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TVe present and discuss the O 1 s and V 2p X-ray absorption spectra (XAS) of several 
vanadium oxides with different formal valences and chemical environments. The O 1s XAS 
spectra reflect the unoccupied electronic states in the conduction band and provide very 
useful information on crystal-field splitting, band width and hybridization strength. The O 
1s XAS spectrum of VOZ in the metallic phase is properly reproduced by an O p partia1 
density of unoccupied states calculated with the localized-spherical-wave method. The O 
1 s  XAS spectra of VOZ taken at 300 K (semiconducting phase) and 390 K (metallic phase) 
s!iow clearly the splitting of the V 3d bands across the semiconductor-metal transition 
('rc N 34010. The V 2p XAS spectra present significant multiplet effects and chemica1,shifts 
n hich provide very helpful information on the character and symmetry of the ground state. 
'I'he V 2p XAS spectrum of V2O3 is precisely simulated by an atomic-multiplet calculation 
projected on the appropriate crystal-field. The V 2p XAS spectra of the (Li,Zn) V204 series 
present clear chemical shifts and considerable changes in the shape of the multiplets. These 
eltècts denote a change in the character of the ground state and show that the holes induced 
b,y Li substitution in ZnV204 contain mainly V 3d character. 

The purp'xe of this paper is to  illustrate the po- 

tential of soft X-ray absorption spectroscopy (XAS) 

in the study of the electronic structure of transition- 

metal oxides. To this end, we present and discuss the 

O 1s and V 2p XAS spectra of several vanadium ox- 
ides with diffxent formal valences and chemical envi- 

ronments. Tliese materials were selected among many 

others transition-metal oxides because they present par- 

ticularly interesting electric and magnetic properties. 

Most of the experimental studies done up til1 now on 

these materials were concerned with diverse electron 

and X-ray spl:ctroscopy techniques which probe occu- 

pied electronic states. However, there is a real need 

for compleme itary studies of tlie unoccupied electronic 

states because these states include a major part of the 

significant V 3d bands. We show below that soft XAS 

can play a leading role in this area by providing infor- 

mation on th: ground state, band dispersion, metal- 

ligand hybrid zation and crystal-field effects. For in- 
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stance, XAS reflects clearly the changes in the V 3d 

bands across the metal-insulator transition of VOZ. In 

addition, XAS shows convincingly that the lioles in- 

duced by Li substitution i11 ZnV204 contain mainly V 

3d character. 

The oxygen chemistry of vanadium is particularly 
rich and leads to  compounds witli very interesting phys- 
ical and chemical properties[l]. The series V203, V02 

and V205,  for example, contains vanadium ions in 

different formal valences and chemical environments. 

These binary oxides present a broad range of elec- 

tric and magnetic properties, which include very in- 

teresting metal-insulator transitions as a functions of 

temperature[2-4]. For instance, V203 undergoes a first 

order transition at T, 15011' from an antiferromag- 

netic semiconductor phase a t  low temperature to  a 
paramagnetic metallic state above T,. In the metallic 

state, V203 presents the corundum structure (A1203) 

wlth strong metal-metal interactions along the hexag- 

onal c-axis as well as in the basal plane. Next, VOZ 

undergoes a first order transition at Tc % 340K from 

a diamagnetic semicondiictor phase a t  low temperature 
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to a paramagnetic metallic state above T,. In the metal- 

lic state, V 0 2  presents the rutile structure (Tio2)  with 

strong metal-metal interactions along tlie rutile c-axis. 

Finally, V205 is a diamagnetic insulator and presents 

an orthorhombic structure. The oxygen coordination 

around the V ions in V2O5 deviates from the ideal oc- 

tahedra and direct metal-metal interactions are very 

weak. 

In addition to  these binary oxides, tliere are several 

ternary oxide series with very interesting physical prop- 

erties. For example, the Li,Znl-,V204 series present 

the spinel structure (MgAI2O4) and exliibit a metal- 

insulator transition as a function of composition. Tlie 

parent compound ZnV20s is an antiferromagnetic in- 

sulator and becomes a highly correlated paramagnetic 

metal when approximately 35% of Zn is replaced by 
~i[5>6>71. 

These materials have attracted considerable atten- 

tion from both experimental and theoretical view- 

points. For example, the electronic structure of 

vanadium oxides were studied using different band- 

s t r u c t ~ r e [ ~ - ~ ~ ]  and cluster-model c a l ~ u l a t i o n s [ ~ ~ ~ ~ ~ ] .  

The origin and the character of the metal-insulator 

transitions were often discussed in terms of model 

c a l c ~ l a t i o n s [ ~ ~ - ~ ~ ] .  Severa1 series of vanadium oxides 

were investigated by means of core-leve1 X-ray pho- 

toelectron spectroscopy ( X P S ) [ ~ ~ - ~ " .  The conduction 

bands of V203 were analyzed using angle-resolved and 

resonant photoemission[19~20]. The electronic structure 

and the metal-insulator transition of related vanadium 

oxides were probed by means of reflectance and and 

pliotoemission spectroscopy[21]. Tlie XAS spectra of 

several vanadium oxides were already reported in Ref. 

22. Finally, tlie electronic structure and the metal- 

insulator transition of Li,Zni-,V204 were studied by 

photoemission ~ ~ e c t r o s c o ~ ~ [ ~ ~ ] .  

11. X-ray  abso rp t i on  spectroscopy 

In the soft X-ray absorption process, a shallow core- 

leve1 electron absorbs a photon and is excited to unoc- 

cupied electronic states above the Fermi leve1I~~1. The 

X-ray absorption mechanism within the single particle 

approximation is illustrated schematically in Fig. l a .  

The transition probability for the XAS process a cai1 

be calculated by using the Golden  R u l e  

where I Q j  > is tlie final state, 1Qi > is the initial state. 

A is tlie electromagnetic vector potential, p is the mo- 

mentum operator acting on tlie active electron, hv is 

the photon energy, Ef is the final state energy, E; is 

the initial state energy and tlie sum runs over a11 the 

possible final states. The angular part of the matrix el- 

ement gives rise to tlie well known dipole se lect ion rule 

(A1 = f 1). In addition, the matrix element is sensitive 

only to  local states because the radial part involves a 

core-leve1 electron. This means that XAS probes site- 

and symmetry-selected unoccupied electronic states. In 

particular, the O 1s XAS spectra p r ~ b e  unoccupied O 

2p states and the V 2p XAS spectra probe mostly un- 

occupied V 3d ~ h a r a c t e r [ ~ ~ ] .  

XAS 

Figure 1: (a) Schematic representation of the soft X-ray 
absorption process within the single particle approximation. 
(b) Soft X- ray absorption process between the initial and 
one of the possible final states in the transition-metal 2p 
edges. 

There are two extreme regimes in soft XAS wliich 

depend on the relative magnitude of intra-atomic inter- 

actions versus the dispersion of the ensuing final state 

band. In the first regime, the multipole interactions are 

small compared to tlie band width and the independent 
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particle app::oach is a good starting point for the inter- 

pretation of the spectra. The transition probability in 

this regime is given by 

where > and I $ i  > refer now to  the active electron. 

In a first approximation, the matrix element M does 

not depend very strongly on the final state and can be 

taken out of the sum. The sum over the possible final 

states of the delta function gives a partial density of 

states and the transition probability becomes 

where Pi corresponds to the local density of unoccu- 

pied states projected on the appropriate angular mo- 

mentum 1. This means that the shape of the spectra 

in this regime is directly related to the partial density 

of states. Thl: density of unoccupied states can be rou- 

tinely obtained from standard band-structure calcula- 

tions. This approach gives reasonable good results for 

the O 1s XAS spectra of many transition-metal oxides. 

In the secmd regime, the interactions between the 

core-hole and the valence electrons dominate and tlie 

spectra must 3e interpreted in terms of transitions from 

a well defined ground state to a set of possible excited 

states, as illustrated in Fig. lb .  The transition proba- 

bility in this case is given by: 

u(hv) oc C1 < 2p53dn+11~p12p63dn > l 2  6(hv-Ef +Ei) , 

(4) 
where both the (2p63dn > and the 12p53dn+1 > states 

include explic tly tlie dominant 2p core-leve1 electrons. 

In this case, tlie spectra present strong multiplet effects 

which are caused by relatively large Coulomb and ex- 

change interactions. The spectra can be explained by 

atomic-like calculations projected on the appropriate 

crystal-field. 't'he atomic-like transition lines are then 

convoluted with a Gaussian function to take into ac- 

count the disp mion of the metal-3d bands. The precise 

shape of the rnultiplets in this case is directly related 

to the symme.;ry of the ground state and the strength 

of the crystal-field splitting. This approach gives very 

good results fc'r tlie metal 2p X-ray absorption spectra 

of most tran~ii~ion-metal compounds. 

TRANSMISSION 

5 
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Figure 2: Schematic representation of the experimental 
methods used to measure X-ray absorption spectra: Trans- 
mission mode (left panel) and Photoyield mode (right 
panel). 

The hard X-ray absorption spectra are usually taken 

in transmission mode by measuring the attenuation of 

tlie X-ray beam after a thin film, as illustrated in the 

left panel of Fig. 2. This method is very well suited for 

hard X-rays because the penetration deptlis are rather 

long and thin films of the appropriate thickness can be 

easily produced. However, for soft X-rays with ener- 

gies below 2 keV, the mean absorption length near the 

threshold is very short and it is very difficult to pro- 

duce good quality films of the appropriate thickness. 

Fortunately, it was found that the total-electron-yield 

from a sample is very often directly proportional to 

the X-ray absorption cross ~ e c t i o n [ ~ ~ ] .  This acquisition 

method is illustrated schematically in the right panel of 

Fig. 2. The only restriction of this method is that the 

escape depth of the emitted electrons must be short 

by comparison to the mean absorption length. The 

mean-probing-depth of X-ray absorption spectroscopy 

measured in total-electron-yield mode is in the 20-50 A 

111. Exper imenta l  resu l t s  

The V02 and V205 samples were 

single crystals grown by the chemical-vapor-transport 

method. The X-ray absorption spectra of these sam- 

ples were taken at the NSLS in Brookhaven by using the 

Dragon monochromator[2~29]. The energy resolution of 

the monochromator at the O 1s and V 2p absorption 

edges (around 510-555 eV) was set to approximately 



250 meV. The samples were glued to the sample-holder 

using a silver epoxy to ensure a good electrical and ther- 

mal contact. The V02  sample was heated by an electric 

resistance device and the temperature was measured 

with a diode sensor. The base pressure in the main 

chamber was in the low 10-l0 Torr range. The spectra 

were collected using the total-electron-yield mode and 

normalized to the maximum peak intensity. 

The Li&'-,V20s samples were sintered pellets 

obtained by repeated cycles of grinding, mixing, press- 

ing and firing in oxygen atmosphere. The samples were 

then analyzed by means of X-ray diffraction to riile out 

the presence of impurity phases. The XAS spectra of 

these samples were taken a t  BESSY in Berlin by us- 

ing the SX700-I1 monochr~mator [~~] .  The energy res- 

olution of the monochromator in the 510-555 eV en- 

ergy range was set to approximately 250 meV. The 

base pressure in tlie measurement chamber was better 

than 5 x 10-'O Torr. The samples were introduced to 

the analysis chamber by means of a fast-entry-lock sys- 

tem to avoid possible oxygen losses during the bake-out. 

The spectra were collected using the total-electron-yield 

mode, divided by the yield of clean platinum to take 

into account the tliroughput of the monochromator and 

normalized to the maximum intensity. 

IV. Resul t s  and discussion 

A. O 1 s  XAS spectra of V2O3, V 0 2  and V 2 0 5  

The O 1s X-ray absorption spectra of V203, V02 

and V2O5 are sliown in Fig. 3. Tlie spectra correspond 

to transitions from the O 1s core-leve1 to unoccupied O 

p character mixed in tlie conduction band. Tlie absorp- 

tion intensity, which should be very weak in a purely 

ionic picture, provides a good indication of covalence 

effect~[~']. The different features in tlie spectra corre- 

spond to bands of primary metal character. The main 

character of each band can be inferred from the par- 

ent rnolecular-orbital l e ~ e l s [ ~ ~ - ~ ~ ] ,  as illustrated in the 

top part of Fig. 4. The prominent doublets near the 

edge (around 530-537 eV) are attributed to V 3d bands 

whicli are split by crystal-field effects. The broader 

structures a t  higher energies (around 537-550 eV) are 

attributed to V 4sp bands. The V 4sp bands appear at 
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higher energies because of tlie relatively larger V 4sp-0 

2p antibonding interactions. 

0 1 s  XAS 

PHOTON ENERGY (eV) 

Figure 3: O 1s X-ray absorption spectra of V203, V02 and 

v 2  0 5 .  

The splitting of the V 3d bands observed in the O 

1s XAS spectra is caused by crystal-field effects. Tlie 

splitting of the V 3d levels is illustrated schematically 

in the bottom part of Fig. 4. The origin of these split- 

tings can be qualitatively explained in terms of sym- 

metry c o n ~ i d e r a t i o n s [ ~ ~ ~ ~ ~ ] .  The upper band (e, levels) 

corresponds to V 3d orbitals which point towards the 

ligands. These states appear at liigher energies because 

they form relatively stronger u antibonding combina- 

tions with O 2p orbitals. On the other hand, the lower 

band (ta, levels) corresponds to orbitals which point in 

between the ligands. These states have a smaller over- 

lap witli ligand sites and form weaker n antibonding 

combinations. 

The intensity of the different structures in the O 1s 

spectra are related to the strength of the metal-ligand 

hybridization in each molecular-orbital derived band. 

Fig. 3 shows that the relative intensity of the V 3d 

bands increases with respect to the V 4sp bands as one 
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goes from V z 0 3  to V205.  This relative enhancement 

is not only ielated to  more V 3d unoccupied charac- 

ter, but also to a larger V 3d-0 2p hybridization for 

higher V valences. This trend indicates also that the 

covalent contribution to  the chemical bonding of the V 

3d electrons increases from V203 to V205. 

Figure 4: Schematic representation of the electronic struc- 
ture of vanadium oxides in terms of MO derived bands 
(above). The V 3d levels are split into t z g  and eg com- 
ponents by crystal-field effects (below). 

Fig. 3 shows also that the V 3d bands of V203 are 

broader than those of V02 and V205.  The broadening 

in the spectra is mainly given by the dispersion of the 

V 3d band~[~"I .  Part of the V 3d dispersion in these 

oxides is giveii by indirect interactions via the ligands 

(V 3d-0 2p-V 3d). This mechanism explains why the e, 

band, which i:; related to stronger V 3d-0 2p a bonds, 

is usually brosder than the t2g band, which is related 

to weaker V 3d-O 2p n bonds. The extra broadening 

in the case of V203 is attributed to particularly large 

V 3d-V 3d inieractions caused by the relatively short 

V-V distances in this compound. 

01s XAS 
.i\ 
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Figure 5: Comparison between the experimental O 1s X-ray 
absorption spectrum of VOZ in the metallic phase (dots) 
and a partial density of unoccupied states projected on O 
p symmetry calculated by means of the LSW method (solid 
line). 

Fig. 5 compares the O 1s spectrum of V 0 2  in the 

metallic phase and a broadened O p density of unoc- 

cupied states (DOS). The partial DOS was calculated 

using the localized-spherical-wave (LSW) method with 
an extended basis ~ e t [ ~ " ~ ' ] .  The theoretical result was 

shifted by hand to get the best overall match with the 

experimental spectrum. The agreement between the- 

ory and experiment is very good over the whole spec- 

tral range. This shows that band structure calculations 

can give reasonable results for the O 1s XAS spectra of 

some early transition-metal oxides. This is somewhat 

unexpected and even puzzling because the 3d-3d in- 

teractions in these compounds cannot be neglected. A 
more accurate analysis should also take into account the 

energy dependence of the matrix-elements, self-energy 
effects[*'l and the core-hole potential[41]. 

B. The metal- insulator  t rans i t ion  of V 0 2  

Fig. 6 shows the O 1s soft X-ray absorption spec- 

tra of V02  taken at 300 K (semiconductor phase) and 

at 390 K (metallic phase)[42]. The rpain interest here 

concerns the changes in the electronic structure of V02 

across the phase transition. Only the V 3d band re- 

gions are shown because the V 4sp bands show hardly 

any change as a function of temperature. The origin of 

the different peaks in the spectra can be explained in 

terms of molecular-orbital (MO) and crystal-field ideas 

proposed by ~ o o d e n o u ~ h [ ~ ~ l .  
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Figure 6: O 1s X-ray absorption spectra of V02 taken at 
300 I< (semiconductor phase) and at 390 I< (metallic phase). 
Tlie different peaks in the spectra are labeled according to 
the approximate MO classification sclieme. 

Figure 7: Schematic representation of tlie V06 octaliedras 
iii tlie undistorted rutile structure (top paiiel). Electronic 
structure of V02 iii terms of the MO derived bands (lower 
panel): (a) undistorted striicture (metallic phase) and (b) 
distorted structure (semiconductor phase). 

The top panel of Fig. 7 shows how tlie V06 octa- 

hedras share edges in the undistorted rutile structure 

(metaIIic phase). In this coordinate system, tlie V 3d 

orbitals of 3z2 - r2 and x2 - y2 symmetry point towards 

the ligands and form a bands with the O 2p orbitals. 

Next, tlie orbitals of xz and yz symmetry poirit in be- 

tween the ligands and form ã bands. Finally, the xy 

and form the dll band. The schematic electronic struc- 

ture of metallic VD2 based on this MO analysis is sliown 

in Fig. 7a. The metallic beliavior is the consequence of 

the partially filled dll band overlapping the r* bands. 

In the semiconductor phase below T,; a local distortion 

forms pairs of V atoms changing the crystallographic 

structure. The electronic interactions within tlie V-V 

pairs split the dll band into two components, as illus- 

trated in Fig. 7(b). Tlie filling of tlie lower band, whicli 

corresponds to a singlet formation within the V-V pairs, 

explains both tlie drop of the electric conductivity and 

the absence of magnetic moments below T,. 
Tlie different peaks in tlie O 1s XAS spectra are 

labeled according to this approximate MO classifica- 

tion scheme, see Fig. 6. The band-structure effects and 

tlie electron repulsion interactions witliin tlie \'-V pairs 

are strong enough to push the unoccupied part of the 

dll band approximately 1 eV above the n* bands edge. 

By contrast, tlie weaker shift of tlie u* bands (approxi- 

mately 0.2 eV) reflects smaller electron-lattice interac- 

tions and the relatively non-bonding n* bands hardly 

shift at  all. Optical data a.nd photoemission spectra 

indicate that the band gap in the insulator phase is 

approximately 0.7 evi2']. Tliis band gap used in com- 

bination witli the present results gives a splitting of 

approxiinately 2 eV between tlie lower ancl upper dll 

bands. In conclusion, the main change in tlie electronic 

structure of V02  across the metal-insulator transition 

occurs in the dll band. 

The changes in the electronic structure of V 0 2  are 

caused by both electron-electron repulsion and electron- 

lattice interactions. 011 the one hand, band-structure 

calculatioiis can partially explain tlie band gap open- 

ing in terms of the reduced symmetry and the ensuing 

changes in the hybridizati~n["~~]. On the otlier liand, 

cluster-mode1 calculations suggest that electron correla- 

tion effects contribute approximately 0.7-0.9 eV to the 

splitting of tlie dll b a n d [ l l ~ ~ ~ ] .  In fact, it is very difficult 

to explain tlie large splitting of the dll band in terms of 

band-structure effects alone. Finally, we note tliat tlie 

metal-insulator transition in V 0 2  is basically driven by 

tlie decrease in the electronic contribution to the energy 

caused by tlie filling of tlie lower dII band. 

orbitals point towards tlie next-nearest-neiglibor V site 
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C .  V 2p XLLS spectra of V a 0 3 ,  V 0 2  and V205 

Tlie V 2~ X-ray absorption spectra of V203, Voz  

and V205  are shown in Fig. 8. The spectra cor- 

respond to xansitions from a well defined ground 

state 12p63d7 > to  one of the possible final states 

12p53dn+1 > allowed by tlie dipole selection rule. The 

spectra show two broad structures (around 518 and 525 

eV approximately) which can be attributed, in a first 

approximation, to  the 2p3/2 and 2pIl2 core-levels re- 

spectively. However, the interactions between the core- 

hole and the valence electrons in tlie final state are of 

the order of tlie spin-orbit splitting of the 2p level. The 

breakdown oi' the jj coupling scheme causes a notice- 

able redistribution of the spectral weiglit throughout 

the entire spectra. In addition, the V 2p-3d and 3d-3d 

Coulomb and excliange interactions are large in com- 

parison to the dispersion of tlie 3d bands, which causes 

strong multiplet effects. 

The V 2p spectra present noticeable chemical shifts 

and the sliapc of the multiplets is completely different, 

see Fig. 8. rliese changes provide interesting infor- 

mation on the electronic structure of these materials. 

The chemical shifts are caused by changes in the aver- 

age electrosta,ic energy at the vanadium sites and are 

characteristic of the different vanadium valences in the 

~ e r i e s [ ~ ~ ] .  In  articular, the V 2p peaks shift to higher 

energies for tf ose compounds with vanadium ions in a 

higlier formal valence state. Tlie shape of the spectra is 

dictated by the set of final states which can be reaclied 

from tlie ground state via the dipole selection r ~ l e [ ~ ~ ] .  

This means tliat the multiplets observed in tlie V 2p 

spectra depentl directly on the symmetry of the ground 

This dependence was used to study the 

changes in thc electronic structure of transition-metal 

compounds i nhced  by substitutiori and doping14"49]. 

The experimental V 2p XAS spectrum of V203 is 

compared in Lig. 9 to an atomic-multiplet calcula- 

tion projected in octahedral symmetry. The theoretical 

spectrum was calculated assuming a t&(3T1) ground 

state, the Slat5r integrals scaled down to 80% of their 

Hartree-Fock yralues and the crystal-field strengtli pa- 

rameter 10 Dq set to  1.5 eV. The calculated spectrum 

was broadened with a Gaussian and a Lorentzian func- 

tions to take into account the experimental resolution 

and the lifetime broadening respectively. In addition, 

tlie simulation was shifted by hand to get the best over- 

a11 agreement with the experiment. The matcli is very 

good and illustrates the potential of soft XAS to de- 

termine the syminetry of tlie ground state. A more 

accurate analysis should take into account the influ- 

ente of configuration-interactions and the contribution 

of crystal-field components of lower symmetry. 

V 2 p  XAS 

PHOTON ENERGY (eV) 
Figure 8: V 2p X-ray absorption spectra of V203, V02 and 
Vzos. 

510 515 520 525 530 
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Figure 9: Comparison between the experimental V 3p X- 
ray absorption spectrum of V203 (dots) and an atomic- 
multiplet plus cryst,al-field simulation calculated by assum- 
ing a tzg ( 3 ~ i )  ground state with 10 Dq = 1.5 eV (solid 
Iíne). 
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D. Controlled-valence materials 

Fig. 10 shows the V 2p X-ray absorption spectra 

of LixZni-,Vz04 for different Li concentrations. The 

main question to  be addressed here concerns the loca- 

tion of the holes induced by Li substitution in ZnV204. 

In particular, whether the extra holes locate mainly at 

the vanadium or at the oxygen sites. Fig. 10 shows 
that the V 2p XAS spectra shift to higher photon en- 

ergies as Zn is replaced by Li. This chemical shift in- 

dicates clearly that the formal valence of the vanadium 

ions is increasing. The shape of the multiplets in the 

V 2p XAS spectra changes alço for higher Li concen- 

trations. These changes are related to a decrease in 

the vanadium 3d-count which affects the symmetry of 

the ground state. Both effects indicate that the holes 

induced by Li substitution in ZnV204 contain mainly 

vanadium character. Tliis conclusion can be confirmed 

by comparing the experimental V 2p XAS spectra to 

theoretical simulations. 

1 
l l ~ l l l J ~ l ~ l ~ , ~ ~ ~ ~ ~ l  I 

515 520 52 5 530 
PHOTON ENERGY (eV) 

Figure 10: V 2p X-ray absorption spectra of LizZni-,V20a 
for different Li concentrations. 

LixZnl-xV20h V 2p XAS I 

PHOTON ENERGY (eV) 

Figure 11: Comparison between the experimental V 2p X- 
ray absorption spectra of Li,Znl-zVzOl (dots) and atomic- 
multipIet plus crystal-field simulations (solid lines). The 
Zn-rich XAS spectrum (below) was simnlated by assuming 
a ti, ( 3 ~ 1 )  ground state with the 10 Dcl parameter set to 1.5 
eV. The Li- ricli XAS spectrum (above) was simulated by 
assuming a mixed t i ,  (3Ti) and tSg (2T2) ground state witli 
the 10 Dq parameter set to 1.5 eV and 2.4 eV respectively. 

Fig. 11 compares the experimental and theoretical 

V 2p X-ray absorption spectra of Li,Znl-,Vz04 for 

both the Zn-rich and the Li-rich samples. In the Zn- 

rich sample, the experimental spectrum resembles very 

well the theoretical simulation calculated by assuming 

a t$ (3Ti) ground state (10 Dq =1.5 eV). This com- 

parison shows convincingly that the main contribution 

to the ground state of ZnV204 is 3d2. 011 the otlier 

hand, the spectrum of the Li-rich sample can be simu- 

lated fairly well by assuming a mixture of t;, ( 3 ~ 1 )  and 

t ig ('T2) states (10 Dq = 1.5 eV and 2.4 eV respec- 

tively). This simulation shows that the ground state of 

the Li-rich sample contains both 3d2 and 3d1 compo- 

nents and confirms again that the holes induced by Li 

substitution in ZnVz04 located predominantly a t  the 

vanadium sites. 

This kind of behavior upon hole doping is character- 

istic of most earIy transition-metal oxides. By contrast, 

the XAS spectra of most late transiJion-metal oxides 

exhibit only minor changes upon hole doping. Tliis in- 

dicates that the metal 3d-count hardly change and, con- 
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Table I: Rerr oval and addition states of a material with 
a 3dn grounc state according to the Anderson impurity 
model. The different possibilities are classified accord- 
ing to the relative value of the Mott-Hubbard parameter 
U and the ckarge-transfer energy A.  

state state state 

3dnI, 3dn+' 
3dn 

sequently, thc holes induced by substitution are located 

primarily at í he oxygen site[50~51]. Finally, the holes in- 

duced by substitution in intermediate transition- metal 

oxides present a mixed metal-oxygen character. 

The differences upon hole doping for early and late 

transition-me tal oxides can be rationalized witliin the 

framework of the Anderson impurity This 

model is applied to the parent compound and gives the 

relative ordering of the different energy levels in terms 

of the Mott-Hubbard parameter ~ [ ~ ~ 1 ~ ~ 1  and the charge- 

transfer energy The Mott-Hubbard parameter 

corresponds to a 3d-3d charge fluctuation whereas the 

charge-transfer energy corresponds to a 2p-3d transfer. 

The first remwal and addition states of a solid with a 

3dn ground s ,ate predicted by this model are summa- 

rized in Table I. The different possibilities are classified 

according to the relative value of U and A. 
For low dctping concentration, the holes induced by 

substitution will go to the first remova1 state (FRS) of 

the solid. There are three different possibilities accord- 

ing to the classification scheme provided by the Ander- 

son impurity inodel: 

In late transition-metal oxides like Li,Nil-,O, U 
is usually larger than A and the FRS will be 

mainly 3dnL. This means that the holes induced 

by Li su1)stitution in NiO contain mainly oxygen 

character . 
In early transition-metal oxides like smaller 

Li,Znl-, V204,  U is often smaller than A and the 

FRS will be mostly 3dn-I. This means that the 

holes induced by Li substitution in ZnV204 are 

located nlainly at the metal sites. 

In intermediate transition-metal oxides like 

Lal-,Sr,Mn03, U is approximately equal to A 

Table 11: Main character of the ground state of the 
parent compound and the hole-doped stale of the 
corresponding controlled-valence material for different 
transition-metal ions. 

I Parent I Ground I Doped I Doped / 
compounds 

LaTiOs 
ZnV2 O4 

and the FRS will be a mixture of 3dn-I and 3dnL. 

This means that the holes induced by Sr substitu- 

tion in LaMn03 contain mixed metal-oxygen char- 

acter. 

Lacro3 
LaMnOs 
LaFeO3 
LaC03 

NiO 

111 conclusion, the contrasting behavior upon hole 

doping for early and late transition-metal oxides is the 

natural consequence of the changes in the relative mag- 

nitude of U and A in the parent compounds. The 

ground state of the parent compound and the hole 

doped state of the corresponding controlled-valence ma- 

terial for different transition-metal ions are given in Ta- 

ble 11. 

state 
3 d1 
3d2 

V. Summary and conclusions 

3 dd 
3d4 

3d5 

3db 

3d8 

In summary, we presented and discussed the O 1s 

and V 2p X-ray absorption spectra of severa1 vana- 

dium oxides. The O 1s XAS spectra provide infor- 

mation on crystal-field effect, metal-ligand hybridiza- 

tion and the dispersion of the V 3d bands. The O 

1s spectrum of metallic V02 can be explained by a 

symmetry-projected density of states. The O 1s XAS 

spectra of V02 show clearly the splitting of the V 

3d bands across the semiconductor-metal transition. 

The shape of the multiplets in the V 2p XAS spec- 

tra are related to the symmetry and spin of the ground 

state. The V 2p XAS spectrum of V203 can be sim- 

ulated by an atomic-multiplet calculation projected in 

the appropriate crystal-field. The V 2p XAS spectra 

of Li,Znl-,V204 show that the holes induced by Li 

substitution in ZnV204 contain mainly V 3d character. 

In conclusion, soft X-ray absorption'spectroscopy is a 

compounds 
Lal-,Sr,TiO3 
La,Znl-,V204 

state 
3d" 
3d1 

Lal-,Sr,Cr03 
Lai-,Sr,MnOs ---- 
Lal-,Sr,FeOs 
Lai-,Sr,CoOs 

La,Nii -,Ó 

3d2L 
3d3 + 3d4L 

3d5L 
3d5 + 3d6L 

3d8 L 
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very useful to01 in the study of the electroiiic structure 

of transition-metal oxides. 
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