. It is well-known
that the GW approach well accounts for the long range
screening, while short-range interactions which are more im-
portant for noble metals are not well-described. Therefore, it
is probable that the improvement of the calculated lifetimes
within GW approximation for d materials can be achieved by
inclusion of higher terms of the many-body perturbation, i.e.,
the short-range screening such as electron-hole and hole-hole
interactions should be included when we evaluate the self-
energy operator.
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