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A combination of x-ray absorption and resonant photoemis@RI?E) spectroscopy has been used to study
the electronic structure of the one-dimensional conjugated polymefpaobrphenylenevinylenein nonor-
dered(as preparexthin films. The dispersion of RPE features for the decay to localized and delocalized bands
are qualitatively different. A theory for band dispersion of RPE in polymers is given, showing the important
roles of electronic state localization and vibratiofthonon excitations for the character of the dispersion.
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. INTRODUCTION collective electronic excitation$*? Information on the
electronic screening response following an excitation of a
Conjugated, semiconducting, organic polymers havesore-electron into bound unoccupied states is inhibited in
evolved from the world of electrically conducting polymers near-edge x-ray absorptiéNEXAFS) spectra:* More infor-
(Nobel prize in Chemistry, 2000 through field-effect Mmation can be obtained by studying the decay of this excited
transistors? and light-emitting devicedto emerging appli-  State. This decay occuxsa several processés:*’ radiative
cations in plastic electronics and flat panel display systemg<-ray emission or nonradiative decay throughnormal Au-
The efficient implementation of these materials in applica-9€" €lectron emissioriii) participator Auger decay, arfdi)
tions requires a detailed understanding of the electronic angPectator Auger decafig. 1). The latter leads to a two-hole

optoelectronic processes underlaying the function of deviceé),ne'partICIe final state while the former populates one-hole

6 .
In this context, conjugated polymers are characterized b nal stat_eéL,_ and might therefo_re_ also be called res_o”af‘t
otoemission, RPE. The participator Auger scattering is,

specific comprehensive properties which cannot be match S ) .
by other materials. owever, not verucgl in nature, possibly Ieadmg_to the occu-

. . . . . pation of different vibrationalsublevels of the given elec-

(|)Apolymer chain reprgsents(qugsﬁ.or?e-d|men3|onal onic final state, depending on the excitation enetigy.
electronic system. Its spatial extension is in between that Ofy,q \inetic energy of the emitted electron can either disperse
smaller moIepuIes ahd 'e'xtended hlgher—dlmen3|onal SOI'dﬁi'nearly with » (Raman dispersigror it can be constart In
Re_sults obtgmed for_ individual polymer chalns_ ap_d bulk mae general case the dispersion is nonlif@z* There are
terial constitute a link between these two limiting casesjtferent possible reasons for such a nonlinearity: conserva-
eventually allowing the relatively detailed picture of elec-tjon of electronic momentum as in radiative x-ray scattering
tronic phenomena in smaller systems to be transferred tgom periodic system&?? broadenings originating in the
more comples ones. spectral function of the incident radiatié,? a specific vi-

(i) The one-dimensionality is responsible for a high struc-brational structure in the core-excited and final stéfes,
tural flexibility which leads to strong charge-phonon cou-quenching® and dephasirfg of transitions, and charge trans-
pling and therefore to significant vibrational relaxation fer to systems in conta@®?
phenomené. The physics related to the dispersion of RPE final states is

(iii ) Due to the high polarizability of organie-systems well studied for atoms and relatively small molecu(gsth
intra- and intermolecular screening of charge carriers andess than about 10 atoms while for solids and large mol-
electronic excitations is substantrd. ecules the situation remains basically unexplored, probably

(iv) As compared to smaller molecules, Coulomb interacdue to the complexity of the issue for such systems. Such,
tions between charges in delocalized states are rather wedRPE spectroscopy has only rarely been used to study organic
These interactions increase with the degree of localizétfon. and purely-carbon-based solid materials. Among the few ex-

Specific information regarding these properties can be obeeptions are graphit®, Cso,*>%! polystyrene®? and pure as
tained using high-energy spectroscopic techniqu&sFor  well as nitrogen-substituted benzeiié? Difficulties in the
example, the dynamic response of the interrogated system interpretation of the decay spectra arise from the combina-
the sudden and vertical photoionization can be studied byion of the nature of the intermediate core-excited state as the
Ultraviolet- (UPS and x-ray (XPS) photoelectron initial state for the decay process, the character of the Cou-
spectroscop§>'® Energy-loss of high-energy electrons aslomb matrix elements, and the role of vibrational excitations
measured in electron-energy loss spectroscopy in transmif the intermediate core-excited and RPE final states.
sion provides the momentum dependence(lofv energy The resonant Auger scattering processes in odra-

0163-1829/2004/69.2)/1252049)/$22.50 69 125204-1 ©2004 The American Physical Society



R. FRIEDLEIN et al. PHYSICAL REVIEW B 69, 125204 (2004

(a) (b) (c)
Ey ‘ 2 {@\l
= n
=
................................ a
Er — el 8
valence ——-@-: ’
‘@' R =
levels ‘B
5 hv=85 eV
=
VEH calc.
core level —— o
FIG. 1. Nonradiative core-hole decay process$asnormal Au- ¢
ger decay(nonresonant (b) participator, andc) spectator decay .
following the resonant core excitation. Final-state configurations are o n 4 ns
marked by dotted areas. The Fermi level and the vacuum level are G
denotedEg andE,,, respectively. x
phenylenevinylen)g (PP\O mollecules_, with th<=T chemical T " 756* 757*
structure shown in Fig. 2, might still be relatively simple
cases of resonant nonradiative decay processes in extended A é ' "1 ' é ' (') ' _'2 ' _'4 ' -|6
electronic systems. Depending on the character of the unoc- L
cupied bands populated in the intermediate state, these core- Binding energy rel. to E_ (eV)

excited states can be either strongly localized or delocalized.

The role of the degree of electronic localization on the non- FIG. 2. The band structuréower panel of PPV calculated
radiative decay processes can be investigated in terms of tising the valence effective HamiltoniaVEH) method, rescaled
momentum dependence Of the electrdrm:)ulomb |nterac- and replotted -from Ref. 36, and the resulting brOf‘idenec_i DOS in
tion and of the role of vibrational degrees of freedom in thecomparison with the valence-band spectrum obtained with 85-eV
deexcitation process. An interpretation of these processd¥otons.

should be based on an interplay between vibrational broadsy,q ¢ 505, Statistically, each conjugated chain segment con-
ening and the dispersion of electronic bands, and on the dsjns an average of about 20 to 25 repeat units. It is worth
pendence of the Auger matrix elements on the electron wavgginting out that many earlier electron spectroscopic studies
number in the solid. o have probably been performed on material with substantially
The paper is organized as follows. After the description Ofghqrter conjugation lengths. PPV is known to be stable in air,
the PPV material used and of conditions under which the;t (oom temperature, and in the ddfkPhysisorbed water
experiment was performe(Sec. ), a first analysis of the  ygjecules can be easily removed by heating in UHV at tem-
experimental results is given in Sec. lll. Next, the theoreucalperatures above 400 ¥.
model of the participator Auger scattering is des_cr!bed N The spectra were obtained at the electron storage ring
Sec. IV: Conservation of the electron momentum is investinjax-Lab in Lund. Sweden. The NEXAFS and RPE mea-
gated in Part A, while in Part B it is shown how the vibra- g,rements were carried out at the beam lines 1411 and 1311,
tional degrees of freedom can influence the dispersion of thF‘espectiver at MAX-1® The NEXAFS spectra were re-
resonant fe_atures. Secs. V and VI are devoted to the numeriy ded in 50-meV photon energy steps with the Auger yield
cal calculation of resonan'_c decay spectra of PPV and_to thfechnique using the Scienta SES-200 electron energy ana-
discussion of their properties. The results are summarized INzer of beam line 1411. The C KLL Auger electrons were
Sec. V. collected with a kinetic-energy window between 260 and 274
eV. The data were normalized using the spectrum of a freshly
Il. EXPERIMENT sputtered gold sample. The NEXAFS spectra were _ide_ntical
for all angles between the electric-field vector of the incident
The PPV samples were made by conversion of spinfight and the sample surface normal, indicating that, other
coated films of the sulphonium precursdton clean gold than a possible partial preferential orientation parallel to the
substrates, as described elsewlefEhis procedure provides substrate surface, the spin-coated samples were not ordered
homogeneous films over a large { cn?) area®® Measured on a macroscopic scale. The RPE spectra were taken with the
valence-band photoelectron emission spectra at differercienta SES-200 electron energy analyzer of beam line 1311,
spots were virtually indistinguishable from each other. Thethe energy resolution set to 60 meV. The spectral width of
films were sufficiently thick 20 nm) to suppress the fea- the incident radiation was matched with the energy resolu-
tures from the substrate, but were still thin enough to avoidion of the electrons. The long-term beam stability was
charging. The defect density in the converted material hasvithin 50 meV, as measured by the position of the §)(line
been determined byinfrared) Raman spectroscopy to be excited by second-order light. Recording of this line simul-
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taneously with the decay spectra provided the determination
of the exact photon energy and the alignment of the spectra
on the binding-energy scale. The intensities of the spectra
were normalized to absolute values of the photon flux. Ab-
solute intensities of spectra measured at different spots were
normalized using the C@) intensities. To avoid any pos-
sible degradation of the polymer samples during the long
exposure to high-energy photons during the RPE measure-
ments, the irradiated spot on the sample was moved system- <
atically. No beam damage effects were observed in the va- 24.07
lence band spectra obtained with 85-eV photons. 3.5

[
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The lowest binding energy portion of the calculated one- ;% 2.0 1.4 eV
dimensional (1D) electronic band structure of pdpara- 284 286 288
phenylenevinylene or PPV, is shown in Fig. Zadapted Photon energy (eV)
from Ref. 3. The frontier(delocalized 7 and 7 bands are _ _
derived from the outermost doubly degeneraggglorbital ~ FIG. 3. (8) NEXAFS spectrum of PPV in a narrow and wider
of the benzene molecufé.0ne of these two bands, labeled (inséd energy range(b) The position of the RPE peaks related to
w3, is localized on the carbon atoms in thethopositions, e thems and 7, bands as a function of the photon energy. The
those which are not bound to the vinylene group, while th(_:|1ond|_sper5|r_1g features at highest |nten5|t)_/ is marked by fgll circles.
wave function of the other has a strong overlap with the e dispersingrs- band leads to the mapping of thd-band in the
state of the vinylene group, leading to the strongly disperse§ cS€"¢e of a core holéull and open squaresFull squares indi-
(delocalized 7, band®®2° The calculated band structure is Cate visible peak posmons, open squares repres.ent apptoxmate val-

. . : . ues. Furthermore, the width of they and of the distortedr; band
very symmetrical, that is, the unoccupiedbands mirror the are indicated.
occupiedw* bands. Ther; and 7, bands intersect close to
k=0, center of the 1D Brillouin zon& which reaches from probed'® Such RPE events are easily identified as sharp fea-
k= —m/a to w/a. The volume of the first Brillouin zone is tures with strongly varying intensities as a function of the
r=2mla. At the zone edges and in the center of the Bril-photon energy® In addition to resonant features, at any pho-
louin zone atkk=0, the dispersed bands should lead to charton energy, the usual valence band photoelectron emission
acteristic van-Hove singularities in the density of statesoccurs. The intensity, however, due to the competing x-ray
(DOY), as in all 1D systems. This is seen for PPV in UPSabsorption processes, should be suppressed in the vicinity of
spectra®*® as well as in the spectrum obtained with 85-eV the core-hole excitation energy, and does not usually exceed
photons(Fig. 2). the intensity of the spectrum below threshold.

In Fig. 3@ the NEXAFS spectrum of PPV is shown. In In Fig. 4, the RPE spectra in the energy region near
the presence of the core hole, the spectrum is excitonic. Thiareshold, taken with photon energy steps of 0.2 eV, are
onset at about 283.9 eV is about 1 eV below the }(dore  shown. In addition to the broad, unstructured background,
level binding energy of 284.9 eV. In the region up to about 6which stems from normal Auger and spectator processes, a
eV above threshold, the NEXAFS spectrum exhibits threegresonant enhancement of all structures between about 2 and
main features, at approximately 285, 287.5, and 289 eV, aft least 13 eV can be seen, as the photon energy is tuned to
of which are resonances with*-final state symmetr? At the C(Is)-7* resonances. The resonant behavior vanishes
higher energies, the features correspond to states aith for photon energies above about 286 eV, where ionization
symmetry?0 In the present spectrum, new fine structure isprocesses start to occur. However, the resonant enhancement
observed in the first resonance region above the coresfthe two structures at lowest binding energy is by far stron-
excitation threshold, between 284.1 eV and about 285.8 e\gest. According to the normahonresonantvalence-band
which was not seen in previous studies of thick films ofspectrum, the two strong features correspond to electrons in
PPV1%4! nor even in monolayers of PPV on surfaces ofthe -bands of PPV. First, the nondispersing peak at about
molydenium disulfidé? In the present highly resolved spec- 3.85-eV binding energy, which is related to the localizegd
trum, in addition to the sharp peak at 284.9 eV, three shoulstate, appears at a photon energy of about 284.8 eV, that is, in
ders are seen, two on the low-energy and one at the higlthe middle of the NEXAFS resonance. A very similar feature
energy side. has been observed for polystyrene as the single dominating

In order to understand the origin of these features, ther feature3? This peak arises from states localized on the
decay of the core-excited state, and especially the participaghenylene group. For PPV, a second, strongly dispersing fea-
tor Auger scattering channels might be studied. The particiture starts to appear at a threshold energy 7ob
pator decay of a resonant core-hole excited-state in a mo=284.2 eV, on the low binding-energy side of the spectrum.
lecular solid is a major contribution to resonant spectra aJhis structure is related to the, band. At energies around
long as intra-molecular core-hole screening is dominant, and w =284.4 eV, the spectral weight of this peak is high be-
as long as the excited electron is localized on the moleculeause of the van-Hove singularity in the DOS at the edge of
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Birding energy rel. to EF (V) processes which cannot be treated within this paper.

In order to be able to relate spectral features in the

for oh s in the vicinity of the th NEXAFS spectrum to specific electronic states, the core ex-

FIG. 4. RPE spectra for photon energies in the vicinity of the the ;a0 gt chemically different atomic sites into the same
C(1s) core level threshold and at a photon energy of 85 eV. Th

- i ; AR epart of an unoccupied band must occur at a similar photon
Ess:'ggs?]fetgﬁi:e(js) line excited by second-order light is indicated energy. This requires a negligible chemical shift in the core

level binding energy for the different atomic sites. For PPV,
the full width at half maximum of the C() peak of 0.8 eV
the band. For higher photon energies, the peak disperses {® relatively small, and, to a large extent, given by the life-
higher binding energies, and merges with the nondispersingme of the core-hole state, vibrational broadening as well as
m3-derived peak. variations in the intermolecular polarization energy in a vary-
At the onset of the resonance atw=284.2 eV, RPE ing local arrangement of the individual polymer chains.
emission occurs only from a small part of the delocalizedThus, it can be anticipated that chemical shifts of core-level
band, and is thus sensitive to a distinct part of the Brillouinpinding energies for the various carbon-atom sitesare

zone. It needs to be investigated if by changing the photogmall. They will be neglected in the forthcoming discussion,
energy, different parts of the 1D Brillouin zone are accessednat is, ES, is set equal tdE,s.

Considering the ground-state band structure of PPV, the ob-
served behavior might indicate the existence of a dispersed
but distortedz band in the core-hole excited state. Return-
ing to the NEXAFS spectrum of Fig.(8), the fine structure The PPV molecule has the character of a 1D chain, for
in the first resonance might be understood. Plotting the RPRyhich a core hole can be created in atoms from different unit
peak positions versus the photon energy, as in Hig), he  cells. With an average numbeét of about 20 unit cells the
dispersion in the final states can be correlated to the positionsonjugated segments in the material studied are relatively
of the peaks in the NEXAFS spectrum, as indicated in Figiong. A good approximation is an ideal infinite chain, and
3(b). While the sharp peak of the NEXAFS resonance correcontinuum quasimomenta can be implemented for the unoc-
sponds to C($)-to-m transitions, the lowermost and upper- cupied(p) and for the occupietk) valence bands. The wave
most shoulders on the low- and high-binding energy sidesunctions and energies in these bands are denatgg,E, )

are related to thécore-hole-distortedw3-band. From Fig. and (% ,E;\), respectively. The infinite chain model has fol-
3(b) the width of this band is only 140.2 eV. It is signifi-  lowing two obvious advantages: there are no end effects, and
cantly smaller than that of the ground-statg band, for the Bloch theorem is valid.

which a width of 2.8-0.2 eV is measured. Furthermore, the  We explore the participator Auger scattering

(distorted mg-band is pulled down to almost the middle of

the 7%-band, about 0.6 to 0.7 eV from the uppef-band o+|ground=|1s,— )= [¢,p— 18, di— ) (1)
edge. Such a behavior is expected if one of the two bands is . - .
more localized than the other, since screening in Iocalize&Chemat'Ca”y ShOWT‘ |n_F|g. 2. The core-excited carbpn atom
states should be less than in delocalized states. In contrast ' /a0€léda. The ejection of th2e Auger electron with the
the ground-state band structure, the crossing of the two dighomentung and the energif =q°/2 (ator_mc.unlts are used
torted bands does not occur close ke0 anymore. The IS characterized by the RPE cross section:

third, less pronounced shoulder in the NEXAFS spectrum, N

close to the sharp peak in the middle of the resonance, does _NT 2 (. _ ,

not have a corresponding feature in the RPE spectra. It might o(Ew) Tfo dk; [Falol0—E~(en= o)+ Ew).
therefore be caused by other than participator-type decay 2

IV. THEORY
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Because of the near zero natural lifetime broadening of thejected (Augen electronk is expected to be independent
final states only the core-excited state width is consideredrom the momentum of the core-excited elect his mo-
here. The argument of th&function reflects the energy con- tivates a detailed investigation of momentum conservation in
servation law for the overall RPE process. The measurethe participator RPE process, EQ).
spectra display resonances which are rather broad as com- The electronic wave functiong,, of the unoccupied
pared to the spectral width of the incident radiation. Thiselectronic states are expanded in linear combinations of mo-
allows the x-ray beam to be considered as essentially mondecular orbitalsy? of the unit cell 3:
chromatic of frequencw.

The scattering amplitude is given by the Kramers- 1 N
HeisenbergKH) formula® and can be written in the Born- Yp=— 2, xhe'PP,
Oppenheimer approximation as N £=1

_Nma (n[m)(m|0)Q(ak|p1s,)D,p «
Fn_;fo dp E w_(EVp_Els)_(fm_EO)+IF’ Xf:XV(r_Rﬁ):{sZ]_ avﬁ(p)d)é- (6)

a,m

Here,K is the number of carbon atoms in the unit cé&l

where(m|0) and(n|m) are the many-mode Franck-Condon the radius vector of the center of the unit gelf® In general,
(FC) amplitudes of the photoabsorption and decay transiyye coefficientsa,s(p) depend on the momentum of the
tions. The FC factors refer to the vibrational part of the scatyqre-excited electrop. In this study onlyw bands are of

tering process. The quantum numbers and vibrational enefpierest. Thereforeg, is simply the D_(r —R,) atomic or-

gies of the ground, core-excited and final states aree(D,,  pital of the carbon atons.

(m, €m), and (, €,), respectively. The electronic matrix | the tight-binding approximation, only the interaction

elements of photoabsorption and decay read between neighboring cells is accounted for which results in
D,p=(i,ple-d|1s,), the Huckel solution for the energy of delocalized bands

Q(qkl plsa) = 2[ 'qu'r//ikl 1Sa{rllvp] - [ 'r//qlrljvp| 1Sal/jik]! (4)

respectively, where is the polarization vector of the photon,
d is the dipole moment for photoabsorption at frequeagy
and

E,p=¢,— Kk, cospa. )

Expressions similar to those in Eq$) and(7) are valid for
occupied states ifp is substituted foiik. The Hickel pa-
rameterse ,={x,|H|x,) and x,=(x,|H|x,+1) depend in
general on the electron momentym

Inserting Eq.7) into the formula for the scattering ampli-

1
[lﬁiwjlt//kw.]:fdrlf drzwi*(rl)l/fj(rl)r—lzw’k*(rzm(rz) tude, Eq.(3), leads to
(5

the Coulomb integral determining the electronic interaction
in the nonradiative participator decay process.

Based on this formalism we can identify two qualitatively nla (n|m)(m|0)D
different mechanisms which could be responsible for the un- F= J de .
usual dispersion seen in PPV RPE spectra. One mechanism m @ (E,p—Eie) —(em—e€o) +1T
is simply conservation of electron momentum in the deca _ .
process? The second is related to unresolved excitation proﬁl?;vi_téﬂglihty if iggrglnr;? Eeqﬂorstgzng?ézgn itgm
cesses within the polymer where energy can be stored irlR The scattering amplitude depends on theﬁﬁelecl;ronic
vibrational degrees of freedoffi. B g P P

matrix element of the decay

1
Fk:;NY(e' d)]:k!

®

A. Conservation of electron momentum

K

At first glance the non-Raman dispersion of final state Q=[¢q¢|15¢]5§1 ajs(k)aj,(p)e™' " o ©
intensities in the participator Auger scattering proadsgor
the bands = 7, and v= 7% might be related to momentum and the Bloch factor
conservation of the participating electroks: p. Such a law
might be invoked to explain the strong photon-energy sensi- T
tivii]y of the RPE emiss?on from differ?ar[])t parts of thgeydelo— Y=N 3/2,32’1 ellk g)gﬁa:N_s/z %: o(k—g+G),
calized valence band.

We consider an idealized situation where tte band is a
mirror reflection of ther, band. This mimics the band struc-
ture depicted in Fig. 2. In this case the sunEpf andE « is  which reflects the conservation of electron momentum along
constant and does not dependloiThe peak positions of the the molecular axis
RPE spectral features should then be independeat dhat
is, in a purely electronic process, the momentum of the gcosf=k+G. (12)

N

g=qcosd, (10)
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Here, 6 is the angle between the chain axis and the Auger The LVI effect has its origin in the overlap between the
electron momentuny; G=2wj/a with j=*1,+2,..., vibrational densities of states in the ground, intermediate and
+N is the reciprocal lattice vector. The indéXs omitted in  final states of the scattering process. The first step, x-ray
Eq. (9) because the Coulomb integral is a one-center integrakbsorption, depends on the Franck-Cond®6) amplitudes
The Eq.(11) expresses momentum conservation of the totalm|0). These amplitudes are maximal for vertical transi-
participator Auger scattering process: The sum of the Augetions. To illustrate this fact, we consider large vibrational
electron momentumq cosé), the momentum of the valence quantum numbersn with vibrational energies,=e€y. In
hole (—k) and the lattice momenturs in the final state this case the FC amplitudes describe a Gaussian ffdffie
vanishes because the total momentum in the initial state is
zero. Only the photon momentum is neglected in this expres- 1 (€m—€y)?
sion. <m|0>~Dmo(6m):U4—\/A—eXP< _T)
Averaging over all randomly-oriented PPV molecules in m . !
the sample, conservation of momentum according to Hg). ms1 (14)
yields the following expression for the RPE cross section: '

The effective width of this functiom ;=F.a,, is defined by

Nd? wla ) the slope of the potential of the core-excited stdfke,
o(Ew)=— ;3 fo dk|Fy| =|dU,/dR],, at the equilibrium geometry and the amplitude
qrn of vibrations, ag=1\Mw,. Here wg and M are the fre-
X p&(w—E—(en— €g) +Ejy), (12)  quency of the vibrational mode and the effective nuclear
mass corresponding to this mode, respectively. The scatter-
where ing amplitude as given in Ed3) is maximal when two con-
R R ditions are fulfilled: the FC amplitudém|0) must be large
p=3[1+(e-d)?+[1—3(e-d)?|cosd], and the resonant denominator small.
The FC amplitude of the decay step can be approximated
k+G by a Gaussian function as well
cosf= —— (13
’ D 1 (6= €4 em)?
is the polarization factor. This factor takes accounts for the (N[M~Dnm(€n—€m) 771’4\/A—zex 212

angle between the electric field vector of the light and the (15)
axis of the individual chains. Herd=d/d and |k+Gl/q . ) _ o
than k~m/a~0.24 a.u:!, the polarization functionp €,,. This simplified model is self-consistent because it obeys

[given in Eq(13)] depends On|y very Weak|y ok an important rule of the LVI theory—closureEm<n|m>

This discussion leads us to conclude that momentum conx{m|0)=(n|0). Because of the high density of vibrational
servation(11) doesnot introduce any special correlation be- States in large molecules, the sum over vibrational quantum
tween the momenta of electroirs the unoccupiedp) and  humbers can also be replaced by an integratfcf:=
occupied(k) bands in the participator Auger scattering pro- ~Jde,/wg:
cess. Clearly the experimental observations regarding the
dispersion of thewrs- and 7,-RPE peaks can not be ex- E w)— Nd? E w/adk 2
plained by the character of the electronic matrix elements o(E,0)= qr2w, T Jo 7%
alone. Vibrational degrees of freedom need to be considered. 0

En=wW— E+ 60+ Eik y
B. Lifetime vibrational interference

Much previous work on lifetime vibrational interference 1 ’T’ad q QD nm( €n— €m)Dmo( €m)
(LVI) focussed on free molecules with few degrees of vibra- k_w_ofo pf Emw_(EVp_ Ei)—(em—eg)+1T°
tional freedom. In these relatively simple systems vibrational (16)
sublevels are well resolved. This is not the case in most
polyatomic molecules and solids. Quite often an unresolved Keeping in mind the role of the vibrational density of
vibrational peak profile closely resembles that of a singlestates in the LVI effect, and the fact that the density of vi-
effective mod&* and can be described by a single Gaussiarbrational states in the ground, intermediate and final states is
peak. Such a one-mode approximation is widely used in dedetermined by theelectroni¢ potential surfaces of these
scribing x-ray and electron emission spectra and will be usedtates an important feature of LVI in molecular solids should
here as well. be noted. If the potential surfaces differ strongly from each
The overall dispersion of the RPE pe&ksan be strongly  other a large phonon broadening is expected. The slope of
distorted by LVI*® Moreover, the dispersion can be different these potential surfaces is formed by the spatial distribution
depending on the electronic states involved. This has beeof electron densities in the various states. Thus the phonon
confirmed by many experiments on small free moleclles broadening could be a fingerprint of transitions between lo-
and molecular solid&4’ calized or delocalized electronic states.
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V. NUMERICAL SIMULATIONS

Two scattering channelf))—|1s™ @} )— |75 'y,) and
|0)—|1s™r7E)— |7, "), form the RPE profile

0(E,0) =0, (E,0)+ {0, (Eo) (17)

in the low binding-energy region up to about 4.5 eV. Due to
the different nature of the electronic states involv&xtal-
ized or delocalized the n§ — 73 and =& —m, scattering
channels differ qualitatively from each other. Indeed, under .
excitation from the localized C@&) core-level to the local- 0 n/2 T
ized mg-state the interatomic interaction is not strongly ,

changed in comparison with the excitation to the delocalized
ms -band, resulting in a different vibrational broadening for
these channels. This motivates the choice of a smaller vibra-
tional broadening\ for the 75 than for them,-RPE channel
[see Eq(14)]. In the simulations, we usetl;=0.12 eV and
A,=0.6 eV for themg —m3 and A;=A,=0.6 eV for the

ms — 4 channeliey is assumed to be equal & . A vibra-
tional broadening ofA,=0.6 eV corresponds approximately
to the experimental widths of the;- and m,-peaks in the
spectra.

In a first attempt, calculations were performed using
k-independent Coulomb matrix element® { =1, ¢(Q,,
=0.007) and the band structure displayed in Fig. 2 for the
final state. For the intensity of ther, band, a factor ka
=0.007 was used to provide a better agreement with experi-
ment. From the experiment, the distorted-band width is
essentially lowered from 2.7 eV to 1.4 €g8ee Sec. )l At
k=/a, the energetic distance between the- and
ms -bands is taken to bEwg —E,x=0.67 eV.

Under these conditions, a double-peak structure ofndependent Coulomb matrix elements. This effective disper-
o.,(E,0) is obtained in the simulated spectrusee dashed sjon suppresses the density of statek-a0 and is shown in
profile in Fig. 7, which represent the two van-Hove singu- Fig. 6.
larities in the density of electronic states coming from the
two band edgetatk=0 andw/a) of the m4-band. However, VI. COMPARISON OF THEORETICAL MODEL AND
in the experimental RPE spectfiig. 4) the m,-related fea- MEASURED SPECTRA

ture has a high intensity at the low-energy band edge related i , o
to the singularity ak=/a while for the singularity atk The discussion on momentum conservation in RPE of

=0 the intensity is rather weak. This discrepancy can pdne-dimensional organic semiconductors essentially ruled
overcome by making the electroni€oulomb matrix ele- out that mechanism as the origin of the dispersion of the

~ . localized and delocalized final states. LVI, on the other hand,
r_"e'_“SQ [Eq. (1.6)] K d_ependent. Th's dependence. of theshows the proper dependence on the localization of the final
lifetime broadening oik is frequently invoked to explain the

deviation of the spectral profile from the density of stafes state wave functions. A comparison with the calculated scat-
P P y " tering cross sections is necessary to confirm the origin of the

It seems that thie dependence dp is more important. These  gispersion features. The total computed RPE cross sections
simulations proof that the deviation of the spectral proflle[Eq. (17)] are plotted in Fig. 7. These cross sections repro-
from the density of states in the nonradiative participator-y,ce the dispersion behavior found in the measured spectra
type decay spectra of solids is largelgused by the depen- (rig. 4) for the m4- and 7 -related final state€Fig. 8. The
dence of the Coulomb matrix elements on k origin of the different behavior is found ithe magnitude of

In the final calculations for therf —m, channel,Q%(k)  vibrational broadening for core excitation into localized and
has the momentum-dependence depicted in Fig. 6. The usielocalized unoccupied band$hus the dispersion of the
of thesek-dependent Coulomb matrix elements is equivalentrs-related peak depends strongly on the vibrational broad-
to an alternative approach of creating an effective band disening A,. A doubling of A, gives worse agreement with
persionE‘jT;f’k for the 7, band, by maintaining momentum- experimental spectr@ee dashed profile in Fig).8

0 2 b

FIG. 6. (a) The energy of ther, band,E,rA,k (solid line), and of
the modified, effectiver, band,E?Tf;k (dashed ling (b) The square

of the decay Coulomb matrix elemen@ for the 7, band as a
function of the electron momentukn
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N : 0 FIG. 8. Experimentalfilled and empty circles for therg —
—_— =08eV andw} — 4 scattering channels, respectivegnd simulatedsolid
x10 77 A ' : 11 lines) peak dispersions in resonant photoelectron emission spectra
, L3 , 0 of PPV as a function of the detuning of the photon enefyy w
10 8 6 4 2 o -2 -4 —283.1 eV. The dashed line shows the peak dispersion for the
Binding energy (eV) g — 3 channel in the case af;=0.24 eV. Other parameters are

] ) the same as in Fig. 7.
FIG. 7. The evolution of simulated pdjyara

phenylenevinyleneRPE cross section according to H47) with
the detuning of the photon energQ =w—283.1 eV, usingl’
=0.1eV,A;=0.12 eV andA,=0.6 eV for thew§ — ;3 scattering
channel and\,=A,=0.6 eV for thewf — 7, channel and the band
dispersion of the effectiver,-band, ES'", (full line). Simulated
spectra are plotted relative to the Ferml level. The dashed line
ShOWSa'm(E w) for the % —m, channel using the originadr,

band shown in from Fig. 2 an@=1.

tional interferencevia the (electronig¢ potential surfaces in
the initial, intermediate, and final states. Additionally, evi-
dence is found that ifquasi-one-dimensionalksolids, the
Coulomb matrix elements exhibit a significant dependence
on the momentunk of the electron in the occupied bands
Which is emitted in the participator decay process. That is,
this nonradiative resonant process is sensitive to distinct
parts of the Brillouin zone.

VIl. SUMMARY
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