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The outermost, singly ionized valence state of N2, theX 2Sg
+ state, is investigated in detail as a function of

the photon frequency bandwidth for core excitation to the N 1s→p* resonance, where the photon frequency is
tuned in between the first two vibrational levels of this bound intermediate electronic state. We find a strong,
nontrivial dependence of the resulting resonant photoemission spectral profile on the monochromator function
width and the frequency of its peak position. For narrow bandwidth excitation we observe a well resolved
vibrational fine structure in the final electron spectrum, which for somewhat broader bandwidths gets smeared
out into a continuous structure. For even broader monochromator bandwidths, it converts again into a well
resolved vibrational progression. In addition, spectral features appearing below the adiabatic transition energy
of the ground state of N2

+ are observed for broadband excitation. A model taking into account the interplay of
the partial scattering cross section with the spectral function is presented and applied to theX 2Sg

+ final state of
N2

+.
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I. INTRODUCTION

As has been shown in many experimental and theoretical
studies before, the profiles of resonant photoelectron(RPE)
spectra are strongly dependent on the photon frequency or on
the detuning of the photon frequency relative to the photo-
absorption resonance. One of the main reasons of such a
strong dependence of the RPE profile on the detuning is a
correspondence between the detuning and the scattering du-
ration of the RPE process[1–4]. However, the spectral pro-
file is very sensitive not only to the photon frequency, but
also to the spectral function of the incident radiation. One of
the most prominent related examples is the narrowing of the
RPE resonances below the lifetime broadening when the
bandwidth of the excitation light is small enough. This effect
is commonly denoted in the literature as the resonant Auger
Raman effect[5–7]. Another phenomenon directly related to
the shape of the spectral function itself is a doubling of the
RPE resonances under nonmonochromatic excitation which
gives rise to additional spectral features under certain cir-
cumstances due to the imperfection of the spectral function
[8–11].

Whereas, up to now, the role of the spectral function has
been included in the description of the RPE spectra in the

field of nonmonochromatic x-ray radiation on a hitherto ad-
equate and successful level[1,8,10,12,13], a detailed analy-
sis of the general role of the bandwidth on the RPE profile is
lacking, in particular in the case of many-level systems like
core-excited free molecules. The aim of the present article is
to understand how the profile of RPE spectra is influenced by
systematic changes of the bandwidth of the incident radiation
at a fixed photon energy. As a showcase, the rather prominent
resonant Auger decay of N 1s→p* core-excited N2 mol-
ecules(see, e.g., Refs.[4,14–18]) is investigated for a photon
energy tuned between the first two vibrational levels of the
corresponding intermediate electronic state(see Refs.[19,20]
and references therein). Excitation at this photon energy will
be referred to as “valley excitation” in what follows. In par-
ticular, the evolution of the outermost singly ionized valence
state of N2, theX 2Sg

+ state, is studied in detail for a system-
atically varied spectral function of the soft x-ray monochro-
mator at that photon energy.

As is commonly known, the RPE spectral profile can be
denoted as the product of the RPE spectrum for monochro-
matic excitation with the spectral function of the incident
light. This intuitively often yields the impression that the
only role of the spectral function is to broaden the spectral
features of the resulting spectrum created by the monochro-
matic x-ray beam. In this article we will show that such a
simple picture entirely breaks down in the case of valley
excitation. In particular, for narrow bandwidth excitation we
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observe a well resolved vibrational fine structure in the final
electron spectrum, which for somewhat broader bandwidths
gets smeared out into a continuous structure, and which for
even broader monochromator bandwidths converts again into
a well resolved vibrational progression. The article is orga-
nized as follows. The experimental conditions and results of
the measurements are presented in Secs. II and III, respec-
tively. The general theory is outlined in Sec. IV. The physical
picture of the role of the spectral function width on the RPE
spectrum is elucidated in Sec. IV A. A detailed analysis of
the role of the bandwidth of the incident radiation on the
resonant photoelectron spectrum of the N2 molecule is given
in Sec. IV B. Our findings are summarized in the last section,
Sec. V.

II. EXPERIMENT

The experimental spectra were recorded at the undulator
beamline I411[21] at the MAX II storage ring at MAX-
LAB, Lund, Sweden. This beamline is equipped with a
modified Zeiss SX700 plane-grating monochromator cover-
ing the energy range 50 eV to 1200 eV, and with a rotatable
SES 200 high-resolution electron spectrometer using a hemi-
spherical analyzer. The main axis of the spectrometer lens
was set to the “magic angle”s54.7°d with respect to the
electric field vector of the linearly polarized synchrotron
light, the spectrometer resolution was set to 75 meV full
width at half maximum(FWHM) and the Doppler broaden-
ing is estimated to be 50 meV. In the present study, the
monochromator spectral function was systematically varied
by going from a very narrow(2g=45 meV FWHM) to a
very broad(2g=1400 meV FWHM) bandwidth[correspond-
ing to g=22.5–700 meV half width at half maximum
(HWHM); see Fig. 1 below], keeping the photon frequency
fixed at 400.997 eV±10 meVs<401 eVd in correspondence
with the first valley between then=0 andn=1 vibrational
levels(“valley excitation”) of the rich progression belonging
to the N 1s→p* core-excited intermediate electronic state of
N2 (see, e.g., Ref.[20]; n denotes here the vibrational quan-
tum number in the core-excited state). N2 gas with a stated
purity of .99.99% was commercially obtained. The purity
of the gas was carefully checked by on-line valence photo-
electron spectroscopy during measurements. The absolute
binding energy scale of the resonant Auger electron spectra
is established on the grounds of the valence band spectrum
presented in Ref.[22]. X-ray absorption spectra were re-
corded with high resolution around the N 1s→p* resonance
in order to calibrate the photon energy absolutely before re-
cording the individual electron spectra. The spectral function
of the monochromator was experimentally characterized by
separately recording the outer-valence Xe 5p photoelectron
lines at the fixed photon energy of 400.997 eV±10 meV
s<401 eVd as shown in Fig. 1. As we can see from this
figure, the spectral function of the monochromator changes
gradually from a Gaussian to an almost rectangular shaped
function on going from small to large exit slit openings.

III. RESULTS

In Fig. 2 we present a set of experimental data(left panel)
of the singly ionizedX 2Sg

+ state of N2, measured for a vary-

ing monochromator bandwidth at “valley excitation,” along
with the corresponding numerical simulations(right panel).
The essential points of the simulations will be discussed be-
low. As we can see from this figure, by going from a narrow
monochromator bandwidth(22.5 meV HWHM) to some-
what larger bandwidths, the well resolved vibrational pro-
gression gets smeared out into an almost continuous band
(<105 meV HWHM), and for even broader bandwidths
(*115 meV HWHM) a well resolved vibrational progres-
sion appears again. In addition, the reappearing progression
extends toward higher kinetic energies or lower binding en-
ergies(*320 meV HWHM), giving rise to additional spec-
tral features below the adiabaticm=0 vibrational line of the
outermostX 2Sg

+ singly ionized valence state of N2, which
are reminiscent of “hotbands”(m denotes here the vibra-
tional quantum number in the final electronic state). How can
the disappearance and reappearance as well as the extension
of the vibrational progression below the adiabatic transition
of the outermost valence state be understood on the grounds
of changes in the spectral function of the monochromator?

IV. GENERAL THEORY

In order to derive an adequate physical explanation of the
experimental observations presented above, we will start
from some basic equations. The RPE process is usually con-
sidered to be a one-step coherent scattering process which
consists of core excitation and deexcitation leading to the

FIG. 1. The spectral function of the monochromator experimen-
tally determined by measuring the outer valence Xe 5p photoelec-
tron lines at the photon energy of 401 eV(valley excitation).
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emission of an Auger electron with kinetic energyE. To be
consistent with the presentation of our measurements as
shown in Fig. 2 we prefer to use the binding energy scale
instead,

EB = v − E, s1d

wherev is the photon frequency. The total RPE cross section
(in a.u.)

ssEB,vd = o
m

smsEB,vd s2d

is the sum of the partial RPE cross sections(corresponding
to the final vibrational statesuml), convoluted with the spec-
tral function of the incident radiationFsV ,gd, which reads
as [1]

smsEB,vd = uFmu2FsEB − v fm,00,gd,

Fm = Dkmu0l + o
n

kmunlknu0l
v − EB − vcn,fm + ıG

. s3d

Herevcn,fm=v00
cf +«n

c−«m
f , v fm,00=v00

f0+«m
f , vin,jm=Ei,n−Ej ,m,

whereEj ,m is the total energy of the electron-vibrational state
C j ,m=c juml; v00

cf andv00
f0 are the resonant frequencies of an

electron-vibrational transition between the lowest vibrational
levels of the electronic statesc and f and the electronic states
f and 0, respectively;G is the lifetime width of the core-
excited state. We neglect here the comparatively small life-
time width G f of the final state. Please note that the photon
frequencyv in Eq. (3) is the frequency of the maximum of
the spectral distribution of the x rays. The spectral function
in Eq. (3) reaches its maximum value whenEB=v fm,00, or
E=v−v fm,00. This reflects the energy conservation law of
the whole RPE process[1].

The Kramers-Heisenberg scattering amplitudeFm written
in the Born-Oppenheimer approximation depends on the
Franck-Condon(FC) amplitudes between the groundu0l,
core-excitedunl, and finaluml vibrational states; it is known
in the literature to describe accurately interference effects
like, e.g., lifetime vibrational interference[14,23,24] and
continuum-continuum interference[25–27]. We omit here a
prefactor which depends on the electronic transition matrix
elements. Furthermore, we will use atomic units and the no-
tation «n

c=en
c−e0

c, whereen
c is the vibrational energy of the

core-excited state. For example, in the harmonic approxima-
tion «n

i =nvi, wherevi is the vibrational frequency of theith
electronic state. The relative amplitudeD of the direct pho-
toemission process is neglected in the simulations. This is a
reasonably good approximation for the singly ionizedX final
state of N2 for excitations on thep* resonance(cf. Ref. [4]).
The spectral distribution of the incident x rays is conve-
niently described by the normalized spectral function

FsV,gd =
k

g1Gs1/2kd
expF− S V

g1
D2kG, g1 =

g

sln 2d1/2k ,

s4d

with the half width at half maximum being equal tog. Please
note thatGsxd denotes here the analytical Gamma function
and should not be confused with the notation of the core-hole
lifetime used in Eq.(3) above. This expression of the spectral
function is convenient for our simulations because it de-
scribes a smooth transition from a Gaussiansk=1d to a rect-
angular functionsk@1d as can be seen from Fig. 3, where
we explicitly plotted this function for three different values
of the shape parameterk. The spectral function[cf. Eq. (4)]
mimics the measured spectral distributions(cf. Fig. 1), save
for the asymmetry of the experimental profile atg
=320 meV andg=700 meV. We performed simulations of

FIG. 2. The total RPE cross sections for the
singly ionizedX state of the N2 molecule upon
valley excitation:v=sv00+v10d /2. Comparison
of the experimental and simulated spectrasG
=0.057 eVd.
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the RPE spectra for different values of the shape parameterk.
The right panel of Fig. 2 displays the spectra fork=1 and
k=2.5. The valuek=2.5 comes closest to the experimentally
observed rectangular shapes(see Fig. 3). One can see from
Fig. 2, that both Gaussiansk=1d and rectangularsk=2.5d
spectral functions give almost the same spectral profiles for
gù150 meV. However, when the bandwidthgø115 meV,
the simulations performed with a Gaussian spectral function
fit the experiment better(cf. Fig. 2) than those based on a
rectangular spectral function. This is in line with the mea-
sured spectral functions(cf. Fig. 1). The case of incident
white light fFsV ,gd=F=constg deserves a special com-
ment. Such broadband excitation gives basically the nonreso-
nant Auger spectrum

sNRsEB,vd = Fo
m

uFmu2, s5d

because we coherently excite all intermediate state vibra-
tional levels. It shows, contrary to resonant photoemission,
linear dispersion on the binding energy scale, due to the lin-
ear dependence of the partial scattering amplitudeFm on the
frequencyv [cf. Eq. (3)]. It will be referred to as broadband
excited Auger spectrum in what follows.

A. Physical picture: A simplified four-level model

In order to gain a deeper insight into the physics it is
helpful to start with the analysis of a simplified four-level
system(see Fig. 4) for which the scattering amplitude reads
as

F = Fsv − EBd =
1

v − EB − v1f + ıG
+

1

v − EB − v2f + ıG
.

s6d

Our model assumes core excitation from the ground state 0
to two core-excited states 1 and 2, with subsequent Auger
decay to the single final statef. According to Eq.(6) the
weights of these two scattering channels are the same. For
the following discussion it is worthwhile to recapitulate the
physical meaning ofuFu2: It is the spectral shape of broad-

band excited photoemissiong=` [cf. Eq.(5)]. It is necessary
to note that, according to Eq.(6), FsEd=Fsv−EBd does not
depend on the photon frequencyv on the(Auger) electron
kinetic energy scale, but it depends onv on the binding
energy scale. Because we use the binding energy scale here,
the “broadband excited spectrum” disperses whenv changes
[cf. Eq. (6)], while the peak position of the spectral function
FsEB−v f0,gd does not depend on the excitation energy. As a
consequence, we can see that the major role of the spectral
function is to select parts of the broadband excited spectrum
uFu2 around the resonant binding energyEB=v f0, according
to ssEB,vd= uFu2FsEB−v f0,gd. This rather simple, but for
the following discussion crucial, point is illustrated in Fig. 4.
As we can see from this figure, there is a clear distinction
between an “on-top” resonant excitation,v=v10, and an ex-
citation “between” two resonances(i.e., valley excitation),
v=sv10+v20d /2. When g is small both on-top and valley
excitations lead to a single resonance in the resulting electron
spectrum as indicated in this figure. The main difference is
that the peak position of the spectral profile coincides with
the line 1→ f of the broadband excited Auger spectrum
in the case of on-top excitationsv=v10d. For valley
excitation, the spectral function overlaps only with the valley
between the lines 1→ f and 2→ f of the broadband excited
Auger spectrum. Due to this, the on-top RPE spectrum
shows only the narrow strong 1→ f peak while the valley
spectrum consists of a weaker line situated between 1→ f
and 2→ f of the broadband excited Auger spectrum. Wheng
increases, a doubling of the resonance can be encountered for
the valley excitation, with the same intensities of the blue
and red shifted peaks. In addition, as indicated by Fig. 4(a)

FIG. 3. The numerically implemented spectral functionFsV ,gd
showing a smooth transition from a Gaussiansk=1d to a step func-
tion sk@1d according to Eq.(4).

FIG. 4. Formation of the spectral profile for a four-level system
for both resonant and valley excitations[k=1 (Gaussian)]. The
binding energysEB−v f 0d is defined relative tov f 0. (a) Valley ex-
citation, v=sv10+v20d /2; (b) resonant excitation,v=v10, G
=0.057 eV,v12=0.24 eV.
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the spacing between these two peaks increases with the in-
crease ofg. This increase of the spacing is the key point to
explain the above mentioned unusual evolution of the RPE
spectrum of N2 as a function of the bandwith. The picture
looks different for on-top excitation: a small increase ofg
results in a weak red shoulder. This shoulder transforms to a
peak for even largerg which moves toward the lower energy
region and eventually becomes stronger[see Fig. 4(b)]. If g
is large compared to the spacing between resonances 1 and 2,
both on-top and valley excitations yield the same symmetri-
cal double-peak profile. The reason for this is simple: now
both excitations can basically be considered as off resonant
due to the broad bandwidth of the excitation light, resulting
in uFu2.

From our discussion so far we can conclude the follow-
ing. When the narrow spectral function is tuned to a certain
part of the broadband Auger spectrum, the spectral function
will cut out a narrow part of it. In turn, the spectral function
selects a broader part from the broadband spectrum, wheng
increases. The RPE spectrum coincides with the broadband
profile if g becomes comparable to or larger than the total
width of the broadband Auger spectrum.

B. Role of the spectral function width on the RPE profile of
N2: Detailed analysis of the total and partial

cross sections

Numerical simulations were performed for the experimen-
tally investigated N2 case based on Eqs.(2) and(3) (see Fig.
2). The FC amplitudes were calculated using Morse poten-
tials with the spectroscopic constants summarized in Table I.
Figure 2 shows a direct comparison of the experimental and
theoretical total RPE cross sections for the singly ionizedX
final state of N2. It is important to stress the major difference
between the N2 RPE spectra(cf. Fig. 2), which consist of
many final vibrational statesuml, and our simplified model
system, which has only one final state(cf. Fig. 4). The reason
for this difference lies in the partial cross sections
uFmu2FsEB−v fm,00,gd, which are different for different final
vibrational statesuml. More precisely, this difference is due
to a strong dependence ofuFmu2 (see Fig. 5) and the energy
positions

EB = v fm,00 s7d

of the spectral functionFsEB−v fm,00,gd on the final vibra-
tional stateuml. Our simulations show that only four final
vibrational statessm=0,1,2,3d provide an essential contri-
bution to the RPE spectral profile of N2 (see Figs. 2 and 6).

Consequently, the narrow spectral functionsg=22.5 meVd
selects four peaks from the broadband excited Auger spec-
trum sNRsEB,vd [cf. Eq. (5)] which correspond to four final
vibrational statessm=0,1,2,3d with different binding ener-

TABLE I. Spectroscopical constants used for calculations of the
Morse potential curves and for the cross section simulations.

ve scm−1d vexe scm−1d R0 sÅd E00 seVd Reference

N2 sX1og
+d 2358.57 14.324 1.09768 0 [28]

N*N s1Pud 1904.1 17.235 1.1645a 400.88 [20]

2207.00 16.10 1.11642 15.581 [28]

aRc=1.1645 Å from Ref.[18].

FIG. 5. Formation of the partial RPE cross sections for the sin-
gly ionizedX cationic state of the N2 molecule upon valley excita-
tion, v=sv00+v10d /2; g=105 meV. The upper panel shows the
total RPE profile[cf. Eq. (2)]. The thin solid lines indicate the
spectral function, the dashed lines represent the squared partial am-
plitude uFmu2, and the solid lines show the resulting partial RPE
cross sectionssmsEB,vd [cf. Eq. (3)]; G=0.0575 eV.

FIG. 6. Schematic depiction of the qualitative distinction be-
tween valleyfv=sv00+v10d /2 ,sadg and on-topfv=v00,sbdg RPE
cross sections for the singly ionizedX state of the N2 molecule.
Simulations were performed with the Gaussian spectral function
sk=1d. The bandwidthg=700 meV corresponds to the broadband
excited Auger spectrum. The arrows show schematically the mani-
festation of the doubling effect for valley and on-top excitations.
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gies EB=v f0,00, v f1,00, v f2,00, and v f3,00. These peaks are
marked by the labelm in Fig. 6(a). It is worth recapitulating
that the spectral function selects only one peak in the simpli-
fied four-level model system above(cf. Fig. 4). Let us start
our analysis from “auxiliary” Fig. 6, where we present spec-
tra both for valley fv=svc0,00+vc1,00d /2g and for on-top
sv=vc0,00d excitations. First of all, it is necessary to give an
assignment for the main peaksA, B, C, andD of the broad-
band excited Auger spectrum(see spectra withg=700 meV
in Fig. 6). PeaksA, B, C, andD are formed mainly by the
decay transitionsf1→0;2→1g, f0→0;1→1g, f0→1;1
→2;2→3g, and f0→2;1→3g, respectively. Here we used
the notationfn→mg with n andm as the vibrational quantum
numbers of the core-excited and final states, respectively. In
other words, theA, B, C, andD features correspond to the
decay transition with the following change of the vibrational
quantum numbersn−m=1,0−1,−2,respectively. Thus, for
on-top excitation [cf. Fig. 6(b)], the spectral functions
fFsEB−v fm,00,gdg corresponding to the final statesm
=0,1,2have maxima for the same binding energies as peaks
B, C, and D, respectively, of the broadband excited Auger
spectrum. For the valley excitation, the broadband excited
Auger spectrum experiences a blue shift by half of a vibra-
tional quantum as can be seen in Fig. 6(a). Here the peak
positions of the spectral functionsfFsEB−v fm,00,gdg coin-
cide with the valleys of the broadband excited Auger spec-
trum. This difference between the on-top and valley excita-
tions plays a crucial role in the formation of their RPE
profile. The evolution of the RPE spectra from narrowsg
=22.5 meVd to broadbandsg=700 meVd excitation can
therefore be explained as follows. Let us consider first the
valley excitation[cf. Fig. 6(a)]: Wheng becomes larger, the
spectral functions overlap more efficiently with the adjacent
peaks of the broadband excited Auger spectrum. For ex-
ample, the spectral functionsFsEB−v fm,00,gd which corre-
spond to the final statesm=0,1,2overlap with peaksA and
B, B andC, C andD, respectively. Due to this overlap, the
RPE peakssm=0,1,2d corresponding tog=22.5 meV start
to split into two components. This can clearly be seen in both
the experimental and the simulated spectra shown in Fig. 2.

The evolution of the spectrum for the on-top excitation
[see Fig. 6(b)] is much simpler. In this case the manifestation
of the doubling effect is considerably suppressed because the
peak positions of the spectral functions coincide with the
maxima of the broadband excited Auger spectra. Our simu-
lations show that the only effect of the increase ofg is the
broadening and the redistribution of the intensities between
the peaksA, B, C, andD, without change of their peak po-
sitions.

The evolution of the valley-excited experimental spec-
trum near 15.7 eV and 16.2 eV clearly shows a doubling of
the spectral profile when the bandwidth is systematically
changed from 22.5 meV to 700 meV(HWHM). Our simula-
tions reproduce this trend very well(cf. Fig. 2) in accordance
with the theory outlined here. However, the dynamics of the
formation of the central part of the spectrum(i.e., the region
around 15.8 eV) looks qualitatively different(cf. Fig. 2). As
we can see from Fig. 2, the doubling effect is observed only
for g.115 meV in this region, but not for smaller band-

widths. To understand this finding on a more profound level,
we shall analyze the partial cross sectionssmsEB,vd [cf. Eq.
(3)] for g=105 meV which are displayed in Fig. 5. We see
here the doubling effect for the partial cross sections, but not
for the total cross section[cf. Eq. (2)]. The reason for this is
the already mentioned dependence of the spacing between
the components of the doublet ong (see Sec. IV A). For
small bandwidths the peak positions of the adjacent compo-
nents of the neighboring doublets are different(see Fig. 5):

EB„Bs0d… Þ EB„Bs1d…, EB„Cs1d… Þ EB„Cs2d…. s8d

Let us sum up the partial cross sections form=0,1,2 as
shown in Fig. 5. We get four peaks in the region
f15.6 eV,EB,16.1 eVg

Bs0d, Bs1d, Cs1d, Cs2d. s9d

This explains the rather complicated spectral shape of the
central part of the spectrum(see Fig. 2 and upper panel of
Fig. 5). As is apparent(see discussion in Sec. IV A, wheng
is large, the adjacent peaks coincidefEB(Bs0d)
=EB(Bs1d) ,EB(Cs1d)=EB(Cs2d)g and we get two peaks in-
stead of four; hence the doubling of the central part of the
RPE spectra forg.115 meV (cf. Fig. 2). Thus we have
shown that under valley excitation each RPE peak exhibits
doubling. The dependence ong of the spacing between the
different components of such a doublet results in an unex-
pected and strong sensitivity to the bandwidth of the RPE
spectral shape for a many-level system as can be found in
molecules. Here we primarily studied the valley excitation
(i.e., the photon energy was tuned between the first two vi-
brational levelsn=0,1), and in addition compared it theo-
retically to an on-top excitation. In the case of valley excita-
tion the role of the spectral function width is strongly
emphasized. However, the influence of the widthg of the
spectral function on the formation of the spectral profile is
also important for other photon energies. Furthermore, a
similar behavior as discussed here for the singly ionizedX
final state of N2 can be found for other final states, such as,
e.g., the singly ionizedA andB final states of N2.

V. SUMMARY

We found a strong dependence of the resonant photoemis-
sion spectral profile on the monochromator function width
and the frequency of its peak position(carrier frequency). An
intuitive picture tells us that the only role of the bandwidth is
to broaden the profile of resonant photoemission. However,
our investigations show that such a simplified consideration
does not hold in general. Both experiment and theory dem-
onstrate that the RPE profile of the N2 molecule exhibits an
unusual and strong dependence on the bandwidth of the
spectral function for valley excitation. In particular, we ob-
served a well resolved vibrational progression for small and
large spectral function widths, which gets smeared out into a
continuous structure for intermediate bandwidths. A model
taking into account the interplay of the partial scattering
cross sections with the spectral function was presented and
successfully applied to theX 2Sg

+ final state of N2
+.
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