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Transient excitonic states in noble metals and Al
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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 technologypehind our model is that the first pulse in a TR-2PPE
it has become possible to measure ultrafast relaxation praexperiment—the so-called pump pulse—creates an electron-
cesses of excited electrons in metalWhereas in most hole pair. Inmediately after its creation the electron and the
cases the experimentally observed states can be identified psotohole interact via an unscreened Coulomb interaction.
single-particle band states there are other cases where tii@e interaction is unscreened because the system of the va-
experimental results cannot be explained on the basis of lance electrons needs a finite time to react to the existence of
single-particle band structure. Most prominent are the meathe photohole e(t=0)=1]. So if the hole is sufficiently
surements of the lifetime of excited electrons using timeqocalized—as are, e.g., holes in tidebands of the noble
resolved two-photon photoemissiFR-2PPH spectroscopy  metals—the potential will lead to bound states when plugged
performed on single crystals of QiRefs. 1,2,4 and AU_? into the Schrdinger equation. We will show later in this
They show data for states in ti#00 and(111) directionin  yoner why localization is important. In the case of extreme
an energy range between 1 and 4 eV. We are not aware ¢f;|ization, a point charge, the eigenvalues will form a Ry-

any such data for Ag. These two directions are of speci berg series as in a hydrogen atom. With progressing time

Ir?cgctar\e,ehsctvfllgicr? }2? zzrit?ges’[sr?aigjsr?r? {ﬁ;gg tdhii((a:t:’;t;,lefor?ffﬁli %e initially bare potential becomes more and more screened
gie-p y the valence electrons until at large times the total

rgy range under consideratiéh—4 e\).® There i n : . . )
ergy range under consideratigh-4 eV) ere is a second potential—bare potential plus screening potential—reaches

observation; Ogawat al* also measured the lifetime of ex- it totic sh Wh the b tential tvoicall
cited electrons in the Q@10 direction. Since this direction ItS asymptolic shape. ereas he bare potential typically

shows a single-electron band the lifetime of electrons in thi'@S bound states this is in metals no longer the case for the
band has been calculated using a state-of-theartnitio total potentla! at large tllmes. Considering again the simple
many-body calculation within theSW approximation. A €ase of a point charge in a homogeneous electron gas, the
comparison between the theoretical and experimental dafQtal potential will be the Thomas-Fermi potentia]o(t
reveals good agreement for band energies above 2 eV butit®) =vre=(€/r) explkrer}, where kre is the Thomas-
shows a huge discrepancy for energies below Z%A{hke Fermi wave vecto+.3 For the electronic densities which oc-
results have been found by similar calculatiSrihis shows  cur in nature—described by a Wigner-Seitz radius &fr2
that theGW approximation does not contain enough physics<5—uv ¢ has no bound states. This is the reason why there
to explain the lifetime of hot electrons in Cu. This is note- are no excitons in metals on a long time scale, i.e., under
worthy because calculations utilizing t&W approximation  stationary conditions. In semiconductors and insulators, on
typically lead to very good agreement with experimentalthe other hand, the resulting total potential fesc will be
data, a fact that laid the foundation for its big succds$. a Coulomb potential screened by thieequency indepen-
was speculated that the observed states are caused by dend dielectric constante, vy (t—o)=v.=e?/(er). For
attractive interaction between the photoelectron and its localyypical values ofe in semiconductors this potential leads to
ized hole in thed bands! In a recent papét we presented a bound states which are observed in experiments as excitons.
model which substantiated this idea. This discussion makes clear that even in metals excitonic
The basic principle on which our model is based on is thestates are possible. However, they can only occur on a very
fact that screening in an electronic system is a dynamic proshort time scale. We therefore call them transient excitonic
cess and that it therefore always takes an electronic systemsgates. But this short time scale is precisely what is probed in
short but finite time to react to any perturbation. This iSTR-2PPE spectroscopy using ultrashort laser pulses. There-
reflected by the frequency dependence of the dielectrifore it was not before the advent of lasers with the necessary
functiont? e(r,r';w) or by the time dependence of its Fou- very short pulses that transient excitonic states in metals
rier transforme(r,r’;t), respectively. The basic assumption could have been detected. Note that the process described
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above is very general. Consequently, transient excitons car Cu Ag Au
be expected in a variety of metals.

In this paper we will briefly review the model introduced
in Ref. 11 and we discuss the differences and the commor
features of the three noble metals and Al as an example of ¢
nearly free electrofNFE) metal with respect to the transient
excitonic states.

Let us start by summarizing the model presented in Ref.
11. Our starting point is a localized hole in thé bands of
the) valence bande"(r). The hole is taken as the negative of
the electronic charge distribution of a localized electron. Us-
ing Poisson’s equatiom"(r) can be related to a potential
which we treat as an external potential switched ot=al,
the time when the electron-hole pair is created. The dominat-

ing spherical part is given B
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FIG. 1. Comparison of transient excitonic statd®rizontal
barg in Cu, Ag, and Au calculated for the-I" panel of the band
structurg] (100 direction]. Due to their rather similar band structure
the three noble metals reveal comparable transient excitonic states.
The main difference in the band structures is the energetic position
] ) of thed bands. They are 1-2 eV deeper in Ag than they are in Cu
Herer .. denotes the larger afandr’, respectively®(t) is  or Au. This is the reason why transient excitonic states have not yet
the usual step function and"(r) is the spherical part of peen detected with the pump photon energies typically used in the
n"(r). We now ask how the valence electrons react to thexperiments. The bands which are denoted by thick solid lines were
perturbation set up by.(r,t) and answer this question used in the calculation as initial and final states of the optical tran-
within linear response theory, i.e., we calculate the inducedition [see the discussion following E)].

density

vext(r,t)=47-reJ':dr’r’2inh(r’)@(t). )

r-

via Eq. (3) for fixed timest. The resulting lowest eigenvalue

is plotted with respect to the final band energy. This leads to

the energy levels denoted as horizontal bars in Fig. 1.
Figure 1 shows the transient excitonic states for Cu, Ag,

and Au in thel'-L direction plotted into the band structure of

the respective elements. The potentials which were used

nmd(r,t):f d3r’ficdt’x(r,r’;t—t’)vext(r’,t’), 2

where x(r,r’;t—t") is the (retarded density-response func-
tion. It is calculated in Fourier space from the polarizability

P by solving the usual matrix equatidh!* P is calculated . o )
) -, 114 when solving the Schdinger equation correspond to
using the familiar expressiot:** In order to evaluat® we .
=0.01 fs. Since the band structure of these three elements

use 2% points in the irreducible wedge of the Brillouin zone are rather similar one can expect that the positions of the

and 200 bands, i.e., we consider transitions up to approxi- : - ) .
. : transient excitonic states will fall in a comparable energy
mately 300 eV above the Fermi energy. This means that eve . o . .
2 - region. This is exactly what is shown by Fig. 1. All of the
for large wave vectors the polarizability is converged with . o
. three elements reveal comparable transient excitonic states.
respect to the number of bands considered. To solve the m

. . . . Fhis is the desired result for Cu and for Au, where the cal-
trix equation for the density-response function we use two . " ; o .
culated energetic positions are in the region in which the

complete shells of reciprocal lattice vectors. Once the in-ex eriments detected these states. For Ag. however. experi-
duced density has been obtained it can be related to an in- P ' 9 &P

duced potentiab,(r.t) via Poisson’s equation. The time- ments have not yet found states in thel direction, con-
P ind\* %) 21T S €q ' trary to the results of our calculations. The resolution of this
dependent total potential is finally given as

seeming contradiction is quite simple. Tdands in Ag are

_ , about 1 to 2 eV deeper than tdeébands in Cu and Au. With
Vol 121 =V e 1)+ Uine(F.1). ® the pump photon energies used in the experiments these
Now optical excitations are vertical transitions from an ini- states can just not be detected. Using photons with higher
tial to a final state. In the case of excitonic excitations theenergy these states should be seen.
energy level of the final states is shifted downwards because The situation shown in Fig. 1 is just a snapshot at a given
of the mutual interaction between the electron and the holdgime. Due to the dynamic character of the total potential the
According to this process we evaluate the energies of theorresponding eigenvalues are functions of time. Especially,

transient excitonic states for given, fixed timeas follows.
For a given wave vector, say, in the directibrL, the effec-

tive mass is calculated for the initial and the final band. For

the noble metals we used one of the fthbands as initial
state and the lowest lyingp-like band above the Fermi en-
ergy as final bandthe thick solid lines in Fig. 1 From the

they are oscillating becausg, is a damped oscillating func-
tion with respect ta.!

Another element where transient excitonic states also
have not been detected is Al. The measured lifetimes of ex-
cited electrons in Al can be explained as the lifetime of
single-particle states in th&/-L, W-X, andW-K directions,

effective masses of these two bands we obtain the reducadspectively. These states can easily be reached by vertical

mass u which is used in the Schdinger equation. The

transitions with the photon energies used in the experiments.

Schralinger equation is solved for the potentials calculatedThe calculated lifetimes of these states within (B& ap-
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Note that our calculations only give a rough estimate for
the time during which the electron has to be trapped, i.e., the
time during which the excitonic state has to be formed. Once
the exciton has been formed the physical situation is differ-
ent. This has to be considered in a calculation of the lifetime
of these states.

To summarize, we applied our model for transient exci-
tonic states to the noble metals Ag and Au. We showed that
in both elements transient excitonic states do exist. The rea-
son why they have been detected so far in Au but not in Ag
is only due to the different excitation energies needed to
excite the transient excitons in the two elements. We predict
that transient excitonic states in Ag do exist and that they
will be detected once higher energies for the pump photons

r [atomic units] will be used. We also discussed the case of Al as a prototype
for a delocalized electron system and showed why these kind

FIG. 2. The external potentials due to a hole in @ualid line)  of systems cannot build up transient excitonic states. These
and Al (dot-dashed ling respectively. The double-dotted-dashed calculations give further evidence that our model is consis-
line denotes the Coulomb potential. Due to the delocalized charagent and valid and they therefore also show once more that

ter of the electrons in Al the potential is very shallow and doestransient excitonic states in metals do exist and are detected
therefore not lead to bound states. The potential in the case of Cu jg experiments using TR-2PPE spectroscopy.

much deeper. Even during the build up of the screening it leads t0  gjnce the existence of transient excitonic states is now

bound states. The dotted and dashed line show the external Potedvident the natural next step is necessary, namely, the calcu-
tials of Ag and Au, respectively. lation of the lifetime of electrons trapped in transient exci-

) ) ) ) ) tonic states by solving the full Bethe-Salpeter equation using
proximation agree well with the experimental data. Since OUfhe fy|| time-dependent interaction, i.e., going beyond the
model is based on the assumption of a localized hole it iiatic approximation done so far. The determination of the
quite obvious that Al—which in many respects can be treatediatime is beyond the scope of our simple model. This is a
as a nearly free electron metal—should not build up transienty midable task and work in this direction is under way.
excitonic states. Thi.s conspicuou; though qualitative arg“Solving the Bethe-Salpeter equation will also give more ex-
ment can be quantified by comparing the external potential§ct numbers for the energetic position of these states and the

of a localized hole in a Cul band and hole in the valence {ine during which electrons can be captured in these states.
bands of Al, respectively. Figure 2 shows the two potentials.

Whereas the potential in Cu is rather deep the potential in Al

is very shallow. This is a consequence of the delocalized G. Ertl is gratefully acknowledged for his interest and

character of the electrons or holes in Al. Because of thegenerous support. We thank R. Keyling for enlightening dis-
flatness not even the external potential in Al leads to boundussions. This work is supported by the Deutsche Fors-
states not to talk of the screened potential. chungsgemeinschaft through SFB 450.

Vol [eV]

1s. Ogawa, H. Nagano, and H. Petek, Phys. Ret5810 869 "W.-D. Schme, R. Keyling, M. Bandicand W. Ekardt, Phys. Rev.

(1997. B 60, 8616(1999.

2E. Knoesel, A. Hotzel, and M. Wolf, Phys. Rev. &, 12 812 8R. Keyling, W.-D. Schae, and W. Ekardt, Phys. Rev.®, 1670
(1998. (2000.

3M. Bauer, S. Pawlik, and M. Aeschlimann, Proc. SBE2 201 9. Campillo, J.M. Pitarke, A. Rubio, E. Zarate, and P.M. Ech-
(1998. enique, Phys. Rev. Let83, 2230(1999.

4J. Cao, Y. Gao, R.J.D. Miller, H.E. Elsayed-Ali, and D.A. Man- °F. Aryasetiawan and O. Gunnarsson, Rep. Prog. Péys237
tell, Phys. Rev. B56, 1099(1997). (1998.

5J. Cao, Y. Gao, H.E. Elsayed-Ali, R.J.D. Miller, and D.A. Man- 'W.-D. Schme and W. Ekardt, Phys. Rev. &, 13 464(2000.
tell, Phys. Rev. B68, 10 948(1998. 2Here we neglect the tensor properties of the dielectric function.

6zahlenwerte und Funktionen aus Naturwissenschaften und TecH®G. D. MahanMany-Particle Physicg$Plenum, New York, 1990
nik, Landolt-Banstein, New Series, Group I, Vol. 17, Pt. a *A.G. Eguiluz, A. Fleszar, and J.A. Gaspar, Nucl. Instrum. Meth-
(Springer, New York, 1982 ods Phys. Res. B6, 550(1995.

113112-3



