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Relaxation dynamics of magic clusters
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Using femtosecond time-resolved two-photon photoemission spectroscopy, relaxation rates of the optically
excited states in Ak, Si,, and Ay clusters are estimated to be 250 fs, 1.2 ps, and about 1 ns, respectively.
These clusters show closed electronic shell structures and large gaps between the highest occupied molecular
orbital and the lowest unoccupied molecular orbital in the ani¢ig;) or neutral(Si, and Au) states. Thus
the different behaviors of these clusters for the relaxation dynamics cannot be rationalized within a relaxation
mechanism dominated by Auger-like electron-electron coupling. We suggest that for these small clusters, the
major decay mechanism might be electron-phonon coupling.
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[. INTRODUCTION primary excitation energy allowing energy distribution into

Developments of femtosecorits) laser techniques have the electronic degrees of freedom by cascades of inelastic
allowed us to study transition states in chemical reactionSCatterings. For “simple”-metal clusters, in which the valence
and relaxation dynamics of optically excited states in mol-E/€ctronic levels consist &/ p-orbitals, in contrast, indica-
ecules and bulk materialstIn particular, the time-resolved 0NS for much slower relaxation rates were found: optically
two-photon photoemissiofTR-2PPB spectroscopy opened €XCited Ag can be decomposed into Aand Au, implying
new insights into the relaxation dynamics of solid surfaces.that th? excited state % éur('a\:ax((ja_s on the time slgale of

When particle size decreases below several nanometep§V¢'@ nagoset;:onalsa. I or 3.’ wpers,fmﬁve pact et mo-f
(nm), unexpected physical and chemical properties appea?|ons can bé observed, aiso Indicative of the existence of a

' . g ‘ery long-living excited staté' For Ag; clusters, the fluores-
Continuous band structures, which are characteristics of bul\(ence phenomena are detected, which can be only observed

metals or large me_tal partlcles_, are change_:d Into th_e_ d's.cre%hen relaxation rates of optically excited states are of the
electronic levels with decreasing cluster size. Modlflcat|onsOrder of n2 The much slower relaxation rates in these

of electronic structures as a function of cluster size can besimple”-metal clusters can be explained by their lower DOS

reflected in the relaxation dynamics of optically excited,yith respect to those of thé-metals, which reduces the in-
states. In general, the relaxation process can be understogfhstic electron-electron scattering rate. Note that DOS of

by competition of transition and screening effeftOn one  §.metal clustergof the occupied and unoccupied statase
hand, when the density of staeOS) of occupied as well as  ahout two orders of magnitude larger than those of the
unoccupied states decreases with decreasing particle size, tgmetal clusters with similar sizé$.For the mass-selected
relaxation of optically excited states by inelastic electron-clusters consisting of less than 10—15 atoms, decreased DOS
electron scattering is hampered or even not allowed. Theraeduces the relaxation rates implying that screening effects
fore the relaxation rates of excited states in nanoclusterplay a minor role in the relaxation dynamics.
should be much longer than those of the respective bulk Among various nanoclusters, the so-called magic clusters
metals. On the other hand, a hole state created by excitaticare of particular interest. Magic clusters are chemically inert
of an electron can be screened by other electrons, hamperirmmd exhibit much higher stabilities with respect to nonmagic
decay of the excited electron. Therefore a lower DOS cartlusters. Magic clusters are not only of fundamental interest
reduce the screening effects, which increases the relaxatidsut also of technological importance, since they are promis-
rate. ing candidates for building blocks of cluster materials, which
To shed light on the relaxation dynamics of nanoclustersare expected to be used in nano-devices. Magic clusters gen-
TR-2PPE studies on mass-selected gas phase clusters havrally have closed electronic shell structutéigh ioniza-
been carried out. For thdemetal clusters such as Pt, Pd, andtion potentials, and large gaps between the highest occupied
Ni clusters consisting of less than seven atoms, the relaxatiomolecular orbitaHOMO) and the lowest unoccupied mo-
rates of the optically excited states were shown to be as fastcular orbitalLUMO). Well-known examples for the magic
as several tens to hundreds of fs, which are comparable tusters are g,2* Auy,2° Al752° AlH,27 Siy,28 and Sh.2°
those of the respective bulk crystafs!® These results can Due to the large HOMO-LUMO gaps, inelastic electron-
be explained by relatively high DOS of unoccupied stateslectron scattering should be forbidden in magic clusters,
within the pump photon energy above the highest occupiegtielding relatively long relaxation rates via electron-phonon
molecular orbital(HOMO) in thesed-metal clusters. Even couplings. In fact, the relaxation rate of an excited state in
though DOS of the nanoclusters are lower than those of th€g, was shown to be longer than a microsecéhtt.
bulk counterparts, the number of electronic states in a nano- In the present work, attempts were made to shed light on
cluster is still sufficiently large to allow fast Auger-like the relaxation dynamics of magic clusters. We measured re-
electron-electron scattering, i.e., the averaged gaps betweéaxation rates of Al,, Aug, and Sj using TR-2PPE spectros-
different electronic levels are much smaller compared to theopy. Al 5 is a magic cluster in the anionic st&fewhereas

0163-1829/2004/7@)/0354215)/$22.50 70035421-1 ©2004 The American Physical Society



Y. D. KIM et al. PHYSICAL REVIEW B 70, 035421(2004)

A|13_ Si4. AUG'
X
L Sa—t
09, . 15
i - X 06 5 4 3 2 1
1 5ev T & A O A Binding Energy (eV)
’ 1.0 V3
A
A B 25 Ws
—.—O—l ©—OC— B 0 =
‘€ 70 fs
FIG. 1. Energy diagrams of the valence electronic structures of ""
Al Siy, and Ay. The labels correspond to the electronic states in %
Figs. 2—-4. -~
g > 200 fs
0
Aug Ref. 32 and Sj Ref. 28 show characteristics of magic § @!"ﬂ W ‘_{Mjﬂ!
clusters as neutrals. It has been demonstrated that an addi- £ 270 f
tional electron in a magic cluster hardly alters the cluster S
geometry and electronic level® Therefore the energy gap
between HOMO and the next occupied electronic level of the sy
anion of a magic cluster is almost identical to the HOMO- 600 fs
LUMO gap of the neutral counterpafffig. 1). Due to these
large gaps as shown in Fig. 1, it is expected that the Auger- mm.u..m
like electron-electron scattering cascade does not take place o2 1
Binding Energy (eV)

in Aug and Sj, as well as Al; after the valence electrons are

optically excited, i.e., analogous to the case of small g 5 A standard UPS spectrutiop trace and TR-2PPE dif-
spmetal clusters mentioned above, very long relaxationg ence spectra of 44 are displayed. For comparison, the TR-2PPE

rates are expected for all the three clusters. However, OWhectrum at 0 fs delay is inserted in the reference spectrum. The
results show that behaviors of these clusters for the relaxgference spectrum was taken using a photon energy of 6.4 eV.

ation dynamics are quite different. For;Ala decay time of

about 260 fs was found, whereas fof; She decay time of ; .
1.2 picosecondsps) was determined. For Ay the excited same procedure has been applied to the adjustment of the

: S .. photon flux of the probe pulse minimizing two-photon pro-
states can live for about 1 ns. The onigin of the d'ss'm”a.rcesses of the probe pulse alone, which can be easily detected

reIaxati_on (_jynqmics of the clusters with analogous eIectronl%y the appearance of electrons at higher kinetic energies. The
properties is discussed. photon flux of both pump and probe pulses have to be read-
justed for different clusters because the cross sections of the
corresponding processes may vary significantly as a function

Au, Al, and Si clusters anions are produced by means of &f cluster size.
pulsed arc cluster ion sour¢PACIS) and mass-selected us-
ing a time-of-flight (ToF) mass spectrometét.A selected Ill. RESULTS AND DISCUSSIONS
bunch of cluster anions is irradiated by two pulses generated
in a femtosecond laser system. The cluster temperature is
estimated to be room temperatdfeThe first pulse(pump Al7;is a magic cluster with an icosahedral geometry, hav-
pulsg has a photon energy of 1.5 eiVed pulse, for Al,, ing 40 valence electrons with a closed shell structure, and a
1.55 e\j and the second pulgprobe pulsga photon energy HOMO-LUMO gap of 1.5 e\28:3435Dye to its high symme-
of 3.05 eV(blue pulse, for Al 3.1 eV). The upper limit of  try, the reference UPS spectrum of Atecorded with 6.4 eV
the instrumental time resolution was estimated be abouphoton energy shows a single peak at 3.8(8\g. 2, upper
150 fs. The pump pulse results in photoexcitation of a certainvindow, trace A. At a temperature of 300 K, a single peak at
fraction of the anions in the bunch and the probe pulse de3.8 eV is expected without additional features at lower bind-
taches electrons from a fraction of the anions in the samég energies, however, in our reference spectrum, an addi-
bunch. The photon flux of both pulses has to be optimized tdional broad tail can be observed between 2.5 and 3.5 eV. We
maximize the number of the species hit by a single photon oéssign this tail to two-photon processes. The energy of the
each pulse and to minimize the number of the species hit bfirst photon is thermalized within the duration of a nanosec-
two or more photons from the same pulse. For the pummnd pulse and the second photon from the same pulse de-
pulse alone, this has been achieved by adjusting the photdaches an electron from this “hot” cluster. The reference UPS
flux gain to less than 10% with respect to photoelectron insspectrum consists of the electron signals from the “cold” and
tensity created by two-photon process of the pump pulsehot” clusters.
This procedure minimizes the “false” two-photon pump elec- For Alj; a narrow peakpeak X in Fig. 3 appears at a
tron signal with respect to the “true” pump-probe signal. Thebinding energy corresponding to the LUMO overlapped with

Il. EXPERIMENTAL DETAILS

A. Relaxation dynamics of Alj,
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the excited state, the decay time of;pls estimated to be
out 260 fs, which is longer than those of Pt and Pd clusters

consisting of less than seven atoms, however, comparable to

that of Ni.16-1° This result is quite surprising considering

that the relaxation rate of Al is expected to be much longer

1t§an those of thel-metal clusters as a consequence of the

FIG. 3. A standard UPS spectrum and TR-2PPE spectra of Si
are displayed. The reference spectrum was taken using a phot
energy of 4.66 eV. For comparison, the TR-2PPE spectrum at O f:
delay is inserted in the reference spectrum.

a broad background signal in the energy range between
and 3 eV for a pump-probe delay below 600 fs. The peak
in the pump/probe signal corresponds to a standard pum
probe event, in which the pump puls@hoton energy
=1.55 eV} excites one electron from the HOMO to the
LUMO, and a probe pulsgphoton energy=3.1 eMletaches
the excited electron. The broad background signal is pro- Si, has a rhombus structure with a HOMO-LUMO gap of
duced by a two-photon event of the probe pulB&. 2). about 1 e\28 The vertical detachment energyDE) of Si,
Similar background features are observed even when this 2.2 eV3¢ For Sj, the reference UPS spectrum shows a
pump-pulse is switched-off, giving rise to an electron signaldistinct peak at about 2.1 eV, followed by a broader peak at
(not shown extending up to a maximum kinetic energy of about 3.1 eV(Fig. 2). The binding energy difference be-
2.4 eV (binding energy=0.6 e) It is noteworthy that only tween peak A and B corresponds to the HOMO-LUMO gap
broad features appear up to the binding energy of 0.6 eV asaf neutral Sj. Two broad features appear at the binding en-
result of the two-photon process of the probe pulse withouergy range below 2 eV upon excitation by a pump pulse
any distinct peaks. This could be rationalized by the electron¢X,Y in Fig. 3), which gradually disappear with increasing
phonon scattering process if it is sufficiently fast to allowtime interval between the pump and probe pulses. Fgr Si
thermalization of the energy of the first photon within the the TR-2PPE results show a decay time of 1.2 ps, which is
duration of a probe pulse. Assuming an exponential decay ofonsiderably longer than that of Al but still quite fast com-

rge HOMO-LUMO gap of A]; which does not allow the
elastic electron-electron scattering, and results in the relax-
tion predominantly via the electron-phonon coupling.

B. Relaxation dynamics of Sj
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pared to those of the smatlpmetal clusters mentioned in emission of an electron outside the vacuum level. Note that
the Introduction. Again, due to the large gap between théhe relaxation of an electron from the upper leg&lor Y)
HOMO and the next occupied orbital, the inelastic electroninto the lower level(B) can produce an excess energy of
electron coupling should be forbidden in & ®luster, and 1.5 €V or less, which is not sufficient to bring an electron in
therefore a rather long relaxation rate in the order of ns isY or A above the vacuum level. If this kind of two-electron
expected. However, our results are in contrast to this expecdUger process takes place, additional features should be cre-
tation. ated at lower binding energies of the pump/probe spectra, as
the intensity of the peak Y is reduced. However, indications
for this kind of two-electron Auger-process were not ob-
C. Relaxation dynamics of A served in Fig. 2. That the peak Y and X appear and disappear
almost simultaneously with increasing pump/probe time in-
Aug as well as its anionic counterpart show planar strucferval are not consistent with this two-electron Auger pro-
tures and the HOMO-LUMO gap of Auamounts to about C€SS. Consequently, electron-electron coupling cannot be the
2.5 eV3237 which is the largest among all-known coinage dominant relaxation mechanlsm for these three clu'sters.
metal clusters. TR-2PPE spectra ofgfare illustrated in Fig. In general, relaxation via electron-phonon coupling takes

4. The set of the spectra corresponds to the red/blue excitQ—:acf mu::h tslower ttco_mpa;zeoll tot_ thots_e of the |rt1flast|c
tion, i.e. Ay clusters are first excited by the 1.5 eV photon,e ectron-electron scatlering. Relaxation imes amount to sev-

and then probed using the 3.05 eV photon. A narrow singleeral hundreds of ps to several ns Wh.en the conversion of th?
xcess energy into the nuclear motions becomes the domi-

peak appears at the binding energy of 0.8 eV, which is stil ant relaxation mechanism in molecules or clusters. In con-

present for the time interval of several hundreds of PICOSeCsAct to this generally accepted view, our results from three

onds between the pump and probe pulses. Assuming an €x;,qic clusters imply that for small nanoclusters the electron-
ponential decay of the optically excited states ingAwe  phonon coupling constant can vary from several hundreds of
estlmatc_a the lifetimes of the MO different excited states obfemtoseconds to one nanosecond depending on the cluster
served in the red/blue experiment to be 1.2 ns. These re'%‘omposition and geometrgFigs. 2—4. It is important to
tively long relaxation rates of the excited states can be exmention that in our recent experiments for the relaxation
plained by a large gap between the HOMO and the nexélynamics of Al clusters consisting of 6—15 atoms, we could
occupied orbital in Ag (2.5 eV), which should forbid the not find any correlation between relaxation rates and valence
electron-electron coupling and only allows relaxation of theelectron structures of the Al clusters, also implying that the
excited state via the conversion of the excess energy of theelaxation of these clusters are governed by the electron-
electron into the nuclear motions of the clustetectron-  phonon coupling® Moreover, as mentioned above, an indi-
phonon coupling cation for the fast electron-phonon scattering was observed
as a broad background signal in the TR-2PPE spectra gf Al
in Fig. 2. Other mechanisms such as relaxation via the col-
D. Comparison of the relaxation dynamics of three magic lective excitation of electrons can be also considered, how-
clusters ever, the plasmon energy of Al lies at above 10%Which
is too high to rationalize the electron-plasmon coupling. Fur-
We have shown that A}, Si;, and A behave differently ~ther theoretical studies can shed light on the relaxation
in the relaxation dynamics. As mentioned in the Introductionmechanisms of the clusters.
in the case of metal bulk crystals adenetal clusters, num-
bers of unoccupied electronic levels within the optical exci-
tation energy(pump energyabove the HOMO of the ground IV. CONCLUSION
state are sufficiently large. Thus the excess energy of the
electron excited by the pump photon can experience fast dis- In summary, relaxation rates of the optically excited states
sipation via inelastic electron-electron scatterings, yieldingn Aljs, Si;, and Ay clusters were determined to be 260 fs,
relaxation times of the order of tens to hundreds of fs. Forl.2 ps, and about 1 ns, respectively. Since the electron-
those clusters studied in the present work, in contrast, thiglectron coupling should be forbidden in a magic cluster or
Auger-like inelastic electron-electron scattering is forbiddenits anionic counterpart, relatively fast relaxation dynamics of
since there is no unoccupied electronic levels above théli; and Sj cannot be rationalized within a simple scheme,
HOMO (for Al7,) or the orbitals next to the HOMQFor Sj;,  in which the inelastic electron-electron scattering is the
Aug) within the pump photon energy and therefore, the dedominant relaxation mechanism. One possible explanation
cay time should be limited by the electron-phonon couplingfor our results is that the electron-phonon scattering is the
In the case of Si one may argue that an electron in the major relaxation mechanism.
electronic level next to the HOMQlevel B in Fig. 2 is
excited by the pump pulse, yielding the peak Y in the pump/
probe signal. Then, two electrons occupy the upper stétes ACKNOWLEDGMENT
and Y in Fig. 3, and a hole is created in the lower state,
which can lead to two-electron Auger processes. However, We aknowledge DFG(Deutsche Forschungsgemein-
this kind of Auger process in Bicannot result in the schafy for the financial support.
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