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ZusammenfassungDie elektronishe Struktur spielt eine wihtige Rolle für viele Materialeigenshaften,z. B. bei Katalysatoren und elektronishen Bauteilen. Die Forshung an organishenMaterialien hat in den letzten Jahrzehnten stark zugenommen. Dies liegt daran,dass es organishe Materialien ermöglihen, e�ziente und �exible Bauelementereht kostengünstig in gröÿeren Massen herzustellen. Besonderes Interesse gilt hi-erbei den optishen und elektronishen Eigenshaften. Weil elektronishe Bauteilein der Regel aus vershiedenen Shihten aus untershiedlihen Materialien aufge-baut sind, wird ihre Leistungsfähigkeit stark von den elektronishen Eigenshaftenan den untershiedlihen Grenz�ähen beein�usst. Daher ist es für eine gezielteEntwiklung solher Bauteile wihtig, dass man die fundamentalen elektronishenEigenshaften im Volumen und an den untershiedlihen Grenz�ähen gut versteht,z. B. an Grenz�ähen zwishen Organik und Metall, Organik und Organik sowiezwishen organishen und anorganishen Halbleitern.Die Ergebnisse dieser Arbeit tragen zu all diesen Aspekten etwas bei. Auÿer-dem wird gezeigt, dass im Allgemeinen Elektronenspektroskopien sehr hilfreihsind, um Ober�ähen und Grenz�ähen zu untersuhen. Die Daten in dieser Ar-beit weisen darauf hin, dass Vielteilhen-E�ekte in den untersuhten organishenDünnshihten eine wihtige Rolle spielen, besonders an Grenz�ähen mit starkerWehselwirkung. Diese E�ekte können für die Eigenshaften von Materialien dur-haus von Bedeutung sein.Im ersten Teil dieser Dissertation wird eine systematishe Serie von Polyaen Mole-külen mit NEXAFS Spektroskopie untersuht. Der Vergleih mit Rumpfniveau undIPES Daten zeigt, dass Rumpfanregungen und Rumpfexzitonen als Vielteilhenan-regungen verstanden werden müssen. Dieser Befund impliziert zum Beispiel, dasseine groÿe Exzitonenbindungsenergie niht automatish bedeutet, dass das an-geregte Elektron nahe am Rump�oh lokalisiert sein muss. Da diese E�ekte auh fürValenzexzitonen auftreten, spielen sie auh bei der Separation von Ladungsträgernoder Rekombination von Elektronen und Löhern eine Rolle.Im nähsten Kapitel werden fundamentale E�ekte in organishen Multilagen�lmenund Metall�Organik Grenz�ähen mit Rumpfniveau- und NEXAFS Spektroskopieuntersuht. Dies wird anhand der systematish ausgewählten Molekülserie BTCDA,BTCDI, PTCDA, PTCDI durhgeführt. Es wird gezeigt, dass sih im Falle von1



Contentsstarker Wehselwirkung an den Grenz�ähen eine Substrat�Adsorbat�Zustands-dihte bildet, die zu starken Ladungstransfersatelliten führen kann, ähnlih wie siefür Übergangsmetallkomplexe bekannt sind. Die experimentellen Daten könnenmit einem Model verstanden werden, das das Single Impurity Anderson Modellmit dem Ansatz von Sawatzky et al. zur Beshreibung von Ladungstransfersatel-liten in Übergangsmetallkomplexen vereint. Diese Herangehensweise ist equivalentzum Ansatz von Gunnarsson und Shönhammer für Adsorbate. Sie erlaubt jedoheine relativ einfahe semiquantitative Auswertung der experimentellen Daten. EinVergleih der Spektren für vershiedene Adsorbatshihten weist darauf hin, dassVielteilhene�ekte besonders dann stark sind, wenn die vom LUMO abgeleiteteZustandsdihte teilweise gefüllt ist.Im dritten Teil dieser Arbeit wird exemplarish jeweils ein organisher Multilagen-�lm (SnP), eine Organik�Metall Grenz�ähe mit starker Wehselwirkung (SnP/Ag)sowie eine Organik�Organik Grenz�ähe (SnP/PTCDA/Ag) mit resonanter AugerSpektroskopie untersuht. Durh den Vergleih der Daten wird der Beitrag der Viel-teilhene�ekte zu den Autoionisationsspektren klar. Demnah laufen die Elektron�Vibrations�Kopplung und der Adsorbat�Substrat Ladungstransfer auf der Zeitskalader Rump�ohlebensdauer ab. Auÿerdem ist die Wehselwirkung an der Organik�Organik Grenz�ähe zwishen SnP und PTCDA sehr shwah, vergleihbar mit derintermolekularen Wehselwirkung in Multilagenshihten trotz einer parallelen Ver-shiebung aller elektronishen Niveaus in der SnP Shiht.Desweiteren wird eine relativ shwahe aber dennoh signi�kante Elektron�ElektronKorrelation in den oberen Valenzorbitalen gefunden, die eine wihtige Rolle fürden Ladungstransfer zwishen Adsorbat und Substrat spielt. Daher werden imletzten Teil dieser Dissertation die stark gekoppelten Adsorbat Filme kurz im Kon-text des Hubbard Modells diskutiert. Mit den Daten aus dieser Arbeit könnensolhe Monolagen�lme in den Bereih für mittlere Korrelationsstärke eingeord-net werden. Folglih kann man für solhe Adsorbat�lme Eigenshaften erwarten,die dem auÿergewöhnlihen Verhalten stark korrelierter Systeme ähneln, für diez. B. Mott Metall�Isolator Übergänge, interessante magnetishe Eigenshaften undSupraleitung beobahtet wurden.Zusätzlih werden im Anhang kurz einige Ergebnisse aus den Untersuhungen aneinem Shihtsystem diskutiert, das aus einer Monolage Alkylketten auf dem anor-ganishen Halbleiter Silizium besteht und auh als self�assembled monolayer (SAM)bekannt ist. An den Alkylketten wird exemplarish gezeigt, dass die elektron-ishe Bandstruktur von kurzen, sih endlih wiederholenden Einheiten sehr gutdurh einen relativ einfahen Quantentrog�Ansatz wiedergegeben werden kann.Im Prinzip kann dieser Ansatz auh auf mehrdimensionale Systeme angewendetwerden. Daher ist er für die Beshreibung von E(k) Relationen in intermediärenSystemen mit endlihen Wiederholeinheiten sehr nützlih. Desweiteren wird in2



Contentsden Photoelektronen- und NEXAFS Spektren eine starke Wehselwirkung an deralkyl/Si Grenz�ähe beobahtet. Es wird gezeigt, dass die Grenz�ähenzuständedurh moderate Röntgenstrahlung modi�ziert werden können, was wiederum dieEigenshaften für Ladungstransport durh die Alkylshiht beein�usst.
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AbstratThe eletroni struture plays an important role for many material properties, e.g.for atalysts or eletroni devies. Researh on organi materials has stronglyinreased during reent deades. This is predominantly due to the prospet ofheap, e�ient and �exible devies. Therefore the optial and eletroni proper-ties of organi materials are of partiular interest. As eletroni devies usuallyonsist of several layers of di�erent materials their performane is very sensitiveto the eletroni properties at the various interfaes. Therefore a detailed un-derstanding of the fundamental eletroni properties in the bulk and at di�er-ent interfaes, e.g. organi�metal, organi�organi and organi�inorgani semi-ondutor interfaes, is important for a systemati and spei� development ofdevies.The results of this thesis ontribute to the understanding of all these aspets. Fur-thermore, it is demonstrated that eletron spetrosopies are very useful for study-ing surfaes and interfaes. Additionally it is shown, that many�body e�ets areobserved for organi thin �lms, in partiular at interfaes with strong interation.It is disussed that these e�ets an have impliations for the general materialproperties.In the �rst part of this thesis a systemati series of polyaene moleules is investi-gated with NEXAFS spetrosopy. The omparison of the data with ore level andIPES data indiates that ore exitations and ore exitons need to be understoodas many�body exitations. This �nding implies for example that a high exitonbinding energy is not neessarily assoiated with strong loalization of the exitedeletron at the hole. As these e�ets apply also for valene exitons they an berelevant for the separation of harges and for the eletron�hole reombination atinterfaes.In the next hapter some fundamental e�ets in organi multilayer �lms and atorgani�metal interfaes are studied with ore level and NEXAFS spetrosopy. Inthis ontext a series of seleted moleules is investigated, namely BTCDA, BTCDI,PTCDA and PTCDI. It is shown that in ase of strong interfae interation a den-sity of adsorbate�substrate states is formed whih an lead to signi�ant hargetransfer satellites in the PES and NEXAFS spetra, similar to what is known fortransition metal ompounds. Moreover, it is demonstrated that the data an be4



Contentsmodeled qualitatively by a basi approah whih fuses the single impurity An-derson model with the desription of harge transfer satellites by Sawatzky et al.This approah, whih is equivalent to that of Gunnarsson and Shönhammer, al-lows even a relatively simple semi�quantitative analysis of the experimental data.The omparison of di�erent adsorbate layers indiates that these many�body ef-fets are partiularly strong in ase of partial oupation of the LUMO derivedDOS.In the third part an organi multilayer �lm (SnP), an organi�metal interfae withstrong oupling (SnP/Ag) and an organi�organi interfae (SnP/PTCDA/Ag)are studied exemplarily with resonant Auger spetrosopy. The omparison of thedata gives evidene for the ontribution of many�body e�ets to the autoioniza-tion spetra. Furthermore, it is found that the eletron�vibration oupling and thesubstrate�adsorbate harge transfer ours on the time sale of the ore hole lifetime. Moreover, the interation at the organi�organi interfae is weak, ompara-ble to the intermoleular interation in the multilayer �lms, despite a onsiderablerigid level shift for the SnP layer.Furthermore, weak but signi�ant eletron�eletron orrelation is found for themoleular frontier orbitals, whih are important for the substrate�adsorbate hargetransfer. Therefore, these strongly oupled adsorbate �lms are brie�y disussedwithin the ontext of the Hubbard model in the last part of this thesis. From thedata derived in this work it an be estimated that suh monolayer �lms are in theregime of medium orrelations. Consequently one an expet for these adsorbate�lms properties whih are related to the extraordinary behavior of strongly orre-lated materials, for whih Mott metal�insulator transitions, sophistiated magnetiproperties and superondutivity an be observed.Additionally some results from the investigation of alkyl/Si self�assembled mono-layers are brie�y disussed in the appendix. It is demonstrated exemplarily for thealkyl hains that the eletroni band struture of short, �nitely repeating units anbe well modeled by a omparatively simple quantum well approah. In priniplethis approah an also be applied to higher dimensional systems, whih makes itvery useful for the desription of E(k) relations in the regime of repeating unitsof intermediate length. Furthermore, the photoeletron and NEXAFS spetra in-diate strong interation at the alkyl/Si interfae. It was found that the interfaestates an be modi�ed by moderate x�ray irradiation, whih hanges the propertiesfor harge transport through the SAM.
5



1IntrodutionDuring the reent deades physis at the nano sale has beome more and moreimportant. Chemial reations and material properties are often related to e�etson the moleular sale. The interest in atalyti reations, downsizing of devies,the use of self-organization e�ets for tailoring new materials and the prospet ofomparatively heap and simple prodution of intelligent devies have been drivingthis �eld of researh. In the meantime a ertain level of knowledge and know howhas been reahed, and nowadays it is already taken advantage of so alled nanophysis for designing and ontrolling material properties. However, many aspetsare still not understood, and the �eld is open for exiting disoveries. Therefore,further detailed and fundamental studies on the atomi and moleular sale areessential.Researh on semiondutors made from organi moleules has been growing tremen-dously during the reent deades. These materials are interesting for a wide rangeof appliations beause of their promising, new properties. Organi light emittingdiodes (OLEDS) for example are already used in appliations where high e�ieny,�exible devies and low ost fabriation play a role. However, this is only the begin-ning of a development whih will bring OLEDS, organi solar ells and other organisemiondutor devies in every days life. Moreover, a detailed understanding of thefundamental physis of (well ordered) organi thin �lms allows to tailor materialsand ompletely new devies, whih will improve quality of life signi�antly whilebeing eo�friendly. [1�3℄In general suh semiondutor devies are omparatively omplex. Organi so-lar ells for example usually onsist of a blend of di�erent materials or of severalthin �lm layers, so that the devie ontains many interfaes, e.g. organi�organiinterfaes, organi�metal interfaes or organi�inorgani semiondutor interfaes.Hene, the eletrial and optial properties of suh devies depend not only onthe bulk properties of the di�erent layers, but also interfaes play a dominant role.Therefore, they are of partiular interest with respet to organis.This work ontributes to all these aspets, to the eletroni properties in the bulkof organi thin �lms (hapters 3 � 5) as well as to the properties of di�erent inter-faes, in partiular organi�metal (hapters 4 and 5), organi�organi (hapter 5)6



and organi�inorgani semiondutor interfaes (appendix E). Several methods areestablished for suh investigations whih probe the upper valene regime, e.g. san-ning tunneling spetrosopy, photoluminesene, UV/VIS and Raman spetrosopy.However, for studying the omplete eletroni struture, in partiular in the ase oforganis, photoeletron spetrosopy (PES) is the method of hoie. Sine Hertz's,Plank's and Einstein's investigations of the photo�e�et it is known that the ab-sorption of a photon leads to the emission of one or more eletrons, whih providesinformation about the eletroni struture. PES is very powerful for studying theeletroni struture of thin �lms and interfaes with high surfae sensitivity [4℄ dueto the relatively short eletron mean free path and the high photoemission rosssetion.This thesis aims primarily at two general aspets: Firstly, it is intended to demon-strate how PES an help to study organi thin �lms in general and interfaes inpartiular. Many di�erent samples were investigated with several spetrosopytehniques like ore level spetrosopy, near edge x-ray absorption f ine struturemeasurements (NEXAFS), resonant Auger spetrosopy and photon�energy de-pendent ultra�violet photoeletron spetrosopy (UPS) in order to study variousaspets of the eletroni struture. Some results appeared already in the literatureor are lose to publiation. [A1�A7℄ These unpublished results whih are onsideredto be helpful for a detailed understanding of the fundamental eletroni propertiesin organi materials are disussed in detail here. Seondly, some insight should beprovided into some e�ets whih have been kind of exoti for organis [5�7℄ as theyare ommon for inorgani (strongly orrelated) materials. In partiular many�body e�ets have been well studied for transition metal ompounds, metals andalloys of heavy elements and very reently even for atomi adsorbates. [8�15℄ Theyan in�uene the material properties onsiderably, whih an lead to phenomenalike Mott metal�insulator transitions, magnetism, Kondo e�et or superondutiv-ity. [13, 16, 17℄ These many�body e�ets an be related to harateristi featuresof the eletroni struture whih an be well observed in PES experiments, e.g.harge transfer satellites and a very narrow �ne struture at the Fermi level. It hasnot been expeted to observe similar material properties for organis. However, itwill be shown in the following that one an observe spetral features for organithin �lms whih seem to be similar to what is known for orrelated materials, inpartiular at organi�metal interfaes. Note that suh e�ets have only been ob-served for fullerenes and the quasi�one�dimensional organi ondutor TTF�TCNQyet. [5, 18�27℄At �rst a areful omparison of the C K�NEXAFS spetra with C 1s ore level andIPES data of di�erent polyaene multilayer �lms from benzene to pentaene illus-trates the in�uene of many�body exitations in NEXAFS for weakly interationadsorbates. Seondly, a ore level and NEXAFS investigation of di�erent adsorbatemultilayer and monolayer �lms on a Ag(111) substrate suggests that many�body ex-7



Chapter 1 Introdutionitations play a signi�ant role in ase of omparatively strong adsorbate�substrateinteration. Moreover, adsorbate�substrate harge transfer is disussed in analogyto the harge transfer satellites for transition metal ompounds. Furthermore, itis demonstrated that the ore level and NEXAFS spetra an provide qualitativeand, to some extent, even quantitative information about the interfae interationwhen ombining the single impurity Anderson model with an approah for hargetransfer satellites developed by Sawatzky et al. [8, 28℄In the third step a multilayer �lm, a strongly interating organi�metal inter-fae and an organi�organi interfae are investigated by resonant Auger spe-trosopy and ompared to eah other. Again signi�ant indiations to many�body exitations at the organi�metal interfae are observed. The interferenee�ets in the resonant Auger spetra show that they our on the time sale ofthe ore hole life time. Finally, the impliations of these many�body e�ets arebrie�y disussed taking reent �ndings from other (former) group members intoaount.
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2Experimental and tehnial aspetsThe photo�e�et was disovered in 1887 by H. Hertz and his assistantW. Hallwahs.Hertz found out that a sparkover was indued easier when the spark oil was illumi-nated by ultraviolet light. [29℄ In more detailed studies Hallwahs observed that irra-diation of a zin plate with UV light indues an eletrial urrent. Later, in 1900 P.Lenard disovered that the energy of the emitted eletrons does not hange but onlythe number of emitted eletrons when tuning the intensity of the inident light. [30℄These observations were not in agreement with J. C. Maxwell's theory of light. Onlyin 1905 A. Einstein ould explain the photo�e�et by the wave�partile dualism oflight [31℄ whih led to the fundamental relation
Ekin = hν − EB − Φ. (2.1)Later R. A. Millikan ould determine Plank's onstant in a series of experi-ments from 1912 to 1915 by tuning the frequeny of the UV light and adjust-ing a retarding voltage to the maximum kineti energy of the photoemitted ele-trons. [32℄The priniple of photoeletron spetrosopy as it is arried out today is still thesame. The light soure is either a gas disharge lamp, an x�ray tube or a synhrotronsoure and the eletrons are deteted by sophistiated analyzers with high energyresolution and the possibility to map the spatial and angular distribution of thephotoeletrons. Depending on the exitation energy these experiments are alledultra�violet photoeletron spetrosopy (UPS) for photon energies below 100 eV andx�ray photoeletron spetrosopy (XPS) for photon energies above 100 eV. The highbrilliane of modern synhrotron radiation soures allows experiments whih needhigh photon �ux, high energy resolution, a small spot size of the soure and a smalldivergene of the photon beam. Another advantage of a synhrotron soure is thatin general the photon energy an be tuned ontinuously, whih allows absorptionmeasurements in the x�ray regime. It is ommon to refer to those measurementslose to the absorption edge as near edge x�ray absorption �ne struture (NEX-AFS) spetrosopy. Furthermore, (ore) exited states where a hole was reated ina lower lying shell an either deay by emission of a photon (�uoresene deay)9



Chapter 2 Experimental and tehnial aspetsor by emission of an eletron (Auger deay), whih results in a harateristi en-ergy distribution for the emitted photons or eletrons, respetively. These energydistribution urves are measured by x�ray emission spetrosopy (XES) and Augereletron spetrosopy (AES), respetively. Moreover, resonant Auger spetrosopyand resonant PES are experiments in whih the photon energy is tuned through aNEXAFS regime and for eah photon energy the energy distribution of the emittedeletrons is reorded whih has, to �rst approximation, ontributions from Augereletrons and diret photoeletrons. � See hapter 5 for a more detailed disussionof autoionization. � The analog experiment for x�ray emission is known as res-onant inelasti x�ray sattering (RIXS). As all these spetrosopy tehniques arewell established they are not disussed here any further but it is referred to [33�36℄for more details.
2.1 Experimental onditions
High-resolution ore and valene level PES data were reorded at BESSY II at theUE52�PGM undulator beamline (E/∆E > 14000 at 400 eV photon energy, with� = 10 and 20 µm exit slit). This beamline is desribed in detail in [37℄. For thePES experiments the setup was adjusted to normal emission geometry with 60◦ an-gle of inidene with respet to the surfae normal and p�polarized light if not stateddi�erently. A SCIENTA R4000 eletron analyzer was operated with a onstant passenergy of 50 eV and 300 µm entrane slit, whih results in an energy resolution of
∆E = 35 meV. As the energy sale was arefully alibrated to the Ag 3d5/2 and3d3/2 photoemission lines or the Fermi edge after eah measurement the absoluteauray of the energy sale is better than 30 meV. [38℄During the experiments all samples were arefully heked for radiation damageand spurious adsorbates. In order to minimize any e�ets from irradiation, thelight spot was sanned over the sample so that no signi�ant degradation ould beobserved. Finally, it was averaged over several spetra in order to obtain betterstatistis.10



2.2 Data proessing2.2 Data proessing
This work onentrates on PES, NEXAFS spetrosopy and resonant Auger spe-trosopy. The respetive data needs to be normalized and alibrated arefully inorder to obtain detailed and reliable information, in partiular the NEXAFS andresonant Auger data. Hene, the normalization of the data is brie�y desribed inthe following.
2.2.1 Photoeletron spetraAll ore level photoeletron spetra are normalized by the standard proedure. Firstthey are divided by the hight of the seondary eletron bak ground 3 eV belowthe peak maximum towards lower binding energy. Then the seondary eletronbakground was approximated by a power law so that the urvature of the bak-ground at energies above and below the ore level signal was well reprodued. Thisurve was then subtrated. In ase of the monolayer �lms a Shirley bakgroundwas subtrated additionally. [33℄
2.2.2 NEXAFS spetraThe NEXAFS spetra were arefully normalized as desribed in [38℄. Aordinglythe urve for the partial yield signal and the sample urrent were divided by the ringurrent and the I0 �ux urve of the beamline. The latter was obtained by reordingthe respetive partial yield signal and the sample urrent for a lean Ag(111) sampleunder exatly the same onditions as for the measurements of the organi thin�lms. Moreover, energy alibration is very important for proper normalization ofthe NEXAFS spetra. Consequently, the photon energy was alibrated right beforeor after the NEXAFS sans by reording the Ag 3d lines or the Fermi edge of theAg(111) substrate, or by reording the Au 4f lines of a gold foil in ase of severalmonolayer thik adsorbate �lms. The wave length λ of the inident x�ray light wasorreted for the respetive o�set ∆λ. 11



Chapter 2 Experimental and tehnial aspets2.2.3 2D autoionization spetraThe 2D autoionization spetra were obtained by tuning the photon energy throughthe respetive NEXAFS regime and reording an angle integrated energy distri-bution urve (EDC) for eah photon energy with the photoeletron analyzer. Inpriniple the normalization of these maps is analogous to what has been disussedfor the NEXAFS spetra, exept that the I0 urve was not reorded with a par-tial eletron yield detetor but also with the eletron analyzer. This was done byrunning the analyzer in �xed mode and onstant initial state (CIS) mode so that afew eV wide range of the upper valene regime of the lean substrate was diretlyimaged onto the hannel plate of the detetor. Then the photon energy was tunedthrough the NEXAFS regime while always the same range of binding energy wasreorded, whih resulted in a typial 2D spetrum as it is shown in Fig. 2.1. TheI0 �ux urve was then obtained by integrating this spetrum in the kineti energydiretion. Consequently, the 2D autoionization spetra from organi thin �lms were�rst arefully alibrated in energy and then divided by the ring urrent and this I0urve.2.2.4 EDCS in �xed modeThe sensitivity of the detetor varies with the position on the hannel plate. Thisinhomogeneity is averaged out when reording a regular angle integrated spetrumin swept mode as it is done for the PES data and the 2D autoionization maps.However, when reording a narrow energy window of the upper valene band in�xed mode this detetor response funtion needs to be taken into aount. There-fore a featureless and �at part of the valene regime is reorded in both, �xedmode and swept mode. Consequently, the detetor response funtion an be ob-tained by dividing the angle integrated �xed mode spetrum by the respetive sweptmode spetrum as it is illustrated in Fig. 2.2. As a result all �xed mode spetraan be orreted for the inhomogeneous detetor response by dividing them bythe urve in Fig. 2.2 (b). For the sake of a small signal�to�noise ratio the dete-tor response was approximated by the paraboli urve whih is plotted as solidline.
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2.2 Data proessing
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Figure 2.1: Typial I0 spetra for normalization of 2D autoionization maps. Middle:The 2D spetrum was reorded at 70◦ angle of inidene and p�polarized lightby monitoring the Ag 4d signal of a lean Ag(111) rystal for di�erent photonenergies. Left: The 1D spetrum was obtained by integrating the 2D spetrumin the dimension of the kineti energy or binding energy, respetively. Right:The EDC for hν = 285.0 eV is plotted.
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2.3 Sample preparation2.3 Sample preparationAs many properties of organi semiondutors are in�uened by intermoleular,surfae and interfae interation, aspets like growth mode, doping and impuritiesplay an important role. Hene, well de�ned model systems are very importantwhen studying fundamental physial interrelations. Therefore, all samples wereprepared under ultra�high vauum. For the in�situ �lm preparation the Ag(111)substrate was leaned by several sputter and annealing yles, whih resulted ina well ordered, lean substrate as derived from LEED and PES. In general theorgani thin �lms were prepared from sublimated powder (if not stated di�er-ently) by organi moleular beam deposition from a Knudsen ell at a pressurebetter than 1 · 10−8 mbar. The thikness of the multilayer �lms was determined bythe attenuation of the Ag 3d photoemission lines assuming a homogeneous layergrowth.
2.3.1 PolyaenesCommerially available materials of high purity were purhased from Aldrih andwere diretly used without further puri�ation. The sample was kept at −120◦ Cduring the preparation of the organi multilayer �lms. Benzene and naphthalenewere let into the preparation hamber via a leak valve. Antraene, tetraene andpentaene were deposited from a Knudsen ell with 84◦ C, 147◦ C and 260◦ Cevaporation temperature, respetively.
2.3.2 SnP/Ag(111)The SnP/Ag(111) thin �lms were prepared at −50◦ C sample temperature so thatin ase of the multilayer �lms the roughness of the �lm was redued ompared topreparations at room temperature. Two times sublimated powder was evaporatedfrom a Knudsen ell at 367◦ C. For the preparation of a monolayer �lm the samplewas annealed afterwards for 5 min at 290◦ C. The evaporation rate was alibratedby the attenuation of the Ag 3d substrate signal for �lm thiknesses of a. 5 ML,for whih the �lm roughness is still relatively small so that layer�by�layer growthan be assumed. This leads to an auray in overage of better than ±1 ML forthe SnP multilayer �lms disussed in hapter 5. 15



Chapter 2 Experimental and tehnial aspets2.3.3 SnP/PTCDA/Ag(111)The SnP/PTCDA/Ag(111) heteromoleular thin �lms were prepared at roomtemperature from PTCDA and SnP powder. First, a 1 ML PTCDA/Ag(111)�lm was prepared by depositing a thik �lm of PTCDA followed by annealing at
295◦ C for 5 min. Afterwards, SnP was evaporated on top of the PTCDA mono-layer �lm. For the monolayer regime the SnP evaporation rate was alibratedto the intensity of the N 1s signal and double heked by the attenuation of theAg 3d photoemission lines. Aordingly the auray in overage was better than
±0.15 ML.2.3.4 Tetraarboxyli aid di-anhydrides andtetraarboxyli aid di-imidesThe moleular thin �lms from 3,3',4,4'�benzophenone tetraarboxyli dianhydride(BTCDA), 3,3',4,4'�benzophenone tetraarboxyli diimide (BTCDI), 3,4,9,10�pe-rylene tetraarboxyli dianhydride (PTCDA) and 3,4,9,10�perylene tetraarboxylidiimide (PTCDI) were evaporated from a Knudsen ell onto the lean Ag(111) sur-fae, analogously to what was desribed for the SnP/Ag(111) �lms. In order toget smoother multilayer �lms the di�erent samples were ooled to temperaturesbetween −100◦ C and −70◦ C. The PTCDA and PTCDI monolayer �lms were ob-tained by annealing a multilayer �lm for 5 min at 295◦ C. The BTCDA monolayer�lms were prepared by annealing a multilayer sample for 5 min at 60◦ C. For theBTCDI monolayer �lms several few minutes long annealing yles were neessarywith temperatures around 110◦ C as it is desribed in more detail in setion 4.2.3and appendix B.2.3.5 Alkyl/Si(111) SAMsDensely paked self�assembled monolayer �lms (SAM) of alkyl moleules on n-Si(111) substrates (1�15 Ω m) were prepared by thermally indued hydrosilationof alkanes on H�terminated Si(111) substrates at the Weizmann Institute (Israel)and at the University of New South Wales (Australia). [39�42℄ Various samples wereprodued with di�erent alkyl hain lengths between C12 and C18, and were har-aterized by water ontat angle, ellipsometry measurements, and Fourier trans-form infrared spetrosopy. Only samples with evidene for a dense moleularlayer were hosen for further experiments and shipped to BESSY under nitrogenatmosphere. The samples were then heked with PES for ontaminations and16



2.3 Sample preparationpossible oxidation of the interfae by monitoring the O 1s and Si 2p signals ofSixOy.
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3Core exitation and eletroni relaxation inmoleular multilayer �lmsCore level photoeletron spetrosopy and NEXAFS an be onsidered as elementand site spei� probes of the eletroni struture with high sensitivity to the hemi-al environment. [4,33,35℄ Eah hemial element has a spei� eletroni struture,whih leads to a unique �ngerprint in the photoeletron and x�ray absorption spe-tra. Furthermore, the eletroni struture of a ertain element is also in�uenedby its hemial environment, in partiular the number and the type of atoms inits environment. Suh modi�ations lead to energy shifts in the photoeletron andin the NEXAFS spetra and to variations of the ross setion. [43, 44℄ Suh anenergy shift, whih is also known as hemial shift, an be of the order of up toseveral eV. The ionization potential and the binding energy of the C 1s eletrons,for example, an di�er by up to 10 eV between saturated hydroarbons and �uoro-arbons. [33,35℄ The modi�ation of the eletroni struture is often (methodially)lassi�ed by two aspets, namely the hange of the eletroni ground state and thehange of the reation on the reation of a hole, whih is also known as initial and�nal state e�ets or eletroni relaxation, respetively. Both aspets are of interestwhen studying the eletroni struture. Unfortunately, the relative ontribution ofeah e�et to ertain spetral modi�ations an only be estimated by systematistudies and a omprehensive omparison of various spetra, assisted by theoretialonsiderations.As the main part of this work deals with π�onjugated moleules, it is useful todemonstrate the impliations of these two aspets for this lass of materials. There-fore the hemial surrounding of a ertain atomi site or moleular fragment is mod-i�ed systematially and the in�uene on the eletroni struture is monitored. Aseries of planar moleules of di�erent size with an extended π�system an be a goodmodel system for suh an investigation. Hene, the series of polyyli aromatihydroarbons made up of linearly fused benzene rings was hosen for this inves-tigation. Starting from benzene one an monitor the e�et of adding more andmore benzene�like building bloks. Note that this series of moleules is referredto as polyaenes in this work � benzene inluded. Furthermore, the eletroniproperties of these moleules are of general interest beause several π�onjugated18



moleules, e.g. BTCDA, BTCDI or NTCDA, onsist of a polyaene�like aromatiore.The eletroni struture of the polyaene series from benzene to pentaene wasstudied reently by PES. This investigation is desribed in detail in [A3℄, and thusonly the general �ndings will be summarized brie�y in the following. The PESdata of the valene regime of the various polyaenes indiate � not unexpetedly� that the eletroni struture beomes more and more omplex with inreasingmoleular size. Moreover, it was shown that the line shape of the C 1s spetrumof ondensed benzene mathes that of the gas phase after orreting for inhomo-geneous broadening. Consequently, the in�uene of the intermoleular ouplingis omparatively weak and the intramoleular e�ets are dominant for ore levelPES of theses moleules. Therefore it is su�ient, to �rst order, to onsider onlysingle moleules for the desription of the ore level exitations in these multilayer�lms.Furthermore, the energy position of the C 1s main line inreases from benzene tonaphthalene and dereases with further of benzene rings. The lower limit of theC 1s binding energy is reahed after four benzene rings and the di�erene betweenthe highest and the lowest C 1s binding energy of this series is 0.9 eV � naphthaleneversus pentaene. A omparison of the intensity and the energy position of the �rstC 1s satellite, whih is attributed to a HOMO�LUMO shake�up 1 with respet tothe main line, gives insight into the harge redistribution upon photoexitation.With inreasing moleular size the HOMO�LUMO shake�up dereases in intensityand shifts towards the C 1s main line. The shake�up energy dereases even morethan the exitation energy for an optial HOMO�LUMO exitation in the abseneof a ore hole. Again, the di�erene between the energy of the optial gap and theshake�up energy stabilizes at 0.9 eV for large moleules onsisting of four benzenerings and more. In the disussion of the data it was argued that these e�ets indiatean improvement of the harge reorganization upon ore ionization with inreasingmoleular size, whih leads to a lowering of the respetive photoexitation energyin the order of 1 eV.The in�uene of the presene of an additional eletron on the moleule is an in-teresting aspet in this ontext. In partiular the reorganization of the eletronistruture upon photoexitation may be di�erent for an eletroni transition of aore eletron into a bound unoupied state than for ore ionization. This e�et isstudied in detail for the polyaene series with NEXAFS spetrosopy with partiu-lar fous on the energy position and intensity of the eletroni transition with thelowest exitation energy, whih an be distinguished from other NEXAFS features.1A shake�up from the highest oupied moleular orbital (HOMO) to the lowest unoupiedmoleular orbital (LUMO). 19



Chapter 3 Core exitation and eletroni relaxation in moleular multilayer �lmsFurthermore, some information about the eletroni reorganization upon photoex-iation an be dedued from a omparison of the trends in the NEXAFS to thosein the PES study in [A3℄.
3.1 A brief review of photoexitationBefore disussing the polyaene NEXAFS data in detail a brief review of somebasi onepts for the desription of photoexitation is neessary with respet tosimilarities and di�erenes between ore ionization and eletroni transitions intounoupied bound eletroni states.3.1.1 Basi matrix element for photoabsorptionThe Hamiltonian for a moleule with N eletrons and P nulei onsists of a ki-neti term and three oulomb terms, whih desribe the eletron�eletron repulsion,the eletron�nulear attration and the nulear�nulear repulsion. Relativisti andspin-orbit e�ets are ignored in the following.
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(3.1)In the Born�Oppenheimer approximation the total wave funtion of the moleulean be separated into a produt of an eletroni part Ψe and a nulear part
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3.1 A brief review of photoexitation
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Chapter 3 Core exitation and eletroni relaxation in moleular multilayer �lms
∑

k

HIckuke
−iEkt/~ = i~

∑

k
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ċf =
1

i~

∑

k

〈f |HI(t)|k〉ei(Ef−Ek)t/~ck(t). (3.12)Consequently, if only the eigenstate |i〉 is populated at time t = 0, then
ck(0) = δki, (3.13)and with this cf an be derived by time integration of (3.12)

cf (t) =
1

i~

∫ t

0

dt′〈f |HI(t)|i〉ei(Ef−Ei)t′/~. (3.14)As the vetor potential is A = A0e
ik ·x−iωt for absorption and A = A0e

−ik ·x+iωt foremission, the time�dependent potentialHI an be written as
HI(t) = H ′

Ie
±iωt, (3.15)withH ′

I being the time�independent operator. This leads to
cf(t) =

1

i~
〈f |H ′

I |i〉
∫ t

0

dt′ei(Ef−Ei±~ω)t′/~. (3.16)After the time integration one obtains
|cf(t)|2 =

2π

~
|〈f |H ′

I|i〉|2tδ(Ef − Ei ± ~ω). (3.17)Note that the transition probability per unit time is |cf (t)|2/t|, whih is independentof t. In the photoemission and NEXAFS experiments in this work the radiation�eld is weak enough, so that the A ·A term in (3.3) is negligible. Therefore theprobability for absorption or emission of a photon with the energy ~ω an be simpli-�ed using (3.6). Within the dipole approximation (kx << 1), whih is satis�ed wellin the soft x-ray regime, the absorption probability is22



3.1 A brief review of photoexitation
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ǫ is the unit vetor of the vetor potential A. Consequently, the photoexitationross setion in the following PES and NEXAFS spetrosopy experiment an bewell desribed within the dipole approximation.3.1.2 Transition probability and intensityUp to this point the eletron�vibration oupling has been negleted and the ab-sorption probability has been alulated by onsidering only the purely eletronipart. However, if this is taken into aount, equation (3.18) hanges to the follow-ing
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|〈fn|in〉|2〈fe|ǫ ·p|ie〉|2δ(EF − EI ± ~ω), (3.20)where 〈fn| and |in〉 orrespond to the vibroni states and 〈fe| and |ie〉 to theeletroni states, respetively. The pre�fator |〈fn|in〉|2 is also known as Frank�Condon fator. Partiularly in PES and NEXAFS spetrosopy it plays an impor-tant role. It was shown that the vibroni �ne struture an broaden the NEXAFStransitions by more than 1 eV. If only few vibroni modes are dominant, the vi-broni eigenstates of the moleules an be determined from the NEXAFS. [45, 46℄Consequently, it is neessary to not only take the dipole matrix element into a-ount when onsidering the probability for a ertain NEXAFS transition, but alsothe Frank�Condon fators.In summary, the following aspets need to be onsidered when evaluating the in-tensity in the polyaene PES and NEXAFS data: 23



Chapter 3 Core exitation and eletroni relaxation in moleular multilayer �lms1. Equation (3.18) indiates that the symmetry of the initial sate |i〉 and the�nal state 〈f | wave funtion is important with respet to the dipole operator
ǫ∇. The probability for a transition of a 1s eletron into a unoupied pz or
π orbital, for example, is high if the polarization vetor is perpendiular to itsmirror plain. Therefore one needs to take the di�erent moleular orientationsinto aount.2. Furthermore, it an be understood with respet to (3.18) that the photoemis-sion ross setion is high, when the length of the photoeletron plain waveis of the order of the orbital size from whih the photoeletron was exited.The photoemission ross setion of the omparatively deloalized sp�bands,for example, is signi�antly higher for HeI exitation than for HeII exitationand vie versa for the strongly loalized d�states. Under ertain onditions asimilar e�et an be expeted for a NEXAFS transition of a 1s eletron intoa π�orbital, for example. If the exited moleular orbital is strongly loalizedat the ore hole site, the matrix element is signi�antly higher than for astrongly deloalized exited moleular orbital of similar symmetry. This isalso known as the ore hole loalization e�et. [35, 47℄3. Partiularly in NEXAFS spetrosopy the Frank�Condon fators need to betaken into aount when omparing the intensity of ertain eletroni transi-tions.3.1.3 Multi�eletron versus one�eletron viewIn a simple approximation of photoexitation one an take a one�eletron viewof the initial and �nal state wave funtion in whih the eletron orrelation isignored. The multi�eletron wave funtions in equation (3.18) are separated intoan "ative" one�eletron and a "passive" multi�eletron part. Aordingly, thetransition matrix element beomes

Mfi = 〈Ψf(N)|ǫ ·∑pi|Ψi(N)〉 (3.21)
= 〈χf |ǫ ·p1|φ1〉〈Ψf(N − 1)|Ψi(N − 1)〉 + ... (3.22)Here φ1 orresponds to the orbital from whih an eletron is exited, χf to the wavefuntion of the exited eletron, and Ψi(N−1) and Ψf(N−1) are the passive N−1eletron remainders. With a further simpli�ation one an assume that the passiveorbitals are the same in the initial and in the �nal state (Ψf(N − 1) = Ψi(N − 1)),whih is known as the frozen orbital approximation. Aordingly, the energy whih24



3.2 C K�NEXAFS of polyaenesis neessary for emitting a photoeletron is known as Koopmans' binding energy. Inthis piture the energy, whih is neessary for an eletroni transition into a bound�nal state χf orresponds to the di�erene of the Koopmans' energies between states
φ1 and χf . Of ourse, this is a strong simpli�ation beause one realizes intuitivelythat the eletrons are interrelated and therefore the remaining N − 1 eletronsare also a�eted by the eletroni transition. Consequently, there is �nite overlapbetween Ψi(N − 1) and various Ψf(N − 1), whih leads to additional satellitesat higher energies and to a lower energy for the main line. The entroid of thedi�erent, intensity�weighted �nal state energies orresponds to Koopmans' bindingenergy. [48,49℄ Hene, the Ψf (N−1) in (3.21) aounts for the eletroni relaxationand onsequently for the many�body harater of the exitation. Note that it isreferred to the lowering of the main line with respet to Koopmans' energy asrelaxation energy in the following.It is straightforward that for di�erent moleules the eletron�eletron interrelationand onsequently the relaxation an be di�erent, as it was observed for the poly-aene ore level photoeletron spetra. [A3℄ Furthermore, it is expeted that theeletroni reorganization is di�erent for ore ionization, the exitation of ore ele-trons into bound unoupied states (NEXAFS) and for valene ionization (UPSand IPES). However, Koopmans' energy and onsequently the relaxation ener-gies annot be measured diretly. Nevertheless, at least an estimate of the dif-ferent relaxation energies an be obtained for a systemati series of moleules froma omparison of the trend in the measured exitation and binding energies, re-spetively. It is shown in the following that for the polyaene series, for exam-ple, a omparison between ore level PES, NEXAFS and IPES data an be help-ful.
3.2 C K�NEXAFS of polyaenesFig. 3.1 shows the C K�NEXAFS spetra for a series of polyaene moleules, namelybenzene, naphthalene, anthraene, tetraene and pentaene. These moleules havedistint features below the absorption edge, whih orrespond to eletroni transi-tions into π∗ orbitals. The larger the moleules are, the more omplex the pre�edgestruture is. In order to be able to ompare the respetive spetra between thedi�erent moleules, it is neessary to identify and assign the eletroni transitions,whih is done brie�y in the following with respet to Hartree�Fok alulations ofthe C K�NEXAFS spetra of polyaenes. [50℄ 25
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Figure 3.1: C K�NEXAFS of benzene, naphthalene, anthraene, tetraene and pen-taene with 70◦ angle of inidene from the surfae normal. For benzene the totaleletron yield signal is shown and for the other moleules the partial eletronyield signal with 150 V retarding �eld. The average inlination angle Φav be-tween the moleular plain and the surfae normal is obtained from the dihroismin the pre�edge regime.26



3.2 C K�NEXAFS of polyaenes3.2.1 BenzeneThe C K�NEXAFS of benzene in Fig. 3.1 onsists of six signi�ant features (A � F)at 285.0 eV, 287.8 eV, 288.9 eV, 290.2 eV, 293.4 eV and 299.6 eV. This ontraditsthe building blok piture, whih predits only one π∗ and one σ∗ resonane inthe NEXAFS beause of the equivalene of all arbon atoms. Therefore severalexperimental and theoretial studies have been arried out whih orroborate thealulations in ref. [50℄. Aordingly, peak A orresponds to eletroni transitionsinto the lowest exited moleular orbital (LEMO), namely C 1s → LEMO(π∗e2u).Note that in Fig. 3.2 it an be seen that feature A has a vibroni �ne struture.Aording to the assignment in [51, 52℄ the 0�0 peak refers to the adiabati tran-sition, the shoulders α and γ orrespond to a C�H bending and strething mode,respetively, and peak β an be attributed to a C�C strething mode. Features B,C and D at 287.8 eV, 298.9 eV and 290.2 eV have mixed σCC , σ∗
CC , σ∗

CH and Ryd-berg harater. [53�56℄. Peak D has additional ontributions from a C 1s → π∗b2gexitation, whih an be onsidered as a shake transition with respet to the π∗e2uresonane. [50℄ The features E and F, whih are loated above the absorption edgehave mainly σ∗
CC harater. [56℄3.2.2 NaphthaleneThe C K�NEXAFS spetrum of naphthalene in Fig. 3.1 is similar to that of ben-zene but more omplex. Two peaks, A and B, an be resolved in the π∗ region at284.7 eV and 285.6 eV, respetively, in ontrast to [54, 57℄. Aordingly more thanone resonane ontribute to the signal in ontrast to benzene. Additionally thetrailing edge of feature F at 293.4 eV ontains a broad shoulder at 295.0 eV, whihindiates additional ontributions ompared to peak E of the benzene NEXAFS.This an be explained by the presene of three hemially di�erent arbon sitesin the naphthalene moleule � mid�top, mid�bottom and end�bottom, whih arelabeled 1, 2, 3 in the strutural formula in Fig. 3.1. With respet to previous theo-retial and experimental investigations NEXAFS of naphthalene an be understoodto �rst order as the sum of three benzene�like ontributions whih are related to thedi�erent atomi sites. [50,52,54,57℄ Aordingly, peak A has ontributions from twoeletroni transitions, namely C2 1s→ LEMO(π∗) and C3 1s→ LEMO(π∗) at atom2 and 3, respetively. [50,52,54,57℄. Furthermore, GSCF3 alulations indiate thatthe C1 1s → LEMO(π∗) transition is symmetry forbidden, and that peak B an beassigned to transitions from the C1 1s and the C3 1s level into the LEMO+1. [52℄Peak C an be attributed to four eletroni transitions, namely to exitations fromC2 1s and C3 1s into the LEMO+2, whih is on�rmed by the dihroism, and twotransitions with σ�symmetry, C1 1s→ LEMO+4 and C2 1s→ LEMO+5. [52,57,58℄27



Chapter 3 Core exitation and eletroni relaxation in moleular multilayer �lmsNote that the dihroism of peak D is opposite to that of peak A, B, C and E. There-fore the dominant ontribution to D an be assoiated with σ∗
CH exitations. Thesignature of the C K�NEXAFS above 288 eV is similar to that of benzene. Hene,a predominant σ∗

CC harater an be assigned to the features F � H above theabsorption step. [57℄3.2.3 Anthraene, Tetraene and PentaeneThe general signature of the NEXAFS spetra of larger polyaene moleules is sim-ilar to the naphthalene spetrum. They an also be understood as a sum of benzenelike ontributions from di�erent atomi sites. The distint feature A at low energyan be attributed to C 1s → LEMO exitations at di�erent arbon sites. Notethat for all moleules the exitation with the lowest energy is related to the mid�top atom. For anthraene and pentaene this orresponds to a C1 1s → LEMOtransition at arbon atom 1, and for tetraene to a C2 1s → LEMO transition atatom 2. [50℄ As for the larger moleules more transitions from hemially di�er-ent arbon sites ontribute to the signal ompared to naphthalene, the respetivefeatures above 287 eV are less distint, but it an be assumed that their har-ater is similar to that of the orresponding features in the naphthalene NEX-AFS.3.2.4 General trends from small to large moleulesApart from the inreasing omplexity with inreasing moleular size, several othertrends an be observed in the polyaene C K�NEXAFS. The dihroism in the C K�NEXAFS inreases with inreasing moleule size, in partiular in the π∗ region.The intensity of the features A and B in the tetraene spetrum derease stronglywhen the polarization of the x-rays is hanged from p to s, whereas the benzeneNEXAFS does not depend signi�antly on polarization. Considering the dipoleseletion rule for an optial transition from a radial symmetri orbital into a π∗orbital, this observation indiates that the tetraene moleules are lying nearly�at on the surfae with an average angle of Φav = 68◦ between the moleularplane and the surfae normal. The trend in the dihroism in Fig. 3.1 suggeststhat the benzene moleules are randomly oriented, and that the moleules arepreferentially lying �at with inreasing size. In partiular the average inlinationangle is Φav = 54◦, 57◦, 70◦ and 68◦ for benzene, naphthalene, anthraene andtetraene, respetively.28
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Chapter 3 Core exitation and eletroni relaxation in moleular multilayer �lmsFurthermore, the prominent π∗ signatures beome spread out for larger moleulesbeause of an inreasing number of valene levels and inequivalent ore hole siteswith inreasing moleular size. Additionally, the height of peak A with respetto the height of the absorption edge dereases for inreasing moleular size, andthe energy position of the onset of the resonane A dereases from 284.86 eV forbenzene to 283.26 eV for pentaene, whih is indiated in Fig. 3.2 and Tab. 3.1.As desribed above, the prominent feature A in the NEXAFS an be attributed totransitions into the LEMO and the resonane with the lowest energy orresponds toexitations at equivalent mid�top arbon sites for all investigated polyaenes � C1for an odd and C2 for an even number of arbon rings, respetively. Consequently,a derease in the matrix element and the exitation energy for the Cmt 1s→ LEMOtransition is observed with inreasing moleular size.3.2.5 Comparison between the energy of the NEXAFS onset and theC 1s and LUMO binding energyIn Fig. 3.3 the energy position of the NEXAFS onset, whih was determined fromFig. 3.2, is plotted versus the size of the polyaene moleules. Additionally, the C 1sand the LUMO binding energies are indiated, whih were measured by ore levelPES and IPES, respetively. [59, A3℄ Note that the authors mentioned expliitlythat the IPES measurements were done at very thin moleular �lms (2 � 3 ML) inorder to avoid harging and radiation damage. Therefore it an be assumed thatthese �lms are of high quality and that the measured LUMO binding energies arenot biased by any defets.The similarity between the trend in energy of the C K�NEXAFS onset and theLUMO binding energy is striking, while the trend in the C 1s binding energydi�ers signi�antly. Consequently, the exitation energy for the Cmt 1s → LEMOexitation dereases with inreasing polyaene size by the same value as the LUMObinding energy. This suggests intuitively that the trend in the NEXAFS onset andthe LUMO binding energy is dominated by e�ets in the ground state, namely thederease of Koopmans' binding energy of the LUMO, and that in both ases therelaxation energy is only little a�eted by the polyaene size in ontrast to oreionization, where the polyaene size in�uenes the relaxation energy signi�antly[A3℄ as it is summarized at the beginning of hapter 3. Therefore it an be helpfulto alulate the ground state energies of the respetive orbitals and ompare thetrend in the orbital energies with inreasing polyaene size to the experimentaldata.
30
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Chapter 3 Core exitation and eletroni relaxation in moleular multilayer �lms3.3 The in�uene of the polyaene sizeIn the following the orbital energies of the LUMO and the Cmt 1s orbital at themid�top arbon site are alulated for the di�erent polyaene moleules. For the sake ofomputation time the alulations are arried out using density funtional theory(DFT) with the B3LYP funtional [60℄ and the 6-311G basis set. It is knownthat the DFT alulations do not provide Koopmans' binding energies and the"real" orbitals, but Kohn�Sham funtions and energies instead, whih in prinipleare only mathematial operants. However, it is demonstrated in Appendix A thatit is su�ient for the polyaene series to onsider the Kohn�Sham energies forthe following disussion, beause they follow the same trend as the Koopmansenergies.At �rst, the trend in the Kohn�Sham energy of the LUMO with inreasing moleularsize is ompared to the trend in the LUMO binding energy, whih was determined byIPES. [59℄ Seondly, the hange in the Kohn�Sham energy of the Cmt 1s eletrons atthe mid�top arbon site with inreasing polyaene size is ompared to the hange inthe LUMO energy. This shows that the Cmt 1s energy dereases muh less than theLUMO energy. Thirdly, the trend in the di�erene between the Kohn�Sham energyof the Cmt 1s level and the LUMO is ompared to the trend in the Cmt 1s → LEMOexitation energy from the NEXAFS data.3.3.1 The LUMO energy in IPES and DFTThe quality of the DFT alulations an be veri�ed in Fig. 3.4 by the omparisonof the alulated LUMO energies with the respetive LUMO binding energies fromthe IPES experiments in [59℄. Fig. 3.4 shows the energy position of the LUMOmaximum in the IPES data of benzene, naphthalene, anthraene and tetraene [59℄together with the alulated LUMO energies. For a better omparison the energysale of all DFT alulations is ompressed by 0.7025 and shifted by +3.79 eVin order to �t the experimental data. This established proedure aounts forinherent limitations of state�of�the�art DFT omputations, e.g. underestimationof the eletroni gap, better approximation of orbitals and energies for valeneeletrons than for ore eletrons, and shortomings of the exhange�orrelationKohn�Sham potential. [61�68℄ The graph indiates that the trend in the alulatedLUMO energies agrees well with the trend for the experimental data. Therefore thederease in the LUMO binding energy in the IPES data with inreasing polyaenesize an be mainly attributed to the derease in the ground state energy of theLUMO with inreasing moleular size. Consequently, it is not surprising that the32
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3.3 The in�uene of the polyaene sizeurve indiates that the Cmt 1s level dereases slightly less with inreasing polyaenesize � a. 0.2 eV from benzene to pentaene. However, this e�et is one order ofmagnitude smaller than the derease in LUMO energy (-2.6 eV). As a onsequenethe trend in the energy di�erene ∆ ELUMO−Cmt1s is mainly determined by theLUMO energy.3.3.3 Trend in the LEMO energy versus trend in the ground stateAs disussed above the absolute value of the relaxation energy for the Cmt 1s→ LEMOexitation annot be determined beause ∆ELUMO−Cmt1s annot be alulated a-urately enough. However, it is possible to �nd out wether the relaxation energydepends on the moleular size by omparing the dependene of the Cmt 1s→ LEMOexitation energy with the trend in ∆ELUMO−Cmt1s.Due to eletron�vibration oupling the eletroni transitions are broadened by avibroni �ne struture, whih is individual for the di�erent polyaene moleules.Usually the energy spaing between the di�erent vibroni levels is of the order of100 meV for organi moleules [46℄, and several modes ouple to a ertain eletronitransition, whih leads to a rih vibroni �ne struture. Therefore, it is neessary toonsider only eletroni transitions into the vibroni ground state (ν = 0 → ν ′ = 0),when omparing the Cmt 1s → LEMO transition energies between the variouspolyaene moleules. If this transition is allowed it ontributes to the leading edgeof peak A. A detail Frank�Condon analysis of benzene, [51,53,73℄ and naphthalene[52℄ indiated that this is exatly the ase for these moleules. As this is also the asefor the C K�NEXAFS spetra of many other π�onjugated moleules [45,46℄ it anbe assumed that for the larger polyaenes the leading edge of the Cmt 1s → LEMOexitation is also determined by the ν = 0 → ν ′ = 0 transition. Therefore it isreasonable to ompare the energy position of the onset of the �rst NEXAFS feature,whih is marked in Fig. 3.2 and listed in Tab. 3.1.Another approah is to determine the exitation energy of the Cν=0
mt 1s→ LEMOν′=0transition for larger polyaene moleules by �tting a benzene spetrum to the �rstNEXAFS feature. For the larger polyaenes the harater of the ore exitation atthe mid�top arbon is supposed to be benzene�like to �rst order. [50, 52℄ Conse-quently, when �tting a benzene spetrum to the �rst NEXAFS feature the max-imum of the benzene signal indiates the Cν=0

mt 1s → LEMOν′=0 transition. Ofourse the vibroni �ne struture hanges for the di�erent polyaenes, in par-tiular the vibroni modes whih are related to the C�C vibrations like peak
β in the benzene spetrum in 3.6. However, it was shown, that these di�er-enes are omparatively small between benzene and naphthalene. [52℄ Consequently,35
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Chapter 3 Core exitation and eletroni relaxation in moleular multilayer �lmsMoleule C 1s (PES) LEMO onset LEMO max. ELUMO (IPES) ELUMO (DFT) ∆ELUMO−Cmt1s (DFT)Benzene 285.45 284.86 284.99 3.60 3.66 284.99Naphthalene 286.15 284.36 284.53 2.94 2.95 284.34Anthraene 285.61 283.83 283.97 2.42 2.49 283.92Tetraene 285.27 283.54 283.67 2.26 2.18 283.63Pentaene 285.27 283.26 283.38 � 1.95 283.42Hexaene � � � 1.80 283.27Heptaene � � � 1.69 283.17Table 3.1: Comparison between the C 1s binding energy of di�erent polyaenes inore level PES from [A3℄, the energy position of the C 1s→ LEMO transition, theLUMO binding energy in the IPES data in [59℄, the trend in the LUMO groundstate energy (DFT) and the trend in the energy di�erene ∆ELUMO−Cmt1s be-tween the LUMO and the C 1s level in the ground state (DFT). Note that thealulations are arried out with the B3LYP funtional and a 6-311G basis set.The Kohn�Sham energies are resaled aording to setion 3.3.1.
∆ELUMO−Cmt1s between the Cmt1s orbital and the LUMO is indiated (dashed line).The energy sale of the DFT alulations is ompressed by 0.7025 and shifted inenergy for better omparison, as it was desribed in setion 3.3.1. The trend in theLEMO energy ELEMO agrees well with that in ∆ELUMO−Cmt1s. Consequently, thederease in the LEMO energy an be mainly attributed to an e�et in the groundstate, namely the derease in the energy of the LUMO with inreasing moleularsize. This implies that the relaxation energy for the Cν=0

mt 1s→ LEMOν′=0 transitiondoes not hange signi�antly with inreasing polyaene size. Only for naphthalenethe exitation energy is slightly higher (150 meV) than what is expeted from thetrend in the ground state. This may be a hint for a slightly smaller relaxation en-ergy for naphthalene with respet to benzene, anthraene, tetraene and pentaenein analogy to the �ndings for ore level PES, [A3℄ where the binding energy ofthe C 1s mainline inreases by 0.7 eV from benzene to naphthalene and dereasesby 0.9 eV from naphthalene to pentaene. This e�et was mainly attributed toa signi�antly smaller relaxation energy for naphthalene due to the redution ofthe moleular symmetry from D6h for benzene to D2h for naphthalene. For theCν=0
mt 1s → LEMOν′=0 transition this e�et seems to be one order of magnitudesmaller.3.3.4 The ross setion for Cmt 1s→ LEMO transitionsFurthermore, a signi�ant derease in intensity of the of the C 1sν=0 → LEMOν′=0exitation an be observed in Fig. 3.1 and 3.2 in addition to the shift to lowerenergy of the respetive feature. From the �t of the x�ray absorption data withbenzene and naphthalene spetra in Fig. 3.6 the intensity an be estimated for the38
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Figure 3.8: Comparison of the height of the �rst feature in the polyaene NEXAFS,whih orresponds to Cmt 1s → LEMO transitions at the mid�top arbon site.The respetive intensities are derived from the PEY and the TEY signal by�tting a Benzene spetrum to the respetive NEXAFS signal as it is desribedin subsetion 3.3.3. The respetive intensities are orreted for the di�erentmoleular orientation of the polyaene moeules and normalized to the value ofbenzene. Furthermore, the expeted tendeny is indiated for two senarios: theLEMO is not a�eted by an inrease in polyaene size (♦) and deloalization ofthe LEMO over the entire moleule (◦). � See the text for more details.
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Chapter 3 Core exitation and eletroni relaxation in moleular multilayer �lmsCmt 1s → LEMO transition at the mid�top arbon site. The respetive trend inthe peak height an be ompared to the expeted trend for two extreme senar-ios, namely to the ase where the LEMO is ompletely deloalized over the entiremoleule and to the ase where the size of the LEMO is the same for the di�erentpolyaenes.The transition intensity is in�uened by the degeneray of the exited state andthe respetive dipole matrix element, as it has been desribed in subsetion 3.1.2.Taking both both aspets into aount the trend with inreasing polyaene size anbe estimated in a rudimentary approximation:Model 1: Same LEMO size for di�erent polyaenes:Assuming that the shape of the LEMO is the same for all polyaene moleules,the matrix element Mfi is also the same aording to (3.21) in the one�eletronview. Consequently, the intensity of the respetive transition depends onlyon the degeneray of the �nal state 〈f |, whih orresponds to the numberof equivalent Cmt ore hole sites, namely 6 for benzene, 4 for naphthalene,2 for anthraene, 4 for tetraene and 2 for pentaene. As the polyaeneNEXAFS spetra are normalized to the height of the adsorption edge, whihis proportional to the total number of C atoms in the probed volume, theLEMO intensity in the spetra should sale with the number of equivalentore hole sites over the total number of C atoms per moleule.
ILEMO ∼ ♯ of Cmt atomstotal ♯ of C atoms per moleule . (3.23)Model 2: LEMO equally deloalized over the whole moleule:If the LEMO is equally deloalized over the whole moleule, one an assumeto �rst order that its density at eah arbon site is equal. Consequently,its density at one arbon site is inversely proportional to the total numberof C atoms per moleule. If the π�symmetry of the LEMO is onservedfor all moleules without any additional nodal plane at the Cmt site whihis perpendiular to the moleular plane the transition probability Pfi is alsoinversely proportional to the total number of C atoms per moleule. Thereforethe intensity of the Cmt 1s → LEMO transition should sale with
ILEMO ∼ ♯ of Cmt atoms

(total ♯ of C atoms per moleule)2
. (3.24)

40



3.3 The in�uene of the polyaene size

Figure 3.9: (Color online) The LEMO of di�erent polyaenes for Cmt 1s → LEMOtransitions at the mid�top arbon site � marked with an ∗. The orbitals areobtained from Z+1 DFT alualtions with the B3LYP density funtional and a6-311G basis set. The graph shows the iso�density surfae (0.02 e/bohr3) withthe phase of the wave funtion being indiated by red and green olor. Thenumber of ore hole sites whih ontribute to the Cmt 1s → LEMO transition isgiven at the bottom together with the total number of arbon atoms.
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Chapter 3 Core exitation and eletroni relaxation in moleular multilayer �lms
The intensity of the Cmt 1s → LEMO(π∗) transition is plotted in Fig. 3.8 overthe polyaene size for better omparison after orreting for the di�erent aver-age moleular orientations in the polyaene �lms and normalizing to the LEMOintensity in the benzene NEXAFS. Additionally, the expeted values are indi-ated for two extreme senarios, namely the same LEMO size for all polyaenemoleules (model 1 ) and an equally distributed LEMO over the entire moleule(model 2 ).The LEMO intensities in the NEXAFS spetra agree well with the expeted valuesfor model 2, where the LEMO is assumed to be deloalized over the entire moleule.This is orroborated by a omparison of the di�erent polyaene LEMOs in Fig. 3.9whih are obtained from Z+1 alulations of the respetive ore exited states.Aordingly, the LEMO is ompletely deloalized over the entire moleule for allinvestigated polyaenes. Consequently, the results of the alulations are lose tothe assumptions for relation (3.24). Note that a strongly exitoni ore exitedstate is often assumed to be loser to the assumptions for model 1 than to thosefor model 2. This is disussed below in more detail.
3.4 Summary & DisussionThe C K NEXAFS investigation of polyaene thin �lms has demonstrated thatthe trend in the exitation energy for the Cmt 1s → LEMO(π∗) transition as afuntion of the polyaene size is very similar to the trend in the LUMO bindingenergy from IPES, while the trend in the C 1s binding energy in the ore level PESdata is di�erent. The similar trends in NEXAFS and IPES data suggest that thederease in the LEMO and the LUMO exitation energy with inreasing polyaenesize an mainly be attributed to an e�et in the ground state. This has been furthersupported by DFT alulations. Consequently, the relaxation energy, whih an beonsidered as a measure for the reorganization of the eletroni struture in theexited state, is similar for the di�erent polyaenes.In ontrast, for ore ionization the relaxation energy di�ers strongly between thevarious polyaene moleules. This has been illustrated by the ore level PES dataof polyaene series. In partiular the relaxation energy dereases by 0.7 eV frombenzene to naphthalene and inreases by 0.9 eV from naphthalene to pentaene.The derease has been attributed to the redution of the moleular symmetry, whih42



3.4 Summary & Disussionhinders the relaxation in the ore ionized �nal state of naphthalene.2 Moreover, theinrease in the relaxation energy from naphthalene to larger polyaenes has beenrelated to the inreasing size of the π�system. [A3℄This e�et is signi�antly weakened when the ore eletron is not emitted but stillpresent in the LEMO. Consequently, the additional eletron on the ore exitedmoleule improves the relaxation of the eletroni struture signi�antly, so thatthe hange of the moleular symmetry between benzene and naphthalene as wellas the inreasing size of the π�system have only minor in�uene on the eletronirelaxation. This e�et is often onsidered as sreening of the ore hole by theexited eletron. Consequently, in ase of NEXAFS transitions the wave funtion
Ψf(N − 1) of the remaining eletrons is less modi�ed with respet to the groundstate (Ψi(N − 1)) than in ase of ore ionization.This �nding has further onsequenes onerning the dipole matrix element andthe transition probability for the respetive ore exitations. It has been disussedin setion 3.1.3 with respet to Koopmans' theorem that in PES the eletronirelaxation leads to additional satellites above the main line. Analogously, satelliteexitations ontribute also to the NEXAFS spetra, but their overall ross setionis smaller than in PES. Note that satellite exitations were studied extensivelyin the NEXAFS of argon and neon. [74�79℄ It is di�ult to identify suh multi�eletron exitations in the NEXAFS of organi moleules beause in general manytransitions ontribute to the overall signal, whih overlap in energy. Nevertheless,one needs to keep in mind that satellite exitations also ontribute to NEXAFSspetra.Furthermore, a general statement about the ore hole loalization e�et an bemade. It is known that for ore exitations into bound �nal states the relaxationenergy depends strongly on the loalization of the ore hole with respet to the ex-ited moleular orbital (EMO). As a rule of thumb, it is assumed that the transitionprobability is high and the eletroni relaxation is large when the exited moleularorbital has a high density at the ore hole (and appropriate symmetry). [35,47,55℄The di�erent relaxation energies between di�erent ore exited states of a ertainmoleule are often explained by this senario. However, the NEXAFS investigationof the polyaene series has shown that the relaxation energy for C 1s → LEMOtransitions at hemially similar arbon sites is the same, regardless of the deloal-ization of the LEMO, while the intensity dereases as expeted. This demonstratesthe many�body harater of the NEXAFS transition. Apparently, the deloaliza-tion of the LEMO with inreasing moleular size is ompensated by the oupiedvalene states.2Note that harging ould be ruled out. Furthermore, it an be assumed that the interationbetween neighboring moleules is similar for the benzene and the naphthalene �lm beause ofsimilar growth modes. 43



Chapter 3 Core exitation and eletroni relaxation in moleular multilayer �lmsConsidering all these aspets, the onept of a ore exiton, whih is often usedin relation to NEXAFS spetrosopy, needs to be disussed brie�y. In the las-sial sense an exiton is onsidered as an eletron�hole pair due to Coulomb in-teration. In general the exiton binding energy is de�ned as the energy, whihis neessary to separate the eletron from the hole or the energy for transferringthe exited eletron onto another moleule, respetively. Typially, it is small fordeloalized exitons (Mott�Wannier type) and large for loalized ones (Frenkeltype).For ore exitations, the exiton binding energy is the energy di�erene between theC 1s → LEMO transition energy and the sum of the C 1s and the LUMO bindingenergy. With the values in Tab. 3.1 one �nds that the exiton binding energy basi-ally re�ets the trend in the C 1s binding energy beause of the di�erent eletronirelaxation. In partiular it inreases from benzene to naphthalene and dereasesfrom naphthalene to pentaene. Consequently, a high exiton binding energy doesnot neessarily imply a high loalization of the LEMO at the hole and a high tran-sition probability. As this interrelation applies analogously for valene exitonsit an be important for the eletron�hole separation at interfaes as well as foreletron�hole reombination, e.g. �uoresene deay.
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4Charge transfer satellites at metal�organiinterfaes � PTCDI, PTCDA, BTCDI andBTCDA on Ag(111)Charge transfer satellites have been intensively studied for various transition metalompounds, [80�89℄ e.g. for the divalent dihalides (CuF2, CuCl2, CuBr2) andNiO. [8�12℄ In these materials transition metal atoms with a partially �lled d or fshell, respetively, are embedded in a matrix of ligands. Due to the quite loalizedharater of the d/f states many of the observed e�ets an be explained in a simplemoleular orbital frame work, with only one metal atom and the surrounding lig-ands being onsidered. When a ore hole is reated at the metal atom, the energyof the initially unoupied loalized d/f states is lowered, so that it is similar tothe energy of the oupied ligand valene levels, whih an indue eletron transferfrom the ligands to the metal atom. Depending on the energy of the d/f levels inthe ore exited state with respet to that of the oupied ligand levels, the eletrontransfer an lower or raise the energy of the ore exited state ompared to oreexitation without harge transfer, similar to shake�up or and shake�down tran-sitions. Hene, a rih satellite struture an be observed in the ore level spetraof these materials. As for transition metal ompounds the intensity of the variousspetrosopi features is often of the same order it is onvenient to refer to theontribution with the lowest binding energy as the main line and the ontributionsat higher binding energy as the satellites. Moreover, it was found that harge trans-fer satellites an also be relevant for pure metals and alloys with loalized d or feletrons. [90�95℄Furthermore, harge transfer satellites have also been observed for interfaes be-tween adsorbate �lms of small moleules, e.g. CO and N2 on various metal sub-strates [96�105℄ and arbonyl�transition�metal omplexes. [106℄ Several ore levelPES studies and quantum hemial alulations of suh interfaes indiate that therih harge transfer ontributions are very sensitive to the adsorbate�substrate ou-pling. [107℄ They partiularly appear in ase of ovalent interfae interation. More-over, it is suspeted that harge transfer satellites also play an important role foradsorbate�substrate interfaes of large organi moleules. [108�111℄ The ore levelspetra of CO and N2 monolayer �lms ould be understood by omparing several45



Chapter 4 Charge transfer satellites at metal�organi interfaesmonolayer �lms on di�erent substrates and by a theoretial approah developed byGunnarsson and Shönhammer, whih allows alulations of the ore level spetrawithin the framework of the Anderson impurity model. [97,103,104,112,113℄ In thishapter an alternative and omparatively simple approah to the many�body e�etsin the ore level spetra of adsorbates will be o�ered. It allows to model and under-stand the ore level data qualitatively, and it improves the understanding of the fun-damental physis at the adsorbate�substrate interfae.It will be shown that the onepts developed by Sawatzky et al. and Kotani et al.for harge transfer ompounds [8,9,12,114�116℄ an be transferred to the situationfor weakly hemisorbed moleules at the moleule�metal interfae. The simpliityof the approah disussed in the following allows to model the PES data. Con-sequently, important parameters for the adsorbate�substrate interation, e.g. theoupling strength, an be dedued from the PES data. It will be shown that theseparameters are even quantitatively in a reasonable range, despite several approxi-mations. In this senario the moleule takes the role of the transition metal atomand the (metal) substrate surfae an be onsidered as ligand with an in�nite Fermisea.Several organi�metal interfaes are studied omprehensively and systematiallyin the following. The investigation of di�erent moleular monolayers on the samemetal surfae gives information on the in�uene of the moleular properties on theinterfae interation. For this study the Ag(111) surfae was hosen beause ofits intermediate reativity, whih is in between that of Au and Cu. Furthermore,the (111) surfae is a standard surfae for many surfae and interfae investiga-tions. Moreover, four di�erent moleules are hosen, whih are shown in Fig. 4.1� 3,3',4,4'�benzophenone tetraarboxyli dianhydride (BTCDA), 3,3',4,4'�benzo-phenone tetraarboxyli diimide (BTCDI), 3,4,9,10�perylene tetraarboxyli dian-hydride (PTCDA) and 3,4,9,10�perylene tetraarboxyli diimide (PTCDI). Con-sequently, the in�uene of the size of the π�system and the in�uene of the ele-tronegativity of the funtional group an be studied, whih is lower for the diimidegroup than for the dianhydride group. As the energy of the valene levels is ofinterest for the harge transfer satellites, one should note that the HOMO�LUMOgap dereases from BTCDA to PTCDI. Moreover, PTCDA has beome a standardmoleule for studying organi thin �lms and interfaes, [117,118℄ and therefore theeletroni thin �lm and interfae properties an be disussed with respet to thePTCDA benh mark in the following.
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Chapter 4 Charge transfer satellites at metal�organi interfaes4.1 General onsiderations for a two�level atomBefore dealing with the experimental data it is helpful to gain some insight into theinterfae properties by disussing the interation of a single atomi adsorbate witha metal substrate. The e�et of the interfae interation on the PES and NEXAFSsignal is demonstrated by onsidering a free two�level atom at �rst, followed byswithing on the oupling to the free eletron gas of the metal substrate in theseond step. It will be shown in setion 4.3 that the resulting e�ets are alsorelevant for moleular adsorbates on metal surfaes.4.1.1 Valene on�gurations and ore exited states without interfaeinterationIn a multilayer �lm of very weakly interating atomi adsorbates, e.g. inert gasatoms, it is to �rst order su�ient to neglet the interatomi interation whendisussing the ore exitation and to onsider only the properties of the singleatom instead. Two eletroni levels are of interest in the following, one ore level
|c〉 with energy ǫc < 0 and one valene level |a〉 with energy ǫa > 0, whih is initiallyunoupied. The energies are given with respet to the hemial potential µ and thespin degeneray is negleted for simpliity. Aordingly, the model Hamiltonian Hwhih desribes the reation of a ore hole is given by

H = H0 +Hc

= ǫcnc + [ǫa − Uac(1 − nc)]na (4.1)where the valene level is pulled down an energy Uac due to the Coulomb interationwith the ore hole, and eletroni relaxation is negleted. [97, 112, 114�116, 119℄Consequently, if the valene orbital is oupied (na > 0) and Uac > ǫa, the totalenergy of the ore exited state is lower than for na = 0 and vie versa for Uac < ǫa asindiated in Fig. 4.2. In analogy to the nomenlature for harge transfer ompoundsthe ore hole is desribed by −1 and the oupation of the valene level is expressedby a+1. On the left hand side in Fig. 4.2 the total energy of the ground state (a0)and the �rst exited state a+1 are indiated. The reation of a ore hole lowersthe total energy of the on�guration with an additional valene eletron (−1a+1)by Uac with respet to the −1a0 on�guration. Assuming that the ground stateorresponds to a pure a0 on�guration, the −1a+1 on�guration an be obtainedby a diret eletroni transition, as e.g. in NEXAFS spetrosopy, for appropriate48



4.1 General onsiderations for a two�level atom
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Chapter 4 Charge transfer satellites at metal�organi interfaes
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4.1 General onsiderations for a two�level atomfree eletron gas. Aordingly, the oupling between the d state with energy Ea ofthe impurity and the states of the free eletron gas leads to a density distributionof atom�substrate valene states. The density distribution of the impurity statesan be desribed by
ρa(ǫ) =

1

π

∆

(ǫ−Ea)2 + ∆2
(4.2)with the width in energy ∆ depending on the oupling parameter V and the eletrondensity distribution of the free eletron gas ρ(ǫ).

∆ = π〈V 2〉avρ(ǫ) (4.3)Furthermore, the eigenstates of the oupled two�level system an be desribed bylinear ombinations of the one�eletron states. The mixing of these states is smallif the orrelation energy U is signi�antly larger than the width ∆ and the mixingis large if both energies are of the same order.The harge transfer at the interfae upon ore ionization an be treated in the sameframe work. Considering weakly ovalent interation between the single atom fromsetion 4.1.1, with negligible orrelation energy Uaa between the two eletrons in
|a〉, and a metal substrate, the Anderson Hamiltonian [28, 120℄ for the interfaeproblem has the form [97, 115, 116, 121℄

H = ǫcnc + [ǫa − Uac(1 − nc)]na +
∑

k

ǫknk +
∑

k

(Vakc
+
a ck + Vkac

+
k ca), (4.4)with ǫk orresponding to the energy of the states |k〉 of the free eletron gas, Vakbeing the oupling parameter between |k〉 and the adsorbate level |a〉, and c+a and

c+k being the respetive reator operators. Consequently, the oupling between theadsorbate level |a〉 and the substrate indues a density distribution of adsorbate�substrate states, analogous to the �ndings for the oupling of magneti impuritylevels with the DOS of the free eletron gas. Hene, the density distribution ofadsorbate states ρa(ǫ) satis�es the relations (4.2) and (4.3). Note that it an beassumed that Ea = ǫa to �rst order, whih implies that hemial shifts are ne-gleted.Consequently, the density distribution of adsorbate states ρa(ǫ) is entered at ǫain the ground state and unoupied as illustrated in Fig. 4.3. Hene, the hargetransfer energy for full oupation of ρa(ǫ) is ∆CT = ǫa. The interation withthe ore hole lowers the energy of the adsorbate valene states by Uac, so that51



Chapter 4 Charge transfer satellites at metal�organi interfaespreviously unoupied states an be pulled below the Fermi level if Uac is largeenough. Consequently, the energy of the ore exited state an be raised or loweredby oupying adsorbate valene states. If Uac is so that ρa(ǫ+Uac) is entered loseto the Fermi level as shown in Fig. 4.3, the ore exited state whih is lowest inenergy orresponds to the on�guration "ore exited (2)" where all states below theFermi level are oupied and all above are unoupied. Inversion of the oupationof ρa(ǫ+ Uac) leads to the highest ore exited state.The eigenfuntions of the HamiltonianH an be expressed to �rst approximation ina two�fold basis ontaining the wave funtions for two on�gurations in the unou-pled ase, Ψ(c−1a0), where a ore hole is reated, and Ψ(c−1a+1), where additionallyan eletron is transferred to the atom. Then the wave funtion for the ore exitedstate an be written as
Ψlow = (1− < na >)Ψ(c−1a0)∓ < na > Ψ(c−1a+1) (4.5)For the ore exited state of lowest energy, whih orresponds to "ore exited (2)"in Fig. 4.3, the oe�ient < n(a) > an be determined by integrating the den-sity of adsorbate�substrate states ρa from relation (4.2) up to the Fermi level

ǫF .
< na > =

∫ ǫF

−∞

ρa(ǫ+ Uac) dǫ

=
1

π
arctan

(
ǫF − ∆′

CT

∆

)

+ 0.5 (4.6)In the following it is referred to ∆′
CT = ǫa − Uac as harge transfer energy beauseit orresponds to the energy for transferring one eletron from the substrate tothe ore exited adsorbate. As for the highest ore exited state the oupation of

ρa(ǫ+ Uac) is just inverted, it follows immediately that
Ψhigh =< na > Ψ(c−1a0) ± (1− < na >)Ψ(c−1a+1) (4.7)Consequently the on�guration mixing depends on the parameter Uac and the width

∆ of the density distribution of adsorbate states. In partiular for Uac = ǫa the on-�guration mixing is 1:1 and it dereases with inreasing or dereasing Uac, respe-tively. Moreover, this derease is steeper for smaller ∆.Therefore, the harge transfer energy ∆′
CT plays a similar role as the orrelationenergy in the Anderson Impurity model in [28℄. The mixing of the two on-�gurations is very small if the harge transfer energy is muh larger than the52



4.1 General onsiderations for a two�level atomwidth ∆ of the density distribution of adsorbate states (∆′
CT/∆ >> 1). How-ever, the two on�gurations are strongly mixed if it is of the same order (∆′

CT/∆ ≃
1).4.1.3 Satellite intensities and energiesAs in ore level PES the satellite transitions an be treated in the monopole approx-imation, [48, 49℄ strong mixing of the two on�gurations in the ore exited stateleads to a strong satellite intensity. In partiular the intensity of the respetiveore exited states depends on the ontribution of the ground state on�gurationto the wave funtion of the respetive ore exited state. Based on this interrelationthe harge transfer satellites at the substrate�adsorbate interfae an be modeledby the following formalism, whih was developed by Sawatzky et al. [8℄ for the de-sription of harge transfer satellites in ore level photoeletron spetra of opperdihalides. It models the energy separation between the main and the satellite peakin the PES spetra and their relative intensity. This formalism an also be appliedto the interfae problem with minor modi�ations.Assuming that the eigenstates for the HamiltonianH without the ore hole (nc = 1in (4.4)) are linear ombinations of state |m〉 and |n〉 it is

Ψ = c1|m〉 + c2|n〉 (4.8)The eigenvalues for H an be obtained from
det

(
Hmm − E Hmn − SmnE

Hnm − SnmE Hnn −E

)

= 0 (4.9)where the overlap integral Smn = 〈m|n〉. For small overlap integrals (Smn → 0) thequadrati equation for the eigenvalues an be solved:
E1,2 =

1

2
(Hmm +Hnn) ± 1

2

√

(Hnn −Hmm)2 + 4HmnHnm (4.10)
= E0 +

1

2
∆CT ± 1

2

√

∆2
CT + 4T 2 (4.11)where ∆CT = Hnn−Hmm = 〈n|H|n〉−〈m|H|m〉 and T = Hmn = 〈m|H|n〉. The or-responding eigenfuntions an be written for a positive value of T as 53
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Ψ1 = sin θ Ψ(a0) + cos θ Ψ(a+1) (4.12)
Ψ2 = cos θ Ψ(a0) − sin θ Ψ(a+1). (4.13)Moreover, from 〈Ψ1|H|Ψ1〉−〈Ψ2|H|Ψ2〉 =

√

∆2
CT + 4T 2 one obtains

tan 2θ =
2T

∆CT

(4.14)where the value of θ is restrited to 0 < θ < 45◦ for ∆CT > 0. For the ore exitedstate the interation of the ore hole with the valene state |a〉 has to be takeninto aount additionally. Consequently, the energy di�erene between the −1a0and the −1a+1 on�guration is ∆′
CT = ∆CT − Uac. Aordingly, the eigenvaluesare

Es,m = E ′
0 +

1

2
∆′

CT ± 1

2

√

∆′2
CT + 4T 2 (4.15)with the orresponding eigenfuntions

Ψl = sin θ′ Ψ(c−1a0) + cos θ′ Ψ(c−1a+1) (4.16)
Ψm = cos θ′ Ψ(c−1a0) − sin θ′ Ψ(c−1a+1) (4.17)with

tan 2θ′ =
2T

∆′
CT

(4.18)and with θ′ restrited to 0 < θ′ < 45◦ for ∆′
CT > 0. Hene, the ore level spetrumonsists of a main peak with intensity Im whih orresponds to the ore exitedstate of lowest energy Em and a satellite with intensity Is whih orresponds tothe ore exited state of energy Es. With respet to (4.15) the energy separationbetween the main and the satellite peak is

W = Es −Em =
√

(∆CT − Uac)2 + 4T 2 (4.19)In the sudden approximation the intensity ratio of the satellite and the main peakan be determined by the overlap of the wave funtions in the ground state and in54



4.1 General onsiderations for a two�level atomthe exited state. Assuming that |a〉 is unoupied in the ground state (∆CT = ǫa >
0) and 0 < θ < 45◦, the ground state orresponds to Ψ2. Aording to the monopoleseletion rule for the satellite transitions [48, 49℄ the intensity ration follows fromthe diret overlap of the respetive wave funtions.

Is
Im

=
|〈Ψl|Ψ2〉|2
|〈Ψm|Ψ2〉|2

=

(
sin θ′ cos θ − cos θ′ sin θ

cos θ′ cos θ + sin θ′ sin θ

)2

= tan2(θ′ − θ) (4.20)From the hoie of the wave funtions it follows that 0◦ < θ < 45◦ for ∆CT > 0and 45◦ < θ < 90◦ for ∆CT < 0 and 0◦ < θ′ < 45◦ for ∆CT − Uac > 0 and
45◦ < θ′ < 90◦ for ∆CT − Uac < 0. Consequently, the satellite intensity dependsonly on the di�erene in the on�guration mixing between the ground state andthe ore exited state.The e�et of the on�guration mixing is also depited shematially in Fig. 4.4. Thevalidity of this formalism an be heked by onsidering three extreme senarios,where it is assumed that ∆CT = ǫa > 0 and ∆′

CT = (ǫa−Uac) < 0.� No ouplingFor a free atom the oupling parameter Vka vanishes and therefore ∆ →
0 aording to (4.3). Hene, it is ∆CT/∆ = ǫa/∆ → ∞ and ∆′

CT /∆ =
(ǫa − Uac)/∆ → −∞, whih implies no mixing of the on�gurations a0, a+1and −1a0, −1a+1, respetively. Thus, θ = 0◦ and θ′ = 90◦, and thereforeno harge transfer satellites are observed aording to (4.20). Furthermore,as for this senario Ψ(c−1a0) and Ψ(c−1a+1) are the eigenstates of H it is
T 2 = |〈Ψ(c−1a+1)|H|Ψ(c−1a0)〉|2 = 0 in agreement with (4.18). Then thedi�erene between the eigenvalues of H in (4.19) beomes W = ∆CT − Uac,whih orresponds to the energy di�erene of the one�eletron states as it isindiated in Fig. 4.2.� Eletroni oupling and ǫa >> 0In the ase that ǫa >> ∆ there is no signi�ant on�guration mixing in theground state and onsequently θ = 0◦. If the oupling parameter Vka is suf-�iently large so that (∆′

CT/∆ ≃ 1), there is signi�ant on�guration mixingin the ore exited state (θ′ < 90◦), whih leads to onsiderable satellite in-tensity aording to (4.20). Additionally, Ψ(c−1a0) and Ψ(c−1a+1) are not theeigenstates, whih leads to T 2 > 0, and onsequently aording to (4.19) thedi�erene of the eigenvalues of H is larger than for the non�interating ase.55
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4.1 General onsiderations for a two�level atom� Eletroni oupling and ǫa → 0If ǫa is of the same order as ∆, there is signi�ant on�guration mixing in theground state (θ > 0◦). If additionally Uac >> ∆, one an assume that themixing in the ore exited state is weak (θ′ = 90◦). This would again lead toa signi�ant satellite intensity with respet to (4.20).Consequently, the adsorbate�substrate oupling an lead to signi�ant satellite on-tributions in the ore level photoeletron spetrum, whih are related to substrate�adsorbate harge transfer. If the harge transfer energy is signi�antly larger than
∆, the on�guration mixing is small, whih results in a very large intensity ratio
Is : Im with the parameters assumed above, and the satellite and the main peak anbe assigned to the senario where harge transfer ourred or not. However, theon�gurations are strongly mixed if the orrelation energy is of the same order as
∆. Therefore, the intensity ratio Is : Im an be of the order of one, and eah peakhas signi�ant ontributions from both on�gurations.4.1.4 The in�uene of the adsorbate�substrate oupling on NEXAFSspetrosopyThe aspet that the eletroni oupling between the unoupied adsorbate valenelevel with the substrate states leads to a density distribution of adsorbate valenestates has signi�ant in�uene on the NEXAFS. Consequently, a signi�ant broad-ening of the eletroni transitions an be expeted with respet to the unoupledase. Furthermore, relations (3.18), (4.12) and (4.16) suggest that many�body ex-itations play a signi�ant role in the NEXAFS as well. Let's assume that for thefree atom (Vka = 0 → θ = 0◦ and θ′ = 90◦) the eletroni transition from theore level to the unoupied valene level ontributes signi�antly to the NEXAFSsignal. Then the following holds for the transition matrix element in the dipoleapproximation and the transition probability:

0 = |〈Ψl|ǫ ·p|Ψ2〉|2δ(El − E2 ± ~ω)

= |〈Ψ(c−1a0)|ǫ ·p|Ψ(a0)〉|2δ(Ec−1a0 − Ea0 ± ~ω) (4.21)
0 < |〈Ψm|ǫ ·p|Ψ2〉|2δ(Em − E2 ± ~ω)

= |〈Ψ(c−1a+1)|ǫ ·p|Ψ(a0)〉|2δ(Ec−1a+1 − Ea0 ± ~ω) (4.22)Consequently, only one single resonane ontributes to the NEXAFS signal from thefree atom. Moreover, the oupling between the adatom and the substrate (|Vka|2 >57



Chapter 4 Charge transfer satellites at metal�organi interfaes
0) leads to on�guration mixing (0◦ < θ < 45◦ and 45◦ < θ′ < 90◦) as it has beendisussed above. Therefore the transition probability hanges to

0 < |〈Ψl|ǫ ·p|Ψ2〉|2 δ(El −E2 ± ~ω)

= (sin2 θ′ sin2 θ|〈Ψ(c−1a0)|ǫ ·p|Ψ(a+1)〉|2

+ cos2 θ′ cos2 θ|〈Ψ(c−1a+1)|ǫ ·p|Ψ(a0)〉|2 + ...) δ(El −E2 ± ~ω) (4.23)
0 < |〈Ψm|ǫ ·p|Ψ2〉|2 δ(Em −E2 ± ~ω)

= (cos2 θ′ sin2 θ|〈Ψ(c−1a0)|ǫ ·p|Ψ(a+1)〉|2

+ sin2 θ′ cos2 θ|〈Ψ(c−1a+1)|ǫ ·p|Ψ(a0)〉|2 + ...) δ(Em − E2 ± ~ω) (4.24)This indiates that a seond resonane appears in the NEXAFS when the eletronioupling is swithed on. One is loated at Em −E2 and the other one at El −E2 asdepited in Fig. 4.4. For the limit |Vka|2 → 0 the eletroni transition Ψ2 → Ψmbeomes Ψa0 → Ψc−1a+1 , the single resonane for the free atom, and the signalwhih orresponds to Ψ2 → Ψl vanishes, analogous to the �ndings for the orelevel photoeletron spetrum where the signal related to the ore exited state Ψmdisappears.4.1.5 Additional e�ets for ovalent moleule�metal interationIn general, the adsorption of atoms and moleules leads to a rearrangement of theeletroni struture beyond what is taken into aount by the simple AndersonHamiltonian in setion 4.1.2. These e�ets an be omparatively small for phy-sisorption with weak, non�ovalent interfae interation, e.g. for inert gases onnoble metals surfaes, [122�124℄ and omparatively strong for ovalent interfaeinteration. [125�127,A4℄ It has been observed that PES ore level spetra of ideallyphysisorbed atoms and moleules on noble metal surfaes resemble the multilayerspetra, exept for an overall energy shift whih is attributed to the formation of animage potential in the metal as a reation on the ore hole. [128,129℄ However, forhemisorbed atoms and moleules with ovalent interfae interation onsiderable(di�erential) hemial shifts are observed, whih indiate a reorganization of theeletroni struture between the adsorbate and the metal substrate in both, theground state and the ore exited state. [119℄ Partiularly, adsorbate�substratehybrid orbitals, whih have been negleted so far in the present disussion, play asigni�ant role. In addition to the rearrangement of the eletroni struture in theground state, the adsorbate�substrate hybrid orbitals an ontribute signi�antlyto the eletroni relaxation in the ore exited state, whih an lead to di�erential58



4.1 General onsiderations for a two�level atomhemial shifts between satellites and the main line as well as to hanges in therelative intensities due to substrate�adsorbate harge transfer. This is orroboratedby the �ndings in hapter 3 where it was demonstrated that the eletroni relaxationan be signi�antly di�erent for ore ionized states and ore exited states with anadditional eletron in a previously unoupied level.In the formalism desribed in setion 4.1.3 a two�fold basis set was assumedfor relation (4.12) and (4.16) onsisting of the wave funtions for two on�gura-tions without adsorbate�substrate oupling. Therefore, the in�uene of ovalentadsorbate�substrate interation is negleted. However, Bagus et al. have reentlyshown for the CeO2 transition metal ompound that the ovalent interation be-tween the metal and the ligand atoms ontributes signi�antly to the relaxationenergy. [130, 131℄ Moreover, alulations for CO/Cu(001) and PES investigationsof the ore levels of N2 and CO on various metal substrates indiate that the rel-ative energy position of the harge transfer satellites is similar for di�erent metalsubstrates and di�erent oupling parameter Vak, respetively, but their relativeintensities vary signi�antly. [96�100, 132℄ (and referenes in [98℄) Consequently,the ontribution of the adsorbate�substrate hybrid orbitals seems to be similarfor these di�erent interfaes and dominated by the same π�orbitals. It an as-sumed that the simpli�ed model whih has been introdued in this setion an bewell applied to suh interfaes. It is partiularly suited in ase of weakly ovalentinterfae interation, where the redistribution of the adsorbate�substrate hybridorbitals ontributes omparatively little to the eletroni relaxation in the oreexited state.Furthermore, in ase of moleules there an be various eletroni states near theFermi level, and onsequently several di�erent eletroni on�gurations an mixinstead of two. This an lead to broad multi�peak signatures in ore level PES andNEXAFS spetrosopy. Then the eigenstates in 4.1.3 an be expressed as a linearombination of several eletroni on�gurations, and the eigenvalue problem has tobe solved for a larger basis set. Additionally, the eletron�vibration oupling playsa signi�ant role for moleules. In partiular the NEXAFS and high�resolutioneletron energy loss (HREELS) spetra an ontain a rih vibroni �ne struture,as shown in hapter 3 and [133�136℄. Beause the vibroni �ne struture is sensitiveto the harge distribution in the moleule, it is di�erent for di�erent eletronion�gurations. When onsidering the total wave funtion for the eletroni andvibroni states in relation (4.8) and (4.16) it beomes evident that the mixingof various eletroni on�gurations leads also to a mixing of vibroni states. Asa onsequene the on�guration interation between various eletroni transitionsand vibroni progressions an lead to signi�ant broadening of the �ne struture inthe respetive NEXAFS spetrum. [133, 134℄ 59



Chapter 4 Charge transfer satellites at metal�organi interfaesConsequently, in ase of ovalent adsorbate�substrate interation (di�erential) hem-ial shifts an be expeted, whih an however be negleted to �rst order. Fur-thermore, for moleules the mixing of several moleular on�gurations might berelevant, inluding the eletroni and the vibroni wave funtions. Aordingly, thenumber of eletroni and vibroni transitions in a ertain energy interval an in-rease with inreasing oupling strength, whih an lead to a signi�ant broadeningof the spetral �ne struture, partiularly in the NEXAFS signal.
4.2 Charaterization using PES and NEXAFS spetrosopyPTCDA multi- and monolayer �lms have been studied in detail with various teh-niques so that PTCDA �lms have been established as a standard for studyingsurfae and interfae properties of organi semiondutors. [117, 118, 124, 137�150℄As the investigated moleules have a similar struture, the multi- and monolayerspetra of the PTCDI, BTCDI and BTCDA thin �lms an be understood by om-parison to the PTCDA benh mark. Therefore, the urrent state of knowledge withrespet to the interpretation of the PES and NEXAFS data of the PTCDA/Ag(111)�lms is reviewed at �rst aording to [126, 134, 151�153℄ inluding hints to aspetswhih still need to be investigated further. Afterwards, the PTCDI, BTCDI andBTCDA data are disussed.4.2.1 PTCDA/Ag(111)In Fig. 4.5 the ore level and valene PES data for the multilayer and 1 ML �lm areplotted in blak and grey, respetively. In the valene spetrum of the multilayer�lm in Fig. 4.5 (a) the HOMO at EB = 2.49 eV an be distinguished well from thelower lying moleular levels. In the spetrum of the 1 ML PTCDA/Ag(111) �lm theadsorbate signal ontributes onsiderably at the Fermi level. As this signal is absentin the multilayer spetrum, it an be attributed to harge transfer into the lowestunoupied moleular orbital (LUMO). With respet to setion 4.1.2 its metalliharater an be attributed to eletroni oupling between the LUMO and the DOSdistribution of the metal substrate and partial oupation, whih is interpreted assigni�ant indiation for a ovalent moleule�substrate interation. [117, 126, 155,156℄ Reent k�spae tomography PES investigations of this signal indiate a highmoleular orbital harater with substantial substrate admixture. [150℄ This is inagreement with reent investigations of a Shokley�type metal�organi interfae60
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Chapter 4 Charge transfer satellites at metal�organi interfaesstate in the unoupied valene regime, whih have provided additional indiationsfor a ovalent moleule�substrate interation. [157�159℄ Furthermore, the highestoupied moleular orbital (HOMO) at EB = 1.54 eV is shifted by 0.95 eV to lowerbinding energy and the signal of the ontribution from lower lying MOs is alsosigni�antly altered, whih indiates di�erential shifts in the respetive eletronilevels. For the sake of simpliity the terms LUMO and HOMO are also used forthe respetive orbitals of the adsorbed moleule in the following, even though theLUMO is not unoupied anymore.The C 1s multilayer spetrum in Fig. 4.5 (b) onsists of two main peaks. The onewhih is loated at EB = 285.00 eV an be assigned to the various perylene arbonspeies, whih explains its asymmetri shape, and the other one, whih is loatedat EB = 288.52 eV originates from the arboxyli arbon speies in the anhydridegroup. Additionally, small shake�up satellites are observed at EB = 286.94 eV and
289.96 eV, whih belong to the perylene main peak and to the arboxyli mainpeak, respetively.The C 1s spetrum of the 1 ML PTCDA/Ag(111) �lm is signi�antly modi�ed bythe interfae interation with respet to the multilayer spetrum. The fat thatall features are shifted to lower binding energy and the appearane of a doublepeak struture in the perylene ontribution at EB = 283.97 eV and 284.54 eV, re-spetively, whih is aompanied by a strong hange in signature are the mostprominent di�erenes. Partiularly the trailing edge of the high�energy pery-lene peak is extremely broadened, whih suggests a drasti hange in the satel-lite struture and metalli harater. This is in agreement with the observationof further modi�ations in the satellite struture orresponding to the asymmet-ri arboxyli main peak at EB = 286.94 eV, namely two well separated satel-lite peaks at EB = 288.16 eV and 289.59 eV, respetively, with a broad trailingedge.In the O 1s spetrum of the multilayer �lm two main peaks an be distinguished,whih orrespond to the terminal oxygen (EB = 531.81 eV) and the bridging oxy-gen speies (EB = 533.73 eV), and at least three satellites at EB = 535.9 eV,537.9 eV and 540.6 eV are observed. From a �t taking the stoihiometri ratio 2:1into aount aording to [151, 152℄ one �nds that a relatively intense shake�upis loated at EB = 533.8 eV whih orresponds to the terminal oxygen peak. Inthe O 1s spetrum for 1 ML PTCDA/Ag(111) both main peaks are loated atlower binding energy. The terminal oxygen peak at EB = 530.62 eV is shiftedeven more than the ontribution from the bridging oxygen at EB = 533.12 eV.Furthermore, the peak shape and the satellite struture are modi�ed signi�antly,in partiular the trailing edge of the bridging oxygen peak is broadened and goesover into a broad, featureless satellite ontribution, similar to the �ndings for theC 1s signal.62
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Chapter 4 Charge transfer satellites at metal�organi interfaesIn Fig. 4.6 the C and O K�NEXAFS data of the multilayer and the monolayer�lm are shown. It is known that PTCDA forms well ordered monolayer and mul-tilayer �lms of perfetly �at lying moleules for up to 1000 ML. [126, 160, 161℄ sothat the C 1s → π∗ transitions an be best exited with p�polarized x-ray light.The C K�NEXAFS of the multilayer �lm has four prominent peaks in the en-ergy region below the absorption edge, A, B, C, and D in Fig. 4.6 (a) with a rih�ne struture, whih is mainly due to ontributions from various C 1s → π∗ ex-itations and eletron�vibration oupling. [46, 133, 134, 152℄ The signature of theresonane A and B at 284 eV and 285.5 eV, respetively, suggests that severaleletroni transitions at the perylene arbon sites into π∗ states ontribute to thesignal. Partiularly the signal in the foot of the �rst NEXAFS feature at 283.6 eVorresponds to exitations into the lowest exited moleular orbital (LEMO) atthe perylene ring. The signal at 288 eV an be mainly attributed to exita-tions at the arboxyli arbon site at the funtional group into the LEMO+1 andLEMO+2. [46, 126, 134℄The C K�NEXAFS of the 1 ML PTCDA/Ag(111) �lm is very di�erent from themultilayer NEXAFS. Only three prominent peaks AB, C and D are observed at285.1 eV, 288.3 eV and 292.1 eV, whih are very broad and lak a sharp �ne stru-ture as it has been observed for the multilayer �lm. This suggests a strong in�ueneof the adsorbate�substrate interation with signi�ant di�erential hemial shifts.Aordingly, peak AB orresponds to exitations at the perylene arbon sites intothe LEMO(π∗) and higher exited states. The foot at 283.6 eV whih is due toC 1s → LEMO(π∗) transitions, is signi�antly broadened with respet to the multi-layer spetrum, but its onset is loated at 283.3 eV for both, the monolayer and mul-tilayer spetrum. An interesting aspet is the �nding that the C K�NEXAFS spe-trum is omparatively similar for the PTCDA/Ag(111) and PTCDA/Ag(110) 1 ML�lm, respetively, [126℄ whih will be ommented in setion 4.4. Note that for thesake of simpliity the term LEMO is also used in ase of the ML �lms although it wasdisussed in setion 4.1.4 that the eletroni adsorbate�substrate oupling an leadto a density distribution of adsorbate�substrate states.The O K-NEXAFS of the multilayer �lm onsists of three dominant peaks in thepre�edge region at 530.9 eV, 531.8 eV and 534.2 eV, denominated A, B and C inFig. 4.6. Signals A and B originate from transitions at the terminal oxygen site intothe LEMO and LEMO+1, respetively. [46℄ The main ontribution to peak C anbe assigned to the O 1s → LEMO+1 transition at the bridging oxygen. Note thattransitions from the bridging oxygen into the LEMO are symmetry forbidden andonsequently not observed in the NEXAFS spetra.The dihroism in the O K�NEXAFS of the 1 ML PTCDA/Ag(111) �lm on�rmsthat the moleules are perfetly �at lying at the Ag surfae and that all exitationsbelow the absorption edge orrespond to eletroni transitions into π∗ states. The64



4.2 Charaterization using PES and NEXAFS spetrosopyobserved di�erenes between the mono- and the multilayer spetrum are in priniplethe same as for the C K�edge. The number of spetral features below the absorptionedge is redued by one, namely to peak AB at 531.5 eV and peak C at 533.7 eV.Beause peak AB is loated at an energy whih is in between the energy position ofpeak A and B in the multilayer spetrum and its leading edge is signi�antly broaderthan that of peak A, it an be assigned to exitations at the terminal oxygen atominto the LEMO and higher exited states. Aordingly, peak C originates fromexitations at the bridging oxygen speies. It is shifted by 0.5 eV to lower energyand lies on top of the signal from the terminal oxygen.Summarizing the most prominent aspets, striking di�erenes are observed in thePES and NEXAFS spetra between the multilayer and the monolayer data dueto the ovalent moleule�substrate interation. Partiularly the PES spetra show(di�erential) hemial shifts to lower binding energy, e.g. the C 1s signal of the pery-lene ontribution splits into two peaks. Furthermore, the features in the NEXAFSdata and the ore level spetra of the monolayer �lms are signi�antly broadened orsmeared out, and featureless, ontinuous satellite ontributions are observed abovethe ore level peaks. Both aspets an be explained by the metalli harater ofthe �lm.4.2.2 PTCDI/Ag(111)In Fig. 4.7 the valene and the C 1s, N 1s and O 1s ore level photoeletron spetraof a PTCDI/Ag(111) multilayer �lm are shown together with the respetive datafor a 1 ML �lm. As the PES and the NEXAFS data of the PTCDI thin �lms inFig. 4.8 is very similar to the orresponding PTCDA data, whih is also evidentfrom the diret omparison in Fig. 4.14, only the di�erenes to the PTCDA dataare emphasized in the following.In the valene spetrum of the PTCDI multilayer �lm the ontribution from theHOMO at EB = 2.16 eV with FWHM= 0.62 eV is well separated from the lowerlying valene orbitals. Consequently, the HOMO is loated at a. 0.4 eV lower bind-ing energy than for the PTCDA �lm, as it is expeted from the �nding that for thePTCDI multilayer �lm the HOMO�LUMO gap is smaller than for PTCDA. [153℄Note that no signal from the Fermi edge of the Ag sp valene band is observed,whih indiates that a losed PTCDI multilayer �lm is grown. For the 1 MLPTCDI/Ag(111) �lm the valene spetrum is signi�antly altered. A new densitydistribution of adsorbate�substrate states is observed, whih is ut by the Fermilevel, equivalent to the �nding for the PTCDA monolayer �lm. Hene this fea-ture an be attributed analoguously to eletroni oupling between the LUMO andsubstrate states, whih implies ovalent moleule�substrate interation. Moreover,65
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4.2 Charaterization using PES and NEXAFS spetrosopythe HOMO maximum is loated at EB = 1.51 eV, whih is lose to the energyposition of the HOMO in the PTCDA monolayer �lm (1.54 eV). Consequently, thehemial shift of the HOMO is 0.3 eV smaller for the PTCDI (0.64 eV) than forthe PTCDA monolayer (0.95 eV). The similarity between the valene spetra ofthe PTCDI and the PTCDA thin �lms suggests a good quality of the PTCDI thin�lms.In the PTCDI C 1s multilayer spetrum in Fig. 4.7 (b) the prominent perylenepeak is loated at EB = 285.0 eV, similar to its position in the PTCDA spetrum,and the ontribution from the imide arbon is loated at EB = 288.03 eV, whih is0.5 eV lower than the ontribution of the anhydride arbon in the PTCDA spe-trum. While the perylene peak is omparatively asymmetri in the PTCDA datait is nearly symmetri for PTCDI. This an be explained by the smaller eletroneg-ativity of the imide groups ompared to the anhydride groups, whih an lead tohemial shifts and to a di�erene in eletron�vibration oupling. Furthermore,the �rst shake�up satellite whih is related to the perylene peak is loated atEB = 286.82 eV and onsequently loated 0.1 eV loser to the main line than forPTCDA. The same applies for the shake�up satellites related to the main peak ofthe imide arbon at EB = 289.39 eV. The lower satellite energies might be relatedto the smaller HOMO�LUMO gap in the PTCDI �lm ompared to the PTCDA�lm.The C 1s spetrum of the 1 ML PTCDI/Ag(111) �lm is also very similar to that ofthe PTCDA monolayer �lm. Partiularly the ontribution of the perylene arbonforms a double peak struture and is shifted to the same binding energy positionas for the PTCDA monolayer, namely EB = 283.97 eV and 284.53 eV, respetively.This is also aompanied by a broad foot at the trailing edge, whih extends severaleV and suggests various satellite exitations and metalli harater. Moreover, themain peak of the imide arbon is shifted by 1.6 eV with respet to the multilayer�lm to EB = 286.43 eV. Additionally, two satellites with respet to the main lineof the imide arbon are observed at EB = 287.6 eV and 288.9 eV, respetively,equivalent to the satellites related to the main line of the anhydride group in thePTCDA monolayer spetrum.The N 1s signal of PTCDI multilayer �lm in Fig. 4.7 () originates from only onesingle nitrogen speies. The ontributions of the main line at 400.05 eV (FWHM=
1.05 eV) and the small shake�up satellite at 402.35 eV an be distinguished well. Inthe monolayer spetrum the main peak is loated at EB = 399.46 eV with similarwidth ompared to the multilayer data (FWHM=1.07 eV). Furthermore, additionalsignals are observed at the leading and and the trailing edge of the main peak atEB = 397.91 eV and at 401.01 eV. Moreover, the trailing edge is relatively broadwith signi�ant intensity at up to 4 eV above the main peak, similar to what hasbeen observed for the perylene peaks in the C 1s monolayer spetrum. All these67



Chapter 4 Charge transfer satellites at metal�organi interfaesindiations of a strong hange of the satellite struture need to be disussed indetail in setion 4.4.The PTCDI O 1s multilayer spetrum in Fig. 4.7 (d) originates from only onesingle oxygen speies as well. The O 1s main line is loated at EB = 531.36 eVwith FWHM= 1.05 eV. Additionally, shake�up satellite ontributions are observedat EB = 533.09 eV and 537.84 eV, whih on�rms the assumption of a satelliteontribution at 533 eV in the O 1s spetrum of the PTCDA monolayer. In thePTCDI monolayer spetrum the main peak is loated at EB = 530.44 eV with anasymmetri signature. The trailing edge is onsiderably broadened and the satel-lite struture is smeared out, whih is onsistent with all other ore level data of thePTCDI/Ag(111) and PTCDA/Ag(111) monolayer �lms.1In Fig. 4.8 the O, N and C K�NEXAFS data of the PTCDI/Ag(111) multilayerand the monolayer �lm are shown. In the O K�NEXAFS of the PTCDI multilayer�lm in Fig. 4.8 (a) two peaks an be observed at 530.9 eV and 532.1 eV with abroad trailing edge. As their energy position is similar to that of peak A and B inthe O K�NEXAFS of the PTCDA multilayer �lm in Fig. 4.6, this �nding supportstheir assignment in the PTCDA data to transitions at the terminal oxygen into theLEMO, LEMO+1 and higher exited states.The N K�NEXAFS spetrum of the PTCDI multilayer �lm in Fig. 4.8 (b) ontainsa large peak at 401.1 eV, a smaller peak at 402.5 eV and a broad struture above404 eV. Taking into aount that for PTCDA eletroni transitions from the bridg-ing oxygen into the LEMO are symmetry forbidden, the 402.5 eV an be assignedto transitions into the LEMO+1 aordingly and the remaining features are due totransitions into higher exited states.It has been desribed in detail in hapter 3, that the dihroism for linear polarizedx�ray light gives information on the moleular orientation. As the exitations belowthe absorption edge orrespond to transitions into π�symmetri states, the C K�NEXAFS in Fig. 4.8 () indiates that for the multilayer �lm the PTCDI moleulesare lying perfetly �at on the substrate, similar to what has been found for PTCDA.Furthermore, the pre�edge region of the C K�NEXAFS in Fig. 4.8 (d) is verysimilar to that of the PTCDA multilayer �lm, partiularly the energy position andthe signature of features A and B. Therefore, it is referred to the disussion of thePTCDA data in setion 4.2.1 for a detailed assignment of peak A � D. Minordi�erenes are: The low energy foot in the PTCDI spetrum whih is loatedat the leading edge of peak A between 283.3 eV and 283.7 eV and attributed to1The integration of the spetra as well as a peak �t analysis (not shown here) indiate a slightinrease of the overall satellite intensity for the O 1s spetra of the PTCDI and the PTCDAML �lm. Note that for an aurate analysis of the satellite intensities the bak ground needsto be subtrated from the raw data very arefully, whih has been done here to the best ofknowledge.68
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Chapter 4 Charge transfer satellites at metal�organi interfaesthe signal from C 1s → LEMO transition is less distint than for the PTCDAmonolayer. Furthermore, for the PTCDI �lm the signal C from the funtionalgroup is shifted by 0.4 eV to lower energy with respet to the PTCDA �lm, thepeak at 288.0 eV has a di�erent �ne struture and the 289.2 eV peak is moreintense.In the PTCDI/Ag(111) monolayer �lm the moleules are lying perfetly �at a-ording to the C K�NEXAFS in Fig. 4.8 (e) and (f), similar to what is observed forthe PTCDA monolayer �lm. Furthermore, the C K�NEXAFS spetrum is hangeddrastially with respet to the multilayer spetrum from four main peaks to onlythree, and the distint �ne struture whih is observed for the multilayer �lm iswashed out, similar to the observations for the PTCDA monolayer. The signatureof the feature AB is nearly idential to that for the PTCDA monolayer �lm, ex-ept that the low�energy foot between 283 eV and 284 eV is more intense for thePTCDI �lm than for the PTCDA �lm. Moreover, the ontribution C, whih origi-nates mainly from the funtional group, di�ers from that for the PTCDA �lm. Inpartiular for the PTCDI monolayer �lm the signal is again shifted by a. 0.4 eVto lower energy and its signature is modi�ed.Summing up, the PES and NEXAFS data of the PTCDI multilayer �lm showthat well de�ned PTCDI/Ag(111) �lms an be prepared, with �at lying moleulesforming a losed moleular layer. The spetral features of the PTCDI/Ag(111)multilayer and monolayer �lm agree very well with the �ndings for the orrespond-ing PTCDA �lm, whih supports the given interpretation of the data. For bothmoleules the interfae interation hanges the eletroni struture drastially withrespet to the multilayer �lm. The LUMO�derived DOS beomes partially o-upied whih indiates metalli harater. Furthermore, the interfae interationleads to hemial shifts and multi�peak strutures in the ore level PES data, evenfor the single nitrogen speies, and to a drasti hange in the satellite struturetowards metalli harater. Moreover, the hemial shifts are also evident in theNEXAFS spetra. This is aompanied by a loss of the distint �ne struture whihis observed for the multilayer NEXAFS. The following BTCDI and BTCDA inves-tigation an illuminate, whether these e�ets are partiular PTCDA and PTCDIinterfae properties or whether they are generally relevant for ovalent moleule�metal interation.4.2.3 BTCDI/Ag(111)In Fig. 4.9 (a) the PES valene data of a BTCDI/Ag(111) multilayer �lm is shown.The HOMO signal is not separated from that of the lower lying eletroni states inontrast to the �ndings for the PTCDA and PTCDI multilayer �lms. Therefore its70



4.2 Charaterization using PES and NEXAFS spetrosopy
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Figure 4.9: Core level and valene photoeletron spetra of a multilayer (blak) anda sub�ML BTCDI/Ag(111) �lm (grey). During the preparation of the multilayer�lm and the aquisition of the multilayer data the sample temperature was keptat −70◦ C. For better omparison the satellite struture in the ore level spetrais additionally plotted on an expanded sale. (b, ) The hathed areas indiatethe surfae areas of the monolayer spetra. The exat ratio is indiated on topof eah spetrum. See the text for more details. 71



Chapter 4 Charge transfer satellites at metal�organi interfaesenergy position an only be estimated to be between EB = 3.5 eV and 4 eV in theleading edge of the broad peak whih is entered at EB = 5.1 eV. Consequently, theBTCDI HOMO is loated at a. 1.3 eV lower binding energy than that of PTCDA.Note that a tiny signal of the substrate Fermi edge might ontribute to the valenespetrum, whih ould be a hint to an enhaned roughness of the �lm, omparedto that of PTCDA and PTCDI multilayer �lms.The C 1s signal of the BTCDI multilayer �lm in Fig. 4.9 (b) onsists of two promi-nent peaks at EB = 285.91 eV (FWHM= 0.83 eV) and 289.17 eV (FWHM=
0.88 eV), and two small satellites, probably shake�ups, at EB = 291.4 eV and293.7 eV. The main peak at high energy an be assigned to the arbon speies inthe imide group and the low energy peak to the arbon speies in the benzene ring.The intensity ratio of the two peaks is lose to the stoihiometri ratio of 2:3. Thesmall signal at EB = 284.9 eV may originate from the �rst monolayer, whih or-roborates the assumption that the multilayer �lm has a omparatively large surfaeroughness.For a sub�ML overage of a. 0.2 ML BTCDI/Ag(111) the C 1s signal is stronglymodi�ed with respet to that of the multilayer �lm. The two main peaks atEB = 284.82 eV and 287.48 eV, whih are related to the benzene and the imidearbon speies, are shifted by 1.09 eV and 1.69 eV to lower binding energy, re-spetively. Note that the width of the benzene peak is inreased signi�antly toFWHM= 1.10 eV and the tail of the leading edge is onsiderably broader than inthe multilayer spetrum. Moreover, the peak whih is related to the imide arbonhas a distint shoulder at EB = 288.60 eV and is also broader than in the mul-tilayer �lm. Additionally, the satellite struture above 290 eV is modi�ed so thatthere is one broad signal at EB = 291.5 eV. These di�erenes with respet to themultilayer spetrum are signi�ant for a ovalent moleule substrate interationwith di�erential hemial shifts, similar to the �ndings for PTCDA and PTCDI.Moreover, the spetral signature was observed to be sensitive to the onditionsduring sample preparation, in partiular to the annealing temperature. It is shownin appendix B that di�erent preparations an alter the relative intensity of theshoulder at EB = 288.60 eV and hange the signature of the peak related to thebenzene arbon so that spetral weight is shifted to higher or lower binding energy,whih an lead to a variation in the energy position of the peak maximum by up to0.3 eV. This observation suggests di�erent adsorption phases for a sub�ML overageof BTCDI, whih should be studied in detail elsewhere. Nevertheless, the generale�et of the interfae interation an be studied by onsidering the data set forone partiular sub�ML �lm, beause the spetral di�erenes between the varioussub�ML �lms are signi�antly smaller than the di�erenes between the monolayerand the multilayer �lms.72



4.2 Charaterization using PES and NEXAFS spetrosopyThe N 1s signal in Fig. 4.9 () originates from one single nitrogen speies. The multi-layer spetrum ontains a single main peak whih is loated at EB = 400.55 eV withFWHM= 1.26 eV and a weak satellite at EB = 406.0 eV. In the sub�ML spetruma broad double peak struture is observed with the respetive peak maxima beingloated at EB = 398.37 eV and 399.93 eV. Moreover, with FWHM= 1.2 eV the lowenergy peak is onsiderably narrower than the high energy peak (FWHM= 1.8 eV).It will be shown during the disussion of the NEXAFS data that for a sub�MLoverage of BTCDI the moleules are not standing upright but are oriented �at onthe surfae. Furthermore, it was partiularly heked that the data is not disturbedby e�ets from radiation damage and impurities.At �rst glane, the peak at EB = 398.37 eV might be interpreted as indiation ofatomially bound nitrogen speies and dissoiation of the BTCDI moleules, similarto what has been previously disussed for CO and NO monolayer �lms on di�erentmetal surfaes. [100, 113, 162℄ Suh a senario would also be re�eted in the C 1sspetrum. In partiular, the ratio between the signal from the arbon speies inthe funtional group to that of the arbon speies in the moleular ore would notmeet the stoihiometri ration 2:3. However, the hathed areas in Fig. 4.9 (b),whih are adjusted to meet this stoihiometri ratio, agree well with the giveninterpretation of the C 1s spetrum of the monolayer �lm. This shows that theratio between the signal from the arbon speies in the funtional group and that ofthe arbon speies in the benzene�like ring meets the stoihiometri ratio very well.Consequently, it is unlikely that the relatively large N 1s peak at EB = 398.37 eV isdue to dissoiation of the BTCDI moleules. This is further supported by the fatthat in ase of the PTCDI monolayer �lm the low�energy peak (EB = 397.91 eV) isloated at 0.46 eV lower binding energy than in BTCDI. If both signals were due toatomially bound nitrogen speies they should appear at the same binding energy.Note that the N 1s signal of atomi nitrogen adsorbed on W(110), Ru(0001) andNi(001) ontributes between EB = 396.5 eV and 397.1 eV [100, 163�165℄, whih ismore than 1 eV below the low�energy peak in the N 1s spetrum of the BTCDImonolayer �lm.Moreover, if the double peak struture in the N 1s spetrum was due to the oex-istene of di�erent nitrogen speies in ase of intat moleules, e.g. from di�erentadsorption phases, the shoulder and the main peak of the CN 1s signal would meetthe same intensity ratio as the two N 1s peaks in Fig. 4.9 (), namely 2:1. This isobviously not the ase. Therefore it is unlikely that this N 1s double peak signa-ture is due to the presene of hemially di�erent nitrogen speies. Additionally,the energy splitting of 1.56 eV between the two peaks is nearly idential to theenergy splitting between the two low�energy signals in the N 1s spetrum of thePTCDI monolayer spetrum in Fig. 4.7 (). These �ndings rather suggest thatthe double peak signature in N 1s and CN 1s signal from the BTCDI monolayer�lm is due to satellite exitations. This ould also explain the di�erent intensity73



Chapter 4 Charge transfer satellites at metal�organi interfaesratios between the BTCDI and the PTCDI monolayer �lm as it is disussed insetion 4.4.The O 1s signal of the BTCDI multilayer �lm in Fig. 4.9 (d) originates from the ter-minal oxygen speies. Therefore, only one main peak is observed at EB = 532.38 eVwith FWHM= 1.17 eV and a satellite at EB = 538.20 eV. The small signal at 531 eVin the low energy tail of the main peak probably originates from the �rst monolayer.Its relative intensity is slightly higher than in the C 1s multilayer spetrum beauseof the higher kineti energy of the photoeletrons in ase of the O 1s spetrum,whih leads to a larger eletron mean free path. For a sub�ML overage the mainpeak is shifted to EB = 531.2 eV and onsiderably broadened (FWHM= 1.50 eV).Additionally, the satellite is signi�antly broadened as well in agreement with the�ndings for the C 1s data. Moreover, for the BTCDI monolayer the O 1s peakis omparatively symmetri, and no signi�ant intensity ontribution to a broadfeatureless tail at the high�energy edge is observed in ontrast to the �ndings forthe PTCDA and PTCDI monolayer �lms. Consequently, the satellite exitationshave less metalli harater for the BTCDI monolayer �lm. Note that the O 1ssignal of atomi oxygen on W(110), Ru(0001) and Ni(001) after dissoiation on-tributes between EB = 529.0 eV and 530.3 eV [100,113,163�167℄, and in partiularon Ag(111) it ontributes at EB = 530.3 eV. [168, 169℄ The O 1s peak in thespetrum of the BTCDI monolayer �lm is loated at 0.9 eV higher binding en-ergy, whih indiates the absene of dissoiated moleules in the BTCDI sub�ML�lm.In Fig. 4.10 the N, O and C K�NEXAFS of the BTCDI/Ag(111) multilayer andthe monolayer �lm are shown. The dihroism in the N K�NEXAFS in Fig. 4.10 (a)indiates that in the multilayer �lm the moleules are lying nearly perfetly �at onthe substrate. For p�polarized light two prominent peaks are observed at 401.0 eVand 403.5 eV, whih orrespond to eletroni transitions into π�symmetri states.The exitations above 405 eV are predominantly due to transition into σ�symmetristates aording to the linear dihroism. The peak at 401.0 eV an be assigned toN 1s → LEMO+1 transitions and the seond peak at 403.5 eV to transitions intohigher EMOs with respet to the N K�NEXAFS of the PTCDI multilayer �lm.The latter is shifted by 1.0 eV to higher photon energy and onsiderably enhanedompared to the PTCDI NEXAFS.The assignment of the peak at 398.9 eV is not unambiguous. As the PES data indi-ate a omparatively rough multilayer �lm, it is not lear if the peak at 398.9 eV inthe NEXAFS spetrum originates from the �rst monolayer or from higher moleu-lar layers. In the latter ase it must be due to transitions into the LEMO, whihin priniple should be symmetry forbidden in analogy to the O and N K NEXAFSspetra of the PTCDA and PTCDI multilayer �lms. However, the �nite transition74
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Chapter 4 Charge transfer satellites at metal�organi interfaesprobability for BTCDI ould be explained by symmetry breaking due to eletron�vibration oupling. [170℄ If the signal originated from the �rst monolayer it ouldbe assoiated either with atomially adsorbed nitrogen speies [171, 172℄ due todissoiation of the BTCDI moleules or with eletroni transitions into the LUMOderived density of adsorbate�substrate states. As the dissoiation senario is un-likely with respet to the ore level data of the monolayer �lm the latter mightbe the ase. A �nite N 1s → LEMO transition probability would not be surpris-ing, onsidering that the hybridization between moleular states and the substrateDOS an modify the symmetry of the eletroni states signi�antly as it has beenreently shown for the LUMO of PTCDA/Ag(111) monolayer �lms. [150℄ Despitethe origin of the peak at 398.9 eV annot be lari�ed unambiguously it is likely thatit is related to transitions into the LEMO, either in the �rst or in higher adsorbatelayers.The dihroism in the O K�NEXAFS data in Fig. 4.10 (b) on�rms the onlusionthat the BTCDI moleules are lying �at on the substrate. For p�polarization threewell separated peaks an be identi�ed at 531.1 eV, 533.2 eV and 535.2 eV. As the�rst peak is loated at a nearly idential energy position as the �rst resonane in thePTCDI and PTCDA O K�NEXAFS this peak an be assigned to eletroni tran-sitions into the LEMO. The seond and the third peak originate from transitionsinto the LEMO+1 and higher exited states.In Fig. 4.10 () and (d) the C K�NEXAFS spetra for the BTCDI/Ag(111) multi-layer �lm are shown. The same dihroism is observed as for the N and O K�edge.The spetrum for p�polarization ontains four prominent features (A � D) at284.6 eV, 287.4 eV, 289.0 eV and 291.9 eV. Feature A has a double peak signa-ture, similar to what has been found for PTCDI and PTCDA, where the respetivefeature is loated at a. 0.6 eV lower energy. Therefore, A an analoguously beattributed to transitions into the LEMO and LEMO+1 in the benzene ring. Themaximum of peak B is shifted by a. 1.8 eV to higher energy with respet to thePTCDA and PTCDI spetrum. Its signature suggests that it is governed by asingle eletroni transition into the LEMO+1 at the benzene ring and some addi-tional ontributions at the trailing edge similar to the �ndings for BTCDA. [46℄Feature C orresponds to transitions at the imide arbon site into the LEMO andthe LEMO+1 in analogy to the assignment for PTCDI, PTCDA and BTCDAin [46℄.For the sub�ML overage of BTCDI/Ag(111) the dihroism in the C K�NEXAFSindiates that the moleules are lying �at on the surfae. Moreover, the spetrumis signi�antly modi�ed ompared to the multilayer data. Despite the relativelypoor statistis as a result of the low overage (a. 0.1 ML) four prominent features(A�D) an be resolved with their maximum being loated at 284.6 eV, 287.1 eV,76



4.2 Charaterization using PES and NEXAFS spetrosopy288.7 eV and 291.5 eV. Aordingly, peak A is loated at the same energy as ontri-bution A in the multilayer spetrum where the signals B�D are shifted by 0.3�0.4 eVto lower energy. Additionally, the intensity of B is dereased onsiderably. Conse-quently, the hemial shifts in the C K�NEXAFS between the multilayer and themonolayer �lm are less drasti in relation to the �ndings for PTCDI and PTCDA,where di�erential hemial shifts of more than 1 eV are observed, e.g. features Aand B merge to a single feature AB, and the �ne struture is washed out. This maybe related to the indiations for less metalli harater in the satellite exitationsin the O 1s ore level spetrum.Taking all �ndings together the BTCDI/Ag(111) �lms an be haraterized wellwith PES and NEXAFS spetrosopy. A well ordered multilayer �lm of �at lyingmoleules an be prepared. The ore level and NEXAFS data an be interpretedin analogy to the PTCDI and PTCDA data. The ore level data of the BTCDIsub�ML �lm show e�ets whih are typial for a ovalent moleule�substrate in-teration, e.g. hemial shifts, broadening of peaks and a hange in the satellitestruture. Partiularly the single nitrogen speies ontributes to a broad signal witha double peak singature in the N 1s spetrum with nearly idential energy splittingto what is observed for the N 1s data of the PTCDI/Ag(111) monolayer but onsid-erably di�erent intensity ratio and absolute energy position. These �ndings and thedi�erenes to the PES signal of atomi oxygen and nitrogen after dissoiation ondi�erent noble metal surfaes suggest that these signals are due to satellite exita-tions. Additionally, there are indiations for less metalli harater for the satelliteontributions to the O 1s and the C 1s spetrum of the sub-ML �lm. Moreover,the benzene�like arbon speies ontributes to a single peak in the C 1s monolayerspetrum with a broad leading edge in ontrast to the perylene ontribution in thePTCDI/Ag(111) and the PTCDA/Ag(111) monolayer spetrum, where a doublepeak signature is observed with a steep leading edge. Furthermore, the C K�NEXAFS of the BTCDI sub�ML �lm is less altered with respet to the multilayerNEXAFS than in ase of PTCDI and PTCDA. All these aspets an be interpretedas indiations for a weaker moleule�substrate interation for BTCDI with lessovalent harater than for PTCDI and PTCDA.4.2.4 BTCDA/Ag(111)In Fig. 4.11 the valene and ore level spetra of the BTCDA/Ag(111) multilayerand monolayer �lms are shown. In the multilayer valene spetrum in Fig. 4.11 (a)the eletroni state with lowest binding energy is observed at EB = 3.5 eV. Oneould argue that the signal in the multilayer spetrum at EB = 3.5 eV originatesfrom the �rst layer, beause there is some signal at the same binding energy in the77
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Figure 4.11: (a � ) Valene and ore level photoeletron spetra of aBTCDA/Ag(111) multilayer �lm (blak) and a sub�ML �lm at 300 K (grey). Inase of the multilayer �lm the sample was ooled to 170 K during preparationand measurements. The inset in (a) shows the grey shaded part of the spetrumon an expanded intensity sale. For the valene spetrum of the monolayer �lmthe emission angle was adjusted to φ = 30◦ in order to maximize the signalfrom the moleular orbitals. [150, 173, 174℄ (d) Two �ts of the O 1s spetrumof the sub�ML �lm with the ontributions from the bridging oxygen speies Ob(dotted) and from the terminal oxygen speies Ot (dashed) being represented byVoigt pro�les. The solid urve shows the sum of all peaks. See the text for moredetails.78



4.2 Charaterization using PES and NEXAFS spetrosopymonolayer spetrum. However, the inset shows that its signature di�ers from thatof the monolayer signal. Consequently, for both, the multilayer and the monolayer�lm, the HOMO is loated at approximately the same binding energy. Additionally,no signal is observed whih an be assigned to a LUMO derived DOS distributionin ontrast to what has been observed for PTCDI and PTCDA monolayer �lms,where the moleule�substrate interation leads to a hemial shift in the HOMOand a partially oupied LUMO derived DOS.In the C 1s multilayer spetrum in Fig. 4.11 (b) two prominent peaks are loated atEB = 290.55 eV (FWHM= 1.38 eV) and 286.71 eV (FWHM= 1.58 eV), respetively,whih an be assigned to the arboxyli and the benzene�like arbon speies, andthe signal at EB = 292.7 eV an be attributed to satellite exitations. Moreover,the relative intensities of the main peaks are lose to the stoihiometri ratio 2:3.The peaks are onsiderably broader than those in the BTCDI multilayer spetrum,
∆FWHM = 0.7 eV and 0.5 eV. As this applies for both peaks this e�et might bedue to inhomogeneous broadening.In the monolayer spetrum both peaks are shifted by 1.6 eV to lower binding en-ergy, namely to EB = 288.97 eV and 285.09 eV. The satellite struture is similar tothat in the multilayer �lm, exept for an additional satellite at EB = 287.3 eV. Thisparallel shift and the minor modi�ation of the satellite struture is in ontrast tothe di�erential hemial shifts and the metalli harater of the satellite struturefor the PTCDI and PTCDA monolayer �lms. These di�erenes ompared to whathas been found for the PTCDA and PTCDI monolayer �lms might be related tothe partial oupation of the LUMO derived DOS distribution in ase of PTCDAand PTCDI. Furthermore, the derease in the peak width (FWHM= 1.00 eV and1.33 eV) ompared to the multilayer spetrum supports the assumption that in-homogeneous broadening ontributes signi�antly to the width in the multilayerspetrum. Note that there are minor temperature dependent modi�ations of themonolayer spetrum whih are indiated in Fig. B.3. However, they are signi�-antly smaller than the di�erenes between the multilayer and the monolayer data,similar to the �nding for the BTCDI monolayer �lm.In the O 1s multilayer spetrum in Fig. 4.11 () the signal of the arboxyli and ofthe bridging oxygen overlap as indiated by the result of a peak �t analysis, wherethe ratio of the peak areas was kept onstant aording to the stoihiometri ratio1:2. The terminal oxygen peak is entered at EB = 533.2 eV with FWHM= 1.44 eVand the bridging oxygen peak is entered at EB = 534.5 eV with FWHM= 1.67 eV.The satellites at EB = 539.3 eV and 541.0 eV an also be taken into aount by twopeaks with the ratio of the areas being 1:2. Consequently, the 539.3 eV satellite antentatively be attributed to the terminal oxygen speies and the 541.0 eV satelliteto the bridging oxygen speies. Furthermore, the small signal at EB = 531.1 eVprobably originates from the �rst layer. This is an indiation for a omparatively79



Chapter 4 Charge transfer satellites at metal�organi interfaesrough surfae onsidering the fat that the total BTCDA overage was onsiderablyhigher than 10 ML.The O 1s spetrum of the BTCDA/Ag(111) sub�ML in Fig. 4.11 () shows twopeaks and a prominent shoulder at EB = 531.1 eV, 532.6 eV and 534.0 eV, re-spetively, and two broad features ontribute to the signal at EB = 538.5 eV and441.5 eV. Note that the low�energy peak is loated at 0.8 eV higher binding energythan what is expeted for dissoiated oxygen, [100,113,163�169℄ This orroboratesthe assumption that the BTCDA moleules are not dissoiated.The sub�ML spetrum was also �tted with respet to several models. The simplest�t is shown whih an reprodue the O 1s spetrum below 536 eV well is shown inFig. 4.11 (d, top). It is omposed of three Voigt pro�les with the peak areas beingonstrained so that the area of the peak at highest energy and the sum of the areaof the two peaks at lower energy satisfy the ratio 1:2. This result suggests that thepeak at EB = 534.0 eV an be attributed to the bridging oxygen speies Ob and thetwo remaining peaks at EB = 531.1 eV and 532.6 eV to the terminal oxygen Ot.Their area ratio is 0.46, whih is signi�antly di�erent from what is expeted forthe oexistene of hemially di�erent terminal oxygen speies � 1:3, 2:2 or 3:1,respetively. Therefore it is likely that these two peaks are due to strong satelliteexitations, similar to the �nding for the N 1s signal of the BTCDI monolayer�lm. Note that the separation in energy between the satellite and the main peak issimilar to that for the N 1s signal of the BTCDI monolayer spetrum. Moreover,the energy di�erene between the satellite and the signal from the bridging oxygenis 1.4 eV, whih is similar to the 1.3 eV separation of the two ontributions in themultilayer spetrum.Considering this interpretation another �t was applied in Fig. 4.11 (d, bottom)based on a more sophistiated model. If the two peaks at EB = 531.1 eV and532.6 eV were related to harge transfer satellite exitations at the terminal oxygenspeies, this would be also relevant for the bridging oxygen speies. Therefore thesignal below EB = 536 eV is �tted by four Voigt pro�les, two for the Ob 1s signaland two for Ot 1s ontribution. The energy separation between the satellite and themain line is 1.55 eV for both ontributions in order to math the splitting betweenthe N 1s peaks in the BTCDI sub�ML spetrum in Fig. 4.9 (). Moreover, both mainpeaks and both satellite peaks are onstrained to the same width. Additionally,three peaks, labeled "Ob Sat." and "Ot Sat." are plaed 6.06 eV above the threelargest peaks. The two "Ot Sat." peaks are fored to the same intensity ratioand peak width ratio as the two Ot peaks below 536 eV. The overall peak areasof the three Ob peaks and the four Ot peaks satisfy the stoihiometri ratio 1:2.Fig. 4.11 (d, bottom) illustrates that this �t reprodues the O 1s spetrum verywell, even the satellite ontributions above 536 eV.80



4.2 Charaterization using PES and NEXAFS spetrosopy
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Figure 4.12: O K�NEXAFS (top) and C K�NEXAFS (bottom) of aBTCDA/Ag(111) multilayer �lm with 70◦ angle of inidene from thesurfae normal. The partial eletron yield signal was reorded with 150 Vretarding �eld at the C K�edge and 300 V retarding �eld at the O K�edge. Thesample was ooled to 170 K during the preparation and the measurements.For both �t approahes the energy separation between the two Ot (and the twoOb) peaks at lowest energy agrees well with the splitting of the two peaks in theN 1s spetrum of the BTCDI sub�ML �lm. It is not very straightforward thatdissoiation of the moleules leads to the same hemial shift in all three ases.Therefore this �nding an be onsidered as indiation for the interpretation ofthese peaks as main peaks and satellite peaks.Fig. 4.12 shows the O and C K�NEXAFS for the BTCDA/Ag(111) multilayer �lm.The very small dihroism in the O K�NEXAFS in Fig. 4.12 (a) and (b) suggests thatthe moleules have nearly no preferential order, whih is typial for an amorphousthin �lm. This may explain the omparably large inhomogeneous broadening in theore level spetra of the multilayer �lm. In the spetrum in Fig. 4.12 (b) three peaksan be observed at 531.3 eV, 534.3 eV and 539.6 eV. Additionally, the leading edgeof the high�energy peak has a shoulder at 536.6 eV. The energy position of the �rst81



Chapter 4 Charge transfer satellites at metal�organi interfaesthree features is similar to that of the �rst three peaks in the O K�NEXAFS of theBTCDI multilayer �lm. Aordingly, the �rst feature at 531.3 eV originates fromtransitions at the terminal oxygen into the LEMO. The 534.3 eV peak orrespondsto exitations at the terminal oxygen into the LEMO+1 and LEMO+2. [46℄ Itan be assumed that transitions at the bridging oxygen site into the LEMO areto �rst order symmetry forbidden, similar as for the BTCDI, PTCDI and PTCDAmultilayer �lms. The transitions at the bridging oxygen into the LEMO+1 areprobably loated around 535.5 eV aording to previous alulations, and the broadleading edge inluding the shoulder at 536.6 eV is due to transitions into higherexited states. [46℄The C K�NEXAFS in Fig. 4.12 () shows two distint π�resonanes (A and C) anda struture between 295 eV and 310 eV whih is mainly due to exitations into σ�symmetri states aording to the �ndings for BTCDI, PTCDA and PTCDI. Thepre�edge region in Fig. 4.12 (d) is dominated by the two distint peaks A and C at284.7 eV and 287.8 eV, and additional features B and D are observed at 286.5 eVand 289.6 eV. In analogy to the BTCDI, PTCDI and PTCDA NEXAFS data peakA an be assigned to transitions at the benzene ring into the LEMO and peak Corresponds mainly to transitions at the arboxyli arbon sites into the LEMO.Consequently it is straightforward to assign feature B to transitions at the benzenering into the LEMO+1. The intensity of this transition is dereased signi�antlyompared to the BTCDI multilayer spetrum. Moreover, the feature D an bepredominantly assigned to transitions at the benzene�like arbon sites into higherexited states. [46℄Combining the results of the PES and NEXAFS data the BTCDA/Ag(111) anbe haraterized well. The NEXAFS data of the multilayer �lm suggests thatBTCDA forms an amorphous multilayer �lm. The various spetral signatures inthe NEXAFS and the photoeletron spetra an be understood with respet to theBTCDI, PTCDI and PTCDA data. Moreover, the HOMO is loated at similarenergy for the multilayer and the monolayer �lm, and signi�ant di�erential hem-ial shifts are not observed in the C 1s data of the monolayer �lm. Furthermore,the satellite struture is only little modi�ed in the C 1s spetrum of the monolayer�lm. All this suggests that the interfae interation is weak for BTCDA with lessovalent harater than for the remaining moleules. Moreover, the O 1s signalsuggests strong satellite exitations in relation to the terminal oxygen speies, sim-ilar to what is found for the N 1s data for the BTCDI/Ag(111) monolayer �lm.Note that the weaker interfae interation for BTCDA and BTCDI ompared toPTCDA and PTCDI may be related to the fat that the LUMO is not oupiedin ase of the small moleules, whereas it ontributes to the bonding of the largemoleules.82



4.3 Diret omparison of the ore level PES data4.3 Diret omparison of the ore level PES dataIn the previous setion the various moleular thin �lms have been haraterized withPES and NEXAFS spetrosopy. It was shown that the multilayer and the mono-layer data are understood so that a onsistent piture of the moleule�substrateinteration an be drawn. In the following some general aspets of the interfaeinteration will be reviewed and some trends will be pointed out for this series fromBTCDA/Ag(111) to PTCDI/Ag(111).Fig. 4.13 shows that in the multilayer spetra the energy position of the mainpeak from the terminal oxygen speies shifts onsiderably to lower binding energyfrom EB = 533.2 eV for the BTCDA multilayer to 531.4 eV for the PTCDI mul-tilayer. This is aompanied by a derease in width of the terminal oxygen peakfrom FWHM = 1.44 eV for the BTCDA multilayer �lm to FWHM = 1.02 eVfor the PTCDI multilayer �lm. The energy shift an be attributed to two e�ets,namely to the inrease in size of the π�system and to the lower eletronegativ-ity of the nitrogen atom ompared to the bridging oxygen atom. The derease inpeak width might be related to a derease of the inhomogeneous broadening withinreasing order of the moleular �lms and to a hange in the eletron�vibrationoupling.Moreover, (di�erential) peak shifts to lower binding energy are observed for all O 1smonolayer spetra, the peak width is more or less modi�ed and the satellite stru-ture is altered. These aspets are signi�ant indiations for a moleule�substrateinteration with ovalent harater. Furthermore, the maximum position of theterminal oxygen peak in the monolayer spetrum dereases from EB = 531.1 eVfor the BTCDA monolayer �lm to 530.4 eV for the PTCDI monolayer �lm.2 Con-urrently, the leading edge beomes narrower from the BTCDA to the PTCDImonolayer �lm. Moreover, in all monolayer spetra the satellite struture is broad-ened, partiularly the prominent shake�up satellite whih is observed in the PTCDImultilayer spetrum has disappeared in the monolayer data. Additionally, a broadtail at the high energy side of the peaks is observed for the PTCDA and PTCDImonolayer �lms, whih an be interpreted as an indiation of metalli harateromparable to Doniah�Mahan�Sunji line pro�les in ase of metals and transitionmetal ompounds. [88, 175�178℄ As the hange in the satellite struture togetherwith the hemial shifts an be onsidered as a good indiator of the interfae inter-ation, the �ndings in Fig. 4.13 suggest a stronger interfae interation for PTCDAand PTCDI with more ovalent harater than for BTCDI and BTCDA. There2As dissoiated oxygen speies ontribute at EB = 530.3 eV [168, 169℄ it is unlikely that thelow�energy peaks in the O 1s spetra of the BTCDA and BTCDI sub�ML �lms are due todissoiation of the moleules. 83
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4.3 Diret omparison of the ore level PES dataare further hints in the NEXAFS data whih support this interpretation. Whilethe general signatures of the multilayer and the monolayer C K�NEXAFS spe-trum are omparatively similar for BTCDI, strong di�erenes are found in ase ofthe PTCDA and PTCDI �lms, where peak shifts of more than 1 eV are observedaompanied by strong hanges in intensity. Furthermore, the rih �ne struture,whih is found in the NEXAFS spetra of the PTCDA and PTCDI multilayer �lms,is ompletely washed out as it is expeted for onsiderable oupling to the metal.These e�ets might be related to the partial oupation of the LUMO derived DOSdistribution in ase of the PTCDI and PTCDA monolayer �lms as it will be dis-ussed in setion 4.5. Furthermore, the signal of the terminal oxygen speies inthe BTCDA monolayer spetrum has a omparatively intense satellite ontribution1.5 eV above the main peak. Moreover, the main peak with FWHM = 1.06 eVis loated at similar binding energy as the O 1s signal for the BTCDI monolayer�lm, whih is asymmetri and signi�antly broader (FWHM= 1.50 eV). This mightindiate that two peaks ontribute to the O 1s signal from the terminal oxygenatom for the BTCDI monolayer �lm as well even though their energy separationis onsiderably smaller than in the BTCDA monolayer spetrum, whih will bedisussed in setion 4.4.1.In the C 1s spetra in Fig. 4.14 the trends are similar to those in the O 1s data.In the multilayer spetra all peaks shift to lower binding energy from BTCDA toPTCDI. This shift is larger for the arbon speies in the funtional group than forthe benzene�like or perylene�like arbon speies. Furthermore, the peak whih or-responds to the benzene or perylene arbon atoms is asymmetri for BTCDA andPTCDA. This an be explained by the higher eletronegativity of the funtionalgroup, whih leads to larger hemial shifts for the di�erent arbon speies in thebenzene and perylene group ompared to the diimidemoleules.In the monolayer spetra all peaks are shifted to lower binding energy with respetto the multilayer spetra. The hemial shift is largest for the arbon speies inthe funtional group. Moreover, the maximum position of the �rst peak dereaseswithin this series of monolayer �lms from EB = 285.1 eV for the BTCDA/Ag(111)monolayer to 283.9 eV for the PTCDI/Ag(111) monolayer and its leading edgebeomes narrower. This hange in signature gives the impression that for all mono-layer �lms the low�energy tail of the �rst C 1s peak extends down to similar energy.Furthermore, in the PTCDA/Ag(111) and the PTCDI/Ag(111) monolayer spetraa several eV broad tail is observed at the high energy side of the double peaksignature of the perylene ontribution and the satellite struture is signi�antlybroadened. Both aspets are indiations of onsiderable metalli harater, analo-gous to the interpretation of the O 1s data.Furthermore, it an be speulated about the di�erene in the signal from the ar-bon speies in the funtional group between the BTCDI and the BTCDA mono-85
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Chapter 4 Charge transfer satellites at metal�organi interfaeslayer �lm. For the BTCDI/Ag(111) monolayer spetrum the maximum of theontribution of the imide arbon speies is loated at EB = 287.5 eV with a dis-tint shoulder at EB = 288.6 eV, whih has been attributed to satellite exitationsin setion 4.2.3. The energy di�erene of 0.4 eV between the CN 1s satellite inthe BTCDI monolayer spetrum and the CO 1s peak in the BTCDA monolayerspetrum is similar to the energy di�erene between the CN 1s and the CO 1sontribution in the PTCDI and PTCDA monolayer spetrum, respetively, whihis ∆E = 286.9 eV − 286.4 eV = 0.5 eV. Additionally, there is some signal in theBTCDA monolayer spetrum at EB = 287.3 eV and hene at similar energy as theCN 1s main peak in the BTCDI monolayer spetrum. Considering that the mainpeak of the O 1s signal from the terminal oxygen speies in Fig. 4.13 is loatedat similar binding energy for the BTCDI and the BTCDA monolayer �lm, it anbe speulated whether the ontribution at EB = 287.3 eV is related to the CO 1smain peak and the signal at 289.0 eV to satellite exitations. Then the relativeintensity of the satellite ontribution would be signi�antly higher for the BTCDAmonolayer �lm than for the BTCDI monolayer �lm. Moreover, it ould be speu-lated whether the double peak signature in the ontribution of the perylene arbonatoms in PTCDA and PTCDI monolayer spetra is related to satellite exitationsas well. However, the latter an also be explained by the presene of hemiallydi�erent arbon speies.Moreover, the ratios of the relative intensities in the C 1s spetra of the mono-layer �lms an provide additional information about the stoihiometry. In Fig. 4.15the respetive C 1s spetra are plotted and the overall surfae areas are subdi-vided into two areas aording to the stoihiometri ratio between arbon atomsin the funtional group and those in the moleular ore, 2:10 or 2:3. For all spe-tra the two areas meet at EB = 286.1 ± 0.1 eV, and the areas agree well withthe previously given peak assignment. This brief hek of the relative intensitiessupports the assumption that the moleules in the �rst layer are intat and notdissoiated.Fig. 4.16 shows the N 1s spetra of the BTCDI/Ag(111) and the PTCDI/Ag(111)multilayer and monolayer �lms. As the moleules ontain only one single nitrogenspeies, only one single main peak is observed in the N 1s multilayer spetra, anda small satellite in ase of the PTCDI spetrum. For the moleule with the larger
π�system the N 1s main line is loated at lower binding energy in agreement withthe O 1s and C 1s data.Moreover, a hemial shift and a strong hange of the spetral signature is observedfor the monolayer �lms. Partiularly the BTCDI/Ag(111) monolayer spetrumshows a double peak struture with the maximum positions at EB = 399.9 eVand 398.3 eV, respetively, and with a broad leading and trailing edge. ThePTCDI/Ag(111) monolayer spetrum ontains a small signal at EB = 397.9 eV,88
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Chapter 4 Charge transfer satellites at metal�organi interfaesa prominent main peak at EB = 399.4 eV, and a broad tail at the high energy sidewith a weak, washed out satellite peak on top at EB = 401.2 eV in agreement withthe O 1s and C 1s data of the PTCDI/Ag(111) monolayer data. It has already beenpointed out in setion 4.2.3 that impurities, radiation damage and the oexisteneof di�erent absorption phases are very unlikely the reasons for this double peak sig-nature. The low�energy features are loated at a. 1 eV higher binding energy thanthe signal of dissoiated nitrogen. [100,163�165℄ Furthermore, in ase of dissoiationone would expet that the low�energy peaks in the BTCDI and in the PTCDI spe-tra are loated at the same energy in ontrast to the observed separation by 0.4 eV.The omparison of the N 1s and CN 1s signal rather suggested that the di�erentpeaks in the N 1s spetra of the BTCDI/Ag(111) and PTCDI/Ag(111) monolayer�lms are not due to the oexistene of hemially di�erent nitrogen speies butdue to satellite exitations or di�erent ore exited (�nal) states, respetively. Itis an interesting aspet that the hemial shift of the two low�energy features inthe PTCDI monolayer spetrum with respet to the multilayer spetrum is nearlythe same as for the two peaks in the BTCDI monolayer spetrum � ∆E = 0.6 eVand 2.1 eV, respetively. A similar hemial shift is observed for the signal of thebridging oxygen speies of the BTCDA and PTCDA monolayer �lm, namely 0.5 eVand 0.6 eV, respetively. Therefore it an be assumed that the satellite ontributiondominates the signal from the bridging oxygen speies in the BTCDA and PTCDAmonolayer O 1s spetra.The omparison of the ore level data shows that there are onsiderable hemialshifts in all monolayer spetra and that satellites with extra ordinarily high intensityontribute to the signal. Furthermore, these distint giant satellites an predom-inantly be identi�ed in the BTCDI and BTCDA monolayer spetra. The (di�er-ential) hemial shifts and the metalli harater in the satellite struture suggestthat the adsorbate�substrate interation is stronger with more ovalent haraterfor the PTCDA and PTCDI monolayer �lms than for the BTCDA and BTCDImonolayer �lms. This might be related to the partial oupation of the LUMOderived density of substrate�adsorbate states, whih ontributes to the adsorbate�substrate bonding and the interfae interation in ase of PTCDA and PTCDI. Forthe BTCDA monolayer �lm, where the interfae interation an be assumed to beweakest aording to setion 4.2.4, harge transfer satellite exitations are mainlyobserved for the signal of the terminal oxygen. For the BTCDI monolayer �lmharge transfer satellites also ontribute signi�antly to the CN 1s and to the N 1ssignal. In the O 1s signal the satellite ontribution seems to be shifted lose to themainline so that only a single broad peak is observed instead of two separate peaks,as it has been disussed above. Consequently di�erential hemial shifts play animportant role for the harge transfer satellites.This is diretly related to the ovalent harater of the adsorbate�substrate inter-ation. In partiular, as it has been disussed in setion 4.1.5, adsorbate�substrate90



4.4 Covalent moleule�metal interationhybrid orbitals ontribute signi�antly to the eletroni relaxation in the ore ex-ited state, whih an in�uene the energy position of the satellites signi�antlywith respet to the main line. In setion 4.1 a simpli�ed model for the hargetransfer satellites has been introdued where the harge transfer was only onsid-ered in terms of oupation of previously unoupied adsorbate�derived valenestates. However, the reorganization of the adsorbate�substrate hybrid orbitals inthe ore exited state an additionally ontribute signi�antly to the harge transferand the eletroni relaxation. Therefore, the harateristi giant satellites, as theyare observed in the BTCDA and the BTCDI monolayer spetra, appear only forovalent interfae interation of intermediate strength � strong enough that hargetransfer an our and so weak that the reorganization of the adsorbate�substratehybrid orbitals in the ore exited state ontributes only little to the harge trans-fer, so that the di�erential hemial shift between the satellite and the mainline isomparatively small. Aordingly, the small energy separation between the satel-lite and the mainline in the O 1s spetrum of the BTCDI monolayer �lm an beattributed to more ovalent harater for the BTCDI/Ag(111) interfae interationthan for the BTCDA/Ag(111) interfae. The data disussed in setion 4.2.1 and4.2.1 indiate an even stronger interfae interation for PTCDA and PTCDI withmore ovalent harater, whih is probably due to the LUMO derived interfaestates. This would explain, why the signal of the respetive oxygen speies in thePTCDA and PTCDI O 1s monolayer spetra is dominated by only one single peakinstead of two.
4.4 Covalent moleule�metal interationIn the formalism for the harge transfer satellites in setion 4.1.2 and 4.1.3 theassignment of the satellite and main peak to the respetive harge transfer statesdepends on the parameter Uac for the Coulomb potential of the ore hole with re-spet to the energy ǫa of the relevant unoupied eletroni adsorbate level |a〉. Inpartiular if Uac > ǫa the main peak an be predominantly assoiated with eletrontransfer from the substrate to the adsorbate in ontrast to the satellite, and it isvie versa for Uac < ǫa. Moreover, it was also indiated that a omparison betweenthe ore level PES and NEXAFS data an provide information on the relation be-tween Uac and ǫa beause ore ionization and diret eletroni transitions of a oreeletron into an unoupied valene state an result in the same ore exited statein ase of ovalent interfae interation with substrate�adsorbate harger transfer.In the following it will be shown that the lowest ore exited state in the ore leveland NEXAFS spetra have the same energy for the investigated monolayer �lms,91



Chapter 4 Charge transfer satellites at metal�organi interfaeswhih indiates that the interfae interation plays a signi�ant role. Moreover,the assignment of the satellite and main peaks to the respetive harge transferstates will be disussed in this ontext. Furthermore, the formalism whih hasbeen desribed in setion 4.1.3 will be disussed with respet to the PES data.Additionally, the metalli harater of the satellite struture in the ore level dataof the PTCDA/Ag(111) and PTCDI/Ag(111) monolayer �lm will be disussed to-gether with the loss of the �ne struture in the NEXAFS spetra of the monolayer�lms ompared to the multilayer data.4.4.1 Comparison of photoeletron and NEXAFS spetraIt was demonstrated in setion 4.1.4 that harge transfer satellites are also relevantfor the NEXAFS spetra. In partiular it was shown that in ase of harge transfersatellites in the ore level spetra due to adsorbate�substrate oupling the dipolematrix element for a diret eletroni (NEXAFS) transition into the respetive oreexited eigenstates an be �nite. As a result satellite exitations an appear in theNEXAFS spetra as well. As the lowest unoupied moleular orbitals of the inves-tigated moleules are of π�symmetry, the dipole matrix element for the eletronitransition of a ore eletron into the EMOs is large. It an therefore be expetedthat the eletroni oupling of the relevant moleular orbitals with the distributionof substrate states leads to signi�ant harge transfer satellite ontributions in theNEXAFS as it is depited in Fig. 4.4. Furthermore, it has been demonstrated thatthe energy position of the respetive ontributions and eigenstates, respetively, isidential in the ore level and in the NEXAFS spetra, but their relative intensitiesan vary onsiderably.In Fig. 4.17 (a) the C K�NEXAFS and the C 1s spetrum of a PTCDA/Ag(111)multilayer and monolayer �lm are ompared as well as the respetive data of thePTCDI/Ag(111) and the BTCDI/Ag(111) monolayer �lm. Additionally, the O 1sand the O K�NEXAFS signal of the PTCDA/Ag(111) multilayer and monolayer�lm are plotted in (b), and the N 1s spetrum of the BTCDI/Ag(111) sub�ML �lmas well as the N K�NEXAFS of the BTCDI/Ag(111) multilayer �lm are shown in(). The energy position of the energetially lowest ontribution to the respetivesignal an be estimated by determining the onset with straight lines, as it is in-diiated in Fig. 4.17. Aordingly, the onset of the C 1s signal for the PTCDAmultilayer �lm in Fig. 4.17 (a) is loated 0.5 eV above the onset of the C K�NEXAFS signal at 283.3 eV. Additionally, the low�energy onset in the O 1s datain (b) is loated 0.9 eV above the O K�NEXAFS onset at 530.1 eV. Aording tothe disussion above this indiates that for the PTCDA multilayer �lm the bestrelaxed ore exited c−1LEMO+1 state has a signi�antly lower energy than the92



4.4 Covalent moleule�metal interation
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Chapter 4 Charge transfer satellites at metal�organi interfaesbest relaxed ore ionized (c−1) state. This implies that the ore hole lowers theenergy of previously unoupied moleular orbitals so that the LEMO is pulledbelow the Fermi level whih implies ULUMO c > ǫLUMO aording to the notationin setion 4.1. Note that this is observed for all PTCDI, BTCDI and BTCDAmultilayer data exept for the N K�NEXAFS, where eletroni transitions into theLEMO are symmetry forbidden.For the PTCDA/Ag(111) monolayer the leading edge of the C 1s signal with lowestbinding energy in Fig. 4.17 (a) is loated at the same energy as the onset of the C K�NEXAFS. The same applies for the O 1s and O K�NEXAFS data. Aording to theprevious disussion this implies that the signals at the lowest energy in the PES andin the NEXAFS spetra orrespond to the same ore exited eigenstate. Thereforethis is an indiation of ovalent interfae interation with signi�ant substrate�adsorbate harge transfer. As the energy position of the onset in the NEXAFSdata from the monolayer �lm is very similar to that of the multilayer �lm, it an beassumed that the respetive ore exited eigenstate has onsiderable c−1LEMO+1harater. Consequently, the oinidene of the leading edge of the ore level andthe NEXAFS signal suggests the senario that the ore hole pulls the LEMO belowthe Fermi level and in ase of ore ionization negative harge is transferred fromthe substrate to the ore exited moleule.Furthermore, the double peak signature in the perylene ontribution to the C 1sspetrum of the PTCDA/Ag(111) monolayer might be due to harge transfer satel-lite exitations. Then the low energy peak at EB = 284.0 eV ould be attributedto the well relaxed main line with onsiderable c−1LEMO+1 harater and thepeak at EB = 284.5 eV orresponds to satellite exitations. � It is an interestingaspet that the satellite energy is similar to the maximum of the perylene ontri-bution in the C 1s spetrum of a 1 ML PTCDA/Au(111) �lm, where the PTCDAmoleules are physisorbed and no harge transfer satellites our. [126℄ This may bean indiation that the signal at EB = 284.5 eV an be assoiated with c−1LEMO0harater.The O 1s spetrum of the PTCDA/Ag(111) monolayer �lm an be interpretedanaloguously. Aordingly, the signal at EB = 530.6 eV from the terminal oxygenspeies an also be related to substrate�adsorbate harge transfer. The fat thatonly one prominent peak is observed for eah oxygen speies an be attributed to theformation of moleule�substrate hybrid states, whih ontribute signi�antly to theeletroni relaxation in the ore exited state as has been disussed in setions 4.1.5and 4.3.A similar agreement of the energy position of the leading edge in the C 1s and theC K�NEXAFS spetrum an be observed for the PTCDI/Ag(111) monolayer �lmin Fig. 4.17 (a). However, the situation is di�erent for the respetive data of theBTCDI/Ag(111) monolayer �lm. Despite the poor statistis of the C K�NEXAFS94



4.4 Covalent moleule�metal interationspetrum one an see that the maximum of the �rst feature in the C 1s spetrumis loated at the trailing edge of the �rst NEXAFS peak and the C 1s signal hasonly little spetral weight at energies lose to the onset in the NEXAFS spetrum.Consequently, the low energy tail of the �rst feature in the C 1s spetrum of theBTCDI/Ag(111) monolayer �lm an be attributed to well relaxed ore exitedstates and the peak maximum to higher exited states.In this ontext the di�erenes in the signature of the �rst peak in the C 1s data inFig. 4.14 an be understood. As the interfae interation is weaker and less ovalentfor the BTCDA and BTCDI monolayer �lm only little spetral weight is on the wellrelaxed exited states and most weight is on the higher exited states. Whereasfor the PTCDA and PTCDI monolayer �lm the interfae interation is stronger,and onsequently the probability for harge transfer is higher, whih shifts spetralweight to lower binding energy.In Fig. 4.17 () the N 1s spetrum of the BTCDI/Ag(111) monolayer �lm is om-pared to the N K�NEXAFS data of the BTCDI multilayer �lm. It was pointed outin setion 4.2.3 that it annot be ompletely ruled out that the NEXAFS signalat 399 eV, whih is due to transitions into the LEMO, originates from the �rstmonolayer. Apart from that, it an be assumed that for the sub�ML �lm the onsetof the signal from transitions into the LEMO is loated at similar energy as forthe multilayer �lm, similar to the �nding for the PTCDA and PTCDI NEXAFSdata. The omparison of the N K�NEXAFS signal of the multilayer with the N 1smonolayer signal shows that the leading edge of the �rst feature is loated at thesame energy in both spetra. This suggests that the �rst peak in the N 1s spe-trum at EB = 398.4 eV an be assoiated with signi�ant harge transfer from thesubstrate to the adsorbate and onsiderable c−1LEMO+1 harater and the satel-lite peak at EB = 399.9 eV with less harge transfer and onsiderable c−1LEMO0harater.Consequently it an be shown by a omparison of ore level PES and NEXAFSdata that the ovalent interation at the moleule�metal interfae an lead toharge�transfer satellites in the ore level photoeletron spetra. For the stud-ied moleular thin �lms the main line an be assoiated predominantly with hargetransfer from the substrate to the adsorbate in ontrast to the satellites whihan be assoiated with little harge transfer. Furthermore, the data implies forthe parameters in the formalism for harge transfer satellites in setion 4.1 thatULUMO c > ǫLUMO. 95



Chapter 4 Charge transfer satellites at metal�organi interfaes4.4.2 Analysis of harge transfer satellitesIn the formalism for substrate�adsorbate harge transfer satellites in setion 4.1the eigenstates of the system are onsidered for a two�fold basis set for simpli-ity, whih onsists of the wave funtions for two di�erent eletroni on�gurations.Consequently the eletroni relaxation is negleted, partiulary the in�uene of theadsorbate�substrate hybrid states. The satellite intensity depends only on the ad-mixture of the respetive on�gurations in the ground state and in the ore exitedstate. It was also pointed out that not only two on�gurations are relevant formoleules, as in the example in setion 4.1, but several. However, in the simplestapproah for the moleule�substrate interfae the two most relevant on�gurationsare the ground state on�guration and that, where an additional eletron is trans-ferred into the LUMO. This approah may be su�ient to �rst order beause themost prominent ontributions to the monolayer spetra whih are assoiated withharge transfer satellites have a double peak struture as it would be the ase for atwo�on�guration senario. Consequently, the intensity ratio and the energy sepa-ration of the satellite and the main peak an be evaluated with respet to (4.20),(4.18) and (4.19), whih provides information on the on�guration mixing and theharge transfer energy ∆′
CT .The respetive formalism is stritly applied to all ore level signals and the orre-sponding parameters are listed in Tab. 4.1, e.g. the energy position of the satelliteand the main peak. The di�erene in the mixing parameter of the wave funtionsfor the two on�gurations θ′ − θ is estimated with relation (4.20) from the inten-sity ratio Is/Im, where the peak areas were determined by a peak �t analysis (seealso appendix B). As the harge transfer energies are ∆CT > 0 and ∆′

CT < 0 therange for θ and θ′ is 0◦ < θ < 45◦ and 45◦ < θ′ < 90◦, respetively. From aomparison of θ′ − θ for di�erent harge transfer satellites for the same moleular�lm the range of θ and θ′ an be narrowed down. Moreover, the harge transferenergy ∆′
CT and the o��diagonal element T of the Hamiltonian an be estimatedfrom the energy separation of the satellite and the main peak using the relations(4.18) and (4.19). As it annot be distinguished between the satellite and the mainline in the O 1s spetra of the PTCDA and PTCDI monolayer �lm, as disussedin setion 4.3, only the energy position of the main line is given. Furthermore,the parameters for the CC 1s signal of PTCDA and PTCDI in Tab. 4.1 are basedon the speulation that the double peak signature in the C 1s ontribution of theperylene ring is related to harge transfer satellite exitations. Moreover, the in-tensity ratio of the CN ontribution to the C 1s spetrum of the BTCDI monolayer�lm an only be roughly estimated beause the signal from the CN arbon speiesat EB = 287.5 eV overlaps with ontributions from the CC arbon speies. Thesame an be assumed for the CO ontribution to the C 1s spetrum of the BTCDAmonolayer �lm.96



4.4Covalentmoleule�metalinteration

Monolayer level Es(eV ) Em(eV ) ∆Esm (eV) Is/Im θ′ − θ θ θ′ ∆′
CT (eV) T (eV)PTCDI CC 1s 284.5 284.0 0.5 0.8 � 1 42◦ � 45◦

0◦ < θ < 14◦
45◦ < θ′ < 59◦ −0.24 < ∆′

CT < 0 0.22 < T < 0.25N 1s 399.5 397.9 1.6 17 76◦ 76◦ < θ′ < 90◦ −1.60 < ∆′
CT < −1.41 0 < T < 0.38O 1s � ∼ 530.5 � � �PTCDA CC 1s 284.5 284.0 0.5 0.5 � 0.75 35◦ � 41◦

4◦ < θ
45◦ < θ′ < 86◦ −0.50 < ∆′

CT < 0 0.03 < T < 0.25Ot 1s � ∼ 530.6 � � �BTCDI CC 1s 284.8 284.0 0.8 ≥ 7 ≥ 69◦

13◦ < θ < 21◦

82◦ < θ′ < 90◦ −0.80 < ∆′
CT < −0.77 0 < T < 0.11CN 1s 288.6 287.5 1.1 ≥ 0.4 ≥ 32◦ 45◦ < θ′ < 53◦ −0.30 < ∆′

CT < 0 0.53 < T < 0.55N 1s 399.9 398.4 1.5 1.7 53◦ 66◦ < θ′ < 74◦ −1.27 < ∆′
CT < −1.00 0.40 < T < 0.56O 1s 531.7 531.0 0.7 0.8 42◦ 55◦ < θ′ < 63◦ −0.41 < ∆′
CT < 0.24 0.28 < T < 0.33BTCDA CC 1s 285.1 284.1 1.0 11 73◦

θ < 13◦

73◦ < θ′ < 86◦ −0.99 < ∆′
CT < −0.83 0.07 < T < 0.28CO 1s 289.0 287.3 1.7 ≥ 3 ≥ 60◦ 60◦ < θ′ < 73◦ −1.41 < ∆′
CT < −0.85 0.48 < T < 0.74Ob 1s 534.0 � � ≥ 20 ≥ 77◦ 77◦ < θ′ < 90◦Ot 1s 532.7 531.1 1.6 2 55◦ 55◦ < θ′ < 68◦ −1.15 < ∆′
CT < −0.55 0.56 < T < 0.75Table 4.1: Parameters for the formalism for harge transfer satellites in setion 4.1for PTCDI, PTCDA, BTCDI and BTCDA monolayer �lms on Ag(111). It isindiated from the left to the right: The ore level, the energy position of thesatellite Es and the main peak Em together with the respetive energy di�erene

∆Esm and the intensity ration Is/Im from the peak areas aording to a peak�t analysis (see also appendix B). The di�erene in on�guration mixing θ′ − θwas alulated with relation (4.20) where 0◦ < θ < 45◦ and 45◦ < θ′ < 90◦.From the omparison of θ′ − θ for di�erent ore levels the range of θ and θ′an be narrowed down, respetively. The harge transfer energy ∆′

CT and theo��diagonal element T of the Hamiltonian an be estimated from θ′ using therelations (4.18) and (4.19).97
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4.4 Covalent moleule�metal interationTab. 4.1. Aordingly, the on�guration mixing dereases learly with inreasing
∆′

CT . Consequently, the further the ore hole pulls the density distribution ofunoupied adsorbate states below the Fermi level, the larger is the harge transferenergy ∆′
CT , and the smaller is the on�guration mixing and the ontribution fromthe main line to the signal. Furthermore, the derease in < ngs > allows to estimateroughly the oupling parameter ∆ as it was disussed in setion 4.1.2. If theinteration of the LEMO with the substrate states indues a density distribution ofadsorbate states of Lorentzian shape then relation (4.6) holds and < ngs > shouldderease with larger ∆′

CT aording to
< ngs >=

1

π
arctan

(
∆′

CT

∆

)

+ 0.5 . (4.25)In Fig. 4.18 an example urve is plotted for ∆ = 0.45. It �ts to the data, exeptfor the CC 1s data points ∆CT = −0.77 eV and -0.80 eV, respetively. However,onsidering that for the PTCDA and the PTCDI monolayer �lm the HOMO andthe partially oupied LUMO peak in Fig. 4.5 and 4.7 resemble to �rst approxima-tion a Gaussian instead of a Lorentzian funtion, the appropriate relation for theon�guration mixing is
< ngs >=

1

2
erf

(√
ln 2 ∆′

CT

∆

)

+ 0.5 (4.26)instead of relation (4.25). The respetive urve is also indiated in Fig. 4.18 for
∆ = 0.6 eV, whih is reasonable with respet to the fat that in the valene data inFig. 4.5 and 4.7 the LUMO width is of the order of HWHM = 0.5 eV. It agrees wellwith the BTCDI data points exept for those of the N 1s signal. The exeptionalrole of the N 1s data beomes even more evident in Fig. 4.19, where the ouplingparameter T , whih orresponds to the o��diagonal element of the Hamiltonian
H in (4.10), is plotted over the harge transfer energy ∆′

CT . Aording to relation(4.18) one expets that T dereases with dereasing on�guration mixing and onse-quently with inreasing harge transfer energy ∆′
CT . Moreover, Fig. 4.19 shows thatexatly this trend is observed for the C 1s and O 1s signal, so that it an be assumedthat T dereases from T ≃ 0.6 eV for ∆′

CT = 0 eV to T ≃ 0 eV ∆′
CT = −1.0 eV.However, the values for the N 1s satellites are signi�antly o�, so that for a om-paratively large harge transfer energy ∆′

CT onsiderable on�guration mixing isimplied. These deviations indiate the limits of this simple model, whih takes onlytwo eletroni on�gurations into aount and neglets the eletroni relaxation ofthe ore exited states and the resulting hemial shifts and intensity modi�ationsas it has already been pointed out in setion 4.1.5. 99
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4.4 Covalent moleule�metal interationdistint, depending on the ovalent harater of the interfae interation and theore hole site. This is supported by the BTCDA data in Fig. B.4 and B.5 wherea deviation of the harge transfer parameters for the O 1s and CO 1s signal is ob-served, similar to what is found for the N 1s signal of the BTCDI sub�ML �lm.This indiates that the ovalent interfae interation plays a signi�ant role for therespetive harge transfer satellites.In this ontext there are indiations that the ovalent harater of the interfaeinteration is larger for the PTCDA and PTCDI monolayer �lms than for theBTCDA and BTCDI sub�ML �lms. The harge transfer satellite and the mainpeak annot be separated in the O 1s spetra of the PTCDA and PTCDI monolayer�lms but eah ore level ontributes to a single peak as it has been pointed out insetion 4.3 whereas in the O 1s spetrum for the BTCDA monolayer �lm the hargetransfer satellite from the terminal oxygen is signi�antly separated from the mainline and a signi�ant asymmetry an be observed in the O 1s peak for the BTCDImonolayer �lm.4.4.3 Metalli harater in the ore level and NEXAFS spetraIt has been disussed that the satellite strutures in the ore level spetra of themonolayer �lms are signi�antly broadened and washed out with respet to themultilayer data. Partiularly for the PTCDA and the PTCDI monolayer �lm abroad tail is observed above the main peaks, whih is typial for metalli harater,in ontrast to the satellite struture in the multilayer data, e.g. see the O 1s datain Fig. 4.5 and 4.7. This an be understood within the framework of the Andersonmodel. Due to the ovalent adsorbate�substrate oupling the originally disretemoleular levels ontribute to a density of adsorbate�substrate states ρas(ǫ) as itis demonstrated in Fig. 4.3. Hene, it annot be distinguished between shake�upand harge transfer satellites, but both are interrelated. Therefore, it is straight-forward that the satellite struture is broadened signi�antly for the monolayer�lms, and the ontinuous loss feature above the main peaks in the spetra of themonolayer PTCDA and PTCDI �lms, whih is typial for metalli solids is notsurprising. [88, 175�178℄ The appearane of this ontinuous tail indiates that theeletroni oupling between the moleular states and the density of valene statesdistribution of the substrate is omparatively strong, whih implies onsiderablyovalent interfae interation.Furthermore, the adsorbate�substrate interation leads to hemial shifts, to broad-ening and to a loss of �ne struture in the NEXAFS spetra. The simpli�ed modelof the interfae interation in setion 4.1 gives an idea about the relevant e�ets.101



Chapter 4 Charge transfer satellites at metal�organi interfaesMoreover, it has been shown in setion 4.1.4 that the on�guration mixing ap-proah, whih models the harge transfer satellites in the PES data su�ientlywell, also predits satellite ontributions to the NEXAFS. As many di�erent ele-troni transitions ontribute to the NEXAFS signal and overlap in energy, thevarious satellites annot be resolved but lead to broad NEXAFS strutures. Fur-thermore, it has been pointed out in setion 4.1.5 that the on�guration mixinginvolves not only the eletroni wave funtion but that it also leads to the mixingof vibroni states beause of eletron�vibration oupling. This implies an addi-tional loss of vibroni �ne struture ompared to the NEXAFS of multilayer �lms.Consequently it an be understood that the NEXAFS of the PTCDI and PTCDAmonolayer �lms is modi�ed more with respet to the multilayer �lms than in aseof BTCDI, where the ovalent interfae interation is weaker than for the perylenederivatives.
4.5 Summary & ConlusionDi�erent moleular thin �lms have been investigated systematially with ore levelPES and NEXAFS spetrosopy in partiular with respet to the adsorbate�substrateinteration. The interation between organi moleules and the Ag(111) substrateis known generally to be of intermediate strength, in between that for Au andCu substrates. Nevertheless, strong di�erenes are observed between the mono-layer and the multilayer data whih are beyond what is ommonly understood asa hemial shift. In partiular multi peak signatures are observed in the N 1s andC 1s spetra whih annot be explained by e�ets in the ground state. Moreover,it an be shown that these multi peak features an be attributed to satellites whihinvolve substrate�adsorbate harge transfer, similar to the harge transfer satelliteexitations in transition metal omplexes or for CO and N2 adsorbed on transitionmetal and noble metal surfaes.Furthermore, the interfae interation an be desribed by the single impurity An-derson model where eletroni oupling between a single adsorbate level and thesubstrate DOS is taken into aount, and eletroni relaxation upon ore hole re-ation is negleted. Aordingly, a density of adsorbate�substrate states is formedfor �nite oupling. Moreover, a distribution of previously unoupied eletronistates an be pulled below the Fermi level upon ore hole reation by the Coulombinteration with the ore hole. Consequently, these states an be oupied by hargetransfer from the substrate whih leads to ore exited states of di�erent energy.Moreover, it is shown that it depends on the energy position of this DOS distribu-102



4.5 Summary & Conlusiontion with respet to the Fermi level whether it is ompletely or partially oupiedby harge transfer, or unoupied, respetively.In a further simpli�ation this senario an be desribed by a formalism developedby Sawatzky et al. for transition metal ompounds, whih is an alternative to theGunnarsson and Shönhammer approah. Due to its simpliity it illustrates theharge transfer mehanism and it improves the understanding of the interfae in-teration. It even allows to obtain model parameters diretly from the PES data.The ore exited states are desribed by the mixing of only two moleular on�g-urations, namely that for no and that for one eletron being transferred onto theadsorbate, respetively. Consequently, the relative intensities of the main and thesatellite peak an be obtained from the overlap of the ground state on�gurationwith that of the ore exited states, whih simply orresponds to the ontributionof the no�harge-transfer on�guration to the exited state. It is demonstratedthat this model annot only desribe the in�uene of the interfae interation qual-itatively, but that it even allows to dedue diret information from the PES data,e.g. the harge transfer energy, the strength of the on�guration mixing and a pa-rameter for the oupling strength. Despite the above desribed approximations therespetive values are in a reasonable range, e.g. the parameter for the interationstrength indiates a width for the distribution of adsorbate�substrate states whihis in agreement with the width of the partially oupied LUMO derived DOS of thePTCDA and PTCDI monolayer �lms. Therefore, the disussed approah an pro-vide even a semiquantitative estimate of the relevant parameters for the interfaeinteration.Moreover, signi�ant deviations of the oupling parameters from the expetedtrends are observed for some ore level data. This indiates the limits of the ap-plied model. Partiularly for moleules several unoupied moleular eletronistates may be of interest, whih implies that the mixing of not only two but severalon�gurations needs to be onsidered. Furthermore, the adsorbate�substrate hy-brid orbitals ontribute signi�antly to the eletroni relaxation in the ore exitedstate, whih results in hemial shifts and modi�es the relative intensities of thesatellite and main lines. The relaxation of the respetive orbitals also ontributesto the substrate�adsorbate harge transfer. This e�et an be so strong that themodel desribed above breaks down and only one single peak is observed in the re-spetive ore level spetra instead of a satellite and a main peak. Therefore hargetransfer satellites ould only be identi�ed for ovalent adsorbate�substrate inter-ation of intermediate strength � strong enough that harge transfer ours, andweak enough that the adsorbate�substrate hybrid orbitals ontribute only little tothe eletroni relaxation.Furthermore, the validity of this model implies that ore exitations at suh adsorbate�substrate interfaes annot be understood in the single partile piture but only in103



Chapter 4 Charge transfer satellites at metal�organi interfaesthe framework of lear many�body exitations. This beomes partiularly evidentin ore level PES by the fat that the shake�up satellite struture whih is observedfor the multilayer �lm is strongly washed out, and broad high�energy tails are ob-served, whih are typial for metalli harater. This is a further indiation for themany�body harater, beause it shows that both, shake�up and harge transfersatellite exitations, are interrelated. The many�body exitations are also evidentin the NEXAFS data of the monolayer �lms. For PTCDA and PTCDI, for example,the signature is ompletely hanged and the sharp �ne struture whih is observedin the multilayer NEXAFS is ompletely washed out in the monolayer spetra. Themodi�ation of the general spetral signature and the broadening an be explainedby hemial shifts and harge transfer satellite ontributions in the NEXAFS, sim-ilar to what is observed in ore level PES. The loss of vibroni �ne struture anbe attributed to on�guration mixing, whih also involves the vibroni states dueto eletron�vibration oupling. Note that a modi�ation of the life time of the ex-ited states due to the interfae interation may also be relevant. Altogether thesemany�body e�ets an lead to strong modi�ations in the NEXAFS with respetto the multilayer data.Consequently, the interpretation of the data is not straightforward due of the breakdown of the single partile piture in ase of signi�ant ovalent adsorbate�substrateinteration. The same holds for eletroni transitions in NEXAFS spetrosopy.However, omprehensive quantum hemial alulations of high quality and sys-temati omparison data from di�erent interfaes an help in analyzing and inter-preting suh data in detail. Moreover, the many�body harater of the ore exitedstates has also impliations for the various deay hannels. It an be expeted thatit is also re�eted in the Auger and �uoresene deay as well. Furthermore, itan be interesting to study these many�body e�ets in the time domain. In thisontext RIXS and resonant Auger spetrosopy an provide important informationfor the understanding of the interation at adsorbate�substrate interfaes as it willbe demonstrated in hapter 5.
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5Resonant Auger Raman spetrosopy ofmetal�organi interfaesThe results of the previous hapters demonstrated that PES and NEXAFS spe-trosopy are powerful tehniques for studying the eletroni properties of surfaesand interfaes. The deay of ore exited states an provide additional site spei�information about the eletroni struture. In this ontext two deay hannels areof interest, namely �uoresene and Auger deay, whih orrespond to the emissionof a photon or an eletron, respetively. In ase of light elements and shallow orelevels the ross setion for Auger deay is onsiderably larger than for �uoresenedeay. Additionally, the relatively short eletron mean free path leads to high sur-fae sensitivity ompared to the �uoresene signal. Therefore, Auger eletron spe-trosopy (AES) is the method of hoie for studying thin adsorbate �lms of organimoleules. It has been suessfully applied for studying the omposition of mole-ular thin �lms and their eletroni struture. [179�181℄Moreover, for many materials x�ray emission and Auger eletron spetrosopy showa dependene on the exitation energy, partiularly for energies lose to an absorp-tion edge, where ore eletrons an be exited into di�erent unoupied boundstates. This photon energy dependene is made of use by resonant inelasti x-ray sattering (RIXS) spetrosopy, and resonant PES and AES, whih have beenestablished during the last deades due to the development of high brilliane syn-hrotron beamlines. The dependene of the emission spetra on the exitationenergy an provide further information about the eletroni struture. The branh-ing ratio of the various deay hannels, for example, an vary with the exitationenergy as well as the life time of the ore exited state, whih an lead to sophis-tiated interferene e�ets as it is brie�y disussed in setion 5.1.1. These e�etsan even provide aess to dynami aspets whih our on the fs time sale duringthe life time of the ore exited state, e.g. atomi motions whih ouple to theeletroni struture and harge transfer phenomena. [182�186℄ In this ontext thismethod is often referred to as ore hole lok spetrosopy. It has the advantageof site spei� exitations in ontrast to laser based pump�probe experiments withvisible light. [187, 188℄ This an provide valuable information about the eletronistruture, e.g. about the loalization and symmetry of valene states. [189�193℄105



Chapter 5 Resonant Auger Raman spetrosopy of metal�organi interfaesThese aspets are partiularly interesting when studying adsorbate layers, inter-faes and surfaes. During reent deades the adsorbate�substrate interation haspredominantly been studied for �simple� model systems onsisting of atomi or smallmoleular adsorbates [194�198℄. The following investigation will fous on thin �lmmodel systems of organi dye moleules and organi�metal interfaes whih areonsidered to be of interest for various appliations.The interest in phthaloyanines as atalyst and as dye moleule for appliations inOLEDs and organi solar ells has driven researh on these moleules with respetto appliations and fundamental aspets. [199�204℄ In this ontext the eletroniand strutural properties of phthaloyanine thin �lms are of interest with respetto the bulk, organi�metal interfaes and organi�organi interfaes. Moreover, ithas been shown that well ordered thin �lms an be prepared from these moleuleswhih allows to study their strutural, optial, and eletroni properties in detail.[205�220℄ However, RIXS and photon energy dependent AES investigations havebeen omparatively sare on moleular thin �lms. [221�224℄ Furthermore, as tin�phthaloyanine (SnP) thin �lms deposited on a Ag(111) surfae have been wellharaterized with low energy eletron di�ration, x�ray standing wave method andPES, [214, 225, A4℄ suh moleular �lms are suitable model systems for studyingthe properties of bulk, organi�metal interfaes and organi�organi interfaes. Allthree aspets are addressed in this hapter by means of NEXAFS spetrosopy andresonant AES.The omparison of the ore level PES and NEXAFS data in setion 5.2.1 indiatesthat the adsorbate�substrate interation is so strong that many�body exitationsinvolving adsorbate�substrate harge transfer play a signi�ant role. It is expetedthat these e�ets are also signi�ant in the photon energy dependent AES data.Their spetral features an be identi�ed when omparing data between di�erentmoleular adsorbate �lms, where these e�ets are absent or dominant, respetively.Therefore a SnP/Ag(111) multilayer �lm will be investigated at �rst, for whihthe intermoleular interation is onsiderably weaker than the adsorbate�substrateoupling. Seondly, a SnP/Ag(111) monolayer �lm will be studied and systematidi�erenes to the multilayer data will be disussed with respet to many�body exi-tations involving substrate�adsorbate harge transfer. Moreover, some impliationsof many�body e�ets will be disussed in setion 5.4 with respet to the ommontunneling approah of the adsorbate�substrate harge transfer, in whih the inten-sity of ertain spetral features is diretly related to an average tunneling probabilityand harge transfer time, respetively. [183�186℄Thirdly, the in�uene of the interfae interation on the seond adsorbate layer willbe addressed. Therefore a hetero�moleular adsorbate �lm will be studied, where1 ML SnP is deposited on top of a PTCDA/Ag(111) monolayer �lm. Reent PESand NEXAFS investigations have shown that well de�ned thin �lms an be prepared106



5.1 Some aspets of ore exitation and de�exitationwith SnP forming a wetting layer on top of the PTCDA monolayer. [226,A6℄ Ad-ditionally, the SnP ontribution to the valene and C K�NEXAFS spetra an belearly distinguished from the PTCDA signal making the interpretation of the au-toionization spetra easier than for a 2 ML SnP/Ag(111) �lm, for whih the signalfrom the �rst and the seond monolayer is very similar. Furthermore, reent PESinvestigations of this hetero�moleular thin �lm indiate a rigid level shift of 0.4 eVto lower binding energy for the SnP monolayer on top of the PTCDA/Ag(111)monolayer �lm with respet to the SnP/Ag(111) multilayer �lm. [A6,A7℄ A om-parison of the photon energy dependent AES data of the hetero�moleular �lm tothat of the SnP/Ag(111) multilayer and that of the monolayer �lm an providefurther information about the in�uene of the interfae interation on the seondmonolayer.
5.1 Some aspets of ore exitation and de�exitationSome fundamental aspets of resonant AES will be introdued brie�y in the fol-lowing as far as they are relevant to the disussion of the data in setion 5.2. Ithas already been mentioned above that interferene e�ets between di�erent tran-sition amplitudes an alter the spetra onsiderably. Therefore the onditions forwhih these e�ets are relevant will be disussed brie�y in setion 5.1.1. After-wards, a time�dependent desription of the autoionization spetra is introdued insetion 5.1.2, whih improves the understanding of dynami aspets as eletron�vibration oupling in setion 5.1.3. Moreover, di�erent exitation and deay han-nels will be introdued in setion 5.1.4 in a simpli�ed view. Finally, it is shownin setion 5.1.5 and 5.1.6 that resonant exitation an enhane CIS valene sig-nals. This o�ers the possibility of studying satellites in the valene band spetra,whih are typially very weak for organi �lms. This is partiularly of interest whenstudying interfae interation.5.1.1 Resonant Photoeletron spetrosopy versus resonant Auger spe-trosopyEletroni states of atoms and moleules are usually lassi�ed in terms of eletronion�gurations, aording to the independent�partile approximation. Partiularlythe atual (stationary) states may be represented by a linear ombination of di�er-ent eletroni on�gurations, e.g. when modeling the harge transfer satellites in107



Chapter 5 Resonant Auger Raman spetrosopy of metal�organi interfaessetion 4.1.3 the respetive eletroni states have been expressed by a linear ombi-nation of two di�erent eletroni on�gurations. Con�guration mixing is importantfor the phenomenon of autoionization as well. In this ontext one needs to onsiderthe mixing of a disrete on�guration with a ontinuum of on�gurations, e.g. inase of resonant photoemission the mixing of one �nal state on�guration, whih isdisrete in photon energy, with the ontinuous spetral on�gurations of diret pho-toemission hannels. Aording to the formalism developed by Fano and Rie suha senario leads to interferene e�ets between the various spetrum on�gurations,whih results in asymmetri line shapes beause of destrutive and onstrutive in-terferene in ase of strong on�guration mixing. Only the ruial relations for thedesription of suh Fano pro�les will be brie�y disussed in the following, and it isreferred to [227�229℄ for more details.We onsider one disrete state ϕ and the unperturbed ontinuum states ψE . Theelements of the energy matrix are
(ϕ|H|ϕ) = Eϕ (5.1)

(ψE′|H|ϕ) = VE′ (5.2)
(ψE′′ |H|ψE′) = E ′δ(E ′′ −E ′) (5.3)with the oupling parameter VE′. The eigenvetors an be written as a linear om-bination of the disrete state and the ontinuous states.
ΨE = aϕ+

∫

dE ′ bE′ψE′ (5.4)
Φ = ϕ+ P

∫

dE ′ VE′ψE′

E − E ′
(5.5)Consequently, the ontinuum states are modi�ed by an admixture of the disretestate ϕ and vie versa. Then the ratio of the transition probabilities betweeneletron transitions from the initial state i into the (ontinuous) eigenstates ΨEand transitions into the unperturbed ontinuum states ψE an be expressed as afuntion of energy ǫ
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∣
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5.1 Some aspets of ore exitation and de�exitation
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Figure 5.1: Fano pro�les for the parameter q = 0.1, 1.0, 5 and 20. Additionally aLorentzian pro�le is plotted whih is equivalent to q → ∞.with T being the appropriate transition operator. [229℄ The parameter q depends onthe oupling parameter VE for the strength of the on�guration mixing and the ra-tio between the amplitudes of transitions into the disrete spetrum on�guration Φand transitions into the unperturbed ontinuum states ψE .Some Fano pro�les are plotted in Fig. 5.1 for di�erent values of the parameter q. Forsmall q the Fano pro�le is very asymmetri while it resembles a Lorentzian pro�lefor large q. This asymmetry an be understood when onsidering the amplitude oftransitions into the eigenstate ΨE from relation (5.4):
(ΨE|T |i) = a(ϕ|T |i) +

∫

dE ′ bE′(ψE′|T |i) (5.8)One realizes intuitively that interferene e�ets an play an important role forthe superposition of (ϕ|T |i) and the ontinuum of transition amplitudes (ψE′ |T |i).These interferene e�ets are large for small values of q and vanish with inreasing
q so that the Fano pro�le results in a Lorentzian pro�le for q → ∞, whih beomesalso evident from relation (5.6).Note that q is small if the transition amplitudes (Φ|T |i) and (ψE|T |i) are of thesame order of magnitude and the oupling parameter VE is su�iently large. Then109



Chapter 5 Resonant Auger Raman spetrosopy of metal�organi interfaesinterferene e�ets appear in the autoionization spetra. Suh e�ets are strong, forexample, when the hole in the ore exited state and in the �nal state is loated inthe same eletroni shell, so that Coster�Kronig or super Coster�Kronig deays aredominant, whih results in a short life time τ of the exited state. [33,183,230�235℄As the oupling parameter VE is diretly related to τ , so that |VE|2 will be largeif the life time is short, the Fano parameter q is small for suh quikly deayingstates. Consequently, the interferene between the amplitudes of transitions intothe disrete Auger �nal state and ontinuous transitions into the diret photoemis-sion �nal states will be signi�ant if the transition probabilities of both hannelsare omparable. Suh a senario is related to the term resonant PES in the fol-lowing. Resonant PES of nikel at the M�edge is a typial example for whihCoster�Kronig deay plays an important role. Partiularly transitions into theNi 3p53d10 ore exited state lead to resonant enhanement of a satellite at 6 eVhigher binding energy with respet to the Ni 3d9 main line, whih an be predomi-nantly related to the Ni 3d84s1 on�guration. Moreover, analysis of the peak shapesuggests onsiderable interferene e�ets. [33,91,194℄ Analogous resonant enhane-ments of satellites have been studied for other metals as well, e.g. opper, alium,manganese, [236�239℄ alloys [95℄ and transition metal ompounds as CuO, NiO,V2O3. [86, 240�242℄As for the following investigation of organi thin �lms the ore hole is loated inthe K�shell, and in the �nal state the holes are loated in the L�shell, one an as-sume that the oupling parameter VE is omparatively small and hene q beomesomparatively large. This suggests only minor interferene between the amplitudesof the disrete autoionization transition and the ontinuum of diret photoemissiontransitions amplitudes. Hene, it an be assumed that the total signal is just asuperposition of the diret photoemission and the autoionization signal. Anotheraspet whih supports this assumption is the intensity ratio between the autoion-ization signal at resonane (ǫ = 0) and o� resonane. For the data of the SnPmultilayer �lm in setion 5.2 this ratio is I(ǫ = 0) : I0 ∼ 100 whih is even higherthan for the pro�le in Fig. 5.1 where q = 20. Consequently, the interferene e�etsdisussed above an be negleted for the following investigation. Hene, the totaltransition probability Pf0 an be onsidered as superposition of the transition prob-ability of diret photoemission and that of the Auger like autoionization proess,whih an be desribed as photon sattering event aording toKramers�Heisenbergrelation. [243℄
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5.1 Some aspets of ore exitation and de�exitationHere D is the dipole operator and Oc is the Coulomb operator. The energies
Ex with x = 0, j, f orrespond to the eigenvalues of the system in the groundstate, exited state and the �nal state. As the autoionization ontribution dom-inates the total photoemission signal, it is su�ient to onsider only the matrixelement

Tfi =
∑

k

〈f |Oc|k〉〈k|D|i〉
~ω − (Ek −Ei) + iΓk

. (5.10)It is referred to this senario as resonant Auger spetrosopy or resonant Auger Ra-man spetrosopy in ase of detuning of the energy of the inident x�ray beam (~ω 6=
Ek−Ei) so that transitions in the Raman regime ontribute signi�antly.5.1.2 Time�dependent approahThe autoionization spetra an be either interpreted in the energy piture, whihhas been introdued above, or in the time�dependent piture. Both are equivalentto eah other and lead to the same result. The ombination and omparison of thesetwo pitures an improve the understanding of the autoionization spetra in thishapter. Therefore, the time�dependent approah will be introdued here beforedisussing aspets like eletron�vibration oupling and harge transfer within bothpitures.5.1.2.1 �Duration time� of the sattering proessOne important aspet of the resonant x�ray Raman sattering is its �duration time�.Prinipally this is a physial onept whih orresponds to the time between absorp-tion and emission. It has been shown that the duration time an be varied by detun-ing the photon energy ~ω of the inident x�ray beam from the energy di�erene be-tween the exat eigenstates Ek−Ei. [196,244�246℄ As this is related to modi�ationsof the emission spetrum, it gives aess to dynamial aspets of the exited stateson the time sale of the sattering even, e.g. nulear and eletron dynamis. Thisallows to study vibrations, dissoiation and harge transfer. The priniple aspetsof the duration time of x�ray Raman sattering are brie�y disussed in the followingby deduing the orrelation time, or duration τc, of the sattering proess from thetime�dependent representation of Tfi. [196, 244�246℄The T matrix (5.10) an be written in the time representation as 111
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Tfi =

∫ ∞

0

dt ei~(ω−ωki)t < f |Ψi(t) > (5.11)with some average resonant frequeny ωki of the x�ray absorption transition from |i〉to |k〉 and the state Ψi(t), whih is an eletro�vibroni wave paket that desribesthe time evolution of the initial wave paket |i >. These states are interrelated bythe exat time�dependent retardedGreen's funtion G = −ie−i(H−~ωki−iΓ)t:
Ψi(t) = OcGD|i > . (5.12)Under o��resonant onditions the exponent in (5.11) osillates strongly if the de-tuning ω− ωki is large and is quikly attenuated when the lifetime broadening Γ islarge. Consequently, the ontribution of this exponent to the integral over time in(5.11) is small for t 6= 0 and the main ontribution originates from t ≈ 0. Then thematrix element an be written as

Tfi =< f |Ψi(0) >

∫ ∞

0

dt ei~(ω−ωki)t−Γkt . (5.13)Relation (5.11) shows that a strong orrelation of moments of absorption and emis-sion with the orrelation time τc exists, whih is aused by two mehanisms. The�rst is the �nite lifetime of the ore exited state. The orrelation, or the delaytime, τc, between absorption and emission annot exeed the life time 1/Γk. Theseond is the phase di�erene between the amplitude of sudden deay and deayafter time t. As strong interferene of sattering amplitudes ours for large times,it must be t < ~|ω − ωki|−1. Therefore
τc =

√

(ω − ωki)2 + Γ2
k

−1 (5.14)an be interpreted as the orrelation time or duration time of the sattering proess.This relation indiates that τc beomes shorter for large detuning of ~ω of theinident photons than the natural lifetime 1/Γk of the ore exited state for resonantexitation.112



5.1 Some aspets of ore exitation and de�exitation

Figure 5.2: Shemati representation of dissoiation in resonant Auger Raman spe-trosopy for (a) detuned exitation and short duration time τc, and (b) resonantexitation and long duration time τc.5.1.2.2 Propagation of wave paketsThe physial onept of time�dependent eletro�vibroni wave pakets and dura-tion time τc of the satter proess has already been indiated in setion 5.1.2.1.The dependene of the spetral signature on τc an be attributed to the time�dependene of the exited state, namely to the propagation of the eletro�vibroniwave paket Ψt in time. This illustrative onept allows to desribe the photonenergy indued hanges in the sattering amplitude by interferene suppression oflarge time ontributions to the sattering amplitude. Partiularly for ompara-tively short duration time τc the sattering amplitude Tfi an mainly be desribedby the wave paket Ψ(t = 0), while for omparatively long τc time ontributionsfor Ψ(t > 0) are also relevant. This is an important relation for the disussions inthis hapter.The wave paket harater of Ψ(t) is shown in [196℄ by separating the transitionprobability Tif from relation (5.11) into a time�dependent and a time�independentomponent. 113
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Tfi(τ) ≃ const − e−(Γ/~)τ

∑

k

〈f |Qc|k〉〈k|D|i〉
~(ω − ωki) + iΓ

e−i(ω−ωki)τ (5.15)Aordingly, the wave paket Ψ(t) has ontributions from di�erent states |k〉.The prinipal onept an be understood best by onsidering the dissoiation ofmoleules upon ore exitation as it is illustrated in Fig. 5.2. It was found inRIXS data and resonant Auger Raman spetra of several moleules, e.g. HCl, H2Oor H2S [196, 247�252℄, that the spetral signature an be reprodued by a linearombination of a spetrum for intat and dissoiated moleules. The relative inten-sity of the ontribution from intat moleules inreased and that from dissoiatedmoleules dereased when detuning the photon energy ~ω. This an be diretly re-lated to the propagation of the wave paket as it is illustrated in Fig. 5.2 � small τc
→ short propagation, large τc → long propagation. A long propagation leads to dis-soiation for the suggested potential urves in Fig. 5.2. Note that the dynamis ofthe wave paket is determined by the group veloity and the phase veloities of thedi�erent Fourier omponents as disussed in detail in [196℄. The e�etive width ∆of the envelope of exited state vibroni levels, for example, an be related to the de-formation time τwp ∼ 1/∆ of the wave paket. [196,246,253,254℄ This aspet is illus-trated in Fig. 5.2 by the broadening of the wave paket.5.1.3 Eletron�vibration ouplingEletron�vibration oupling an broaden the valene, ore level and NEXAFS spe-tra of moleular adsorbates signi�antly [133, 134, 204, 219℄ as it has already beendisussed in setion 3.1.2 and 4.1.5. Moreover, investigations of eletro�vibronioupling with resonant Auger Raman spetrosopy and RIXS are subjet to urrentresearh. Partiularly small moleules have been studied in this ontext, e.g. CO,H2O, H2S, ethylene and benzene. [196,198,247,253�257℄ These investigations showa strong dependene of the vibroni �ne struture on exitation energy, partiularlydi�erenes between resonant and o��resonant exitation. These e�ets an be eitherunderstood in the time�dependent piture or in the energy piture. Both desrip-tions are equivalent as it will be shown in the following.5.1.3.1 Time�dependent approahThe vibroni �ne struture in the resonant Auger Raman spetra an be under-stood along the same line of arguments as the dissoiation of moleules in se-tion 5.1.2.2. This interrelation is illustrated in Fig. 5.3, where harmoni potentials114
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Figure 5.3: Shemati representation of vibroni exitations in resonant Auger Ra-man spetrosopy. (a) Detuned exitation and short duration time τc. (b)Resonant exitation and long duration time τc. The wave paket is indiatedfor di�erent times, |Ψ(t = 0)|2 (blak) and |Ψ(t > 0)|2 (grey). Eah eigenstatedepends on the number of bound eletrons N , and the eletroni and vibroniquantum numbers i, k, f and ni, nk, nf of the initial state, ore exited stateand �nal state. Note that deay of the ore exited state redues the number ofbound eletrons from N to N − 1.
are assumed for the vibroni states. If the duration of the x�ray sattering proess
τc is short ompared to the time sale of the propagation of the wave paket Ψ(t),the sattering amplitude is essentially determined by Ψ(t = 0) as it is depited inFig. 5.3 (a). In this ase the vibroni �ne struture resembles that of the diretphotoemission signal. This is the ase for large detuning of the photon energy ofthe inident x�rays aording to relation (5.14). For resonant exitation the �dura-tion� of the x�ray sattering beomes longer (τc → 1/Γk) so that the propagationof the wave paket Ψ(t > 0) plays a role. This an lead to signi�ant modi�a-tions of the vibroni �ne struture ompared to that o� resonane and that of thediret photoemission signal. Note that detuning the photon energy at the C Kedge by 1 eV redues τc from ∼ 7 fs (on resonane) to ∼ 0.7 fs with respet torelation 5.14. 115



Chapter 5 Resonant Auger Raman spetrosopy of metal�organi interfaes5.1.3.2 Energy�dependent approahThe time�independent transition matrix Tfi (5.10) needs to be onsidered for thetotal wave funtions of the eletrons and the nulei (|I〉, |K〉, |F 〉). These wavefuntions an be separated into a produt of the eletroni wave funtions (|i〉, |k〉,
|f〉) and the nulear wave funtions (|ni〉, |nk〉, |nf〉) under the assumption that theBorn�Oppenheimer approximation holds, whih yields the Frank�Condon fatorsfor the various vibroni transitions. Consequently, it is

Tfi =
∑

K

〈F |Oc|K〉〈K|D|I〉
~ω − (EK −EI) + iΓK

=
∑

k,nk

〈f, nf |Oc|k, nk〉〈k, nk|D|i, ni〉
~ω − (Eknk

−Eini
) + iΓk

=
∑

k

(

〈f |Oc|k〉〈k|D|i〉
∑

nk

〈nf |nk〉〈nk|ni〉
Ω − ~(ωknk − ωini) + iΓk

)

, (5.16)where Ω = ~ω−(Ek−Ei+~(ωk−ωi)/2) orresponds to the detuning of the absorbedphoton ~ω, and Ex, ωx and nx are the equilibrium eletroni energy, the vibronifrequeny and the vibroni quantum number of the eletroni state x = i, k, f .Note that in the ground state it is ni = 0. If only one partiular eletroni state |k〉is relevant, the overlap of the vibroni states |nx〉 will determine the amplitude Tfiof transitions into di�erent vibroni �nal states |nf〉. Consequently, the resonantAuger Raman spetrum is broadened by a vibroni �ne struture whih is deter-mined by both, the ore exited and the �nal state. This is the ase for resonantexitation (Ω − ~ωknk = 0). In ase of large detuning ompared to the e�etivewidth ∆ of the envelope of exited state vibroni levels (∆/|Ω| < 1) the transi-tion amplitude Tfi is not dominated by one partiular vibroni state nk but all nkontribute signi�antly. [196,246,253,254℄ Hene, the summation in relation (5.16)needs to be arried out over all vibroni levels and therefore it is∑nk
|nk〉〈nk| ≃ 1.The transition amplitude then beomes

lim
∆/|Ω|<<1

Tfi ∼
〈nf |ni〉
Ω + Γ

(5.17)This shows that for large detuning the vibroni �ne struture of the resonant AugerRaman spetra only depends on the Frank�Condon fator 〈nf |ni〉 between vibronistates in the initial and in the �nal state. Consequently, the vibroni �ne strutureresembles that of the diret photoemission signal. It is modi�ed with dereasingdetuning sine then the vibroni states |nk〉 beome important for the transition116
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Chapter 5 Resonant Auger Raman spetrosopy of metal�organi interfaessetion for di�erent deay hannels and the kineti energies of the emitted eletronompared to the regular Auger deay hannels. These energy shifts are also knownas spetator shift.5.1.5 Enhanement of CIS signals in the valene regimeThe sheme in Fig. 5.4 illustrates that autoionization an enhane onstant initialstate (CIS) signals. Partiipant deay (Fig. 5.4 (d)), for example, an result in thesame 1h �nal state as diret photoemission of one valene eletron (Fig. 5.4 (a)).Moreover, the eletroni on�guration after spetator deay (Fig. 5.4 (e)) mathesthat of a shake�up exitation by diret photoemission. Consequently, ertain CISsignals might be enhaned at resonant exitation energies, in analogy to the en-hanement of the 6 eV satellite with respet to the Ni 3d9 peak. [91,194,240,258,259℄The matrix element Tfi for the respetive transitions an be determined from rela-tion (5.10).In general it is assumed for organi thin �lms of π�onjugated moleules with delo-alized valene orbitals that the diret photoemission ross setion for (shake�up)satellite exitations is small in the valene regime, so that they do not ontributesigni�antly to the diret photoemission signal. However, as ertain CIS valenesignals an be seletively enhaned by autoionization, suh satellites an be inves-tigated at resonant exitation.5.1.6 Adsorbate�substrate oupling at a metal surfaeThe investigation of several organi�metal interfaes in setion 4.2 indiated signi�-ant adsorbate�substrate oupling. Satellite ontributions with signi�antly metal-li harater were observed, whih have been related to many�body exitationsand adsorbate�substrate harge transfer, partiularly for the ore level spetra ofthe PTCDA/Ag(111) and the PTCDI/Ag(111) monolayer �lms. The fat that nosatellites were found in the valene spetra is not very surprising, beause the di-ret photoemission ross setion for satellite exitations in the valene spetra isgenerally small for suh moleules, as already pointed out above. However, it wasdemonstrated in setion 5.1.5 that autoionization and diret photoemission anlead to the same �nal states. Therefore, the autoionization signal an ontributeto satellite signals in the valene regime so that they are signi�antly enhaned.This o�ers the possibility of studying suh satellites at resonant exitation ener-gies.118
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Chapter 5 Resonant Auger Raman spetrosopy of metal�organi interfaesFig. 5.5 (a) illustrates the situation after diret photoemission of a valene eletronwith the distribution of adsorbate�substrate states ρa being partially oupied. InFig. 5.5 (b) a previously unoupied distribution of substrate�adsorbate states hasbeen oupied by a NEXAFS transition. One an imagine several relevant �nalstates after deay of this ore exited state in analogy to the partiipant and spe-tator deays in Fig. 5.4 for a free atom or moleule. One possible �1h� �nal state isillustrated in Fig. 5.5 (). It resembles the �nal state after diret photoemission inFig. 5.5 (a) and therefore this proess an be onsidered as pendant to partiipantdeay. One possible �2h1e� �nal state is depited Fig. 5.5 (d). This proess anbe onsidered as pendant to spetator deay or satellite exitation with respetto senario (a). It an be expeted that suh satellites have onsiderable metalliharater as they orrespond to exitations within the ontinuum of adsorbate�substrate states. In this ase ontinuous satellite features may ontribute to thevalene spetra, similar to what has been observed for the ore level spetra inhapter 4. The enhanement of satellite features at resonant exitation energiesis known for the autoionization signal of metals, alloys and transition metal om-pounds. [33, 86, 91, 95, 194, 236�242,260℄Furthermore, it an be shown with respet to the matrix element (5.10)
Tfi =

∑

k

〈f |Oc|k〉〈k|D|i〉
~ω − (Ek −Ei) + iΓkthat the formation of a distribution of substrate�adsorbate states ρa an lead to in-terferene e�ets in the autoionization signal. In this ase the sum has to be arriedout over all states |k〉 in the energy interval of relevane. This sum over transitionamplitudes an result in onstrutive and destrutive interferene, and onsequentlyin asymmetri line shapes (σ(ω) ∼ |Tfi|2). In the Fano piture desribed in se-tion 5.1.1 this senario orresponds to the interation of one disrete autoionizationspetrum on�guration ϕ with a ontinuum of autoionization spetrum on�gura-tions ψE . Partiularly, ϕ an be assoiated with a �nal state after autoionization ofthe unoupled adsorbate, whih is disrete in exitation energy (~ω = Ec→a), e.g.a hole in state b after partiipant deay of the ore exited c−1a+1 state. Further-more, one an imagine that there are ontinuous transitions of the ore eletroninto the unperturbed density of unoupied substrate states. �Partiipant deay�of these ontinuous ore exited states an also lead to a �nal state with a hole instate b. This an be assoiated with the ontinuous spetrum on�gurations ψE .The Fano parameter q is su�iently small if the transition amplitudes are of similarmagnitude and VE is large. Then onsiderable interferene e�ets appear. Notethat exitations into a ontinuum of metalli states was already suggested for theNEXAFS spetra of C60/Al(110) and C60/Al(111) monolayer �lms. [184, and refstherein℄120



5.2 Resonant Auger spetra of di�erent SnP �lmsIt has been shown in setion 5.1.5 for free atoms and moleules that autoionizationan lead to the same �nale states as diret photoemission, whih enhanes the CISsignal at resonant exitation. This allows to study �satellites� in the valene regimeat resonant exitation. Moreover, it has been illustrated that this may also be validfor interfaes with signi�ant adsorbate�substrate oupling and a distribution ofadsorbate�substrate states. It an be expeted that many�body e�ets involvingadsorbate�substrate harge transfer are relevant in this ontext, in analogy to theinvestigation of ore level satellites in hapter 4.
5.2 Resonant Auger spetra of di�erent SnP �lmsThe following proeeding is helpful for a detailed understanding of the e�ets at theadsorbate�substrate interfae: At �rst a multilayer �lm will be studied, where theintermoleular interation is omparatively weak, so that it an be assumed thatthe intramoleular e�ets are dominant. The next step will fous on the adsorbate�substrate interfae by investigating a SnP/Ag(111) monolayer �lm and omparingthe observed e�ets to those of the multilayer �lm. SnP multilayer and sub�ML�lms have been studied reently by UPS, ore level PES, eletron di�ration andthe x�ray standing wave method. [214, 225, 261,A4℄ Aordingly, losed multilayer�lms of high quality an be prepared with �at lying moleules whih form mole-ular dimers. [A4℄ Moreover, various adsorption phases are found in the sub�MLregime. The valene and ore level spetra of these �lms indiate a partially ou-pied LUMO derived density of substrate�adsorbate states and signi�ant hanges inthe ore level spetra similar to what has been disussed for the PTCDA/Ag(111)and PTCDI/Ag(111) monolayer �lms in hapter 4. Consequently, it an be as-sumed that many�body exitations play an important role for PES and NEXAFSspetrosopy, and interferene e�ets may ontribute to the autoionization signalaording to the onsiderations in setion 5.1.6.Furthermore, it is an interesting question how the seond adsorbate layer is ef-feted by the substrate. It has been shown reently that well de�ned hetero�moleular adsorbate layers an be prepared by depositing 1 ML SnP on top of aPTCDA/Ag(111) monolayer �lm; a losed wetting layer of �at lying SnP moleulesis formed. [226,A6℄ In a further UPS and ore level investigation it has been foundthat the spetral features of the signal from the SnP monolayer of this hetero�moleular �lm are omparable to those of the SnP/Ag(111) multilayer �lm. How-ever, a rigid level shift of 0.4 eV to lower binding energy is observed for the SnPmonolayer in the hetero�moleular �lm with respet to the SnP/Ag(111) multi-121



Chapter 5 Resonant Auger Raman spetrosopy of metal�organi interfaeslayer �lm. Consequently, the interfae interation e�ets the seond (SnP) mono-layer signi�antly but the similarity of its spetral features to those of the (SnP)multilayer �lm suggests that its interation with the �rst (PTCDA) layer is onsid-erably weaker than the diret adsorbate�substrate interation of the �rst moleularlayer. This aspet and the fat that the signal from the SnP HOMO and HOMO-1 an be well separated from the valene ontributions of the PTCDA/Ag(111)monolayer make this hetero�moleular �lm well suited for the resonant Auger spe-trosopy investigation in the following.In this ontext resonant Auger spetrosopy measurements at the N K absorptionedge were theoretially a good hoie beause in this ase the autoionization signaloriginates expliitly from the SnP layer. However, it turned out that the autoion-ization is at the N K�edge onsiderably lower than at at the C K�edge due to fewerN atoms per moleule than C atoms. Additionally, the ross setion for diretphotoemission of the deloalized valene eletron is smaller at the N K�edge thanat the C K�edge and vie versa for the Ag 4d bands. Hene a disussion of themeasurements at the C K�edge is more promising. Nevertheless some data for theN K�edge are also shown in the appendix D as they provide additional information.However, before analyzing the resonant Auger spetra it is helpful to disuss brie�ythe orresponding NEXAFS data.
5.2.1 Comparison of NEXAFS and ore level PES spetraIn Fig. 5.6 the C K�NEXAFS spetra are plotted for (a) a SnP/Ag(111) multilayer�lm, (b) a SnP/Ag(111) monolayer �lm, () a PTCDA/Ag(111) monolayer �lmand (d) a hetero�moleular �lm, where 1 ML SnP was deposited on top of aPTCDA/Ag(111) monolayer �lm. Note that for Fig. 5.6 (b � d) only the spetrafor p�polarized light are shown as for these �lms the moleules are lying �at on thesurfae, and hene the signal for s�polarization is weak and featureless for photonenergies below the absorption edge. For the SnP multilayer �lm with 12�14 MLthikness, aording to the attenuation of the Ag 3d PES signal, the NEXAFS pre�edge region in Fig. 5.6 (a) exhibits �ve distint peaks (A � E) at hν = 284.42 eV,285.28 eV, 287.18 eV, 289.12 eV and 290.86 eV. Peak A is probably dominated bytransitions at the various phenyl arbon atoms into the LEMO, and peak B anpredominantly be attributed to transitions at the porphyrine arbon speies intothe LEMO. [262, 263℄ Note that the vibroni �ne struture ould not be resolvedeven when reording spetra with smaller steps in photon energy, whih might be ahint that several eletroni transitions and vibroni progressions ontribute to theNEXAFS peaks, respetively.122
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5.2 Resonant Auger spetra of di�erent SnP �lmsMoreover, for the SnP/Ag(111) monolayer �lm Fig. 5.6 (b) the signature of thepre�edge region is onsiderably altered, in agreement with the hemial shifts in theore level and valene spetra. [A4℄ In partiular the maxima of the �rst peaks A � Eare slightly shifted to hν = 284.3 eV, 285.21 eV, 287.06 eV, 289.2 eV and 290.5 eV,and onsiderably broadened ompared to the multilayer spetrum. � Note, forexample, the broadening of the leading edge of the shoulder A. � This �ndingis analogous to what is observed for the PTCDA/Ag(111) monolayer spetrum inFig. 5.6 (), whih was already disussed in detail in setion 4.4.3 together with thedata for the PTCDI/Ag(111) monolayer �lms. Aordingly, the modi�ations ofthe NEXAFS spetrum for the SnP monolayer �lm with respet to the multilayer�lm an be interpreted as hint for many�body exitations involving substrate�adsorbate harge transfer. This is orroborated by the omparison between theNEXAFS and the ore level spetra for the multilayer and the monolayer �lm inFig. 5.7. The onsets of the C 1s and N 1s signals of the multilayer spetra inFig. 5.7 (a) and () are loated at signi�antly higher energy than the respetiveonsets of the NEXAFS signal, but for the monolayer �lm in Fig. 5.7 (b) and (d)both onsets are loated at the same energy, idential to the �ndings for PTCDAand PTCDI in setion 4.4.3. Note that this omparison in Fig. 5.7 (b) supports thesuggested assignment of the peaks A and B, beause the peaks at EB = 284.32 eVand 285.45 eV in the C 1s spetrum for the SnP monolayer �lm orrespond toexitations at the phenyl arbon speies and the CN speies next to the nitrogenatoms, respetively. [261, 263,A4℄Furthermore, the C K�NEXAFS spetrum in Fig. 5.6 (d) an be reprodued wellby a linear ombination of the spetrum of the PTCDA/Ag(111) monolayer �lmfrom Fig. 5.6 () and the multilayer spetrum from Fig. 5.6 (a). This indiates thatthe interation between the SnP layer and the PTCDA/Ag(111) monolayer �lm isomparable to the intermoleular interation in the SnP multilayer �lm and on-sequently onsiderably weaker than the adsorbate�substrate interation in ase ofthe SnP/Ag(111) monolayer �lm. This is disussed in more detail in [226,A6,A7℄.Moreover, the di�erenes in the absorption spetra between the PTCDA and theSnP ontribution allow to assoiate photon energy dependent hanges in the au-toionization spetra with the orresponding monolayer.5.2.2 SnP/Ag(111) multilayer �lmThe photon energy dependene of the autoionization spetra of the SnP multilayer�lm for p�polarized light is depited in the surfae plot in Fig. 5.8. Note, that suhspetral maps are arefully normalized in order to be able to ompare the intensitiesof the various signals as desribed in setion 2.2.3. The inset shows the surfae plot125
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Figure 5.8: (Color online) Surfae plot for a series of autoionization spetra of aSnP/Ag(111) multilayer �lm with a. 12 ML thikness for di�erent photonenergies. The inset depits the surfae plot on the total intensity sale, whereasit is four times expanded for the enlarged image. The blak lines orrespond tothe atual data points. Note that the intensity of the dominant ontribution tothe CIS signal, whih originates from the Ag 4d substrate states, is very smallompared to the maximum of the autoionization signal.
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5.2 Resonant Auger spetra of di�erent SnP �lmson the total intensity sale whereas it is four times expanded for the large image.The autoionization signal is broad in the kineti energy diretion and inreasestowards lower kineti energies, omparable to the typial KVV for suh organimoleules. [184℄ Moreover, some omparatively narrow and distint features an beobserved in Fig. 5.8 between 284 eV and 286 eV photon energy. The sharp peakat hν = 285.3 eV and Ekin = 283.8 eV is due to resonant enhanement of the CISsignal from the SnP HOMO. As its intensity is two orders of magnitude higherthan the CIS signal from the SnP HOMO o� resonane the Fano parameter q islarger than 20 with respet to Fig. 5.1 where it is shown that the peak maximumis only 50 times as high as the signal o� resonane for q = 20. Hene, interferenee�ets between the diret photoemission and the Auger signal an be negleted. TheEDCs an therefore be onsidered as a superposition of the diret photoemissionontribution and the Auger�like autoionization signal. The peaks at lower kinetienergy are superposed by the CIS signal from the Ag 4d substrate bands whihhowever is omparatively weak due to Frank�van der Merwe growth and a layerthikness of a. 12 ML.The energy position of the di�erent features in the autoionization spetrum an bebetter identi�ed on the right hand side of Fig. 5.9, where the data from Fig. 5.8is depited as 2D intensity plot. On the left hand side of Fig. 5.9 the respetiveC K�NEXAFS spetrum is indiated additionally. Note, that for kineti energieslower than 275 eV the autoionization signal re�ets the intensity variation in theNEXAFS spetrum well, whih is an indiation that the PY signal in the NEXAFSmeasurements, is dominated by the signal for kineti energies lower than 275 eVkineti energy. For higher kineti energies intense spots are observed in the 2Dintensity plot whih oinide with the CIS signal of the SnP HOMO, HOMO-1 and lower moleular orbitals. Therefore, these features an be attributed topartiipant deay. Moreover, they are most prominent for the lower NEXAFSresonanes, partiularly for exitations at hν = 284.4 eV and 285.3 eV, whihorrespond to transitions into the LEMO. Furthermore, it seems that for higherexited states partiipant deay ontributes less to the autoionization signal. Thisould be interpreted as a hint that the autoionization signal resembles more andmore the regular Auger signal with inreasing photon energy. Certain seletedautoionization spetra (A � G) are investigated in more detail in Figs. 5.10 and5.11 in order to study this aspet in more detail.The autoionization signals (grey) in Fig. 5.10 are obtained by subtrating theCIS ontribution from the respetive EDCs, whih was reorded separately withhν = 280.5 eV and onsequently with a photon energy far below the energies whereautoionization plays a role. Before subtrating the CIS ontribution the EDCs arenormalized to the Sn 4d CIS ontribution at EB = 25 eV, whih turned out tobe onsistent with the normalization of the series of EDCs in Fig. 5.8 and 5.9.The signal of the Ag 4d bands hanges with photon energy due to energy dis-127
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Chapter 5 Resonant Auger Raman spetrosopy of metal�organi interfaespersion, and therefore it annot be subtrated properly. Therefore, the respetivepart of the spetrum where the Ag 4d signal ontributes signi�antly is ut outin Fig. 5.10, so that the grey urves do not show any bias from the data proess-ing.The omparison of the autoionization signal (grey) with the regular Auger signal forhν = 320 eV (blak) indiates signi�ant di�erenes for the EDCs A � D, whereasthe urves E � F, whih were reorded at photon energies lose to the absorptionedge, are similar to the regular Auger signal. Partiularly the autoionization spetrafor hν = 284.4 eV (A) and 285.3 eV (B) develop a distint �ne struture. The totalspetral weight of A and B is shifted a. 1 eV to higher kineti energy ompared tothe regular Auger signal. Moreover, it appears as if the distint peaks and shoulders
α � η in the autoionization spetra A and B have a less distint pendant in theregular Auger signal. Hene, these ontributions an be assoiated with spetatordeay or 2h1e �nal states with two valene holes and an additional eletron beingloated in a previously unoupied orbital. Aordingly, the shift of these featuresto higher kineti energy in the autoionization spetrum with respet to the regularAuger signal an be attributed to the spetator eletron.Furthermore, one �nds di�erential spetator shifts and variations in the relative in-tensity of the di�erent ontributions when omparing the features α � η between theautoionization spetrum A and the regular Auger signal as well as when omparingthe spetra A and B to eah other. For spetrum A, for example, the maximumof the features α � κ are loated at Ekin = 255.1 eV, 258.7 eV, 262.0 eV, 267.2 eV,270.4 eV, 273.0 eV and 275.9 eV, whereas for spetrum B these features are loatedat Ekin = 255.7 eV, 259.5 eV, 262.2 eV, 267.3 eV, 270.3 eV, 273.6 eV and 275.7 eVand for the regular Auger signal they are loated at 254.5 eV (α), 258.3 eV (β),266.7 eV (δ), 269.2 eV (ε), 272.6 eV (η) and 275.3 eV (κ). Consequently, di�erentdeay hannels are altered di�erently by the spetator eletron, depending on thesymmetry of the wave funtions of the ore exited state and the �nal state. This isanalogous to the �ndings for the NEXAFS investigation of the polyaene moleules,where the energy lowering of the 1h1e ore exited state due to an additional ele-tron in the LEMO an be di�erent with respet to the ore ionized state, dependingon where the ore hole site is loated.For the analysis of the partiipant ontributions to the autoionization spetra theEDCs of interest are plotted in Fig. 5.11 as blak urves over the binding energysale for better omparison with the CIS signal (grey). The data was reordedin the �xed mode of the eletron analyser, where the kineti energy of the pho-toeletrons is not swept but only a ertain range of their energy distribution isdiretly imaged on the CCD amera of the analyser. The raw data is divided bythe detetor response funtion in order to aount for the spatial dependene of thedetetor sensitivity, as desribed in setion 2.2.4. Moreover, the respetive spetra130
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Chapter 5 Resonant Auger Raman spetrosopy of metal�organi interfaesare normalized to the EDCs from Fig. 5.8 and 5.9 in order to be able to ompare theabsolute intensities. The ontributions of the deloalized moleular valene statesan hardly be identi�ed in the EDC for hν = 270 eV beause the photoemissionmatrix element is low for suh energies. Therefore the valene spetrum (i), whihwas reorded with 120 eV photon energy, is provided additionally at the bottom ofFig. 5.11.As for binding energies larger than 3 eV a ontinuum of moleular states ontributesto the PES signal (i) it is di�ult to assign the respetive autoionization signal to apartiular �nal state. However, the signal from the HOMO at EB = 1.5 eV and theHOMO-1 at EB = 2.5 eV an be well distinguished. Note the omparatively largepeak width and the asymmetry of the HOMO signal in (i). Its signature might bean indiation for an inrease in surfae roughness for overages higher than 10 ML,beause a well de�ned double peak signature is observed (EB = 1.4 eV and 1.7 eV)for a SnP overage below 10 ML due to the formation of dimers and a bonding�antibonding senario. [A4℄ Comparing the autoionization spetra A � F one �ndsthat in A and B the signals from the HOMO and the HOMO-1 are strongly inreasedompared to the diret photoemission signal for hν = 270 eV and 294.96 eV. Theadditional intensity an be attributed expliitly to the partiipant autoionizationhannel onsidering that interferene e�ets between the diret photoemission signaland the autoionization signal an be negleted with respet to the disussion atthe beginning of this setion and in setion 5.1. Moreover in spetrum A bothpeaks, the HOMO and the HOMO-1 signal, are of similar intensity, where theHOMO ontribution is onsiderably larger in spetrum B. Taking into aountthat for 284.36 eV photon energy CC 1s → LEMO transitions at the arbonrings are indued and that for hν = 285.21 eV CN 1s → LEMO transitionsat the arbon speies next to the nitrogen atoms are dominant, one an assumeto �rst order with respet to the Coulomb term in (5.9) that for the exitationat the CN speies the HOMO wave funtion is more loalized at the ore holethan the HOMO-1 wave funtion. Moreover, for exitations at the CC speiesboth, the HOMO and the HOMO-1, seem to be similarly loalized at the ore holesite.Furthermore, for higher ore exited states, e.g. those assoiated with the spetra Dand F, the relative intensities of the respetive partiipant hannels derease. Forexample for spetrum F the intensity of the partiipant hannel assoiated withthe HOMO is more than 10 times lower than in spetrum B, whereas the totalintensity of the autoionization signal is only redued by a fator of 2. Aordingly,the Auger matrix element and onsequently the Coulomb interation between theexited eletron and those in the HOMO dereases for higher ore exited states.Moreover, the autoionization signal between EB = 3 eV and 4 eV in the spetra A, Band D an also be assoiated with partiipant deay and 1h �nal states, respetively,whih are related to lower lying moleular orbitals. If these signals orresponded132



5.2 Resonant Auger spetra of di�erent SnP �lmsto spetator deay and 2h1e �nal states, respetively, the respetive ontributionswould not be loated at the same binding energy in all three spetra but theywould be shifted to 2.75 eV higher binding energy in spetrum D. Moreover, thepartiipant signal related to lower lying orbitals is in D signi�antly stronger than inF, while the overall HOMO intensity between EB = 1.0 eV and 1.8 eV is omparable.This illustrates that the intensity for the respetive deay hannels depends on theloalization of the ore hole site and the symmetry of the wave funtion of the oreexited and the �nal state, respetively.Furthermore, one �nds signi�ant di�erenes between the autoionization signaland the diret PES spetrum (i) when onsidering the signature of the partii-pant ontributions in Fig. 5.11. In spetrum B, for example, the partiipant signalat EB = 1.6 eV, whih is related to the SnP HOMO, is signi�antly broader thanthe respetive photoemission signal for hν = 120 eV. Partiularly the trailing edgeextends to higher binding energy above EB = 2.0 eV. Moreover, the autoionizationsignal in spetrum A does also not drop to zero at EB = 2.0 eV as it is expetedwith respet to spetrum (i). Monitoring the respetive partiipant signal whentuning the photon energy through the respetive NEXAFS resonane an providefurther insight into this e�et.Fig. 5.12 shows the hν�dependene of the EDCs of the upper valene regime whentuning the photon energy form 283.50 eV to 285.62 eV in 0.3 eV steps. Note thatthese EDCs are plotted over the kineti energy sale, so that the CIS ontributionsshift linearly with photon energy. The partiipant signal at Ekin = 283.8 eV inspetrum (g), whih is related to the SnP HOMO, an be identi�ed learly, aswell as feature γ, whih is probably due to a partiipant signal related to the statesbetween 3 eV and 4 eV binding energy. One �nds signi�ant di�erenes in thepeak shape of the HOMO signal between the spetra (e) � (h) when tuning thephoton energy through the peak B of the C K�NEXAFS spetrum in Fig. 5.6 (a).In spetrum (e) the HOMO is only little enhaned with its maximum being loatedat Ekin = 283.2 eV, while in spetrum (f) the autoionization signal is signi�antlyhigher and the peak is shifted 0.3 eV to Ekin = 283.5 eV as it is expeted for apartiipant signal. Moreover, a weak shoulder an be observed at the tail to higherkineti energies, where for the spetrum (g) the low energy tail is onsiderablybroadened. In (h) the maximum of the HOMO peak is loated at Ekin = 284.1 eVwith a relatively intense shoulder at 283.3 eV, so that the low energy edge of therespetive signal is loated at similar kineti energy in all spetra (e) � (h). Conse-quently, the partiipant signal related to the HOMO has at least two ontributions,one with a pseudo CFS harater and another one with a CIS behavior. The lat-ter beomes evident from the inset where the spetra of interest are plotted overthe binding energy sale. The situation seems to be similar for the spetra (a)to (e) where the autoionization signal does not drop to zero in between the CISontributions from the HOMO and the HOMO-1. 133



Chapter 5 Resonant Auger Raman spetrosopy of metal�organi interfaes

278 280 282 284 286 288

CISHOMO-1

 i 

 a 

 b 
 c 

 h 
 g 

 f 
 e 

 d 284.41 eV

285.32 eV

 

 

In
te

ns
ity

 (a
rb

. u
.)

Kinetic Energy (eV)

283.50 eV

EDCs, SnPc/Ag(111) multilayer film

h

CISHOMO

4 3 2 1 0

"CFS"

CIS
HOMO-1

 

 

In
te

ns
ity

 (a
rb

. u
.)

Binding Energy (eV)

 h
 g
 f

CIS
HOMO
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5.2 Resonant Auger spetra of di�erent SnP �lmsThis �nding an be interpreted as indiation for eletron�vibration oupling withrespet to the disussion in setion 5.1.3. The same trend was found for the elas-ti peak in the RIXS spetra of N2, ethylene, benzene and C60. [198, 256, 264, 265℄Namely a shoulder develops at the low�energy tail of the elasti peak for pho-ton energies orresponding to the low�energy tail of the peak in the absorptionspetrum whih is related to resonant exitation into the unoupied π∗ orbitals.This shoulder an appear at onstant emission energy, when hν is tuned throughthe resonane to higher photon energies. It ould be expliitly shown that thispseudo CFS behavior an be explained by variation of the of the duration ofthe sattering proess τc with respet to the time sale for the propagation ofthe eletro�vibroni wave paket τwp in analogy to the disussion in setion 5.1.3.[198, 256℄The photon energy dependent variation of the partiipant signal whih is related tothe SnP HOMO an be explained along the same line of arguments. In the time�dependent piture introdued in setion 5.1.3 large detuning of the photon energyinto the Raman regime orresponds to short duration τc of the x�ray satteringproess in ontrast to resonant exitation. If τc is short ompared to τwp, whih isthe ase in the Raman regime, the vibroni �ne struture of the autoionization signalwill resemble that of the diret photoemission signal. τc inreases when tuning thephoton energy into the NEXAFS resonane, and the propagation of the eletro�vibroni wave paket modi�es the vibroni �ne struture of the autoionization signalompared to the diret photoemission signal. Exatly this behaviour is observedfor the signal of the SnP HOMO in Fig. 5.12. This e�et an analogously beexplained in the energy�dependent approah, whih has also been disussed insetion 5.1.3.A similar behavior an also be found for the signals α and β in the spetra (a) �(e) for photon energies orresponding to peak A of the C K�NEXAFS spetrum inFig. 5.6 (a). In partiular the maximum of the peak β is loated at onstant kinetienergy in all of these spetra, namely at Ekin = 279.3 eV. Moreover, in spetrum(a) the peak α is entered at Ekin = 280.2 eV and in (b) at Ekin = 280.5 eV, as itis expeted for a CIS signal. However, in eah spetrum () � (e) the maximumof the peak α is loated at Ekin = 280.7 eV, whereas the leading edge shifts tohigher kineti energies so that this ontribution an be attributed to a CIS signal.Aordingly the trend for the signal α and β in the spetra (a) � (e) is analogous towhat is observed for the HOMO related partiipant signal in the spetra (e) � (h),but for α and β the pseudo CFS ontribution is onsiderably higher than the CISontribution. This suggests that for these eletroni transitions interferene e�etsmight be weaker than for the HOMO partiipant signal. 135



Chapter 5 Resonant Auger Raman spetrosopy of metal�organi interfaes5.2.3 Adsorbate�substrate oupling� 1ML SnP/Ag(111)The SnP/Ag(111) interfae is studied in the following by investigating a SnPmonolayer �lm. Moreover, it has been shown in setion 5.2.1 that many�bodyexitations involving substrate�adsorbate harge transfer ontribute signi�antlyto the ore level and NEXAFS spetra of the SnP/Ag(111) monolayer �lm. Thedata suggests that these e�ets are omparable to what has been disussed for thePTCDA/Ag(111) and the PTCDI/Ag(111) monolayer �lms in hapter 4. Conse-quently it is expeted that these e�ets are also important for the Auger and theautoionization signal.In Fig. 5.13 a surfae plot is shown of a series of EDCs of a 1 ML SnP/Ag(111)�lm for di�erent photon energies lose to the C K absorption edge with p�polarizedlight. The data is arefully normalized aording to the desription in setion 2.2.3.The Ag 4d CIS signal dominates the spetra at �rst glane due to the high pho-toemission ross setion of these states at suh photon energies, and the Fermiedge an be observed at a few eV higher kineti energy. Despite the intense Ag 4dontribution the autoionization signal from the adsorbate layer an be learly iden-ti�ed on top of the ontributions from the sp valene bands of the substrate. Abroad and relatively intense autoionization signal is observed for hν ∼ 285 eV forexample, whih extends up to the Fermi level. Moreover, a weak CFS signal witha double peak signature ontributes at the hange over between the greenish andblue area at 280 eV kineti energy. As these features have not been observed forthe multilayer �lm they are a signi�ant indiations for a omparatively strongadsorbate�substrate oupling.A 2D intensity plot of the data from Fig. 5.13 is shown in Fig. 5.14, where themaximum of the olor sale is set to 25% of the highest signal in order to improvethe ontrast in the regions of interest. The autoionization signal re�ets the inten-sity variation of the C K�NEXAFS spetrum on the left hand side well for kinetienergies below 275 eV, analogous to the �nding for the multilayer �lm. Further-more, the CFS ontribution at Ekin = 279.1 eV and 280.3 eV beomes evident inthis plot as well. Moreover, the autoionization signal ontributes onsiderably tothe intensity at kineti energies between the Ag 4d signal and the Fermi level in theEDCs A and B, whih were reorded at photon energies orresponding to the max-ima positions of the peaks A and B of the C K�NEXAFS spetrum in Fig. 5.7 (b).Whereas for the EDC C the autoionization seems to ontribute only little to thesignal at Ekin = 284 eV, and no signi�ant ontribution to the upper valene signalis observed for the EDCs D and E.In Fig. 5.15 the regular Auger signal and the autoionization spetra A � E are de-pited for the photon energies orresponding to the maxima of the C K�NEXAFSsignal as indiated in Fig. 5.14. These EDCs were reorded separately for a wider136



5.2 Resonant Auger spetra of di�erent SnP �lms

Figure 5.13: (Color online) Surfae plot of a series of EDCs of a 1 ML SnP/Ag(111)�lm for di�erent photon energies, reorded at 70◦ angle of inidene with respetto the surfae normal and p�polarized light. Note that the dominant CIS signaloriginates from the Ag 4d states of the substrate. Moreover, two CFS ontribu-tions appear at Ekin = 279.1 eV and 280.3 eV, whih have not been observed inthe multilayer data.
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Chapter 5 Resonant Auger Raman spetrosopy of metal�organi interfaeskineti energy range than those in Fig. 5.14. These spetra were normalized to theSn 4d signal, and the CIS signal for hν = 280 eV was subtrated. This ompar-ison shows that all spetra are nearly idential for kineti energies below 280 eV,even the autoionization signal and the regular Auger spetrum. Partiularly theenergy positions and the relative intensities of the features α � ε at Ekin = 261.1 eV,264.2 eV, 270.3 eV, 274.6 eV, 279.1 eV and 280.3 eV are very similar for all spetrain ontrast to what has been found for the SnP/Ag(111) multilayer �lm, where sig-ni�ant di�erenes have been observed between the various autoionization spetraas well as between the autoionization spetra and the regular Auger signal due tothe spetator eletron. Consequently, the similarity between the di�erent autoion-ization spetra of the monolayer �lm is a further indiation for a omparativelystrong adsorbate�substrate oupling.Furthermore, indiations for many�body exitations and substrate�adsorbate hargetransfer have been pointed out in setion 5.2.1 with respet to the C K�NEXAFSand the ore level spetra of the SnP/Ag(111) monolayer �lm. It has been demon-strated in setion 4.1.2 and 4.4.1 with respet to Fig. 4.4 that a diret transition ofa ore eletron into the unoupied density of adsorbate�substrate states an resultin the same ore exited states as diret photoemission of the ore eletron beauseof substrate�adsorbate harge transfer. Only the ross setion for the respetivetransitions may be di�erent. Therefore, the same ontinuum of ore exited statesan be expeted in ase of strong adsorbate�substrate oupling for both, diretphotoemission of the ore eletron and a diret transition of the ore eletron intothe unoupied DOS, exept for di�erent ross setions or spetral weight of thedi�erent ore exited states. In partiular in the simple model whih is shemati-ally depited in Fig. 4.4 only two ore exited states Ψl and Ψm ontribute to thephotoeletron spetrum and the NEXAFS spetrum, respetively. In ase of strongsubstrate�adsorbate oupling both ontributions Is and Im are of similar intensity.If the energy separation W is similar or even smaller than the life time broadeningof these peaks both states Ψl and Ψm have to be onsidered in the sum of relation(5.10). This may lead to interferene e�ets between transition amplitudes as ithas been disussed in setion 5.1. It is straightforward from Fig. 4.4 that thesee�ets are similar for diret photoemission of the ore eletron and for a direttransition of the ore eletron into the unoupied density of adsorbate�substratestates. As a onsequene the various autoionization spetra and the regular Augerspetrum are similar. Exatly this is observed for the autoionization spetra of theSnP/Ag(111) monolayer �lm in Fig. 5.15. Consequently, the similarity betweenthe di�erent autoionization spetra and the regular Auger spetrum in Fig. 5.15 is astrong indiation for many�body exitations involving substrate�adsorbate hargetransfer.Moreover, the double peak signature of the CFS ontribution ε at Ekin = 279.1 eVand 280.3 eV is learly observed in the autoionization spetrum E and it an be140



5.2 Resonant Auger spetra of di�erent SnP �lmsassumed, that this signal also ontributes to the autoionization spetra A�C. Asthis ontribution is absent for the SnP multilayer �lm it is likely that it is relatedto the (partial) oupation of the LUMO derived DOS. This is supported by theenergy splitting of 1.2 eV between the two peaks whih is ompatible with the energysplitting between the maxima of the CC 1s and the CN 1s ontributions to the C 1sore level spetrum in Fig. 5.7 and [A4℄, whih are loated at EB = 284.32 eVand 285.45 eV, respetively. Aordingly, the peak in the autoionization urve atEkin = 280.3 eV might result from an Auger deay of a CN 1s ore hole state intoa 2h �nal state where an eletron from the Fermi level �lls the CN 1s ore holeand emits another eletron from a lower lying orbital at EB = 5.1 eV. Then theseond peak at Ekin = 279.1 eV would be due to the deay of the CC 1s ore holestate into the same �nal state. In a simpli�ed illustration one an ompare thissenario to the situation in Fig. 5.5 (). Consequently, the appearane of the doublepeak signature ε in all autoionization spetra and regular Auger spetra at the C Kabsorption edge is an additional manifestation of the many�body harater of theore exitation, whih involves substrate�adsorbate harge transfer, in analogy tothe disussion above.The EDCs of the SnP/Ag(111) monolayer �lm to whih the autoionization on-tributes signi�antly are plotted in Fig. 5.16 (blak urves) over the photoeletronspetra at hν = 270 eV and 120 eV (grey urves). In spetrum (i) several spetralfeatures of the adsorbate layer an be identi�ed, whih lie on top of the signal fromthe substrate sp�bands, namely the LUMO related density of adsorbate�substratestates at EB = 0.3 eV, whih is ut by the Fermi level and hene partially oupied,the signal from the HOMO at EB = 1.3 eV and ontributions from several adsorbatestates around 3 eV. [A4℄ Comparing the various EDCs one �nds that for all spetraA � D the CIS signal related to the HOMO and the LUMO is more or less enhaned.In urve A, for example, whih was reorded at a photon energy orresponding toCC 1s → LEMO transitions at the phenyl rings, the HOMO is strongly enhaned,whereas the LUMO signal is only little inreased. Moreover, the autoionizationsignal ontributes ontinuously from EB = 1.0 eV to higher binding energies, sothat the signature of this autoionization signal does not re�et that of the HOMOsignal in spetrum (i) but suggests an intense, several eV broad tail at the high en-ergy side of the HOMO peak. Furthermore, in spetrum B both the LUMO and theHOMO ontributions are strongly enhaned by the autoionization. And again theirspetral signature does not re�et that of spetrum (i) but it seems as if a severaleV broad high energy tail is assoiated to eah peak. Note, that for the EDCs Cand D the autoionization signal ontributes onsiderably less to the HOMO and theLUMO signal than in B. This is similar to what is observed for the multilayer �lm,where the ross setion for the respetive partiipant deay hannels dereases withinreasing exitation energy. Moreover, in C and D the spetral signature of theautoionization signal resembles the signature observed in the urve (i) better and141
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5.2 Resonant Auger spetra of di�erent SnP �lmsthe ontributions from the high energy tail appear to be smaller. Consequently,the ontinuous autoionization signal dominates in partiular for photon energiesorresponding to the �rst two peaks A and B in the C K�NEXAFS spetrum fromFig. 5.6 (b), whih has been attributed to transitions of ore eletrons into the den-sity of unoupied adsorbate�substrate states at the Fermi level. This agrees withthe senario disussed with respet to Fig. 5.5 (d), namely that the harge transfersatellites are expeted to ontribute signi�antly to the autoionization signal. Adetailed investigation of the photon energy dependene of the autoionization signalwhen tuning hν through these NEXAFS resonanes an provide further informationabout this high energy tail.Fig. 5.17 shows the EDCs of the upper valene regime when tuning the photonenergy in 0.25 eV steps through the �rst two peaks A and B of the C K�NEXAFSspetrum in Fig. 5.6 (b). Note that these EDCs are plotted over the kineti energysale, so that the CIS ontributions shift linearly with photon energy. The �rstthree spetra are nearly idential and therefore these signals an be (expliitly)attributed to the diret photoemission ontribution. However, one an observesigni�ant hanges in the EDCs from spetrum (a) to (j) whih must be due toautoionization. In all these spetra the HOMO and the LUMO peaks are more orless enhaned, partiularly in the EDCs (e) and (f), whih are reorded with photonenergies lose that of the maximum of the C K�NEXAFS signal. A omparisonbetween (e) and (f) shows, that the signature of (f) is very di�erent to that of (e).In (e), for example, one an learly identify three maxima at Ekin = 284.68 eV,283.92 eV and 283.10 eV, whereas in (f) the signal inreases ontinuously from theFermi edge to lower kineti energies with a step like inrease at Ekin = 284.15 eV,omparable to the signature of spetrum B in Fig. 5.16. As for the EDC (d) thesethree peaks are shifted to Ekin = 284.48 eV, 283.70 eV and 282.86 eV, so that thedi�erene in their kineti energy between (d) and (e) is similar to the di�erene inphoton energy, these signals an be assigned to CIS ontributions. This is furtherorroborated by the spetra (a), (b) and (), where signi�ant ontributions of theautoionization signal an be observed at the respetive energies. Moreover, the peakin (d) at Ekin = 284.48 eV and EB = 0.50 eV, respetively, an be attributed to thedeay of the ore exited state into a �nal state with a hole in the LUMO derivedDOS (CISLUMO in Fig. D.5 in appendix D), and the peak at Ekin = 283.70 eV andEB = 1.28 eV, respetively, an be related to the partiipant deay into �nal stateswith a hole in the HOMO (CISHOMO). Note, that in spetrum (i) in Fig. 5.16the maximum of the LUMO signal is loated at EB = 0.3 eV and onsequentlyat 0.2 eV lower binding energy than in the autoionization spetra. A plot of thevalene EDCs over the binding energy sale in Fig. D.5 in appendix D illustratesthe CIS harater of these features even better. Furthermore, Fig. D.5 indiatesthat the autoionization signal ontributes in all spetra (a) to (j) at EB = 2.1 eVand 0.5 eV. Additionally, these ontributions are partiularly intense at photon143
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5.2 Resonant Auger spetra of di�erent SnP �lmsenergies orresponding to the low�energy side of the C K�NEXAFS peaks A andB in Fig. 5.6 (b), respetively. This is in ontrast to what has been observedfor the eletron�vibration oupling in the SnP multilayer �lm in setion 5.2.2,where a shoulder has developed at the high binding energy side of the HOMOpeak for inreasing photon energy with a pseudo CFS harater. Consequently, theCIS ontribution to the autoionization signal of the SnP/Ag(111) monolayer �lmat EB = 2.1 eV and 0.5 eV is probably not primarily related to vibroni energylosses.From this point of view it is straightforward to assoiate these CIS signals withpredominantly eletroni energy loss features with respet to the main peak atEB = 1.28 eV and 0.3 eV. Their signatures are similar to the several eV broadmetalli satellite features whih have been disussed for the ore level spetra ofthe PTCDI/Ag(111) and PTCDA/Ag(111) monolayer �lms in setion 4.2 and 4.3.Note, that suh ontributions have been observed in the ore level data of theSnP/Ag(111) monolayer �lm as well. [A4℄ Furthermore, it has been shown inhapter 4 that many�body exitations ontribute to a ontinuum of ore exitedstates for strongly oupled adsorbate monolayer �lms, whih are omparable to theSnP/Ag(111) monolayer �lm, due to harge transfer satellites. Moreover, it hasbeen demonstrated in setion 5.1.6 that interferene between transition amplitudesan be expeted for the autoionization signal as a onsequene, whih an lead toasymmetri peak shapes. Note that the relative intensities of the satellites at EB =
2.1 eV and 0.5 eV are largest for hν = 284.98 eV and derease with inreasing photonenergy in opposite to the trend for the main peaks at EB = 1.28 eV and 0.3 eV. Thismay be related to interferene of transition amplitudes.The autoionization spetra an be understood in the framework of a time�depen-dent approah in analogy to the disussion of the eletron�vibration oupling insetions 5.1.3 and 5.2.2, where the propagation of a wave paket was onsideredwithin the duration τc of the x�ray sattering proess. In ase of exitations inthe Raman regime (detuned photon energy) τc is signi�antly shorter than forresonant exitation. The deformation time of the wave paket τwp an be relatedto the e�etive width ∆k of the distribution of ore exited states, in analogy tothe onept of eletro�vibroni wave pakets in setion 5.1.3 (τwp ∼ 1/∆k). Forshort τc (Raman regime) the wave paket does not propagate within the duration ofthe sattering event, whih means that the eletroni struture does not rearrange,in ontrast to long τc (resonant exitation). Therefore satellites at higher bindingenergy are partiularly inreased for exitation energies orresponding to the leadingedge of the respetive NEXAFS resonanes, whereas the well relaxed main peaksare partiularly enhaned for resonant exitation.Note that it is established to dedue the average harge transfer time at a weaklyinterating substrate�adsorbate interfae from resonant AES data by a simple tun-145



Chapter 5 Resonant Auger Raman spetrosopy of metal�organi interfaesneling approah in the single partile piture, where ertain spetral features arediretly related to a partiular eletroni on�guration after a harge transfer ora non�harge transfer senario. [183�186℄ However, this approah is questionablein ase of strong adsorbate�substrate oupling beause partiular spetral featuresannot be diretly related to partiular eletroni on�gurations where harge trans-fer ourred or not due to many�body exitations. Calulations of the exitationspetra may provide more insight into the exitation proess and the adsorbate�substrate harge transfer.5.2.4 The oupling between the �rst and the seond adsorbate mono-layer � SnP/PTCDA/Ag(111)A hetero�moleular �lm is investigated in the following onsisting of 1 ML SnPadsorbed on a 1 ML PTCDA/Ag(111) �lm in order to study the interation be-tween the �rst and the seond adsorbate layer. The ontribution if this SnP layerto the C K�NEXAFS spetrum and the photoeletron spetra has an individualsignature whih an be well distinguished from the signal of the PTCDA interlayer,as disussed in detail in [226,A6,A7℄. This is illustrated in Fig. 5.6 and in Fig. 5.21additionally. Moreover, it has been shown that well de�ned hetero�moleular �lmsan be prepared with a losed SnP wetting layer on top of the PTCDA/Ag(111)monolayer �lm. Furthermore, the interation at the hetero�moleular interfaeleads to a rigid shift of 0.4 eV for the SnP levels with respet to the SnP/Ag(111)multilayer �lm. Nevertheless, the signature of the SnP ontribution to the C andN K�NEXAFS spetra in Fig. 5.6 (d) as well as the signature of the SnP on-tribution to the ore level spetra in [A7℄ is omparable to the signature of therespetive spetra of the SnP/Ag(111) multilayer �lm, exept for small devia-tions. Altogether this suggests that the eletroni oupling between the �rst andthe seond adsorbate layer is onsiderably weaker as the oupling between the �rstadsorbate monolayer and the substrate.Furthermore, it is expeted that the PTCDA autoionization signal is driven bymany�body e�ets similar to what was disussed for the SnP/Ag(111) monolayer�lm in setion 5.2.3 beause of the similarities in the NEXAFS and PES data be-tween the SnP/Ag(111) and the PTCDA monolayer �lm. For both monolayer�lms, for example, a partially oupied LUMO derived DOS is observed, onsider-able hemial shifts are observed in the valene and ore level spetra, aompa-nied by metalli satellite features. For both monolayer �lms the energy positionof the C and N K�NEXAFS onset oinides with that of the respetive ore levelsignal, whih is a strong indiation for many�body exitations involving adsorbate�substrate harge transfer aording to the �ndings in hapter 4.146



5.2 Resonant Auger spetra of di�erent SnP �lms

Figure 5.18: (Color online) Surfae plot of a series of autoionization spetra ofa hetero�moleular �lm with 1 ML SnP on top of 1 ML PTCDA/Ag(111),reorded with 70◦ angle of inidene with respet to the surfae normal and p�polarized light. The blak lines orrespond to the atual data points. Note thatthe CIS signal of the Ag 4d substrate states dominates the spetrum.
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Chapter 5 Resonant Auger Raman spetrosopy of metal�organi interfaesA surfae plot of a series of EDCs of the SnP/PTCDA/Ag(111) �lm for di�erentphoton energies is shown in Fig. 5.18. The data is arefully normalized aord-ing to the desription in setion 2.2.3. In this data set the autoionization signalis more intense with respet to the Ag 4d signal from the substrate than for the1 ML SnP/Ag(111) �lm beause of the higher adsorbate overage. However, theFermi edge of the substrate is still learly visible. Again the most prominent au-toionization feature appears at 285 eV photon energy with signi�ant enhanementof the valene signal in the energy range of the Ag 4d ontributions and higherkineti energies up to the Fermi level. Furthermore, no CFS signal is observedaround 280 eV kineti energy with the double peak signature whih is harater-isti for the SnP/Ag(111) monolayer �lm, neither in Fig. 5.18 nor in Figs. 5.19and 5.20. This an be interpreted as a further indiation for a well ordered hetero�moleular �lm, so that the SnP moleules are not diretly in ontat with theAg(111) surfae. Vie versa this �nding supports the suggestion in setion 5.2.3,namely that in ase of the SnP/Ag(111) monolayer �lm the double peak CFSsignal at Ekin = 279.1 eV and 280.3 eV is aused by the adsorbate�substrate inter-ation.The 2D intensity plot of the series of EDCs on the right hand side of Fig. 5.19 showsagain that the intensity variation of the autoionization signal for Ekin < 275 eVre�ets the intensity variation of the C K�NEXAFS signal on the left hand sideof Fig. 5.19 well. Furthermore, it an be seen that for hν = 285 eV the valenesignal above 280 eV kineti energy is onsiderably enhaned with respet to thephotoeletron spetrum for hν = 283 eV. Moreover, a omparison between the C K�NEXAFS spetra and the autoionization signal suggests that this enhanement ofthe valene signal is not only due to the SnP ontribution but the PTCDA signalontributes onsiderably as well. Considering the NEXAFS spetra one an expetadditionally that the PTCDA layer ontributes signi�antly to the autoionizationsignal for 287 eV < hν < 290 eV.The SnPC/PTCDA/Ag(111) autoionization spetra A � E are plotted in Fig. 5.20as well, together with the regular Auger signal on top of the graph. The au-toionization signal for the SnP multilayer �lm from setion 5.2.2 is shown ad-ditionally for better omparison (blak line) as well as the regular Auger signalfor a PTCDA/Ag(111) monolayer �lm (grey line). Moreover, the maxima of thePTCDA autoionization signal are indiated by the grey bars aording to the dataof a PTCDA/Ag(111) monolayer �lm, whih is shown in Fig. D.7 in appendix D. Aomparison of the regular Auger signal at the top of Fig. 5.20, shows that the generalsignature of the signal of the SnP/PTCDA/Ag(111) �lm, the SnP multilayer �lmand the PTCDA monolayer �lm is relatively similar, e.g. for all �lms the regularAuger signal is highest around 260 eV and 270 eV kineti energy with a small loalminimum at 264.4 eV for the SnP multilayer signal and 265.9 eV for the PTCDAmonolayer signal. This an be understood with respet to the fat that the signal148
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Figure 5.19: (Color online) Photon energy dependene of the EDCs at the C K�absorption edge for a hetero�moleular �lm with 1 ML SnP on top of 1 MLPTCDA/Ag(111) reorded at 70◦ angle of inidene with respet to the surfaenormal and p�polarized light. The maximum of the olor sale orresponds to
75% of the maximum intensity. The diagonal lines mark the CIS ontributions,in partiular the Ag 4d signal and the Fermi edge (EF ) of the substrate as wellas the SnP HOMO signal (EHOMO). The horizontal lines (A � F) indiatethe EDCs whih are further evaluated in Fig. 5.20 and 5.21. The orrespondingC K�NEXAFS spetra are shown on the left hand side for better orientation.
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5.2 Resonant Auger spetra of di�erent SnP �lmsoriginates predominantly from arbon speies in a similar hemial environment,namely from the phenyl and the perylene ring system. However, signi�ant di�er-enes in the �ne struture of the autoionization spetra an be observed betweenthe SnP multilayer �lm and the PTCDA monolayer �lm in Fig. 5.10 and Fig. D.7,respetively. Consequently, one will be able to identify harateristi features of theSnP multilayer signal in the autoionization signal of the SnP/PTCDA/Ag(111)�lm if the eletroni properties of the SnP layer in the SnP/PTCDA/Ag(111)�lm are similar to that of the SnP multilayer �lm.It will be brie�y shown in the following that some ontributions to the features
α − κ in the autoionization data of the SnP multilayer �lm, whih were dis-ussed in setion 5.2.2, an also be identi�ed in the autoionization signal of theSnP/PTCDA/Ag(111) �lm. Partiularly the shoulder in spetrum B at Ekin =
275.7 eV, whih appears in eah autoionization spetrum B � F as well, an beassoiated with the shoulder κ of the SnP multilayer signal in Fig. 5.20. Forthe regular Auger signal of the SnP/PTCDA/Ag(111) this shoulder is shifted toEkin = 275.1 eV in agreement with the SnP multilayer data. Furthermore, theshoulder at 267.4 eV and 255.5 eV in spetrum B an be assoiated with the peak
δ and the shoulder α in the respetive SnP multilayer spetrum. Aordingly, theSnP ontribution to the SnP/PTCDA/Ag(111) autoionization spetrum is simi-lar to the respetive signal for the SnP multilayer �lm. For higher photon energiesthe omparison of the respetive spetra beomes more di�ult sine the �ne stru-ture in both, in the SnP multilayer data and in the SnP/PTCDA/Ag(111) databeomes less distint. However, in spetrum E and in the regular Auger signal thefeatures α and κ an still be identi�ed. Note that for spetrum D the maximumof the SnP/PTCDA/Ag(111) signal is loated at Ekin = 257.5 eV, whih is a.2 eV lower than for the remaining spetra. It is indiated in Fig. 5.20 that thisshift an predominantly be attributed to the PTCDA ontribution with respet toFig. D.7. In partiular for hν = 289.07 eV the exitations at the arbon speies inthe arboxyl group ontribute signi�antly to the signal. Therefore the observeddi�erenes in the autoionization signal demonstrate the sensitivity of the Auger andautoionization signal to the loal hemial environment.All these �ndings suggest, that the SnP and the PTCDA ontributions to theSnP/PTCDA/Ag(111) autoionization spetra are similar to the respetive sig-nals for the SnP multilayer �lm and for the pure PTCDA/Ag(111) �lm, whih isin agreement with the �ndings from the ore level PES and NEXAFS investiga-tions. [A7℄ Consequently the autoionization data suggest as well that the interationbetween the SnP monolayer and the PTCDA/Ag(111) monolayer �lm is onsid-erably weaker than the oupling between the �rst adsorbate monolayer and thesubstrate. For further detailed analysis of the SnP ontribution to the total signalby means of di�erene spetra it is neessary to reord PTCDA/Ag(111) data ofhigher quality as that shown in the appendix D. 151
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5.2 Resonant Auger spetra of di�erent SnP �lmsThe EDCs A � F of the upper valene regime, whih were reorded with photonenergies orresponding to the NEXAFS resonanes as indiated in Fig. 5.19, areplotted in Fig. 5.21 on a binding energy sale for better omparison to the diretPES signal. Additionally to eah SnP/PTCDA/Ag(111) urve the diret PESspetrum is shown, whih was reorded with hν = 280 eV, and the respetivesignal from a PTCDA/Ag(111) monolayer �lm, whih was reorded separately atthe same photon energy as the spetrum for the hetero�moleular �lm. At thebottom of the graph the respetive data is depited for hν = 120 eV. The diretPES signal of the SnP layer an be well distinguished from that of the PTCDAmonolayer. In partiular the PTCDA layer ontributes to the signal in the rangeof 0 eV < EB < 0.8 eV, 1.3 eV < EB < 2.0 eV and EB > 2.5 eV, whih an beattributed to the LUMO derived DOS, the HOMO and stronger bound states, wherethe SnP signal ontributes predominantly for 0.8 eV < EB < 1.3 eV binding energy(HOMO) and 1.7 eV < EB < 2.5 eV (HOMO-1). For higher binding energies thesignal from several SnP states overlaps with the PTCDA ontribution. Moreover,the energy position of the SnP ontribution indiates a shift of 0.4 eV to lowerbinding energies ompared to the energy positions for the multilayer �lm in [A4℄,whih agrees well with reent �ndings. [A7℄.Comparing the SnP ontribution to the autoionization signal between the spetraA � F, in partiular the di�erene between the blak urves, one �nds that the trendin the enhanement of the signal is similar to the trend for the SnP multilayer �lm.In spetrum A, for example, whih was reorded for a photon energy that allows inthe SnP moleule only CC 1s → LEMO transitions, the SnP signal at EB = 3 eVis signi�antly enhaned and the HOMO and the HOMO-1 signal is only slightlyinreased. This enhanement an be attributed to partiipant deay of the oreexited state, e.g. where the eletron in the LEMO �lls the ore hole and emitsanother eletron from the HOMO, HOMO-1 or lower lying orbitals. In spetrumB both, the autoionization signal from the SnP HOMO and at EB = 3 eV is veryintense, whereas the ontribution from the HOMO-1 at EB = 2 eV is quite small.Moreover, the autoionization signal ontributes in spetrum C predominantly atEB = 3 eV and little to the signal from the SnP HOMO at EB = 1.0 eV. The SnPontribution to the autoionization signal in spetrum D is so weak that spetrum Dan hardly be distinguished from that for the PTCDA monolayer, and no signi�antautoionization signal an be observed in urve F, only the diret photoemissionsignal. This trend is in prinipal similar to what has been observed for the SnPmultilayer �lm in Fig. 5.11.Moreover, Fig. 5.21 suggests that the SnP signal ontributes signi�antly to thebroad feature in spetrum B between 0.7 eV and 2.2 eV. This is also illustratedin Fig. 5.22 (a) where the di�erene between the autoionization signal for theSnP/PTCDA/Ag(111) �lm and the PTCDA monolayer �lm is plotted. Addi-tionally the photoeletron spetra of these �lms is shown in Fig. 5.22 () for 120 eV153
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5.2 Resonant Auger spetra of di�erent SnP �lmsphoton energy, and the di�erene between these spetra is depited in Fig. 5.22 (b).This urve indiates learly that the diret photoeletron signal from the SnPHOMO ontributes only to the EDC between 0.7 eV and 1.6 eV binding energy.However, the autoionization signal from the SnP layer in Fig. 5.22 (a) is veryintense in the range of 0.7 eV < EB < 2.1 eV, where the maximum is loated atEB = 1.27 eV. Its signature suggests that at least two peaks ontribute to thissignal. Considering that indiations for eletron�vibration oupling and interfer-ene e�ets have been found for the SnP multilayer �lm, whih give rise to ashoulder with respet to the CIS signal from the HOMO, one an assume that thisinterrelation also plays a role for the SnP/PTCDA/Ag(111) �lm. Studying thephoton energy dependene of the autoionization signal from the SnP monolayeran provide further insight.The autoionization spetra of the SnP/PTCDA/Ag �lm (dots) and the PTCDAmonolayer �lm (solid lines) are plotted in Fig. 5.23 over the kineti energy salewhen tuning the photon energy through peak B of the C K�NEXAFS signal of theSnP layer, whih has been shown in Fig. 5.6 (d). Additionally, in the inset therespetive data is also plotted over the binding energy sale for better identi�ationof the CIS ontribution. In the spetrum reorded with 284.98 eV photon energy asmall ontribution from the SnP layer to the autoionization signal an be observedat Ekin = 284.0 eV and EB = 1.0 eV, respetively, whih an be attributed topartiipant deay of the ore exited state. This signal inreases onsiderably withinreasing photon energy. One an identify at least two omponents of this signal.One ontributes at 1.0 eV binding energy and shifts with inreasing photon energyto higher kineti energies, respetively, as it is expeted for a CIS signal. The otheromponent ontributes at 283.9 eV kineti energy whih leads to the broad tail atthe side to lower kineti energies and higher binding energies, respetively. Thisis similar to what as been observed for the SnP multilayer �lm in setion 5.2.2,where this pseudo CFS ontributions has been disussed with respet to RIXSinvestigations of smaller moleules. [198, 256℄ Hene, this e�et an be attributedanalogously to eletron�vibration oupling. Additionally, in ase of the hetero�moleular �lm the intensity of the pseudo CFS signal is signi�antly higher withrespet to the CIS ontribution than for the multilayer �lm. Furthermore, for thespetrum reorded with 285.73 eV photon energy one an observe signi�ant signalfrom the SnP �lm from 285.0 eV down to 283.2 eV kineti energy and in therange 0.7 eV < EB < 2.5 eV, respetively. This an be interpreted as indiationfor a modi�ation of the eletron�vibration oupling for the hetero�moleular �lmwith respet to the SnP/Ag(111) multilayer �lm. This would also explain theminor di�erenes in the signature of the SnP ontribution to the ore level spetraompared to the multilayer spetra. Consequently, the broadening of the HOMOpeak an be explained by eletron�vibration oupling and interferene e�ets, inanalogy to the �ndings for the SnP multilayer �lm. 155
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5.3 Eletron�eletron orrelation energySumming up, the resonant AES investigation of the SnP/PTCDA/Ag(111) �lm in-diates that the interation between the SnP layer and the PTCDA/Ag(111) mono-layer �lm is onsiderably weaker than the adsorbate�substrate interation for theSnP/Ag(111) monolayer �lm and omparable to the intermoleular interation forthe SnP multilayer �lm. Partiularly the SnP ontribution to the autoionizationspetra of the hetero�moleular �lm is similar to the data for the SnP multilayer�lm, e.g. a �ne struture is observed in the autoionization spetra of the hetero�moleular �lm below 280 eV kineti energy whih is equivalent to that for the SnPmultilayer �lm. Furthermore, a strong enhanement of the CIS signal from the SnPHOMO and HOMO-1 is observed for the SnP/PTCDA/Ag(111) �lm due to parti-ipant deay of the ore exited state, partiularly for photon energies orrespondingto transitions into the LEMO. Moreover the dependene of these ontributions tothe autoionization signal on the photon energy is omparable to what has beenobserved for the multilayer �lm. The interferene e�ets between di�erent vibronistates namely ontribute to the autoionization signal in analogy to what is found forthe SnP multilayer �lm in setion 5.2.2. Consequently the oupling strength be-tween the SnP monolayer and the PTCDA/Ag(111) monolayer �lm is omparableto the intermoleular interation in the multilayer �lm.
5.3 Eletron�eletron orrelation energyIn setion 4.1.2 it was assumed for the desription of the adsorbate�substrate in-teration in the single impurity Anderson model that the orrelation energy Ubetween two eletrons an be negleted to �rst order when onsidering deloalizedfrontier orbitals, e.g. π�orbitals in a onjugated moleular ring system like forbenzene and perylene derivatives or phthaloyanines. A omparison of the regularAuger spetra with the ore level and valene PES data an provide informationon the eletron�eletron orrelation energy U as it will be demonstrated in thefollowing.When onsidering a free atom with one ore level (c) and one valene level (a)whih is oupied by two eletrons with spin ↑ and spin ↓, respetively, the Hamil-tonian from (4.1) needs to be extended by a term for the orrelation energy Uccof the ore eletrons and by a term for the orrelation energy Uaa of the valeneeletrons:
H = ǫc(nc↑+nc↓)+Ucc nc↑nc↓+[ǫa−Uac(2−nc↑−nc↓)](na↑+na↓)+Uaa na↑na↓ (5.18)157



Chapter 5 Resonant Auger Raman spetrosopy of metal�organi interfaesAs it is assumed that both spin diretions are equivalent, the notation for theeletroni on�guration where one spin ↑ or one spin ↓ eletron is missing in theore level is simpli�ed to (c−1a0). Aordingly, the following relation holds for thekineti energy Ekin of the Auger eletron after deay of the ore hole state Ψ(c−1a0)into the 2h �nal state Ψ(c0a−2):
Ekin = 〈Ψ(c−1a0)|H|Ψ(c−1a0)〉 − 〈Ψ(c0a−2)|H|Ψ(c0a−2)〉

= Ec − 2Ea − Uaa , (5.19)where the energy Ec and Ea orrespond to the energy for reating one ore or onevalene hole, respetively, as it is measured by PES.
Ec = 〈Ψ(c−1a0)|H|Ψ(c−1a0)〉 − 〈Ψ(c0a0)|H|Ψ(c0a0)〉 (5.20)

= −ǫc − Ucc − 2Uac

Ea = 〈Ψ(c0a−1)|H|Ψ(c0a−1)〉 − 〈Ψ(c0a0)|H|Ψ(c0a0)〉 (5.21)
= −ǫa − UaaIn ase of the SnP multilayer �lm the intermoleular interation is omparativelyweak. The regular Auger signal with the highest kineti energy an therefore berelated to a deay of the CN 1s ore exited state where a HOMO eletron �llsthe ore hole and emits the seond HOMO eletron. Consequently the orrelationenergy between the two eletrons in the HOMO an be determined with (5.19)from the energy positions of the onset of the regular Auger signal, and the energyposition of the CN 1s and the HOMO signal in the photoeletron spetra. As forthe SnP/Ag(111) monolayer �lm the LUMO derived DOS is partially oupiedthe regular Auger signal with the highest kineti energy orresponds to a deayof the CN 1s ore exited state where an eletron from the LUMO derived DOSdistribution right at the Fermi level �lls the ore hole and emits another eletronfrom this DOS distribution.The leading edge of the regular Auger spetrum of the SnP multilayer �lm fromFig. 5.10 is plotted at the top of Fig. 5.24 and labeled (i). The spetrum of theSnP/Ag(111) monolayer �lm from Fig. 5.15 is plotted at the bottom and labeled(ii). As even for the 12�14 ML thik SnP �lm a weak signal from the �rst monolayerontributes to the regular Auger signal it is neessary to subtrat this ontribution158
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Chapter 5 Resonant Auger Raman spetrosopy of metal�organi interfaes�rst. The respetive di�erene spetrum orresponds to urve (iii). Its onset isloated at Ekin = 283.0± 0.3 eV. The maximum of the CN 1s peak in the C 1s orelevel spetrum for the multilayer �lm in Fig. 5.7 (a) an be determined with highauray to be EB = 286.00±0.03 eV. Note that for the multilayer �lm the HOMOontributes to a double peak signature due to the formation of SnP dimers and abonding�antibonding senario. [217,A4℄ The Auger signal with the highest kinetienergy is related to a �nal state with two holes in the lower bound HOMO orbital,whih is loated at EB = 1.30 ± 0.03 eV. Aording to (5.19) this leads to UHH =
0.4± 0.3 eV orrelation energy of the HOMO eletrons.If one assumes that vibroni broadening plays a signi�ant role for the photoele-tron spetra of the SnP multilayer �lm the energy position of the CN 1s andHOMO signal needs to be onsidered whih orresponds to the vibroni groundstate. Aordingly, the orrelation energy UHH an be estimated analogously fromthe leading edge of the CN 1s peak (EB = 285.5 ± 0.05 eV) and the HOMO peak(EB = 1.10 ± 0.05 eV). Altogether, both approahes provide an estimate of theeletron�eletron orrelation energy for the HOMO of 0.1 < UHH < 0.7 eV. Thisvalue is in between those for deloalized sp states in the upper valene regime ofmetals, where the orrelation energy is lose to zero, and the values of quite loal-ized orbitals, where the orrelation energy an be muh higher, e.g. from severaleV for d and f states of transition metals [33,266�268℄ up to several tens eV for theF 2s and the He 1s orbitals. [269℄The onset of the regular Auger spetrum (ii) of the SnP/Ag(111) monolayer �lmin Fig. 5.24 is loated at Ekin = 285.45± 0.05 eV and onsequently at signi�antlyhigher kineti energy than in ase of the multilayer �lm. Moreover, the maximumof the CN 1s peak in the C 1s ore level spetrum of the SnP/Ag(111) monolayer�lm is loated exatly at the same energy position as illustrated in Fig. 5.25. Thisorroborates the assignment of the signal to a deay of the CN 1s ore exited statewhere an eletron of the LUMO derived DOS right at the Fermi level �lls the orehole and emits another LUMO eletron. Furthermore, this �nding suggests that theorrelation energy ULL between eletrons in the LUMO derived DOS is lose to zero,similar to what is found for the deloalized sp states in the upper valene regime ofmetals. This implies that many body e�ets play a role for the SnP monolayer �lm.Consequently, the agreement of the energy position of the ore level signal and theonset of the regular Auger signal an be onsidered as further indiation for strong(eletroni) adsorbate� substrate oupling so that a joint density of substrate�adsorbate states is formed, whih leads to many�body exitations in the PES,NEXAFS and resonant Auger spetrosopy with metalli harater as it has beenshown in hapter 4 and setion 5.2.3.
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Chapter 5 Resonant Auger Raman spetrosopy of metal�organi interfaes5.4 Disussion & ConlusionIn has been demonstrated in setion 5.2.1 that the 1 ML SnP/Ag(111) �lm isrepresentative for moleular adsorbate �lms whih reat strongly with a metal sub-strate. Moreover, the investigation of the SnP �lms demonstrates that resonantAuger spetrosopy is a sensitive method for studying the eletroni struture oforgani thin �lms and surfaes. Due to site spei� ore exitations the resonant en-hanement of ertain spetral features an be related to the loalization of orbitalsas it has been disussed, for example, for the SnP multilayer �lm with respet to theHOMO and HOMO-1 ontribution. Additionally, interferene e�ets an provideinformation about dynamial aspets, e.g. nulear motion and substrate�adsorbateharge transfer as it has been demonstrated for the SnP multilayer and the mono-layer �lm as well as for the hetero�moleular �lm. Furthermore, autoionizationspetra an be a signi�ant indiator for many�body exitations, whih beomesevident by the omparison of the data of the SnP/Ag(111) multilayer �lm with thatof the monolayer �lm. For the multilayer �lm in setion 5.2.2 ertain features in theautoionization signal an be well explained by the simpli�ed onept of a spetatordeay, where a ore eletron is exited into an unoupied state where it remains�passive� during the subsequent Auger deay. However it was shown in setion 5.2.3that the spetator and partiipator onept breaks down for the monolayer �lm forwhih many�eletron exitations dominate.The study in hapter 4 indiates that the NEXAFS and the ore level spetra ofmoleular monolayer �lms whih are strongly oupled to a metal substrate needto be disussed in the frame work of many�body exitations involving substrate�adsorbate harge transfer. In this ontext the asymmetri peak pro�les in the orelevel spetra are due to a ontinuum of ore exited states omparable to Doniah�Mahan�Sunji line pro�les. [88, 175�178℄ This implies that many�body exitationsand interferene e�ets between di�erent ore exited states play a signi�ant rolefor the autoionization of suh �lms onsidering the Kramers�Heissenberg relation(5.10) and the Fano approah. As a result, harge transfer satellites an ontributeonsiderably to the autoionization spetra. Their ontributions may hange whentuning the exitation energy through a resonane. Moreover, these e�ets anbe related to the duration τc of the x�ray sattering proess � the satellites arelarge for short τc. Consequently the variations in the autoionization spetra anbe attributed to a di�erene in the reation of the eletroni struture for di�erentlife times of the exited state. This an be onsidered as if the reation of theeletroni struture on the radiation �eld ourred on the time sale of the orehole life time.In the autoionization data of the SnP/Ag(111) monolayer �lm in setion 5.2.3 therelative intensity of the harge transfer satellite ontribution with respet to the162



5.4 Disussion & ConlusionCIS signal from the HOMO has been higher for shorter duration τc of the x�raysattering proess. In the ontext of what has been disussed above this an beinterpreted in the way that the eletroni struture reats on a similar time sale asthe ore hole life time and onsequently within a few fs. Furthermore, the partiularspetral features of the monolayer data annot be related expliitly to partiulareletroni on�gurations in the single eletron frame work beause of many�bodye�ets. Hene a ertain peak annot be assigned to a partiular eletroni on�gu-ration after a substrate�adsorbate harge transfer senario or a non�harge transfersenario. As a onsequene the well established tunneling approah in the singlepartile piture, where the derease or inrease of a spetator or partiipant signal isdiretly related to the tunneling rate of one eletron between the adsorbate and thesubstrate is only suitable in ase of weak adsorbate�substrate interation. [183�186℄However, quantum hemial alulations of the autoionization spetra may be help-ful in ase of strong adsorbate�substrate oupling, omparable to the alulationsof photoemission spetra for transition metal ompounds with harge transfer satel-lites. [87, 130℄Furthermore, the investigation of the hetero�moleular �lm in setion 5.2.4 anprovide fundamental information on the interation of the seond monolayer withthe �rst one for moleular thin �lms of �at lying π�onjugated moleules. As thegeneral signature of the autoionization ontribution from the SnP monolayer issimilar to that for the SnP/Ag(111) multilayer �lm it an be assumed that thestrength of the interation between the �rst and the seond moleular monolayeris omparable to the intermoleular interation in the multilayer �lm and hargetransfer satellites do not ontribute to the autoionization spetra. Moreover, theautoionization data suggest a modi�ation of the eletron�vibration oupling for theSnP layer, whih is in agreement with the signature of the SnP signal in the orelevel spetra. [A7℄ Consequently, a reative metal surfae an in general be appedby adsorbing only one single densely paked adsorbate monolayer. Aordingly,signi�ant hybridization is only observed between the eletroni states of the �rstlayer and the metal substrate.However, a rigid level shift of 0.4 eV is observed for the SnP monolayer withrespet to the SnP/Ag(111) multilayer and bilayer �lm. Moreover, it has beenshown in [A7℄ that this shift agrees well with the work funtion di�erene betweenthe PTCDA/Ag(111) monolayer �lm and the SnP/Ag(111) multilayer �lm. Con-sequently the rigid level shift an be attributed to an inrease of the interfae dipoleby the PTCDA interlayer. In this ontext the rigid level shift an be interpretedas an indiation for vauum level alignment due to the weak interation betweenthe seond (SnP) monolayer and the �rst (PTCDA) monolayer as it has beendisussed in more detail in [A7℄. 163



Chapter 5 Resonant Auger Raman spetrosopy of metal�organi interfaesConsequently, resonant Auger spetrosopy is a powerful method whih an provideimportant information about the interfae interation. Due to the high ross setionfor the light elements and the high surfae sensitivity ompared to RIXS it ispartiularly suitable for studying organi thin �lms and surfaes. This spetrosopytehnique is of interest beause it is site seletive and it provides aess to nulearand eletroni dynamis at the interfae. These properties are very important forall kinds of appliations where harge transport, [270�273℄ the life time of exitedstates and reation dynamis play a role. [188, 274�276℄ This an be illustratedby the following examples: The interfaes are often the bottle nek whih limitthe arrier mobility in eletroni devies. The e�ieny of solar ells and LEDsdepends on the relation between the life time of exited states and the hargearrier mobility at the interfaes. Catalyti reations often our at surfaes dueto a omplex interplay between the life time of exited states and the moleularand atomi dynamis. Moreover, heterogeneous atalysis is driven by only a fewhighly reative hot spots at the surfae where the onditions for a ertain reationpath are optimal. These onditions need to be understood in order to improve suhatalysts systematially.
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6Conluding remarksIt has been demonstrated that PES, NEXAFS spetrosopy and resonant AESan provide important information about the eletroni struture with high surfaesensitivity, and hene theses methods are suitable for studying thin adsorbate �lmsand interfaes. It has been shown in the hapters 3 � 5 and additionally in theappendix C that many�body e�ets an ontribute signi�antly to the spetra ofthe bulk and the substrate�adsorbate interfae, in partiular in the ase of strongadsorbate�substrate oupling. Moreover, in hapter 5 indiations for weak eletron�eletron orrelation in the frontier orbitals of π�onjugated organi moleules arefound. Consequently, it may be neessary to take suh orrelation e�ets intoaount for a proper desription of the interfae interation. Consequently, theintermoleular interation, whih an be mediated by the substrate, an indueeletron hopping between di�erent moleules in a densely paked �lm of adsorbateswith a partially oupied LUMO derived DOS.These e�ets, the adsorbate�substrate oupling, the eletroni orrelation and theintermoleular interation, an be desribed by the Hubbard model. [277�281℄ Thisdesription has been suessfully applied to various transition metal ompounds,e.g. transition metal oxides, halides, sul�des and alloys. [116℄ In this model a lattieis onsidered in whih eletrons an hop between the di�erent sites and a Coulombenergy U has to be payed for double oupation of one site. For the disussed ad-sorbate monolayer �lms, where the moleules are lying �at at the substrate, one anassume that the diret oupling between di�erent adsorbates is omparatively weakand that the adsorbate�substrate oupling is the dominant e�et whih mediatesthe intermoleular interation. It has been shown that for suh a senario it is onve-nient to projet the Hubbard approah onto the single impurity Anderson model, sothat only the interation of a single impurity with an eletron reservoir is onsidered,whih overs also the interations between di�erent sites in the Hubbard lattie.This simpli�ation is one key aspet of dynamial mean��eld theory. [282℄ In om-bination with DFT it allows to model the dependene of the quasi�partile DOSdistribution on the orrelation energies U and the substrate�adsorbate oupling.The latter an be related to the width W of the density distribution of substrate�adsorbate states in the limit U = 0. The general trend of this interrelation whih165



Chapter 6 Conluding remarksis found for various materials is shematially indiated in Fig. 6.1 for zero temper-ature and a half �lled DOS whih orresponds in the Hubbard model to the samenumber of eletrons as lattie sites. [7, 33, 282�285℄Aordingly, Fig. 6.1 (a) illustrates the ase in whih the eletrons are entirely inde-pendent (U = 0) as it was assumed in hapter 4. In the weakly orrelated regime ofFig. 6.1 (b) the quasi�partile DOS distribution resembles still that of independenteletrons. However, the peak beomes narrower with inreasing eletron�eletronorrelation and two shoulders develop at the high and low�energy side. Fig. 6.1 ()illustrates the harateristi Hubbard bands for the strongly orrelated regime withthe distint, narrow quasi�partile peak at the Fermi level. When the orrelationis su�iently strong the Mott metal�insulator transition happens and the quasi�partile peak vanishes in Fig. 6.1 (d). In this ontext the data from the previoushapter allows to lassify the SnP/Ag(111) monolayer �lm in terms of orrelationstrength.One an assume for the SnP/Ag(111) monolayer �lm that in ase of orrelatione�ets being absent (U = 0) the width W of the LUMO derived DOS distributionwas similar to that of the HOMO peak in spetrum Fig. 5.16 (i), namely of theorder of 0.4 eV. Furthermore, in setion 5.3 the orrelation energy UHH betweenthe eletrons in the deloalized HOMO was estimated to be UHH = 0.4 ± 0.3 eVfor the multilayer �lm, where the intermoleular interation is weak enough to benegleted. As the LUMO orbital is similarly deloalized one an assume a similarvalue for the LUMO. Consequently, the ratio U/W ∼ 1 whih implies that theSnP/Ag(111) monolayer �lm is somewhere in between the weak and the stronglyorrelated regime in Fig. 6.1 (b) and ().1 Aordingly if these desribed many�body and orrelation e�ets are a realisti senario for this moleular monolayer�lm one should �nd spetral features in the photoeletron data, whih are similarto what is illustrated in Fig. 6.1.However, in the valene PES data in Fig. C.2 in the appendix C no evidene an befound for suh spetral features, whih might be due to omparatively high sampletemperature and the irumstane that these measurements were arried out withomparatively poor energy resolution and statistis. However, for CuP/Ag(111)monolayer �lms suh a Hubbard like signature has been observed for the LUMOontribution. These spetra were measured at 80 K sample temperature with highenergy resolution. [286℄ It was also shown for these �lms that the sharp peak at theFermi level whih might orrespond to the quasipartile peak in between the lowerand the upper Hubbard beomes narrower and more distint when dereasing thetemperature to 10 K. Moreover, a similar spetral signature has been found reently1Note that there has been an intense debate with respet to transition metal ompounds wetherthe Hubbard U an be diretly related to the orrelation energy for a free atom, where hy-bridization and sreening does not ontribute. [18, 22℄166



Figure 6.1: Shemati illustration of the spetral funtion in a material for di�erentorrelation energies U at zero temperature and half �lling (same number of ele-trons as lattie sites). [7,282,283,285℄ Depending on the ratio of the orrelationenergy U and the band width W for the non�orrelated ase one an lassifythe four senarios into (a) non�orrelated, (b) weakly orrelated, () stronglyorrelated and (d) Mott insulator.
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Chapter 6 Conluding remarksfor NTCDA/Ag(111) and PTCDA/Ag(111) monolayer �lms as well, whih haveboth a partially oupied LUMO derived density of substrate�adsorbate states.[287�289℄ In partiular for the NTCDA monolayer �lm an order�disorder phasetransition has been observed at low temperature, for whih this DOS beomesnearly entirely oupied and the narrow peak at the Fermi level vanishes. This isexatly what is expeted in the ontext of the Hubbard model. Aordingly theontribution from the lower Hubbard band dereases with inreasing oupationas well as the hopping rate so that the narrow quasipartile peak in between theupper and the lower Hubbard band disappears, and the upper Hubbard band isshifted below the Fermi level and inreases in spetral weight. For the limit of aomplete �lled DOS (2 eletrons per lattie site) only one band � an equivalentto the upper Hubbard band � is left, as it is expeted for the the unorrelatedlimit. This interrelation is disussed in more detail in [7, 15, 283℄. Note that forC60/Ag(111) monolayer �lms a similar �ne struture is observed at the Fermi levelupon doping with potassium and the signature varies with dopant onentration [5℄as well as for TTF-TCNQ �lms. [25, 26, 290℄Summa summarum the results from the previous hapter in ombination with re-ent work from others suggest that it may not be su�ient to onsider organithin �lms and metal�organi interfaes in a single partile piture under ertainonditions but many�partile and orrelation e�ets need to be taken into aountadditionally. Suh e�ets are well known for transition metal ompounds for whihthey have been studied intensely [6,13,116,284℄ but for organi thin �lms they arestill kind of exoti [5�7℄ Moreover, these orrelation e�ets an lead to interesting,rih physis beause of an sophistiated interplay between various material prop-erties like the eletri resistivity, heat ondutivity, geometri struture, sampletemperature and magneti properties. For example lattie stress indued by pres-sure or doping an drive a Mott metal�insulator transition, whih lowers the eletriondutivity onsiderably. [6,13,284℄ On the moleular sale this an be related toshorter interatomi, intermoleular or adsorbate�substrate distanes, respetively.When thinking of the Jan�Teller e�et or the Peierls distortion it beomes obviousthat this interrelation between the eletroni struture and the geometri struturemight also in�uene the eletron�vibration oupling and onsequently the thermalondutivity. Materials with strong, loalized spins an have sophistiated magnetiproperties as desribed by Kondo. [16℄ One ould imagine that even moleular ad-sorbates whih ontain heavy elements with a partially oupied d/f shell mighthave similar material properties. Finally the data disussed in this work suggeststhat many�body and orrelation e�ets whih are primarily known for inorganimaterials might also play a role for ertain organi adsorbate thin �lms. It wouldbe interesting to study these e�ets in more detail, in partiular how muh theyontribute to the interfae interation.
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AComparison between HF and DFT alulationsIn priniple, the Kohn�Sham funtions and energies in the DFT alulations arepurely mathematial operants. However, in pratie they an approximate theeletroni states and eletron energies surprisingly well under ertain onditions.Hene, DFT an provide reasonable orbitals and energies for organi moleules,and even the band struture in organi solids. [291℄ This is demonstrated here bya omparison of the results from Hartree�Fok and DFT alulations for benzeneand anthraene in the following, as well as by alulations of quantum well statesfor alkanes in appendix E. The absolute Koopmans' and Kohn�Sham energies forthe LUMO and the Cmt 1s orbital are di�erent, but both approahes show thesame trend with inreasing polyaene size. Consequently, the alulations of thepolyaene orbitals, whih are shown in setion 3.3 and 3.3.4 an be arried outusing DFT.Of ourse, the quality of the HF and DFT alulations and onsequently the orbitalenergies depend on the size of the basis set as well as on the funtional in ase ofDFT. [292℄ For both, HF and DFT, the 6-311G basis set [292℄ was used, whihmodels the inner shell orbitals with one ontrated Gaussian funtion and the va-lene orbitals with three ontrated Gaussian funtions. Furthermore, the DFTalulations are arried out with the B3LYP funtional, [60℄ whih is optimized forlight elements.
A.1 Core orbital and LUMO of benzene and pentaeneThe iso�density surfae of the benzene and pentaene LUMO and of the ore or-bitals are ompared in Fig. A.1 between HF and DFT alulations, respetively.Both methods provide very similar valene and ore orbitals. For benzene the or-bitals are nearly idential. For pentaene only minor di�erenes are observed, inpartiular with respet to the third antinode from top in the LUMO. The absolute169



Appendix A Comparison between HF and DFT alulationsHF DFTbenzene pentaene ∆E benzene pentaene ∆ELUMO 3.70 0.57 3.13 -0.19 -2.61 2.42ore level -305.77 -305.99 0.22 -276.96 -277.15 0.19Table A.1: Comparison between the Cmt 1s and LUMO energies from HF and DFTalulations for benzene and pentaene. The respetive orbitals are displayed inFig. A.1.orbital energies depend strongly on the alulation method, HF or DFT, respe-tively. However, the trend in the orbital energies from benzene to pentaene issimilar. Tab. A.1 shows that the derease in LUMO energy between benzene andpentaene is one order of magnitude larger than the derease in C 1s energy, in-dependent of the alulation method. Consequently, both, the HF and the DFTalulations, indiate the same trend in the LUMO and ore level energies withinreasing polyaene size.
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A.1 Core orbital and LUMO of benzene and pentaene

Figure A.1: (Color online) Comparison between Hartree�Fok and DFT alula-tions of LUMO and ore orbitals of benzene and pentaene. In ase of DFT allalulations were arried out with the 6-311G basis set and the B3LYP fun-tional. The graph shows the iso�density surfae (0.02 e/bohr3) with the phaseof the wave funtion being indiated by red and green olor.
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BComparison of di�erent BTCDA and BTCDIsub�ML spetraIn Fig. B.1 and B.2 the C 1s and N 1s spetra of various BTCDI/Ag(111) �lmsare shown, whih were prepared under slightly di�erent onditions and measuredeither at room temperature or at onsiderably lower temperature. The ompar-ison of the spetrum in Fig. B.1 (a) with the data for the annealed �lms indi-ates that annealing a�ets the monolayer �lms signi�antly. In partiular for thenot annealed monolayer �lm the peak at EB = 287.5 eV is signi�antly higherthan the signal at 288.8 eV, the foot at 283 eV is emphasized and the spetralweight is shifted to lower binding energy with respet to the data for the tempered�lms.A loss of BTCDI moleules from the �rst monolayer was observed if the annealingyle was too long. Therefore the BTCDI/Ag(111) monolayer �lms were annealed inseveral short yles and heked by PES until a good monolayer �lm was prepared.The spetra in Fig. B.1 (b, , d) indiate that small variations in the annealingonditions an lead to signi�ant hanges in C 1s spetrum. In partiular therelative intensity and the energy splitting of the double peak signature of the CN 1ssignal and the maximum of the CC 1s peak is very sensitive to the annealingonditions. Furthermore, the spetrum in Fig. B.1 (d) is reorded for the samemonolayer �lm as that in (e), but at 190 K sample temperature instead of 300 K.The similarity between both spetra indiates that ooling has only little e�et onthe C 1s spetrum from the BTCDI monolayer �lm.Furthermore, all BTCDI C 1s monolayer spetra an be �tted onsistently with atleast six Voigt pro�les as shown exemplarily in Fig. B.1 (e). It is disussed in se-tion 4.4 that the ore level signal is related to many�body exitations. Consequentlythe peaks in this �t approah annot be interpreted in the one�eletron piturewhih is suitable for the multilayer data. For example the di�erent CC 1s and CN 1speaks annot be diretly related to hemially di�erent arbon speies. Moreover,the disussion in setion 4.4 rather suggests that the various peaks an be inter-preted in the ontext of satellite and main peaks to �rst order.172
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Figure B.1: C 1s ore level spetra of various BTCDI/Ag(111) sub�ML �lms forslightly di�erent annealing onditions and sample temperatures T during themeasurements: (a) not annealed and T = 300 K, (b) annealed in two yles(t = 10 + 3 min) at 120◦ C and T = 300 K, () t = 5 + 10 min at 120◦ C and
T = 300 K, (d) annealed in several yles (t = 5 + 2 + 1 + 2 + 1 min) at 120◦ Cand measured at T = 190 K, (e) the sample from (d) measured at T = 300 K.Additionally, the result of a peak �t for spetrum (e) is shown from whih theharge transfer parameters in Tab. 4.1 are determined. 173



Appendix B Comparison of di�erent BTCDA and BTCDI sub�ML spetraIn Fig. B.2 the N 1s signal for various BTCDI/Ag(111) monolayer �lms is depited.The data in Fig. B.2 (a, b, ) orroborate the �nding that the intensity ratio inthe ore level spetra is sensitive to the annealing onditions. In Fig. B.2 (a),where the �lm was annealed at 100◦ C, the relative intensity of the low energypeak is onsiderably lower than for the remaining spetra, where the �lm wasannealed at 120◦ C. Furthermore, after reording the spetrum in Fig. B.2 () thesame sample was ooled to 200 K and the spetrum in Fig. B.2 (d) was reorded.Aordingly, ooling e�ets the N 1s spetrum signi�antly in ontrast to the C 1sspetrum. In partiular the relative intensity of the low�energy peak inreases. Thisis orroborated by the spetrum in Fig. B.2 (e) from a di�erent BTCDI monolayer�lm.For the BTCDA/Ag(111) monolayer �lms annealing has also a signi�ant in�ueneon the eletroni struture, similar to the observations for BTCDI. In partiular forthe not annealed monolayer �lm in Fig. B.3 (a) a distint shoulder is observed atEB = 284.3 eV in the leading edge of the prominent CC 1s peak at EB = 285.5 eV.After annealing the peak maximum is shifted to EB = 285.1 eV and the low en-ergy shoulder is dereased. Additionally the prominent CO 1s peak is shifted fromEB = 289.3 eV to 289.0 eV. Aordingly annealing inreases the hemial shiftswith respet to the multilayer �lm. Consequently it an be assumed that annealinginreases the interfae interation and the ovalent harater, respetively. Further-more, the di�erential shifts between the two CC 1s peaks orroborate the statementin setion 4.4.2 that the ovalent interfae interation an lead to di�erential hem-ial shifts between the satellite and the main peak.From the �ts in Fig. B.1, B.2, B.3 and 4.11 the harge transfer parameters inTab. 4.1 an be determined under the simplifying assumption that the dashedpeaks in the �ts an be interpreted as main peak and the peaks plotted with shortdashes as satellite ontributions. The respetive values for the BTCDI and BTCDAmonolayer �lms are shown together in Fig. B.4 and B.5.
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Figure B.2: N 1s ore level spetra of various BTCDI/Ag(111) sub�ML �lms forslightly di�erent onditions, e.g. annealing time t and sample temperature Tduring the measurements: (a) annealed for t = 4 min at 100◦ C and T = 300 K,(b) annealed in two yles (t = 10 + 5 min) at 120◦ C and T = 300 K � same�lm as for Fig. B.1 (), () annealed in several yles (t = 5 + 2 + 1 + 2 + 1 min)at 120◦ C and T = 300 K � same �lm as for Fig. B.1 (d, e), (d) the �lm from() measured at T = 200 K, (e) annealed in two yles (t = 10 + 3 min) at
120◦ C and measured at T = 210 K. Additionally, the result of a peak �t forspetrum () is shown from whih the harge transfer parameters in Tab. 4.1 aredetermined. 175



Appendix B Comparison of di�erent BTCDA and BTCDI sub�ML spetra

300 295 290 285

T = 300 K, annealed

(a)

 

 

In
te

ns
ity

 (a
rb

. u
.)

Binding Energy (eV)

BTCDA/Ag(111) monolayer film, C 1s, h  = 335 eV 

(b)

T = 300 K

Figure B.3: C 1s ore level spetra of two di�erent BTCDA/Ag(111) monolayer�lms. (a) deposited and measured at 300 K sample temperature and not an-nealed (b) annealed from a multilayer �lm for 5 min at 60◦ C. Additionally thepeak �t is indiated from whih the harge transfer parameters in Tab. 4.1 aredetermined.
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Appendix B Comparison of di�erent BTCDA and BTCDI sub�ML spetra
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CPhthaloyanine thin �lms on Ag(111)It has been shown in hapter 5, that there are signi�ant hemial shifts in the orelevel and in the valene spetra of the SnP/Ag(111) monolayer �lm with respetto the multilayer �lm. These hemial shift were investigated in detail in [A4℄.It was found that they vary with sample temperature and SnP overage in thesub�ML regime. In partiular two trends were found: Firstly, the hemial shiftsin the N 1s and C 1s ore level spetra derease with inreasing SnP overagefrom half a monolayer to 1 ML. Seondly, for a SnP overage lower than 0.8 MLthe hemial shifts were at 130 K sample larger than at room temperature. Themagnitude of the hemial shift, was onsidered as an indiator for the strengthof the substrate�adsorbate oupling. This interpretation is in agreement with aprevious LEED and XSW investigation of the �lm struture, in whih a variationof the adsorbate�substrate distane was taken as an indiator for the strength ofthe adsorbate�substrate interation. [214, 225℄In Fig. C.1 some N K�NEXAFS spetra are shown for di�erent sub�ML overagesand temperatures. As the multilayer spetrum is very similar to that of H2P it isreferred to [216℄ for a detailed assignment of the peaks. The �nding that transi-tions into the LEMO ontribute signi�antly to peak A is important with respetto the urrent disussion. As the monolayer spetrum resembles the multilayerspetrum well, peak A has also ontributions from transitions into the LEMO. Itssignature and the kink at its leading edge an be interpreted as signi�ant india-tions for a strong substrate�adsorbate interation and many�body exitations asit has been disussed in hapters 4 and 5. This partiular peak is signi�antlyderease in the monolayer spetrum. This an be related to the partial oupationof the LUMO derived DOS, whih beomes evident from the valene spetra inFig. C.2.Moreover, peak A dereases further with dereasing SnP overage and inreasinginteration strength, respetively. Aording to Fig. C.1 (b) and () the peak Adereases additionally with dereasing sample temperature, whih is also attributedto an inrease of the interation strength. These interrelations imply that theoupation of the LUMO derived DOS an be varied within a ertain range. Inreturn the LUMO derived DOS an be studied for di�erent degrees of oupation179



Appendix C Phthaloyanine thin �lms on Ag(111)
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Figure C.1: N K�NEXAFS spetra of a 10 ML SnP/Ag(111) �lm and various sub�ML �lms at room temperature and 130 K sample temperature. On the righthand side the ratio of the peak heights is indiated for (grey) room temperatureand (blak) 130 K. Note that the peak areas yield the same ttrend. The spetrawere reorded with 70◦ angle of inidene of the x�ray beam. The partial yielddetetor was operated with 300 V retarding �eld.180
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DAdditional resonant Auger spetraIt is mentioned in hapter 5 that the SnP thin �lms have been investigated withresonant Auger spetrosopy at the C K and N K adsorption edge. However, onlythe most important data of the C K-edge is disussed in this hapter in order tokeep it tight. Some omplementary data is shown in this appendix, whih on�rmsthe interpretation of the resonant Auger spetra in hapter 5 and additionally hintsto related aspets.
D.1 SnP/Ag(111) multilayer �lmA two�dimensional autoionization spetrum is depited in Fig. D.1 for a SnPmultilayer �lm at the N K absorption edge for p�polarized light. Aordinglythe upper valene signal is onsiderably enhaned for 398.2 eV photon energy. Thisenhanement an be attributed to partiipant deay of the ore exited state, whihinreases the CIS signal from the HOMO and HOMO-1. Note that the intensity ofthe HOMO-1 signal is onsiderably higher than that of the HOMO signal, whereasit is vie versa at the C K�edge. This an be interpreted so that the HOMO-1has a higher density at the nitrogen speies than at the arbon speies and thatit is vie versa for the HOMO. Furthermore, the broadening of the HOMO peakat resonane (hν = 285.3 eV) was attributed to interferene and eletron�vibrationoupling. A similar broadening of the HOMO and HOMO-1 peak an be observedfor 398.2 eV photon energy. In partiular the two peaks are separated o� resonane,but at resonane both ontributions are broadened so that they overlap in kinetienergy.Moreover, various autoionization spetra are ompared to eah other in Fig. D.2.These multilayer spetra have a rih �ne struture, whih hanges onsiderably withphoton energy. These spetator shifts and variations in the relative intensity of thedi�erent features are in agreement to the �nding for the C K�edge.
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D.1 SnP/Ag(111) multilayer �lm
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Figure D.1: (Color online) Photon energy dependene of the EDCs at the N K�absorption edge for a SnP/Ag(111) multilayer �lm reorded at 70◦ angle ofinidene with respet to the surfae normal and p�polarized light. The signalbetween 0.5 eV and 3.5 eV binding energy is multiplied by 40 in order to visualizethe resonant enhanements. The vertial lines mark the energy position of theCIS signal of the HOMO and the HOMO-1 o� resonane. The orrespondingN K�NEXAFS spetrum is plotted on the left hand side for better orientation.
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Appendix D Additional resonant Auger spetra
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D.2 SnP/Ag(111) monolayer �lmD.2 SnP/Ag(111) monolayer �lmA two�dimensional autoionization spetrum for a SnP/Ag(111) monolayer �lm isdepited in Fig. D.3 together with the respetive N K�NEXAFS spetrum. Thedi�erenes in the NEXAFS spetrum with respet to the multilayer spetrum arefurther disussed in appendix C. Note that the autoionization signal is very weakompared to the Ag 4d signal. Nevertheless one observes resonant enhanement ofthe valene signal between 0 eV and 4 eV binding energy for 398 eV and 399.8 eVphoton energy. Moreover for hν = 398 eV the autoionization signal ontributes on-tinuously from the Fermi level to higher binding energy, analogous to the step�likeautoionization signal in Fig. 5.16. As for the multilayer �lm the HOMO related CISsignal ontributes only little to the N K�autoionization signal one an assume thatthis applies also for the monolayer �lm. Hene the autoionization signal between0 eV and 2 eV binding energy in Fig. D.3 an be assoiated with signal from theLUMO. The inset in the upper left indiates that the signature of the autoioniza-tion hanges when tuning the photon energy through the resonane whih is relatedto interferene e�ets as it is disussed in setion 5.2. Moreover, this hange in sig-nature is similar to the interferene e�ets in setion 5.2.2 and 5.2.4, whih wereassoiated with eletron�vibration oupling.In Fig. D.4 some autoionization spetra are plotted for exitation energies orre-sponding to a maximum or a minimum in the N K�NEXAFS signal. The signa-ture and the energy position of the spetral features is similar for the di�erenturves. This is in agreement with the �ndings for the C K absorption edge insetion 5.2.3.Fig. D.5 shows a series of valene spetra over the binding energy sale when tun-ing the photon energy through the �rst two C K�NEXAFS peaks. Note that thedepited spetra are idential to those plotted in Fig. 5.17 over the kineti en-ergy sale. Therefore it is referred to setion 5.2.2 for a detailed disussion of thedata.
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D.2 SnP/Ag(111) monolayer �lm
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D.3 SnP/PTCDA/Ag(111) �lmD.3 SnP/PTCDA/Ag(111) �lmSome valene EDCs for the heteromoleular SnP/PTCDA/Ag(111) �lm are plot-ted in Fig. D.6. In priniple these spetra re�et the trend in the SnP/Ag(111) mul-tilayer. Consequently they orroborate the �nding from setion 5.2.4, namely thatthe interation between the SnP and the PTCDA layer is weak and omparableto the intermoleular interation in the multilayer �lm. In partiular no signi�antresonant enhanement of the upper valene signal is observed exept for 398.35 eVphoton energy. In this EDC the signal of the HOMO-1 of SnP is little enhaneddue to partiipant deay as well as the signal from lower lying states. In ontrast,the HOMO signal is not signi�antly enhaned.Moreover, some valene spetra of a PTCDA/Ag(111) monolayer �lm are depitedin Fig. D.7 for seleted photon energies,1 whih orrespond to those indiated inFig. 5.19 and 5.20. In priniple the spetra have a broad signature, similar to whatis observed for the SnP/Ag(111) monolayer �lm. Moreover, the energy positionsof the features α and γ depend on the exitation energy. The feature α shifts tohigher kineti energy with inreasing photon energy and γ shifts to lower kinetienergy with inreasing photon energy, in partiular for exitations at the funtionalgroup for hν = 298.1. This is somewhat di�erent to what was found for theSnP/Ag(111) monolayer �lm, where only minor di�erenes between the variousautoionization spetra were observed. It might be related to the fat that thevarious arbon speies in the phthaloyanine moleule are hemially similar butvery di�erent in ase of PTCDA. The ore level and NEXAFS spetra in Fig. 4.5and 4.6 indiate that the arbon speies in the funtional group of the PTCDAmoleule, di�er strongly from the speies in the perylene ring. In partiular inthe NEXAFS spetrum the di�erene in exitation energy between transitions intothe LUMO+1 at the perylene ring and at the funtional group is of the order of4 eV. [46℄ But the energy separation between peak A and B in the C K�NEXAFSof the SnP multilayer �lm in Fig. 5.6 is only ∼ 1 eV. Note that these peaks A andB are attributed to transitions into the LEMO at the phenyl rings and at the CNarbon speies next to the nitrogen atoms, respetively.
1These partiular spetra were reorded and normalized by J. Ziro� 189
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D.3 SnP/PTCDA/Ag(111) �lm
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Figure D.7: Valene spetra for a PTCDA/Ag(111) monolayer �lm for the photonenergies indiated in Fig. 5.19 and 5.20. Note that the raw spetra are showninluding the ontribution from the substrate.
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EOrgani�inorgani semiondutor interfae �alkyl/Si(111) SAMsSelf�assembled monolayers (SAMs) from alkyl hains whih are diretly bound toa silion substrate have reently attrated attention due to several reasons. Oneaspet is that the alkyl�terminated silion surfae is omparatively inert and thatthese SAMs an be produed by hydrosilation, a wet hemial proess, whih inpriniple allows omparatively heap mass prodution of suh devies. [42, 293℄Therefore those SAMs are useful for oating silion based semiondutors. Addi-tionally, they are interesting for organi eletronis. The goal is to tailor the ele-troni and optial properties of suh SAMs simply by hoosing suitable moleulesor by penetrating the moleular �lm in a ontrolled way whih might even allownano�patterning. [294℄ Therefore systemati studies of the interfae interation areneessary. In this ontext alkyl SAMs on silion surfaes are promising as thesesystems allow to ontrol and tune various interfae properties. [295�297℄ Reentinvestigations of several ollaborating groups were partiularly foused on aspetsthat in�uene the harge transport through suh SAMs. [39, 40, 68, 297�301, A2℄Therefore a good knowledge of the eletroni struture is ruial, in partiular ofthe interfae properties.In this ontext these SAMs have been study by PES and NEXAFS with respetto three aspets: the eletroni (band) struture in the alkyl hains, the alkyl/Siinterfae bond and how the eletroni struture an be modi�ed by irradiationwith eletrons and x�rays, whih might be interesting for nano�patterning andlithography. The eletroni band struture was investigated with photon�energydependent UPS as disussed in detail in [A5℄. The important aspets of thesepubliations will be brie�y summarized in setion E.1, and additional materialwill be disussed, whih failitates the desription of the eletroni band struture.Furthermore, the in�uene of eletron and x�ray irradiation on the alkyl SAMswas studied with PES and NEXAFS. Some of the results were already publishedin [A1,A2℄ and others will be disussed brie�y in setion E.2. Finally, some resultsare shown in setion E.3 onerning the interfae states due to the ovalent alkyl�Sibond.192



E.1 From single moleular orbitals to eletroni bandsE.1 From single moleular orbitals to eletroni bandsE.1.1 Brief review of the eletroni band struture measurementsThe eletroni band struture of di�erent alkyl/Si(111) SAMs with C12H25, C14H29,C16H33 and C18H37 hains was investigated using PES with variable photon energybetween 20 eV and 200 eV. A typial data set is shown in Fig. E.1. Aordingly,signi�ant dispersion is observed in partiular for the C 2p band. Strong DOSe�ets ontribute due to the �nite hain length and an intermediate degree of orderin the SAMs. It was disussed in [A5℄ for example that the wiggles in the C 2sband between EB = 15 eV and 20 eV orrespond to the di�erent eletroni statesin the C 2s band. Moreover, instead of peak shifts as it is generally expeted fordispersion, only a variation of the relative intensity is observed when tuning thephoton energy from 30 eV to 95 eV.The ontribution of the �nite alkyl hain length to this DOS e�et was modeledby assuming one�dimensional quantum well states, whih are on�ned at the singlealkanes. As k is not a good quantum number for suh short hains, the respetivestates are smeared out in momentum spae. Consequently the alkyl band strutureould be simulated by a number of equidistant quantum well states, whih arebroadened in k by a Gaussian distribution and follow the dispersion relation forpolyethylene as it is illustrated in Fig. E.2. The disorder in the moleular layer wastaken into aount by onsidering an ensemble of moleules with slightly di�erentorientation with respet to the surfae normal. With this model the trends in thePES data ould be well simulated. An remarkable aspet was that even the PESdata for the omparatively short C12H25 SAM agrees well with this simulation whihsuggests that even for suh short moleules the band struture is omparativelysimilar to that for polyethylene.In the following it an be shown, that the disussed simple quantum well approahis ompatible with the results from quantum hemial moleular orbital alula-tions. Moreover, this omparison even allows to model the E(k) band strutureof linear moleules from these alulations. Consequently, it is demonstrated thatalready pentane moleules resemble very well the E(k) relation of polyethylene,whih orroborates the experimental �nding.E.1.2 Quantum well statesThe moleular orbitals of several alkanes of di�erent length from C5H12 to C34H70were alulated with DFT using the B3LYP funtional and a 6�31g basis set. For193



Appendix E Organi�inorgani semiondutor interfae � alkyl/Si(111) SAMs
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Figure E.1: Photon�energy dependent UPS spetra of the valene band strutureof C12H25/Si(111). The data were reorded in normal emission geometry at theUE112�1PGM2 beamline at BESSY II with 2◦ analyzer aeptane angle. Thearrows indiate the energy position of some C 2s states.
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E.1 From single moleular orbitals to eletroni bands
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Appendix E Organi�inorgani semiondutor interfae � alkyl/Si(111) SAMs

Figure E.3: (a) Analogy between the moleular orbitals of C12H26 (left) and statesin a 1D quantum well (right). The moleular orbitals whih are alulated withDFT and loal density approximation orrespond to the eletroni states of theA1 branh of the C 2s band. (b) E(k) relation whih is obtained by assigningthe k value of the orresponding quantum well state to the moleular orbital.
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E.1 From single moleular orbitals to eletroni bandsall moleules an analogy ould be found between the moleular orbitals from thesealulations and the states for a one�dimensional quantum well. In Fig E.3 (a)it is shown exemplarily for C12H25 that the moleular orbitals and the quantumwell states an be lassi�ed by the number of nodes and antinodes. It is obviousthat for the quantum well the energy of the eigenstates inrease with inreasingnumber of nodes. The same trend is also found for the moleular orbitals of theC 2s band. Consequently the quantum number k of the respetive quantum wellan be assigned to eah moleular orbital with energy E aording to the DFTalulations. Therefore the omparison between moleular orbital and quantumwell states yields a E(k) relation.A brief disussion for C12H25 demonstrates how the quantum number k is deter-mined by this approah. For the ith state of the one�dimensional quantum wellwith length L it is
ki = i

π

L
.If one assumes that this quantum well is due to a linear hain of 12 atoms withinteratomi distane d, then it is L = 13d. As the alkanes onsist of a twoatomi repeating unit of length a = 2d, whih orresponds to the unit ell forthe limit of an in�nite hain, one an write L = 6.5a. In general this givesthe relation for a linear hain onsisting of n atoms with a two�atomi repeatingunit:

ki = i
2π

(n+ 1)aIn Fig. E.3 (b) the E(k) relation for the C 2s band is shown for various alkanesof di�erent length. The energies of the di�erent eletroni states are alulatedvia DFT and the respetive k values are assigned by omparing the moleularorbitals to 1D quantum well states as illustrated in Fig. E.3 (a). Fig. E.3 (a) showsthat the so determined E(k) relations agrees remarkably well with experimentaldata and true band struture alulations for ethylene. [302�308℄ Therefore thisapproah is straightforward for determining E(k) relations from alulations ormeasurements whih yield the binding energy and the orbital shape of eletronistates, e.g. sanning tunneling mirosopy or moleular orbital tomography withPES. [150, 309℄ Furthermore, Fig. E.3 (b) indiates the E(k) relation of very shortalkanes as pentane is already very similar to that for the in�nite polyethylenehain.This quantum well approah annot only be of use in one�dimensional systems,but it an also be suessfully applied to two and three�dimensional systems. The197



Appendix E Organi�inorgani semiondutor interfae � alkyl/Si(111) SAMseletroni struture of thin metal �lms for example an be modeled by onsider-ing a quantum well in the diretion of the surfae normal. [310�315℄ Moreover,for oronene and hexa�benzoperioronene monolayer �lms a two�dimensional E(~k)relation is observed whih resembles very well the band struture of graphene.[316℄
E.2 Sensitivity to x�ray irradiationIt has been shown, that irradiation modi�es the eletroni struture whih in-reases the eletri ondutivity through the SAM. [A1, A2℄ Therefore the sensi-tivity to x�rays, UV light and eletron bombardment was studied in detail at theUE52�PGM beamline at BESSY II. Some of the key results are disussed herebrie�y.In the �rst experiment several C K�NEXAFS spetra were reorded at the samespot on the sample. These measurements were done at �xed angle of inidenewith respet to the surfae normal (70◦) and the polarization of the x�ray lightwas hanged via the undulator. Various spetra were reorded quikly with alter-nating polarization (p, s, p, s...). The C K�NEXAFS spetra in Fig. E.4 ontainthree features at 284.5eV, 287 eV and 291 eV. In general only C 1s → π transi-tions ontribute at photon energies below 286 eV. However, the signature of thissignal is not as narrow as it is expeted for transitions into π orbitals. Conse-quently the interpretation of this feature is not straightforward and therefore itwill be disussed below. Moreover, the peaks at 287 eV and 291 eV an be assoi-ated with transitions into unoupied σ symmetri C�H orbitals and C�C orbitals.Additionally, the average moleular orientation an be estimated from the lineardihroism for these σ peaks. [35℄ Aordingly the alkyl hains are predominantlystanding upright with an average tilt angle of a. 35◦ with respet to the surfaenormal, whih is ompatible with the �ndings from the band struture measure-ments in [A5℄.Two major modi�ations are observed in the C K�NEXAFS spetra in Fig. E.4 withontinuous irradiation. The peak at 284.7 eV inreases for s� and p�polarizationand the σCC ontribution dereases in the spetra for p�polarization, whereas theintensity of the σCH peaks remains onstant. This beomes even more evidentin Fig. E.5, where the peak areas are plotted over the total emitted harge fromthe sample, whih an be estimated by integrating the sample urrent over theirradiation time. Note that this is a measure for the irradiation dose, beause198



E.2 Sensitivity to x�ray irradiation
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Appendix E Organi�inorgani semiondutor interfae � alkyl/Si(111) SAMsall spetra are reorded at the same spot at the sample whih has a size of a.
50 × 500 µm2.Fig. E.5 illustrates the evolution of the area of (top) the 284.5 eV peak for thephoton energy range indiated by the grey shading in Fig. E.4, (middle) the areaof the σCH peak and (bottom) the area of the σCC peak. There is a monotoniinrease of the 284.5 eV peak with inreasing irradiation for both polarizationsand a derease of the σCC peak for p�polarization. Consequently the x�ray irra-diation indues the formation of π orbitals, whih is known for alkanes. [317�320℄The fat that no signi�ant modi�ations are observed for the σCH peaks indi-ates that the average moleular orientation of the alkyl hains does not hangesigni�antly with x�ray irradiation. Consequently the derease of the σCC peakfor p�polarization an be attributed to a hange of the intramoleular eletronistruture.This is orroborated by the observation that the inrease of the 284.5 eV peak from0 � 3 µC in Fig. E.5 is for p�polarization twie as large as for s�polarization. As foralkenes, e.g. for ethene or propene, the symmetry plane of the π orbitals is parallelto the moleular axis and the alkyl hains in the SAM are standing predominantlyupright one expets exatly the opposite behavior. [35, 170℄ Another interestingaspet with respet to Fig. E.5 is the fat that the intensity of the 284.5 eV peak isrelatively high in the �rst spetra ompared to the inrease with strong irradiation.Consequently, this signal annot only be due to degradation from the irradiationbut already the pristine sample ontributes to the signal at 284.5 eV. Furthermore,in the �rst spetra in Fig. E.4 the signature of this signal is very broad, whih isuntypial for C 1s → π transitions. In partiular the 284.5 eV peak for san 1in Fig. E.4 (a) rather resembles the signature of a σ resonane. As this peakis not observed for free alkanes it an be attributed to the interation with theinterfae. [35, 170℄

200



E.2 Sensitivity to x�ray irradiation

0.0

0.2

0.4

0.6

0.8

1.0

 

 

Pe
ak

 A
re

a 
(a

rb
. u

.)

 p-pol.
 s-pol.
 sum

peak A

2

3

4
*CH peak

 

Pe
ak

 A
re

a 
(a

rb
. u

.)

0 20 40 60 80 100 120 140

12

14

20

22 *CC peak

 

Pe
ak

 A
re

a 
(a

rb
. u

.)

Integrated Sample Current ( C/mm2)Figure E.5: Intensity of peak A, B and C in the C K-NEXAFS of C14H29/Si(111)for inreasing x-ray irradiation. The x�axis gives a measure for the irradiationdose. It orresponds to the sample urrent integrated over time divided by thesize of the illuminated spot at the sample. The values for 0 µC/mm2, 58 µC/mm2and 123 µC/mm2 are obtained from the spetra plotted in Fig. E.4. 201



Appendix E Organi�inorgani semiondutor interfae � alkyl/Si(111) SAMsE.3 Indued density of interfae statesThe formation of ovalent Si�C bonds implies strong ovalent adsorbate�substrateinteration and the formation of interfae states, similar to what was disussedin the hapters 4 and 5. Furthermore silion has a indiret band gab of only1.1 eV while for the alkyl moleules the HOMO�LUMO gap is of the order of 5-7 eV. [39, 68, 300℄ Consequently, one expets that the formation of a density ofsubstrate�adsorbate states leads to a ontinuous widening of the eletroni gapat the interfae when going from silion (bulk) into the alkyl moleules, as it isshematially illustrated on the right hand side of Fig. E.6. Consequently, theinteration at the alkyl/Si interfae leads to an indued density of interfae states(IDIS) at the moleules. This senario was veri�ed by alulations of the eletronistruture of these alkyl/Si(111) SAMs. [68℄From this piture it beomes evident that the C K�NEXAFS has ontributionsfrom exitations into the IDIS whih ontributes at lower photon energies thanthe C 1s → LEMO signal for the free alkane moleule. The dihroism for the284.5 eV peak, namely the fat that its intensity is higher for p�polarization thanfor s�polarization is ompatible with Si�C orbitals of σ symmetry. Furthermore,the new eletroni states that are reated by the x�ray irradiation have a similarsymmetry. Consequently the inrease of this peak with inreasing x�ray radiationan at least partially be assoiated with a senario where the IDIS gains moreand more spetral weight. Furthermore, it is shown in [A1,A2℄ that for radiationdoses higher than 240 µC/mm2 peak A beomes for s�polarized light higher thanfor p�polarized light, as it is expeted for exitations into regular unoupied πorbitals.The �ndings for the NEXAFS favors the following senario the in�uene of x�rayirradiation on the alkyl/Si SAM. For low radiation doses the SAM is partiularlymodi�ed at the alkyl/Si interfae, so that the spetral weight of the IDIS is in-reased, whih suggests that it extends further into the moleular layer. Withinreasing irradiation π orbitals are formed within the SAM, whih are not relatedto the interfae. Furthermore, it appears reasonable that the modi�ations of theSAM our at �rst at the interfae as they are primarily due to seondary eletronsfrom the substrate.The in�uene of the interfae interation an also be observed in the C 1s datain Fig. E.7. The spetra were reorded for a pristine C18H37 and C12H25 SAMwith 335 eV and 700 eV photon energy in order to vary the surfae sensitivity.In all spetra there is a main peak loated at EB = 285.2 eV (denominated CC)whih orresponds to the arbon speies in the alkyl hains. [℄ Additionally a weaksignal ontributes at EB = 284 eV. For the C18H37 SAM its relative intensity202



E.3 Indued density of interfae states

Figure E.6: Illustration of the DOS at the organi�inorgani interfae in alkyl/SiSAMs.with respet to the CC peak inreases with inreasing bulk sensitivity, and it on-tributes even more for the C12H25 SAM. Therefore this signal an be attributed tothe alkyl/Si interfae, in partiular to the Si�C bonds. [321, 322℄ Note that afterinvestigating arefully the in�uene of irradiation on the C 1s spetra it an beexluded that the disussed e�et is due to radiation�indued modi�ations of theSAM.In Fig. E.8 the valene spetra of a C12H25/Si(111) and a C18H37/Si(111) SAM areplotted for 60 eV and 150 eV photon energy in order to vary the surfae sensitivity.Additionally the orresponding spetra for a hydrogen terminated Si(111) rystalare depited, whih gives a good estimate for the silion bulk ontribution. There-fore the di�erene between the spetra for the alkyl/Si(111) SAM and those forthe H/Si(111) surfae an be attributed to the ontribution from the SAM and thealkyl/Si interfae. Aordingly, in spetrum (i) whih was reorded with less surfaesensitivity the SAM ontributes signi�antly for binding energies larger than 1.9 eV.However, spetrum (iii), whih was reorded for a omparatively thik SAM withhigher surfae sensitivity, has only signi�ant SAM ontributions for EB > 3.0 eV.Consequently, the eletroni states between 1.9 eV and 3.0 eV binding energy areloated at the alkyl/Si interfae. This is orroborated by the observation thatthese states ontributed signi�antly to the spetrum (ii) whih was reorded fora onsiderably thinner SAM. Consequently, this signal an be assoiated with theoupied IDIS. 203
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Figure E.9: Angle resolved valene spetra of a C12H25/Si(111) SAM on the lefthand side for 130 eV photon energy and on the right hand side for 150 eVphoton energy. The spetra are normalized to the region between 6 eV and 9 eVbinding energy. The dispersion of the silion valene band is indiated by whitelines as guide for the eyes. Note that only raw data is shown.E.4 Brief summaryThe UPS study of the valene regime of the alkyl/Si(111) SAMs with variable pho-ton energies indiates signi�ant dispersion in the signal from the SAM. Addition-ally a strong density of states e�et is observed, whih is partially due to the �nitealkyl hain length and partially due to a distribution of moleules with slightly dif-ferent orientation. It was shown, that even for the omparatively short alkanes theeletroni band struture is very similar to that of polyethylene. Moreover, it wasdemonstrated that in general the band struture an be well determined with thehelp of a quantum well approah in ombination with a tehnique that provides themoleular orbitals and the energy of the relevant eletroni states, e.g. alulationsor PES for moleular orbital tomography. [150, 309℄ Furthermore, the signal fromthe alkyl/Si interfae an be identi�ed in the NEXAFS, ore level and valene spe-206



E.4 Brief summarytra. The data indiate that an IDIS is formed at the alkyl/Si interfae due to strong,ovalent interation. Additionally, it was shown that moderate x�ray irradiation in-reases the IDIS. This e�et is in partiular interesting for harge transport throughthe SAM, beause it allows to modify the tunnel barrier. [39,294,300,301,A2℄ More-over, one ould imagine that in ombination with suitable x�ray optis this e�etan be of use for nano�patterning.
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