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ABSTRACT
Electronically excited NdO is a possible product of the chemistry associated with the release of Nd into the ionosphere, and emission from
these states may contribute to the observations following such experiments. To better characterize the energetics and spectroscopy of NdO, we
report a combined experimental and theoretical study using slow photoelectron velocity-map imaging spectroscopy of cryogenically cooled
NdO− anions (cryo-SEVI) supplemented by wave function-based quantum-chemical calculations. Using cryo-SEVI, we measure the electron
affinity of NdO to be 1.0091(7) eV and resolve numerous transitions to low-lying electronic and vibrational states of NdO that are assigned
with the aid of the electronic structure calculations. Additionally, temperature-dependent data suggest contributions from the (2)4.5 state of
NdO− residing 2350 cm−1 above the ground anion state. Photodetachment to higher-lying excited states of NdO is also reported, which may
help to clarify observations from prior release experiments.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0063307

I. INTRODUCTION

The electron density of the ionosphere, a region of low
density plasma in the upper reaches of the Earth’s atmosphere,
significantly impacts radio wave propagation, with the potential
to reflect, refract, disperse, or absorb radiation dependent on
frequency.1 The ionosphere is far from static, with predictable sea-
sonal and diurnal variation2 as well as unpredictable short term
turbulence in the electron densities that can lead to a variety of com-
munication issues. These effects have motivated significant research
into the causes and dynamics of ionospheric phenomena, such as
equatorial plasma bubbles,3 which are transient regions of reduced

plasma density formed near the equator, and sporadic E-layers,4
transient regions of enhanced electron density formed at lower
altitudes than those typically associated with high electron con-
centrations. There have also been efforts to determine whether
artificially produced plasma can prevent or mitigate the impacts
of ionospheric variations. To this end, many ionospheric chem-
ical release experiments have been performed, with the released
species typically being materials, such as barium or cesium, that
are easily vaporized, have low ionization energies, and have reso-
nant excitations lying within the solar spectrum.5 This approach
is limited to daytime use, as electron production is dependent on
photo-ionization.
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In recent years, attention has turned toward a different mech-
anism for plasma production: chemi-ionization. A range of metals,
primarily lanthanides, form metal oxide cations with bond energies
that exceed the ionization energy of the neutral oxide such that

M +O→MO+ + e− (1)

is energetically allowed and can proceed spontaneously.6 It follows
that the reverse reaction, dissociative recombination of the metal
oxide cation, is endothermic and therefore sufficiently slow such
that a long lived plasma is possible. The Metal Oxide Space Cloud
(MOSC) experiment employed this chemistry by releasing samar-
ium at altitudes where atomic oxygen was the predominant neu-
tral species,7–11 with Sm chosen as it is the easiest metal to vapor-
ize for which chemi-ionization with atomic oxygen was thought to
be exothermic. While previous flight experiments have employed
chemical releases and even chemi-ionization,12 the diagnostics avail-
able in those earlier cases were more limited.

To determine the chemical species formed, the MOSC experi-
ment applied a broad array of diagnostics, including optical spectra
from 400 to 900 nm as well as time and spatially resolved plasma
density measurements via ALTAIR radar. The observed plasma den-
sities produced were well below predicted values. A subsequent re-
evaluation of the thermochemistry of Sm plus O chemi-ionization
found it to be much less exothermic than previously reported; it is
now understood to be nearly thermoneutral13 or slightly endother-
mic.14 The lower-than-expected plasma density was thus likely due
to a larger-than-predicted occurrence of dissociative recombination
of the samarium oxide cation with an electron or a reduced efficiency
of associative ionization in the first place. The kinetics of chemi-
ionization reactions for a variety of lanthanide species were then
studied in a flow tube, and samarium was found to stand out with a
chemi-ionization rate constant at least an order of magnitude slower
than the other lanthanides.15,16

Given the observed slow endothermic chemi-ionization of
samarium and the deleterious impact of dissociative recombination
on the density of produced plasma, alternative release species must
be considered. Unfortunately, the efficiency and exothermicity of (1)
are anti-correlated with vapor pressures across the lanthanide series.
Balancing these contrasting trends, neodymium retains a moder-
ate vapor pressure while chemi-ionizing at the collisional limit.15

Furthermore, neodymium chemi-ionization is unambiguously
exothermic (1.76 ± 0.10 eV), thereby eliminating any impact of
dissociative recombination.17,18

In the late 1980s, the COPE II experiment released both samar-
ium and neodymium, with optical diagnostics limited to standard
photography.12 The experiment took place in daylight such that vis-
ible clouds were formed from both releases, pink from samarium
and green from neodymium. The pink cloud was observed to follow
the magnetic field lines, while the green cloud moved with the neu-
tral winds, leading researchers to conclude that samarium resulted
in plasma production, while neodymium did not. Considering later
laboratory evidence that neodymium chemi-ionizes much more effi-
ciently than samarium, this conclusion appears questionable, and a
number of other possible explanations should be explored.

For example, neodymium may not have been efficiently vapor-
ized; however, it is then difficult to explain the source of the seem-
ingly sharp, green emission. Alternatively, photoionization (instead

of chemi-ionization) may have been the dominant process, although
this should also have resulted in plasma from both species since
the ionization energies are similar. Another possibility is that the
observed emission in the visible spectrum was from neutral, not
ionic, species. The observation that the samarium emissions moved
along the magnetic field lines could have been a result of a steady
state between chemi-ionization and dissociative recombination. In
this picture, ionic species are dispersed by the magnetic field fol-
lowed by recombination to yield neutral species along the field lines.
The key to resolving this discrepancy lies in the spectroscopy, kinet-
ics, and energetics of the lanthanide oxides and their cations so that
more definitive assignments may be made.

The spectroscopy of the atomic lanthanides is well
characterized,19 but the spectroscopy of the oxides is very much
a work in progress.20,21 SmO, NdO, and their cations have many
low-lying electronic states due to their partially filled f -shells and are
challenging to explore. Electronic states of NdO+ with term energies
of up to ∼5000 cm−1 have been determined using pulsed-field
ionization zero electron kinetic energy (PFI-ZEKE) spectroscopy.18

A large number of electronic states of SmO were reported from slow
photoelectron velocity-map imaging spectroscopy of cold SmO−

(cryo-SEVI).22 Previous photoelectron spectra of NdO− found the
electron affinity (EA) of NdO to be 1.01(1) eV,23 and emission and
absorption lines of NdO have been reported in the region between
9500 and 20 000 cm−1 at modest resolution.24,25 A large number
of bands at higher resolution were measured lying between 7500
and 12 600 cm−1,26 and laser induced fluorescence (LIF) identified
low-lying states in agreement with ligand field theory.27,28 Complete
active space self-consistent-field (CASSCF) and multireference
configuration interaction (MRCI) calculations detail 54 states below
8000 cm−1,29 among a number of theoretical efforts.30–32

Here, we utilize slow photoelectron velocity-map imaging spec-
troscopy of cryogenically cooled NdO− anions (cryo-SEVI) in tan-
dem with high-level quantum chemical calculations to investigate
the electronic and vibrational structure of neutral NdO. The inher-
ent high resolution of SEVI coupled with the spectral clarity afforded
by detachment from cold ions reveals detailed spectroscopic infor-
mation about neutral and anionic NdO (NdO0/−). We obtain an
accurate electron affinity for NdO along with term energies and
fundamental vibrational frequencies for several low-lying electronic
states of NdO0/−. In addition to a wealth of information regard-
ing the neutral’s electronic states, manipulation of ion tempera-
ture shows evidence of detachment from an excited state of NdO−.
Several high-lying excited states of NdO are identified, which may
explain the green emission observed in Nd releases, although further
theoretical work is required to make definitive state assignments.

II. EXPERIMENTAL METHODS
The cryo-SEVI method and instrument have been previously

described in detail.33–35 In this work, NdO− anions are generated by
focusing the frequency-doubled output of a Nd:YAG laser operat-
ing at 20 Hz onto a rotating and translating neodymium target. The
resulting plasma is entrained within a burst of helium carrier gas
from an Even–Lavie pulsed valve,36 which passes through a narrow
clustering channel before expanding into vacuum.

Ion packets then pass through an electrostatic skimmer into a
radio frequency (RF) hexapole ion guide and a RF quadrupole mass
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filter, which is tuned to ensure that a narrow mass range of ions,
encompassing NdO−, are transmitted into the subsequent cryo-
genically cooled linear RF octupole ion trap. While trapped, ions
undergo collisions with a buffer gas mixture of 80:20 He:H2 held
at 5 K. After ∼40 ms in the trap, ions are assumed to be cooled to
their ground vibrational and electronic states. This cooling scheme
has been shown to result in molecular temperatures as low as 10 K
following extraction from the trap.35

The ions are extracted from the trap into an orthogonal
Wiley–McLaren time-of-flight mass spectrometer and steered to the
laser interaction region inside a velocity-map imaging (VMI) spec-
trometer. 142Nd16O− ions are photodetached by vertically polarized
light from one of two laser configurations based on a tunable dye
laser pumped by the second harmonic of a Nd:YAG laser operat-
ing at 20 Hz. Photon energies above 3 eV (24 200 cm−1, 415 nm)
are generated by frequency-doubling the light from the dye laser.
For photon energies below 1.3 eV (10 500 cm−1, 950 nm), the dye
laser output is focused into a 63 cm long Raman cell containing 400
psi of H2 and is red-shifted by 4155 cm−1 by the Q1(1) line in the
H2 Raman spectrum.37,38 The Stokes shifted light is separated from
residual dye light and anti-Stokes shifted light by a 900 nm long-pass
dichroic mirror and passed through a linear polarizer to ensure that
the resulting beam is vertically polarized.

Photoelectrons generated in the interaction region are focused
with the velocity-map imaging (VMI) electrostatic lens39,40 onto
a position-sensitive detector comprising two chevron-stacked
microchannel plates coupled to a phosphor screen.41 A CCD cam-
era captures photoelectron events on the screen, and their centroids
are computed in real time.42 Electron centroids are accumulated
over several thousand experimental cycles to create a single VMI
image for each photodetachment wavelength. The angular and radial
photoelectron distributions are reconstructed from an accumulated
image using the maximum entropy velocity Legendre reconstruction
method.43 The relationship between the electron radial position and
kinetic energy (eKE) is calibrated by acquiring VMI images of the
well-characterized detachment transitions of atomic O− and Cl− at
several photon energies.44,45

The VMI spectrometer has an approximately constant resolv-
ing power,∆eKE/eKE, yielding the best eKE resolution for slow pho-
toelectrons.39,40 Thus, a SEVI spectrum is acquired by first taking an
overview spectrum at a relatively high photon energy before tuning
the detachment laser to energies just above the features of inter-
est. This procedure results in a collection of high-resolution spectra,
each of which spans a narrow energy window. These spectra are
concatenated and scaled to match intensities in the overview spec-
trum, which is less sensitive to variations of the photodetachment
cross section with photon energy. Spectra are plotted as a function
of electron binding energy (eBE), given by eBE = hν–eKE.

In addition to eKE distributions, cryo-SEVI images contain
information about the photoelectron angular distributions (PADs),
which are described by46

dσ
dΩ
= σtot

4π
[1 + βP2(cos θ)],

where σtot is the total detachment cross section, P2(x) is the second-
order Legendre polynomial, θ is the angle of the outgoing photo-
electron velocity vector with respect to the laser polarization axis,

and β is the anisotropy parameter. The anisotropy parameter, which
ranges from −1 (perpendicular detachment) to +2 (parallel detach-
ment), reflects the angular momentum of the detached electron and
is thus tied to the electronic character of each photodetachment
transition.47

III. COMPUTATIONAL METHODS
Calculations of the low-lying electronic energy level structures

for NdO− and NdO were carried out to facilitate the assignment of
the experimental spectra. The lowest-lying electronic states of NdO−

and NdO originate from the Nd+(6s24f 3)O2− and Nd2+(6s14f 3)O2−

manifolds of electron configurations, respectively. Spin–orbit cou-
pling among the 4f electrons dominates the low-lying electronic
energy level structures in these two species, similar to the corre-
sponding cation NdO+ that has the Nd3+(4f 3)O2− configuration for
its lowest electronic states.18

The present calculations use the state-averaged complete
active space self-consistent-field (CASSCF) and N-electron valence
second-order perturbation theory (NEVPT2) as implemented in the
ORCA program package.48–51 The differences between the NEVPT2
and CASSCF results serve to provide a reasonable estimate of
dynamic correlation effects, as is discussed in Sec. IV. These com-
putations were performed with the Nd 6s and 4f orbitals in the
active spaces, i.e., an active space consisting of five electrons in eight
orbitals for NdO− and four electrons in eight orbitals for NdO.
These calculations include 13 quartet states and 13 doublet states for
NdO− and 13 quintet states and 13 triplet states for NdO. Scalar-
relativistic effects were taken into account using scalar-relativistic
pseudopotentials (PPs)52 and the accompanying QZVP-PP basis
sets.53 Spin–orbit coupling effects were considered using quaside-
generate perturbation theory within the active spaces. These cal-
culations were carried out at the equilibrium bond length of NdO
(1.8 Å).

The local potential energy surfaces around the equilibrium
structures for NdO− and NdO were then computed, yielding equi-
librium bond lengths, the NdO adiabatic electron affinity, and
vibrational frequencies. Accurate calculations of the electron affin-
ity of NdO as well as the structural properties require high-level
treatment of dynamic correlation effects. The CASSCF, NEVPT2,
and multireference configuration interaction with Davidson’s size-
consistency correction (MRCI + Q)50 calculations for the vertical
detachment energy (VDE) produce a substantial range of VDE val-
ues of 1562, 7138, and 4192 cm−1, respectively. The highest-order
method among these multireference approaches, MRCI + Q, lacks
size-extensivity and might have difficulty in providing an accu-
rate electron affinity. Instead, we have used the scalar-relativistic
coupled-cluster singles and doubles augmented with noniterative
triples [CCSD(T)]54 method for the calculations for the ground state
properties of NdO− and NdO. The ground states of NdO− and NdO
both have three unpaired 4f electrons occupying the lz = 1, 2, and 3
sub-levels. Therefore, we have optimized the high-spin quartet con-
figuration [4f (lz = 3, ms = 1/2)]1[4f (lz = 2, ms = 1/2)]1[4f (lz = 1,
ms = 1/2)]1 for NdO− and the high-spin quintet configuration [6s(ms
= 1/2)]1[4f (lz = 3, ms = 1/2)]1[4f (lz = 2, ms = 1/2)]1[4f (lz = 1,
ms = 1/2)]1 for NdO in the Hartree–Fock calculations.

Note that each of these two configurations corresponds
to a single complex-valued determinant; they consist of more
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than one single determinant when using real-valued wave func-
tions. We thus use a complex-valued Hartree–Fock and CCSD(T)
module55 in the CFOUR program package56,57 together with the
scalar-relativistic one-electron Hamiltonian integrals of spin-free
exact two-component theory in its one-electron variant (the SFX2C-
1e scheme).58,59 Correlation-consistent triple-zeta basis sets60,61 con-
tracted for the SFX2C-1e scheme (cc-pVTZ-X2C) were used in these
CCSD(T) calculations. The SFX2C-1e-CCSD(T) adiabatic electron
affinity was augmented with a spin–orbit correction obtained from
SO-CASSCF/NEVPT2 calculations.

IV. RESULTS
A. Experimental results

Cryo-SEVI spectra obtained for detachment from NdO− are
presented in Figs. 1 and 2, showing two regions of structure: a
low-eBE region between roughly 5500 and 10 500 cm−1 (Fig. 1)
and a high-eBE region between 15 500 and 28 000 cm−1 (Fig. 2).
Both regions display well-resolved structure, although the high-eBE
region is considerably more congested.

Peak positions and assignments of labeled features in Fig. 1
are reported in Table I along with a comparison to our CASSCF
computations and term energies determined by rotational analy-
sis of experimental LIF results by Linton and co-workers.27 The
weak transitions labeled in lowercase in Figs. 1(a)–1(g) are found
to have temperature-dependent intensities, as observed by acquir-
ing spectra under different trapping conditions [Fig. 1(b)]. Spectra
were collected at two different buffer gas pressures, differing by a
factor of five, with lower pressures leading to less efficient cooling
and warmer ions. Peaks with higher intensity for detachment from
warmer ions, are assigned to vibrational or electronic hot bands and
are discussed further in Sec. V. The positions of features labeled

FIG. 2. High-eBE region of the cryo-SEVI spectrum of NdO−. The overview spec-
trum (blue, hv = 27 977 cm−1) is vertically offset from the high-resolution scans
(black, variable photon energies), and peak centers for each transition listed in
Table II are displayed (red sticks) for clarity.

in Fig. 2 are reported in Table II alongside available literature val-
ues.28,32 In Tables I and II, electronic states are labeled using Hund’s
case c notation with the (N)Ω convention common in the literature
on NdO;20,27,28,62 (N)Ω represents the Nth state with each value of Ω,
the summed projections of the electronic orbital and spin angular
momenta onto the internuclear axis. Assignments listed in Table I
for the peaks with upper case letters originate from the anion ground
state (see below) and refer to the neutral electronic states. They
also include the vibrational transition, denoted as (v′–v′′), where v′

is the vibrational quantum in the final neutral state and v′′ is the
vibrational quantum in the anion.

FIG. 1. Low-eBE region of the cryo-SEVI
spectrum of NdO−. In A, the overview
spectrum (blue, hv = 15 625 cm−1) is
vertically offset from the high-resolution
scans (black, variable photon energies).
The peaks labeled in red lower-case
exhibit temperature-dependent intensi-
ties and are therefore considered hot
bands. In B, the buffer gas pressure
in the trapping chamber is varied from
low (red) to high (blue). Lower pres-
sures lead to less efficient cooling in the
trap and corresponding enhancement of
hot bands. Below are black sticks cor-
responding to allowed detachment tran-
sitions from the (2)4.5 excited state of
NdO− to known neutral levels of NdO as
measured by Linton,27 shifted in eBE by
2350 cm−1 to simulate features a–e.
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TABLE I. Peak positions, shifts from peak A, assignments, and calculated transition
energies (CASSCF) for transitions in the low-eBE cryo-SEVI spectra of NdO− given
in Fig. 1(a) are reported in units of cm−1. Cryo-SEVI values are compared to val-
ues previously reported for a rotational analysis of the NdO LIF spectrum.27 The
transitions labeled in lowercase have increasing intensity with increasing tempera-
ture [see Fig. 1(b)] and are therefore assigned as hot bands. Uncertainties in peak
positions correspond to one standard deviation obtained from a Gaussian fit to the
high-resolution scan of the experimental peak.

Peak eBE Shift Assignment CASSCF Fluorescence

a 5 658(28) −2481 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅
b 6 295(27) −1844 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅
c 6 594(35) −1545 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅
d 7 416(35) −723 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅
e 7 834(15) −305 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅
A 8 139(6) 0 (1)4 (0–0) 0 ⋅ ⋅ ⋅
f 8 175(11) 36 (1)4 (1–1) ⋅ ⋅ ⋅ ⋅ ⋅ ⋅
B 8 614(8) 475 (1)5 (0–0) 529 473.691
C 8 967(8) 828 (1)4 (1–0) 831 829.512
g 9 000(8) 862 (1)4 (2–1) ⋅ ⋅ ⋅ ⋅ ⋅ ⋅
D 9 445(9) 1307 (1)5 (1–0) 1356 1303.909
E 9 735(11) 1596 (2)4 (0–0) 1401 1587.241
F 9 797(11) 1658 (1)4 (2–0) ⋅ ⋅ ⋅ 1654.453
G 10 293(6) 2155 (2)5 (0–0) 2084 2152.575

All features in the low-eBE region (Fig. 1) have PADs that are
strongly parallel to the laser polarization (1 < β < 1.8), in agreement
with the conventional PES measurements of Chi and co-workers.23

Those in Fig. 2 vary; features A1–F1 have PADs aligned weakly
parallel to the laser polarization (−0.1 < β < 0.4), while features lying
higher in energy (eBE > 18 000 cm−1) tend to have PADs slightly
perpendicular to the laser polarization (−0.5 < β < 0).

B. Computational results
As shown in Table III, the computed spectroscopic parameters

at the SFX2C-1e-CCSD(T)/cc-pVTZ-X2C level for NdO and NdO+

agree well with previously reported values. The computed adiabatic
ionization energy of 44 134 cm−1 for NdO also compares favorably
with the recently measured value of 44 427 cm−1 by Heaven and col-
laborators18—a value 0.5 eV higher than that previously reported.63

The excellent agreement thus supports the new measured value and
validates the accuracy of the present calculations. Similarly, the com-
puted adiabatic electron affinity of NdO, 8093 cm−1, is remark-
ably close to our measured value of 8139 cm−1, suggesting that this
methodology accurately captures the physics of these systems.

Tables IV and V outline the computed electronic energy level
structure for NdO0/− at the CASSCF and NEVPT2 levels of the-
ory. Interestingly, the low-lying electronic states of the neutral NdO
are mainly composed of quintet scalar-relativistic wave functions
with substantial contributions from the manifold of triplet states,
while the contributions to the low-lying electronic states of the anion
NdO− are nearly exclusively from the quartet manifold. These com-
putations are in fair agreement with previous MRCI calculations for
NdO,29 and the electronic level structure for NdO− exhibits a simi-
lar pattern to that of NdO+, which has the same open-shell portion

TABLE II. Peak positions for transitions in the high-eBE cryo-SEVI spectra of NdO−

given in Fig. 3. Cryo-SEVI values are compared to relevant term energies determined
for states observed in the LIF measurements of Effantin and co-workers.28 Electron
configurations determined by Kaledin via ligand field theory are reported.32 All values
are reported in cm−1.

Peak eBE Shift Configuration Fluorescence

A1 15 515 7 376
B1 15 611 7 472
C1 15 827 7 688
D1 16 608 8 469
E1 17 008 8 869
F1 17 375 9 236
G1 17 990 9 851
H1 18 203 10 064
I1 18 325 10 186
J1 18 688 10 549 4f 4 10 506.031
K1 19 423 11 284
L1 19 663 11 524 4f 4 11 539.894
M1 19 820 11 681 4f 4 11 699.061
N1 20 441 12 302
O1 20 855 12 716
P1 20 997 12 858 4f 4 12 839.70
Q1 21 364 13 225
R1 21 660 13 521
S1 22 207 14 068 4f 36p 14 081.326
T1 22 484 14 345
SU1 22 780 14 641
V1 23 099 14 960 4f 4 14 969.569
W1 23 434 15 295
X1 23 726 15 587
Y1 23 784 15 645 4f 36p 15 625.07
Z1 24 314 16 175 4f 36p 16 168.376
AA 24 348 16 209
BB 24 542 16 403 16 397.252
CC 24 884 16 746 4f 36p 16 737.93
DD 26 211 18 072
EE 26 639 18 500
FF 26 792 18 653
GG 26 924 18 785
HH 27 112 18 973
II 27 248 19 109
JJ 27 367 19 228
KK 27 442 19 303
LL 27 688 19 549
MM 27 820 19 681

of the electron configuration, Nd2+(4f 3). Furthermore, as the level
structure originates from spin–orbit coupling of the 4f electrons,
the CASSCF calculations within the active space containing the 4f
electrons capture most of these contributions, with the differences
between the NEVPT2 and CASSCF results serving to provide a rea-
sonable estimate of dynamic correlation effects. It should be noted,
however, that given the enormous 4f , 5d, and 6p spin–orbit inter-
action matrix elements in the Nd atomic ion and the small relative
size of the 4f orbital compared to the NdO bond length, this level
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TABLE III. Spectroscopic parameters for NdO+, NdO, and NdO−. The “theory” values have been obtained from SFX2C-1e-
CCSD(T)/cc-pVTZ-X2C calculations as described in the text. The values of adiabatic ionization energy (IE) and adiabatic
electron affinity (EA) have included SO-CASSCF/NEVPT2 spin–orbit coupling corrections of −28 cm−1 for IE and 315 cm−1

for EA. The experimental values for NdO+ are taken from the work of VanGundy and co-workers,18 the experimental bond
length of NdO is the R0 value from Effantin and co-workers,28 and the ωe and ωeχe values are derived using the vibrational
energy spacings determined by Linton and co-workers.27

NdO− NdO NdO+

Theory Experiment Theory Experiment Theory Experiment

Re (Å) 1.837 ⋅ ⋅ ⋅ 1.800 1.801 1.754 1.74
ωe (cm−1) 780 792(6) 835 834.1 901 892.4
ωexe (cm−1) 2.2 ⋅ ⋅ ⋅ 2.1 2.3 2.1 1.3
EAa (cm−1) ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 8093 8139 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅
IEa (cm−1) ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 44 134 44 427 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅

structure can also be mapped from the atomic ion energy levels of
Nd2+ using the atomic-ion-in-molecule picture.64

The comparison of the computed term energies for these states
of NdO with those previously measured by Linton and co-workers27

finds that our CASSCF results agree more closely with the experi-
mental values than NEVPT2 (see Table IV). Curiously, aside from
the (1)5 state, a comparison of the CASSCF term energies to the
previously reported values shows that our calculated energies lie
below the measured value by an average of 175 cm−1. The inclu-
sion of dynamic correlation in NEVPT2 further reduces the com-
puted values of the term energies, leading to larger deviation from
the measured values. A similar underestimation of term energies
was also observed in the SO-MRCI calculations previously reported
by Heaven and collaborators.18 Two approximations in the treat-
ment of spin–orbit coupling involved in both the present calcula-
tions and those featured in the work of the Heaven group, i.e., the

approximation in the construction of the spin–orbit integrals and
the neglect of higher-order SO effects, are expected to be responsible
for this discrepancy. A further study using more rigorous SO inte-
grals and/or non-perturbative treatment of spin–orbit coupling will
be of interest.

A recent ligand field study suggests that higher-lying electronic
states of NdO originate from Nd2+(4f 4)O2−, Nd2+(6p14f 3)O2−,
Nd2+(5d14f 3)O2−, and Nd2+(6s24f 2)O2− configurations,32 although
one may expect the Nd2+(6s24f 2)O2− configurations to dominate the
photodetachment signal via the removal of a single f electron from
the Nd+(6s24f 3)O2− configurations of NdO−. We thus attempted a
CASSCF calculation and a subsequent MRCI +Q calculation for the
Nd2+(6s24f 2)O2− configurations with an active space containing two
electrons in seven Nd 4f orbitals, forcing the 6s orbitals to be doubly
occupied. Our results from this calculation, however, displayed sub-
stantial mixing of the Nd 6s orbital with the Nd 5d and 4f orbitals,

TABLE IV. Computed levels of NdO from both CASSCF and NEVPT2, both using QZVP-PP basis sets with perturbative inclusion of spin–orbit coupling, along with state
assignments, a comparison to experimental fluorescence measurements from Linton and co-workers,27 and compositions in terms of the spin-free wave functions. Relative
energetics are given in cm−1 with respect of the ground state of neutral NdO. “(m)n” refers to the m-th electronic state with Ω = n.

State CASSCF NEVPT2 Measured Composition

(1)4 0 0 ⋅ ⋅ ⋅ 90% 5I + 8% 5H
(1)5 529 411 473.691 45% 5I + 42% 3I + 9% 5H + 3% 3H
(1)3 934 921 1156.005 60% 5H + 28% 5Γ + 9% 5Φ
(1)2 1123 1123 1351.1 37% 5Φ + 34% 5Γ + 21% 5∆ + 7% 5Π
(1)1 1191 1188 ⋅ ⋅ ⋅ 33% 5∆ + 30% 5Π + 22% 5Φ + 14% 5Σ
(1)0+ 1225 1232 ⋅ ⋅ ⋅ 49% 5Π + 31% 3Σ + 21% 5∆
(2)4 1401 1304 1587.241 27% 3H + 27% 5H + 25% 5Γ + 9% 5Φ + 7% 3Γ
(2)3 1600 1503 1793.2 23% 5Φ + 21% 3Γ + 18% 5∆+15% 5H + 11% 3Φ + 5% 5Γ + 5% 5Π
(2)2 1698 1602 1914.2 23% 5Γ + 19% 5Π + 18% 3Φ + 15% 3∆ + 12% 5∆ + 9% 5Σ
(2)1 1742 1648 ⋅ ⋅ ⋅ 19% 5Σ + 22% 5Φ + 19% 5Π + 14% 3∆ + 6% 3Σ + 16% 3Π
(1)0− 1753 1670 ⋅ ⋅ ⋅ 41% 5∆ + 24% 5Π + 16% 3Σ + 19% 3Π
(1)6 2014 1946 2123.875 61% 5I + 12% 5H + 24% 3I
(2)5 2084 1960 2152.575 42% 5I + 3% 5H + 47% 3I + 7% 3H
(3)5 2742 2683 ⋅ ⋅ ⋅ 32% 5Γ + 4% 5I + 7% 5Φ + 33% 5H + 3% 3Γ + 4% 3I + 13% 3H
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TABLE V. Relative energies (cm−1) of the lowest spin–orbit states for NdO− obtained from CASSCF and NEVPT2 calcula-
tions using QZVP-PP basis sets with the perturbative inclusion of spin–orbit coupling, together with compositions in terms of
spin-free wave functions. “(m)n” refers to the m-th electronic state with Ω = n.

State CASSCF NEVPT2 Composition

(1)4.5 0 0 88% 4I + 9% 4H
(1)3.5 1000 1000 28% 4Γ + 61% 4H + 8% 4Φ
(1)2.5 1135 1121 41% 4Γ + 16% 4∆ + 37% 4Φ
(1)1.5 1206 1178 39% 4∆ + 31% 4Φ + 19% 4Π
(1)0.5 1284 1257 20% 4∆ + 29% 4Σ + 47% 4Π
(1)5.5 1898 1920 86% 4I + 12% 4H
(2)4.5 2724 2750 9% 4I + 34% 4Γ + 50% 4H + 7% 4Φ
(2)3.5 2929 2939 40% 4Φ + 29% 4H + 15% 4∆+15% 4Γ
(2)2.5 3040 3056 40% 4Γ + 35% 4∆ + 22% 4Π
(2)1.5 3097 3094 42% 4Φ + 30% 4Σ + 27% 4Π
(2)0.5 3118 3120 42% 4Π + 41% 4∆ + 16% 4Σ
(1)6.5 3907 3942 91% 4I + 9% 4H
(2)5.5 4729 4771 58% 4H + 29% 4Γ + 12% 4I
(3)4.5 4954 4983 43% 4Φ + 34% 4H + 21% 4Γ
(3)3.5 5064 5098 46% 4∆ + 41% 4Γ + 8% 4H + 5% 4Φ
(3)2.5 5131 5149 46% 4Π + 38% 4∆ + 15% 4Γ
(3)1.5 5173 5188 44% 4Σ + 32% 4∆ + 22% 4Φ
(3)0.5 5194 5211 60% 4Π + 30% 4∆ + 10% 4Σ

suggesting that more complete calculations of these states require
the use of an active space comprising the Nd 6s, 6p, 4f , and 5d
orbitals.

As such, our calculated term energy of 22 370 cm−1 for the
lowest-lying state of NdO with the Nd2+(6s24f 2)O2− configuration,
[6s(ms = 1/2)]2[4f (lz = 3, ms = 1/2)]1[4f (lz = 2, ms = 1/2)]1, appears
to be an overestimation, further indicating the need to use a larger
active space. The inclusion of Nd 6s, 6p, 4f , and 5d orbitals in the
active space is beyond our computational resources, so we focus
our present discussions of computational results on the lowest-lying
states described above.

V. DISCUSSION
A. Low-eBE structure of NdO

Features observed in the low-eBE cryo-SEVI spectra of NdO−

(Fig. 1) are analyzed through comparison with our theoretical results
as well as the experimental fluorescence measurements of Linton
and co-workers.27 Features labeled A–G in Fig. 1 are well resolved,
representing a significant improvement over the previously reported
anion photoelectron spectrum.23 Previous experiments employing
photoelectron spectroscopy of lanthanide monoxides20,65–68 have
shown that photodetachment from a metal-centered 6s orbital, as
is the case for the NdO− anion, proceeds by a ΔΩ = ±1/2 selec-
tion rule. Conversely, the selection rules for LIF require ΔΩ = 0,
±1 for transitions from the upper to lower state of NdO.32 Nev-
ertheless, the features observed here show exceptional agreement
with the term energies of NdO determined from the LIF spectra of
Linton and co-workers,27 who identified the corresponding neutral
states as belonging to the Ω = 4, 5 manifolds; we thus consider the

final neutral states reached in transitions A–G to belong to the same
Ω = 4, 5 states. Our results then strongly suggest detachment from
an NdO− ground electronic state with Ω = 4.5, thus allowing pho-
todetachment transitions to states with Ω = 4, 5. Such transitions are
depicted as blue solid lines in Fig. 3 atop an energy level diagram
of various electronic and vibrational states of NdO0/− labeled with
experimental and calculated energies. This assignment is supported
by our CASSCF calculations, which find the (1)4.5 state of NdO− as
the ground state, with the nearest state, (1)3.5, residing 1000 cm−1

higher.
Peak A is the lowest-eBE feature whose intensity is not tem-

perature dependent. This, combined with the excellent agreement
between the positions of features A–G with the term energies from
fluorescence measurements, as well as the spacing of low-lying
CASSCF states of NdO, confirms that peak A represents photode-
tachment to the ground state of neutral NdO. We thus report an
electron affinity for NdO of 1.0091(7) eV determined by the eBE of
peak A, representing a significant improvement over the previously
reported value of 1.01(1) eV23 and comparing favorably to our calcu-
lated value of 1.0034 eV at the SFX2C-1e-CCSD(T)/cc-pVTZ-X2C
level.

Beyond peak A, several features in the cryo-SEVI spectra show
evidence of vibrational progressions for different NdO electronic
states discussed above. Peaks A–C–F and B–D belong to vibrational
progressions in the (1)4 and (1)5 states, respectively, while features
E and G correspond to transitions to the next lowest-lying states of
NdO in these Ω manifolds, (2)4 and (2)5, respectively. The spacings
within the vibrational progressions A–C–F and B–D yield vibra-
tional frequencies of 828(7) and 831(9) cm−1 for the 1(4) and 1(5)
states of NdO, respectively. These values are in good agreement with
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FIG. 3. Energy level diagram of observed transitions from the (1)4.5 ground state
(blue, solid lines) and proposed detachment from the (2)4.5 excite state (red,
dashed lines) of NdO− to various states of NdO in the low-eBE region (Fig. 1).
Energies of states are reported for both our CASSCF calculations and those
previously reported by Linton and co-workers27 in parentheses.

those previously measured in the gas-phase, with Linton and co-
workers finding values of 829.512 and 830.218 cm−1 for these states,
respectively.27

These electronic assignments are supported by the PADs mea-
sured for the transitions in Fig. 1. The low-lying states of neu-
tral NdO are predicted to differ in electron occupation from
those of NdO− by occupation of the 6s orbital, indicating that
this is the orbital detached in the lower-eBE spectral region.
This orbital is highly localized on the Nd atom; detachment
from an atomic s orbital yields a photoelectron angular distri-
bution parallel to the laser polarization,46 in good agreement
with what we observe experimentally for the low-eBE cryo-SEVI
spectrum.

B. Hot bands and structure of NdO−

A number of weak features (a–g) labeled in red in Fig. 1(a)
cannot be explained by previously observed transitions or our cal-
culated transition energies from the (1)4.5 ground state of NdO−.
These features are found to have temperature-dependent inten-
sities [Fig. 1(b)], suggesting that they arise from excited states
of the anion. To date, the only spectroscopic investigation of
NdO− was performed by Wilson and Andrews, who measured the
NdO− vibrational fundamental as 789.9 cm−1 in Ne matrices.69 As
the measured value for the NdO vibrational fundamental is red-
shifted by 9 cm−1 in Ne matrices compared to the gas-phase,27,69

it is reasonable to expect the gas-phase value of the NdO− fun-
damental to reside at ∼800 cm−1, ∼30 cm−1 below that of the
neutral.

Based on the expected NdO− vibrational frequency, we
assign features f and g, which reside 36 and 34 cm−1 above peaks A
and C, respectively, to the (1)4(1–1) and (1)4(2–1) sequence bands
for detachment from the (1)4.5 ground state of NdO−. Such an
assignment allows for determination of the harmonic vibrational
frequency of NdO− in the ground (1)4.5 state as 792(6) cm−1.
While excited anion vibrations are not often observed in cryo-SEVI
experiments, the good agreement with previous measurements of
the anion vibrational frequency bolsters this claim. Furthermore,
the presence of these features in cold anions where features a–e
are absent suggests that these two families of peaks originate from
different anionic states.

The remaining hot bands (a–e) cannot be explained by vibra-
tional excitation of NdO− and prove difficult to conclusively
assign due to lack of prior spectroscopic investigations of the elec-
tronic states of this anion. We do, however, present one possible
assignment of the observed hot bands by drawing on our calcu-
lated NdO− state energies as well as the positions of neutral NdO
states identified here and in fluorescence work. In Fig. 1(b), black
sticks show the eBEs expected for detachment to the NdO state lev-
els calculated from the measurements of Linton and co-workers,27

where the anion state is considered to be the (2)4.5 excited state
of NdO− with a term energy of 2350 cm−1. Detachment from this
state follows the same selection rules as for the (1)4.5 state, result-
ing in a set of simulated features that can account for features a–e as
depicted in Figs. 1(b) and 3. It should be noted, however, that these
simulations also show an expected hot band near 7100 where there
is none—this missing transition corresponds to detachment to the
v = 1 level in the (1)5 excited states of NdO. The intensity of this fea-
ture should be much weaker than the corresponding vibrational ori-
gin transition for this electronic state, explaining its absence in our
spectrum.

The proposed term energy of 2350 cm−1 for the (2)4.5 excited
state of NdO− is supported by our CASSCF simulations, which
predict such a level to reside 2724 cm−1 above the ground state.
Furthermore, the presence of anions trapped in low-lying excited
states has been observed previously in cryo-SEVI studies,70–73

although it is notable that the (2)4.5 state of NdO− lies consid-
erably above the anion ground state and above five other excited
states that are not present in the cryo-SEVI spectrum in Fig. 1(b)
(see Table V). As the buffer gas pressure in these warmer scans
is only 20% that of colder scans, it is possible that thermal equi-
librium is not achieved in the ion trap at the lower pressure,
resulting in ion populations more closely mirroring those from the
source.

C. High-eBE structure of NdO
The high-eBE structure observed in the cryo-SEVI spectra of

NdO− in Fig. 2 is considerably harder to analyze than the low-eBE
structure. The features observed in these spectra correspond to tran-
sitions with binding energies ∼7000 to 20 000 cm−1 above feature A,
where there is a significantly higher density of states. The irregular
peak spacing in this region prevents the clear assignment of vibra-
tional progressions.
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Prior experimental work is consistent with our mea-
surements; fluorescence work by Linton et al.27 and Effantin
et al.28 as well as emission spectra from hot 142NdO by Shenyavskaya
et al.26 has collectively found states at term energies in the
10 500–16 500 cm−1 range, which reside near features observed in
the cryo-SEVI spectrum. These state assignments report the value
of Ω based on relative intensities of P, Q, and R branches in each
transition. These values are reported in the rightmost column of
Table II.

While some features in the cryo-SEVI spectra agree with prior
experimental work in this energy regime, it is harder to treat this
spectral region theoretically. To date, there are no theoretical stud-
ies on excited states of NdO with term energies above 8000 cm−1.
Given the computational cost of using an active space with Nd 6s,
6p, 4f , and 5d orbitals, our calculations were restricted to an active
space consisting of two electrons in seven Nd 4f orbitals, forcing a
4f 26s2 configuration. MRCI + Q calculations using such an active
space suggest that the term energies for the lowest-lying state in this
manifold should reside near 22 000 cm−1, although the failure of this
method to reproduce the electron affinity of NdO raises questions
about the accuracy of this value.

Nevertheless, some insight into these states can be gleaned from
the cryo-SEVI spectra. Detachment from the 4f orbital of NdO− is
expected to have a significantly lower cross section than from the 6s
orbital,74 in agreement with the reduced signal intensity observed for
transitions in this energy region as compared to the low-eBE cryo-
SEVI spectra. Furthermore, the photoelectron angular distributions
of features A1–F1 are roughly isotropic, while those of G1–MM are
largely perpendicular to the laser polarization, suggesting that these
manifolds of transitions terminate in states with different orbital
occupations. Such an assertion is congruent with the recent ligand
field theory work that suggests that states with term energies greater
than 10 000 cm−1 have a 4f 4 or 4f 36p configuration (Table II).32

Previous PES studies of lanthanide oxides by the Jarrold group
have observed “shake-up transitions” that violate the typical one-
electron photodetachment rule, where one electron is detached from
the anion, while another is promoted, potentially allowing access
to states with 4f 4 or 4f 36p configurations.20,66 This is one possi-
ble explanation for some of the features observed in this region
of the cryo-SEVI spectrum, particularly peaks CC, J1, L1, and P1,
which align with measured transitions involving states with Ω ≠
4, 5 and are thus expected to be forbidden. Such shake-up tran-
sitions are expected to be weak, as are the allowed one-electron
transitions removing an electron from the 4f orbital of NdO,
making the distinction between allowed and shake-up transitions
challenging.

VI. CONCLUSIONS
Motivated by Nd release experiments, we have investigated

both low- and high-lying excited states of NdO with term ener-
gies up to 2000 cm−1 and between 10 000 and 20 000 cm−1 above
the ground state, respectively. The observed states agree well with
the available literature data, and the lower energy region is fully
assigned to transitions to various vibrational and electronic states
of neutral NdO. Furthermore, we report an electron affinity for
NdO of 1.0091(7) eV in good agreement with the calculated value at

the SFX2C-1e- SFX2C-1e-CCSD(T)/cc-pVTZ-X2C level. CASSCF
and NEVPT2 calculations for excited states of NdO0/− agree well
with experimental values and support a proposed assignment for
a low-lying state of NdO−. Transitions to the higher energy states
of NdO prove challenging to assign, owing to mixing of config-
urations having different occupations of the s and f orbitals in
NdO.

Although the current work does provide some insight, fur-
ther investigation into NdO is needed to ascertain the impact of
multiple chemistries during Nd release experiments, ranging from
theoretical exploration of high-lying states of NdO to the oxida-
tion of Nd by molecular O2. Furthermore, while a number of tran-
sitions observed in the high-eBE region of the cryo-SEVI spectra
have term energies between 18 000 and 20 000 cm−1 (555–500 nm)
that may explain the green emission observed during Nd release,
increased computational precision for this system is required to
determine the states involved if such transitions are optically
allowed.
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