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Resonant soft x-ray emissi¢B8XE) spectra of the mixed valence vanadium oxidg®Y; have been recorded
for a series of excitation energies across thie-gbsorption band. Resonant excitation allows one to distinguish
between charge neutral low-energy excitations and continuum-excited, more band-lidevelehce band
states in the spectra. We find that the_Memission spectra of D, 5 consist of two distinct components that
can be assigned to nearly pure ¥ States, and to V @ states that are strongly hybridized with @ Btates,
respectively. Band structure calculations of the density functional theory support the assignment of these
features. At threshold excitation the M-emission spectra of 30,3 show strong signatures from excitonic
states, the energy dependence of which shows Raman-like behavior. We compare these spectral features in the
resonant SXE spectra with cluster model calculations and assign thelioh éacitations and charge-transfer
excitations, respectively. Finally, we discuss changes in theadsorption and emission spectra that take place
when changing the sample temperature from 295 K to 120 K. We relate the changes to redistributions in the V
3d partial density of states, which occur at the transition temperature for the metal-semiconductor-transition
Tust= 150 K and find support in our temperature dependent band structure calculations.
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I. INTRODUCTION photoemission spectroscobyARPES have been used to
study the valence bands ofg#¥;5. With x-ray absorption

Vanadium oxides comprise a particularly interesting sub-spectroscopy one has studied the empty vanadiumh 8nd
group of the 3 transition metal compound family due to the oxygen 2% states. Particular attention has been paid to the
large variety of electronic, magnetic and structural properMST of Vg0;5. Small changes in the valence band width
ties, and notably their metal-to-insulator or metal-to-have been observed by PES, however, the trends of ordinary
semiconductor transitiohs(MST). Vanadium oxides also PES and ARPES appear to be of opposite nature, i.e., band
possess interesting technological aspects, for instance imarrowing is observed upon cooling in ordinary PES and
catalytic applications and they receive strong attention adand broadening in ARPES. Both experiments, however,
model systems for novel compact rechargeable lithium batseem to show a systematic gap opening at the Fermi level, as
teries where Li is inserted into the cathode materiglO\, would be expected for the transition to the semiconducting
for example, is being used as an active electrochemical constate. Calculations of the electronic band structure b\
ponent in cathodes of lithium batteries. have, to our knowledge, not been reported so far.

V0;3is a monoclinic mixed valence compoufalectron In this paper, we investigate the electronic structure of
configuration: 4 V* +2 V°*) that undergoes a MST at 150 V0,5 single crystals by means of soft x-ray absorption
K that is accompanied by a structural distortion from the(SXA) spectroscopy and resonant soft x-ray emis$®XE)
paramagnetic metal phase with2/m symmetry* to the  spectroscopy. By measuring the SXA spectrum we can deter-
paramagnetic semiconducting phase with symmetr§ or  mine specific excitation energies for our resonant SXE ex-
P2, /a symmetry’ Antiferromagnetic order occurs below ca. periments. We present a combined experimental and theoret-
55 K.® The basic building blocks of the crystal are distortedical analysis of the electronic structure of®,; focusing on
VOg octahedrd® which form two types of sheets parallel to the role and interplay of bandlike and localized excitations
the a-b plane. One zigzag V@chain running along thé®  close to the ground state. We also use SXA and SXE spec-
axis is monovalent (¥") and a second chain is of mixed troscopy at the VL edges to monitor changes in the elec-
valency (alternating V* and \P*).3* Electrical resistivity  tronic structure across the MST of,®,.
measuremenftsand an optical reflection stullyevealed a SXE is a two-photon scattering process and the spectra
highly anisotropic behavior suggesting a quasi-one-accurately reflect the local partial density of staleBDOS
dimensional electronic structure which was corroborated byor less correlated materials. In SXE spectroscopy a core
a recent angle-resolved photoemission stlilg.some of the electron is excited by an x-ray photon, promoting the atom to
few studies of the electronic structure o§®3, ordinary  an intermediate core-excitédut neutral state. This interme-
photoemission spectroscafy(PES and angular resolved diate state can decay radiatively to a valence-excited state or
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to the ground state. The energy difference of the incomingnonochromator spectral bandwidth chosen for the SXA
and outgoing photons is taken up by the electronic systenspectra and for the excitation of the resonant SXE spectra
Often there are quantized excitatiofystal field excita- was setto 0.15 eV and 0.3 eV, respectively. The total energy
tions) that become resonantly enhanced at certain excitatioresolution(combined from excitation and spectrometer en-
energies and therefore we call this type of spectrum resonaetrgy resolution of the SXE experiments was approximated
inelastic x-ray scatteringRIXS).!? These low energy local to be 0.6 eV by measuring the FWHRKull width at half
electronic excitationge.g.,dd excitations disperse linearly maximun) at the elastic peaks. The x-ray emission energy
with the incoming photon energy, as in optical Raman scatwas calibrated by recording the characteristiclzp, spin-
tering. The part of the resonant SXE spectra that does nairbit doublet in 2nd order of diffraction, i.e., th&3&pz, 1
behave as Raman scattering, and thus is stationary in x-rayansitions, from a pure Zn foil and using the tabulated char-
emission energy, is referred to as “ordinary fluorescent®.” acteristic x-ray line energies from Ref. 17. Acommon energy
This ordinary fluorescence part originates from continuunmscale for SXE and SXA spectra was determined from the
excited intermediate states and can be related to the LPDOSak positions of the elastically scattered x-rays in the reso-
of the material. Thus resonant SXE spectra generally consistant SXE spectra.

of three “subcomponents:(1) ordinary fluorescence at fixed

X-ray emission energy2) RIXS contributions at constant IIl. THEORY: BAND STRUCTURE CALCULATIONS

energy loss, an€B) elastic scattering at the incoming photon AND CLUSTER MODEL CALCULATIONS
energy. Local electronic excitations are often significant in

correlated 8-transition metal compounds, such as vana- V L x-ray emission spectra have been calculated within
dates, and give prominent RIXS contributions linedge the local density approximation of the density functional
SXE spectra. In conventional optical absorption techniquetheory using the augmented plane wave and local orbital
transitions between states with the same angular momentu(PW- o) band structure methdd.Exchange and correla-
guantum number | are dipole forbidden and very weak, andion effects were treated within the density functional theory
therefore often obscured by other spectral features. The studPFT)*® by using the generalized gradient approximation
of charge-neutral low-energy local excitations by RIXS is(GGA).?° It should be noted that we have not included any
therefore superior to optical absorption investigations. many-body effects such as the influence of the core hole on
the band states and interactions between the excited electron
and the core hole. For the transition matrix elements the
electric-dipole approximation has been employed, i.e., only

V0,3 single crystals were grown in a gradient furnace bytransitions between the core state with orbital angular mo-
chemical transport reaction, using Te@k a transport agent mentum | to thel =1 components of the conduction band
at a growth temperature of 630 °C. X-ray powder diffractionhaVe_be_e” considered. _The next Sec. IV A compares the V
on powdered single crystals revealed no spurious phases akdémission spectrum gained from the band structure calcula-
Laue diffraction showed the crystals to be of high quality.tions to the ordinary fluorescence part of the LVSXE
The electrical resistivity measured as a function of temperaSPectra. _ .
ture revealed the expected MST Bt 150 K. The investi- The experimental VL-RIXS spectra presented in Sec.
gated \4O,5 sample was a single crystal with dimensions ofIVB are compare_d to model calculations. These calculations
approximately 2 mm 2 mmx 0.1 mm. Experiments were Were performed in octahedral (Osymmetry with a single
performed at room temperature and at 20K when cool-  Vanadium site V@ cluster modef' in the framework of an
ing the sample holder with liquid nitrogen. Anderson impurity model? For V40,5 the basic structural

SXA and SXE experiments were performed at the undulnits consist of distorted VQoctahedra connected in the
lator beam lines 7.0.XRef. 14 at the Advanced Light a-b plane to layers:* The distorted V@ octahedra are rep-
Source(Lawrence Berkeley National Laboratory, UBAnd  resented in the calculations by the single vanadium sitg VO
1511-3 (Ref. 15 at MAX Il (MAX-lab National Laboratory, clusters. \O;3 is in a mixed valence state with a formal
Lund University, Sweden Beamline 1511 comprises a modi- valency of “4 V** +2 v*.» 34%1n order to account for this
fied SX-700 monochromator layout and beamline 7.0.1 ignixed valency, spectra were calculated using the Kramers-
based on a spherical grating monochromator design. SXAfeisenberg formufé?* for the V** and \* oxidation
spectra were measured by recording the total electron yielgtates of the mixed valence chain and fof*Vof the
(TEY) by measuring sample drain current while scanning thenonovalent chain, respectively. The independently calcu-
photon energy of the incident monochromatized synchrotrofated spectra are then superimposed.
radiation. The SXA spectra were normalized to the photocur- The adjustable parameters of the Anderson impurity
rent from a gold mesh introduced into the synchrotron radiatHamiltonian for the VL-RIXS model calculations for vana-
tion beam in order to correct for intensity variations of thedium oxides are the charge transfer energ¥
incident x-ray beam. SXE was recorded with a high-=E(d""*L)-E(d") between V @ and ligand O  orbitals,
resolution Rowland-mount grazing-incidence gratingthe on-sited-d Coulomb interactiond 44, the intra-atomic
spectrometéf with a two-dimensional detector using a core hole potential ., the hybridization strengtV (eg) =
spherical grating of 5 meter radius with 1200 lines/mm in—2V(t,g and the magnitude of the crystal field splitting
first order of diffraction giving a spectrometer energy reso-10Dg=e(eg)-&(t,g). Further details about the theoretical
lution of better than 0.4 eV for energies around 515 eV. Thecalculations and the formulation of the chosen cluster model

Il. EXPERIMENT
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TABLE |. Adjustable parameters of the cluster model Hamil- LN BUELELELE NLELELELE BLELELELE BLELELELE B

tonian for VOy3. V L-SXE spectra of V,0,,
A Ugd Uqe V(eg) 10 Dq M
Mixed valent \* 4.0eV 4.0eV 4.8eV 3.1leV 07eV I
chain V' 0eV 4.0eV 48eV 3.1eV 0.7eV
Monovalent V4" 25eV 50eV 6.0eV 30eV 0.7eV @ H
chain =
c
3 MG
g F
Hamiltonian are described elsewhétdable | lists the used G
parameter values of the calculated RIXS spectra fgb\M. > E
A direct comparison between the experimental and calcu- ‘g
lated V L-RIXS spectra is presented in Sec. IV B. 5 D
£ .
\¥3
IV. RESULTS
A. Ordinary fluorescence of V;O,3: Bandlike states B
In Fig. 1 we show the \L and OK SXA-TEY spectrum I A
of V40,3 Which is very similar to that obtained in Ref. 11. VL, —r
Also shown is the ML-SXA spectrum of our multiplet cluster T T T T T P
model calculationbottom curve. Between 513 eV and 528 500 505 510 515 520 525 530
eV the VL-spectrum is split into the spin-orbit doublet. The X-ray Emission Energy (eV)

absorption band from 513 to 521 eV is derived from the V
2p5,—V 3d transition(V L3) and the one from 521 to 528 FIG. 2. Resonant soft x-ray emission spectra gby; excited at
eV from the V 2p,,,—V 3d transition(V L,). Just above the the energies indicated by the arrows A—I in the absorption spectrum
V L, edge(528 eVj Fig. 1 displays the part of the & SXA in Fig._ 1._ The energy regions of the overlappingly,- and V
spectrum that originates from Op2states hybridized with L s-emission bands are marked through bars at the energy scale.
crystal field split V 3l states {;; ande).

Figure 2 shows the resonant SXE spectra gDy ex- ] ]
cited at the energies indicated by the arrows A—I in the SxAbars at the bottom of Fig. 2. By tuning the energy below the
spectrum in Fig. 1. We observe the evolution of thely — 2Puz-absorption threshold only the I/, band appears in the
band (31— 2pg;) and the VL4 band (31— 2p,,,), situated SXE spectrum leaving it unobscured by Fhé_){band(spec-
around 510 eV and 518 eV, respectively, as we tune th&a A-D). Note that one can observe in spectrum D how
excitation energy across the edges. The overlap of the vV €Xxcitonic parts, the elastic peak at 518 eV and a
L, and VL z band is caused by the relatively small Spin_orbitdd—excnatlon.peak at 516.4 e¥éxplained in more detail in
splitting between the ;- and 2ps-core states and we the next section of the spectrum start to separate from the

marked the approximate extent of the bands with the blacgontinuum-excited partbelow 516 eV. Similar effects as
for the VL, band are observed for the IV; band at higher

e excitgtion energies, although including distortions by the
SXA 0f V,0,, fj ? — experiment - TEY men_tloned overlap. _ _
== calculation Figure 3 shows a comparison between the experimental V
L,-SXE spectrum excited at the maximum of thelyY ab-
. sorption band at energy [second curve from the bottom
F and the spectrum derived from our LDA band structure cal-
:_ culation (third spectrum from the bottomThe degree of
- agreement indicates to what extent theLY-SXE spectra
Lot k% reflect the V 3 and O 2 PDOS, respectively. The calcula-
A A R R B L L .1 CT TP P P tions show, first, that there is one high-energy narrow band,
515 520 525 530 535 derived from states having almost purely d 8haracter and
Photon Energy (eV) secondly, that there is a broad band of states at lower ener-
FIG. 1. (Color onlin@ V L and OK soft x-ray absorption spec- 9i€s that derive from O 2 states and are strongly hybridized
tra of V40,3 in total electron yield modétop curvé compared to ~ With V 3d states. The energy positions of both bands are
the multiplet cluster model calculation of thelvVabsorption spec- Mmarked at the energy scale of Fig. 3. We aligned all spectra
trum (bottom curvé. The excitation energies for the resonant soft in Fig. 3 on an energy scale relative to the Fermi l€0etV)
x-ray emission spectra in Fig. 2 are marked by arrows above th®y letting the gap between the two peaks coincide. The en-
spectrum. ergy separations between the two peaks found by the APW

Intensity (arb. units)
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A0 EARAD RARED EFUES EERED REED B. RIXS of V¢O,3: dd and charge transfer excitations

A prominent feature in the resonantly excited SXE spectra
A—1 of Fig. 2 at the VL thresholds disperses linearly with
the elastic peak at an energy loss of approximately6 eV.

We assign this loss structure to a lockl excitation within

the crystal field split @ multiplet (e;—t,4). This is in good
agreement with optical reflectivity data and the derived ab-
sorption spectra that show structures in the range 0.5-1.8
O K- SXE (e,) eV® The authors of Ref. 8 ascribed these structures to tran-
sitions within the V 31 band system which we refer to dsl
excitations in a more localized way of viewing. We point out
that RIXS investigations on the related system Bay re-
vealed add excitation with very similar loss enerdy:?*
There is some confusion about the origin of this excitation
Calculated V L, - SXE d seen in NayO;s in the literaturé* where this peak has been

----- ». Ssmbtamsn,

Intensity (arb. units)

S H "' interpreted as a transition across the correlation’gap
Lant™ . il it NaV,0s5. VgO43 is a mixed valence compound with both
- Rebibl V4" and \P* sites, whereas NaYDs has equivalent sites
VL, -SXE with a fractional oxidation state of 4?*. The similarity be-
’,""s_‘ tween the resonance behavior and energy positions of this
¢ S peak in (metallio V¢O;3 and in (insulating NaV,Os
vl _‘,__,.\ strongly suggests that it has the same origin in both com-
VB-XPS O 2p -V 3d R s pounds, namely a locald excitation.
hybridized V &d _
sl ity pales el prlovie] In Fig. 2 we also observe a low-energy band around 507
-10.0 -5.0 0.0 eV emission energy in the first spectrum A. In Fig. 4 we
Energy (eV) replotted our resonant SXE spectra A—| against an energy

loss scale relative to the elastic peaks, in order to facilitate an
FIG. 3. (Color onling Comparison between experimentall  easijer identification of excitonic features. The same part of

(excitation energyD) and OK-emission spectréexcitation ener-  ihe spectra A—C is also seen in Fig. 4 as a band situated
giesJ apd K),_ar_ld emission spectra derived from band structureg,ound an energy loss of 7 eV. This feature shows more
calculations W|th|n' the APW lo approach. A valenge band XPS complicated excitation energy dependence than the local
spectrum(Ref. 21 is also shown. The energy position of the tWo 4 oy citation. Our cluster model calculatidig. 5 shows
main spectral contributions, pure Vd3states and O @-V 3d that charge transfelCT) states (sz L and V3! L) are
hybridized states, are indicated at the energy scale. o _

expected to show up at similar energy losses. Obviously our

cluster model calculations give a good account for the
+lo PDOS calculation and the SXE experiment are in goodid-excitation peak that is marked by dashed lines at a con-
agreement. For comparison we also show valence band x-ragant energy loss of-1.6 eV in the experimental spectra
photoelectron spectroscopyB-XPS) data taken by Deme- (Fig. 4). The spectral overlap in spectra E—I, however, makes
teret al?? (bottom curve; see also Refs. 9, 10, and 23. Judg-it difficult to compare the spectral shapes of the theoretical
ing by the shape of the low-energy peak we conclude that th€T band with the experimental spectra. Nevertheless, even
VB-XPS mainly reflects the states at the V sites. The deviafor the unobscured spectra A—E there is less good agreement
tions of the VLg-excited SXE spectrum from the one de- between this peak and the cluster model calculations than for
rived from the PDOS is probably a consequence of correlathe low-energydd peak.
tion and multiplet splitting effects. Continuum-excited ordinary fluorescence contributions

Turning our attention to the oxygerp2PDOS and the O become increasingly significant for higher excitation ener-

K-SXE spectra in Fig. 8top three spectjawe note that they gies. Spectra A—C in Fig. 4 mainly consist of RIXS contri-
also show the two basic spectral features at a similar enerdyutions. Beginning with spectrum D, which is excited at the
separation. However, the intensity of the high energy peak ismaximum of the W5 absorption band, the CT band overlaps
very small in this case and the spectral weights in the lowwith the continuum excited Y, emission. In the same spec-
energy peak are different from those of the spectrum derivettum, a peak at lower energy appears, adjacent to the
from the V 3d PDOS. This behavior is similar in the two dd-excitation peak, and is ascribed to nearly pure & 3
resonantly excited oxygen spectra shown in Fig. 3. Note thastates of the V @ PDOS. Spectra D—I show a superposition
variations in spectral shape between the two oxygen spectief coherent RIXS and incoherent ordinary fluorescence con-
are a consequence of exciting at two different energiedributions leading to deviations between model and experi-
These energies are assumed to correspongliande, oxy- ~ ment. Note that ordinary fluorescence follows from an inco-
gen stategexcitation energiesd and K in Fig. 1), respec- herent process and is therefore not reflected in our cluster
tively, whereby the effect of shifts from inequivalent oxygen model RIXS calculations. The presented band structure cal-
sites probably plays a minor role. culations(Sec. IV A), on the other hand, are more suitable to
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.

VL -RIXS of V;O,, dd excitation Calculated VL - RIXS of V,0,, .

M | A

M\-’;

—~ ; :'\_' —
g/\/u H ."‘2
c X c
© 1 ,\nF s
~ o ! >
2l 5
.‘7, » l\—-E 2
2 . [=
= : D =

CT exc. ;

-20 -15 -10 5 0
Energy Loss (eV)

ol
e i e s e et et T [ B O B B B LA O

-20 -15 -10 -5 0
Energy Loss (eV) FIG. 5. Calculated RIXS spectra at thelVedges. The spectra
are calculated with a single vanadium site §/€uster model for

FIG. 4. (Color onling Experimental resonant inelastic x-ray he excitation energies of the experimental RIXS spectra in Fig. 4.
scattering spectra of dD,; excited at VL-edge energies indicated

by the arrows A—I in the absorption spectrum in Fig. 1. The spectra ited with h diati
are plotted against an energy loss scale relative to the elastic peaks V' L,-SXE spectra excited with synchrotron radiation cor-

in the resonant soft x-ray emission spectra of Fig. 2. A peak at aheSPonding to the maximum of thel Y absorption band are
energy loss of approximately 1.6 eV corresponding todd exci- ~ compared in Fig. &bottom panelfor the metallic(RT) and

tation and a band of charge transfer states arourileV are ~Semiconducting phase&20 K) of V¢Oy3. As explained in
marked through dashed lines. Sec. IV A, such an excitation predominantly projects out the

occupied V3 PDOS. Both SXE spectra in Fig. 6 are nor-

compare with the continuum excited_ ordinary fluorescencenalized to the integrated intensity of the @2V 3d hybrid-
part of the resonant SXE spectisee Fig. 3. _ ized part of the spectra. Clearly, the pure 4 Band loses

The occurrence of substantial excitonic RIXS contribu-rg|ative spectral weight when the system is cooled to 120 K.
tions in the VL SXE spectra is an indication for the partly ajso the center of gravity of the V8PDOS is shifted about
correlated nature of the electronic structure gfO¢s. Fur- 0.2 eV to higher x-ray emission energies in the semiconduct-
thermore, the ratio of coherent to incoherent contrlbutlonﬁngl phase and the spectral width of the pure ¥ BDOS is
gives a measure of the localization in the intermediate corereqyced by some 0.2-0.3 eV. This reduced bandwidth might
hole state. The intensity of thed excitation resonates in pe explainable with increased charge localization on V sites
spectrum C and in spectrum F which were excited at thgy the semiconducting pha&&:1° The spectral weight of the
low-energy shoulders of the correspondingLVabsorption  qd excitation, which can be seen as a faint shoulder at the
peaks, suggesting that the intermediate states in this energygh energy side of the pure Vd3band around 516.8 eV,

region are strongly localized. seems to be unchanged by the MST.
_ o Figure 7 displays calculated M3 SXA (top panel and V
C. Metal-semiconductor transition in VO3 L,-SXE (bottom panel spectra for T=100K and T

The top panel of Fig. 6 displays two SXA spectra of =298 K. The spectra are derived from band structure calcu-
V0,3, one recorded at room temperat(RY) and the other lations of the MST and are displayed for the three inequiva-
one recorded at 120 K, well below the MST temperature ofent vanadium sites and for the sum of these sites. These
150 K. In going from the metallic RT phase to the semicon-theoretical spectra show the same trend as the corresponding
ducting phase at 120 K we observe that the;\dnd VL,  experimental spectra in Fig. 6. The calculatedLy-SXE
absorption spectra experience a rigid energy shift and thuspectra of the semiconducting phase at 100 K are rigidly
the thresholds appear at about 0.1 eV lower photon energieshifted 0.12 eV to higher energies relative to the calculated
In Ref. 9 and Ref. 10 a similar shift of 0.15—-0.2 eV was spectrum of the metallic RT phase at 298 K. Similarly, the
reported in valence band photoemission studies of the occupand structure calculations reveal a shift of 0.12 eV to lower
pied V3d PDOS. energies for the \L.3-SXA spectrum, when assuming a cool-
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T T T | T I ! I
% A Calculated V L; SXA below and above MST

-=== 298 K
— 100K

Intensity (arb. units)

Intensity (arb. units)

=== RT (metal)
—— 120 K (semiconductor)
...... Loy v b oo bvwwnnna b bvwn v nna by o f
512 516 520 524 528 532 536 E
Photon Energy (eV) Energy (eV)
LAALLI B T T T T T T T T T T
Calculated V L, - SXE below and above MST
==== 298 K
— 100K
—_ m
] =
= c
c =1
> g
g ]
s s
~ >
> =
= 7]
] c
c [
g c
= =
= RT (metal)
—— 120 K (semiconductor)
dlyrsfued o e Lo e lundib el ool o vt il s !
500 502 504 506 508 510 512 514 516 518 520 -10 -8 -6 - -2 0 2
X-ray Emission Energy (eV) E- EF (eV)
FIG. 6. (Color onling@ Comparison of \.- and OK-SXA spec- FIG. 7. (Color onling Calculated VL ; SXA spectratop pane)

tra (top pane), and VL ,-SXE spectrabottom paneél of V4O, in and VL ,-SXE spectrgbottom panelin the metallic phase at 298

the metallic phase at room temperature and in the semiconducting§ and in the semiconducting phase at 100 K. Spectra are displayed

phase at 120 K. for the three different inequivalent vanadium sites and for the sum
of the three sites.

ing of VO3 from 298 K to 100 K. Nevertheless, the band

structure calculations reveal no changes in the bandwidth afire of the electronic structure of®,5. The two theoretical

the unoccupied V 8 PDOS, which were found in the V approaches that we present give a good account of each of
L.-SXE experimentsee aboveand previous PE&Ref. 10  the specific contributions to the electronic structure. The lo-
and ARPESRef. 9 investigations. However, the qualitative cal low-energy excitations can be simulated by a cluster
agreement between theory and experiment demonstrates thabdel calculation using distinct parameters for each of the
the changes in the electronic structure across the MST afghains in the crystal. Remarkably, the resonance behavior of
consistent with effects that arise from the small displacethedd excitation differs somewhat in experiment and theory,

ments that take place in the crystal structure. i.e., we find experimentally that resonance occurs in spec-
trum C of Fig. 4, whereas theoretically we find the resonance
V. DISCUSSION AND CONCLUSIONS in spectrum D of Fig. 5. A possible reason may lie in cou-

pling between the chains, thus modifying the intermediate

We present a combined theoretical and experimental studyore-excited states, which have been neglected in the model
of the electronic structure of dD,3. SXA and resonant SXE calculation. Theory also predicts a rich structure of the
spectra were recorded at thelVedges and the & edge. charge transfer excitatioriEig. 5), but experimentally this is
Resonant excitation allows us to distinguish between chargeashed out. Probably, this is due to broadening effects in the
neutral low-energy excitations and continuum-excited, moreeal crystal that are absent in our calculation with the present
band-like V 3 valence band states in the resonant SXEsize of our cluster. More sophisticated modeling of the low-
spectra. energy excitations would also require the use of multisite

The occurrence of both localized excitations and bandlikesluster$® which is computationally time consuming.
features in the resonant SXE spectra emphasize the dual na- We clearly observe strong hybridization between ® 3
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states and O @ statesFig. 3 as anticipated earligf®based  similar fashion as observed in PRE i.e., a small shift of
on PES experiments. Almost pure vanadiumh Sates are the main V 31 band towards the Fermi energy in the semi-
found close to the top of the valence band whereas oxygeoonducting phase. Our study shows that SXE can give valu-
2p states and V 8 states strongly mix at 3—8 eV below the able complementary spectroscopic information on the sub-
Fermi level. Continuum excited ordinary fluorescence reject of MST in vanadates and the use of brighter x-ray
flects the PDOS quite well. The intensity of pure W 8tates  sources would be favorable for a more extensive investiga-
close to the Fermi level is less pronounced in the ¥SXE  tion of the MST with SXE spectroscopy.
spectrum than in the spectrum gained from the LDA calcu-
lation. On the other hand, this behavior is similar to the
VB-XPS spectrum of Fig. 3. There is less fine structure of
the hybridized O p—V 3d peak of the VL, emission as This work was supported by the Swedish Research Coun-
compared to theory. However, the center of gravity of bothcil (VR) and the Goan Gustafsson Foundation. The Augs-
peaks fits quite well with the theory. In summary, we mayburg group is funded in part by the Sonderforschungsbereich
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