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Transient excitonic states in noble metals and Al

Wolf-Dieter Scho¨ne and Walter Ekardt
Fritz-Haber-Institut der Max-Planck-Gesellschaft, Faradayweg 4-6, D-14195 Berlin, Germany

~Received 25 July 2001; revised manuscript received 4 December 2001; published 8 March 2002!

Bound states between electrons and holes, so-called excitons, are an ubiquitous feature in the spectra of
excited states of molecules, clusters, and in a variety of solids such as semiconductors or ionic solids. It is
common wisdom that excitons do not exist in metals because the attractive, long-range particle-hole interaction
which is needed for the formation of an exciton does not exist in metals due to almost complete screening. We
showed in a previous publication that excitons in metals can exist as transient states right after the creation of
the electron-hole pair which explained in a natural way the up to then not understood transitions seen in Cu in
the experimental spectra of time-resolved two-photon photoemission spectroscopy. In this paper we report
about transient excitonic states in Ag and Au. We explain why these states have not yet been detected in Ag but
we predict their existence. We show furthermore why transient excitonic states cannot be built up in Al.
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With the advent of modern femtosecond laser technol
it has become possible to measure ultrafast relaxation
cesses of excited electrons in metals.1–3 Whereas in most
cases the experimentally observed states can be identifie
single-particle band states there are other cases where
experimental results cannot be explained on the basis
single-particle band structure. Most prominent are the m
surements of the lifetime of excited electrons using tim
resolved two-photon photoemission~TR-2PPE! spectroscopy
performed on single crystals of Cu~Refs. 1,2,4! and Au.5

They show data for states in the~100! and~111! direction in
an energy range between 1 and 4 eV. We are not awar
any such data for Ag. These two directions are of spe
interest since the band structures for all three noble metal
not show single-particle states in these directions for the
ergy range under consideration~1–4 eV!.6 There is a second
observation; Ogawaet al.1 also measured the lifetime of ex
cited electrons in the Cu~110! direction. Since this direction
shows a single-electron band the lifetime of electrons in
band has been calculated using a state-of-the-artab initio
many-body calculation within theGW approximation. A
comparison between the theoretical and experimental
reveals good agreement for band energies above 2 eV b
shows a huge discrepancy for energies below 2 eV.7,8 Alike
results have been found by similar calculations.9 This shows
that theGW approximation does not contain enough phys
to explain the lifetime of hot electrons in Cu. This is not
worthy because calculations utilizing theGW approximation
typically lead to very good agreement with experimen
data, a fact that laid the foundation for its big success.10 It
was speculated that the observed states are caused b
attractive interaction between the photoelectron and its lo
ized hole in thed bands.4 In a recent paper11 we presented a
model which substantiated this idea.

The basic principle on which our model is based on is
fact that screening in an electronic system is a dynamic p
cess and that it therefore always takes an electronic syst
short but finite time to react to any perturbation. This
reflected by the frequency dependence of the dielec
function12 e(r ,r 8;v) or by the time dependence of its Fo
rier transforme(r ,r 8;t), respectively. The basic assumptio
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behind our model is that the first pulse in a TR-2PP
experiment—the so-called pump pulse—creates an elect
hole pair. Immediately after its creation the electron and
photohole interact via an unscreened Coulomb interact
The interaction is unscreened because the system of the
lence electrons needs a finite time to react to the existenc
the photohole@e(t50)51#. So if the hole is sufficiently
localized—as are, e.g., holes in thed bands of the noble
metals—the potential will lead to bound states when plugg
into the Schro¨dinger equation. We will show later in thi
paper why localization is important. In the case of extre
localization, a point charge, the eigenvalues will form a R
dberg series as in a hydrogen atom. With progressing t
the initially bare potential becomes more and more scree
by the valence electrons until at large times the to
potential—bare potential plus screening potential—reac
its asymptotic shape. Whereas the bare potential typic
has bound states this is in metals no longer the case for
total potential at large times. Considering again the sim
case of a point charge in a homogeneous electron gas
total potential will be the Thomas-Fermi potentialv tot(t
→`)5vTF5(e2/r ) exp$kTFr %, where kTF is the Thomas-
Fermi wave vector.13 For the electronic densities which oc
cur in nature—described by a Wigner-Seitz radius of 2<r s

<5—vTF has no bound states. This is the reason why th
are no excitons in metals on a long time scale, i.e., un
stationary conditions. In semiconductors and insulators,
the other hand, the resulting total potential fort→` will be
a Coulomb potential screened by the~frequency indepen-
dent! dielectric constante, v tot(t→`)5vc5e2/(er ). For
typical values ofe in semiconductors this potential leads
bound states which are observed in experiments as excit

This discussion makes clear that even in metals excito
states are possible. However, they can only occur on a v
short time scale. We therefore call them transient excito
states. But this short time scale is precisely what is probe
TR-2PPE spectroscopy using ultrashort laser pulses. Th
fore it was not before the advent of lasers with the necess
very short pulses that transient excitonic states in me
could have been detected. Note that the process desc
©2002 The American Physical Society12-1
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above is very general. Consequently, transient excitons
be expected in a variety of metals.

In this paper we will briefly review the model introduce
in Ref. 11 and we discuss the differences and the comm
features of the three noble metals and Al as an example
nearly free electron~NFE! metal with respect to the transien
excitonic states.

Let us start by summarizing the model presented in R
11. Our starting point is a localized hole in the (d bands of
the! valence bandsnh(r ). The hole is taken as the negative
the electronic charge distribution of a localized electron. U
ing Poisson’s equation,nh(r ) can be related to a potentia
which we treat as an external potential switched on att50,
the time when the electron-hole pair is created. The domi
ing spherical part is given by11

vext~r ,t !54peE
0

`

dr8r 82
1

r .
nh~r 8!Q~ t !. ~1!

Herer . denotes the larger ofr andr 8, respectively.Q(t) is
the usual step function andnh(r ) is the spherical part o
nh(r ). We now ask how the valence electrons react to
perturbation set up byvext(r ,t) and answer this questio
within linear response theory, i.e., we calculate the indu
density

nind~r ,t !5E d3r 8E
2`

`

dt8x~r ,r 8;t2t8!vext~r 8,t8!, ~2!

wherex(r ,r 8;t2t8) is the ~retarded! density-response func
tion. It is calculated in Fourier space from the polarizabil
P by solving the usual matrix equation.11,14 P is calculated
using the familiar expression.11,14 In order to evaluateP we
use 29k points in the irreducible wedge of the Brillouin zon
and 200 bands, i.e., we consider transitions up to appr
mately 300 eV above the Fermi energy. This means that e
for large wave vectors the polarizability is converged w
respect to the number of bands considered. To solve the
trix equation for the density-response function we use t
complete shells of reciprocal lattice vectors. Once the
duced density has been obtained it can be related to an
duced potentialv ind(r ,t) via Poisson’s equation. The time
dependent total potential is finally given as

v tot~r ,t !5vext~r ,t !1v ind~r ,t !. ~3!

Now optical excitations are vertical transitions from an in
tial to a final state. In the case of excitonic excitations
energy level of the final states is shifted downwards beca
of the mutual interaction between the electron and the h
According to this process we evaluate the energies of
transient excitonic states for given, fixed timest as follows.
For a given wave vector, say, in the directionG-L, the effec-
tive mass is calculated for the initial and the final band. F
the noble metals we used one of the flatd bands as initial
state and the lowest lyingsp-like band above the Fermi en
ergy as final band~the thick solid lines in Fig. 1!. From the
effective masses of these two bands we obtain the redu
mass m which is used in the Schro¨dinger equation. The
Schrödinger equation is solved for the potentials calcula
11311
an

n
f a

f.

-

t-

e

d

i-
en

a-
o
-
in-

e
se
e.
e

r

ed

d

via Eq. ~3! for fixed timest. The resulting lowest eigenvalu
is plotted with respect to the final band energy. This leads
the energy levels denoted as horizontal bars in Fig. 1.

Figure 1 shows the transient excitonic states for Cu, A
and Au in theG-L direction plotted into the band structure o
the respective elements. The potentials which were u
when solving the Schro¨dinger equation correspond tot
50.01 fs. Since the band structure of these three elem
are rather similar one can expect that the positions of
transient excitonic states will fall in a comparable ener
region. This is exactly what is shown by Fig. 1. All of th
three elements reveal comparable transient excitonic sta
This is the desired result for Cu and for Au, where the c
culated energetic positions are in the region in which
experiments detected these states. For Ag, however, ex
ments have not yet found states in theG-L direction, con-
trary to the results of our calculations. The resolution of t
seeming contradiction is quite simple. Thed bands in Ag are
about 1 to 2 eV deeper than thed bands in Cu and Au. With
the pump photon energies used in the experiments th
states can just not be detected. Using photons with hig
energy these states should be seen.

The situation shown in Fig. 1 is just a snapshot at a giv
time. Due to the dynamic character of the total potential
corresponding eigenvalues are functions of time. Especia
they are oscillating becausev tot is a damped oscillating func
tion with respect tot.11

Another element where transient excitonic states a
have not been detected is Al. The measured lifetimes of
cited electrons in Al can be explained as the lifetime
single-particle states in theW-L, W-X, andW-K directions,
respectively.7 These states can easily be reached by vert
transitions with the photon energies used in the experime
The calculated lifetimes of these states within theGW ap-

FIG. 1. Comparison of transient excitonic states~horizontal
bars! in Cu, Ag, and Au calculated for theL-G panel of the band
structure@~100! direction#. Due to their rather similar band structur
the three noble metals reveal comparable transient excitonic st
The main difference in the band structures is the energetic pos
of the d bands. They are 1–2 eV deeper in Ag than they are in
or Au. This is the reason why transient excitonic states have not
been detected with the pump photon energies typically used in
experiments. The bands which are denoted by thick solid lines w
used in the calculation as initial and final states of the optical tr
sition @see the discussion following Eq.~3!#.
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proximation agree well with the experimental data. Since
model is based on the assumption of a localized hole i
quite obvious that Al—which in many respects can be trea
as a nearly free electron metal—should not build up trans
excitonic states. This conspicuous though qualitative ar
ment can be quantified by comparing the external poten
of a localized hole in a Cud band and hole in the valenc
bands of Al, respectively. Figure 2 shows the two potentia
Whereas the potential in Cu is rather deep the potential in
is very shallow. This is a consequence of the delocali
character of the electrons or holes in Al. Because of
flatness not even the external potential in Al leads to bo
states not to talk of the screened potential.

FIG. 2. The external potentials due to a hole in Cu~solid line!
and Al ~dot-dashed line!, respectively. The double-dotted-dash
line denotes the Coulomb potential. Due to the delocalized cha
ter of the electrons in Al the potential is very shallow and do
therefore not lead to bound states. The potential in the case of C
much deeper. Even during the build up of the screening it lead
bound states. The dotted and dashed line show the external p
tials of Ag and Au, respectively.
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Note that our calculations only give a rough estimate
the time during which the electron has to be trapped, i.e.,
time during which the excitonic state has to be formed. On
the exciton has been formed the physical situation is diff
ent. This has to be considered in a calculation of the lifeti
of these states.

To summarize, we applied our model for transient ex
tonic states to the noble metals Ag and Au. We showed
in both elements transient excitonic states do exist. The
son why they have been detected so far in Au but not in
is only due to the different excitation energies needed
excite the transient excitons in the two elements. We pre
that transient excitonic states in Ag do exist and that th
will be detected once higher energies for the pump phot
will be used. We also discussed the case of Al as a protot
for a delocalized electron system and showed why these
of systems cannot build up transient excitonic states. Th
calculations give further evidence that our model is cons
tent and valid and they therefore also show once more
transient excitonic states in metals do exist and are dete
in experiments using TR-2PPE spectroscopy.

Since the existence of transient excitonic states is n
evident the natural next step is necessary, namely, the ca
lation of the lifetime of electrons trapped in transient ex
tonic states by solving the full Bethe-Salpeter equation us
the full time-dependent interaction, i.e., going beyond
static approximation done so far. The determination of
lifetime is beyond the scope of our simple model. This is
formidable task and work in this direction is under wa
Solving the Bethe-Salpeter equation will also give more
act numbers for the energetic position of these states and
time during which electrons can be captured in these sta
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