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Direct observation of electron dynamics in the

attosecond domain

A, Fihlisch', P. Feulner?, F. Hennies', A. Fink’, D. Menzel’, D, Sanchez-Partal’, P, M. Ecl’leni»:]l.w1 & W, Wurth'

Diynamical processes are commonly investigated uwsing laser
pump—probe experiments, with a pump pulse exciting the system
of interest and a second probe pulse tracking its temporal
evolution as a function of the delay between the pulses™™, Because
the time resolution attainable in such experiments depends on the:
temporal definition of the laser pulses, pulse compression to
200 attoseconds (1as = 107"} is a promising recent develop-
ment. These ultrafast pulses have been fully characterized”, and
used to directly measure light waves® and electronic relaxation in
free atoms™. But attosecond pulses can only be realized in the
extreme ultraviolet and X-ray regime; in contrast, the optical laser
pulses typically used for experiments on complex systems last
several femtoseconds (1fs = 107" 8)">% Here we monitar the
dynamics of ulirafast electron transfer—a process important in
photo- and electrochemistry and used in salid-state salar cells,
malecular electronics and single-clectron devices—on attosecond
timescales using core-hole spectroscopy. We push the method,
which uses the lifetime of a core electron hole as an internal
reference dock for following dynamic processes™'%, into the
attosecond regime by focusing on short-lived holes with initial
and final states in the same electronic shell. This allows us to show
that electron transfer from an adsorbed sulphur atom to a
ruthenium surface proceeds in about 320 as,
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‘When studying electran tr.'lnd'rrprr:-:em in commiplex systems, it is
of equal importance to address the terporal evolution of the electron
wave packet and the question of which atomic centre an electron is
localized at hefore charge transfer to the substrate occurs. This atom
specific informmation cannot be provided in pump-probe exper
iments in the spectral regimme of optical transitions. By adapting an
element specific synchrotron based soft X-ray spectroscopy method,
namety core-haole clock spectroscopy, we can effectively deterniine on
an attosecond timescale electron transfer dynamics originating
from an atomically localized state by making use of extremnely fast
Coster-Kronig decay processes of core-excited states.

The principle of core-hole clock spectroscopy is to take the core-
hole lifetime 7 as an internal reference clock for the tempeoral
evolution of a dynamic process under ivestigation®". To study
charge transfer on the timescale of 7, the dynamics of an electron
resonantly excted into an unoccupied state from an atomically
lcalized adsorbate core level (Fig. 1a} s monitored throwgh the
autoionization process that acoompanies the core-hole decay (Fig. 1h
and ¢}, If the initially excited core electron remains in an atomically
localized resomance, a linear relation between the energies of the
incoming photan and of the outgoing electron in the autoionization
is ohserved (Fig. 1h). This is the so-called Raman autoionization
chanmel at constant binding energy (1. Tn contrast, if the initial
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Figure 1) Core-hole clock spectroscopy—schematic overview. a, Initially, a
eare election s promoted by resonant excitation from the § 23 level into a
bound resonance localized 4t an adsorbed salphur atom (32 '3p! 1 an
ruiheninm c(4 % DS Ru(d101 | with a core-hole lifelime 7 = 0505, In the
aulgionization decay processes, Coster—Kronig decay of the 5 25 core hale
takes place in the presence of this electron, the so-called ‘speclator’ electron,
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leading 1o two different final states. b, Localized final state §2p 1357 3p!-
state . The initially excited electrom s still localized at the sal phor atom.
¢, Delocalized final state $2p '35 deloc': stane o, The initally excited
eleciron has already ledi the localized resonance. .., vaconm coergy;
Efermi Fermi energy; Flg, kinetic energy.
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excitation involves an electronic state ddocalized over many atomic
centres (that is, the excited atomic resonance is coupled to a
contimomy), we obtain independently of the incident photon energy
awtoioiization at constant Kinetic electron energy (Fig. 1ch. This is
the charge transfer channel of autoionization (d). Owing to this
different dispersive behaviour, the Raman (/1 and charge transter ()
channels of autolonization can be spectroscopically separated
(Fig, 2a), and the ratio of Raman to charge transfer intensity is
related to the degree of atomic localization in the excited state on the
timescale r of the core-hole decay. This can be translated into a
dynamic picture of an electron residence time, or alternatively as the
charge transfer time, 7.7, of electron hopping to the substrate. As
spectral intensities are compared, the N uncertainty {where Nis the
number of events ) allows a statistically significant analysis only as
lomg as the intensities of the spectroscopic channels are less than one
arder of magnitude apart, Thus a tenporal range of charge transfer
times hetween (.17 = 77 = 107 becomes accessible. The typical
core-hode lifetimes of inner shell vacancies lie at oxygen KLL
[r=4f5 ref. 200, nitrogen K1L (r=5f5 ref. 20), carbon K1L
(7 =6f% ref. 200, and argon T,My:Mye (r==6fs refa 13, 18).
We note that the core-hole lifetimes depend only weakly on the
chemical enwiromment. In a comparison between atomic and mol-
ecular systems, variations of the order of roughly 20% have heen
abserved™.
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Figure 2 | Core-hole clock spectroscopy—the 5 ic signatures.

a, Diagram of the speciroscopic autsionization signatures leading o a
Jocalized final state (1) with linear dispersion and a delocalized fnal state {d}
al comstant kinelic energy, and their relation to resonant excitation by X-ray
ahsarption, b, Experimental sulphur Ly Lo pen Coster—Krang
awtoionization spectra of of d = 28/ Ru {0001 25 a function of incident
photon ey
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To access dynamic processes in the attosecond range reliably,
shorter core-hale lifetimes are required. Our approach i to Laprﬁ:rm
attosecond charge transfer core-hole dock speciroscopy in the soft
N-ray region by monitoring Coster—Kranig autoionization channels
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Figura 2 | Quantitative charge transfer analysis of sulphur LilsaMyzs
Coster-Kronig autoionization spectra of e(4 = 2)5/Rul{0001) as a
function of phatan emergy. a, Fyperimcntal intensitics a2 a function of
imcaming phaton enengy and Kinetic energy of the oulgoing dectrons,
Lighter colours correspand io higher avloionization intensily. $hown are
Raman channels with lingar dispersion for localized final siates [

(2p '3plapd | ar 170.7 €V binding energy and [{2p '35 3p! ) an 18172V
hindilh; ST, and rhu;gc eranaher chanmels witly delocalized final states Iy
(2p " 3p deloe' s 81 3086V kinetic energy and o (2p " 30 delog! ) at

A6 eV kinetic energy. b, Sum of speciral intensilies representing ihe 5-L;
edge X-ray ahsarplion spectram. Also shown are separate intensties of the
spectral channels (L, I3 from curve litting with lorentzians of 3.3V
FWHM. Frror bars show the standard deviation of cach fiL ¢, Separate
intensities of the spectral channels {, o1 from curve fitling with loren Leians
of 3.5V FWHM. Error bars show the standard deviation of each fiL

d, Raman fractson f= B+ 41 as 2 function of photon energy. Ervor bars
are derived from the standard deviation of the fits (see €. &, Charge transfer
time abtained fraom the Raman fraction as rop = of (1 — Foand the § 25
vore-hode lifetime ¢ = 0.5 0%, Ervor bars are devived from the stamdard
devialion af the fits (see cl.
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with attosecond core-hole lifetimes. Here the initial and final state
wacancies are in the same electronic shell {same principal quantum
number n); the probability for these transitions. is higher and the
corresponding core-hole lifetimes shorter than in the case of decay
processes imdving different vahues of i,

With the of4 % 2)-S/Fui000]) surface™ ™, we obtained the
5 LiLyuM, 0y Coster—Kronig autoionization spectra shown in
Fig. 2b as a function of the incoming phiton energy ir mned across
the 5257 '3p! core level resonance at v = 227.5¢V. On resonance,
the excited electron’s energy lies 168 = (] eWabove the Fermi level.
W ohserve resonant enhancement and branching of decay channels
at this abserption resomance. The data are converted to a colour-
conded plot in Fig. 3a, where higher intensity corresponds to lighter
codoar, W can directly discem spectral features (f, T} at constant
handing energy, which branch into charge transfer spectral features
{f, Ty with constant kinetic energy. et us asgign the spectral features:
starting from the electronic ground state (GS), the 25 *3p! core-
excited state can autaionize through Coster—Kronig channels with
and without participation of the excited electron (*participator’ and
“spectator’ channels, respectively), The participator channel, fnvol-
vinﬁ the core-excited 3p' in the decay, leads to the spin—orbit split
Ip! final state, identical to the main lines aof photoionization, with
161.5eV (2p, 1) and 1626V (20, 1) binding energy. Tts spectral
features lie outside the range of Figs 2b and 3a.

The spectral featres shown in Figs 2b and 3a are thius associated
with spectator channels, in particular the 2p~ '3 '3pt (i) and
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Figure 4 | Theoretical charge transfer time for 5 in f.c.c. and h.c.p. hollow
sites computed a3 5 3p resonance lifetime. Theary predicls a sirong
dependence of the cliarge transles time an the spmmetry of the initial wave
packet, which transdates 1o a strong dependence on the light pelarization.
The coordinates x, y, 2 shown in the diagram in b comrespand ta the
wrystallagraphic directions [100], [010], [101]. The circes and squares
carrespomd respectively Lo salphor atoms in fec and hoep sites of the
suorface. 8, Resanance lifetime a5 a function of the angle & of the dleoiric feld
vieptor with respect to the surface normal in the p-z plane, Palarizatson of the
synchratran light alang the = axis (¢ = 0, the experimental geometryy
proshuces an initial excited state with p_osymmetry, b, Resonance lifstime asa
function of the angle 8 of the dedric lield vector with respect o the x axis in
the s—y plame, In this geametry, p, and p o symmetries and combanations af
them wonkd be ohiained with in-plane polarization. € Resonance lifetime as
a fanction of the angle & of the electric ficld vectar with respect o the surface
normal in the x—z plane,
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Zp~'3p ' 3pt (L) final states at 181.7 €Vand 170.7 eV binding energy,
respectively.

o AL

The 2p~ 357" 3p] fimal state | can only be reached via autoioniza-
ticn, whereas the 25 *3p ' 3p! final state L can in addition be reached
asa photoionization satellite, abeving the monogpole selection rale of
phatoionization shake-ups. Thus, Lis present at all photon energies,
whereas s a pure antoionization feature observed only when a core
hole has been present. We therefore hase all further analysis on the
autoionization channel [ {2p "3 " 3plt and the related charge
transfer feature d (2p '35 'deloe'), which branches off at
dih eV constant Kinetic energy. The final states | and o are shown
schematically in Fig. 1b and c.

To quantify the relative strength of the Raman () and charge
transfer (if) channels, we performed a curve fit of the spectra at all
phaton energies with foeed line shapes, where each channel was
described phenomenologically by a lorentzian of 3.3 eV full-width at
half-maxinmum {FWHM), and only the intensities were varied. The
charge transfer peaks (I ) were kept at constant kinetic energy and
the Raman peaks (L, 1) at constant binding energy with varied phaoton
energy. In Fig. 3band ¢, these four contnbutions {7, L, &, [} and the
standard deviation of the fit at each photon energy are shown
together with their sum. The latter yelds the 5-1, edge Xoray
absorption spectrum (XAS) (Fig. 3h) with 3¢V FWHM doninated
Ty the 82 5 core-hole lifitime of 7 = 0.5 {ref. 23], From this fit, asa
function of photon energy, the relative strength of the Raman
contribution expressed as the Ramsan fraction =PI + &) and the
charge transfer time 7 = 7ff{1 — f1 using the 5 2s core-hole life
time (v =050 is dernved and displaved in Fig. 3d and e,
respectively.

For photon energies below the 5257 '3 absorption resomsance
[Fw = 227 5 V'), we ohserve intensity in the Raman channel [ only, as
charge transfer bebow threshold is energetically forhidden, equivalent
to an infinitely bong charge transfer time. Just above the $2s'3p!
resonance at fie = X8 eV, we determine 7 = 00132 £ (W fs For
higher photon energies, shorter charge transfer times down to
Ol 20066 at be = 234 eV are found. An energy dependence of
the electron transfer time has been observed before'™'", This energy
dependence 15 most probably doe to the detailed nature of the
projected hand structure of the substrate, and thus the mumber and
character of the final gates available, as well as their overlap with the
initial adsorbate state.

We have compared our experimental results with first
principles computations of the charge-transfer dynamics in the
cfd x D35 Rurl 0001 svstern, The initial electron wave packet is
constructed as a linear combination of the 8 3p orbitals projected
onto the unocoupied bands of the combined systemn, that is, the Fu
suhstrate with the adsorbed sulphur atoms, at the resonance energy.
We find that the excitation into a resonance with predominantly 3p,
character yields a charge transfer time of (U623 + (U155 ( Fig. 4a). This
corresponds to the state that is excited in the experiment. Tn
comparing experiment to theory, the theoretical time constant
confinms that the charge transfer process takes place well below a
fermtosecond timescale, In particular, the agreement with the experi-
mental value of (032 = (W08 5 15 very satisfactory, taking into account
that the core vacancy s not described explicitly in the theoretical
ground state calculation; and the theoretical resonance position at
~2 eV ahove the Fermi level is shifted relative to the experimental
absorption resomsance, which is at 168 £ L1V abowve the Ferini
level. Furthermore, theory predicts a detailed dependence of the
charge transfer fime on the synmetry of the initial excited state,
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which is summarized in Fig. 4. For excitation into 3p, or 3p,-like
resonances {in plane) (Fig, 4b} with a smaller overlap to the substrate,
a significantly larger charge transfer time of up to 115 = 0516
is calonlated, This theoretical result indicates thar different polar-
izations of the light favour different initial excited states, with
different symmetries and overlaps with the states of the sbstrate,
thus leading to different transfer times.

The demanstration that soft X-ray spectroscopy can be used as a
toal ter study the motton of clectrons on attosecond timescales opens
a possible way to interesting new research areas. Potentially the
miethiod is suited to the imestigation of dectron transfer in coomplex
mclecular systeins, T such inwestigations, the ability to excite
individual atormic centres (even atoms of the same element in
chemically different environments) by exploiting core level shifts
should be of particular importance. A second future application
could be the investigation of spin-dependent electron transfer
processes, which are important in spintronics. Here core level
excitation using cirenlady polarized light could be nsed to create
spin-polanzed exctations.

ez were performed at beamline 1301, MAX-Lb in
Lund, Swider, A5 = 10 M oorr base pressure, 4 clean Ru(001) surfsce was
prepared by cpcdes of Ar--ion sputtering, oxpgen-exposure and anneaking. The
o4 % 215 R ) saarface:, with sulphier atems chemisomed i‘h'hi‘:'h'.ﬂd!'m“'n“‘-
packed (h.c.p.) and face-cenired cubic {Ee.c.) hollow sites™ -, was prepared by
dissaciative adsarplion af 400 Langmuis HS (1 Langmuir = 18" torr 5) at
550K ard annealivg o 3850 K. The sorfsce qualiny was chicked by core eloctmn
spectrascopy (XPS) and low-energy electron diffraction {LEED), At 7 grazing
ingidence, the ectric field vector of the incident radistion was 7 off the surface
normal, exciling preferentially into the 53, ocbital oiented pormal 1o the
surface. The electron specirameler {Scienta SES 3HY) was in the pelarization
plase ar 457 o the incdent adiation. Narmow bandwsdth excitation and high
spectral resolution are prerequisites for separating charge-transéer from non-
charge-transfer states. Thus the handwidth af the incident rediation and the A
af the electron analyser were bath szt lo 100 meY,

Electronic structure caloolations, The density Funciional calculation of the
electronic structune of o4 = 28 HR0(001 ] has beem performed osing the SIESTA
ende™. W used a symmetric slab containing 7 Ru layers and the surface
geometry known from LEED® %, Approimately 5 eV below the Fermi energy &
strong 53p density of stales is found. Abeve the Fermi level we alse hnd 2
bad resonance with a large weight on the S3p erbiials, although srongly
hybeidized with Bu states in an anti-boading 5-Ho imerac The rsonance
m lies -~ 2 eV zhave the Fermi level, which is marginally higher than the
wally obseived resonznce masimim ar 168 = 0,1 £V abave the Ferm

Cakulation of the charge transfer times. The charge transler dynamics are
enmputed wsing the ehetronic hamilionian abisined in the dersity fonetions
calenlations previously described. The initial electron wave packet |@p = is
eonstiucted &5 & projection of a linesr cormbingtion of the S 3p orbitzls anee the
unnccupied bands 2t the energies of the reonance region. The wavefunction of
ithe respnance depends en the exciation process. Snce the elecinon is ewciied
frnm a stane of s-syrmmetry, the ad mistwee of pep and po componenis is given by
the direction of the electric feld vector of the incoming radiation E. Therefore we
take |y == g =001 = 03 E g =, From the tme evalution of the wave
packe we wan cakulate the probabslity of Gnding the cleciron in the initial state
i) = A, whese A{fy =< @gl@(f) = is the so-called survival amplitude.
The Fourier traniform Al is directly related o the projecion of the Green
fianctinn omt the initial state Ajwos < do|Gludlds == Gapluh (ref. 36). The
charseteristic devay time of the pesonance populatien ¢ & then computed using
v procedures. Either the widih o the resenance 4 is directly estimated from
Giggiwhand 7= ha ", er F(f) is transformed inio real Lime and 7 is defined such
that By = Leif = v Both mithods prodoce samilar resulis, Hiwewer, wie
prefer the second methed since 7 is obtained dirsctly and it is nol necessary i
assurne the lorentzian Ene-shape, We should paint out that Gpedad has o be
calculaied for the semi-infinte system, that is, we have to get rid of the nile size
effects asspciated with the slab caloulations. This is instrumental in getting
reliable resonance widths and lifetimes, This i done by comt
mation from a sl cakoulation with the ab it hamiltonizn obeained for bulk
Fou el wsing recursive techniques to cakoolatelTam (wh. We have assiged an errer
bar of k135 0 our theoretcal values, This reflecs both the presence af two
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non-equivalent sulphur atoms in the surface and the numerial acooracy of sar
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