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Molecular nature of resonant x-ray scattering in solid LiNO3
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Resonant x-ray emission spectroscopy has been applied to study radiative decay processes following the N
1s near-edge excitations in solid LiNO3. It has been shown that the origin of both nonresonant and resonant
spectra are essentially molecular, their shape being primarily determined by the electron transitions between
molecular orbitals of the quasiisolated NO3

2 anion. A strong low-energy sideband observed in the recombina-
tion spectrum following the N 1s21p* excitation is attributed to the effect of dynamical x-ray emission
accompanying theD3h→C3v distortion of the core-excited NO3

2 species.
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I. INTRODUCTION

Electronic structure and resonant x-ray scattering~RXS!
in solids are commonly described in terms of either localiz
or delocalized states depending on the system under s
Solids with valence bands composed ofs andp electrons are
usually considered as systems with weakly localized vale
electrons and their RXS spectra are treated in the framew
of energy-band models.1,2 Due to weak localization of the
valence electrons, band dispersion is usually strong in th
systems making it possible to map valence-band structur
resonant inelastic x-ray scattering~RIXS! assuming that the
crystal momentum does not change in the scattering proc
In this manner RIXS was successfully used to describe
tails of the electronic structure in diamond,1,3 graphite,4,5

hexagonal BN~Refs. 5,6! and others-p bonded materials
although the influence of core-hole effects on the quality
band mapping has been much discussed.2,5,7,8 At the other
extreme, systems with strong electron correlation~e.g.,d and
f metal compounds! can be characterized by strong localiz
tion of ~a part of! electrons in the upper occupied states
sulting in the narrow bands~e.g., bands composed ofd andf
states!. Narrow bands imply weak dispersion, hence restr
ing crystal-momentum selectivity in RIXS. For such syste
it is more appropriate to describe RIXS in terms of loc
approaches like atomic models or the Anderson impu
model, which consider the spectra as a result of interp
between intra-atomic multiplet coupling and interatom
hybridization.9,10 Localized description of electronic struc
ture and RXS was successful in suchd andf electron systems
as MnO,11 CeO2, UO3,12 Nd2O3,13 and many others.

On the other hand, as soon as the solid under study
tains quasi-isolated~quasimolecular! chemically stable
atomic groups as its structural units, one can try to desc
its electronic structure and processes of resonant excita
and deexcitation in terms of molecular orbitals of the
groups. Recently we demonstrated that such quasimolec
approach can be highly instructive and helpful for und
standing the processes of resonant nonradiative~Auger! de-
cay in ionic-molecular crystalsMNO2 and MNO3 (M5Li,
Na!.14–16 In these solids the bonding between alkali-me
atom and NO2 (NO3) group is rather ionic, while inside th
0163-1829/2004/69~11!/115116~7!/$22.50 69 1151
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2 (NO3

2) anion it is essentially covalent. Both spectat
and participator decay channels were found to be quite
tense as a consequence of strong localization of thep* ex-
citations on the NO2 (NO3) fragments. Furthermore, signa
tures of nuclear motion have been detected in the Au
decay spectra of the core-excited NO3

2 anion.15,16 All these
effects result from the essentially molecular nature of
highest occupied and lowest unoccupied electronic state
the ionic-molecular crystals.

Though sensitive enough for detecting molecular effe
in the decay dynamics, resonant Auger~RA! spectra were too
complicated for the unambiguous assignment of all spec
features in case of MNO3.15,16 On the other hand, resonan
x-ray emission spectroscopy~RXES! can provide informa-
tion, which is complementary to resonant Auger. An es
cially attractive feature of RXE spectroscopy in comparis
with RA technique is a simpler spectral shape resulting fr
more strict selection rules. In this paper we apply RXES
the investigation of radiative decay processes following
N 1s near-edge excitations in the NO3

2 anion of solid LiNO3.
Our main goal is to understand whether the origin of m
RIXS structures in the spectra of this ionic-molecular crys
can be explained in the framework of a quasimolecular
proach in terms of electron transitions between molecu
orbitals of the NO3

2 anion. From the analysis of evolution o
the x-ray emission spectra upon tuning photon energy ac
the N 1s absorption edge we also extract information on
vibrational motion inside the core-excited NO3

2 group. In
particular, we will demonstrate that an intense and structu
tail observed at the low-energy side of the reemission p
upon sweeping photon energy across the N 1s→2a29 reso-
nance is a direct evidence of the dynamical x-ray emiss
inside core-excited NO3

2 .

II. EXPERIMENT

RXES measurements were performed at the ‘‘bul
branch of the beamline I511 at MAX II storage ring in Lun
Sweden. The modified SX 700 monochromator of this bea
line was operated with the photon-energy resolution of 0
eV at theN 1s edge and 0.25 eV at the O 1s edge. The soft
©2004 The American Physical Society16-1
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x-ray absorption spectra were measured in the total elec
yield mode and normalized to the incident photon flux. T
x-ray emission spectra were recorded using a graz
incidence x-ray spectrometer~XES 300 from Gammadata
Scienta! with the resolution of 0.45 eV at the N 1s edge and
0.6 eV at the O 1s edge. The optical axis of the x-ray spe
trometer was set perpendicular to the beamline axis in
plane of polarization of the incident radiation in order
avoid Thompson scattering~in this geometry polarization
vectors of incident and emitted radiation are perpendicul!.
The angle between the sample normal and the spectrom
axis was about 30. The powder samples~Alfa Aesar! were
pressed into metallic indium attached to the sample hol
Since radiation damage was found to be noticeable after
eral hours of measurements, the area irradiated by the b
was changed every hour. The valence-band photoemis
~PE! spectrum of LiNO3 reported in this paper as well as th
N 1s and O 1s photoelectron lines used for the energy alig
ment of the N 1s and O 1s nonresonant x-ray emission spe
tra were measured from anin situ evaporated thin LiNO3
film with monochromatized Al Ka radiation using a VG Es-
calab 220iXL spectrometer at the Wilhelm-Ostwald-Institu
for Physical and Theoretical Chemistry in Leipzig.

III. RESULTS AND DISCUSSION

The valence-band~VB! PE spectrum and the nonresona
~normal! N 1s and O 1s XES spectra of LiNO3 are com-
pared in Fig. 1. The binding energy (EB) is measured relative
to the Fermi level, and the alignment is performed using
measured values EB(N1s)5408.06 eV and EB(O1s)
5533.76 eV. It should be noted that a comparison of

FIG. 1. Valence-band photoemission and nonresonant x
emission in LiNO3. See text for energy alignment details.
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valence-band PE spectra with the normal~also x-ray excited!
XES spectra for LiNO3 was performed previously by Ko
suchet al.17 with a lower spectral resolution. However, ou
XES spectra are very different from those presented in R
17, probably due to weaker radiation damage in our stu
Indeed, the N 1s and O 1s x-ray emission spectra change
over a period of several hours of irradiation, from lookin
similar to the spectra of Fig. 1 to looking similar to thos
published earlier.17

According to the dipole selection rule, the O 1s emission
is roughly proportional to the O 2p density of states~DOS!
and the N 1s emission to the N 2p DOS. It is evident from
Fig. 1 that the uppermost VB structures,a-b, are composed
of O 2p states with just a tiny admixture of N 2p states
while the sharp peakc is mainly due to the N 2p DOS with
some O 2p contribution. The O 2s and N 2s states yield the
dominating contribution to peakd,15,17 however some N 2p
and O 2p admixtures give rise to the corresponding featu
in the N 1s and O 1s XE spectra. In the N 1s spectrum the
surprisingly high intensity of peakd and appearance o
shoulderd8 may result from a contribution of the final-sta
shake-up satellites of peakc. As can be seen from Fig. 1
featuree also contains a rather strong contribution from t
N 2p states. Structurese8 and f 8 are probably due to the
shake-up satellites, by analogy with the many-particle ex
tations observed in valence ionization of simp
molecules.18–20Because of the essentially molecular chara
ter of the valence band~i.e., sharp and well separated stru
tures! it is possible to assign all VB features to the molecu
orbitals ~MOs! of the NO3

2 anion (D3h symmetry!, as was
done for NaNO3.15 In agreement with the MO calculation
for NO3

2 ~Refs. 21–23! the following assignment can be pro
posed~in order of increasingEB): nonbonding 1a28 , non-
bonding 1e9, and weakly bonding 3e8 MO’s constitute band
a-b, bonding 2e8 and 1a29 MO’s give rise to peakc, bonding
2a18 MO to peakd, and strongly bonding orbitals 1e8 and
1a18 are responsible for featurese andf, respectively~Fig. 1!.
On the whole, six spectral features (a-f ) are due to eight
primary ionization processes and two spectral featurese8
and f 8) are due to many-particle processes.

The N 1s x-ray absorption~XA ! and emission spectra fo
LiNO3 are shown in Fig. 2. The XA spectrum is rather sim
lar to the B 1s spectrum for the gas-phase BF3 molecule,24

which is an isoelectronic and isostructural analogue of
NO3

2 anion. This fact confirms that the nature of the N
absorption in LiNO3 is essentially molecular: it is deter
mined mainly by the~highly anisotropic! potential of the
NO3 group. By analogy with the B 1s spectrum of BF3 we
assign the strong and slightly asymmetric band A below
ionization threshold to the N 1s212a29(p* ) excitation and a
broader band B-C above threshold to the N 1s214e8(s* )
excitation~in theD3h point group notation!. The structure of
the latter band is caused probably by many-particle effe
The origin of shoulderB8 is not quite clear. One can argu
that a spontaneous symmetry breaking occurs in the c
excited NO3

2 anion reducing the symmetry fromD3h to C3v ,
so that the N 1s→3a18 transition~dipole forbidden inD3h)
borrows intensity from the N 1s→2a29 transition via thea29

y
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(n2) out-of-plane vibration and manifests itself as should
B8. Exactly this scenario takes place upon the
1s212a29(p* ) excitation in BF3

25–27 allowing for the obser-
vation of the B 1s→3a18 transition.24,28 In the present pape
we focus mainly on the radiative decay of the
1s212a29(p* ) excitation.

The dots on the N 1s XA curve mark photon energie
used for the excitation of RXE and nonresonant XE spe
shown in the lower panel of Fig. 2. The emission spectra
normalized to the acquisition time and the incoming pho
flux. Processes of two types determine the shape of R
spectra, which are commonly referred to as spectator
participator decay. The term ‘‘spectator’’ implies that th
electron promoted from a core level to a near-edge unoc
pied state remains in this state during the x-ray emiss
giving rise to RIXS structures in the spectra. In contrast,
‘‘participator’’ electron returns from the near-edge state a
nihilating the core hole and causing resonant elastic x-
scattering~REXS! ~also called reemission or recombinatio!
and, eventually, attendant inelastic processes. It is helpfu
the following discussion to consider energy regions cor
sponding to the spectator and participator decay separa
since they almost do not overlap. Below the valence-b
maximum position (;402 eV) all RXE structures are

FIG. 2. N 1s absorption spectrum in LiNO3 ~upper panel!; black
dots indicate photon energies chosen for the excitation of reso
and nonresonant x-ray emission spectra~lower panel!. Emission
spectra are normalized to the acquisition time and the incom
photon flux. Vertical dashed line athnout5402 eV separates spec
tral features resulting from the spectator and/or normal radia
decay and participator decay.
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mainly due to the spectator x-ray emission, while above t
value structures related to the participator process can als
observed. It is evident that the spectral shape dramatic
changes in both energy regions upon scanning the ph
energy across the N 1s edge.

Let us first compare the spectator part in the o
p*-resonance spectrum~at 405.2 eV! with the corresponding
region in the off-resonance spectrum~at 425.0 eV!. Three
main structures appear in the on-resonance spectrum
398.9 eV, at 393.6 eV and at 381.0 eV, which correspond
featuresb ~MO 3e8), c ~MO’s 2e8 and 1a29), and e ~MO
1e8) in the VB spectrum of Fig. 1, respectively. The validi
of this assignment can be justified by the dipole select
rules for the transition from the excited 2A29 state to the
possible ‘‘spectator’’ final states of NO3

2 in the given experi-
mental geometry assuming first for simplicity that the po
group is still D3h . It is enough to consider only electroni
rules in order to account for the main three spectral featu
however, vibronic coupling seems to be necessary to exp
minor details. Three principally distinct orientations of th
plane of the NO3 group are possible: perpendicular to th
photon-out direction~O1!, perpendicular to the photon-in di
rection ~O2!, and in the plane determined by these two
rections~O3!. According to the electronic selection rules,
O1 thep* excitation is allowed and one can see in RIXS t
electron transitions only from MO’s with thee8 symmetry. In
O2 and O3 thep* excitation is forbidden, but if it would be
allowed one could see in RIXS only the transitions fro
MO’s with the a29 symmetry. In an intermediate orientatio
of the NO3 group thep* excitation is allowed, and the tran
sitions from MO’s with bothe8 anda29 symmetries should be
observable in the emission spectra. We must be able to
both e8 and a29 symmetries, because NO3 groups were ori-
ented randomly in our experiment. Since VB structuresb, c,
and e reflect electron transitions from the states with the
two symmetries, they must dominate in RIXS via the 2A29
intermediate state, provided that our quasimolecular desc
tion is valid. The fact that exactly this scenario takes pla
directly confirms that all major RIXS structures resultin
from the radiative decay of this excitation in solid LiNO3 can
be qualitatively explained in the framework of a quasim
lecular approach, i.e., in terms of MOs of the NO3

2 anion.
It should be noted that the positions of the main RIX

features are shifted to lower energies as compared to
nonresonant XES: bandb is shifted by about 1 eV and ban
c2 by 1.5 eV~bande is too broad to be properly evaluated!.
This negative spectator shift is an opposite of the posit
one, which is commonly observed in the spectator Au
process. The negative shift has been observed previously
example, in the B 1s RXES in B2O3 and hexagonal BN,29 as
well as in the RXES of gaseousN2 ~Ref. 30! and CO.31 This
phenomenon is probably rather general, at least for the
tems with onlys andp electrons. It reflects the fact that th
ionization energy for the spectator electron is usually lar
in the core-excited state than in the valence-excited~i.e., fi-
nal! state.31,32

Another interesting feature in the on-p*-resonance spec
trum is a weak but evident shoulder on the low-energy s
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of the most intense peak associated with the 2e811a29
MO’s. The energy position of this shoulder~392.3 eV! is
close to that of the transition from the 2a18 MO ~correspond-
ing to peakd in the VB XPS spectrum of Fig. 1!, which has
to be dipole forbidden in theD3h symmetry. Therefore, the
appearance of this shoulder may be indicative of the sym
try breaking in the 2A29 state of the core-excited NO3

2 anion.
Upon tuning the excitation energy above thep* reso-

nance the RIXS spectrum experiences further evolut
While it looks similar to the normal XES curve athn in
5407.5 eV, the changes in the spectral shape of RIXS
cited athn in5413.2 eV~structure B in the N 1s XA spec-
trum! are considerable. For example, the structure athnout
5392.7 eV and its low-energy tail become stronger, an
new peak appears athnout5402.1 eV. The identification o
these features is more uncertain as compared to the ca
deexcitation from theA29 state. They may be associated wi
a manifestation of the 2a18 and 1e9, 1a28 MO’s in the spec-
trum, indicating that the dipole selection rules are differe
from those for the case ofA29(p* ) excitation. On the other
hand, solid-state effects can play a significant role too.
deed, since the unoccupied states of the LiNO3 crystal re-
lated to structures B and C are rather delocalized, the dis
sion of the corresponding bands in the Brillouin zone may
sufficient for the momentum dependence to be seen. It is
quite probable that the shake-up satellites due to the ex
tion process~initial-state satellites! contribute considerably
to the RIXS spectral shape as soon as the photon-in ene
exceed the absorption threshold.

Let us now consider the part of the RXE spectra result
from the deexcitation of the N 1s212a29 (2A29) state, which
corresponds to the participator process. It is evident fr
Fig. 3 that the REXS~reemission! peak is accompanied b
an intense structured low-energy tail at excitation energ
close to the maximum of thep* resonance. In order to fa
cilitate the analysis of this loss structure we have fitted
reemission peak by a Gaussian with the full width at h
maximum ~FWHM! of 0.59 eV and subtracted it from th
spectra. The result is shown in Fig. 4. The straight lines
provided as guidance for the eye, marking approximat
energy positions of the beginning and the end of the l
structure.

We associate the losses observed in the resonant x
emission spectra shown in Figs. 3 and 4 to the manifesta
of nuclear motion inside the core-excited NO3

2 species.
There are two most possible scenarios of nuclear motion
pending on whether the ground-stateD3h symmetry changes
to C3v upon the N 1s212a29 excitation or not. In both case
the N-O distances should increase upon promoting the
electron to the antibonding 2a29 MO, so that one can expect
shift of the minimum of the potential energy surface for t
corresponding vibronic states from the ground-state m
mum.

If the point group symmetry remains unchanged, only
totally symmetricn1(a18) stretching vibrations can be in
duced in NO3, and it is then1 vibrational progression, which
determines the shape of thep* absorption resonance~Fig.
2!. The vibrational period of then1 mode in the ground stat
11511
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of the free nitrate ion@32 fs~Ref. 33!# is comparable with the
lifetime of the N 1s21p* (n50) excitation in simple
N-containing molecules (N2 ,N2O), which is never shorter
than 36 fs.34 By analogy, it is quite probable that the perio
of then1 mode in the core-excited NO3

2 anion is close to the
lifetime of the N 1s21p* (n50) excitation in it. Thus, the
loss structure observed in Figs. 3 and 4 may result from
x-ray emission during the symmetrical motion of the oxyg
atoms away from the nitrogen atom in the plane of the ani

Although this scenario cannot be excluded, we sugg
another explanation based on theD3h→C3v symmetry
breaking and vibronic coupling of the 1s212a29 and
1s213a18 states via the antisymmetrica29(n2) vibration ~out-
of-plane bending!, because this mechanism has been
vealed in the gas-phase BF3 molecule,25–27which is isoelec-
tronic and isostructural to NO3

2 . The D3h→C3v symmetry
breaking was also observed in the quasimolecular@B* N3#
fragment of solid hexagonal BN upon the B 1s21a29 core
excitation.35 Similar to then1 mode, thea29 vibrational pe-
riod in the ground state of the NO3

2 anion @40 fs ~Ref. 33!#
should be comparable with the lifetime of the N 1s21p*( n
50) excitation, hence providing a necessary condition
the observation of x-ray emission caused by the very fac
the out-of-plane movement of the nitrogen atom. This iss
is illustrated schematically in Fig. 5. We consider only t
absorption transitions from the vibronic ground staten
50) into the excited 2A29 state, which potential energy curv

FIG. 3. Emission spectra reflecting elastic recombination a
attendant inelastic processes.
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is supposed to have a minimum in a nonzero point on
axis of the out-of-plane displacement of the nitrogen ato
as it was found for BF3.26,27 In the reemission process th
final electronic state is the same as the ground state, how
the transitions to the nonzero vibrational levels of the grou
state are not forbidden. These transitions may probably c
tribute to the loss feature in Figs. 3 and 4, but they can
explain its behavior upon scanning the photon-in ene
across the resonance. Indeed, the loss feature does not f
the reemission peak as it would do if it reflected merely
transitions to the nonzero vibrational levels of the grou
state. Instead, the position of its low-energy edge rema
unchanged, while the overall extent of the loss feature gra
ally increases. Besides, the intensity of the losses beco
unusually high around the resonance maximum: their in
gral strength exceeds the intensity of the reemission p
itself in the on-resonance spectrum athn in5405.2 eV~Fig.
3!. ~However, it should be noted that the reemission pe
strength is probably reduced due to the self-absorption in
region ofp* resonance.! We suggest that the reason for th
behavior is an essentially dynamical process based on
fact that the emission can occur simultaneously with
NO3

2 bending distortion along the potential curve of the e
cited state. As long as the excitation energy is just suffici
for the absorption to occur~to point A in Fig. 5!, only the
recombination peak itself can be seen in the RXES~the
curve excited withhn in5403.4 eV in Fig. 3!. Both absorp-

FIG. 4. Spectra of Fig. 3 after subtraction of the reemiss
peak.
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tion and recombination are weak at this point, because
only the tail of the ground state vibronic wave functio
which gives rise to the transitions. As the photon-in ene
increases, the out-of-plane bending inside NO3 becomes pos-
sible, and the x-ray emission can occur now at any point
the potential energy curve between the classical inner
outer turning points resulting in a low-energy tail of the r
emission peak. For example, the excitation to pointB on the
potential energy curve can decay at any time as the sys
evolves along the wayB-A-B8 and back~Fig. 5!. Further
increase in the photon-in energy results in the elongation
the low-energy tail as shown schematically in the inset
Fig. 5 and can be seen directly in the data in Fig. 4. It sho
be noted that in the resonant Auger decay the emission f
both turning points~like B andB8) can be probably seen in
the core-excited NO3

2 anion,16 while in RXES only the part
between the inner turning point and the minimum of t
potential energy curve is observable~as a consequence o
different final states!.

Because of the essentially dynamical nature of the
served effect, it can be calleddynamical x-ray emissionby
analogy with the process of dynamical Auger emission
served first for BF3 ~Ref. 36! and then for other simple
molecules.37,38 A similar effect has been observed by M
et al. in the radiative recombination of the C 1s core exciton
of diamond39 being attributed by Tanaka and Kayanuma
the x-ray emission during the off-center displacement of
core-excited carbon atom in course of theTd→C3v
distortion.40 Although the dynamical x-ray emission is re
evant not only for ionic-molecular crystals, these compoun
seem to be particularly suitable for its investigation due

FIG. 5. Schematic of excitation of the NO3
2 anion to the 2A29

intermediate state followed by the transition back to the grou
state. Area under the vibrational wave function in the ground sta
shadowed. Inset illustrates the origin of the dynamical emiss
satellite.
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the quasimolecular character of their electronic structure
nature of core excitations.

IV. CONCLUSIONS

In this work we investigated resonant x-ray emission
sulting from the core excitations at the nitrogen 1s edge in
the ionic-molecular solid LiNO3. It has been shown that th
origin of main RIXS structures can be explained in t
framework of a quasimolecular approach, i.e., in terms
molecular orbitals of the NO3

2 anion. The majority of these
structures can be explained assuming undistortedD3h geom-
etry of the core-excited NO3

2 species~evidently, the corre-
sponding transitions must be allowed in theC3v geometry
too!. A weak signal appears in the on-p*-resonance spectrum
at the position of electron transitions from the 2a18 MO indi-
cating possibly that this transition becomes dipole-allowed
a consequence of theC3v bending.

In the reemission spectrum an intense structured tail
tending over about 3 eV has been observed at the low-en
side of the reemission peak upon tuning the photon-in ene
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