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Role of electronic localization and charge-vibrational coupling in resonant photoelectron spectra
of polymers: Application to poly„para-phenylenevinylene…
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A combination of x-ray absorption and resonant photoemission~RPE! spectroscopy has been used to study
the electronic structure of the one-dimensional conjugated polymer poly~para-phenylenevinylene! in nonor-
dered~as prepared! thin 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 vibrational~phonon! excitations for the character of the dispersion.
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I. INTRODUCTION

Conjugated, semiconducting, organic polymers ha
evolved from the world of electrically conducting polyme
~Nobel prize in Chemistry, 2000!, through field-effect
transistors1,2 and light-emitting devices,3 to emerging appli-
cations in plastic electronics and flat panel display syste
The efficient implementation of these materials in appli
tions requires a detailed understanding of the electronic
optoelectronic processes underlaying the function of devi
In this context, conjugated polymers are characterized
specific comprehensive properties which cannot be matc
by other materials.

~i! A polymer chain represents a~quasi-! one-dimensional
electronic system. Its spatial extension is in between tha
smaller molecules and extended higher-dimensional so
Results obtained for individual polymer chains and bulk m
terial constitute a link between these two limiting cas
eventually allowing the relatively detailed picture of ele
tronic phenomena in smaller systems to be transferred
more comples ones.

~ii ! The one-dimensionality is responsible for a high stru
tural flexibility which leads to strong charge-phonon co
pling and therefore to significant vibrational relaxatio
phenomena.4

~iii ! Due to the high polarizability of organicp-systems
intra- and intermolecular screening of charge carriers
electronic excitations is substantial.5,6

~iv! As compared to smaller molecules, Coulomb inter
tions between charges in delocalized states are rather w
These interactions increase with the degree of localizatio7,8

Specific information regarding these properties can be
tained using high-energy spectroscopic techniques.9–12 For
example, the dynamic response of the interrogated syste
the sudden and vertical photoionization can be studied
Ultraviolet- ~UPS! and x-ray ~XPS! photoelectron
spectroscopy.4,9,13 Energy-loss of high-energy electrons
measured in electron-energy loss spectroscopy in trans
sion provides the momentum dependence of~low energy!
0163-1829/2004/69~12!/125204~9!/$22.50 69 1252
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collective electronic excitations.10–12 Information on the
electronic screening response following an excitation o
core-electron into bound unoccupied states is inhibited
near-edge x-ray absorption~NEXAFS! spectra.14 More infor-
mation can be obtained by studying the decay of this exc
state. This decay occursvia several processes:15–17 radiative
x-ray emission or nonradiative decay through~i! normal Au-
ger electron emission,~ii ! participator Auger decay, and~iii !
spectator Auger decay~Fig. 1!. The latter leads to a two-hole
one-particle final state while the former populates one-h
final states,16 and might therefore also be called resona
photoemission, RPE. The participator Auger scattering
however, not vertical in nature, possibly leading to the oc
pation of different vibrationalsublevels of the given elec
tronic final state, depending on the excitation energy\v.
The kinetic energy of the emitted electron can either dispe
linearly with v ~Raman dispersion! or it can be constant.18 In
the general case the dispersion is nonlinear.19–21 There are
different possible reasons for such a nonlinearity: conse
tion of electronic momentum as in radiative x-ray scatter
from periodic systems,19,22 broadenings originating in the
spectral function of the incident radiation,23–25 a specific vi-
brational structure in the core-excited and final state20

quenching26 and dephasing27 of transitions, and charge trans
fer to systems in contact.28,29

The physics related to the dispersion of RPE final state
well studied for atoms and relatively small molecules~with
less than about 10 atoms!,17 while for solids and large mol-
ecules the situation remains basically unexplored, proba
due to the complexity of the issue for such systems. Su
RPE spectroscopy has only rarely been used to study org
and purely-carbon-based solid materials. Among the few
ceptions are graphite,30 C60,15,31 polystyrene,32 and pure as
well as nitrogen-substituted benzene.16,33 Difficulties in the
interpretation of the decay spectra arise from the comb
tion of the nature of the intermediate core-excited state as
initial state for the decay process, the character of the C
lomb matrix elements, and the role of vibrational excitatio
in the intermediate core-excited and RPE final states.

The resonant Auger scattering processes in poly-~para-
©2004 The American Physical Society04-1
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phenylenevinylene! ~PPV! molecules, with the chemica
structure shown in Fig. 2, might still be relatively simp
cases of resonant nonradiative decay processes in exte
electronic systems. Depending on the character of the u
cupied bands populated in the intermediate state, these c
excited states can be either strongly localized or delocaliz
The role of the degree of electronic localization on the n
radiative decay processes can be investigated in terms o
momentum dependence of the electronic~Coulomb! interac-
tion and of the role of vibrational degrees of freedom in t
deexcitation process. An interpretation of these proces
should be based on an interplay between vibrational bro
ening and the dispersion of electronic bands, and on the
pendence of the Auger matrix elements on the electron w
number in the solid.

The paper is organized as follows. After the description
the PPV material used and of conditions under which
experiment was performed~Sec. II!, a first analysis of the
experimental results is given in Sec. III. Next, the theoreti
model of the participator Auger scattering is described
Sec. IV: Conservation of the electron momentum is inve
gated in Part A, while in Part B it is shown how the vibr
tional degrees of freedom can influence the dispersion of
resonant features. Secs. V and VI are devoted to the num
cal calculation of resonant decay spectra of PPV and to
discussion of their properties. The results are summarize
Sec. VII.

II. EXPERIMENT

The PPV samples were made by conversion of sp
coated films of the sulphonium precursors,34 on clean gold
substrates, as described elsewhere.35 This procedure provides
homogeneous films over a large (;1 cm2) area.36 Measured
valence-band photoelectron emission spectra at diffe
spots were virtually indistinguishable from each other. T
films were sufficiently thick (;20 nm) to suppress the fea
tures from the substrate, but were still thin enough to av
charging. The defect density in the converted material
been determined by~Infrared-! Raman spectroscopy to b

FIG. 1. Nonradiative core-hole decay processes:~a! normal Au-
ger decay~nonresonant!, ~b! participator, and~c! spectator decay
following the resonant core excitation. Final-state configurations
marked by dotted areas. The Fermi level and the vacuum leve
denotedEF andEV , respectively.
12520
ded
c-
re-
d.
-
he

es
d-
e-
ve

f
e

l
n
i-

e
ri-
e
in

-

nt
e

d
s

about 5%. Statistically, each conjugated chain segment c
tains an average of about 20 to 25 repeat units. It is wo
pointing out that many earlier electron spectroscopic stud
have probably been performed on material with substanti
shorter conjugation lengths. PPV is known to be stable in
at room temperature, and in the dark.37 Physisorbed water
molecules can be easily removed by heating in UHV at te
peratures above 400 K.37

The spectra were obtained at the electron storage
MAX-Lab in Lund, Sweden. The NEXAFS and RPE me
surements were carried out at the beam lines I411 and I
respectively, at MAX-II.38 The NEXAFS spectra were re
corded in 50-meV photon energy steps with the Auger yi
technique using the Scienta SES-200 electron energy
lyzer of beam line I411. The C KLL Auger electrons we
collected with a kinetic-energy window between 260 and 2
eV. The data were normalized using the spectrum of a fres
sputtered gold sample. The NEXAFS spectra were ident
for all angles between the electric-field vector of the incide
light and the sample surface normal, indicating that, ot
than a possible partial preferential orientation parallel to
substrate surface, the spin-coated samples were not ord
on a macroscopic scale. The RPE spectra were taken with
Scienta SES-200 electron energy analyzer of beam line I3
the energy resolution set to 60 meV. The spectral width
the incident radiation was matched with the energy reso
tion of the electrons. The long-term beam stability w
within 50 meV, as measured by the position of the C(1s) line
excited by second-order light. Recording of this line sim

re
re

FIG. 2. The band structure~lower panel! of PPV calculated
using the valence effective Hamiltonian~VEH! method, rescaled
and replotted from Ref. 36, and the resulting broadened DOS
comparison with the valence-band spectrum obtained with 85
photons.
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taneously with the decay spectra provided the determina
of the exact photon energy and the alignment of the spe
on the binding-energy scale. The intensities of the spe
were normalized to absolute values of the photon flux. A
solute intensities of spectra measured at different spots w
normalized using the C(1s) intensities. To avoid any pos
sible degradation of the polymer samples during the lo
exposure to high-energy photons during the RPE meas
ments, the irradiated spot on the sample was moved sys
atically. No beam damage effects were observed in the
lence band spectra obtained with 85-eV photons.

III. EXPERIMENTAL RESULTS AND DISCUSSION

The lowest binding energy portion of the calculated on
dimensional~1D! electronic band structure of poly~para-
phenylenevinylene!, or PPV, is shown in Fig. 2~adapted
from Ref. 36!. The frontier~delocalized! p andp! bands are
derived from the outermost doubly degenerate 1e1g orbital
of the benzene molecule.36 One of these two bands, labele
p3, is localized on the carbon atoms in theorthopositions,
those which are not bound to the vinylene group, while
wave function of the other has a strong overlap with thep
state of the vinylene group, leading to the strongly disper
~delocalized! p4 band.36,39 The calculated band structure
very symmetrical, that is, the unoccupiedp bands mirror the
occupiedp! bands. Thep3 andp4 bands intersect close t
k50, center of the 1D Brillouin zone,36 which reaches from
k52p/a to p/a. The volume of the first Brillouin zone is
t52p/a. At the zone edges and in the center of the B
louin zone atk50, the dispersed bands should lead to ch
acteristic van-Hove singularities in the density of sta
~DOS!, as in all 1D systems. This is seen for PPV in UP
spectra,36,40 as well as in the spectrum obtained with 85-e
photons~Fig. 2!.

In Fig. 3~a! the NEXAFS spectrum of PPV is shown. I
the presence of the core hole, the spectrum is excitonic.
onset at about 283.9 eV is about 1 eV below the C(1s) core
level binding energy of 284.9 eV. In the region up to abou
eV above threshold, the NEXAFS spectrum exhibits th
main features, at approximately 285, 287.5, and 289 eV
of which are resonances withp!-final state symmetry.10 At
higher energies, the features correspond to states withs!

symmetry.10 In the present spectrum, new fine structure
observed in the first resonance region above the c
excitation threshold, between 284.1 eV and about 285.8
which was not seen in previous studies of thick films
PPV,10,41 nor even in monolayers of PPV on surfaces
molydenium disulfide.42 In the present highly resolved spe
trum, in addition to the sharp peak at 284.9 eV, three sho
ders are seen, two on the low-energy and one at the h
energy side.

In order to understand the origin of these features,
decay of the core-excited state, and especially the partic
tor Auger scattering channels might be studied. The par
pator decay of a resonant core-hole excited-state in a
lecular solid is a major contribution to resonant spectra
long as intra-molecular core-hole screening is dominant,
as long as the excited electron is localized on the molec
12520
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probed.15 Such RPE events are easily identified as sharp
tures with strongly varying intensities as a function of t
photon energy.15 In addition to resonant features, at any ph
ton energy, the usual valence band photoelectron emis
occurs. The intensity, however, due to the competing x-
absorption processes, should be suppressed in the vicini
the core-hole excitation energy, and does not usually exc
the intensity of the spectrum below threshold.

In Fig. 4, the RPE spectra in the energy region n
threshold, taken with photon energy steps of 0.2 eV,
shown. In addition to the broad, unstructured backgrou
which stems from normal Auger and spectator processe
resonant enhancement of all structures between about 2
at least 13 eV can be seen, as the photon energy is tune
the C(1s)-p! resonances. The resonant behavior vanis
for photon energies above about 286 eV, where ionizat
processes start to occur. However, the resonant enhance
of the two structures at lowest binding energy is by far stro
gest. According to the normal~nonresonant! valence-band
spectrum, the two strong features correspond to electron
the p-bands of PPV. First, the nondispersing peak at ab
3.85-eV binding energy, which is related to the localizedp3
state, appears at a photon energy of about 284.8 eV, that
the middle of the NEXAFS resonance. A very similar featu
has been observed for polystyrene as the single domina
p feature.32 This peak arises from states localized on t
phenylene group. For PPV, a second, strongly dispersing
ture starts to appear at a threshold energy of\v
5284.2 eV, on the low binding-energy side of the spectru
This structure is related to thep4 band. At energies around
\v5284.4 eV, the spectral weight of this peak is high b
cause of the van-Hove singularity in the DOS at the edge

FIG. 3. ~a! NEXAFS spectrum of PPV in a narrow and wide
~inset! energy range.~b! The position of the RPE peaks related
the thep3 and p4 bands as a function of the photon energy. T
nondispersing features at highest intensity is marked by full circ
The dispersingp3- band leads to the mapping of thep5

!-band in the
presence of a core hole~full and open squares!. Full squares indi-
cate visible peak positions, open squares represent approximate
ues. Furthermore, the width of thep3 and of the distortedp5

! band
are indicated.
4-3
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the band. For higher photon energies, the peak disperse
higher binding energies, and merges with the nondisper
p3-derived peak.

At the onset of the resonance at\v5284.2 eV, RPE
emission occurs only from a small part of the delocaliz
band, and is thus sensitive to a distinct part of the Brillou
zone. It needs to be investigated if by changing the pho
energy, different parts of the 1D Brillouin zone are access
Considering the ground-state band structure of PPV, the
served behavior might indicate the existence of a dispe
but distortedp5

! band in the core-hole excited state. Retu
ing to the NEXAFS spectrum of Fig. 3~a!, the fine structure
in the first resonance might be understood. Plotting the R
peak positions versus the photon energy, as in Fig. 3~b!, the
dispersion in the final states can be correlated to the posit
of the peaks in the NEXAFS spectrum, as indicated in F
3~b!. While the sharp peak of the NEXAFS resonance cor
sponds to C(1s)-to-p6

! transitions, the lowermost and uppe
most shoulders on the low- and high-binding energy si
are related to the~core-hole-distorted! p5

!-band. From Fig.
3~b! the width of this band is only 1.460.2 eV. It is signifi-
cantly smaller than that of the ground-statep4 band, for
which a width of 2.060.2 eV is measured. Furthermore, th
~distorted! p6

!-band is pulled down to almost the middle
the p5

!-band, about 0.6 to 0.7 eV from the upperp6
!-band

edge. Such a behavior is expected if one of the two band
more localized than the other, since screening in locali
states should be less than in delocalized states. In contra
the ground-state band structure, the crossing of the two
torted bands does not occur close tok50 anymore. The
third, less pronounced shoulder in the NEXAFS spectru
close to the sharp peak in the middle of the resonance, d
not have a corresponding feature in the RPE spectra. It m
therefore be caused by other than participator-type de

FIG. 4. RPE spectra for photon energies in the vicinity of the
C(1s) core level threshold and at a photon energy of 85 eV. T
position of the C(1s) line excited by second-order light is indicate
by a dashed line.
12520
to
g

d

n
d.
b-
ed
-

E

ns
.
-

s

is
d

t to
is-

,
es
ht
ay

processes which cannot be treated within this paper.
In order to be able to relate spectral features in

NEXAFS spectrum to specific electronic states, the core
citation at chemically different atomic sites into the sam
part of an unoccupied band must occur at a similar pho
energy. This requires a negligible chemical shift in the co
level binding energy for the different atomic sites. For PP
the full width at half maximum of the C(1s) peak of 0.8 eV
is relatively small, and, to a large extent, given by the lif
time of the core-hole state, vibrational broadening as wel
variations in the intermolecular polarization energy in a va
ing local arrangement of the individual polymer chain
Thus, it can be anticipated that chemical shifts of core-le
binding energies for the various carbon-atom sitesa are
small. They will be neglected in the forthcoming discussio
that is,E1s

a is set equal toE1s .

IV. THEORY

The PPV molecule has the character of a 1D chain,
which a core hole can be created in atoms from different u
cells. With an average numberN of about 20 unit cells the
conjugated segments in the material studied are relativ
long. A good approximation is an ideal infinite chain, a
continuum quasimomenta can be implemented for the un
cupied~p! and for the occupied~k! valence bands. The wav
functions and energies in these bands are denoted (cnp ,Enp)
and (c ik ,Eik), respectively. The infinite chain model has fo
lowing two obvious advantages: there are no end effects,
the Bloch theorem is valid.

We explore the participator Auger scattering

v1uground&⇒u1sa→cnp&⇒ucnp→1sa ;c ik→cq& ~1!

schematically shown in Fig. 5. The core-excited carbon at
is labeleda. The ejection of the Auger electron with th
momentumq and the energyE5q2/2 ~atomic units are used!
is characterized by the RPE cross section:19

s~E,v!5
N

t E0

p/a

dk(
n

uFnu2d„v2E2~en2e0!1Eik….

~2!

e
e

FIG. 5. Scheme of the participator Auger scattering process
picted in Eq.~1!. u is the angle between the momentum of t
Auger electronq and the chain axis.
4-4
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Because of the near zero natural lifetime broadening of
final states only the core-excited state width is conside
here. The argument of thed-function reflects the energy con
servation law for the overall RPE process. The measu
spectra display resonances which are rather broad as
pared to the spectral width of the incident radiation. T
allows the x-ray beam to be considered as essentially mo
chromatic of frequencyv.

The scattering amplitude is given by the Krame
Heisenberg~KH! formula19 and can be written in the Born
Oppenheimer approximation as

Fn5
N

t E0

p/a

dp (
a,m

^num&^mu0&Q~qkup1sa!Dnp

v2~Enp2E1s!2~em2e0!1ıG
,

~3!

where^mu0& and^num& are the many-mode Franck-Condo
~FC! amplitudes of the photoabsorption and decay tran
tions. The FC factors refer to the vibrational part of the sc
tering process. The quantum numbers and vibrational e
gies of the ground, core-excited and final states are (0,e0),
(m, em), and (n, en), respectively. The electronic matri
elements of photoabsorption and decay read

Dnp5^cnpue•du1sa&,

Q~qkup1sa!52@cqc iku1sacnp#2@cqcnpu1sac ik#, ~4!

respectively, wheree is the polarization vector of the photon
d is the dipole moment for photoabsorption at frequencyv,
and

@c ic j uckc l #5E dr1E dr2c i* ~r1!c j~r1!
1

r 12
ck* ~r2!c l~r2!

~5!

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

Based on this formalism we can identify two qualitative
different mechanisms which could be responsible for the
usual dispersion seen in PPV RPE spectra. One mecha
is simply conservation of electron momentum in the dec
process.23 The second is related to unresolved excitation p
cesses within the polymer where energy can be store
vibrational degrees of freedom.20

A. Conservation of electron momentum

At first glance the non-Raman dispersion of final st
intensities in the participator Auger scattering process~1! for
the bandsi 5p4 andn5p5* might be related to momentum
conservation of the participating electrons:k5p. Such a law
might be invoked to explain the strong photon-energy se
tivity of the RPE emission from different parts of the del
calized valence band.

We consider an idealized situation where thep5* band is a
mirror reflection of thep4 band. This mimics the band struc
ture depicted in Fig. 2. In this case the sum ofEik andEnk is
constant and does not depend onk. The peak positions of the
RPE spectral features should then be independent ofv. That
is, in a purely electronic process, the momentum of
12520
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ejected ~Auger! electron k is expected to be independe
from the momentum of the core-excited electronp. This mo-
tivates a detailed investigation of momentum conservation
the participator RPE process, Eq.~1!.

The electronic wave functionscnp of the unoccupied
electronic states are expanded in linear combinations of
lecular orbitalsxn

b of the unit cellb:

cnp5
1

AN
(
b51

N

xn
beıpba,

xn
b5xn~r2Rb!5 (

d51

K

and~p!fd . ~6!

Here,K is the number of carbon atoms in the unit cell,Rb
the radius vector of the center of the unit cellb.43 In general,
the coefficientsand(p) depend on the momentum of th
core-excited electronp. In this study onlyp bands are of
interest. Therefore,fd is simply the 2pp(r2Rd) atomic or-
bital of the carbon atomd.

In the tight-binding approximation, only the interactio
between neighboring cells is accounted for which results
the Hückel solution for the energy of delocalized bands

Enp5«n2kn cospa. ~7!

Expressions similar to those in Eqs.~6! and~7! are valid for
occupied states ifnp is substituted forik. The Hückel pa-
rameters«n5^xnuHuxn& and kn5^xnuHuxn61& depend in
general on the electron momentump.

Inserting Eq.~7! into the formula for the scattering ampl
tude, Eq.~3!, leads to

Fk5
1

t
NY~e•d!Fk ,

Fk5E
0

p/a

dp(
m

^num&^mu0&Q̃

v2~Enp2E1s!2~em2e0!1ıG
. ~8!

Here d5^fur u1s&. The coordinate of the carbon atomd
relative to the center of the unit cellb is denotedRdb5Rd
2Rb . The scattering amplitude depends on the electro
matrix element of the decay

Q̃5@fqfu1sf# (
d51

K

aid~k!and
2 ~p!e2ıq•Rdb ~9!

and the Bloch factor

Y5N23/2(
b51

N

eı(k2g)gba5
t

N3/2 (
G

d~k2g1G!,

g5q cosu, ~10!

which reflects the conservation of electron momentum alo
the molecular axis

q cosu5k1G. ~11!
4-5
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Here, u is the angle between the chain axis and the Au
electron momentumq; G52p j /a with j 561,62, . . . ,
6N is the reciprocal lattice vector. The indexd is omitted in
Eq. ~9! because the Coulomb integral is a one-center integ
The Eq.~11! expresses momentum conservation of the to
participator Auger scattering process: The sum of the Au
electron momentum (q cosu), the momentum of the valenc
hole (2k) and the lattice momentumG in the final state
vanishes because the total momentum in the initial stat
zero. Only the photon momentum is neglected in this exp
sion.

Averaging over all randomly-oriented PPV molecules
the sample, conservation of momentum according to Eq.~10!
yields the following expression for the RPE cross section

s~E,v!5
Nd2

qt2 (
n,G

E
0

p/a

dkuF ku2

3rd„v2E2~en2e0!1Eik…, ~12!

where

r5 1
2 @11~e•d̂!21@123~e•d̂!2#cos2u#,

cosu5
k1G

q
~13!

is the polarization factor. This factor takes accounts for
angle between the electric field vector of the light and
axis of the individual chains. Hered̂5d/d and uk1Gu/q
,1. Because in the experimentq'4.5 a.u.21 is much larger
than k;p/a'0.24 a.u.21, the polarization functionr
@given in Eq.~13!# depends only very weakly onk.

This discussion leads us to conclude that momentum c
servation~11! doesnot introduce any special correlation be
tween the momenta of electronsin the unoccupied~p! and
occupied~k! bands in the participator Auger scattering pr
cess. Clearly the experimental observations regarding
dispersion of thep3- and p4-RPE peaks can not be ex
plained by the character of the electronic matrix eleme
alone. Vibrational degrees of freedom need to be conside

B. Lifetime vibrational interference

Much previous work on lifetime vibrational interferenc
~LVI ! focussed on free molecules with few degrees of vib
tional freedom. In these relatively simple systems vibratio
sublevels are well resolved. This is not the case in m
polyatomic molecules and solids. Quite often an unresol
vibrational peak profile closely resembles that of a sin
effective mode44 and can be described by a single Gauss
peak. Such a one-mode approximation is widely used in
scribing x-ray and electron emission spectra and will be u
here as well.

The overall dispersion of the RPE peaks20 can be strongly
distorted by LVI.45 Moreover, the dispersion can be differe
depending on the electronic states involved. This has b
confirmed by many experiments on small free molecule21

and molecular solids.46,47
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The LVI effect has its origin in the overlap between th
vibrational densities of states in the ground, intermediate
final states of the scattering process. The first step, x
absorption, depends on the Franck-Condon~FC! amplitudes
^mu0&. These amplitudes are maximal for vertical tran
tions. To illustrate this fact, we consider large vibration
quantum numbersm with vibrational energiesem5eV . In
this case the FC amplitudes describe a Gaussian profile44,48

^mu0&'Dm0~em!5
1

p1/4AD1

expS 2
~em2eV!2

2D1
2 D ,

m@1. ~14!

The effective width of this function,D15Fca0, is defined by
the slope of the potential of the core-excited state,Fc
5udUc /dRu0, at the equilibrium geometry and the amplitud
of vibrations, a051/AMv0. Here v0 and M are the fre-
quency of the vibrational mode and the effective nucle
mass corresponding to this mode, respectively. The sca
ing amplitude as given in Eq.~3! is maximal when two con-
ditions are fulfilled: the FC amplitudêmu0& must be large
and the resonant denominator small.

The FC amplitude of the decay step can be approxima
by a Gaussian function as well

^num&'Dnm~en2em!5
1

p1/4AD2

expS 2
~en2eV82em!2

2D2
2 D .

~15!

The position of the maximum of this FC distribution is calle
eV8 . This simplified model is self-consistent because it obe
an important rule of the LVI theory—closure:(m^num&
3^mu0&5^nu0&. Because of the high density of vibrationa
states in large molecules, the sum over vibrational quan
numbers can also be replaced by an integration:49,50 (n
'*den /v0:

s~E,v!5
Nd2

qt2v0
(
G

E
0

p/a

dkuF ku2r,

en5v2E1e01Eik ,

Fk5
1

v0
E

0

p/a

dpE dem

Q̃Dnm~en2em!Dm0~em!

v2~Enp2E1s!2~em2e0!1ıG
.

~16!

Keeping in mind the role of the vibrational density o
states in the LVI effect, and the fact that the density of
brational states in the ground, intermediate and final state
determined by the~electronic! potential surfaces of thes
states an important feature of LVI in molecular solids sho
be noted. If the potential surfaces differ strongly from ea
other a large phonon broadening is expected. The slop
these potential surfaces is formed by the spatial distribu
of electron densities in the various states. Thus the pho
broadening could be a fingerprint of transitions between
calized or delocalized electronic states.
4-6
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V. NUMERICAL SIMULATIONS

Two scattering channels,u0&→u1s21p6* &→ up3
21cq& and

u0&→u1s21p5* &→ up4
21cq&, form the RPE profile

s~E,v!5sp3
~E,v!1zsp4

~E,v! ~17!

in the low binding-energy region up to about 4.5 eV. Due
the different nature of the electronic states involved~local-
ized or delocalized!, the p6* 2p3 and p5* 2p4 scattering
channels differ qualitatively from each other. Indeed, un
excitation from the localized C(1s) core-level to the local-
ized p6* -state the interatomic interaction is not strong
changed in comparison with the excitation to the delocali
p5* -band, resulting in a different vibrational broadening f
these channels. This motivates the choice of a smaller vi
tional broadeningD1 for thep3 than for thep4-RPE channel
@see Eq.~14!#. In the simulations, we usedD150.12 eV and
D250.6 eV for thep6* 2p3 and D15D250.6 eV for the
p5* 2p4 channel;eV is assumed to be equal toeV8 . A vibra-
tional broadening ofD250.6 eV corresponds approximate
to the experimental widths of thep3- and p4-peaks in the
spectra.

In a first attempt, calculations were performed usi
k-independent Coulomb matrix elements (Q̃p3

51, zQ̃p4

50.007) and the band structure displayed in Fig. 2 for
final state. For the intensity of thep4 band, a factorz
50.007 was used to provide a better agreement with exp
ment. From the experiment, the distortedp5* -band width is
essentially lowered from 2.7 eV to 1.4 eV~see Sec. II!. At
k5p/a, the energetic distance between thep6* - and
p5* -bands is taken to beEp

6*
2Ep

5*
50.67 eV.

Under these conditions, a double-peak structure
sp4

(E,v) is obtained in the simulated spectrum~see dashed
profile in Fig. 7!, which represent the two van-Hove sing
larities in the density of electronic states coming from t
two band edges~at k50 andp/a) of thep4-band. However,
in the experimental RPE spectra~Fig. 4! the p4-related fea-
ture has a high intensity at the low-energy band edge rel
to the singularity atk5p/a while for the singularity atk
50 the intensity is rather weak. This discrepancy can
overcome by making the electronic~Coulomb! matrix ele-
ments Q̃ @Eq. ~16!# k dependent. This dependence of t
lifetime broadening onk is frequently invoked to explain the
deviation of the spectral profile from the density of states51

It seems that thek dependence ofQ̃ is more important. These
simulations proof that the deviation of the spectral pro
from the density of states in the nonradiative participat
type decay spectra of solids is largelycaused by the depen
dence of the Coulomb matrix elements on k.

In the final calculations for thep5* 2p4 channel,Q̃2(k)
has the momentum-dependence depicted in Fig. 6. The
of thesek-dependent Coulomb matrix elements is equival
to an alternative approach of creating an effective band
persionEp4 ,k

e f f for the p4 band, by maintaining momentum
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independent Coulomb matrix elements. This effective disp
sion suppresses the density of states atk50 and is shown in
Fig. 6.

VI. COMPARISON OF THEORETICAL MODEL AND
MEASURED SPECTRA

The discussion on momentum conservation in RPE
one-dimensional organic semiconductors essentially ru
out that mechanism as the origin of the dispersion of
localized and delocalized final states. LVI, on the other ha
shows the proper dependence on the localization of the fi
state wave functions. A comparison with the calculated sc
tering cross sections is necessary to confirm the origin of
dispersion features. The total computed RPE cross sect
@Eq. ~17!# are plotted in Fig. 7. These cross sections rep
duce the dispersion behavior found in the measured spe
~Fig. 4! for the p3- andp4-related final states~Fig. 8!. The
origin of the different behavior is found inthe magnitude of
vibrational broadening for core excitation into localized an
delocalized unoccupied bands. Thus the dispersion of the
p3-related peak depends strongly on the vibrational bro
ening D1. A doubling of D1 gives worse agreement wit
experimental spectra~see dashed profile in Fig. 8!.

FIG. 6. ~a! The energy of thep4 band,Ep4 ,k ~solid line!, and of
the modified, effectivep4 band,Ep4 ,k

e f f ~dashed line!. ~b! The square

of the decay Coulomb matrix elementsQ̃2 for the p4 band as a
function of the electron momentumk.
4-7
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VII. SUMMARY

A strong sensitivity of the dispersion of spectral RPE fe
tures on the x-ray excitation energy is found experimenta
in PPV. The dispersion behavior follows the localizati
character of the final one-hole states populated in the r
nant scattering process. The behavior originates in scatte
from a highly localized core-excited electronic state and
motivated by the apparent deviations from linear, Raman
persion. This behavior arises through the interplay of
degree of electronic localization~expressed as the ban
width of an electronic state! and vibrational broadening. In
other words, electronic localization affects the lifetime vibr

*Email address: raifr@ifm.liu.se
†Permanent address: Institute of Automation and Electrome
630090 Novosibirsk, Russia.

‡Present address: Swedish LCD Center, Forskargatan 3, Te
dalen, 781 70 Borla¨nge, Sweden.

FIG. 7. The evolution of simulated poly~para-
phenylenevinylene! RPE cross section according to Eq.~17! with
the detuning of the photon energyV5v2283.1 eV, usingG
50.1 eV, D150.12 eV andD250.6 eV for thep6* 2p3 scattering
channel andD15D250.6 eV for thep5* 2p4 channel and the band
dispersion of the effectivep4-band, Ep4 ,k

e f f ~full line!. Simulated
spectra are plotted relative to the Fermi level. The dashed
showssp4

(E,v) for the p5* 2p4 channel using the originalp4

band shown in from Fig. 2 andQ̃51.
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tional interferencevia the ~electronic! potential surfaces in
the initial, intermediate, and final states. Additionally, ev
dence is found that in~quasi-one-dimensional! solids, the
Coulomb matrix elements exhibit a significant depende
on the momentumk of the electron in the occupied band
which is emitted in the participator decay process. That
this nonradiative resonant process is sensitive to dist
parts of the Brillouin zone.
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37K. Xing, M. Fahlman, M. Lögdlund, D.A. dos Santos, V. Parent´,
R. Lazzaroni, J.L. Bre´das, R.W. Gymer, and W.R. Salanec
Adv. Mater. ~Weinheim, Ger.! 8, 971 ~1996!.

38The base pressure in the UHV system of the endstation of
I311 is less than 2310210 mbar, and that of BL 411 less tha
131029 mbar.

39C.D. Duke and W.K. Ford, Int. J. Quantum Chem., Quantu
Chem. Symp.17, 597 ~1983!.

40J. Obrzut, M.J. Obrzut, and F.E. Karasz, Synth. Met.29, E109
~1989!.

41E. Ettedgui, H. Razafitrimo, Y. Gao, B.R. Hsieh, and M.W. Ruc
man, Synth. Met.78, 247 ~1996!.

42A. Rajagopal, M. Keil, H. Sotobayashi, A.M. Bradshaw, M.A
Kakimoto, and Y. Imai, Langmuir13, 5914~1997!.

43The definition ofRb is not unique because one can put this ‘‘ce
ter’’ in any place of the unit cell. However, such a shift ofRb

→Rb1a results only in a phase factor exp(ıpa) of the wave
function. This phase factor can be omitted.
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