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Abstract 

The electronic structure of the quasi-one dimensional vanadium beta-bronze 
β-Sr0.17V2O5 has been measured in detail using soft x-ray absorption 
spectroscopy, x-ray emission spectroscopy, and resonant inelastic soft x-ray 
scattering.  Together, these measurements have been used to derive the 
experimental site-resolved (k-integrated) band structure of a material whose 
electronic structure is difficult to obtain from first principles. The occupied 
states, probed by x-ray emission measurements, demonstrate the O 2p - V 
3d bonding hybridization at the bottom of the O 2p band, with the V 3dxy 
‘magnetic orbitals’ well-separated in energy. These results are consistent 
with the carriers being small polarons.  The strong anisotropy in the 
absorption spectrum is used to identify the energy and character of the 
unoccupied states.  Additionally, absorption measurements at the V L-edge 
are compared with atomic multiplet calculations, clarifying the 
interpretation of the experimental multiplet structure and consistent with the 
presence of both V5+ and V4+ species. Site specific electronic excitations, 
probed by resonant inelastic x-ray scattering at the V L-edge, are observed 
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at an energy of 1.1 eV, and are suggested to correspond to transitions from 
the partially-filled dxy magnetic orbital into the unoccupied dxy,yz orbitals.  
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Introduction 
 Transition metal oxide bronzes exhibit a wide range of fascinating ordering phenomena, 

including metal-insulator transitions (MIT), superconductivity, spin-ladder and spin-Peierls 

behavior.1-4  In particular, the quasi-one dimensional vanadium beta-bronzes (β-AxV2O5) have 

garnered substantial interest recently owing to the observation of an MIT for x = 0.33 and 

superconductivity under pressure (for β-Na0.33V2O5 and β-Cu0.65V2O5).3-5  These highly 

anisotropic (ρc/ρb ≈ 100) compounds,3 which can be prepared with either monovalent (A = Li+, 

Na+, Ag+) or divalent (A = Ca2+, Sr2+) cations, have a mixed valence of V4+ (d1) and V5+ (d0), and 

the V 3d electrons are thought to predominantly reside on just one of the three inequivalent V 

sites.6  For the stoichiometric compounds (x = 1/3), a charge-ordered phase develops below 

230 K, followed by an MIT at ∼ 130 K.  However, the nature of the MIT is still under debate.  

Several studies agree that the charge carriers are most likely small polarons,1,7-9 but angle-

resolved photoemission measurements are consistent with both weak coupling (charge-density 

waves) and strong coupling (polarons) features.7  Indeed, the low dimensionality raises important 

questions regarding the interplay between electron-electron interactions (e.g. Luttinger liquid 

behavior)10 and electron-phonon coupling (e.g. charge-density wave or polaronic behavior).9  

Despite the rich electronic and structural phase diagrams of the vanadium beta-bronzes, there 

have been relatively few experimental investigations into the electronic structure of these 

materials, and ab initio calculations are hampered by the large unit cell (particularly if the 

disordered occupation of the cations is properly included).   

 We report here a study of the electronic structure of β-Sr0.17V2O5 using synchrotron 

radiation-based soft x-ray emission and absorption spectroscopies.  The crystal structure of β-

Sr0.17V2O5 consists of sheets of strongly distorted VO6 octahedra stacked in the b-axis.11  The 

octahedra form pairs in the a-c plane, leading to pairs of chains (i.e. two leg ladders) along the b 

crystallographic direction, as illustrated in Fig. 1.  For β-Sr≈1V2O5, a doubling of the unit cell 

along the b-axis is induced by the zig-zag ordering of the Sr2+ cations.  The three inequivalent V 

ions in the structure form three distinct polyhedra: V1O6, V2O6 and V3O5.  These combine to 

form two almost orthogonal ladder structures; V1-O-V3 rungs are aligned close to the c-axis and 

V2-O-V2 rungs are oriented close to the a+c direction.  The nature of the distortions to the 

octahedra reflect the tendency of the V ion to form a (multiple) vanadium-oxygen covalent 
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(vanadyl) bond with the apical oxygen (Oap), contracting the V-Oap bond distance.  (The 

corresponding extension of the distance to the sixth oxygen, particularly for V3, leads to the 

common consideration of the polyhedra as distorted square pyramids).  This apical bond is 

important in that it provides a local quantification axis for the vanadium atom.12  In Fig. 1, we 

consider the z axis as collinear to the V-Oap bond, and the x and y axes point (almost) to the basal 

plane oxygens.  The distorted octahedral crystal field approximately splits the V 3d states into t2g 

(dxy, dxz, and dyz), and eg states (dx2-y2 and dz2).  Based on qualitative molecular orbital arguments,1 

the V-Oap bond forms three bonding/antibonding orbitals: one σ-bonded dz2 orbital and two 

(almost degenerate) π-bonded orbitals (dxz, and dyz).12  Of the eg states, the σ-bonded dz2 state is 

the most unstable and lies highest in energy.  Conversely, the dxy orbital is the most stable of the 

t2g states.  The Sr2+ ion donates 0.17 electrons per V atom and these electrons are expected to 

occupy the V dxy magnetic orbitals.  In fact, electron spin resonance measurements of 

isoelectronic β-Na0.33V2O5 (whose room-temperature phase is found to be qualitatively very 

similar to β-Sr0.17V2O5)9 have demonstrated the preferential occupation of the V1 sites,6 which 

has also been suggested by optical measurements,13 and is in agreement with expectations from 

bonding considerations.1 

Experimental 
 Crystals of β-Sr0.17V2O5 were grown by the traveling solvent floating zone technique.9,14  

Neutron diffraction measurements suggest the sample is composed of several large grains with 

dimensions of a few mm.  The grains are highly oriented along the b-axis, with a slight 

misorientation (< 3°) along c.  Note that the grains are larger than the size of the x-ray beam spot 

(and the misorientation is smaller than the angular resolution of the measurements), and our x-ray 

measurements are therefore not sensitive to the grain structure.  These crystals were cleaved in air 

to expose the b-c plane.  Measurements were carried out using the AXIS endstation of beamline 

7.0.1 at the Advanced Light Source, Lawrence Berkeley National Laboratory.  X-ray absorption 

measurements were made in both total electron yield (TEY) and total fluorescent yield (TFY) 

modes with a beamline energy resolution of 0.2 eV full width at half maximum (FWHM).  The 

photon energy was calibrated using reference spectra recorded at the Ti L-edge and O K-edge 

from TiO2.  X-ray emission spectra were recorded with a Nordgren-type grating spectrometer set 

to an energy resolution of 0.5 eV FWHM.  For resonant spectra recorded at the V L3 and O K-
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edges, the beamline resolution was set to 0.5 eV.  Emission spectra were calibrated using a Zn 

metal reference spectrum.  Polarization-dependent measurements were made with the 

polarization vector of the normally incident x-rays aligned (to within ~ 3°) with both the b-axis 

grains (E || b) and perpendicular to them (E || c), as well as at near-grazing incidence (i.e. E || a to 

within ~ 10°). 

 The organization of the manuscript is as follows.  First, XAS measurements at the V L3,2-

edge are presented and discussed through comparison with atomic multiplet calculations.  These 

measurements are sensitive to the local atomic environment of the V site, and are a sensitive 

probe of the crystal field and oxidation state.  Secondly, the electronic band structure is 

investigated via O K-edge XAS (unoccupied states) and XES (occupied states).  Resonant 

measurements at the V L3-edge are shown, providing additional information on the occupied V 

3d states.  Finally, the technique of RIXS is applied to reveal local electronic excitations.  

Together, these complementary techniques provide a complete picture of the site-resolved density 

of states of β-Sr0.17V2O5, a material that is of particular interest owing to its one-dimensional 

electronic behavior, but whose electronic structure is difficult to obtain from first principles. 

X-ray absorption spectroscopy 
 Figure 2a presents V L3,2 -edge XAS spectra from β-Sr0.17V2O5 measured in both TEY 

and TFY modes for different incident light polarizations.  The similarity between the TEY 

spectra (with a probing depth of ~ 10 nm) and the TFY spectra (with a probing depth of ~ 100 

nm) demonstrate that we are measuring the bulk electronic structure of the sample.  The two 

main peaks in the spectra at ~ 518 eV and ~ 525 eV correspond to V L3 and L2 absorption, 

respectively; i.e. transitions from the spin-orbit split V 2p3/2 and V 2p1/2 core levels to unoccupied 

V 3d orbitals.  Unlike K-edge spectra, which can provide a direct measure of the unoccupied 

partial density-of-states (PDOS), transition metal L-edge spectra are dominated by interactions 

between the 2p core hole and the valence wavefunctions (multiplet effects), and are strongly 

sensitive to the site symmetry and oxidation state of the transition metal, as well as its crystal 

field splitting.15  In vanadium dioxide, VO2, Haverkort et al. recently used their V L-edge spectra, 

including their polarization anisotropy, to probe the changes in the V 3d orbital occupation across 

the MIT.16  However, as shown in Fig. 2a, we find only very weak dependence of the L-edge 

XAS spectra from β-Sr0.17V2O5 on the incident photon polarization.  There is a shift to higher 

absorption energy of approximately 0.2 eV, and a small change in the branching ratio between L3 
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and L2 transitions for E || b compared with E || a,c.  A similar weak anisotropy at this edge has 

been reported for α´-NaV2O5.17 

 The spectra presented in Fig. 2a are reminiscent of other d0 vanadium oxides, e.g. V2O5 

and HfV2O7,18 which is consistent with the charge state of β-Sr0.17V2O5 being close to +5.  

Moreover, the spectra are in good qualitative agreement with XAS measurements of the 

isoelectronic β-Na0.33V2O5 (in polycrystalline form),19 where the observation of a pronounced 

knee ~ 1.5 eV below the L3 peak was interpreted as arising from the crystal field splitting, and its 

suppression compared with the splitting at the O K-edge (~ 2.1 eV) was taken as evidence for the 

mixed valence (V4+ and V5+) of vanadium.  In our data, we observe a similar knee, located at -

1.4 eV from the L3 peak and indicated by the arrow in Fig. 2a, alongside an additional feature at -

2.4 eV.  Both of these features are clearly identifiable in the first derivative of the data.  Atomic 

multiplet calculations of V5+ in either octahedral or tetragonal symmetry (see Fig. 3) fail to 

reproduce the -1.4 eV feature for any reasonable parameters of the crystal field, but the -2.4 eV 

peak is captured well with 10Dq = 2.1 eV – 2.4 eV (representing the splitting between the t2g and 

eg states in the crystal field, see Fig. 2b).  On the other hand, the -1.4 eV peak can be attributed to 

the presence of occupied V4+ species (the formal valence of β-Sr0.17V2O5 being +4.83); as shown 

in Fig. 2b, the V4+ peak (in the same crystal field) has its principle L3 peak -1.4 eV from the V5+ 

peak.  However, the atomic multiplet calculations, whilst capturing the principal features of the 

experimental spectra, do not reproduce the measured width, as exemplified in the linear 

superposition of the V4+ and V5+ spectra shown in Fig. 2b.  As demonstrated by Fig. 3c, the shape 

of the spectra strongly supports a tetragonal distortion to the crystal field.  The satellite structures 

at -2.4 eV from the L3-edge and -1.8 eV from the L2-edge are found to be too intense for Oh 

symmetry.  However, the tetragonal (D4h) distortion (in the form of the Ds and Dt parameters) 

accompanies a suppression and shift in energy of the satellites for reasonable values of Ds and Dt 

~ 0.05 – 0.15 eV. 

 XAS at the O K-edge corresponds to transitions from the O 1s core level to unoccupied 

O 2p states, and these transitions are easily interpreted in terms of the delocalized electron states; 

the spectrum closely resembles (with the exception of the effects of the core-hole) the unoccupied 

O 2p PDOS.  In Fig. 4, the O K-edge spectra from room temperature β-Sr0.17V2O5 are presented 

for several different polarizations of the incident light.  As for the V L-edge data, the TEY and 

TFY data are found to be similar, reinforcing the idea that our measurements are representative of 
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the bulk electronic structure.  This is also supported by the similarity of the spectra for 

polarizations parallel to the a- and c-axes, which were recorded at near-grazing (which is more 

surface sensitive) and normal incidence respectively.  No significant temperature dependence was 

observed in either the V L- or O K-edge spectra between samples held at room temperature and at 

88 K.  Owing to the geometry of the VO6 polyhedra, the x-rays couple to O py orbitals for E || b, 

and to a combination of O px and pz orbitals for E || a or c (see Fig. 1).  The spectra recorded with 

the Poynting vector parallel to the a- and c-axes of the crystal are qualitatively similar, exhibiting 

strong features at 529.5 eV (point A in Fig. 4) and 531.2 eV (point C) that can be attributed to 

hybridization of the O 2p states with the V t2g and eg states.  An additional shoulder on the high 

energy side of peak C is evident in both these spectra at 531.9 eV (point D), and may represent 

the high-energy side of the eg manifold.  These lead to a measured crystal-field splitting of 

~ 1.7 – 2.4 eV, in good agreement with suggestions from band structure calculations of the 

isostructural and isoelectronic β-Na0.33V2O5,19 as well as being consistent with our V L-edge 

XAS data.  It is emphasized that, owing to the distorted V1O6, V2O6 and V3O5 polyhedra, these 

are not degenerate V t2g and eg states, but the terms are used here to refer to the two principle 

peaks in the V PDOS.  At higher energies (not shown, 537 – 545 eV), a weak, broad peak 

emerges due to hybridization with the V 4sp states. 

 In contrast to the spectra for the a- and c-axes discussed above, the spectrum for E || b 

shows pronounced anisotropy, which might be expected for such a crystallographically 

anisotropic material.  Peaks C and D (representing the higher eg states) in Fig. 4 are strongly 

suppressed, and the intensity maximum in the low-energy t2g manifold is shifted upwards by 

0.2 eV to 529.7 eV (point B).  This anisotropy can be understood by comparison with V2O5: the 

basic building blocks of strongly distorted VO6 octahedra (or VO5 square pyramids) are similar 

(although their arrangement in the crystal structure is quite different).  In V2O5, the vanadyl 

bonds are aligned along the c-axis,20 and polarization-dependent XAS measurements of the O K-

edge reveal a substantial growth in the intensity of the eg peak as the polarization vector is rotated 

from perpendicular to collinear to the vanadyl bond.21  Such angular dependence of the XAS 

spectra can be understood from ab initio band structure calculations of V2O5,22 which suggest 

that the dominant hybridization of the eg states is with the Oap pz orbitals of the vanadyl bond.  

For β-Sr0.17V2O5, the vanadyl bonds of the V1, V2 and V3 polyhedra are approximately aligned 

in the crystallographic a+c, c and a directions respectively (i.e. they are all in the a-c plane, see 
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Fig. 1), leaving the b-axis as the unique dimension that does not pick up a contribution from these 

eg states. 

The presence of a second eg peak in XAS spectra has also been observed for V2O5, located 

~ 1.2 eV above the main peak, and becoming most strong for E || z,21 as well as separated by ~ 

1 eV for α´-NaV2O5.17,23  This splitting of the eg manifold is consistent with estimates of the 

separation between the bottom (owing to dx2-y2 orbitals) and top (owing to dz2 orbitals) of the 

manifold from band calculations of both V2O5 (~ 1.2 eV)22 and α´-NaV2O5 (~ 0.8 eV).24  In our 

data, we find two features separated by ~ 0.7 eV associated with the eg manifold (peaks C and D), 

which can be ascribed to the bottom (i.e. dx2-y2) and top (i.e. dz2) of the eg density of states. 

We also note that the increase in the intensity of the eg peak in the V2O5 data of Ref.21 was 

accompanied by a decrease in the intensity of the t2g peak, and that for polarizations midway 

between the basal plane and the vanadyl bond direction the intensity of the two peaks was found 

to be approximately equal.  The multiple orientations of the vanadyl bond in β-Sr0.17V2O5 mean 

that for polarizations anywhere in the a-c plane, we are sensitive to an average of the local x and z 

axes, and the slightly different ratio between the t2g (peaks A and B) and eg (peaks C and D) 

features for E || a and E || c presumably reflects differences in the precise angle in the a-c plane of 

the measurement. 

The shift in the t2g peak (by ∼ 0.2 eV) observed in Fig. 4 between peaks A and B (for E || a,c 

and E || b respectively) may reflect the slightly different sensitivities of the two polarizations to 

the unoccupied dxy orbitals and dxz,yz orbitals.  Band structure calculations show a clear separation 

in energy between these two orbitals for both V2O5 and α´-NaV2O5, while for V2O5 the 

hybridization of the two orbitals is clearly split between O3 py orbitals and O2 px,y orbitals (of a 

different O site) respectively.22,24  A similar (albeit larger) shift in the onset of the O K-edge XAS 

was observed for α´-NaV2O5 and was interpreted as excitation into different O sites.23 

 

X-ray Emission Spectroscopy 
 X-ray emission spectroscopy (XES) measures the occupied valence band PDOS in 

solids.25-26  XES spectra taken well above the O K-edge absorption threshold (at 550 eV) are 

shown in Fig. 5 for different polarization vectors of the incident x-rays; also shown are the O K-

edge XAS spectra from Fig. 4.  The final state of the XAS process involves a core hole that shifts 

the spectra to lower energies; in Fig. 5 the O K-edge spectra have been shifted by +1 eV to 
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(approximately) account for the effect of the core hole (core-hole shifts of 1 eV have previously 

been observed for transition metal oxides).27  The anisotropy observed in the XAS spectra is not 

so strongly present in the XES spectra of Fig. 5, with only a small difference in the shape of the 

profiles, particularly near the peak of the spectra (at ∼ 526 eV).  This weaker anisotropy in the 

occupied states is expected since the O 2p states are (nominally) fully occupied.  The O 2p states 

span the energy range roughly -7 eV to -2 eV (522 eV to 527 eV) below the onset of the XAS 

spectra, in excellent agreement with the predictions of the local density approximation,19 with the 

majority of the weight near the upper end of this range.  Towards the bottom of the O 2p band, a 

shoulder is evident between 522 eV and 524 eV, and is associated with the π and σ covalent 

bonding hybridization with the V 3d states. 

 Band calculations of the electronic structure of β-AxV2O5 predict a metallic ground state, 

with dispersive bands crossing EF along the b-axis, in agreement with the anisotropy observed in 

resistivity measurements, (ρc/ρb ≈ 100).3  However, whilst the occupied V dxy orbitals are not 

expected to hybridize strongly with the O 2p states (and are therefore expected to be very weak in 

the O 2p XES spectrum), the lack of a Fermi edge in the XES spectra is in agreement with angle-

resolved photoemission spectra of the isoelectronic β-Na0.33V2O5.
7  The absence of spectral 

weight near EF in photoemission measurements has been interpreted as evidence for the charge 

carriers being small polarons,7 as suggested by Goodenough,1 and demonstrated via optical 

measurements.8-9 

 By tuning the incident photon energy to a feature of the absorption spectrum, we can 

resonantly excite the system according to that particular transition, thereby measuring the 

occupied PDOS associated with that particular state.  Shown in Fig. 5 are resonant XES (RXES) 

spectra excited at the first peak of the XAS spectra (points A and B in Fig. 4, corresponding to 

the t2g states) for incident polarization parallel to the b and c crystallographic axes.  (The weak 

peak at ∼ 529.5 eV is due to elastically scattered incident photons.)  These spectra are narrower 

than the above-threshold XES spectra shown in Fig. 5, and are centered about 1 eV lower in 

energy.  Most notably, the shoulder that was previously associated with V hybridization, located 

towards the bottom of the XES spectra, is more pronounced for E || c than for E || b.  Since these 

states are associated with the V 3d - O 2p bonding orbitals, this indicates that the py orbitals are 

less involved in the covalent bonding. 
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For α'-NaV2O5, resonant excitation at the onset of the t2g states was found to correspond to 

states towards the bottom of the O 2p band,23,28 in agreement with our findings.  In those 

measurements, the above-threshold data also had a substantially stronger low-energy shoulder, 

presumably indicating the greater number of V 3d electrons available to participate in bonding. 

Resonant Inelastic X-ray Spectroscopy 
 By resonantly exciting electrons near the transition metal L-edge, it is possible to probe 

both local and coherent excitations of the system in a process known as resonant inelastic x-ray 

spectroscopy (RIXS).  For the V d1 system, the excitation process is 2p63d1 → 2p53d2 → 2p63d1*, 

in which the first process involves a transition similar to the XAS absorption process, leaving the 

system with a 2p core-hole, which decays via the second process.  The final state may be in an 

excited state, denoted by *, in which the excitation can be local crystal-field excitations (dipole 

forbidden d-d* transitions), O 2p – V 3d charge-transfer excitations, or even collective 

excitations such as magnons.  The separation of PDOS features (of constant emission energy) 

from RIXS features (of constant loss energy) can be achieved by inspecting their dependence on 

the incident photon energy.26,29 

 Fig. 6a shows the V L3-edge RIXS spectra for several different incident photon energies 

with the incident polarization parallel to the crystallographic a-axis.  Three main features are 

observed in these spectra.  Firstly, a broad peak between 505 eV and 513 eV is present in the 

emission spectra (peak B), and since it is constant in emission energy can be associated with the 

V PDOS of hybridized V 3d - O 2p bands.  A second feature that is also constant in emission 

energy (peak A) is visible at lower intensity between 514 and 516 eV, and can be attributed to the 

occupied V 3d PDOS.  For α'-NaV2O5, Schmitt et al. found V PDOS features centered at ∼ 

510 eV (corresponding to the O 2p hybridized states) and at ∼ 515 eV (corresponding to the 

occupied V 3d states), which agrees very well with our peaks.  Thirdly, for the lowest incident 

photon energy, Ein = 515.2 eV, a shoulder to the low-energy side of peak B emerges.  A similar 

scenario was observed for α'-NaV2O5,28 and was interpreted as charge-transfer excitations 

superimposed upon the PDOS features.  Such an explanation seems to be appropriate here too, 

putting the energy of the O 2p – V 3d charge transfer excitation at ∼ 6 eV. 

Finally, for the Ein = 515.2 eV spectrum, a strong peak at ∼ 514 eV, not immediately visible in 

the other spectra, is evident.  Plotting these spectra on an energy-loss scale, shown in Fig. 6b, 
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reveals that this peak has a center at ∼ 1.1 eV.  In α'-NaV2O5, dd* excitations were observed in 

RIXS spectra at ∼ 1.5 eV, and were attributed to Hubbard excitations into the upper Hubbard 

band.30  However, this assignment proved controversial, and these peaks have been re-interpreted 

as deriving from dd* excitations from occupied dxy orbitals to unoccupied dxz,yz orbitals.31-32  It is 

also worth noting that weight at this energy transfer also exists for higher excitation energies, but 

is obscured by the presence of the fluorescent PDOS features.  In Fig. 6b, the dotted lines show 

the spectra with the elastic peaks (of fixed width corresponding to the experimental resolution) 

and fluorescent features removed.  The shape of the fluorescent contribution to the Ein = 518.7 eV 

spectrum, in which it is well separated from other spectral features, was approximated by a 

Gaussian and subtracted from the other spectra.  Although the subtracted spectra are noisy, owing 

to the crude approximation to the fluorescent contribution (and its incomplete subtraction), 

appreciable intensity is evident for all spectra at -1.1 eV energy transfer, indicating that the dd* 

feature is also present at other incident photon energies.  Additionally, the transitions within the 

V1-O-V3 ladder (at 0.85 – 1 eV) that have been observed in optical measurements,9,13 are not 

permitted in the RIXS process, since they are not local charge neutral excitations.31  In Fig. 6c, 

the energy loss spectra are shown for E || b, and exhibit similar features (including the ∼ 1.1 eV 

peak), although at a much weaker intensity (which may be associated with the geometry of the 

measurements). 

Conclusions 
 We have presented a detailed soft X-ray spectroscopic study of the electronic structure of 

the quasi-one dimensional vanadium beta-bronze β-Sr0.17V2O5.  X-ray emission measurements 

show that the valence band, predominantly of O 2p character, exhibits appreciable hybridization 

with the V 3d states towards its lower range, associated with the V 3d bonding orbitals. 

Polarization-dependent x-ray absorption measurements at the O K-edge reveal strong 

hybridization of the unoccupied V 3d states with O 2p character and pronounced anisotropy of 

these states.  V t2g states are separated from eg states by ∼ 1.7 – 2.4 eV, providing a direct 

experimental measure of the crystal field splitting, which is in good agreement with expectations 

from band structure calculations.  A small shift (∼ 0.2 eV) in the energy of the t2g peak with 

different incident light polarizations suggest that the t2g DOS is relatively narrow and the lifting 

of the degeneracies of the constituent orbitals is quite weak.  On the other hand, for the eg states, 
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a separation of ∼ 0.7 eV is observed between the dx2-y2 and dz2 orbitals.  Together, these results 

provide an experimental measurement of the k-integrated, site-resolved band structure of β-

Sr0.17V2O5, shown in Fig. 7.  X-ray absorption measurements at the V L-edge were compared 

with atomic multiplet calculations, and are consistent with the presence of both V5+ and V4+ 

species.  The ∼ 1.4 eV satellite feature at this edge is found to be associated directly with the V4+ 

multiplet structure, rather than the crystal field splitting, which is rather responsible for a feature 

at ∼ 2.4 eV from the L3-edge peak.  Site specific crystal-field excitations have been measured 

with resonant inelastic x-ray scattering at the V L-edge, in which a peak at 1.1 eV is argued to 

correspond to transitions from the partially-filled dxy magnetic orbital into the unoccupied dxz,yz 

orbitals. 
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Figure Captions: 
 
Figure 1:   

 (Color online) The crystal structure of β-Sr0.17V2O5 projected along the b crystallographic 

axis, showing the orientation of the VO5 square pyramids.  At the bottom, the orientation of each 

of the V1O5, V2O5, and V3O5 pyramids are shown with the vanadyl bond (V-Oap) aligned with 

the paper vertical, representing their local quantification axes (x, y and z).  The Sr positions are 

partially occupied. 

 

Figure 2:   

 (Color online) (a) V L3,2 -edge XAS spectra of β-Sr0.17V2O5 recorded in TEY (solid lines) 

and TFY (open symbols) modes.  To illustrate the isotropy at this edge, the TFY data is shown 

for light incident parallel to both the a- and b-axes.  The first derivative of the TEY data is shown 

at the bottom of the figure for E || a; the arrows indicate features associated with local minima. 

(b) V L3,2-edge atomic multiplet calculations for V5+ and V4+ in a tetragonal (D4h) distortion to 

octahedral symmetry (the parameters of the calculation are 10Dq = 2.1 eV, Dt = Ds = 0.1 eV) 

using the CTM4XAS program.33  These spectra have been shifted by -1.4 eV to align with the 

measured L3-edge .  The dashed (green) line in (b) shows the linear superposition of the V5+ and 

V4+ spectra at a ratio of 0.83:0.17 according to the stoichiometry. 

 

Figure 3: 

 (Color online) V L3,2-edge atomic multiplet calculations of V5+ and V4+ in octahedral (Oh) 

and tetragonal (D4h) symmetry.  (a) The dependence of the calculated spectra of V5+ on the 

crystal field splitting, 10Dq, in Oh symmetry.  Spectra are shown vertically offset for clarity.  (b) 

Dependence of the V4+ spectra on 10Dq.  Also shown in thick red is the V4+ spectrum in D4h 

symmetry for Dt = Ds = 0.1 eV.  (c) The dependence of V5+ spectra on Ds and Dt (D4h symmetry).  

(d) The effect of reducing the magnitude of the Slater integral in Oh symmetry for V5+. 

 

Figure 4:   
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 (Color online) Polarization dependence of O K-edge XAS spectra, recorded in both TEY 

(solid lines) and TFY (circles) modes. 

 

Figure 5:   

 (Color online) Polarization-dependent above-threshold O K-edge XES spectra of β-

Sr0.17V2O5 recorded with the sample at room temperature, alongside RXES spectra recorded with 

a photon energy of 529.7 eV (the arrow indicates the location of elastically scattered x-rays).  The 

solid line is a guide to the eye and represents a binomial smoothing of the raw XES data.  Also 

shown are the O K-edge TEY XAS spectra from Fig. 3.  For comparison, the leading edge of the 

TFY data is also displayed by the empty circles.  Note that the XAS spectra have been offset by 

+1 eV with respect to Fig. 3 to account for the core-hole shift (see text). 

 

Figure 6:   

 (Color online) V L3-edge RIXS spectra for a) and b) E || a, and c) E || b recorded at the 

incident photon energies shown on the V L3-edge XAS spectrum in the inset to a).  The data are 

shown on an absolute energy scale in a), and on a loss energy scale in b) and c).  The regions 

marked A and B represent the occupied V 3d states and their hybridization with the O 2p states 

respectively.  The gray regions in b) and c) show the elastically scattered light, and the dotted line 

at -1.1 eV demonstrates the dd* excitation feature.  In b) the dotted lines correspond to the data 

with the elastic peak and V 3d fluorescent contribution removed (see text), demonstrating the 

presence of the -1.1 eV RIXS peak at other photon energies. 

 

Figure 7: 

(Color online) Schematic energy level diagram for β-Sr0.17V2O5 based on the 

experimental results.  The locations of the occupied states are estimated from the onset of the 

XES and RIXS spectra.  Similarly, the unoccupied states are derived from the O K-edge XAS 

spectra; the black solid lines represent the peak positions within the approximate bandwidth of 

the state.  Also shown is the dd* excitation revealed by RIXS measurements. 
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