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The interatomic resonant Auger effect in N2O is investigated experimentally and theoretically. We
observe variations of the ratio between the yields of 1s-photoionization of the central and terminal
nitrogen atom in the photon energy range across the O 1s → π∗ excitation. The present ab initio
calculations of electronic structure and dynamics attribute these variations to the Fano interference
between the direct N 1s-photoionizations and the resonant O 1s→ π∗ excitation followed by Auger
decays into the respective core-shell continua. The theory reveals that this interatomic core-hole-
transfer effect is governed entirely by an energy transfer mechanism, and not by charge transfer.

I. INTRODUCTION

Almost twenty years ago, a series of independent stud-
ies [1–3] demonstrated that core-level photoemission in
solids is enhanced when scanning the ionization energy
across the resonant core-level absorption range of a dif-
ferent neighboring atom. This phenomenon was termed
multiatom resonant photoemission (MARPE), and its
application for the determination of the local environ-
ment of an atom in a solid was demonstrated [4, 5].
For isolated molecules in the gas phase, MARPE can be
understood as a nonlocal resonant Auger effect, where
the core-excitation of one of the atoms is embedded in
the core-level ionization continuum of another atom. In
molecules, this effect was first identified in the differential
photoionization cross section via nondipole photoemis-
sion from core-levels of N2O and OCS molecules [6, 7].
To distinguish the short-range molecular process from
the somewhat longer-range MARPE process, this phe-
nomenon was termed nearest-neighbor-atom core-hole
transfer (NACHT) effect.

Later on, this effect was successfully identified by other
authors in NO and CS2 molecules [8, 9]. They suggested
to interpret it as a Fano interference between the direct
and resonant ionization pathways in the nonlocal reso-
nant Auger decay channel. In the coincident experiments
of Refs. [8, 9], the Fano interference resulted in a clear en-
hancement of the on-resonance photoemission from those
linear molecules (as compared to the off-resonance case)
if they were oriented perpendicular to the light polar-
ization direction, as they were addressing π∗ resonances.
On the contrary, no enhancement in photoemission was
observed if the molecules were oriented in parallel with
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the light polarization. The authors proposed an analogy
to the interatomic Coulombic decay (ICD, [10]). They
also understood that the core hole is not transferred be-
tween two neighbours, but rather an energy transfer takes
place. Therefore, they avoided the abbreviation NACHT
and termed this phenomenon interatomic resonant Auger
effect.

In the present work, we investigate the Fano interfer-
ence between the direct and resonant photoionization
pathways in the interatomic resonant Auger decay of
N2O. The processes relevant for the present study are
schematically illustrated in Fig. 1 (see caption for de-
tails). In particular, as illustrated in this figure, we
investigate the Fano interference between the pathways
(a)+(b or c) and (d) for the central nitrogen atom, and
between the pathways (a)+(e) and (f) for the terminal
nitrogen. Our study allows to quantitatively compare the
different interpretations of this effect in the originally in-
vestigated N2O molecule by revealing the energy-transfer
mechanism in the photoionization cross-section rather
than in the nondipole parameter. By using state-of-
the-art experimental and theoretical methods we demon-
strate, that this effect causes variations in the ratio be-
tween the total 1s-photoionization yields of the central
and terminal nitrogen atoms across the O 1s→ π∗ reso-
nance. We also suggest a straightforward analogy of this
effect to the antenna-receiver mechanism [11] observed in
the resonant ICD of heteronuclear dimers [12, 13].

II. EXPERIMENT

The experiment was performed at the P04 beamline
[14] in the timing mode of the synchrotron radiation fa-
cility PETRA III at DESY in Hamburg, Germany. The
APPLE II undulator was set to pure circular polariza-
tion to rule out angle dependent effects. The exit slit of
the monochromator was set to 60µm. The photon en-
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FIG. 1: Sketch of the presently studied processes: (a) exci-
tation of an O 1s-electron into the π∗ resonance; (b) inter-
atomic participator Auger decay into the Nc 1s-continuum
via the dominant energy transfer and (c) via the very weak
charge transfer mechanisms; (d) direct ionization of the Nc 1s-
electron; (e) interatomic participator Auger decay into the Nt

1s-continuum via energy transfer (charge transfer is here neg-
ligible); (f) direct ionization of the Nt 1s-electron. The Fano
interference emerges for the Nc atom between the (a)+(b or
c) and (d) pathways, and for Nt between (a)+(e) and (f).

FIG. 2: False gray-scale plot of the excitation energy depen-
dent photoelectron time-of-flight spectra in the region of the
nitrogen 1s-photoelectron lines. The two prominent features
are the terminal (lower inclining spectrum) and central (up-
per inclining spectrum) nitrogen 1s-photoelectron lines. The
very fast conventional resonant Auger electrons released by
the subsequent excitation pulse, seen at longer times of flight
(on the top), were used for the exciting-photon energy cali-
bration.

ergy was varied from 531 to 540 eV in steps of 50 meV
across the O 1s → π∗ resonance, which is located at
534.6 eV [6]. For each individual step, a time-of-flight
electron spectrum was recorded using a magnetic-bottle
spectrometer described in detail in Ref. [15]. We focused
on the ratio between the 1s-ionization yields of the central
and terminal nitrogen atoms. Since it allows to neglect
fluctuations of photon flux, target density, etc., i.e., is
intrinsically calibrated. For the present exciting-photon
energy range, the nominal kinetic energies of the Nc and
Nt 1s-photoelectrons are in between 118 and 132 eV. The
overall transmission of the spectrometer with these set-
tings is much lower for electrons of kinetic energies as
high as few hundreds of electron volts, as compared to
low kinetic energies of few electron volts. In order to ef-
ficiently record the Nc and Nt 1s-photoelectrons and to
resolve the 4 eV chemical shift between these photoelec-
tron lines, a 114.5 V retardation field was applied.

Figure 2 shows a plot of the recorded time-of-flight
spectra in the vicinity of the oxygen 1s→ π∗ resonance.
The two prominent lines can be identified as the Nc and
Nt 1s-photoelectrons, respectively, at longer and shorter
times of flight (note that the latter electrons have about
4 eV higher kinetic energies than the former). Very fast
conventional resonant Auger electrons released by the
subsequent excitation pulse were also detected, but with
much lower probability due to the reduced transmission
(nominal kinetic energies on the resonance are about 450–
520 eV). Those electrons are seen on the top of Fig. 2 at
larger times of flight. As one can see, this spectrum of
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FIG. 3: Experimental results: (a) relative 1s-photoionization
spectra for the central and terminal nitrogen atoms; (b) ratio
of the Nc(1s) to Nt(1s) intensities and best fit of the logarith-
mic background.

conventional resonant Auger electrons exhibits resonance
structures. This recorded resonance-enhanced yield is in
agreement with the experimental results of Ref. [6] (see
Fig. 1 of there). This signal was used to calibrate the
exciting-photon energy.

In each individual spectrum the two nitrogen 1s-peaks
were fitted by Gaussian functions. The areas of these
functions yield the individual spectral intensities shown
in Fig. 3a. Dividing these intensities results in the
energy-dependent ratio of Nc(1s) to Nt(1s) shown in
Fig. 3b. A residual background of the ratio can be ex-
plained by the logarithmic transmission function of the
magnetic-bottle spectrometer used for this experiment.
The best fit of the systematic background by a loga-
rithmic function is also shown in Fig. 3b by the dashed
curve. The measured ratio of two photoelectron inten-
sities exhibits a Fano-interference behavior around the
background curve across the O 1s → π∗ resonance at
534.6 eV [6] (see discussion in Sec. IV).

III. THEORY

In order to assign the presently observed variation in
the ratio between the two photoionization yields to the
Fano interference, we modeled the interatomic resonant
Auger decay in N2O theoretically. For this purpose, we
applied the previously developed theoretical approach,
which was successfully used to interpret core ionization
and core excitation spectra of polyatomic molecules [16–
22]. It includes the electronic state interference (ESI,
[23]) and the lifetime vibrational interference (LVI, [24])
via the Kramers-Heisenberg formula. In the one-particle
Hartree-Fock approximation, the electronic part of the
total amplitude for the 1s-photoionization of nitrogen
atoms in the vicinity of the O 1s → π∗ excitation reads

FIG. 4: Theoretical results: (a) cross sections for the 1s-
photoionization of the central and terminal nitrogen atoms;
(b) ratio between the Nc(1s) and Nt(1s) cross sections (solid
curve). Only the O 1s→ π∗ resonance was included in the cal-
culations. Its position is indicated by the vertical dotted line.
The dashed curve in panel (b) shows the ratio between the
direct photoionization cross sections (i.e., without the Fano
interference).

D`mk(ω) = 〈ε`m|dk|1sN〉

+
〈1sO ε`m|Hee|1sN π∗〉〈π∗|dk|1sO〉

ω − Eπ∗ + iΓπ∗/2
. (1)

Here, Hee is the operator for the electrostatic Coulomb
interaction and dk is the electric dipole transition op-

k. The one-particle wave functions of the bound states
|1sO〉, |1sN〉 and |π∗〉 represent the respective core elec-
trons of the oxygen and nitrogen atoms, as well as the
considered excited state with the energy Eπ∗ and Auger
decay width Γπ∗ . The photoelectron partial continuum
waves with angular momentum quantum numbers ` and
m are designated as |ε`m〉. The photon energy ω is re-
lated to the photoelectron kinetic energy ε and the bind-
ing energy IP of the N 1s-electron as: ω = IP + ε. The
total photoionization cross section is given by the inco-
herent sum over the partial cross sections as:

σ(ω) =
∑
`mk

|D`mk(ω)|2. (2)

The electronic transition amplitudes for the ionization,
excitation and Auger decay from Eq. (1) were computed
by the stationary single Center (SC) method [25, 26].
Calculations were performed in the frozen-core Hartree-
Fock approximation at the equilibrium linear geometry
of the neutral N2O molecule.

[16, 19, 22, 23]:

erator for the absorption of a photon with polarization

Wave function of the
lowermost excited electronic state (i.e., of the LUMO)
was obtained in the equivalent core ”Z + 1” approx-
imation, while contributions from highly-excited states
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FIG. 5: Solid curve: experimental ratio between the Nc(1s)
and Nt(1s) photoionization yields after subtraction of the log-
arithmic background of the transmission function (combina-
tion of the data from Fig. 3b). A five point moving average

cal ratio of the respective cross sections after subtraction of
the constant ratio of the direct photoionization cross sections

mental and theoretical data exhibit a clear indication for a
Fano-lineshape caused by the Fano interference. Note that
only O 1s → π∗ resonance was included in the calculations,
and at least three prominent resonant features are present in
the experimental total electron yield spectrum [6] (indicated
at the bottom of the figure by dotted curve, see also text for
details).

Details of the
calculation can be found in our previous study of this
molecule [16]. The SC expansions of the bound and
continuum electrons were restricted by the partial waves
with `c ≤ 99 and `ε ≤ 49, respectively. The photoion-
ization cross sections were computed for the whole vi-
brationally unresolved bands of the Nc(1s) and Nt(1s)
core-ionized states. This was realized by an analytical
procedure from the appendix of Ref. [16], which requires
only the shape of the excitation spectrum and keeps the
Fano interference unaltered. Here, we utilized the exper-
imental O 1s → π∗ excitation function from Fig. 1 of
Ref. [6]. Results of the present calculations are collected
in Fig. 4.

IV. RESULTS AND DISCUSSION

As one can see from Fig. 4a, the computed cross sec-
tions for the 1s-photoionization of the central (red curve)
and terminal (black curve) nitrogen atoms exhibit very

broad asymmetric Fano profiles at the position of the con-
sidered O 1s → π∗ excitation (indicated by the vertical
dotted line). As also intuitively expected, the intensity
variation caused by the interference in the Nc(1s) cross
section is considerably larger than in the Nt(1s) one (be-
cause of the closer location of the former to the oxygen
atom). This intensity variation is also present in the ra-
tio between the two cross sections depicted in Fig. 4b by
the solid curve. As one also can see, the computed ratio
is larger than one: The ratio of the direct photoioniza-
tion cross sections (i.e., without the Fano interference) is
equal to 1.042, as indicated by the horizontal dashed line
in Fig. 4b. This fact is in agreement with the present
measurements. Indeed, in the exciting-photon energy
range of interest, the experimental ratio of the Nc(1s)
and Nt(1s) photoionization yields in Fig. 3b is larger than
one. This present result is in contradiction with the pre-
vious measurements of Ref. [6], which reports an inverse
ratio in between 1.1 and 1.2 (see Fig. 2a therein). Un-
covering reasons of this disagreement is outside the scope
of the present work.

Figure 5 depicts the presently measured background-
free ratio between the Nc(1s) and Nt(1s) photoionization
yields (solid curve with error-bars shown by the shaded
area). This ratio exhibits a Fano-lineshape across the
positions of the O 1s-resonances (note that the experi-
mental total electron yield spectrum in Fig. 1 of Ref. [6]
exhibits three prominent features: the 1s → π∗ excita-
tion at 534.6 eV and two more resonances at about 536.7
and 539.1 eV, as illustrated in the bottom of Fig. 5 by the
dotted curve). The experimental background-free ratio is
compared in Fig. 5 with the respective theoretical ratio
(dashed curve), from which the contribution from the
direct photoionization channels was already subtracted
(see data in Fig. 4b). As one can see, the computed ra-
tio possesses a similar lineshape at the position of the
O 1s → π∗ excitation. The variation of the computed
ratio is however somewhat stronger (from about –1.4 %
to +1.9 % in the theory, as compared to from –1.3 % to
+0.7 % in the experiment). Since, in the experiment,
the influence of the additional resonances at about 536.7
and 539.1 eV due to their widths on the line-shape of
the calculated resonance at 534.6 eV cannot be disen-
tangled, a quantitative agreement between the present
computation and the experiment can, obviously, not be
achieved. The agreement between the presently com-
puted and measured ratios in Fig. 5 can be considered,
therefore, as semi-quantitative.

As a final point, let us take a closer look on the re-
spective Auger decay matrix element from Eq. (1). Its
explicit expression reads:

〈1sO ε`m|Hee|1sN π∗〉 =

−D(1sO ε`m, 1sN π
∗) + 2E(1sO ε`m, π

∗ 1sN), (3)

where D and E are the direct and exchange contributions
to the Coulomb matrix elements. The direct contribution
describes the charge transfer process (Fig. 1c), in which

was used for the background-free ratio. The shaded area rep-
resents the maximal uncertainty derived from the statistical
uncertainty (c.f. figure 3) and the resulting fit uncertainty
of the logarithmic background. Dashed curve: the theoreti-

(combination of the data from Fig. 4b). Both, the experi-

of Rydberg-character were neglected.
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an N 1s-electron closes the O 1s-hole and the excited
electron is released in the continuum. The exchange ma-
trix element represents the energy transfer process, in
which the excited electron fills the O 1s-hole and the en-
ergy is transferred by a virtual photon to ionize the N
1s-electron (Fig. 1b). The present calculations uncover
that for the central and terminal nitrogen atoms of N2O
the energy transfer is, respectively, by about four and
five orders of magnitude more probable than the charge
transfer. In particular, the presently computed partial
interatomic resonant Auger decay widths are equal to
Γc = 27µeV and Γt = 0.46µeV. These rates fit per-
fectly to the 1/R6 law [27], confirming the leading role
of the dipole-dipole interactions (RO−Nc

= 2.24 a.u. and
RO−Nt

= 4.37 a.u. [28]). If one neglects the contribution
from the charge transfer process, i.e. the direct matrix
element D, the respective partial decay widths decrease

suggest an analogy of the interatomic resonant Auger de-
cay to the antenna-receiver mechanism [11], in which the
oxygen atom serves as an antenna by efficiently absorb-
ing the light, and the excess energy is then transferred to
the nitrogen core-holes which play a role of receivers.

V. SUMMARY

Because interatomic resonant Auger decay in molecules
is a rather subtle effect, its first observers concluded that
it can be measurable only in the differential photoion-
ization cross sections via nondipole photoemission [6].
A few years later [8], coincident measurements demon-

strated that the effect is present in the dipole photoelec-
tron angular emission distributions from fixed-in-space
molecules. Those observations were explained in terms
of the Fano interference between the dominant direct
photoionization and very weak nonlocal resonant Auger
decay channel. Recent progress made with respect to
stability, flux, and resolution of the synchrotron radia-
tion beam, combined with state-of-the-art time-of-flight
spectroscopy with electron retardation, enabled a direct
observation of this Fano interference in the total pho-
toionization intensities, caused by the interatomic res-
onant Auger decay of N2O. The interference results in
an observable sign change of the ratio between the to-
tal Nc(1s) and Nt(1s) photoionization yields across the
O K-edge resonances. The observations are unambigu-
ously supported by the present theoretical model, which
identifies energy transfer as the main mechanism of the
interatomic resonant Auger effect.
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