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Molecular effects in solid NaNO; observed by x-ray absorption and resonant Auger spectroscopy
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X-ray absorption and resonant Auger spectroscopy were used to study the formation and decay of nitrogen
and oxygen core excitations in ionic-molecular solid NaN@ has been shown that the most prominent
features in the electronic structure of both valence and conduction bands of the;ad@l are determined
by molecular states of the quasi-isolated N@roup. In the Auger decay following the strongly localized N
1s—2aj(m) and O ks—2aj(w) core excitations both spectator and participator signals of extremely high
intensity have been found. The nuclear out-of-plane motion inside thg bi©up has been shown to be
observable by resonant Auger spectroscopy as a strongly non-Raman dispersion of individual participator
features upon tuning the photon energy across thesN 2a5() and O Is—2aj() resonances. All results
on electronic and vibrational properties of NajN&e compared with those of the gas-phasg Bielecule,
which is isoelectronic and isostructural to the NQroup.
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[. INTRODUCTION processes in these solids by comparing resonant spectra of
their quasimolecular anions with those of isoelectronic and
Due to the advent of high-brilliance synchrotron radiationisostructural free molecules. Surprisingly, such studies are
sources, the combination of x-ray absorption and resonartill rare.
Auger spectroscopy represents nowadays a very efficient tool The ionic-molecular crystalsiNO, andMNO; (M = Li,
for studying electronic structure and post-collision behaviorng, K) with the planar anions NDand NG , respectively,
of atoms, molecules, and solids. In particular, a wealth Ofepresent a prototypical example of the solids with quasi-
phenomena in formation and decay of the core-excited statgs, ated polyatomic units. The chemical bonding inside;NO

has been found and explained for the strongly correlated ma; g NG is essentially covalent, whereas the cation-anion

:;rr'ﬁlsodlrlfg §|Zr;tr\:\?;:daess'foerlcéli?];d?;,mir?gﬂci?gi\l/tilt?]nt}?; e]:ciarl Lt- interaction is rather ionic. Recently we have reported on the
row ztom%e"and adsorbatesin 2 ite of the apparent struc- first combined x-ray absorption and resonant photoemission
b PP study of NaNQ at the O & and N 1s edges’ which has

tural dissimilarity between simple molecules and solids Withd d the eff fth : dh ; .
strong electron correlation, these objects possess one Comgmonstrate the effect of the coexistence and huge intensi-
mon proberty. which deter,mines a considerable promise 0t1_|es of the spectator and participator decay channels upon the
Property, : . b excitation of oxygen and nitrogen core electrons into the
resonant methods for studying electronic nature of such sys-

tems, namely, the high degree of localization of their inter- owest unoccupied state of the crystal. This result was inter-

mediate core-excited states. Moreover. for the resonant bg_reted in terms of strong localization of this intermediate
havior of a core-excited sys;tem a stro,ng coupling betweer?tate on the N group due to its essentially quasimolecular
the valence electrons and electrons promoted into initiall atlur?h_ el ‘ the f i dd ¢
unoccupied localized orbitals is necessary. The best couplin n IS’t atr icle we retﬁor on the lormla |on|%nN eé:ay 0
can be achieved if the valence states and the low-lying unz2 ¢ EXctations in anocther ionic-molecuiar soli alNSo-

filled orbitals are of the same nature, as is typical for simpledlum nitrate is a wide-band-gap ionic material with the

molecules with light elements (2state coupling rhombohedral Iattice. of calcitéspace groupD$, at room
transition-metal compounds ¢3state coupling or lan- temperatur)aeand lattice constanta=b=5.071 A andc
thanides (4-state coupling On the other hand, a strong — 16825 A” The symmetry of the isolated NOanion is
localization of core excitations combined with the similar Dsn, and the site symmetry of NOin the distorted octahe-
origin of upper filled and lower unfilled orbitals is character- dral surrounding of six neighboring Naions isDz4. The

istic not only for these systems. In principle, one can expecNO; group is isoelectronic and isostructural to the free mol-
localized behavior of this kind in every solid containing ecule BR. This fact manifests itself in the observed similar-
quasi-isolated molecularlike groups of light elemef@O, ity in Xx-ray absorption near-edge structuf€ANES) be-
NO~, CN™, NO, , etc) as structural units. Such compounds tween the B % absorption spectrum of Bfand the N 5 one

are numerous and their investigation by resonant methodgf NaNG;, as discussed in Refs. 7 and 8. Recently resonance
involving core excitations is very promising. In particular, a Auger spectra of BEin vicinity of the strongm-resonance B

lot can be learned about the origin of core excitations and.s— 2a5 were obtained and interpreted in terms of compe-
their relation to electronic structure as well as their decaytition between the decay of core-excited electronic states and
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the fragmentation processes?’ It has been shown that the A pom

core-excited molecule deforms to the pyramial, struc- 8an g ¢ NO; (NaNO),
ture due to the movement of the B atom out of the molecular | ' OK spectrum
plané™*®prior to the molecule dissociation with the ejection
of energetidd™ ions in the same out-of-plane directithOn

the other hand, the NOanion in NaNQ can be approxi-
mately thought of as a “BFmolecule” placed into a “cage”

of Na" ions. This ionic surrounding should suppress the

T T T T T T T
530 540 550 560

fr_agm'entation pf_ the molecul_éa.nior) but not its internal ohoton energy (eV)

vibration, providing the possibility to concentrate on the . N1s > 23]

study of decay processes in a movable but only weakly dis- NO; (NaNO);| ¢

sociating system. Since high-resolution resonant Auger spec- A NK spectrum - & \

troscopy has been found very sensitive to the nuclear motion ‘8/ aln JOR :

in case of Bk, it is of high interest to apply it to NaNQin 6|10 =

attempt to reveal any signatures of nuclear dynamics also in ) B 18 B A e a7
photon energy (V)

case of a solid.

Thus, the main goal of the present work is to investigate
the role of electronic and vibrational properties of the NO
anion in the formation and decay processes of nitrogen and
oxygen core excitations in solid NaNO

20
| 1

photoabsorption

II. EXPERIMENT

The experiments were performed at the D1011 beamline
at MAX Il storage ring in Lund, Sweden. The beamline is
equipped with a modified SX-700 plane grating monochro-
mator and a high-resolution SES-200 electron energy ana-
lyzer at the end station. The photon energy resolution was set
to 200 meV at the X edge and to 300 meV at thelOedge,
and the kinetic energy resolution to 150 meV. An MCP de-
tector was used for the absorption measurements in the total
electron yield mode. The basis pressure during the measure- | - | - | - |
ments was in the range of-12x 10~ '° mbar. Additionally, 0 10 30
highly resolved core-level and valence-band x-ray
photoemission spectréXPS) spectra of NaN@ were mea- FIG. 1. OK and NK absorption spectra of solid NaNOB K
sured with monochromatized A « radiation using an Es- absorption spectrum of gas-phase;BRef. 15 and spectrum of
calab 220iXL spectrometer at the Wilhelm-Ostwald-Instituteelectron scattering on BFnolecules(Ref. 16. See text for energy
for Physical and Theoretical Chemistry in Leipzig. scale alignment. Partly numbered thin strokes orK@nd N K

The samples were thif20-30 nm polycrystalline NaN@  absorption curves indicate photon energies used for excitation of
films depositedn situ with a molecular beam from a single Ayger-photoemission spectra shown in Figs. .3—6. A small black
water-cooled effusion cell of Knudsen type onto a clean pol{fiangle at 401.5 eV on the X spectrum indicates the energy
ished copper plate in a vacuum ofx80 8 mbar. This p93|t|0n of thew. .resonance of the Npspec!es resulting from
preparation allows us to obtain samples free of contaminant&i9nt decomposition of NaN© Structuresa—c in B 1s photoab-
and to avoid charging effects. The cell was filled with highly sorption of BR are Rydberg states o_f boron. Inset: enlargement of
purified sodium nitratéprovided by Alfa Aesar which was the N_K 7 resonance. The dashed lie reflected left part of the
thoroughly dehydrated before the evaporation for severd! eak is drawn to stress the peak shape asymmetry.
hours. The deposition temperatures were in the range of . . T
320-340°C, slightly above the melting point (308 °C) but sample was varied evel h inorder to ensure insignificance
below the decomposition point (380 °C). A small amount ofOf chemical decomposition.
decomposed speciéprobably NG ions located at the sur-
face of the individual crystallitgsnever exceeded 5% as [ll. RESULTS AND DISCUSSION
could be judged from the absorption spectra. This species
does not disturb our resonant study, sinceritsesonance is
energetically separated from that of NajlNO'he following The photoabsorption spectra of Nah@ét the O s and N
x-ray irradiation of the samples was found to result in onlyls edges are presented in Fig. 1 together with the 8 1
minor further decomposition, so that almost no changesbsorptioh® and electron-molecular scatterifigspectra of
could be detected in the spectra after some hours of measuréie gas-phase BFThe N 1s, B 1s, ande—BF; spectra are
ments. Nevertheless, the position of the light spot on thaligned at the position of peak, while for alignment of the
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N 1s and O Is spectra the XPS-measured shift of 125.6 eVsuppose an admixture of the Na 8tates into the & MO.
between the respective core levels is used. A weak deconThus, bandsA andC in the O 1s and N Is absorption have
position of NG, ions, which occurs during the preparation essentially molecular origin, whereas baBdreflects both
and the following irradiation, can be seen mainly as a smalmolecular and solid-state effects.

feature ¢ resonance in N@) at 401.5 eV in the N & spec- Another molecularlike feature in the absorption spectra is
trum and as a small shoulder at 531.5 eV in the Ospec- e asymmetry of band (Fig. 1, inse}l. Similar slight asym-
trum. metry of the B 5—2a) resonance in BFhas been inter-

The presented absorption spectra of NaNi(@e better re- preted in terms of coupling of the Bs1'2a) core excitation
solved than those reported earfiért” resulting in additional  With the a3 out-of-plane bending vibratiotf.** We suggest
structure of bane in O 1s (C') and of bandBin N 1s (B’) that the asymmetric shape of the(&hd, less pronounced, O
as well as in the clear asymmetry of peak A in both spectraS— 2a3 resonance in solid NaNgalso originates from the
(see inset in Fig. 1 for the case of M)l Without consider-  unresolvedaz-vibration progression. Isolated NObelongs
ing fine details the general run of the absorption curves i$0 the same point groups, as BR and its fundamental
obviously similar for the oxygen and nitrogen spectra. This isvibration modew, (a5) is infrared active at 103 me¥. The
a clear indication of a strong mixing between unoccupied Null width at half maximum(FWHM) of the N 1s™*2aj
2p and O 2 orbitals, resulting in the reproduction of a resonance in NaNQis 850 meV, while the photon band-
common sequence of the unoccupied electronic states (yvldth is about 200 meV. Since the lifetime broadening of the
NaNO; in both absorption spectra. The main features in eact 15 *7*(»=0) state in simple N-containing molecules
spectrum are the narrow baidbelow the ionization thresh- (N2,N20) never exceeds 115 mé¥severala; vibration
old and two broader bandsandC above it. As seen in Fig. levels can be expected at the FWHM of this resonance. The
1, first of all the N % but also the O & absorption curves fact that the time for the maximal out-of-plane displacement

definitely resemble those of Bslabsorption and electron- of the N atom(O.?S _Of the full period,~'10 fs) itc‘ on the
molecule scattering in the gas-phase;BWhich is isoelec- Sa@me scale as a lifetime of the N 1'2a) intermediate state
tronic and isostructural to the undisturbed N@roup. This IS ©of crucial |mportan(,:e_for the decay processes, as will be
fact unambiguously reveals a quasimolecular nature of thdiscussed below. The; vibrations are expected to be highly
nitrogen and oxygen core excitations in solid NaNand ~ Stimulated through thest—2a; excitation.

allows us to discuss the spectrum of unoccupied electronic

states in this crystal in terms of molecular orbitd40’s) of B. Electronic structure of the valence band

the quas-isolated NDanion. As a result, the main bands Before we proceed with the discussion of deexcitation

andC may be associated with the core electron transitions t%henomena it is necessary to describe the valence-band elec-

un_occup|ed a?(w) and 4’(o) MQ’S of the p_Ianar NQ@ tronic structure of NaN@in the ground state. This structure
anion, respectively, composed mainly of the nitrogen-oxygen

. - was recently calculatedb initio in the framework of peri-
2p, and 2y states, r espectively. The strong anisotropy Ofodic Hartree-Fock theory and discussed in detail in Ref. 20.
the molecular potential of the NOgroup causes a large

e ) , : Some older theoretical studies of fCbased on the MO
energy splitting between () and 4’(o) MO's, placing  anhr0ach are also known in the literatéie? For the pur-

the corresponding resonant featukesand C into different 5556 of completeness we provide below the results of our

regions of the spectrum. It should be noted that the energy,, theoretical analysis and compare them with the mea-
separation between the positions of peak the N1sand O gyred high-resolution valence-band XPS spectrum of
1s spectra -1 eV) may be associated with a final-state NaNO,.

effect due to the different manifestation of the corresponding The electronic structure calculations were performed

core holes in the spectra. . within the ab initio plane-wave total-energy pseudopotential
The origin of bandB is more controversial. In analogy method® based on the density functional theras imple-

with the peak_B in the eleqtron-molecular scattering Spec- mented in the codeAsTeR2 Both local-density approxima-
trum of BF; (Fig. 1), where it may appear due to the tempo-tjon (LDA) with the parametrization of Perdew and Zurfger
rary electron capture by BFinto the 3a; MO, it may be  and generalized gradient approximati@®GA) with the pa-
thought of as an analog of thest>3a; transition. This tran-  rametrization of Perdew and Waﬁ?gNere tried for the de-
sition is dipole forbidden in the Bdabsorption of BE but  scription of electron exchange and correlation. The electron-
could become dipole allowed for lower symmetries. Thejon interaction was described by ultrasoft pseudopoterttals,
x-ray diffraction study of Gtilicher and Krichef® provides  and the Na 2 and 2p electrons were explicitly treated as
evidence for the lowering of the NOpoint symmetry in  valence electrons. The Brillouin zone was sampled within
NaNO; from Dy, to Cy, as a result of the sligh©.1 A) shift ~ the Monkhorst-Pack algoriththwith the 0.1 A™! distances

of three oxygen atoms. These up- and down-pyramidal disbetween sampling points. The plane-wave kinetic energy cut-
tortions of the N@ group are supposed to be statistically off of 370 eV was used.

averaged over the crystal, so that the space symmetry of Prior to the electronic structure calculations the geometry

NaNO; (R3c) does not change. Thus, thet3a, origin of  OPtimization was performed. A trigonal unit cell of t
B remains possible. In accordance with the optical(R3c) symmetry containing 6 Na atoms, 6 N atoms, and 18
measurements$ and band-structure calculatidlswe also O atoms with the experimental lattice parameters specified
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binding energy (eV) studies and should probably be assigned to a final-state ef-

20 10 fect. The present results of the electronic structure calcula-
tions are in good agreement with the previous results for
3 NO; (Ref. 23-25% and NaNQ@ (Ref. 20.

The lowest-lying spectral featurg-b is associated with
the MO'’s built up almost exclusively from the Op2Zstates:
weakly bonding &'(os) and nonbonding &4’(n) and
laj(n). The next band is caused by the N2 O 2s, and O
2p states mixed together into the bonding MO®&' 20) and
1aj(m) of the NO; group. Bandd represents MO &;(o)
composed mainly of the N& O 2s, and O 2 atomic or-
bitals. Finally, feature® and f reflect transitions from the
strongly bonding MO’s &’ (o) and la; (o), with the essen-
tially N 2p-O 2s and N X-O 2s character, respectively. An
admixture of the Na and p states into all valence MO'’s is

Na 2p found to be quite small. Note that only two occupied MO’s
" N 2s (1e” and 1a3) are ofw character, i.e., the respective electron
A M N 2p densities are localized out of the anion plane, while other six
A MOQO'’s are localized in plane.

& VB of NaNO,
2 Al Ka

XPS intensity

Lo 1a,
Na 2p
I>-1e'
2a’'
3¢
1€
;1 :
o}
&

calculated DOS

AN
U\A M ” o C. Resonant Auger decay and evidence for nuclear dynamics
2

, . The radiationless deexcitation of the intermediate state
20 10 0 created by promotion of a core electron into an unfilled lo-
binding energy (eV) calized state below or slightly above the ionization threshold
can follow several different pathways, as discussed, for ex-
ample in Ref. 33. The Auger process can happen with the
romoted electron acting as a spectator during the decay with
he resulting two-hole final stafespectator AugefSA) de-
cay]. The screening effect of the spectator electron in the
initial and final states of the Auger process leads to a high
above has been chosen as a starting geometry. Both the LDdnetic energy shift of the SA spectrum in comparison with
and GGA result in a 1%-2% deviation of tlkeandc lattice  the normal AugeiNA) one. Usually the spectrum becomes
constants from the initial values, but the experimental ratinot only shifted but also complicated due to the interaction
a/c=0.302 remains unchanged only for the GGA, while for of the spectator and outgoing electrons. Additional compli-
the LDA it is reduced to 0.292. This is the reason why thecations of the spectral shape can be caused by shake-up and
GGA was preferred for the electronic structure calculationsshake-down processes of the spectator electron in course of
discussed below. It should be noted that the density of statafe deexcitation. Alternatively to the SA decay the electron
(DOY) of the valence band obtained with the LDA differs promoted into the empty localized state can itself take part in
from that obtained with the GGA only in minor details. the deexcitation creating a one-hole final stigterticipator
Figure 2 shows calculated total and partial DOS ofAuger, (PA) decay. This final state cannot be distinguished
NaNQ; in comparison with the XPS spectrum of its valencefrom that of the direct photoemission. As a result, PA decay
band. For the theoretical curves the position of the highesihay be observed as a resonant enhancement of intensity of
occupied state is set to zero, while the binding energies of thindividual spectral features and is sometimes called “true
measured spectrum refer to the Fermi level of the spectromresonant photoemission.” It lies in the nature of the PA fea-
eter. Each feature in the total DOS plot is assigned to aures that their kinetic energy shows linear dispersian
particular MO of the N@ anion. Definitely, such an assign- least for free atomsas a function of the photon energy, as is
ment does not take into account the effects of electron mixeharacteristic for the direct photoemission peaks. However, it
ing between cation’s and anion’s states. Nevertheless, thie not trivial to observe this behavigusually referred to as
MO language is quite appropriate here due to the obviouslyesonant Auger Raman eff¢cbecause of rather small natu-
molecularlike character of the valence band and it will beral width of the core-excited intermediate states. Only the use
used further in order to stress the genealogy of the particulasf narrow photon band excitation and high-resolution elec-
features. In spite of a significant underestimation of energgron spectrometers has allowed demonstrating this effect.
separations between individual peaks in the computed DOReside the SA and PA channels, NA decay can become an
the number, consecutive ordering, and relative energy posimportant pathway of deexcitation in solids and adsorbates if
tions of experimental featuresf and Na 2 are reproduced the time of hopping of the excited electrons to the neighbor-
fairly well by the calculatior(Na 2s is also accounted for but ing sites does not exceed the resonance lifetime.
not shown. The only exceptions are’ and f’ shoulders, The decay of the nitrogen and oxygen core-excited inter-
which could not be reproduced also in all earlier ground-statenediate states in NaNQOwas investigated in this work by

FIG. 2. Valence-band photoemission spectrum of Naht@a-
sured with AlKa (upper part as compared with the DFT-LDA
pseudopotential calculation of the total and partial ground-stat
DOS of NaNQ (lower par}.
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ResPE in NaN03 across the N 1s edge ResPE in NaNO, across the N 1s-2n* resonance
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FIG. 3. Valence-band photoemission and Auger spectra of
NaNQG; taken with the excitation energy across the flabsorption
edge. The second-order-light Ns bhotolines are shadowed.

FIG. 4. Detailed view of the valence-band photoemission and
Auger spectra of NaN©taken with the excitation energy across the
N 1s—2aj(w) resonance. The second-order-light B ghotolines

means of resonant photoemissigrugen spectroscopy with '€ shadowed.

the photon energies covering the ranges 398—435 eV and |t can be clearly seen from Figs. 3 and 5 that the excita-
525-559 eV, respectively, as marked in the absorption spegions into strongly localizedr states (5—2aj) and those

tra in Fig. 1. The resulting Auger spectra are shown in Figsinto rather delocalized states (5—3a; and Is—4e’) de-

3,4 and 5, 6 for the photon excitations at the 8lahd O I cay very differently. Whereas a strong PA enhancement of
absorption edges, respectively. We show two figures for eacthe valence-band photolines, and a narrowing and structuring
edge. The first onegFigs. 3 and b provide an overview of of the SA signals are characteristic in the region of the
the deexcitation spectra through the whole edges tracing thg-resonance, this behavior is not observed upon deexcitation
differences in decay of ando excitations. The other pair of of the o resonances. This result resembles our findings for
figures (Figs. 4 and B represents the decay spectra at theNaNO,° and reveals again the importance of the
most interesting regions of the Nsllaj(#) and O intermediate-state localizatiofWe use here and thereafter
13*13_2(77) shape resonances, respectively. Spectral intensthe term “photoline” in order to underline the essentially
ties are normalized to the incident photon flux. This normal-molecular character of the valence-band photoemission in
ization seems to be quite reasonable since it results in almosplid NaNQ; however, the term *band” is also used
equal intensities of the Na 2 photoline, which indeed throughout the tex}.

should remain almost constant due to the essentially anionic First we will focus our attention on the decay spectra
character of the lowest unoccupiedband and only minor following the N 1s™*aj(s) excitation (Fig. 4 numbered
changes in the Na 2 photoionization cross section in the correspondingly to the photon energies usedrked in Fig.
respective spectral intervals. Small peaks originating froml). The off-resonance spectfd)—(3) at 398.5-404.3 eV and
the second-order-light Nsland O Is core-level signals are (13) at 407.2 eV demonstrate valence-band featarelsand
shadowed. Their intensities remain constant too confirmingNa 2p, which were already described in the previous section.
once more the reliability of intensity normalization. The po- With the photon energy scanning across the & ()
sitions of the second-order-light photolines will be used forabsorption peak from the off-resonance value of 404.3 eV to
the exact calibration of the excitation energies in the furthethe on-resonance value of 405.35 eV the shape of the photo-
discussion of the dispersion behavior of individual featureemission spectra changes dramatically. The reason for this
in the spectra. The spectra are plotted on the binding energyhange is the huge Auger electron emission due to both spec-
scale referring to the Fermi level of the spectrometer. tator and participator decay. The most prominent are the
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ResPE in NaNO, across the O 1s edge ResPE in NaNO, across the O 1s-2r* resonance
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FIG. 5. Valence-band photoemission and Auger spectra of

binding energy (eV)

2p 2 SA features between 20 and 30 eV and the PA features
between 4 and 16 eV binding energy. The brogd 251 FIG. 6. Detailed view of thc_e valence-_bapd photoemission and
SA structures at 35-55 eV are also very strong in vicinity ofAuger spe"ctra of NaNQtaken with the excntatloh energy across the
the 7 resonance. Additionally, a highly intensive structure© 15—28:() resonance. The second-order-light ®(hotolines
denotedx appears in the range between 16 and 20 eV, whicf"® shadowed.
can be definitely assigned neither to SA nor to PA, as will be
discussed later. NaNO; at the N 1~ 1aj(#) resonancéFig. 4) a-b structure

The above assignment of the SA and PA energy regionss also only slightly enhanced by a factor of 1.5, while the
correlates well with that made for the free BF situation with structures-d differs from that in Bk: signal
molecule?** Also the three-peak spectator structurec (2e’ and 1aj) is dramatically amplified by a factor of 40,
SA-sAy-sAg with energy separation of-4 eV between whereas signatl (2a}) is probably not amplified at all. Al-
sA; andsAg (Fig. 4) resembles the corresponding SA struc-though the spectra of BRvere measured with lower resolu-
ture in BF; at the B ]sflag(rr) resonance reported by Ueda tion in comparison with those of NaNQsuch a strong dif-
et al? and Simonet al!® indicating its similar origin in the ~ference in intensity enhancement can hardly be explained by
BF; molecule and NaN©crystal. A general similarity be- nonequivalent experimental conditions. Since the filled 1
tween the spectra of BFat B 1s™'a;(w) and those of MO and the lowest unfilled 2 MO have the samer sym-
NaNO; at N 1s™'aj(w) can be observed also in the PA metry, similar out-of-plane localization, and both are com-
decay region, although the direct comparison would be noposed almost solely of N2 and O 2 states, we suppose
quite correct due to slightly different energy positions of thethat it is the B/ signal, which contributes most strongly into
corresponding MO's in these two cases. the huge enhancement of photolinén Fig. 4. The larger

In the BR; spectrd the intensity of the group of overlap- number of 2 electrons in atomic nitrogen §£2s22p® con-
ping 3e’,1e", and la, photolines, which is an analog of figuration as compared to boron §12s?2p?) and the re-
banda-b in the NaNQ valence-band spectra, is slightly in- duced 2 charge transfer from the central atom in N@s
creasedby a factor of 1.5 at the B s~ *aj(w) resonance. compared to BE result in strongly increased probability of
In turn, the intensity enhancement of spectral features causete most favorable autoionization decay channel with partici-
by the partly resolved &;,2e’, and 1a5 MO's, which are pation of two 2 electrons for core excitations localized on
analogical toc-d signals in Fig. 4, is of factor 4. In case of the central atom in NaNg This fact provides the most-
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straightforward explanation for the 10 times stronger endarly in the case of the possible superposition of SA and PA
hancement of feature in this case, because it is a feature channels. Note also that the shape of the SA signals changes
with a significant 2 contribution from the central atoifsee upon scanning the excitation energy across both N and O
Fig. 2. It should be noted that the evolution of the bamd 15— 2a} resonances. Further theoretical efforts are required
intensity upon crossing the NsI'aj() resonance strictly for proper explanation of the SA signal's narrowing and
follows the change in absorption, without any indications ofvarying of their spectral shape.
the Fano-like profile shape. The reason for that is the strong The importance of strong localization of the intermediate
domination of one channel of the “true resonant photoemisstate for observing resonant features in decay spectra be-
sion” (PA decay over another channdldirect photoemis- comes evident in Fig. 7, which compares Auger spectra taken
sion) resulting in only small interference effects. at the positions ofA and B resonances in the absorption

A drastic increase in relative intensity in going from BF curve in Fig. 1 and the normélar away off-resonangeiu-
to NO; in NaNG; can be seen not only for the individual PA ger spectra on the common kinetic energy scale. In the case
features but also for the SA decay. Indeed, in thg BEex- of excitation at the absorption bamthe core electron is
citation spectrathe on-resonance SA intensity is not much promoted into a highly localized state, upon excitation at
larger than the off-resonance intensity of the photolines irB—into a more delocalizedand probably hybridized with
the valence band. This is in evident contrast to the NgNONa 3s) o state, and in case of NA into a completely delo-
decay spectra at the Ns1'a)(#) (Fig. 4 and O I~ aj( ) calized continuum state of plane-wave-like character. It is
(Fig. 6) resonances, where the SA intensity exceeds that ofvident that only in case ofr excitation both SA and PA
the off-resonance valence photolinasl by factors of 40 resonant features can be clearly seen in the spectra. Some SA
and 50, respectively. The reasons for the difference in intenrature of the decay resulting from tleeexcitation can still
sity of the SA signal between BFand NaNQ are the same be noticed dueata 1 eVshift of the main Auger structures to
as those mentioned above for the PA signal. higher kinetic energies in respect with the NA structures, as

In case of the Auger decay at the @ Faj () absorp- well as in their slightly different shape. However, these re-
tion peak(Fig. 6) it is more difficult to separate SA and PA mains of resonant behavior are rather insignificant in com-
features because of their partial overlap. Only the increase dgfarison with the case of deexcitation.
the a-b band intensity(by a factor of 7 at the on-resonance It has been mentioned in the above discussion of asym-
excitation of 532.0 ey can be definitely assigned to the PA metrical shape of the N and Os%2aj absorption peaks
channel. Among three MO’s contributing into this band only that the processes of electronic decay and vibrational motion
the 1" MO is of 7 character, being hence a candidate forinside the NQ group lie on the same time scale. Before we
highest amplification. The shape of the SA structures for botltonsider whether and how nuclear dynamics manifests itself
N 1s™!aj(7) and O I 'aj(w) excitations is rather com- in the decay spectra of NaN(the same dynamical aspect in
plicated, being defined by many multiplet contributions.case of electronic decay of the B+ 2aj core excitation in
Therefore, it cannot be analyzed satisfactorily here, particua gas-phase BFmolecule will be shortly addressed by sum-
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a) 1a,”+2e’ — MO at NK(r)-res.

b) 3e'+1e"+1a,’ — MO at OK(r)-res.
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marizing the results of Uedatal,” Simon etal,”> and  atomic systems and reported also in case of BRndicated
Tanakaet al!* The binding energies of the PA peaks werepy dashed vertical lines as a guidance for the eye. Even
found to be constant; i.e., the respective kinetic energiegjithout any quantitative analysis a significant deviation of
demonstrate strictly linear dependence on the photon energihe energy positions of bothanda-b bands upon scanning

In contrast, the kinetic energies of the SA features wergcross the N 4—2aj and O Is—2aj resonances, respec-
found to be nearly constant. These facts were interpreted if?vely, is evident from Fig. 8. However, it is more meaningful

terms of a difference in the shape of the adiabatic potentiag0 analyze the positions of center of gravigG) for each

surfaces along the axis of out-of-plane atomic dISpIacemem:épectral feature instead of the maximum intensity positions,

P . .
(a3 vibration) for the SA and PA final states. The evolution , .- .« of the obvious asymmetry in some spectra. We have

of the wave packet along the potential surfaces of the 'mer(':onsequently subtracted a smooth monotonous background

mediatea; state and final PA state accompanying the OUt'Of'and then have computed the CG positions for each peak in
plane movement of the boron atom has been directly ob

: ; : Fig. 8. The result of this procedure is shown in Fig. 9, where
se_rved in the decay spectra as PA satelht_e structizrdail the kinetic energy shift of the CG positions is presented as a
sh|fted.by 2.25 eV tp Ipwer kinetic energlét_he so-called function of the photon energy detuning from the correspond-
dynamical Auger emissionThus, these satellites were asso-

; ; o ] _ ing resonance. Evidently, the non-Raman behavior can be
ciated with the participator decay taking place in 8§,  y5cumented also for the CG of both participator lines in the
geometry of Bk. The longer is the lifetime of the B

PN X r-resonance region.
1s "2a, 4|ntermed|ate state, the stronger are these geyeral possible reasons for the observed deviations
satellites: . o _ should be analyzed. First, one could argue that wo#nd
~ Let us now consider the situation with the energy posi-y_p, features represent envelopes of two and three different
tions of individual PA peaks upon the decay of the B 1 \j0's respectively, which could be nonequivalently en-
—2a; and O I—2a; shape resonances in solid NaNO hanced upon crossing the resonances, resulting in a changing
The most appropriate candidates for such an analysis are thgymmetry of the envelopes. This explanation can be defi-
strongly resonating valence-band structaiia case of the N njtely ruled out. Indeed, in this case the experimental points
1s—2aj absorption and the weaker resonating struciste  in Fig. 9 would run parallel to the Raman-law line in close
in case of the O §— 2a} absorption. In Fig. 8 the evolution vicinity to the on-resonance point, because the changes in
of both these bands upon crossing the above-mentioned absymmetry of the envelopes are minor if the intensity of one
sorption resonances is presented. All spectra are normalizeéddividual MO in the envelope is much larger than the inten-
to equal peak intensity in order to facilitate the examinationsities of others. Contrary to this expectation, the experimen-
of their shape and energy positions. The photon energies @&l points experience the strongest deviation from the Raman
detuning from the on-resonance position are not simply théaw exactly in the close vicinity to the resonance. There is a
monochromator readings. They were additionally calibratedisk of another artificial effect possibly contributing into the
using the position of the second-order-light ¥ &nd O Is  deviations from the Raman-like dispersion. It can result from
photolines. The Raman-like behavior typical for the PA inthe convolution of the photon band shape with the shape of
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termediate state than the free Bfolecule, the low-kinetic-
energy satellite structure observed in the PA decay of BF
(Ref. 9 and interpreted as a signature of dynamical Auger
emissior>!* should become more pronounced in case of
NaNG;. In the above discussion of decay spectra in Fig. 4
we have mentioned that a strong pealkcould be definitely
assigned neither to SA nor to PA features. Peakand c
change their energy positions and intensities almost synchro-
nously upon crossing the Nsi-2a) resonance(energy
separation 4.65 e\ so thata may be interpreted as a low-
kinetic-energy satellite of resulting from dynamical Auger
emission in theC, geometry of NQ . If this interpretation

is correct, the higher intensity of peakin comparison with

the respective satellite structures in case of BFa direct
consequence of the partly suppressed fragmentation in
NaNG;.

IV. CONCLUSIONS

By example of NaN@ we have shown that ionic-
molecular crystals are very interesting and promising objects
for synchrotron radiation research. Not only their electronic
structure but also the nuclear motion accompanying the de-
cay processes of their core excitations can be successfully
studied by means of x-ray absorption and resonant Auger
spectroscopy. This becomes possible due to the unique com-
bination of molecular and solid-state properties in these crys-
tals resulting from the quasi-isolated location of their poly-
atomic anions.

FIG. 9. Kinetic energy shift of the C@enter of gravity posi- It has been demonstrated that the most prominent features
tions of the peaks shown in Fig. 8 as a function of excitation de/n the glectromc structure'of both va!ence and conduction
tuning from the corresponding resonance positions. Dashed Iine@"‘ndS.In NaN@ are determined by MO's of th? NOgroup.
indicate linear-dispersion behaviRaman lav. In particular, pronounced resonangesB, andC in the N 1s

and O Is absorption spectra are assigned on the basis of

lifetime broadening of core-excited states as predicted hfomparison with the B 4 absorption ance-BF; scattering
Gel'mukhanov and Agréfi and observed by Kuklet al’’ spectra of the BfFmolecule, wh|ph is |§oelectron|c and iso-
However, also this effect can hardly explain the observedtructural to N@, to the transitions into the conduction-
behavior of the CG positions, because the deviations abol@and states associated with MO'saw),3a;(o) and
the line of linear dispersion are highly asymmetric below and4e’ (o) of the NO; anion, respectively. The rather unusual
above the point of resonance. Moreover, this apparatus effestructure of the conduction band with a low-lying narrow
should be stronger for the broadband excitaffomhich is ~ subbandA separated from the subsequent broadba®d3
not the case in our experiment. by a gap of several eV is caused by a strong anisotropy of the
As the most probable explanation of the observed nonlinmolecular potential of the ND group, resulting in a strong
ear dispersion in the PA decay we propose a partial conveenergy separation betweer(2p,) ando(2p,,) MO’s.
sion of the electron kinetic energy into vibrational motion of  Strong resonant effects have been observed in the Auger
the NO; anion. Gel'mukhanov and Agréhhave shown that decay following the N $—2aj(m) and O k—2aj(m)
such non-Ramafand even anti-Ramaubehavior of the CG  core excitations. Both spectator and participator decay chan-
of resonantly scattered electrons can be explained for maiels can be clearly seen in the deexcitation spectra. The am-
lecular systems in terms of interplay between the parameteyslification coefficients caused by PA decay are very high.
defining the potential surfaces of the involved intermediateThe most pronounced enhancement by a factor of 40 is char-
and final states. The difference in behavior of the PA featureacteristic for the photoline associated with the group a§ 1
between the cases of Na@nd BF; may be assigned to the and 2’ MO’s of the NO; anion at the N $— 2aj( ) reso-
fact that the fast dissociation, which is possible in the; BF hance(peakc in Fig. 4). The on-resonance SA signals for
molecule, probably becomes suppressed for thg N@ion  poth nitrogen and oxygen deexcitation spectra are consider-
surrounded by six N3, thus providing more time for vibra- ably shifted, narrowed, and structured in comparison with
tional motion in the excited state. There is one more considthe corresponding NA signals, and their intensities exceed
eration justifying this assignment. Namely, if the N@nion  those of the PA decay. In turn, only minor resonant effects
has more time for vibrational motion in the core-excited in- (with a domination of the SA decayave been found in the
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Auger spectra following the less localized (D) 1s—o  of the interplay between the parameters defining the potential
(3a; and 4’) excitations. All these findings resemble the surfaces of the involved intermediate and final states. Addi-
results for the gas-phase BRolecule, thus providing strong tionally, peaka in Fig. 4 may represent the effect of dynami-
evidence for the quasi molecular nature of nitrogen and oxycal Auger emission observed previously only in free mol-
gen core excitations in solid NaNO ecules. To our knowledge these results represent the first
A reflection of vibrational properties of the NOanion experimental observation of nuclear dynamics in a solid
has been observed both in the ¢ and O Is absorption Made by means of resonant Auger spectroscopy.
spectra and in the Auger spectra following N andrGxci-
tations. In the N $ and O Is absorption curves the out-of-
plane vibration in N@Q manifests itself in the asymmetrical
shape of the corresponding resonances resulting from the
unresolved progression of the vibrational levels. In the
electronic decay spectra of the N andr(excitations nuclear edges the financial support of Institutr f@berflahen- und
motion inside the N@ anion is reflected in the strongly Mikrostrukturphysik der Technischen UniversitBresden
non-Raman dispersion of the CG of some valence photolinesnd W.-Ostwald-Institut fuPhysikalische und Theoretische
upon scanning the photon energy across the correspondir@hemie der Universita_eipzig. This work was supported by
resonances. In spirit of Ge'mukhanov and Agfewe as-  Russian Foundation for Basic Research, Grant No. 01-03-
sign this behavior to a partial conversion of electron kinetic32285, and by the Deutsche Forschungsgemeinschaft, Grant
energy into the vibrational motion of NOas a consequence No. FOR 404 and SFB 463, TPBA4.
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