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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 LINOIt 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 §l@nion. A strong low-energy sideband observed in the recombina-
tion spectrum following the N 4 17* excitation is attributed to the effect of dynamical x-ray emission
accompanying th® ;,— C3, distortion of the core-excited NOspecies.
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. INTRODUCTION NO, (NO;) anion it is essentially covalent. Both spectator
and participator decay channels were found to be quite in-
Electronic structure and resonant x-ray scattel®%S)  tense as a consequence of strong localization ofrtheex-
in solids are commonly described in terms of either localizectitations on the N@ (NO3) fragments. Furthermore, signa-
or delocalized states depending on the system under studyires of nuclear motion have been detected in the Auger
Solids with valence bands composedsa@ndp electrons are  decay spectra of the core-excited N@nion*>!® All these
usually considered as systems with weakly localized valencgffects result from the essentially molecular nature of the
electrons and their RXS spectra are treated in the framewonkighest occupied and lowest unoccupied electronic states in
of energy-band models? Due to weak localization of the the ionic-molecular crystals.
valence electrons, band dispersion is usually strong in these Though sensitive enough for detecting molecular effects
systems making it possible to map valence-band structure by, the decay dynamics, resonant AugeA) spectra were too
resonant inelastic x-ray scatterigIXS) assuming that the complicated for the unambiguous assignment of all spectral
Crystal momentum does not Change in the Scattering proceSgeatures in case of MNplE)ylG On the other hand’ resonant
In this manner RIXS was successfully used to describe deg.ray emission spectroscoffRXES) can provide informa-
tails of the electronic structure in diamoha,graphite‘,"s tion, which is Comp|ementary to resonant Auger_ An espe-
hexagonal BN(Refs. 5,6 and others-p bonded materials, cially attractive feature of RXE spectroscopy in comparison
although the influence of core-hole effects on the quality ofyith RA technique is a simpler spectral shape resulting from
band mapping has been much discussetf At the other  more strict selection rules. In this paper we apply RXES to
extreme, systems with strong electron correlatieg.,d and  the investigation of radiative decay processes following the
f metal compoundscan be characterized by strong localiza- N 15 near-edge excitations in the Na@nion of solid LING;.
tion of (a part of electrons in the upper occupied states re-oyr main goal is to understand whether the origin of main
sulting in the narrow bandg.g., bands composed dfandf  Rixs structures in the spectra of this ionic-molecular crystal
states. Narrow bands imply weak dispersion, hence restrict-can pe explained in the framework of a quasimolecular ap-
ing crystal-momentum selectivity in RIXS. For such systemsyroach in terms of electron transitions between molecular
it is more appropriate to describe RIXS in terms of local ,pitais of the NG anion. From the analysis of evolution of
approaches like atomic models or the Anderson impuritye sy emission spectra upon tuning photon energy across
model, which consider the spectra as a result of interplay,e N\ 15 absorption edge we also extract information on the
between intra-atomic multiplet coupling and 'nteratom'cvibrational motion inside the core-excited §Qgroup. In
hybridization”*® Localized degcription of electronic struc- particular, we will demonstrate that an intense and st.ructured
tre and RXS was successful in subandf electron systems tail observed at the low-energy side of the reemission peak

as MnO;" Ce0,, U0, ** Nd,O5, ™ and many others. upon sweeping photon energy across the N-2s, reso-
On the other hand, as soon as the solid under study cor? ping p gy 2

tains quasi-isolated(quasimoleculgr chemically stable nance 1s a dlre_ct evidence of the dynamical x-ray emission
atomic groups as its structural units, one can try to describlarISIde core-excited ND.

its electronic structure and processes of resonant excitation
and deexcitation in terms of molecular orbitals of these
groups. Recently we demonstrated that such quasimolecular
approach can be highly instructive and helpful for under- RXES measurements were performed at the “bulk”
standing the processes of resonant nonradidf\eern de-  branch of the beamline 1511 at MAX Il storage ring in Lund,
cay in ionic-molecular crystalMNO, and MNO3; (M =i, Sweden. The modified SX 700 monochromator of this beam-
Na).1*~1® In these solids the bonding between alkali-metalline was operated with the photon-energy resolution of 0.17
atom and NQ (NO3) group is rather ionic, while inside the eV at theN 1s edge and 0.25 eV at the GsEdge. The soft
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binding energy (eV) valence-band PE spectra with the norrteso x-ray excitefl
40 30 20 10 0 XES spectra for LINQ was performed previously by Ko-
VBXPS AlKe d'(231.)' — suchet al}” with a lower spectral resolution. However, our
%’ e clla," 2¢) XES spectra are very different from those presented in Ref.
a|f f0e) 2t‘> 17, probably due to weaker radiation damage in our study.
i.IEJ e e, 13, 1ay) Indeed, the N & and O Is x-ray emission spectra changed,
o over a period of several hours of irradiation, from looking

similar to the spectra of Fig. 1 to looking similar to those
published earliet’

According to the dipole selection rule, the G &mission
is roughly proportional to the O2density of state$DOS)

c and the N & emission to the N g DOS. It is evident from
d Fig. 1 that the uppermost VB structuresb, are composed
of O 2p states with just a tiny admixture of Np2states
500 510 500 530 while the sharp peak is mainly due to the N @ DOS with
some O D contribution. The O 8 and N X states yield the
dominating contribution to peatt, >’ however some N g
and O 2 admixtures give rise to the corresponding features
in the N 1s and O I XE spectra. In the N & spectrum the
surprisingly high intensity of peakli and appearance of
shoulderd’ may result from a contribution of the final-state
shake-up satellites of peak As can be seen from Fig. 1,
featuree also contains a rather strong contribution from the
N 2p states. Structures’ and f’ are probably due to the

FIG. 1. Valence-band photoemission and nonresonant x-raphake-up satellites, by analogy with the many-particle exci-
emission in LING. See text for energy alignment details. tations observed in valence ionization of simple

molecules®~2°Because of the essentially molecular charac-

x-ray absorption spectra were measured in the total electrogr of the valence band.e., sharp and well separated struc-
yield mode and normalized to the incident photon flux. Thetures it is possible to assign all VB features to the molecular
x-ray emission spectra were recorded using a grazingerbitals (MOs) of the NG; anion @3, symmetry, as was
incidence x-ray spectromet¢XES 300 from Gammadata- done for NaNQ.*® In agreement with the MO calculations
Scienta with the resolution of 0.45 eV at the Nsledge and  for NO; (Refs. 21-2Bthe following assignment can be pro-
0.6 eV at the O & edge. The optical axis of the x-ray spec- posed(in order of increasingEg): nonbonding &5, non-
trometer was set perpendicular to the beamline axis in theonding %", and weakly bonding & MO'’s constitute band
plane of polarization of the incident radiation in order to a-b, bonding 2’ and 1a)y MO's give rise to peak, bonding
avoid Thompson scatteringn this geometry polarization 2a) MO to peakd, and strongly bonding orbitalsel and

vectors of incident and emitted radiation are perpendigular 1a; are responsible for featuresandf, respectively(Fig. 1).
Th_e angle between the sample normal and the spectrometgy” 1o whole, six spectral featurea-f) are due to eight
axis was about 30. The powder sampl{édfa Aesan were

dint taliic indi ttached to th le hold Primary ionization processes and two spectral featuggs (
pressed into metallic indium attacned 1o (n€ samplé no eandf’) are due to many-particle processes.

Since radiation damage was found to be noticeable after sev- &\ 15 x-ray absorptior(XA) and emission spectra for
eral hours of measurements, the area irradiated by the beaL"iNO are shown in Fig. 2. The XA spectrum is rather simi-
was changed every hour. The _valence-band photoemlssqgr togthe B Is spectrum for the gas-phase Bfolecule?®
(PB) spectrum of LING reportgd in this paper as well as _the which is an isoelectronic and isostructural analogue of the
N 1s and O Is photoelectron lines used for the energy allgn'NO\; anion. This fact confirms that the nature of the N 1s
ment of the N 5 and O 15 nonresonant x-ray emission spec- absorption in LINQ is essentially molecular: it is deter-

tra were measured from an situ evaporated thin LINQ . . . . : .
film with monochromatized Al K radiation using a VG Es- mined mainly by the(h|gh_ly anisotropig potential of the
calab 220iXL spectrometer at the WiIheIm-Ost\NaId-InstituteNo3. gro#p' By analogy I\'Nlttwhl the B ispeptrum of Bg \I/ve h
for Physical and Theoretical Chemistry in Leipzig. gss_lgn_t e strong and slightly asymmetric be_md_A below the
ionization threshold to the Ns *2a’(7*) excitation and a
broader band B-C above threshold to the Bl 14e’(o*)
excitation(in the D4y, point group notation The structure of
The valence-bantV/B) PE spectrum and the nonresonantthe latter band is caused probably by many-particle effects.
(norma) N 1s and O I XES spectra of LiIN@ are com-  The origin of shouldeB’ is not quite clear. One can argue
pared in Fig. 1. The binding energy {Fis measured relative that a spontaneous symmetry breaking occurs in the core-
to the Fermi level, and the alignment is performed using theexcited NG anion reducing the symmetry froBi, to Cs,,
measured values gEN1s)=408.06 eV and F(Ols) so that the N $—3a; transition(dipole forbidden inD )
=533.76 eV. It should be noted that a comparison of theborrows intensity from the N §—2a transition via thea’

OKo, by a

XE intensity

370 380 30 400
photon-out energy (eV)

IIl. RESULTS AND DISCUSSION
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photon-in energy (eV) mainly due to the spectator x-ray emission, while above this
400 405 410 415 40 4% value structures related to the participator process can also be

.§ ' ' ' — observed. It is evident that the spectral shape dramatically
% changes in both energy regions upon scanning the photon
g energy across the Nsledge.
g Let us first compare the spectator part in the on-
x L : m*-resonance spectrufat 405.2 eV with the corresponding
photon-in energy (V) region in the off-resonance spectru@t 425.0 eV. Three
425.0 main structures appear in the on-resonance spectrum: at
/\/\W 32 398.9 eV, at 393.6 eV and at 381.0 eV, which correspond to
T featuresb (MO 3e’), ¢ (MO’s 2e’ and 1a}), ande (MO
c S, AW NAOL5 1e’) in the VB spectrum of Fig. 1, respectively. The validity
% 406.1 of this assignment can be justified by the dipole selection
£ rules for the transition from the excitedA2 state to the
7 }\ 4058 possible “spectator” final states of Nin the given experi-
* ¢ mental geometry assuming first for simplicity that the point
spectator | participator group is stillDgy,. It is enough to consider only electronic

or normal rules in order to account for the main three spectral features;

however, vibronic coupling seems to be necessary to explain
minor details. Three principally distinct orientations of the
plane of the NQ group are possible: perpendicular to the
photon-out directiorfO1), perpendicular to the photon-in di-
rection (O2), and in the plane determined by these two di-
T T T rections(03). According to the electronic selection rules, in
370 380 390 400 410 01 thew* excitation is allowed and one can see in RIXS the
photon-out energy (eV) electron transitions only from MQO'’s with thef symmetry. In
FIG. 2. N 1s absorption spectrum in LiNQ(upper pane| black 02 and O3 ther* excitation is forbidden, but if it would be
dots indicate photon energies chosen for the excitation of resona@llowed one could see in RIXS only the transitions from
and nonresonant x-ray emission spedii@ver panel. Emission ~MO's with the a5 symmetry. In an intermediate orientation
spectra are normalized to the acquisition time and the incomingf the NO; group thes* excitation is allowed, and the tran-
photon flux. Vertical dashed line atv, =402 eV separates spec- sitions from MO’s with bothe’ anda’j symmetries should be
tral features resulting from the spectator and/or normal radiativeypservable in the emission spectra. We must be able to see
decay and participator decay. both e’ anda); symmetries, because N@roups were ori-
ented randomly in our experiment. Since VB structurges,
(v,) out-of-plane vibration and manifests itself as shoulderand e reflect electron transitions from the states with these
B’. Exactly this scenario takes place upon the Btwo symmetries, they must dominate in RIXS via thas2
1s™12aj(7*) excitation in BR*>~*allowing for the obser-  intermediate state, provided that our quasimolecular descrip-
vation of the B 5— 3a; transition?*?®In the present paper tion is valid. The fact that exactly this scenario takes place
we focus mainly on the radiative decay of the N directly confirms that all major RIXS structures resulting
1s~12aj(7*) excitation. from the radiative decay of this excitation in solid Liy©an
The dots on the N 4 XA curve mark photon energies be qualitatively explained in the framework of a quasimo-
used for the excitation of RXE and nonresonant XE spectrdecular approach, i.e., in terms of MOs of the N@nion.
shown in the lower panel of Fig. 2. The emission spectra are It should be noted that the positions of the main RIXS
normalized to the acquisition time and the incoming photorfeatures are shifted to lower energies as compared to the
flux. Processes of two types determine the shape of RXBonresonant XES: banulis shifted by about 1 eV and band
spectra, which are commonly referred to as spectator and— by 1.5 eV(bande s too broad to be properly evaluajed
participator decay. The term “spectator” implies that the This negative spectator shift is an opposite of the positive
electron promoted from a core level to a near-edge unoccwne, which is commonly observed in the spectator Auger
pied state remains in this state during the x-ray emissioprocess. The negative shift has been observed previously, for
giving rise to RIXS structures in the spectra. In contrast, theexample, in the B 4 RXES in B,O; and hexagonal BK® as
“participator” electron returns from the near-edge state anawell as in the RXES of gaseols, (Ref. 30 and CO®! This
nihilating the core hole and causing resonant elastic x-raphenomenon is probably rather general, at least for the sys-
scattering(REXS) (also called reemission or recombination tems with onlys andp electrons. It reflects the fact that the
and, eventually, attendant inelastic processes. It is helpful faonization energy for the spectator electron is usually larger
the following discussion to consider energy regions correin the core-excited state than in the valence-excited, fi-
sponding to the spectator and participator decay separatelyal) state32
since they almost do not overlap. Below the valence-band Another interesting feature in the arf-resonance spec-
maximum position {402 eV) all RXE structures are trum is a weak but evident shoulder on the low-energy side
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of the most intense peak associated with the 21a) photon-in
MQ'’s. The energy position of this shouldé892.3 eV is energy (V)
close to that of the transition from thea2 MO (correspond- . 4075
ing to peakd in the VB XPS spectrum of Fig.)1lwhich has /\ 406.7
to be dipole forbidden in th®4, symmetry. Therefore, the [ —*
appearance of this shoulder may be indicative of the symme- A\

try breaking in the 2 state of the core-excited NCanion. 406.1

Upon tuning the excitation energy above th& reso- —
nance the RIXS spectrum experiences further evolution. 405.8

While it looks similar to the normal XES curve &,

=407.5 eV, the changes in the spectral shape of RIXS ex- —JN—/-/\-.V__E
cited athv;,=413.2 eV(structure B in the N & XA spec-

trum) are considerable. For example, the structurdaf,;

=392.7 eV and its low-energy tail become stronger, and a 405.2
new peak appears atv,,;=402.1 eV. The identification of

these features is more uncertain as compared to the case of 4049

deexcitation from thé\) state. They may be associated with
a manifestation of the&@ and 1", 1a;, MO's in the spec-

trum, indicating that the dipole selection rules are different o
from those for the case d&(#*) excitation. On the other

hand, solid-state effects can play a significant role too. In- s 404.4
deed, since the unoccupied states of the LiNtystal re- \ 4034
lated to structures B and C are rather delocalized, the disper- ™ 250

sion of the corresponding bands in the Brillouin zone may be
sufficient for the momentum dependence to be seen. It is also

i

T 1 - 1 - 1 1T 1T - 1T
quite probable that the shake-up satellites due to the excita- 398 400 402 404 406 408 410 412
tion process(initial-state satellitels contribute considerably photon-out energy (eV)
to the RIXS spectral shape as soon as the photon-in energies o . . o
exceed the absorption threshold. FIG. 3. Emission spectra reflecting elastic recombination and

Let us now consider the part of the RXE spectra resultingfttendant inelastic processes.
from the deexcitation of the NsL '2aj (2A}) state, which
corresponds to the participator process. It is evident fro
Fig. 3 that the REXSreemissioh peak is accompanied by

an intense structured low-energy tail at excitation energie ) (34 | N2 ; bable that th iod
close to the maximum of the™ resonance. In order to fa- than 36 s By analogy, it is quite probable that the perio

cilitate the analysis of this loss structure we have fitted the?f the v, mode in th?lcore-excr[ed Nanion is close to the
reemission peak by a Gaussian with the full width at halflifetime of the N 1s™*#* (v=0) excitation in it. Thus, the
maximum (FWHM) of 0.59 eV and subtracted it from the 10SS structure obse_rved in Figs. 3 and 4 may result from the
spectra. The result is shown in Fig. 4. The straight lines ar&-ray emission during the symmetrical motion of the oxygen
provided as guidance for the eye, marking approximately"‘toms away frqm the mtrogen atom in the plane of the anion.
energy positions of the beginning and the end of the loss Although this scenario cannot be excluded, we suggest
structure. another explanation based on th2;,—Cs, symmetry

We associate the losses observed in the resonant x-rdfeéaking and vibronic coupling of the s1*2a; and
emission spectra shown in Figs. 3 and 4 to the manifestatiohs *3a; states via the antisymmetrag(v,) vibration (out-
of nuclear motion inside the core-excited NOspecies. Of-plane bending because this mechanism has been re-
There are two most possible scenarios of nuclear motion déealed in the gas-phase BRolecule?® " which is isoelec-
pending on whether the ground-stélg, symmetry changes tronic and isostructural to ND. The D3,— C3, symmetry
to C,, upon the N ™ 12a) excitation or not. In both cases breaking was also observed in the quasimoleclEiN;]
the N-O distances should increase upon promoting the corsagment of solid hexagonal BN upon the BTaj core
electron to the antibondingaZ MO, so that one can expect a excitation®® Similar to thev; mode, thea)y vibrational pe-
shift of the minimum of the potential energy surface for theriod in the ground state of the NOanion[40 fs (Ref. 33]
corresponding vibronic states from the ground-state minishould be comparable with the lifetime of the ¥ *(»
mum. =0) excitation, hence providing a necessary condition for

If the point group symmetry remains unchanged, only thethe observation of x-ray emission caused by the very fact of
totally symmetricv,(a;) stretching vibrations can be in- the out-of-plane movement of the nitrogen atom. This issue
duced in NQ@, and it is thev; vibrational progression, which is illustrated schematically in Fig. 5. We consider only the
determines the shape of the* absorption resonancéFig.  absorption transitions from the vibronic ground state (
2). The vibrational period of the; mode in the ground state =0) into the excited A} state, which potential energy curve

f the free nitrate 1032 fs(Ref. 33] is comparable with the
ifetime of the N 1s '#*(v=0) excitation in simple
N-containing molecules (NN,O), which is never shorter
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FIG. 5. Schematic of excitation of the NOanion to the 2}
intermediate state followed by the transition back to the ground

\ A 339.0 state. Area under the vibrational wave function in the ground state is
shadowed. Inset illustrates the origin of the dynamical emission
satellite.

1 v T v 1 v 1 v T v 1 v
398 400 402 404 406 408 410
photon-out energy (€V) tion and recombination are weak at this point, because it is

FIG. 4. Spectra of Fig. 3 after subtraction of the reemissionONly the tail of the ground state vibronic wave function,
peak. which gives rise to the transitions. As the photon-in energy
increases, the out-of-plane bending insidesN®comes pos-
is supposed to have a minimum in a nonzero point on th ible, and Fhe x-ray emission can occur now at. any point on
axis of the out-of-plane displacement of the nitrogen atom,he potenpal energy curve be;tween the classpal inner and

outer turning points resulting in a low-energy tail of the re-

; 26,27 ieai
e s s s S SIS pe. Forexampe e excilon o paun e
- castheg ' otential energy curve can decay at any time as the system
the transitions to the nonzero vibrational levels of the groun , .
state are not forbidden. These transitions may probably cone—VOIVes a}long the Wa-B.'A'B and back(Flg. 5. Furthgr
tribute to the loss feature in Figs. 3 and 4, but they cannof’crease in the ph.oton-ln energy resultg n th? 6'0”9"’“'0” of
explain its behavior upon scanning the photon-in energyn€ low-energy tail as shown schematically in the inset to
across the resonance. Indeed, the loss feature does not follgW@- 5 and can be seen directly in the data in Fig. 4. It should
the reemission peak as it would do if it reflected merely theP€ noted that in the resonant Auger decay the emission from
transitions to the nonzero vibrational levels of the groundPoth turning pointglike B andB’) can be probably seen in
state. Instead, the position of its low-energy edge remainthe core-excited N® anion® while in RXES only the part
unchanged, while the overall extent of the loss feature gradusetween the inner turning point and the minimum of the
ally increases. Besides, the intensity of the losses becomegm®tential energy curve is observalfas a consequence of
unusually high around the resonance maximum: their intedifferent final states
gral strength exceeds the intensity of the reemission peak Because of the essentially dynamical nature of the ob-
itself in the on-resonance spectrumhatj,=405.2 eV(Fig.  served effect, it can be calledynamical x-ray emissioby
3). (However, it should be noted that the reemission peakanalogy with the process of dynamical Auger emission ob-
strength is probably reduced due to the self-absorption in theerved first for BE (Ref. 3§ and then for other simple
region of 7* resonance.We suggest that the reason for this molecules’’* A similar effect has been observed by Ma
behavior is an essentially dynamical process based on thet al.in the radiative recombination of the G tore exciton
fact that the emission can occur simultaneously with theof diamond?® being attributed by Tanaka and Kayanuma to
NO; bending distortion along the potential curve of the ex-the x-ray emission during the off-center displacement of the
cited state. As long as the excitation energy is just sufficientore-excited carbon atom in course of thE—Cs,
for the absorption to occuito point A in Fig. 5), only the  distortion?® Although the dynamical x-ray emission is rel-
recombination peak itself can be seen in the RX@%  evant not only for ionic-molecular crystals, these compounds
curve excited withhy;,=403.4 eV in Fig. 3. Both absorp- seem to be particularly suitable for its investigation due to
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the quasimolecular character of their electronic structure antb the maximum of the N 4— #* absorption resonance.

nature of core excitations. This sideband is assigned mainly to the effect of dynamical
X-ray emission, i.e., the emission from the different points of
IV. CONCLUSIONS the potential energy curve of the core-excited state; however

) ] ) o a contribution from the transitions to the nonzero vibrational
In this work we investigated resonant x-ray emission reqgyels of the electronic ground state cannot be excluded. The
sulting from the core excitations at the nitroges ddge in st probable scenario is the x-ray emission accompanying
the ionic-molecular solid LIN@. It has been shown that the the out-of-plane movement of the nitrogen atom in course of

origin of main RIXS structures can be e>§plair_1ed in thetheDsh—>C3U distortion of the core-excited NDspecies.
framework of a quasimolecular approach, i.e., in terms of
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