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Low energy states of NdO+ probed by photoelectron spectroscopy 

Robert A. VanGundy, Thomas D. Persinger and Michael C. Heaven 

Department of Chemistry, Emory University, Atlanta, GA 30322 

 
 
 
 
Abstract 
 

The ionization energy (IE) of NdO and the low-energy electronic states of NdO+ have 

been examined by means of two-color photoionization spectroscopy. The value obtained for the 

IE, 5.5083(2) eV is 0.54 eV higher than previous estimates.  This leads to the conclusion that the 

auto-ionization reaction Nd + O®NdO+ + e- is exothermic by 1.76(10) eV. 

 Thirty vibronic levels of NdO+ arising from eight electronic states were observed with 

partial rotational resolution. The energy level pattern and supporting electronic structure 

calculations indicated that all of the observed states correlated with the Nd3+(4f3, 4I)O2- 

configuration.  The structure was consistent with a ligand field theory model where the electronic 

states of the Nd3+(4f3, 4I) atomic ion define a repeated motif in the electronic state energy 

intervals of the molecular ion. Comparisons with UO+ show close similarity in the electronic 

structures of these isoelectronic species. 
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Introduction 

There were two primary motivations for the study of NdO+ reported here. The first is 

associated with attempts to use metal-based chemi-ionization reactions of the form 

  M + O ® MO+ + e      (1) 

as a means to modulate the local electron density at high altitudes (>100 km).  The Air Force 

Research Laboratory (AFRL) is interested in using an artificial increase in electron density to 

control radio and microwave opacity in the thermosphere1,2.  To date, attention has been focused 

on atmospheric release of Sm and Nd atomic vapors by sounding rockets3-5.  Based on laboratory 

measurements, both metals were predicted to undergo associative ionization via reaction 1.  

Measurements of bond dissociation energies and ionization energies indicated that the reactions 

were exothermic by -0.33±0.10 and -2.3±0.3 eV for Sm and Nd, respectively1. Trials conducted 

using Sm yielded unexpectedly low electron densities (by a factor of 10-100)1,6. This prompted a 

reexamination of the Sm thermochemistry, where it was found that reaction 1 is almost 

thermoneutral (-0.08±0.07 eV)6. Hence, the back reaction (dissociative recombination) was 

partially responsible for the low electron yields. 

 Atmospheric release experiments for Nd were not as well-characterized as those for Sm.  

On the basis of emission spectroscopy and the drift direction of the emitting cloud it was 

concluded that the primary product was neutral NdO1. This was a surprising result given the 

expectation of a rapid exothermic reaction and the improbability of two-body Nd+O®NdO 

association under the low-pressure conditions of the thermosphere.   

 Ard et al.1 have since examined the Sm+O and Nd+O reactions in a selected ion flow 

tube apparatus.  At room temperature they found that the Nd+O®NdO+ + e reaction was very 

efficient, with a rate constant (3x10-10 cm3 s-1) that was consistent with the hard-sphere collision 
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frequency.  The reaction for Sm was considerably slower (~7x10-12 cm3 s-1) and there was 

evidence to indicate that the reactive species was a low-lying excited state of Sm. 

 The metal oxide ionization energy (IE) is an important factor in the determination of the 

energetics of reaction 1.  A significant error in the exothermicity of the Sm+O reaction was 

largely due to an underestimation of the SmO IE by 0.2 eV6.  This error was probably caused by 

the presence of electronically excited SmO in the electron impact ionization – mass spectrometry 

measurements (high temperature thermal vaporization was used to generate gas phase SmO)7.  

As the IE for NdO was also obtained by this method7, it may also be significantly underestimated 

(it has been experimentally confirmed that NdO has many low-lying states8-12). In the present 

work we have measured the IE of NdO using resonantly enhanced two-color photo-ionization.  

As the first photon excites a resonant transition that originates from the ground electronic state, 

this technique is not subject to errors resulting from the presence of thermally excited molecules. 

 The second motivation for this study concerns the low energy states of the NdO+ cation.  

It is well established that lanthanide oxides (LnO) and their ions have dense manifolds of low-

energy electronic states due to the presence of partially filled 4f orbitals.  Ligand field theory 

(LFT) has proved to be very effective in predicting the manifolds of low-energy states by 

treating the molecule as a Ln2+ atomic ion perturbed by the electrostatic interaction with a 

closed-shell O2- ligand (with the cations modeled as Ln3+O2- systems)13,14. Ab initio electronic 

structure calculations for LnO/LnO+ species are challenging due to the number of electrons, open 

4f sub-shell, and strong relativistic effects. Consequently, comparisons between computational 

predictions and experimental data provide valuable tests of methodologies for treating electron 

correlation and both scalar and vector relativistic contributions to the energy.  For NdO, LFT14 

and multi-reference ab initio calculations with relativistic corrections15 yield reasonably good 
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predictions for the observed low energy states.  To date, there has been no such comparison for 

the NdO+ cation.  A relativistic electronic structure calculation for the low energy states has been 

reported16 but there are no published spectra or LFT predictions.  

 It is often considered that the chemical properties of the actinides and lanthanides will be 

similar, so that the lanthanides may be treated as surrogates for investigation of the properties of 

the more hazardous and unstable members of the actinide family. This approach has been 

valuable, but a potential point of departure is associated with differences between 4f and 5f 

orbitals.  The lanthanide 4f orbitals are compact, atomic-like and minimally involved in chemical 

bonding.  The situation is not so clear-cut for the early actinides, where the radial extent of the 5f 

orbitals is greater and the degree to which they become involved in covalent bonding is still an 

open question.  For this reason, Krauss and Stevens16 reported results for both NdO+ and iso-

electronic UO+.  They found that the ground and low-lying states could be correlated with the 

Nd3+(4f3 4I)O2- and U3+(5f3 4I)O2-  configurations.  Furthermore, the patterns of electronic states 

predicted for both ions were consistent with electrostatic perturbation of the metal atomic free 

ions.  One implication was that covalent interactions of the 5f orbitals were minimal for UO+.  A 

subsequent experimental investigation of UO+ confirmed these conclusions17. 

 In this study we present the first spectroscopic characterization of NdO+.  To facilitate 

assignment of the spectra and test the capabilities of current computational models we also report 

the results of relativistic multi-reference configuration interaction calculations for the molecular 

ion. Limitations of the calculations are discussed, with further reflection on the similarities of 

NdO+ and UO+. 
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Spectroscopic background for NdO 

 The spectroscopic technique used to examine NdO+ involved excitation of an electronic 

transition of neutral NdO, followed by photoionization from the excited state18.  Consequently, 

some background concerning the spectroscopy of NdO facilitates description of the results.  It 

has been established that the ground state is X(1)4, arising from the   Nd2+(4f36s, 5I)O2- 

configuration8,9,11,12,14,15.  Here we use the standard notation for low-lying electronic states of the 

form (m)W, where W is the unsigned projection of the electronic angular momentum along the 

internuclear axis and m designates the energy ordering of the states for a specific value of W.  

Hence, (1)4 indicates the lowest energy state with W =4.  The traditional alphabetic label “X” is 

indicated for the ground state alone.  The first electronically excited state of NdO is (1)5, which 

is just 474 cm-1 above the ground state12.  Higher energy states, for which it is usually difficult to 

identify the configurational parentage, are labeled as [E]W, where E is the term energy of the 

state, in units of 1000 cm-1.  For example, we used the [11.540]3-X(1)4 transition12 in several 

reported measurements. This W=3 excited state had a term energy of 11539.89 cm-1.    

Several studies of the electronic spectra of NdO have been carried out at the level of 

rotational resolution8-12.  Stark and Zeeman effect measurements have been used to determine the 

electric dipole moment and magnetic g-factor for the X(1)4 state11.  Electronic structure 

calculations have been carried out to guide the assignment of the many low energy states.  LFT 

calculations were reported by Carette and Hocquet14, while Allouche et al.15 used relativistic 

multi-reference configuration interaction (MRCI) methods to predict the energies and molecular 

constants for 54 states (all with term energies below 8000 cm-1). 
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Theoretical models for NdO+ and UO+ 

Krauss and Stevens16 employed a restricted valence configuration interaction method to 

predict the low energy electronic states of NdO+ at an internuclear distance of 1.85 Å.  The basis 

set for Nd included a relativistic core potential and the valence basis sets for both Nd and O were 

of double-zeta quality.  Similar calculations were carried out for UO+ and it is helpful to consider 

the UO+ results first as these have been confirmed by subsequent higher-level calculations19 and 

experimental measurements17. 

The lowest energy states of UO+ correlate with the formal U3+(5f3; 4I)O2- configuration.  

In the following we use Ja to designate the total electronic angular momentum of the atomic ion.  

In ascending energy order, the spin-orbit components of 4I are Ja=4.5, 5.5, 6.5, and 7.5.  When 

the O2- ligand approaches, each Ja level is split into Ja+1/2 Kramers doublets that are labeled by 

W, the unsigned projection of Ja on the internuclear axis.  For example, Ja=4.5 splits into the 

molecular ion states W=4.5, 3.5, 2.5, 1.5, 0.5, in ascending energy order.  The ligand field is 

relatively weak compared to the atomic ion spin-orbit coupling interaction, such that the energy 

spread of the Ja=4.5, W=4.5 – 0.5 energy levels (1325 cm-1 from experiment17) is smaller than the 

U3+ 4I5.5-4I4.5 energy interval (4265 cm-1)20.  The spin-orbit coupling of the atomic ion is only 

slightly perturbed by the ligand field, such that the lowest energy molecular state of Ja=W=5.5 is 

4178 cm-1 above Ja=W=4.5.  The UO+ calculations of Krauss and Stevens16 were approximately 

in agreement with this weak-field model, although the ligand-field splitting was overestimated 

and the spin-orbit coupling was underestimated.  Tyagi et al.19 reported multi-configuration self-

consistent field calculations that were closer to the experimental results and in agreement with 

the LFT model of the electronic structure17,21. 
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Krauss and Stevens’ calculations for NdO+ predicted that the low energy states arise from 

the Nd3+(4f3; 4I)O2- configuration, with the lowest energy states being the Ja=4.5, W=4.5 – 0.5 

series16.  The calculated energy spread for these states was 904 cm-1.  As for UO+, this range was 

appreciably smaller than the 1897 cm-1 4I5.5-4I4.5 atomic ion interval of Nd3+(4f3)22.  Since the 

study by Krauss and Stevens16 the computational techniques and basis sets that can be applied 

for studies of NdO+ have advanced significantly.  Consequently, we have carried out multi-

reference configuration interaction (MRCI) calculations for Nd3+ and NdO+.  The atomic ion was 

included as the calculations could be used to evaluate the treatment of the spin-obit coupling 

through comparison with accurate spectroscopic data. 

The electronic structure calculations reported here were performed using the Molpro 

2012 suite of programs23.  The basis set for Nd consisted of a 28 electron relativistic core 

potential combined with an Atomic Natural Orbital basis set of quadruple zeta quality for the 

valence orbitals (ECP28MWB_ANO).  The augmented, correlation consistent polarized valence 

triple zeta basis set (aug-cc-pvtz) was used for oxygen.  Complete active space, self-consistent 

field (CASSCF) calculations followed by MRCI calculations were used to obtain initial energies 

for the spin-free excited states.  The active space was defined by the Nd 4f, 5d and 6s orbitals (3 

electrons in 13 orbitals). Electrons in lower energy valence orbitals were correlated, but the 

orbitals were constrained to be doubly occupied.  For both Nd3+ and NdO+ the thirteen states of 

4f3, 4I were calculated.  The final step was inclusion of the spin-orbit interaction.  The matrix 

elements of the spin-orbit operator were computed using the CASSCF wavefunctions, but the 

spin-free energies used for the diagonal elements were taken from the MRCI calculations. The 

results for Nd3+(4f3, 4I) are compared with experimental data in Table 1.  The spin-orbit (SO) 
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splitting was recovered fairly well, with an average error of 185 cm-1.  This was sufficient for 

state assignment purposes.   

Optimization of the bond length for Nd3+(4f3, 4I)O2- was carried out using the CASSCF 

level of theory, which converged to a value of Re=1.742 Å.  Results from the MRCI-SO 

calculations for NdO+ with R=1.742 Å are collected in Table 2.  The structure follows the 

expected perturbed atomic ion model.  Note that the energy spacings for the W=Ja levels are 

quite close to the values for the spin-orbit states given by the free-ion calculations (c.f., Table 1).  

This indicates that the spin-orbit coupling is only slightly perturbed by the ligand field.  It is also 

apparent that the sub-levels of each Ja state give rise to a series of molecular states with W 

decreasing from Ja to 0.5 with increasing energy.  The ground state is predicted to be X(1)4.5, 

the same as the experimentally verified assignment for UO+17. 

 

Experiment 

 The apparatus used for these measurements has been described previously17,18,24.  Gas 

phase NdO was produced using a Smalley-type pulsed laser ablation source25.  The metal source 

consisted of rod of pure Nd (ESPI Metals, natural isotopic composition).  The rod was ablated by 

the fundamental pulses (1064 nm, 5 ns duration) from a Q-switched Nd/YAG laser (Continuum 

Minilite II), and the ablation plume was entrained in a gas flow consisting of 1% NO in He.  The 

gas was introduced by means of a pulsed valve (Parker General Series 9) that was synchronized 

with the ablation laser timing.  The source pressure for the carrier gas was found to be optimal 

near 60 psi.  To provide a fresh metal surface for each ablation pulse, the rod was continuously 

rotated and translated.  Following entrainment of the metal vapor in the carrier gas, the mixture 

was expanded into a vacuum chamber through a 2 mm diameter orifice.  This expansion process 
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typically cooled the NdO to rotational temperatures in the range of 20-40 K.  The core of the 

supersonic expansion was sampled through a skimmer into a second chamber, where the 

resulting molecular beam traversed the source region of a time-of-flight mass spectrometer. 

 Two dye lasers were used for photoionization of NdO.  Both were Nd/YAG pumped 

systems with pulse durations of approximately 10 ns (Lambda-Physik Scan Mate Pro, 0.15 cm-1 

linewidth (first photon=pump) and Continuum ND6000, linewidth 0.1 cm-1 (second 

photon=probe)). Frequency doubling of the ND6000 laser was used to provide tunable radiation 

in the 300-370 nm wavelength range.  The dye laser beams were spatially overlapped and 

counter-propagated along an axis that was perpendicular to the direction of the molecular beam.  

The dye lasers were wavelength-calibrated using a Bristol Instruments Model 821 wavemeter. 

Pulse timings were controlled by digital delay generators (Stanford Research Systems model 

D345).  

Resonantly enhanced multiphoton spectroscopy (REMPI) was used to optimize 

production of NdO+ for further experiments. The strongest signal for NdO+ 1 + 1’ REMPI 

occurred when both lasers were overlapped temporally at the exit window for the probe laser. 

The electric field in the ion source region of the time-of-flight mass spectrometer (TOFMS) was 

364 V/cm. Seven isotopes of neodymium were present in natural abundance and the TOF-MS 

resolved all isotopes. The most abundant isotope 142Nd (27.2%) was the primary focus for all 

experiments. 

 Photoionization efficiency (PIE) measurements were used to provide an initial estimate 

for the IE of NdO. The pump laser was tuned to a NdO transition and the probe laser photon 

energy was varied to find the threshold at which photoionization occurred. The threshold was 

confirmed to be a two-color process by detuning the pump photon energy from the neutral 
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molecule transition and observing the loss of the signal from the photon ionization caused by the 

probe laser.  

 Pulsed Field Ionization Zero Kinetic Energy photoelectron spectroscopy (PFI-ZEKE) 

was used to refine the IE value provided by the PIE measurement, and to further examine the 

NdO+ electronic structure. In the technique employed here, the high-n Rydberg states were 

accessed via two-photon excitation of the neutral molecule. The grids of the TOFMS were 

reversed-biased (relative to the REMPI configuration) to facilitate electron detection. During the 

laser excitation sequence, the repeller plate was held at -5.1 or -5.2V and the extractor at -5V, 

creating an electric field of -0.07 to -0.14V/cm biased away from the microchannel plates used 

for detection. This field was used in contrast to our previous implementations of PFI-ZEKE in 

order to mitigate signals from electrons directly ejected from molecules that were not excited into 

the high-n Rydberg states. The field slightly depressed the NdO+ ionization energy compared to 

the field-free configuration, but did so within experimental error. Between 0.7μs and 1.2μs after 

the laser interaction with the molecular beam the repeller plate was pulsed to -7.5V, providing a 

total electric field of -1.8 V/cm that ejected the high-n Rydberg electrons towards the detector. 

The signal was demonstrated to belong to NdO+ as it was not present when the pump laser was 

not tuned to the NdO transition.   

 

Results 

 The initial search for the IE of NdO was guided by Ackermann et al.’s7 value of 4.97(10) 

eV.  As this was a relatively low energy we began by working with low energy pump transitions, 

so that the probe laser wavelengths would fall in a range that was convenient for the second dye 

laser.  With the pump laser tuned to the [11.540]3-X(1)4 transition12 we were unable to observe 
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two-color ionization within the expected energy range.  Signals were first observed for probe 

wavelengths below 303 nm, with a poor signal-to-noise ratio.  Fig. 1 shows a PIE scan taken 

with the pump laser tuned to the R-branch band head of the [11.540]3-X(1)4 transition.  The 

onset of ionization was estimated from this trace by inspection.  When the depression of the IE 

by the local field of the mass spectrometer was taken into account (364 V cm-1 shifts by 115   

cm-1), the IE was found to be 44426(20) cm-1.   

A PFI-ZEKE scan, recorded with the pump laser tuned to the R-branch feature of the 

[11.540]3-X(1)4 transition is shown in Fig. 2.  Rotational structure is evident in this trace, but it 

differs from the structures seen in many of our previous PFI-ZEKE experiments17,18,24,26.  

Typically, we have observed rotational structures where the spacings between successive lines 

diverge as the energy increases.  This reflects the rotational energy level structure of the 

molecular ion.  In contrast, Fig. 2 shows rotational structure where the line spacing diverges with 

decreasing energy.  As discussed below, this follows the energy level pattern of the intermediate 

excited state ([11.540]3, v=0) with ionization to just the lowest energy rotational level of the ion.  

Consequently, the IE was defined by the blue edge of the highest energy rotational line.  Note 

that the blue edge was used because it represents the convergence limit of the high-n Rydberg 

states.  The data in Fig. 2 yielded an IE of 44427.2(20) cm-1 (5.5083 eV), consistent with the 

field-corrected value obtained from the PIE measurements. 

Confirmation that the rotational structure of Fig. 2 was that of the [11.540]3 state was 

obtained by fitting the line centers (𝐸") to the expression 

𝐸" = 𝐸$ − 𝐵𝐽(𝐽 + 1)       (1) 

Where J is the rotational angular momentum quantum number of the [11.540]3 state and 𝐸$ is 

the ionization energy extrapolated to the hypothetical J=0 limit (as W=3, J cannot be less than 3).  
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With the J assignments indicated in Fig. 2 the fit produced a rotational constant of B=0.338(5) 

cm-1, in reasonable agreement with the literature value12 of B=0.3345 cm-1.  Alternative 

rotational numberings yielded larger variances and rotational constants that differed from the 

literature value by several standard deviations. 

 Additional confirmation of the assignments was obtained by recording PFI-ZEKE spectra 

where the frequency of the pump laser was scanned, while the probe laser was fixed on one of 

the PFI-ZEKE features of Fig. 2.  Fig. 3 shows examples of this type of scan.  As each PFI-

ZEKE peak is produced by a specific J®NdO+ transition, a scan of the pump laser produces a 

spectrum that is dominated by the P(J+1), Q(J) and R(J-1) rotational lines.  Ground state 

combination differences (e.g., R(J-1)-P(J+1)=4B”(J+1/2), where B”=0.3616 cm-1 is the 

rotational constant for X(1)412) could then be used to determine the J values.  This independent 

procedure yielded the same assignments as the fit to Eq. 1 described above. 

 The IE proved to be considerably higher than the value reported by Ackermann et al.7  

As the next objective was to characterize the first tier of vibronically excited states for the ion, 

the pump laser was tuned to a higher energy intermediate state to provide facile access to the 

excited states of the ion.  The well-characterized [16.740]3-X(1)4 transition of NdO10,11 was used 

for this sequence of measurements.  As a check for consistency, PIE and PFI-ZEKE scan 

recorded using this pump transition yielded an IE value in agreement with the results obtained 

using [11.540]3 as the intermediate state.  The rotational structure of the PFI-ZEKE origin band 

was similar to that of Fig. 2, and fitting to the rotational energy levels (Eq. 1) yielded a rotational 

constant that agreed with the reported constant for the [16.740]3 state. 

The extended PFI-ZEKE spectrum for NdO+ exhibited 30 vibronic states in the energy 

range from the origin band to 5200 cm-1 above the IE.  A survey scan of the 0 – 2500 cm-1 region 
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is presented in Fig.  4.  The electronic state assignments shown in Fig. 4 were derived from the 

predictions of ab initio calculations given in Table 2.  Vibrational progressions with energy 

intervals near 890 cm-1 were easily recognized in this sweep.  Band origins and vibrational 

constants derived from the PFI-ZEKE data are listed in Table 3. 

There was some notable variation in the rotational structures of the PFI-ZEKE bands.  

While the vibrationally excited levels of the X(1)4.5 state had much the same rotational structure 

as the origin (v=0) band, the structure for (1)3.5 was of the more commonly encountered form, 

with the line spacings diverging to higher energies.  Spectra recorded by scanning the pump 

laser, with the probe laser fixed on a PFI-ZEKE feature confirmed that the structure of the (1)3.5 

bands was due to a short progression of the molecular ion rotational states, beginning with 

J+=3.5  Each of these traces showed P(J+1), Q(J) and R(J-1) lines where the most intense line 

was associated with the transition where J+=J-0.5.  For example, with the probe laser tuned to 

J+=3.5 the most intense line was R(4) while the detection of J+=5.5 resulted in the P(6) line 

being most intense.  Higher energy vibronic states in the PFI-ZEKE spectrum had more complex 

rotational structures where both the intermediate state and molecular ion rotational levels were 

active in the spectrum.  As only a few rotational lines of the ion were observed, with widths close 

to 2 cm-1, the rotational constant defined by these data had large error limits (B+=0.41(5) cm-1). 

 

Discussion and Conclusions 

 The present determination of the IE for NdO established a value that is 0.54 eV higher 

than the result of Ackermann et al.7  As noted in the introduction, it is likely that this discrepancy 

can be traced to thermal excitation of NdO in the earlier determination.  Ackermann et al.7 used 

thermal vaporization of Nd sesquioxide at a temperature of 2200 K to generate gas phase NdO.   
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 The revised IE for NdO can be used to evaluate the bond dissociation energy of NdO via 

the relationship 

  𝐷$(𝑁𝑑𝑂) = 𝐷$(𝑁𝑑𝑂0) + 𝐼𝐸(𝑁𝑑𝑂) − 𝐼𝐸(𝑁𝑑) 

As 𝐼𝐸(𝑁𝑑) is known (5.5250 eV) and 𝐷$(𝑁𝑑𝑂0) has been carefully reevaluated by Armentrout 

at al.27 (7.28(10) eV), a dissociation energy of 𝐷$(𝑁𝑑𝑂)=7.26(10) eV is defined by these data.  

This is in good agreement with the previously recommended value of 7.18(8) eV28.  The 

difference between 𝐼𝐸(𝑁𝑑𝑂) and 𝐷$(𝑁𝑑𝑂) establishes that the Nd+O associative ionization 

reaction is exothermic by 1.76(10) eV.  Although this exothermicity is lower than earlier 

estimates, it is confirmed that Nd is still a promising candidate for atmospheric release 

experiments. 

 PFI-ZEKE measurements revealed a pattern of low-energy electronically excited states 

that was in agreement with the qualitative predictions of LFT models.  All of the states observed 

could be correlated with the Nd3+(4f3, 4I)O2- configuration, an interpretation that was supported 

by the narrow range of we constants associated with these states13,17 (c.f., Table 3).  From the data 

in Table 3 it can also be seen that the energy spacing between the W =Ja=(1)5.5 and W =Ja= 

(1)4.5 levels (1840 cm-1) is very close to the atomic free ion 4I5.5-4I4.5 interval of 1880 cm-1 

(ref.22).  This demonstrates the near conservation of the spin-orbit coupling constant.   

 Another interesting point of comparison between NdO+ and UO+ is the magnitude of the 

ligand-induced splitting of the Ja=4.5 sub-levels. The range of molecular states (W=4.5 to 0.5) 

spans 1719 cm-1 for NdO+ and 1325 cm-1 for UO+. The slightly larger perturbation for NdO+ may 

be a consequence of the smaller internuclear distance of 1.74 Å, as compared to Re=1.80 Å for 

UO+. Ionization of both NdO and UO involves the removal of an electron from the outermost 

metal-centered s-orbital, and the difference between the atomic and molecular IE’s reveals the 
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effect that the removal of this electron has on the bonding. These energy differences are -0.015 

and -0.163 eV, corresponding to rather small increases in the bond strength on ionization.  This 

suggests that the s-electrons are essentially non-bonding, but they do influence the equilibrium 

properties.  On ionization the vibrational frequencies increase and the bond lengths shorten for 

both NdO/NdO+ and UO/UO+. 

The rotational structures of the PFI-ZEKE bands were unusual and worthy of some 

comment.  As described above, transitions to the X(1)4 state yielded structure that reflected 

ionization from a range of intermediate state J-levels to just the lowest energy rotational state of 

the ion (J+=4.5).  The participation of multiple intermediate state levels is reasonable given that 

the pump laser was tuned to the unresolved R-branch band head. The probe-scan PFI-ZEKE 

spectrum had contributions from J³5 which is expected for R-branch excitation from an W=4 

ground state. The fact that levels with J+>4.5 did not appear in the PFI-ZEKE spectrum indicates 

that the high-n Rydberg states that converge to these levels are not long-lived. It seems that these 

levels undergo rapid auto-ionization by means of a rotational channel coupling mechanism.  In 

contrast, the PFI-ZEKE band of the (1)3.5 state was dominated by transitions to the J+=3.5, 4.5 

and 5.5 levels. Signals from higher angular momentum states were below the noise level, 

suggestive of the opening of rotationally mediated auto-ionization channels. For higher energy 

states the variation in the auto-ionization rates produced more complex structures with 

contributions from both the J and J+ manifolds. 

 The energy levels for NdO+ predicted by Krauss and Stevens16 are compared with the 

experimental results in Table 2. Here it can be seen that the energy ordering of the states was 

correct, but both the ligand field splitting and spin-orbit coupling contributions to the energy 

were underestimated.  The weaker ligand field splitting can be partially explained by the fact that 
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the internuclear separation was fixed at distance of 1.85 Å, which is greater than Re. Comparison 

of the results from the present MRCI-SO calculations with the experimental data is also 

facilitated by Table 2. Overall the agreement is improved, but the ligand field and spin orbit 

interaction energies are still underestimated. Comparison of the predicted free-ion energies of 

Table 1 with the W=Ja molecular levels of Table 2 shows that the former are only slightly 

perturbed in the molecule. Hence, the disagreement with the experimental spin-orbit interval is 

due to inadequate treatment of the spin-orbit coupling, rather than a model-dependent 

overestimation of the participation of the 4f orbitals in covalent bonding. The cause for the 

underestimation of the ligand field splitting is more difficult to identify. The simplest 

interpretation is that the calculations do not fully recover the charge separation due to limitations 

of the basis set. In future studies it will be of interest to see if this defect can be reduced by 

adding customized diffuse basis functions. 
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Table 1. Calculated and observed energy levels for Nd 3+(4f3, 4I) 

 

Ja  E(Obs)22  E(MRCI-SO)  DE  

4.5  0.0   0.0   0.0 

5.5  1897.07  1644   253 

6.5  3907.30  3586   321 

7.5  5988.50  5828   161   

 

All energies are in cm-1 units.  
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Table 2.    Calculated and observed energy levels for Nd3+(4f3, 4I)O2-  

 

Ja W Ref. 16 MRCI-SO Observed 
     

4.5 4.5 0 0 0 
 3.5 630 1071 1280 
 2.5 683 1478 1538 
 1.5 780 1485 1624 
 0.5 904 1509 1719 
     

5.5 5.5 1291 1630 1840 
 4.5 1803 2549 2951 
 3.5 1874 2907 3237 
 2.5 1957 3054  

 1.5 2126 3069  
 0.5 2192 3078  
     

6.5 6.5 2733 3444  
 5.5 3265 4314  
 4.5 3298 4704  
 3.5 3459 4881  
 2.5 3538 4927  
 1.5 3541 4943  
 0.5 3729 4950  
     

7.5 7.5 4366 5454  
 6.5  6342  
 5.5  6847  
 4.5  7033  
 3.5  7085  
 2.5  7099  
 1.5  7099  
 0.5  7115  

 

All energies are in cm-1 units. 
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Table 3.  Observed vibronic states and vibrational constants of NdO+ 
 

State v+ T0,v+ ωe ωeχe 
     

X(1)4.5 0 0 892.4(15) 1.3(2) 
X(1)4.5 1 890.3(20)   
X(1)4.5 2 1775.1(20)   
X(1)4.5 3 2663.1(20)   
X(1)4.5 4 3544.0(20)   
X(1)4.5 5 4422.9(20)   

     
(1)3.5 0 1280.2(20) 892.9(35) 2.6(8) 
(1)3.5 1 2169.3(20)   
(1)3.5 2 3049.3(20)   
(1)3.5 3 3928.0(20)   

     
(1)2.5 0 1537.7(20) 889.0(26) 1.5(5) 
(1)2.5 1 2422.4(20)   
(1)2.5 2 3308.0(20)   
(1)2.5 3 4184.0(20)   
(1)2.5 4 5062.3(20)   

     
(1)1.5 0 1623.7(20) 890.3(1)  
(1)1.5 1 2514.4(20)   
(1)1.5 2 3405.2(20)   
(1)1.5 3 4296.3(20)   

     
(1)0.5 0 1719.1(30) 880(3)*  
(1)0.5 1 2596.4(30)   
(1)0.5 2 3471.0(30)   
(1)0.5 3 4362.0(30)   

     
(1)5.5 0 1840.1(20) (894)  
(1)5.5 1 2734.7(20)   

     
(2)4.5 0 2950.8(20) (894)  
(2)4.5 1 3845.2(20)   

     
(2)3.5 0 3237.6(20) 892.9(35) 2.6(9) 
(2)3.5 1 4127.9(20)   
(2)3.5 2 5013.1(20)   
     

Energies and vibrational constants are given in cm-1 units 
* Due to the low intensities and higher uncertainties of the band centers, the vibrational intervals 
were used to define we with wexe held at zero. 
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Figure captions 

 

1. Photoionization efficiency scan for NdO. The pump laser was tuned to the R-branch band head 

of the [11.540]3-X(1)4 transition. The arrow indicates the estimated ionization threshold in the 

presence of an electric field of 364 V cm-1. 

 

2. Probe-scan PFI-ZEKE spectrum for NdO. The pump laser was tuned to the R-branch band 

head of the [11.540]3-X(1)4 transition. Band head excitation was used as it gave better signal-to-

noise rations as compared to excitation of resolved P-branch lines. The numbers given above 

each peak are the rotational quantum numbers of the NdO [11.540]3 intermediate state. 

 

3. Pump-scan PFI-ZEKE spectra for NdO.  For each trace the probe laser was tuned to a specific 

peak of the spectrum shown in Fig. 2.  The pump laser was then scanned through the rotational 

lines of the [11.540]3-X(1)4 transition.  The Q-line numbering indicates the intermediate 

rotational level of the PFI-ZEKE transition. 

 

4. Probe-scan PFI-ZEKE survey spectrum. The pump laser was tuned to the R-branch band head 

of the [16.738]3-X(1)4 transition. The energy scale is relative to the IE. 
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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