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Low-lying states of FeO and FeO− by slow photoelectron spectroscopy

Jongjin B. Kima, Marissa L. Weichmana and Daniel M. Neumarka,b,∗

aDepartment of Chemistry, University of California, Berkeley, CA, USA; bChemical Sciences Division, Lawrence Berkeley National
Laboratory, Berkeley, CA, USA

(Received 20 November 2014; accepted 6 January 2015)

High-resolution anion photoelectron spectra of FeO− were acquired by slow electron velocity-map imaging of trapped and
cooled ions. Ions were cooled to different temperatures by controlling the conditions in the trap, allowing us to disentangle
contributions in the spectra from two different anion states. The spectra show that photodetachment of the two anion states
accesses three low-lying neutral FeO states with one state in common, allowing us to derive term energies of all five states.
The ground anion state is confirmed to be the X 4� state, and FeO is found to have an electron affinity of 1.4950 eV. We
assign the anion a 6� + state, and obtain a term energy of 0.117 eV. The A 5� + and a 7� + neutral states are reassigned,
and have term energies of 0.258 and 0.616 eV, respectively, relative to the neutral X 5�4 ground state.

Keywords: photoelectron; metal oxide; spectroscopy; iron

1. Introduction

Diatomic iron oxide, FeO, is a benchmark transition metal
oxide. It serves as a fundamental system for understanding
the complex chemical bonding between transition metals
and oxygen atoms, an interaction that plays a key role in
catalysis and other chemical processes. As such, FeO has
been characterised by numerous spectroscopic methods,
including matrix-isolation infrared absorption [1–3], rota-
tional spectroscopy [4–6], Stark spectroscopy [7,8], anion
photoelectron spectroscopy [9–12], and an array of absorp-
tion and emission spectroscopy techniques [13–20]; the re-
sults up to 1989 are summarised in a comprehensive review
by Merer [21]. The corresponding anion FeO− has been
characterised indirectly from photoelectron spectroscopy
[9–12] and autodetachment spectroscopy [22]. Here, we re-
port new high-resolution anion photoelectron (PE) spectra
combined with ion trapping and cooling. By comparison
with previous ab initio calculations and new Franck–
Condon (FC) simulations, we confirm the ground anion
state and assign the first excited anion state as well as the
lowest two neutral excited states.

The ground state of FeO has been confidently estab-
lished as a 5� state by careful analysis of matrix-isolation
IR spectra, gas-phase rotationally resolved IR absorption
spectra, and visible emission spectra [21]. The ground state
of FeO− is less certain. By comparison of the anion PE spec-
trum to early FeO− calculations, the anion ground state was
assigned to a 4� state [9]. More concrete evidence for this
assignment was provided by analysis of rotational and spin–

∗
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orbit structure by autodetachment spectroscopy and anion
zero electron kinetic energy (ZEKE) spectroscopy [12,22].

The properties and states of FeO and FeO− have been
studied by numerous ab initio [23–29] and density func-
tional calculations [30–32]. Although there is an overall
agreement that the ground state FeO is a quintet state, even
high-level calculations disagree on whether the 5� + or
5� state is lower in energy, while the preponderance of
experimental evidence is in favour of the 5� state. A low-
lying 7� + excited state is also expected. For the FeO−

anion, recent ab initio calculations have suggested a 6� +

ground state [28,29], and while the ZEKE and autodetach-
ment analyses argue strongly in favour of a 4� state, not all
features in these spectra are fully understood, leaving some
uncertainty in the experimental assignments [33].

The low-lying excited states of FeO and FeO− are less
well characterised experimentally and theoretically. While
optical spectroscopic techniques have probed and assigned
various states of FeO lying ∼104 cm−1 above the ground
state, these experiments could not directly probe any lower
lying excited states. Electronic structure calculations have
suggested the existence of low-lying 5� + and 7� + states.
However, the 7� + –5� transition is spin-forbidden, the
5� + –5� transition is dipole forbidden, and allowed tran-
sitions to the 5� + state from other states are calculated to
have weak intensity [24]. Anion photoelectron spectroscopy
provides an alternative means to probe the electronic states
of FeO owing to its different selection rules. The PE spec-
trum reported by Engelking was assigned to transitions

C© 2015 Taylor & Francis
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from the anion 4� state to the ground 5� and excited 5� +

states of FeO [9]. Subsequent work at higher photon ener-
gies revealed more FeO excited states [10,11]. Anion ZEKE
spectra showed additional features tentatively assigned to
the neutral 7� + state [12], though such a transition from
the anion 4� state should be forbidden [33].

Excited electronic states of the FeO− anion were in-
vestigated by autodetachment spectroscopy, which identi-
fied several dipole-bound and valence states near the adi-
abatic detachment energy of 1.49 eV [22]. Only tentative
assignments were made for those states. No technique has
probed lower lying states of the anion, though the differing
experimental and theoretical results for the ground state
assignment suggest that there should be at least one low-
lying excited state. Electronic structure calculations have
found low-lying 4�, 6� + , and 6� states, with either the
4� or 6� + as the ground state [28–30]. Identifying one of
these as an excited state would help confirm the identity of
the ground state. Overall, additional experimental data are
needed to confidently establish the nature and energetics of
the low-lying states of FeO and FeO−.

We report new high-resolution PE spectra of the FeO ←
FeO− transitions with slow electron velocity-map imaging
(SEVI), a technique that is more flexible than anion ZEKE
with only a slight loss in resolution [34], combined with ion
trapping and cooling, which allows for more control over
ion temperatures compared to the standard free gas jet ex-
pansion methods [35]. For this system, we acquire sub-meV
to meV-resolution PE spectra with different ion tempera-
tures, allowing us to separate different contributions from
two different anion states and to partially reassign the PE
spectra as detachment from two low-lying anion states to
three low-lying neutral states. We confirm the ground state
assignments of X 4� and X 5� for the anion and neutral
FeO, but reassign the A 5� + and a 7� + neutral states and
assign the a 6� + anion state for the first time. The assign-
ments are corroborated with electronic structure consider-
ations, FC simulations, threshold intensity trends, and PE
anisotropies. We obtain term energies for all states relative
to each other with meV precision, and provide a consistent
description for all low-lying states.

2. Experimental methods

Our experimental apparatus has been described in detail
previously [34–36]. Iron oxide anions were generated by
laser ablation, stored in a temperature-controlled ion trap,
mass-selected, and photodetached. The PEs were analysed
by SEVI, with the possibility of acquiring either high-
resolution spectra over a narrow region per scan or low-
resolution spectra spanning several thousand cm−1 per scan.

FeO− anions were generated by laser ablation of a steel
target by a 2–10 mJ pulse of 532 nm focused laser light,
quenched by a pulse of helium and trace oxygen. The anions
were transferred by ion guides to an octopole ion trap. The

ion trap was held either at 10 or 300 K and filled with buffer
gas of helium or a 1:4 mix of H2:He gas.

The ions were extracted from the ion trap, mass-selected
in a time-of-flight spectrometer, and directed to a velocity-
map imaging (VMI) electron spectrometer [37], where
56Fe16O− ions were detached by the tunable output from
a pulsed dye laser. The VMI electrostatic lens projected
the PE distribution onto a planar position-sensitive detec-
tor, which counted individual PE events [38]. The original
PE radial distribution was reconstructed from the projected
image [39].

Under VMI focusing conditions, the radius of the dis-
tribution is proportional to the electron speed, and thus the
electron kinetic energy (eKE) spectrum can be constructed
from the PE image. As described in detail previously [40],
we acquire the highest energy resolution at lowest eKE,
and thus high-resolution spectra are acquired by splicing
together low-eKE segments of spectra acquired at various
photon energies, and roughly scaling them to match the
intensities in a low-resolution, wide-energy overview scan.
As detachment photon energies are varied, we report spectra
in eBE, defined as the energy between the anion and neu-
tral states and derived from the eKE spectra by the relation
eBE = hν − eKE.

The photoelectron angular distributions (PADs) are also
acquired by the electron images. They can be parameterised
by a single quantity β, for the case of a single-photon de-
tachment by linearly polarised light [41,42]. The value of β

ranges from −1 to 2, for the limits of a PAD aligned perpen-
dicular and parallel to the polarisation axis, while a value
of 0 corresponds to an isotropic distribution. For a given
detachment transition, the value of β is a function of eKE,
and hence a single numerical value cannot be assigned for
each transition [41,43]. However, the qualitative behaviour
of β as a function of eKE is often characteristic of a given
electronic transition [44].

3. Results

SEVI spectra taken under differing conditions are shown
in Figures 1–3. The spectra shown in Figure 1 are for ions
cooled in a 10 K ion trap with the H2/He buffer gas mix at
an estimated pressure of ∼10−4 torr in the trap, and show
both lower resolution overview spectra and high-resolution
scans. Figure 2(a) shows overview spectra of ions stored in
a trap held at room temperature using the same buffer gas
mix; the buffer gas pressure is varied between an estimated
∼10−5 and 10−4 torr in the trap to control the cooling ef-
ficiency, as there is incomplete thermalisation at lower trap
gas densities. Figure 3 shows overview and high-resolution
spectra acquired of ions stored in a 10 K ion trap, but with
helium-only buffer gas, also at an estimated trap pressure
∼10−4 torr.

Previous experiments with our instrument have found
that the H2/He buffer gas mix is effective at cooling the
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Molecular Physics 3

Figure 1. SEVI spectra of FeO− under the coldest conditions,
with a H2/He buffer gas mix and a 10 K trap. The upper blue trace
is an overview spectrum taken near photon energies of 17,745
cm−1. The bottom black traces are high-resolution portions of
scans taken at lower photon energies.

rovibronic degrees of freedom in anions, with internal tem-
peratures as low as 10 K achieved at a trap temperature
of 5 K [35]. However, helium by itself can be much less
effective at cooling ions. For example, we observed a vi-
brational temperature of ∼450 K for S3

− in He buffer gas
at an ion trap temperature of 35 K, whereas vibrational hot
bands were eliminated by replacing He with H2 [45]. We
expect the spectra in Figure 1 to represent those of ions
with all degrees of freedom cooled to approximately 10 K,
while those in Figure 2 are from ions that should approach
a temperature of 300 K as the trap gas pressure is increased.
Under the conditions relevant to Figure 3, there can be sub-
stantial vibrational and possibly electronic excitation in the
ions, depending on their energy distribution coming out of
the laser ablation source and the effectiveness of collisional
energy transfer from the various degrees of freedom to He.

The spectra of FeO− under cold conditions (Figure 1)
have a strong vibrational origin peak A1. There are two
characteristic peak spacings: an ∼870 cm−1 progression
composed of peaks A1, A2, etc., and ∼190 cm−1 progres-
sions (A1, B1, C1), (A2, B2, C2), and (A3, B3). Peak D
does not fall under one of the latter progressions; its posi-
tion is 25 cm−1 above the extrapolated peak C3 position, a
discrepancy beyond the instrumental resolution. Moreover,
its intensity in the overview spectrum is larger than what
should be the more intense peak B3. It thus appears to be
associated with a different electronic transition. No other
structure is apparent in the energy range 10,000–17,700
cm−1; peak positions under ‘cold’ conditions are listed in
Table 1.

The spectra in Figure 2(a) are all overview spectra
taken at photon energies of 17,745 cm−1. Qualitatively,
the observed structure in these spectra is similar to that in
the overview spectrum in Figure 1. However, the individ-

Figure 2. PE spectra of FeO− taken with a H2/He buffer gas mix
and a trap temperature of 300 K. Panel (a) shows the experimental
spectra taken at photon energies of 17,745 cm−1. The trap buffer
gas pressure is varied, from lowest (red) to highest (blue). Panel
(b) shows the first several principal components of the set of
spectra. The first component is just the average of the spectra and
is omitted.

ual peaks are less distinct. New peaks also appear around
13,200, 14,100, 15,000, and 16,100 cm−1. The intensities
of these peaks diminish as the density of buffer gas in-
creases (red to blue traces), but not entirely, even at the
highest buffer gas concentrations. These peaks are more
clearly seen as the second component in a principal com-
ponent analysis of the set of spectra (Figure 2(b)) [46]. In
this analysis, the variance in the data is decomposed as a set
of eigenvectors (principal components), in the order of de-
creasing contribution to the variance; the first component is
simply an average of the different spectra, but higher com-
ponents show which parts of the spectra track together upon
changes in ion cooling conditions. Peaks E1–E3 and F1 are
prominent in the second principal component and are ab-
sent in higher components, indicating that their intensities
track together with varying ion cooling. There is also some
structure in Figure 2(b) associated with the lowest eBE
peak resulting from shifting of this feature with tempera-
ture. Peaks E1–E3 are spaced by ∼900 cm−1, characteristic
of a vibrational progression, and the strong onset of peak
E1 in this progression suggests that it is the vibrational ori-
gin of an electronic transition. Peak F1 is offset from E1 by
2891 cm−1, much too large for a vibrational excitation, and
suggests the origin of another electronic transition.
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4 J.B. Kim et al.

Figure 3. SEVI spectra of FeO− with a 10 K trap but with only
helium buffer gas. The upper blue trace is an overview spectrum
taken at photon energy of 17,745 cm−1, while the lower black
traces are high-resolution portions of scans taken at lower photon
energies.

Spectra taken with pure helium buffer gas show even
more structure (Figure 3), suggesting considerable excita-
tion in the anions under these conditions. All features in the
room temperature spectra are present, with peaks E1–F1
even more intense in spectra acquired at the same photon
energy. High-resolution scans of those peaks give the peak
positions reported in Table 1 under ‘hot’ conditions. Peak
F2 lies above peak F1 by ∼790 cm−1, and is likely offset by
a vibrational quantum. Below ∼13,000 cm−1, the spectra
are congested. Moreover, prominent peaks appear below
12,000 cm−1, a spectral region with little or no signal in

Figures 1 and 2. Relative peak intensities vary noticeably
with the photon energies used, likely due to contributions
from autodetachment below 13,000 cm−1 [22]. Peaks are
neither assigned nor labelled in this region. A progression
with an approximate peak spacing of ∼800 cm−1 extends
below peak A1, but well-resolved spectra were not acquired
for these peaks.

Anisotropy parameters β for the PADs of several peaks
are shown in Figure 4 as a function of eKE. PADs for the
peaks in the cold spectra except for peak D are shown in
panel (a), while those of peak D and all other peaks are
shown in panel (b). We estimate errors of β to be around
0.1. Peaks E1–F1 exhibit a well-ordered rise in β with eKE,
levelling off at β ≈ 1. Peak D exhibits a slow decline in β,
and is negative at high eKE, unlike all other peaks. Peaks
A1–B3 also have positive β at large eKE.

Almost all peaks retain appreciable intensities near
threshold, where the eKE is at or below ∼100 cm−1. How-
ever, peaks D, F1, and F2 all have small intensities at low
eKE. Assuming the cross section of the high eKE peak
A1 changes very little with photon energy, we can roughly
normalise the intensities of low eKE peaks to A1 over a
narrow range. The relative intensities of peaks D and F1 go
as σ ∝ eKE1.6 and σ ∝ eKE0.97 in a power-law fit for eKE
< 400 cm−1, respectively. The intensity of peak F2 was
too small for an analogous determination of the eKE de-
pendence. In comparison, as an exemplar of the main band,
peak A2 goes as σ ∝ eKE0.21. Peaks E1–E3 have signifi-
cant intensity near threshold, but there are insufficient scans
at various photon energies for a similar eKE-dependence
analysis.

Table 1. Peak positions (cm−1) compared to those from previous work, shifts from the origin (cm−1), and assignments for the FeO−

SEVI spectra with the peaks that only appear under cold conditions and the most prominent peaks that appear under hotter ion conditions.

Peak eBE Drechsler et al.a Offset Electronic Vibrational

Cold

A1 12,058 12,054 0 X 5�4 ← X 4�7/2 0–0
B1 12,242 12,243 185 X 5�3 ← X 4�7/2 0–0
C1 12,431 12,435 373 X 5�2 ← X 4�7/2 0–0
A2 12,929 12,928 871 X 5�4 ← X 4�7/2 1–0
B2 13,114 13,117 1056 X 5�3 ← X 4�7/2 1–0
C2 13,301 13,310 1243 X 5�2 ← X 4�7/2 1–0
A3 13,790 13,795 1733 X 5�4 ← X 4�7/2 2–0
B3 13,975 1917 X 5�3 ← X 4�7/2 2–0
D 14,139 2082 A 5� + ← X 4�7/2 0–0

Hot

E1 13,194 13,198 1136 A 5� + ← a 6� + 0–0
E2 14,074 14,080 2016 A 5� + ← a 6� + 1–0
E3 14,945 14,957 2887 A 5� + ← a 6� + 2–0
F1 16,083 16,100b 4025 a 7� + ← a 6� + 0–0
F2 16,876 16,900b 4818 a 7� + ← a 6� + 1–0

a[12].
bValues from time-of-flight (TOF) PE spectroscopy. All other values from Drechsler et al. [12] are from anion ZEKE.
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Molecular Physics 5

Figure 4. PADs for most peaks as a function of eKE. Panel (a)
shows those of the ground-state band, while panel (b) shows those
of the other electronic transitions. Peaks with a common electronic
transition are labelled with the same colour.

Peak positions and assignments are summarised in
Table 1. Peaks are wider than in previous SEVI spectra
due to unresolved rotational structure, as well as small in-
tensities near threshold for peaks D and F2, requiring the
use of higher eKE spectra for those features. No substruc-
ture is visible for most peaks. For those, we conservatively
report peak position errors by a standard deviation of a
Gaussian fit to each peak: 4–6 cm−1 for peaks A1–B3, 10
cm−1 for peak D, and 31 cm−1 for peak F2. The highest
resolution spectra for peaks E1–F1 using pure He buffer gas
show a double-peak structure (not shown); for the assigned
photodetachment transitions (Section 5.2), we expect these
to correspond to partially resolved P and R branches, and
fitting this feature allows for more precise peak positions
[47,48]. Using bond lengths from the calculations used in
the FC simulations (see below) and convoluting simulated
rotational structure with the instrumental resolution, we ob-
tain peak positions for E1–F1 by the rotational profile fit.
For these peaks, we report errors as the instrumental reso-
lution of the scans, 4 cm−1.

4. Franck–Condon simulations

To aid in the assignment of the various bands, we com-
pare the experimental spectra with FC simulations of the
likely photodetachment transitions. We considered all pos-
sible photodetachment transitions from the three calculated
lowest lying anion states (4�, 6� + , 6�) to the lowest three
neutral states (5�, 5� + , 7� + ). We used frequencies and

geometries from previously published ab initio calculations
for all six states to calculate the FC simulations. To check
for consistency with different methods, we used results from
CASPT2 [28], as well as MRCI + Q and RCCSD(T) with
scalar relativistic correction [29]. All three methods give
qualitatively similar FC simulations, even though the rela-
tive state energies depend on the method.

FC intensities were calculated within the harmonic os-
cillator approximation using the ezSpectrum program [49].
Calculated FC intensities for all nine detachment transitions
with all three methods are displayed in Figure 5. As there is
only one vibrational degree of freedom, FC intensities are
shown as a function of vibrational quantum number v rather
than energy to facilitate comparison between different elec-
tronic structure methods and states. Based on the electron
orbital configurations for these states [21,23,25,28,29], the
corresponding detachment transitions are also overlaid for
convenience, with two-electron transitions shown lighter.
Representative orbital pictures can be found in CASSCF
calculations by Hendrickx and Anam [28], and are qual-
itatively similar to descriptions in other ab initio studies
[23,29].

5. Discussion

5.1. Assignment of cold spectra

Peak A1 is assigned the vibrational origin of the X 5�4 ←
X 4�7/2 transition. The progressions A1, A2, A3 and A1,
B1, C1 can be readily assigned to vibrational and spin–orbit
structure, with characteristic peak spacings of ∼870 cm−1

and 190 cm−1, respectively, in excellent agreement with the
literature values for the energy spacings of both components
(Table 2). Peak positions are also close to the values from
anion ZEKE spectra reported by Drechsler et al. [12], who
assigned the peaks in the same manner (Table 1). However,
as we cool the ions in a cryogenic trap, we do not see any
contributions from excited anion spin–orbit components,
ensuring that the ions are in their X 4�7/2 ground state. FC
simulations are also consistent with this assignment. For a
5� ← 4� transition, the origin is expected to be strong with
minor vibrational activity (Figure 5), as is also seen in the
spectra.

The PADs have not been measured before, and are con-
sistent with this assignment. The 5� ← 4� transition in-
volves detachment from a σ orbital; as the � + irreducible
representation describes both s and p orbitals, we would
expect contributions from both l = 0 and l = 1 partial
waves, i.e. s- and p-wave detachment. In the atomic limit,
detachment from a p orbital would be expected to have a
near-zero β, while an s orbital would be expected to have
a positive β; the superposition of these two contributions
would likely yield a positive β, as we see for peaks A1–
B3. According the Wigner Threshold law, threshold pho-
todetachment intensities should scale as eKEl+1/2 [50]. We
observe threshold scaling of σ ∝ eKE0.21 for these peaks.

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a,
 B

er
ke

le
y]

 a
t 1

0:
53

 1
3 

Fe
br

ua
ry

 2
01

5 



6 J.B. Kim et al.

Figure 5. Franck–Condon (FC) simulations between the possible low-lying states of FeO− and FeO, using the calculated geometries
and harmonic frequencies of previous ab initio reports as described in Section 4. As there is only one vibrational degree of freedom,
stick spectra are given as a function of vibrational quantum number and not energy. Semitransparent graphs correspond to two-electron
transitions, and the detachment orbital transitions are labelled for each panel. FC intensities are normalised to the same integral intensities
over a given electronic transition.

This scaling is steeper than even with a wholly s-wave
detachment with σ ∝ eKE0.5. Such a result may reflect the
long-range dipole interaction between the neutral FeO and a
departing electron, which can reduce the eKE exponent and
cause a steeper increase of cross section with eKE [51,52].

Peak D has not been seen in previous photodetach-
ment experiments. Although superficially it would appear
to correspond to a peak C3 by extrapolation, neither the
peak intensity nor peak position matches the expectation.

Moreover, the PAD and threshold intensity behaviour dif-
fers from all other peaks; the value of β decreases with
increasing eKE instead of rising to a value near 0.8, and
it has vanishing intensity near threshold, with σ ∝ eKE1.6.
These considerations suggest that peak D is from a differ-
ent photodetachment transition than all the other observed
peaks in Figure 1.

As we have already assigned the 5� ← 4� band, with
H2/He buffer gas at 10 K, we can assume that all the anions

Table 2. Term energies and vibrational fundamentals compared to the literature values.

State cm−1 eV Merera Drechsler et al.b

FeO X 5�4 EA 12,058(6) 1.4950(7) 12,054
�G1/2 871(6) 871.152 874
5�3–5�4 185(4) 184.084 189
5�2–5�3 189(4) 188.177 192

A 5� + T0 2082(10) 0.258(1)
�G1/2 880(4) 882c

a 7� + T0 4971(10) 0.616(1)
�G1/2 793(31) 800c,d

FeO− a 6� + T0 945(10) 0.117(1)

a[21].
b[12].
cVibrational frequencies are those that would be obtained reassigning their states to match ours.
dFrom TOF PE spectroscopy.
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Molecular Physics 7

are in the 4� ground state. Thus, there are only two other
transitions to consider, those from the 4� anion state to the
5� + and 7� + neutral states. The 7� + ← 4� transition is
formally a forbidden two-electron transition, and further-
more requires a spin flip. The 5� + ← 4� transition is an
allowed one-electron transition involving detachment of an
electron from a δ orbital. We therefore assign peak D to the
vibrational origin of the A 5� + ← X 4�7/2 band.

FC simulations support this assignment. The simulated
FC structure for the 7� + ← 4� transition predicts signif-
icant vibrational activity, with the v = 1 transition having
∼1/3 the intensity of the origin. While the experimental
intensity of peak D is weak, other spectra at higher photon
energies (not shown) show no evidence of any appreciable
FC intensity beyond peak D that cannot be assigned to the
5� ← 4� band. This result does not match the predicted
FC profile of the 7� + ← 4� transition, but is compatible
with the 5� + ← 4� transition, which predicts almost all
FC intensity in the origin.

The PADs and threshold intensities are also consistent
with this assignment. The value of β for peak D decreases
with increasing eKE, and its threshold intensity scales as
eKE1.6. This behaviour is characteristic of a transition with
p-wave detachment from a δ orbital. Though the PAD is not
a definitive signature of a particular transition, PADs with
negative values of β are characteristic of detachment from
a p or d orbital in the limit of detachment from an atomic
centre [53]. Assuming a single partial-wave contribution,
the observed threshold scaling gives l = 1, which can be
achieved by detachment of an s or d orbital in the atomic
limit; for detachment to a � state, the long-range dipole
interaction should not affect this model, according to the
treatment by Engelking [51]. Based on these characteristics,
peak D would seem to result from a d orbital centred on the
iron atom. This matches the assignment of detachment from
a 1δ orbital; by symmetry, the 1δ orbitals do not interact
with the valence oxygen orbitals and remain almost purely
single-centre d orbitals. The assignment of 1δ detachment
is also consistent with the small intensity of peak D even at
large eKE, as discussed in Section 5.3.

5.2. Assignment of warmer spectra

Having assigned the features in the cold spectra, we can now
understand the additional features that appear under warmer
conditions. At room temperature, as the buffer gas density
changes, the relative intensities of peak E1–F1 in Figure 2
change in concert, suggesting that they arise by detachment
from a common anion state. These features are even more
intense when the ions are trapped and inefficiently cooled
(Figure 3). Based on the strong intensities relative to
each other and with respect to the ground-state transition,
these two bands are likely one-electron-allowed transitions
from a common anion state to two different neutral
states.

Since the anion ground state is established to be a 4�

state, the possible anion states are the 6� + and 6� states.
The allowed transitions from the 6� + state are to the 5� +

and 7� + states, with detachment from the 10σ and 9σ

orbitals, respectively. The allowed transitions from the 6�

state are to the 5� and 7� + states, with 10σ and 1δ orbital
detachment. The neutral ground state is the 5� state; so, if
the 6� state was populated, we would expect to see a band
below peak A1, which does not correspond to bands E and
F, though it may contribute to the spectrum in Figure 3 (see
below). Thus, bands E and F occur by detachment from the
6� + anion state. As peak E1 but not F1 is lower in energy
than peak D, band E likely corresponds to the 5� + ← 6� +

transition while band F corresponds to the 7� + ← 6� +

transition.
The FC simulations and PADs support this assignment.

The simulated 5� + ← 6� + spectrum shows significant FC
activity; though the origin is the most intense peak, there is
significant intensity out to v = 2, in good correspondence
with peaks E1–E3. In contrast, the simulated 7� + ← 6� +

spectrum is dominated by the vibrational origin, with weak
v = 1 activity, similar in appearance to peaks F1 and F2.
The PADs for both bands are characterised by a positive
β. As noted in the previous section, this would correspond
to σ orbital detachment, consistent with these 9σ and 10σ

detachment transitions. Bands E and F are thus assigned to
the A 5� + ← a 6� + and a 7� + ← a 6� + transitions.
Full assignments of all peaks are listed in Table 1.

Curiously, though both bands E and F have detachment
from a σ orbital, they exhibit different threshold behaviour.
Band E has appreciable threshold intensity in our spectra,
but band F has little threshold intensity, and a power-law
fit with eKE gives threshold intensity as eKE0.97. As the
neutral states are � states, the dipole moment should not
influence the Wigner threshold expression [51]. This value
does not correspond to a single l value in the Wigner thresh-
old expression, and is likely better expressed as a combi-
nation of s- and p-wave contributions, though the few data
points available make a reliable decomposition unreliable.
Detachment from the 1δ orbital should give σ ∝ eKE1.5

as explained earlier, but both bands E and F are inconsis-
tent with this behaviour and more consistent with that of σ

detachment.
With the spectra under warmer conditions assigned, we

can compare the cooling efficiency between He and H2/He
buffer gas. Vibronic cooling is inefficient using pure He,
with significant population of the a 6� + anion state 0.117
eV above the ground state (see below). However, rotational
cooling is effective in both buffer gas environments. The
rotational fit for the A 5� + ← a 6� + and a 7� + ← a 6� +

transitions yield an anion rotational temperature of 40 ± 5 K
for the a 6� + state with He gas cooling. A similar rotational
fit can be made for the features seen with H2/He buffer gas;
though since there is no substructure seen for these, the fit
is far less reliable. For the X 5� ← X 4�7/2 transitions under
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these conditions, we can use a similar treatment [48], and
we obtain an anion rotational temperature of 20 ± 10 K.
Unsurprisingly, this is lower than the temperatures with only
a He buffer gas, but both are comparably cold. As has been
observed in free jet experiments, the rotational temperature
equilibrates before the vibronic degrees of freedom.

5.3. Electronic states of FeO and FeO−

Under the coldest ion conditions here, all observed fea-
tures can be assigned due to detachment from a 4� anion
state. The anion ZEKE and autodetachment spectra both
supported the assignment of a 4� ground state with their
rotationally resolved structure [12,22,33], but there were
anomalous features in the ZEKE spectra and only portions
of the autodetachment spectra were successfully assigned.
Furthermore, ab initio calculations have suggested that the
6� + state is the ground state [28,29]. While our experi-
ment does not improve on the ZEKE study in resolution,
our additional flexibility and ion temperature control allow
us to explain anomalies in previous spectra. With a consis-
tent explanation for all observed features, we can confirm
that the ground-state anion is a 4� state. Establishing this
state allows us to determine the nature and energetics of the
other states observed.

Although the assignment of peak D to the origin of
the A 5� + ← X 4� band is consistent with electronic
configurations, FC profiles, threshold intensities, and PADs,
this peak has not been seen in earlier work. In previous
PE spectra, the resolution was insufficient to observe the
spin–orbit 5� structure; similarly, the resolution would be
insufficient to resolve peak D [9–11]. The high-resolution
ZEKE spectrum, though it had sufficient resolution, also did
not reveal such a feature [12]; As peak D appears to obey p-
wave detachment, it has vanishing intensity near threshold
and thus cannot be detected by ZEKE, which discriminates
against such features. The flexibility of SEVI allows for
well-resolved spectra of detachment features with p-wave
character.

The intensity of peak D is surprisingly small even far
from threshold, compared to the relatively larger intensities
of the other three detachment transitions. This transition
comes by detachment from a 1δ orbital, while the other
transitions have detachment from the 9σ or 10σ orbitals.
Calculating the cross sections quantitatively is beyond the
scope of this work [54], but we can use empirical exper-
imental cross sections of simpler species for a qualitative
comparison. For the first-row transition metal atoms, the
cross sections of 3d orbital detachment are significantly
smaller than those of 4s detachment [55,56]. Thus, it would
seem reasonable that 1δ detachment from a purely Fe 3d
orbital would have smaller intensities than 9σ and 10σ de-
tachment from orbitals with significant Fe 4s character. This
small intensity likely has been a factor in peak D not being
resolved until now.

While peak D had not been observed in earlier photode-
tachment experiments, it was noted that emission spectra of
FeO exhibited perturbations ∼2100 cm−1 above the ground
state, a value very similar to our assignment of 2082 cm−1

for the A 5� + state [19]. Based on the parity selection of
the perturbations, they were attributed to a nearby � state.
Since the 5� + state was assigned in a previous photode-
tachment experiment [9], the perturbing state was assigned
to the next likely candidate, the 7� + state. However, with
our reassignment of the PE spectra, this feature corresponds
well with our peak D, and is consistent with our assignment
of a 5� + state.

This assignment also allows us to determine the term
energy of the a 6� + anion state. Both the X 4� and a 6� +

states can detach to the A 5� + state of FeO, and the term
energy can be determined by the difference of the corre-
sponding detachment energies, peaks D and E1. Similarly,
the term energy of the a 7� + state can be derived relative
to the neutral X 5� state, as we measure the energies of
the transitions in Figure 6, which connect all the states we
probe. The weak peak D assigned to the A 5� + ← X 4�

transition is the key feature in our data that allows us to con-
nect all five states. We derive term energies of 0.117 and
0.616 eV for the a 6� + and a 7� + states relative to the
anion and neutral ground states, respectively. The error of
these energies is limited by the relatively large uncertainty
of 10 cm−1 for peak D. Term energies and vibrational fre-
quencies of the various states are summarised in Table 2.

This term energy for the a 6� + state derived by energy
balance is consistent with the observed structure in the
room-temperature spectra. In those spectra, as the buffer
gas density increases, the intensities of bands E and F di-
minish, but even at the highest gas densities used, peak F1

Figure 6. Energy level diagram showing the four detachment
transitions assigned in this work. Energies are relative to the X
5�4 level, and are from this work, save for the spin–orbit multiplet
structures of the 5� and 4� states, which are from the literature
values.[12,21]
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Molecular Physics 9

has measureable intensity, with an integrated intensity ≈1%
that of the ground-state transitions. Assuming roughly sim-
ilar photodetachment cross sections would imply a ∼1%
population of the 6� + state at room temperature. Fur-
ther assuming that the only states of concern are the 4�

multiplet and the 6� + state, with similar rotational and
vibrational partition functions, we can consider this as a
five-level system with only the term energy of the 6� + as
a free parameter, as the spin–orbit splitting of the 4� state
is known [12,22]. Putting bounds of a 0.3–3.0% popula-
tion, we derive a likely energy range of 0.08–0.14 eV for
the term energy of the a 6� + state relative to the X 4�7/2

state. These bounds agree with the more precise value of
0.117 eV derived above; this self-consistency further sug-
gests that these two different anion states access the same
neutral state in peaks D and E1–E3.

Assignments of the A 5� + and a 7� + states, while
consistent with the experimental results in this report, dif-
fer from assignments in previous photodetachment experi-
ments. All prior reports had observed a strong narrow fea-
ture which we label band F; using similar arguments as
made here for assigning peak D, this was assigned to the
A 5� + ← X 4� transition [9–12]. Moreover, the ZEKE
spectra observed no intensity for these features, consistent
with the assignment of detachment from the 1δ orbital (see
above). However, by using an ion trap, we have greater
control over ion internal energy, and have shown that this
feature originates from an excited anion state. The threshold
behaviour can be more thoroughly characterised by SEVI,
and we obtain threshold intensities characteristic of δ or-
bital detachment only for peak D. The ZEKE spectra showed
peaks consistent with our band E; these had been tentatively
assigned to a forbidden a 7� + ← X 4� transition, but we
show that this band is a fully allowed transition from the
same anion a 6� + excited state.

Theoretical calculations predict three low-lying anion
and neutral states; we have assigned two anion states and
three neutral states. The leftover state is a 6� anion state.
As discussed previously, there is no evidence for popula-
tion of such a state in the room temperature spectra; there is
minimal structure below peak A1, where structure from a
5� ← 6� transition would be expected. The 6� state is
clearly higher in energy than the 6� + state. However, under
vibrationally hot ion conditions (Figure 3), ordered struc-
ture is visible below peak A1. Previous PE spectra have
assigned this progression to hot bands of the X 5� ← X 4�

transition [9,12], but due to the small FC activity (Figure 5),
simulated FC spectra even at temperatures of 3000 K have
insufficient hot band structure to reproduce the experi-
mental structure. While the experimental cold spectra ex-
hibit more FC activity than the simulations, qualitatively,
there still appears to be too much FC activity than can be
explained by just hot vibrational bands. In contrast, the
5� ← 6� transition is calculated to have an extended
FC progression. The combination of these two could re-

sult in the observed structure, similar to how overlapping
progressions led to different assignments of the 5� vi-
brational frequencies by photoelectron and optical spec-
troscopy [12]. Unfortunately, due to difficulties in acquir-
ing high-resolution spectra in this region (see Section 3),
we are unable to resolve different contributions to the pro-
gression. Hence, an excited 6� anion state may contribute
to the spectra at low eBE in Figure 3, but without well-
resolved spectra in this region, such an assignment is only
speculative.

6. Conclusions

High-resolution PE spectra are obtained of FeO− by a com-
bination of SEVI spectroscopy and ion trapping and cool-
ing. Although higher resolution spectra than ours have been
obtained by ZEKE spectroscopy, the ion trap allows for finer
control over initial ion conditions, allowing for spectra ac-
quired at cold, intermediate, and vibrationally hot tempera-
tures. The additional information gained allows us to clarify
confusing aspects of previous PE spectra, and we show that
some features were due to an anion excited state that was
insufficiently quenched in previous experiments. We obtain
relative energies of the two lowest anion and three lowest
neutral states of FeO, along with vibrational frequencies of
the neutral states. Furthermore, we reaffirm the assignment
of the 4� anion ground state, which has been questioned in
recent theoretical calculations.

The deceptively complex diatomic FeO has been diffi-
cult to understand experimentally and theoretically. Anion
photoelectron spectroscopy is a convenient technique for
accessing otherwise dark states of the neutral species, but
if the electronic structure of the ion is also complex, signif-
icant thermal population of anion excited states can com-
plicate the interpretation of the spectra. High-resolution
techniques like SEVI can help disentangle contributions
from various states of hot ions, but ion trapping and cool-
ing permits better controlled cooling to the ground state or
low-lying states, simplifying and increasing confidence in
the resulting analysis.
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