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We report the first anion photoelectron spectroscopic study of nickel mongki®), nickel
dioxide (ONiO), and nickel-Q complex, N{O,). The adiabatic electron affinitfgA) of NiO is
measured to be 1.462) eV. Five low-lying electronic excited statesA@Il, a A,

B 3®, b '3*, ¢ ) are observed for NiO at 0.4@), 0.94(4), 1.24(3), 1.80(10), and 2.3810)

eV above the ground state, respectively. Two isomers are observed fgr iNiQthe linear ONIO
dioxide and the NiO,) complex. The dioxide has a high EA of 3.@%) eV while the N{O,)
complex has a rather low EA of 0.83) eV. Two low-lying excited states are observed for ONiO

at 0.40(2) and 0.77(3) eV above the ground state, respectively. The vibrational frequency of the
v, mode of the ground state ONiO((32§) is measured to be 750 (30) ¢t The excited states

of the Ni(O,) complex give broad photodetachment features starting at about 1.1 eV above the
ground state. Information about the electronic structures of the nickel oxide species and chemical
bonding between Ni and O and,@s obtained and discussed. €997 American Institute of
Physics[S0021-96087)00525-4

I. INTRODUCTION rather low EA, consistent with a more weakly bound com-
plex. The excited states of {@),) exhibit broad spectral fea-
Despite the importance of transition metal oxides in ma-tures.
terials application and the oxidation of metal surfaces, our In the following section, the experimental details are de-
knowledge of simple transition metal oxide molecules is farscribed. We present the PES results in Sec. Ill. Each mol-
from completet This is particularly true for nickel oxide. ecule is discussed in detail in Sec. IV. Finally, a summary is
There have been several calculatfoisand experimental given in Sec. V.
studie§'! about the nickel monoxide moleculé&NiO),
whose ground state is known to be®®~ state. But very
little is known about its electronic excited states. The
Ni(O,) complex has been studied both experimentafly Our experimental apparatus has been described in detail
and theoreticall}**® In the CuQ system, both a linear di- before®?” Briefly, it consists of a laser vaporization cluster
oxide OCuO and a GO, complex are known to exist. source, a time-of-flighttTOF) mass spectrometer, and a
However, it is not known if there exists a similar nickel magnetic-bottle TOF photoelectron analyzer. The Ni&h-
dioxide molecule until very recentfy’ ion is produced by vaporizing a pure nickel target with neat
As we have shown previously, photoelectron spectroshelium carrier gas, due to the surface oxide layer on the
copy (PES of anions with various detachment photon ener-target (Fig. 1). When helium carrier gas seeded with 0.1%
gies is particularly powerful to probe the low-lying elec- O, is used, abundant NiQis produced with little NiO
tronic excited states of novel neutral specdf&€®In spite of  formed. Two types of cluster nozzles are used to produce the
its intrinsic low-resolution nature, PES can provide uniqueNiO, species, one with a large waiting room, as described
electronic structure information which is otherwise difficult before?’ and one without the large waiting room. We find
or impossible to obtain with other optical techniques. In thethat the large waiting room nozzle produces both the
current work, we present the first PES study of NjGand  Ni(O,)~ complex and the ONiO dioxide (Fig. 2) while the
ONIO™, and N{O,)". nozzle without the large waiting room produces exclusively
In addition to the electron affinities which are measuredthe ONIO™ dioxide (Fig. 3). The Ni(O,)~ complex, similar
directly from the PES spectra, a wealth of electronic structo our previously observed @D,)~ complex® is likely
ture information is obtained about the corresponding neutralormed during the supersonic expansion from the 2 mm diam
molecules. A total of five low-lying excited states are ob-throat of the large waiting room nozz&The condition that
served for NiO within 2.5 eV above its ground state. Theseoptimizes the formation of the KD,)~ complex is at the
states are assigned on the basis of its ground-state configi#ading edge of the carrier gas pulse, where more abundant
ration and existing theoretical calculations. A very high EANi~ atomic species is found. This condition is unfavorable
is measured for the linear ONIO dioxide molecule. Besidedor the cooling of the ONiO speciegthe optimal cooling is
the vibrationally resolved ground state, two excited states arat the peak of the carrier gas pulselearly shown by the hot
observed for ONiO. The ND,) complex is found to have a bands observed for the spectrum of ONI® Fig. 2.

Il. EXPERIMENT
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FIG. 1. Photoelectron spectra of NiGat 532 nm(2.33 eV}, 355 nm(3.49
eV), and 266 nn(4.66 e\). The spectral assignments and vibrational struc-
tures are indicated. HB stands for hot bands.
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FIG. 2. Photoelectron spectra of () complex at 532 and 355 nm. The
355 nm spectrum also contains spectral features from the ONMiGxide
molecule(see Fig. 3 and the textWeak features around 1.2 eV are due to
Ni~ as a result of photodissociation of the parentQyj~ anion.
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FIG. 3. Photoelectron spectra of ONiQlioxide at 355 and 266 nm. Note
the high electron affinity of the ONiO molecule and the well resolved vi-
brational progression in the 355 nm spectrum.

The negative ions from the collimated supersonic beam
are extracted at 90° into the TOF mass spectrometer. The
cluster of interest is selected and decelerated before detached
by a laser beam from a Q-Switched Nd:YAG lageB2, 355,
and 266 nm Nearly 100% of the emitted electrons are col-
lected by the magnetic bottle and analyzed by a 3.5 m long
TOF tube. The measured electron TOF spectra are calibrated
using the known spectrum of CL*® The presented electron
binding energy spectra are obtained by subtracting the cali-
brated kinetic energy spectra from the respective photon en-
ergies used for detachment. Low photon energies are used to
obtain better resolved spectra due to the energy dependence
of the energy resolution in the TOF-type electron analyzer.
Higher photon energies are used to obtain more highly ex-
cited states of the neutral species. The resolution of the cur-
rent spectrometer is better than 30 meV at 1 eV electron

energy?®

lll. RESULTS

Figure 1 shows the photoelectron spectra of Niéx
three photon energies. The 532 nm spectrum reveals two
electronic states of the NiO molecule with partially resolved
vibrational structures. Two more states at 2.4 and 2.7 eV
binding energiesBES) are further revealed at 355 nm. The
2.4 eV state shows a vibrational progression while the 2.7 eV
peak is sharp and intense. More states are revealed at 266
nm, but the signal-to-noise ratio is rather poor at the high BE
side. Nevertheless, at least two states can be identified at
about 3.3 and 3.8 eV. The BEs of all these states and the
obtained spectroscopic constants are listed in Table I.

Figure 2 shows the spectra of NiGat 532 and 355 nm
when the large waiting room nozzle is used to produce the
NiO, species. The 532 nm spectrum shows a sharp feature at
0.82 eV and the onset of a broad band following an energy
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TABLE I. Observed binding energig8E) and spectroscopic constants for Ni@nd NiO.

Term value(eV) Vib. freq. (cm?)
State BE(eV) This work Previous This work Previous
NiO~ X(11) 810(50)
NiO X(327) 1.462)2 0 80050) 83¢
ACIL,) 1.894) 0.434)
(Gry) 1.955) 0.495)
(M) 2.01(6) 0.556) 0.537 780.8
0.53% 777.F
a(ta) 2.41(4) 0.944) 680(60)
B(°®) 2.702) 1.243)
b(*z ) 3.2610) 1.80(10)
c(MI) 3.8410) 2.39110)

@Adiabatic electron affinity of NiO.
From Ref. 10.

°From Ref. 9.

9From Ref. 8.

gap. There are weak features around 1.2 eV which can beroperties are well understodd'! The bonding between Ni
attributed to detachment features of NiThis suggests that and O can be viewed as ND~ with substantial covalent
there is a weak dissociation channel, MiONi~+0,. Simi-  character. The valence molecular orbit@¥Os) of NiO can
lar dissociation processes have been observed for thee considered as derived from™Nand O, as schematically
Cu(0,)~ complex previously®?® suggesting that we are shown in Fig. 4. ThéS ~ ground state of NiO is well estab-
dealing with a N{O,)~ complex currently. The 355 nm spec- lished with the 217*15%*202272 configuration. The &
trum shows a broad band at about 2 eV, in addition to theind It MOs are bonding orbitals betwe@&@?2po-3do and
sharp peak at 0.82 eV. However, much stronger features a@2p-3dr, respectively; the @ and 27 MOs are slightly
revealed near 3 e{Note thex 10 amplification for the fea- antibonding; the &is a nonbonding MO with pure®char-
tures due to the ND,)~ complex] acter. In the NiO anion, the extra electron is expected to
Figure 3 shows the spectra of NiCat 355 and 266 nm enter the - orbital to give a b?17*15*20%27° configu-
when the nozzle without the large waiting room is used. Theation, with a®Il ground state. As pointed out in the recent
355 nm spectrum is drastically different from the one showrtheoretical work, the three MOs, & 20, and 27, are rela-
in Fig. 2. The weak features at lower BE disappear and thévely close in energy and are well separated from thetd
strong features near 3 eV become a nice vibrational progred-w bonding MOs. Therefore, it is possible that the photode-
sion. A peak near 3.45 eV is also observed, which becomeschment can take place from all these three MOs at the
an intense and sharp feature in the 266 nm spectRign 3,  current photon energies. The configurations and electronic
lower panel. In addition, the 266 nm spectrum reveals onestates resulting from these detachment processes are as fol-
extra sharp feature near 3.82 eV, with indications of everiows:
higher BE features. Therefore, it is clear that we are dealing 21 4 24 3,2 24 4 24 2.
with two isomers of NiQ. The first isomer(Fig. 2) is a (1) 10°17*16°20°20°(* 1)~ 101 7*16°20° 27"

33— 1 15 +.
NiO, complex; on the basis of the high EA of the second 27, AT
isomer (Fig. 3), we assign it to be a yet known ONiCdi- (2) 10%17*16%20%273(°I1)—10?17*16%201 27
oxide. These two isomers are analogous to the two isomers 11, I;

that exist for the Cu@system'® The 355 nm spectrum of
Fig. 2 clearly contains features from both isomers while Fig. (3) 10°17°16°20°27° (1) — 10°17*16%20°27:

3 shows the features only from the ONi@somer. The dif- @, °M, o, 1I.

ferent populations of the two isomers are due to the two

different nozzles used, as described above. It is also worth

noting that the vibrational progression observed in the 355ABLE II. Observed binding energig8E) and spectroscopic constants for
nm spectrum of ONiIO seems to disappear in the 266 nm Ni(O,) and ONiO.

spectrum(Fig. 3). The BEs and the obtained spectroscopic
constants are listed in Table Il for both the(®)) complex

Term value  Vib. freq.

Stat BE =
and the ONiIO dioxide. In the following, we discuss each - Y v em™)
molecule individually. Ni(Oy) X 0.823) 0

A ~18 ~1
IV. DISCUSSION ONiO X(32g™h 3.051)° 0 75030)
) a(*Ag) 3.452) 0.402)
A. NiO b(*=g") 3.823) 0.773)

_Several calculations have.been. performed on the eleCagiabatic electron affinity of NO,).
tronic structure of the NiO diatomic and its ground-statePAdiabatic electron affinity of ONiO.
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30 The second excited state at a BE of 2.41 eV has a nice
48 G vibrational progression with a vibrational frequency of 680
- 2 (60) cm * and a 0.94 eV excitation energy from the ground
/202 N 2ps state. This state is assigned to the state. The sharp and
&/ 18 ~\’%::= simple vibrational progression observed suggests that there is
ado ? ST ’,7 no spin—orbit splitting complication, consistent with the as-
o Y o signment.
N i The state with a BE of 2.70 eV is sharp and intense with
N1 ,'," an excitation energy of 1.24 eV above the ground state. It
\ 162/ shows no vibrational progression, suggesting that the de-
o+ . tached electron is from a nonbonding orbital. It is natural to
Ni NiO oO-

assign this state to thb state, due to the detachment of a
nonbondingé electron as shown ifB8) above. The width of
the observed peak is about 75 m&#VHM), much broader
than the experimental resolution at this energy, indicating

All of these states can be accessed in the photodetachmethit this peak probably contains spin—orbit components, con-
transitions, depending on their excitation energies relative tgistent with the assignment to tié state.
the ground state. However, besides the ground state The higher excited states observed at the 266 nm in Fig.
(X 337), only five excited states are observed. Our assignl are less well defined due to the poor signal-to-noise ratio.
ments are indicated in Fig. 1 and the obtained spectroscopithe state at a BE of 3.26 eV shows a vibrational progression
constants are given in Table I. and gives an excitation energy of about 1.8 eV. This state is
The vibrational frequency obtained for the ground statetentatively assigned to th€* state of(1) above. Another
(X 337) is 800 (50) cm® which agrees with the previous state at a BE of 3.84 eV is tentatively assigned to e
optical measurementdable ). The first excited state at a State of(2), arising from the same configuration as that of the
BE of 1.89 eV appears to consist of a vibrational progresA °II state. The three higher energy states arising from de-
sion. However, the separation among the three features fgchment of a & electron(®II, *®, and'Il) are expected to
about 60 meV (480 cmt), which seems to be too small give sharp features similar to thé state and probably have
compared to that of the ground state. Previous optical experPES binding energies above 4 eV.
ments have identified 3T, excited state at about 0.53 eV The A I state is the only previously characterized ex-
above the ground state for the transition between3the cited state for the NiO molecule experimentally. Theoreti-
ground state and thd1, spin—orbit stat€:}° This excitation ~ cally, Bauschlicheet al. has calculated an excitation energy
energy is in excellent agreement with that corresponding téor the °II state at 0.518 eV (4180 ¢ which agrees well
the third feature at a BE of 2.01 elable |). Thus this peak With the experiments.However, the same level of theory
is assigned to thélT, component of thé1l state resulting gives an excitation energy for th&b state at 0.853 eV
from (2) by removing a 2 electron. Since the MO configu- (6880 cni™), which is apparently too small compared to the
ration corresponding to thd1 state is more than half-filled, current experiment. Walch and Goddard have calculated 20
the spin—orbit components have the following ord#i,,, low-lying excited states for NiO, but the ordering of the
°11,, °II,, with increasing energy. Therefore, the peak atstates disagrees with the experiments.particular, the first
1.89 eV BE is assigned to thdI, spin—orbit state, which €Xxcited state was calculated to be thie state. The current
was not observed in the previous optical experiments. Th@xperiments provide a rather complete set of energy levels

second peak at a BE of 1.95 eV is then assigned to théor the low-lying excited states of NiO within 2.5 eV of the
311, spin—orbit state, as shown in Fig. 1. ground state and will be valuable to compare with more ac-

However, this assignment yields a spin—orbit splittingcurate calculations that intents to correctly treat simple mol-

(about 480 cm?) which is much larger than that measured in €cules containing a Ni atom.

the previous optical experiment883.37 cm! from Ref. 10

and 349.21 cm! from Ref. 9 between th& = 0 and 1 com-

ponent$. The currently obtained spin—orbit splitting is rea-

sonable compared to that found in Ni atéfand clearly .

more accurate calculations or much higher resolution PE§' Ni(O2) complex

spectrum of NiO will be required to resolve this issue. In The Ni(O,) complex has a symmetric side-@, struc-
any case, there is no doubt that the first excited state of theure, as concluded from two previous theoretical calculations
NiO molecule is theA °II state from(2). Each spin—orbit and two low temperature matrix experimefts®® The cal-
state is expected to have its own vibrational progressiongulations indicated that the {@,) complex has a singlet
which may overlap with states from the higher spin—orbit'!A; ground staté*!® The interaction between Ni and,O
states. This overlap probably complicates the PES spectrumvolves both ionic and covalent bonding: The ionic charac-
in Fig. 1. The feature near a BE of 2.12 eV, which is shownter comes from the transfer of the Ng4lectrons to the out
more clearly in the 355 and 266 nm spectra, is likely due toof plane 7y orbital on G and the covalent bonding is be-
thev = 1 vibrational state of théll, spin—orbit state. tween the Ni & and the in-planer orbital. The HOMO and

FIG. 4. A schematic molecular orbital diagram for the NiO molecule.
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!_UMO pf Ni(O,) derive from the bonding and antibonding 4s o, 20,
interactions between thed3, and the, orbitals, respec- EE—— G
tively. ——._ Oyl
The PES spectra of kD,) (Fig. 2 show a sharp thresh- / inp l,\’—ch\\\ 2ps
old peak at 0.82 eV and a broad feature starting at about 1.8 o, P Ny  m—
eV with a large energy gafabout 1 eV. The sharp feature P N 202 Tt 2p>
yields the EA for N{O,) to be 0.82(3) eV, which is smaller ! 102/ bl
than the EA of both Ni1.156 e\?° and NiO(Table |), but e/
higher than that of @ (0.451 eV.%° The low EA for / /ﬂ-é--ﬂ/,'
Ni(O,) suggests that it is a weakly-bonded complex and that 3d?® ¢ \\\ﬂ_ﬁ/
the extra electron in the KD,)™ anion is shared between Ni \\ 5.t 164
and Q. This is consistent with the character of the(®l) e E
LUMO, which is derived from the combination of the Ni
4s and G g orbitals. The narrow peak width of the thresh- Ni2+ ONiO 20"

old feature is in sharp contrast to the broad Franck—Condon ) o ) o
envelope observed for the detachment Q_f.:@ThiS implies EgégjleA schematic molecular orbital diagram for the linear ONiO dioxide
that the extra electron in KD,)~ is probably more localized
on the Ni atom, understandably due to the high EA of the Ni
atom. The observed energy gap in the PES spectra is alggule in our laser vaporization experiment is due to the high-
consistent with the theoretical calculations that théi  energy conditions of the laser-induced plasma. The ONiO
complex is a closed shell, singlet moleculé {A,). molecule has recently been observed in low-temperature ma-

In the spectra shown in Fig. 2, very weak signals due tdrix experiment, also produced from a laser vaporization
Ni~ at around 1.2 eV can be seen, arising from a two-photosource*® The PES spectra in Fig. 3 yield a very high EA of
process: NiO,)"—Ni~+0, and subsequent detachment of 3.05 eV for the ONiO molecule, much higher than that of the
the Ni- product within the same laser pul¢g ns pulse NiO molecule(Table ). This is consistent with a dioxide
width). In the CYO,)~ case reported previously,we ob-  molecule, suggesting that the oxidation state of Ni is in-
served a much higher level of dissociation: creased, compared to the monoxide. We have found previ-
Cu(O,)”—Cu +0,. This implies that the bonding between ously that the EAs of metal oxide clusters generally increase
Ni—O, is stronger than that in ©0Q,), in agreement with with the number of O atoms in the clusters up to the maxi-
previous works*1® mum oxidation states of the metal elemé&ht?®

The detachment transition to the excited states of The 355 nm PES spectrum of ONiQFig. 3 shows a
Ni(O,) (Fig. 2 displays a broad feature starting at about 1.8simple and well resolved vibrational progression with a fre-
eV, i.e., about 1 eV above the ground state, indicating a largguency of 750 cm?, as well as the onset of an excited-state
geometry change from the ground state of the anion. As sudeature at 3.45 eV. This feature becomes a sharp and intense
gested from the previous theoretical wofks® the O—-O peak in the 266 nm spectrum. In addition, the 266 nm spec-
bond is significantly stretched in {0,). We suspect that trum shows another sharp excited-state feature at 3.82 eV.
there might be an O—O bond rupture in the excited state oThere is also evidence for more excited states beyond 4 eV.
Ni(O,) to form the ONiIO molecule, suggesting the reactionlt is surprising that the nice vibrational progression observed
barrier between Ni O, is less than 1 eV. Alternatively, there in the 355 nm spectrum seems to disappear in the 266 nm
might be a predissociation in the excited state ofQy). spectrum, which shows significantly reduced intensities for
This would suggest the Ni—bond energy to be less than 1 the higher vibrational levels of the ONIO ground state. This
eV (23 kcal/mo). The latter suggestion is consistent with the photon energy-dependence suggests that there is an autode-
calculation by Blomberget al. who obtained a bond energy tachment process that enhances the Franck—Condon factors
of 18 kcal/mol** but disagrees with the calculation by Baus- for the higher vibrational levels at the 355 nm detachment
chlicher et al. who obtained a bond energy of 4§) photon energy.
kcal/mol®® In any case, further theoretical calculations are ~ The bonding of the ONiO dioxide is expected to be simi-
warranted in light of the current experiment which provideslar to the linear OCuO molecule. It is likely that the ONiIO
both the EA of N{O,) and information about the nature and molecule is also linear. A similar conclusion has been ar-
position of its excited states. rived from the recent matrix experiment, that yields an anti-
symmetric vibrational frequencyvg) of 945.4 cm* for the
linear ONiO moleculé® Our measured frequency of
750 cm ! for the ground state of ONiO should correspond to

The only calculation for the ONIO dioxide was done by the symmetric vibrational modey().
Blomberget al. who considered the £chemisorption on Ni In analogy with OCuO, the bonding in ONiO may be
surfaces and used MO, as the simplest cag8.The room  viewed as ONi?"O™~ including both ionic and covalent in-
temperature reaction between Ni and, @ads to the teractions. Figure 5 shows a schematic MO diagram adapted
Ni(O,) complex and the ONIO dioxide has never been obfrom that for OCuO® The OCuO molecule has a single
served in the gas phase. The formation of the ONi@ol- 17y hole (773) with a 21'[g ground state, while the OCuO

C. Nickel dioxide, ONiO
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