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Photoelectron spectroscopy of GdOÀ

R. Klingeler, N. Pontius, G. Lu¨ttgens, P. S. Bechthold, M. Neeb, and W. Eberhardt*
Institut für Festkörperforschung, Forschungszentrum Ju¨lich, D-52425 Ju¨lich, Germany

~Received 15 August 2001; published 5 February 2002!

We present vibrationally resolved photoelectron spectra of the gadolinium oxide anion GdO2 using
3.495-eV photons. The molecules have been produced in a laser vaporization source and have been mass
selected prior to the detachment process. An electron affinity of 1.1960.1 eV is measured. The vibrational
frequencies of the ground state and the first excited state are determined to be 790640 and 887640 cm21,
respectively. A group of states at 2.6-eV binding energy is interpreted to correlate with the
4 f 7(8S) 6p(2P1/2) uV6pu51/2 configuration.

DOI: 10.1103/PhysRevA.65.032502 PACS number~s!: 33.60.Cv, 33.80.Eh, 31.25.Nj, 33.20.Tp
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I. INTRODUCTION

The application of the ligand field theory~LFT! to the
diatomic lanthanide~L! oxides has been very successful
the past@1#, since these molecules exhibit a strongly ion
character. In the simplest approximation, the ligand is s
posed to have a closed-shell structure, and in the case o
lanthanide oxides this means anL21O22 molecule. The mo-
lecular electronic structures are derived from the states
free L21 ions that are disturbed under the influence of
O22 ligand electric field. However, this oversimplified mod
fails to motivate the existence of electronic states with hig
multiplicity, as, for example, the low-lying quartet states
LaO @2#. The explanation of these states within the LF
framework requires an internal structure of the ligan
namely an open-shell configuration.

Gd and La are distinguished by their 4f occupation. La
has no 4f electron in its ground state, whereas Gd ha
half-filled 4f shell which to a large extent remains unaffect
by chemical bonding due to the localized character of th
states@3#. One might be tempted to assume that the lo
lying energy levels of the respective oxides could be rela
to each other. In the case of LaO, the lowest excited st
correspond to configurations in which the unpaireds
ground-state electron climbs up the ladder of 5d-derived
states that have been split intos, d, andp states due to the
bonding @2,4,5#. In contrast, the low-energy levels of Gd
are derived from 6p ← 6s excitations@6#.

GdO has been investigated previously using electron-s
resonance~ESR! @7# and infrared spectroscopy~IR! @8# in an
Ar matrix and wavelength-resolved fluorescence excita
laser spectroscopy~gas phase! @6#. These experiments hav
established a9S ground state„Gd21@4 f 7(8S) 6s# O22

….
As the 8S → 6S spin-flip excitation in the 4f shell has
been measured to cost about 4 eV@9#, a Gd 8S core is most
likely. The coupling of the 4f shell to the valence electrons
usually of high spin character. The low-lying excited sta
are assigned to 4f 7 6p ← 4 f 76s transitions.

*Present address: BESSY mbH, Albert-Einstein-Str.
12489 Berlin, Germany.
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II. EXPERIMENTAL SETUP

The gadolinium oxide anions have been generated i
pulsed-laser vaporization plasma source using helium as
rier gas. After an adiabatic expansion, the anions are ac
erated and focused by a Wiley-McLaren ion optic. The a
ions are mass selected by their time of flight prior to t
detachment process. Electrons are detached by aQ-switched
Nd:YAG laser pulse~3.495 eV!. The kinetic energy of the
emitted electrons is analyzed in a magnetic-bottle time-
flight analyzer@10#. The spectrometer has been calibrat
using the atomic lines of Pt. In a conservative estimation,
experimental error of the absolute binding energy
60.1 eV due to the extrapolation of the energy scale to
lower binding energies of GdO~the Pt ground state is a
2.12-eV binding energy!. The errors of the relative peak po
sitions are less than65 meV. The vibrational temperature
of the ions in the cluster beam are low due to the cool
process inherent in the adiabatic expansion. Thus, mos
the ions are in their vibrational~and electronic! ground state
prior to the detachment process.

III. RESULTS

Figure 1 shows the photoelectron spectrum of GdO2 us-
ing 3.495 eV photons. The results are summarized in Tab
The adiabatic electron affinity is determined to be 1.
60.1 eV as revealed by the position of the intense peak n
the emission threshold. This peak is assigned to the e
tronic and vibrational ground stateX 9S2 of neutral GdO,
which is the final state of the photoemission process. T
ground state shows a vibrational progression with the vib
tional frequencyve5790640 cm21. This value is in good
agreement with previous experimental (813 cm21 in an Ar
matrix @8#! and theoretical (786 cm21, BDF/B88@3#! inves-
tigations.

The lowest electronically excited state is found at 1.
60.1 eV binding energy. This is assigned to the transit
from the anionic ground state into thea 7S2 neutral excited
state. The excitation energy has been measured to be
60.05 eV (1855640 cm21!. It corresponds to a 6s spin-
flip transition and can be used to measure the coup
strength of the 4f core to the 6s valence electron. The mea
,
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sured value is again in good agreement with previous exp
mental findings (1837.6 cm21 @6#!. From the vibrational
progression, a frequency of 887640 cm21 can be deduced

The weak emission signal at binding energies below
electron affinity is assigned to a hot band, e.g., the transi
from a vibrationally excited anion into the neutral grou
state. From this peak, the vibrational frequency of the Gd2

anion is deduced as 702640 cm21.
At binding energies between 2.5 and 2.7 eV, a group

states is found in the photoelectron spectrum, and additio
peaks appear at binding energies above 3.3 eV. The l
peaks are due to very slow photoelectrons since almost a
the photon energy is left to the GdO molecule as excitat
energy. We do not observe the upper edge of this grou
states because of the limited photon energy. Both group
states are interpreted to arise from the 4f 7(8S) 6p
← 4 f 7(8S) 6s excitations.

The group of states at 2.6-eV binding energy in t
photoelectron spectrum~1.4-eV excitation energy! is inter-

FIG. 1. Photoelectron spectrum of GdO2 taken at 3.495-eV
photon energy. The ground-state transition at 1.1960.1 eV binding
energy determines the electron affinity of the molecule. For
ground and the first excited state, vibrational fine structure is
solved.
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preted to correspond to the transition into t
4 f 7(8S) 6p(2P1/2) uV6pu51/2 final state, which was no
observed in the fluorescence excitation spectrum due to
lection rules @6#. Thus, the 6p(2P1/2) uV6pu51/2 to
6p(2P3/2) uV6pu53/2 separation is determined to be abo
0.7 eV.

Figure 2 shows a comparison of the binding energ
found in the present photoelectron spectra~a! with those cal-
culated in a previously developed ligand field approa
~LFT! @6# ~b! and wavelength-resolved fluorescence sp
troscopy~c! @6#. The energy scale for the photoelectron da
has been shifted by the measured adiabatic elec
affinity ~1.19 eV!. Thus, in this plot the ground state
located at zero energy, and all energy values corresp
to excitation energies. The transitions around 2.3 and
eV observed in fluorescence excitation have be
assigned to the 4f 7(8S) 6p(2P3/2) uV6pu53/2 and
4 f 7(8S) 6p(2P3/2)uV6pu51/2 configurations, respectively
Thus, the group of states starting at 3.3-eV binding energ
the photoelectron spectrum~2.1-eV excitation energy! is as-
signed to the 4f 7(8S) 6p(2P3/2) uV6pu53/2 final state. Due

e
-

FIG. 2. Comparison of the low-lying electronic states of GdO
revealed by~a! photoelectron spectroscopy~PES!, ~b! ligand field
theory ~LFT!, and~c! fluorescence excitation spectroscopy@6#.
-
TABLE I. Comparison of the results of the present photoelectron spectrum~PES!, fluorescence spectros
copy ~FS! @6#, infrared spectroscopy~IR! @8#, and density-functional theory~DFT! @3#.

State Binding energy~eV! Term energy~eV! Vibrational energy (cm21) D r e (Å)

PES PES FS PES IR DFTa

X 9S2 1.1960.1 0.0 0.0 790640 813 786 0.010

a 7S2 1.4260.1 0.2360.05 0.228 887640 0.009

6p(2P1/2) uV6pu51/2 2.660.1 1.460.05

6p(2P3/2) uV6pu53/2 3.360.1 2.160.05 2.182

2.290

2.353

6p(2P3/2) uV6pu51/2 2.685

2.760

aBDF/B88.
2-2
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to the limited photon energy of 3.495 eV, we do not obse
transitions into the 4f 7(8S) 6p(2P3/2) uV6pu51/2 final
states. The bold line in Fig. 2~a! labels the top of the photo
electron spectrum.

A Franck-Condon analysis of the vibrational progressio
reveals the difference in the equilibrium bond lengthsDr e of
the anion and the respective neutral final state. We findDr e

50.010 Å for theX 9S2 ground state andDr e50.009 Å
for the a 7S2 excited state. As expected from the fact th
the X 9S2 and thea 7S2 states have the same electron
configuration~distinguished only by the 6s spin!, r e is al-
most the same for the two states. In the simplest case
additional electron in the anion occupies the 6s orbital. Thus,
asD r e is rather small, a nonbonding character of this orb
can be deduced.
h-
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IV. CONCLUSIONS

The photoelectron spectrum of the GdO2 molecule has
been measured using 3.495-eV photons. The electron affi
has been measured to be 1.1960.1 eV. Vibrational fine
structure has been resolved for the neutralX 9S2 (ve5790
640 cm21) and a 7S2 (ve5887640 cm21) electronic
states as well as for the anionic ground state (ve5702
640 cm21). Moreover, the excitation energy of th
4 f 7(8S) 6p(2P1/2) uV6pu51/2 states has been measured
be about 1.4 eV.
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