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Excited-state charge transfer dynamics in systems of aromatic adsorbates
on TiO, studied with resonant core techniques
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Resonant core spectroscopies are applied to a study of the excited electron transfer dynamics on a
low-femtosecond time scale in systems of aromatic moledigesicotinic acid and bi-isonicotinic

acid) adsorbed on a rutile Ti§p110) semiconductor surface. Depending on which adsorbate state is
excited, the electron is either localized on the adsorbate in an excitonic effect, or delocalizes rapidly
into the substrate in less than 5(&fs) for isonicotinic acid(bi-isonicotinic acid. The results are
obtained by the application of a variant of resonant photoemission spectrosco2@0&American
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I. INTRODUCTION the transfer might occur at even shorter times, and some
systems of this type show promise of being important from a
Electron transfer plays a fundamental role in a wide fieldtechnological point of view.
of chemical as well as biological systems. For instance, such A class of systems that has been studied extensively is
transfer reactions are responsible for the functioning of phothat of various chromophores attached to a nanostructured
tographical and lithographical techniques, for the generatiofitanium dioxide substrate, forming the core of the poten-
of electrical power with solar cells, and for many enzyme-tially very interesting so-called “dye-sensitized solar céil.”
catalyzed reactions in biological systems. Traditionally, meaThese cells offer a unique combination of low fabrication
surements of the electron transfer have been limited to statigosts, long lifetime, and high light-harvesting efficiency.
methods, i.e., methods that describe the outcome of, rathefyycial for the high efficiency isamong other factojs very
than the dynamical process itself. Time-resolved femtosecrapid excited electron transfer from the chromophore to the
ond (fs) techniques have in recent years enabled investigasypstrate. The dye that has been found to yield the highest
tions on the true time scale of these processes, at least doWinsfer rates to-date Zs “N3” or (dcb) ,RUNCS),
to approximately 20 fs. However, in strongly bonded 5y5tem5€dcb=4,4’-dicarboxy-2,2—bipyridine, which is also termed
bi-isonicotinic acid, cf. Fig. }, which binds to the nanostruc-
dauthor to whom all correspondence should be addressed; electronic maitured electrode via one or two dcb ligands. Upper limits in
achim@phys.au.dk. Present address: Department of Physics and Aghe range of 25—100 fs for the transfer times have been mea-

tronomy, University of Aarhus, Ny Munkegade, 8000 Aarhus C, Denmark. ; 3
Ypresent address: School of Physics and Astronomy, University of Notting-Sured with the heIp of femtosecond laser teChm&U&F'or

ham, Nottingham NG7 2RD, United Kingdom. the model system of dcb on rutile TJL10) characterized in
®Electronic mail: paul.bruehwiler@empa.ch Ref. 9, we reported recentfiithat the strength of the ligand-
0021-9606/2003/119(23)/12462/11/$20.00 12462 © 2003 American Institute of Physics
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N II. EXPERIMENT

N N
O O O The x-ray absorption spectrosco}AS) and RPES/

RAES experiments were carried out at beamlines 15amd
D10172 at the Swedish synchrotron radiation facility MAX-
Lab in Lund. The samples were held in a Ta sample holder
Isonicotinic acid ~ Bi-isonicotinic acid designed to maintain good thermal and electrical contact
q Without stressing the sample. They were prepamesitu un-
der ultra high vacuum conditions with a base pressure in the
low 10 °Torr range in the preparation chambers and in the
low 10" ™ Torr range in the analysis chambers. The rutile
TiO,(110) crystals, purchased from ®ghirdjian, Industrie
substrate bond allows for charge transfer times of less than @ Pierre Scientifique in Monthey, Switzerland, and from
fs. This was achieved by employing resonant photoemissiomMaTecK, Jlich, Germany, were annealed in 1
spectroscopyRPES, ! and it was the first study to show that X 10" ®TorrO, at high temperature$700°Q in order to
such rapid charge transfer occurs for a relatively complexnake them conducting by the introduction of bulk defects.
molecule adsorbed on a semiconductor, with a time apThe surface was then cleaned by cycles of repeated Ar sput-
proaching that of CO adsorbed on metal surfaées. tering and annealing in ax10 © Torr oxygen (99.999%

In the present article we provide further details of theatmosphere at temperatures between 570 and 700 °C.
previous work® as well as new results for a related system Isonicotinic acid was obtained from Sigma-Aldrich and
[isonicotinic acid on rutile Tig(110)]. A primary develop- bi-isonicotinic acid from Solaronix, Switzerland. They were
ment which is detailed in this paper is the application of aoutgassed thoroughly in a thermal sublimation stage, which
new variant of resonant photoemission to fs charge traf&fer.was connected to the preparation chamber via a manual
As detailed in Ref. 13, the preferred approach in using resovalve and equipped with a separate turbomolecular pump
nant core spectroscopies to study dynamic charge transfer @d pressure and temperature monitors. For sublimation the
to determine the ratio between the resonant and nonresonastage could be brought close to the Ji€@ystal. The powder
portions of the decay spectra upon core level excitation ofemperature during deposition was approximately 90 °C for
the species being probed, with several excellent recersonicotinic and 230 °C for bi-isonicotinic acid. The substrate
examples?1*1This is, however, a challenge when there arewas kept at 200 °C for monolayer preparations and at room
other strong contributions to the spectrum from a substrateéemperature (bi-isonicotinic acid and around —100°C
e.g., especially when either of the two portions of interest ardisonicotinic acid, respectively, for multilayers. For the
weak!%1316 Another issue is the variable cross section ofmonolayer preparations the coverage could be deduced from
such background contributions as a function of photon enthe intensities of the molecular and substrates(pgaks in
ergy, which can make their subtraction from the spectrunthe photoemission spectra. The observed intensity ratio cor-
difficult to achieve without introducing large errors. An al- responded approximately to a saturated monolayer.
ternative approach is to focus on the resonant photoemission The x-ray absorption spectra were recorded either in the
channels, which often minimizes the problems with strongpartial-yield mode with a retardation voltage 6320 V on
interfering backgrounds!®1"Here, following Ref. 10, we the detector(bi-isonicotinic acid or they were obtained by
adopt this approach, using finely spaced, moderate to higimtegrating the valence spectra over the complete recorded
resolution excitation to be able to disregard the effects of theange in the RPES/RAES measureme(igsnicotinic acid,
slowly varying direct photoemission background, and to bewhich corresponds to a measurement of the XAS in the
able to detect any effects of interference between the coreAuger-yield mode. The photon energies of the x-ray absorp-
excited and directly-excited channels via a Fano-typeion spectra and the resonant photoemission spectra were
profile 131°*We then apply the method to a new system, isoni-calibrated by measuring the kinetic energy difference of a
cotinic acid on TiQ(110) (cf. Fig. 1), which has recently core level photoemission line in first and second order. For
been characterized structurally, and is found to exhibit nonthe purpose of imaging the core-excited density of states they
covalent interaction between neighboring adsorbates, thusere further put onto the same scale as the photoemission
providing an interesting comparison to the case of the covaspectra as outlined in Refs. 13 and 24. The kinetic energy
lent dimer®1° scale of the normal Auger spectrum was calibrated by refer-

As a supplement to the RPES method, an application oéncing it to the calibrated kinetic energy of a characterized
resonant Auger electron spectroscofAES?!! to the bi-  core level.
isonicotinic acid system is discussed. The RAES approach is The photon energy resolution was 90 meV in the RPES
similar to that of, e.g., Refs. 20 and 21. In principle, RPESexperiments on isonicotinic acid and the bi-isonicotinic acid
and RAES are able to give the same information on themultilayer and 60 meV in the bi-isonicotinic acid monolayer
charge transfer dynamics, and their distinction is less experiRPES experiment. The photon energy step was 0.10e06
mental than interpretational, since both methods rely on vergV) in the bi-isonicotinic acidisonicotinic acid monolayer
similar data sets. We find that the RPES data are easier ®PES and 0.2 eV in the multilayer RPES measurements. For
interpret for relatively complex systems such as the preserthe RAES experiment the resolution was set to 0.3 eV, the
ones. Finally, a thorough discussion is included of how thes@hoton energy resolutions employed in the measurements of
results bear on the solar cell systems. the x-ray absorption spectra are given in the figure captions.

o) OH O H O H

FIG. 1. The chemical structures of isonicotinic acid and bi-isonicotinic aci
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within the substrate bandgap, while the two following higher
FIG. 2. Density of states, as probed by photoemission sepctroscopy antesonance$C and D for isonicotinic acid, and B and D for

x-ray absorption spectroscopy, relevant to an excited electron transfer ipj_isonicotinic acid overlap the substrate DOS. Hence. an
monolayers of (a) bi-isonicotinic acid and(b) isonicotinic acid on ’

TiO,(110). The photon resolution employed during the XAS measurementse_leCtron transfer event is eIeCtromca_"y forbidden for e)_(Clta-
was 120 meV. tion to the LUMO (lowest unoccupied molecular orbital,
which is resonance A while it is allowed for the higher
resonances. This assessment does not give any information
Ill. DENSITY OF STATES about whether charge transfer actually will occur from the
higher resonancesince other properties of the core-excited

The'keyhtot an understandmg ofdthet chargte trqnstLer dly system such as spatial overlap and conservation of angular
Namics In a heterogeneous semiconauctor system IS e E1§6, mentym play in but it indicates that such an event is

tronic structure. A necessary condition for a charge tranSfeénergetically allowed®2a topic which is further examined
on the low-fs time scale is that the donor state is energeti- '

cally matched by an acceptor state. For Iow-femtoseconH1 S
charge transfer events upon core-excitation as examin

here, the donor state is not relaxed and it is the core—excitepdi
electronic state as measured in the x-ray absorption that

relevant for the donor state of the charge transfer process. %en predicted by calculatioh®2’-2but experimentally the
the opposite side it is the transport density of StalESS) of situation is less clear-cut, with only a moderate decrease in

the substrate that plays the role of the acceptor. Experimen, density of states as assessed using XASand inverse
tally, t_h|s transport DOS can be assessed by_mverse phot hotoemissiori? Judging from the data presented in the fol-
emission Spectroscopy. _Rehab_le data from this _method ar owing such a gap is at least not evident at the positions of
however, often_not readily available. An alter_nat|ve route iSihe higher resonances of the adsorbates.
to use calculations of the ground state density of states in-
stead, since they often are closely related to the transport
DOS?® A simpler approach is chosen here, which estimate V. RESONANT PHOTOEMISSION
the onset of the substrate unoccupied states from the size OPID RESONANT AUGER
the optical band gafsee the following The basic spectroscopic processes considered here are
An electronic state distribution that combines the mo-sketched in Fig. 3. Pane{ga) and(b) show ordinary valence
lecular core-excited DOS as measured in the XAS with theand core electron photoemission and pafwldepicts the
substrate DOS is presented in Fig. 2 for isonicotinic acid anduger decay that occurs upon core ionization. In padgl
bi-isonicotinic acid. The procedures and concepts underlyinghe process of core excitation is sketched, which is the pro-
such an arrangement are described in Refs. 10, 13, and 2dess underlying x-ray absorption spectroscopy. Pa(®ls
The occupied DOS was probed by valence photoemission faand (f) contain the(resonant decay channels upon core ex-
both the clean and monolayer-covered J(TL0) surfaces. citation, while panel(g) shows an adsorbate-to-substrate
The valence band edge of the clean surface spectrum alloveharge transfer of the excited electron. Thus the process of
one to estimate the onset of unoccupied substrate states pgnel(d) is the step preceding the processes of pafe|sf),
taking the optical gap into accouf®.1 eV for rutile TiQ, and(g). In this picture we have to chosen to apply a two-step
Ref. 26. description, in which the excitation is separated from the
Considering Fig. 2 with this in mind, it is seen that the deexcitation. Strictly, such a description is correct only if
lowest unoccupied state probed in XABsonance Alies  these two processes are decohef(seg, e.g., Ref. 33which

ec. IV.

Principally important for this arrangement is the ques-
n of whether the unoccupied DOS of the substrate con-
ns another gajor depletion of the DOBSapproximately
5_3 eV above the conduction band edge. Such a gap has

Downloaded 23 Aug 2007 to 128.243.220.42. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



J. Chem. Phys., Vol. 119, No. 23, 15 December 2003 Excited-state charge transfer dynamics 12465

Isonicotinic acid multilayer

: / ()
/l A/A

12000
6000

10000
5000

4000

Intensity

3000 i He

2000 Vg

10004

& FIG. 4. RPES/RAES spectra for an
308 10 isonicotinic acid multilayer[(a) and
Bhicimens 40(()eV) 402 8 inizaonpotoriciiol] (b)] and a monolayer of isonicotinic

o d acid on rutile TIQ(110) [(c) and(d)].
(b) and (d) A closer view of the low
binding-energy data ifia) and(c), re-
S : spectively. The labels A, C, D, and
ISanigisteicied mondlayer HB-A refer to the unoccupied states

A
() (d) g observed in the x-ray absorption spec-
«h tra (cf. Figs. 2, 5, and 6

400 o
Photon energy (eV) 402 10 lonization potential (V)

2500 1
6000

2000 4

G 2000
2 D 2
2 4000 2 1500
£ E
7 NG J 1000

5004

400
20
Photon energy (eV) 402 o lonization potential (eV) Photon energy (eV)

1
402 8 lonization potential (eV)

is generally true for broad-band excitation with photon band-ances, the overall change in kinetic energy is practically
widths larger than the lifetime broadening of the excited stataegligible for the resonant Auger sign@ee the discussion
or, as further outlined in the following, if the coherence isin Sec. IV Q. Hence, the differentoveral) dispersion be-
destroyed by, e.g., an excited-electron transfer from the adiavior allows one to distinguish between the two resonant
sorbate into the substrate. The argumentation in the followelecay channels.
ing is therefore valid independent of whether a two-step or a  The resonant signdplus the nonresonant Auger sighal
one-step description is chosen. is recorded by measuring the valence photoemission spec-
From Figs. 8a) and 3e) it is noted that the final state of trum at the resonant photon energies relevant for the x-ray
direct valence photoemission and resonant photoemission absorption. This is illustrated in Fig. 4, which in panéds
the same, while the resonant Auger state corresponds toamnd (b) contains the resonant photoemission/resonant Auger
shake-up statéthe resonant Auger decay is often termeddata for a multilayer of isonicotinic acid and in panéts
spectator decay due to the fact that the excited electron doesd (d) for a monolayer of isonicotinic acid on TP110)
not take part in the decay process Hence, the resonant [(b) and (d) merely give an expanded view of the highest
photoemission signal has a constant binding energy indepewccupied statds In these images, structures are observed
dent of the photon energy as does that of the valence photgarallel to the photon energy axis that @eémos} constant
emission, and both occur at the same binding energy. In conn intensity. These stem from direct valence photoemission,
trast, the resonant Auger signal stays at constant kinetiand the resonant signal is superposed onto them. In principle,
energy as does the normal Auger signal. An exception fronboth channels could interfere leading to a Fano profile be-
this behavior occurs when employing the so-called Augehavior along the photon energy axis:°this is, however, not
resonant Raman conditidffor which the photon bandwidth observed here.
is chosen to be much smaller than the lifetime broadening of Qualitatively, when scanning the photon energy, the
the excited state. Then the resonant Auger signal also disesonant intensity follows that of the x-ray absorption spectra
perses linearly with the photon energyn a kinetic energy (cf. Figs. 5 and & An important exception to this behavior is
scalg, i.e., it stays at constant binding enefgy** This is  the low-binding energy region of Fig.(e or, equivalently,
valid as long as the excitation energy is varied within athe data set of pandét). There, a resonant intensity is only
single excitation resonance only. Over the entire regime otletected for excitation to resonance A, but not to resonances
interest, which in the present case comprises three res& and D. The overall analogy of XAS and RPES/RAES,
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in Fig. 5 the RPES curves are here given in their integrated form. The
FIG. 5. Multilayer resonant photoemission spectra in comparison to theyhoton resolution of the x-ray absorption spectra was s&f)t80 meV and
XAS for (a) isonicotinic acid andb) bi-isonicotinic acid. The original data  (b) 150 meV.
as presented in Fig(d) were integrated for each photon energy resulting in
the present curve in panéh). An equivalent procedure was applied to the
original bi-isonicotinic acid data not shown here. The photon energy reso-
lution of the XAS measurements was 90 meV. decay, the resonant decay chanrielsand(f) are completely

quenched. In the more general case, the resonant signal is

reduced in intensitywhile still observablg and the normal
which is expected since the number of electronic decay&uger peak gains in intensity, as the transfer time is
(normal Auger-resonant Augetresonant photoemissipis  shortened? The resonant Auger decay of FigifBcan then
proportional to the absorption cross section, has been indbe distinguished from that of the normal Auger channel by
cated in the figure by labeling the unoccupied states accordts so-called spectator shift to higher kinetic energy and/or by
ingly. the linear Auger Resonant Raman shfft'* The spectator

If the core-excited molecule is coupled to a substrate, ashift is caused by the additional screening provided by the

excited electron charge transfer channel might compete withore-excited electron in comparison with the normal Auger.
the resonant decay channels and alter the spectral appear- The absence of any resonant photoemission signal for
ance. The transfer process has been schematically indicatéte higher resonance€C and D of the isonicotinic acid
in Fig. 3(g). The resulting core-excited state is the same asnonolayer in paneld) of Fig. 4 is explained by a total
the one produced in a core photoemission eypanel(b) of  quenching of the resonant photoemission as described for
Fig. 3] and decays in an Auger decay depicted in p&celf  casege) and(f) above. Thus, the excited electron is rapidly
the charge transfer time scale is much shorter than that of théelocalized into the substrate. The most reliable way of
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quantifying the extent of delocalization or localization of the —e?/r, are given by the following expressions, in which the
excited electron on the time scale of the core-hole lifetimestates that participate in the decay are indicated by their oc-
would be to identify the branching ratios of the resonant anccupation number relative to the ground state occupation
nonresonant channels in the spetifd?!%(for each unoc- indicates the wave vector of the emitted eleciron

cupied state separatglycorresponding to a localization and 1 | mul

a delocallzatlo.n, respegtlve!y. In Sec.. I_VC it will be shown <(HOMO)1k - 131(LUMO)1> o RPE.S(LUMO)

that such a differentiation is very difficult for the present r ol

systems with a complex valence electronic structure and

large substrate signal. Alternatively, an isolated system with — 9LumO

no charge transfer can be used to normalize the intensities of 1 multi @)
the corresponding coupled systéft161"Then it is suffi- z(HOMO)—lk - 13‘1(LUMO+1)1> o F;EES(LUMOJrl)
cient to take into account only the easily resolved resonan r XAS

photoemission features that occur at the low-binding energy
end of the spectrum. Since we are dealing with gap systems,
it is ensured that these peaks contain no other signal with thé/e thus definer yyo and o ymo+1 as the intensity ratios

exception of the direct valence photoemission, which constibetween the RPES and the XAS lines of the indicated reso-
tutes a slowly varying backgroun@s a function of photon nances. By virtue of the normalization to the lowest reso-
energy. A quantification is then achieved by integrating the nance as outlined earlies; yyo is one for both molecules.

spectral intensity of the resonant peaks for each photon erFhis is justified since we are interested only in the variation

ergy. This approach will be discussed in the following two@s @ function of resonance being excited for a given mol-
sections. ecule, and not in absolute intensities. Thenyyo-+1

=0.33(0.30) for isonicotinic aci¢bi-isonicotinic acid. The
change in size of the matrix elements is then easily moti-
In Fig. 5@ the resonant photoemission data from Fig.vated by an increase in spatial extent of the participating
4(b) are replotted in integral form. For each photon energyorbitals at higher energies, and from the equations it is seen
the spectral intensity was integrated between 9.15 and 10.8hat the Coulomb operator-modified overlap of highest occu-
eV binding energi which resulted in the N4 RPES curve  pied molecular orbitaf HOMO) and LUMO and HOMO and
in Fig. 5. There the latter is compared to the &lg-ray LUMO+1, respectively, is responsible for the decrease. Note
absorption spectrum. Panéb) contains the corresponding that symmetry effects must be considered as well, and that
data for a multilayer of bi-isonicotinic acid. The XAS of the present arguments are meant as a first-order description
isonicotinic acid contains three resonances, the LUfdéak  of likely behavior. A similar argument applies to the
A), the LUMO of the hydrogen-bonded specie® in the  hydrogen-bonded LUMO(peak HB-A relative to the
bulk of the film (peak HB-A and the LUMO+1 (peak D.  LUMO. If intermolecular hopping were important for the
Due to the particular choice of preparation conditions, hydromultilayer resonances Dor resonance Ait is certain that the
gen bonding does not occur to a significant extent in thexcited electron is localized on the molecule as outlined ear-

bi-isonicotinic acid multilayer, and thus only two peaks A lier), then the factors 0.38sonicotinic acid and 0.30(bi-
and D are found. isonicotinic acid used in the following would increase pro-
Both the x-ray absorption and the resonant photoemisportionalIy. The rates derived in the following for the excited
sion spectra were normalized to the height of peak A. Thi$tate charge transfer_in_ the monolayers must therefore be
procedure corresponds to an intensity calibration of theonsidered as upper limits.
RPES signal to that of the x-ray absorption spectrum. For the
higher resonances HB-A and D the intensity follows that of o
the XAS, but is clearly reduced by approximately a factor of8: Monolayer resonant photoemission
3. While this could indicate delocalization of the excited A similar comparison is presented in Fig. 6 for the
electrons in these resonances, we judge that such a processrisnolayer data. Here, the integration boundaries were set to
rather unlikely due to the van der Waals nature of the films7 and 11 eV binding energy, which means that states are
In addition, the electronic matching condition of Sec. Il is monitored which correspond to the multilayer measurement.
not easily fulfilled in a molecular crystal with discrete states,Concerning the shapes of the x-ray absorption spectra, the
since the local perturbation by a core-hole leads to a changease of isonicotinic acid differs from that of bi-isonicotinic
in electronic structure similar to the above-reported excitonicacid mainly in the character of the second resonaes
effect. Thus the lowest resonance A lies certainly within theB). While B of bi-isonicotinic acid is ofr-charactet*® and
molecular gap of the surrounding medidfnand, similarly,  obtains the observed energetic position by the interaction of
this is also likely for the higher resonances due to the disthe molecule with the substratresonance C of isonicotinic
crete nature of the molecular states. For these reasons, theid is attributed to an intermolecular interaction arising
decrease in RPES cross section compared to that of the loirom the constraints of the molecular adsorption geom@try.
est resonance is rather attributed to a reduction in the dec@esonance Othe LUMO+2) of the monolayer corresponds
matrix element at higher photon energtés? to the LUMO+1 of the multilaye#° also labeled D.
The decay matrix elements for peakgIAUMO) and D The qualitative estimation for Fig.(d), that no RPES
(LUMO+1), which are governed by the Coulomb operatorintensity is observed for the higher resonances, applies also

OLUMO+1-

A. Multilayer resonant photoemission
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guantitatively down to the present level of noise. Assumingof the spectrum only. The resonant and nonresonant parts of
that the maximum RPES signal for peak D is given by thethe spectrum can then be distinguished from each other by
noiseN, this signal amounts to less than 153%9©%) of the  the spectator shift mentioned in Sec. IV, or in favorable cases
corresponding XAS signalS for isonicotinic acid (bi- by using the Auger resonant Raman condition. In less com-
isonicotinic acid, i.e., | gped | Yas <0.15 for isonicotinic acid  plex molecular systems the shift is either large enoiegb.,
(0.10 for bi-isonicotinic acid Knowledge of the relative de- larger than 10 eV for the lowest excitations in Bnd N,O
crease in Coulombic matrix element when passing from théRefs. 44 and 2] or the valence electronic structure is suf-
LUMO (resonance Ato the (multilayen LUMO+1 (reso- ficiently simple(that is the case in, e.g., Ar, where the spec-
nance D, which as shown above is given oy yvwo+1, €N-  tator shift amounts to only a few electron vSfisto allow an
ables one then to estimate the excited electron transfer timgnambiguous identification of the intensities of the different
7ct for excitation to resonance D from the core-hole lifetime channels. In organic molecules, and in particular aromatic
7c by rearranging equations given in Ref. ldébserve that compounds, the screening efficiency of thesysterf® leads

the LUMO+2 of the monolayer corresponds to the to relatively small spectator shifts, for example, 3—4 eV in
LUMO +1 of the multilayer, both labeled D, which necessi- benzené® 2.5 eV (CK-edge and 4.0 eV (NK-edge in

tates the use o yvo-+1), pyrrole!” and 4 eV in pyridine, pyrazine, ansitriazine?®
 mono Due to a complicated valence electronic structure, the non-
RPES resonant and resonant Auger features then overlap, rendering
gl a positive identification very difficult.
Ter= Tc mono * 2 Such an identification can nevertheless be accomplished
TLUMO+1— %ﬁf using the off-resonantly measured normal Auger spectrum,
XAS the shape of which is a good approximation to that of the

Replacing the intensity ratios by the above-specified VaMegesonapt.Auger spectrum. In the present case the interest lies
and in Sec. IVA and settingc=6 fs (Ref. 41, the upper I obtaining a NKVV Auger spectrum which can be com-

limits are pared to the N & resonant spectra. The measurement is ham-
S ) pered by the presence of the substrate Ti atoms, since the
7er<5 fs, isonicotinic acid, TiLVV Auger excited above approximately 455 eV photon

energy appears at the same kinetic energies as those of the
N KVV spectrum, and has a similar shape. Thus, the mea-
On the basis of its substrate bond charattere estimate for  syrement has to be conducted at photon energies well above
resonance B of bi-isonicotinic acid that<3fs, as well, he N absorption edge at around 400 eV and below thepTi 2
assuming that the matrix element is similar to that of resogpsorption edge at around 455 eV, At these energies, the
nance D. . . Ti3p and Ti3s direct valence photoemission features with
We would like to emphasize that the present methodicyy shake-up structures as well the ©direct photoemis-
allows one to determine not only upper limits to the chargesion peak excited with second-order light disturb the acqui-
transfer times, but, within proper error margins, definedgjiion, This is illustrated by the top curve in Fig. 7. Since the
ranges for these times, whose accuracy is limited only by the,q\ved substrate line shapes changed an undetermined
uncertainty in the core hole lifetie. Here, a lower limitis  3mount upon adsorption of the bi-isonicotinic acid, a reliable
not available, since the present level of noise does not aIIov)g\uger curve was not obtainable by subtracting a clean crys-
us to specify the RPES signal intensities for the resonancgg) ‘spectrum from that of the monolayer. Instead, another
D. This shortcoming could in principal be overcome by n5r0ach was chosen that is also illustrated in Fig. 7. The
longer measuring times, which, however, in the present casg; 35 girect photoemission peak, which is given for a photon
turned out to be prohibitively long. energy of 438 eV in the inset of Fig. 7, was measured repeat-
edly at a large number of photon energies between 423 and
455 eV. The manifold of these spectra is given in the middle
Above it has been touched upon that the most reliabl®f Fig. 7. The envelope of these curves, given in the lower
method of measuring charge transfer times with the help opart of the figure, then gives a relatively good approximation
resonant core spectroscopies is to identify the resonarto the true Auger line shapef. the topmost and the lower-
(RAES+RPES and nonresonarihormal Augey parts of the  most curves in Fig. )7
decay spectra and to calculate the charge transfer time from The resonant spectra for a monolayer of bi-isonicotinic
the branching ratio of the resonant chantieThis method acid adsorbed on rutile Ti0110) measured at the maxima
has been successfully applied to small molecu@®, N,, of the x-ray absorption spectru(fig. 6) are given in Fig. 8.
and noble gasgsdsorbed on various metallic and semime-The Auger curve of Fig. 7 has been added to these graphs. In
tallic surfaces and to multilayers of the noble order to explain the resonant intensity for excitation to the
gaseg?21:3542:43 LUMO [resonance A, panéb)], the Auger curve has to be
Most of the resonant intensity is contained in the reso-shifted to higher kinetic energies, corresponding to an esti-
nant Auger features, while the resonant photoemission cormated spectator shift of approximately 3 eV. The remaining
tribution often can be neglected relative to the former. Thusintensity can then be explained by direct photoemission and
to first order, the branching ratio can be accurately estimatetesonant photoemission features. This finding corresponds
using the ratio of the resonant Auger and normal Auger partsvell to the excited electron localization observed from the

Tcr<3 fs, bi-isonicotinic acid.

C. Monolayer resonant Auger
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Bi-isonicotinic acid on TiO2(110) N KVV Auger (a)
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FIG. 7. Normal Auger measurement for bi-isonicotinic acid on rutile (b) plaaadpaaatenaaloapadaaaalonss
TiO,(110). The upper curve shows a typical Auger measurement at 440 eV :b .= RAES. hv=400.65 eV
photon energy which is overlaid by the indicated direct photoemission fea- ‘ : A ’ ’
tures. Since the photon energy has to be kept between approximately 420 i uger
and 455 eV(see the text these peaks are always present in the measure- ‘ ";
ment. In order to obtain a reasonably reliable Auger measurement, tree Ti 3 F
core level was measured at a large number of photon energies between 430 2 ;
and 455 eV photon energy. These spectra are presented in the middle of the § oy ;\
figure, while the inset shows one of these curves separgiblyjton energy = F y
438 e\). The envelope of this set of specttawer spectrumrepresents the q
Auger curve, slightly modified by the slowly changing cross sections of the ;
substrate background, Ts3 and adsorbate Nsllevels, the latter of which Resonance B H
gives rise to the Auger signal. (LUMO+1) A
AN AR LA LA R AR AR AN
. . . . 370 375 380 385 390 305
electronic structure determination in Sec. Ill and the resonant Kinetic energy (eV)
photoemission data. It should be noted that the shifted Auger
;:Jrve represgntmg Fhe re;ona}nt Auggr seems to overestimate ()L L
e resonant intensity at kinetic energies around 390 eV. Due N e RAES. hved02.35 6V
to the gap between HOMO and LUMO no Auger intensity 4 '; _ Auger' '
should be observed this close to the HOMO. ¢ -..
. “pge . . . . * 4
It is more difficult to evaluate the situation for excitation ; \
to the LUMO+1 and the LUMOGr2 [resonances B and D, 2 PN
panels(b) and(c) of Fig. 8], and thus these figures can serve g IVJ “A;'
as an illustration of the problems in distinguishing between - ‘.ﬂu :
resonant and nonresonant Auger mentioned earlier. The main ,0 :
part of the intensity seems to be well explained by the non- Resonance D 1
shifted Auger curve, and thus the resonant photoemission (LUMO+2) 1
results are confirmed, that the excited electron delocalizes SRR RARRNASRRNRREENRRRRERAREN
rapidly into the substrate. From the data, however, it is im- 370 375 380 385 390 395 400
possible to fully exclude a shifted resonant component. The Kinetic energy (eV)

use of the resonant photoemission features only as shown in L
FIG. 8. Resonant Auger spectra for a monolayer of bi-isonicotinic acid on

Sec. IVB thus. gl\{es a much m_ore_ reliable acco_unt of theI'i02(110) excited at resonances A, B, and D. The solid line represents the
extent of localization or delocalization of the excited elec-y kvv-Auger. In(a) an estimate of the spectator shift has been indicated by
tron. shifting the Auger curve to higher kinetic energies by 3 eV, so that good
agreement is achieved for the spectral shapes. The samples of (raeild
(c) were slightly Ta-contaminated which can be seen from the double-peak
Ta 4f structure at around 370 eV kinetic energy. From the intensities and the
dionization cross sections of the Ta 4nd O X structures it is estimated that
the Ta coverage lay below one Ta atom per hundred surface unit cells.

V. DISCUSSION

The results show that the binding of the isonicotinic aci
and bi-isonicotinic acid adsorbates to the Ji€ubstrate via
the carboxylic group allow for a very rapid delocalization of
the excited electron into the substrate if the requirement of
an energetic level matching of the adsorbate and substrateherent are the different sizes of the N3 molecule and the
states is fulfilled. The finding of low-fs upper limits for the bi-isonicotinic acid ligand and the isonicotinic acid molecule
charge transfer times across the interface helps to rationalizgudied here. Recent results achieved with resonant core
the ultrafast electron transfer for the N3 dye itseft. technique® indicate that intramolecular delocalization

There exist a number of differences between the experiwithin the N3 metallo-organic complex limits the resolution
ments on the N3/TiQsystem and the present one. System-of the technique, leaving open the question of the charge
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transfer time as measured by the present technique for N8ie present method, with a number of pump—probe studies
However, it is important also to note that the results of Refwith which to comparé:®¢°-67
49 are consistent with the present results within the uncer-  Of principal impact on the results is the existence of a
tainties. core hole on the adsorbate. This can be read from the place-
Another important difference concerns the type of exci-ment of the lowest resonance within the substrate band gap,
tation employed. As is apparent in a time-dependent pictur&hereas the LUMQwhich is the orbital that corresponds to
of the resonant excitation process, the photon field can b#e lowest resonangén its ground state would overlap the
considered to pump the system at the given photorsonduction band”®® Since optical excitations result in very
frequency®®! The so-prepared excited state follows a coherSimilar excitonic effects this effect is not a fundamental
ent time development which for the isolated molecule in-drawback of the core techniques employed here. In particu-
cludes the evolution of the excited state along the appropriat@f, available data for aromatie systems indicate that the
potential energy surface, a decay term to the final state, ariCitonic binding energies are actually very similar for core
(for narrow-band excitation onlythe ongoing pumping in- gnd valence hole®. The mltlal excitation in the N3 c_omplex
duced by the photon fiefP5! In addition, in the coupled IS however,_ a metal-tq-hgand charge' transfer excitation, the
adsorbate/substrate system the charge transfer has to be ta&{FCt of which on the ligand states will need to be explored,
into account, which quenches the coheréd@®at a fre- but Wh_lch is expected_ to _be reduced by screening from the
guency corresponding approximately to the inverse charggther _Ilgands. A_n excitonic effect cou_l(_j be expected t(.) k_)e
transfer bandwidtlisee, e.g., Ref. §3Important in this pic- more important in other, smaller sensitizers. Indeed, this is-

ture is that the charge transfer cannot be resolved if it pro-Sue would appear to be central in the comparison of our

ceeds on a shorter or comparable time scale than defined [esults|especially Fig. )] with the calculations of Ref. 69.

the excitation frequency. For soft x-ray frequencies this in- ere the HOMO-LUMO excitation is calculated to lie in
' . the conduction band, as opposed to being in the band gap.

troduces no complication since the excitation frequency ISve can only speculate that this is due to the neglect of well-

;nuch hlgherdthgn dthebupgoer rilm_ltzofgr \t/h(ta c_halrgfe tranSferknown self-energy effects in the time-dependent local den-
requencies derived abovgor hv= ev typical for our sity approximation used there. The further conflict in the

. . . 6 .
experiments the light frequency is %1.0"°Hz, which cor- charge transfer times found is not possible for us to under-

A o &tand at this time, but it would be interesting to see the re-
charge transfer correspond to X.00Hz [(isonicotinic ¢ s of the same formalism applied to the COBA0Y sys-
acid and 3.3<10**Hz (bi-isonicotinic acid]. For optical e which has a similar short charge transfer tithe.
frequencies(i.e., frequencies in the visible or near-visible Since a very low charge transfer time consténts) has
range, by contrast, the excitation frequency is comparable tg,een found for alizarin on TiQnanoparticle¥ and recent
the frequencies which correspond to the given upper limitgaicylations predict similarly short time scales for electron
(for A=700 nm the optical frequency is 430"*Hz com-  injection from catechol into TiQ (Ref. 70, two molecules
parable to the charge transfer frequencies apove comparable in size to the present acids, it seems that the
It is thus more general to discuss the adsorbate-substrafgle—electron interaction does not influence the transfer ap-
interaction in terms of coupling strength or an electron transpreciably as long as the electronic matching is good. In the
fer bandwidth!® From the low-fs charge transfer time scale light of these arguments, the present results should also give
found here, we can conclude that the interface is charactes good account of the coupling strength of the N3 complex to
ized by a strong interfacial electronic coupling and the transthe TiO, substrate.
fer proceeds in the electronic limit. This coupling allows
for excited transfer processes that suppress the competing. CONCLUSIONS
processes of intramolecular charge redistribdfich(in the
N3 compley and intramolecular thermalizatiGh->° The
virtual equivalency of the results for isonicotinic acid and

Resonant core spectroscopies have been used to study
the excited-state charge transfer dynamics in systems of aro-
Lo AR ) i matic molecules on a low-femtosecond time scale. The sys-
bi-isonicotinic acid also suggests tha(')[ g?e detwl;gg how N3ems studied comprise multilayers of isonicotinic acid and
bonds to the substraté.e., wa_oné' or two>™ deb i isonicotinic acid as well as monolayers of these molecules
ligands is not likely to be crucial for the gross electron 54sorbed on rutile Tig{110). Since the multilayers con-
transfer properties from the point of view of the ligand cou-yense as van der Waals-bound molecular crystals, the data
pling strength. obtained on these films correspond to those of the isolated

Interestingly, the structure of theerystalling substrate  molecule. Thus, the multilayers can be used to obtain infor-
has been found to have little influence on the charge transfepation on the size of the excited state-dependent decay ma-
rate from bi-isonicotinic acid to Ti@adsorption on nano- trix elements. In the monolayers, the excited electron is lo-
structured anatase leads to a rate in the same range as tigalized on the adsorbate by an excitonic effect for excitation
found heré’* This can partly be understood from the similar to the lowest resonance. The next two higher resonances
bonding geometri€s!®*for bi-isonicotinic acid on the rel- overlap the substrate conduction band, and upper limits for
evant rutile and anatase surfaces, which also leads to similaiie observed electron transfer are specified to Gsfsico-
electronic structur€® Given the large number of substrates tinic acid) and 3 fs(bi-isonicotinic acid. This shows that a
of interest for electrochemical and photochemical applicasingle pyridine carboxylic acid group is sufficient to provide
tions, there are many systems which could be explored using highly efficient electron conduit into tHa10) rutile'® and
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