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Phase transition in LiVO, studied by near-edge x-ray-absorption spectroscopy
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We present temperature-dependent ¥-&nd O-Is x-ray-absorption spectra of LiVQ The aim of this
study is to monitor changes in electronic structure on going through the phase transition. The spectral changes
turn out to be very small: the V&B-O-2p hybridization does not change considerably, and the symmetry of
the V-ion ground statéhigh-spin °T,) is retained. To explain our results, together with the anomalously low
magnetic susceptibility below the transition temperature, we propose a model in which a three-orbital sublattice
is formed in the V(111 planes, which results in a total singlet stdt®0163-18207)00623-1

[. INTRODUCTION (Refs. 9 and 1D AboveT,, each V ion is surrounded by six

oxygen ions in, approximatelyp symmetry: this splits the

In this paper, we present an x-ray-absorption spectroscopgd states in a threefold degenerajg and a doubly degen-
(XAS) study of the changes in the local electronic structuregratee level. In the low-temperature phase the symmetry is

at the phase transition in LiVQ Through the years, vana- |owered toCs, and thet,q splits into ana, and a doubly
dium oxides have attracted much attention because of theHegenerate’T level. In the case that the, level is lower in

. . . : ; N 9 . L .
interesting electronic and magnetic properties. In many Vaenergy and the distortion is large, the trigonal component of

nadium oxides, phase transitions occur as a function of ten‘Fhe crystal field splitting,At=E(eg)—E(alg), could be

perature or pressure. By far the most famous example i ,
V,05, showing a metal-insulator transitibwith a conduc- '2r9€ €nough to overcome the Hund's rule exchange energy
Jy. In this case, the local magnetic moment would be

tivity change of a factor of 1Q whose origin is still contro- )
versial after 50 years. Though less extensively studied, thguenched and a nonmagnetic state would occur.
phase transition in LiVQ also is very interesting because of A more subtle explanation was proposed by
the peculiar magnetic behavidgnd in the literature several GoodenougH:because of the trigonal lattice distortion below
explanation¥® have been proposed. We will show that our T¢, With an increase in the/a ratio* he attributed the
temperature-dependent XAS studies provide useful informaanomalously low susceptibility to the formation of trimers.
tion concerning the electronic structure, and discuss the reFhe nonmagnetic behavior would be due to molecular orbital
sults in the light of the proposed transition mechanisms. (MO) formation in the basal plane leading to a singlet
LiVO , has an ordered rocksalt structure with Li, V, and ground state. The transition was attributed to the comparable
O occupying alternatingl11) cubic planes.Because the Li  size of the bandwidtW and the Coulomb repulsion energy
layers are highly ionic, the material can be regarded as quasiJ (Ref. 12. The conditionW~ U, related to a critical metal-
two-dimensional, with V" (d?) ions forming two- metal distanceR., would imply a lattice instability, with a
dimensional(2D) hexagonal layers. LiVQ exhibits a first crossover from a localizedN<U) to a delocalized regime
order phase transitidrat aroundT,=500 K, with a peculiar (W>U) on decreasing the temperature through If we
change in magnetic properties. AboVe, the compound is would go to the uncorrelated MO limit, i.eW>U, it is
paramagnetic, showing a Curie-Weiss susceptibilfy obvious that a triangle with six electrons would form an
«C/(T+0) with a very large negativ® = —1800 K, cor- S=0 ground state. In this limit also the local spin would be
responding to a large antiferromagnetic coupling. Belowquenched.
T,, a virtually nonmagnetic phase is present, with no sign of The assumed formation of trimers is supported by x-ray
long range magnetic order, and with a very low residualdiffraction data by Cardost,which shows weak superlattice
susceptibility attributed to ¥* impurities. The material re- reflections belowT, corresponding to a supercell with
mains semiconducting in both phades. a’=.3a. Also recent extended x-ray-absorption fine
A very obvious mechanism for the phase transition is thestructuré* and >V NMR (Ref. 15 studies are consistent
occurrence of a high-spin—low-spin transitionTatdue to a  with a displacement of the V ions. On the basis of their NMR
crystallographic distortion. For LiVQ this mechanism has data, Onodaet al>® pointed out that the phase transition
not been discussed in the literature yet, but it is thought to bavould be best described as a spin Peierls like distortion into
the driving force of the phase transition in, e.g., LaGoO trimers. In this picture, a triangle of three spin triplet ions are
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coupled in a nearest neighbor Heisenberg fashion. With an
exchange constant between the spins in the cluster much (a)
larger than that between the spins in neighboring clusters,
this would result in a total spi,,=0 ground state for the
trimer.

In order to get more insight in the electronic structure of
LiVO , and its changes on going through the phase transi-
tion, we studied the V- and O-Is spectra as a function of
temperature. The Oslspectrum gives information about the
degree of V-381-0O-2p covalency, while the V-g spectrum

probes the local ground state symmetry of the V ion. (b)
Il. EXPERIMENTAL DETAILS A
The XAS measurements were carried out at the AT&T Olo

Bell Laboratories “Dragon” high-resolution soft-x-ray beam
line'® at the the National Synchrotron Light Source, 1.7
Brookhaven. In this experiment, the energy resolution of the
monochromator was approximately 0.15 eV. The energy

Absorption (arb. units)

scale was calibrated using NiO, for which the ®-Wwhite ,1‘|8| Ty
line energy is known accurately from hlgh—e_nergy electron 510 515 520 525
energy loss spectroscopyThe base pressure in the measur-

ing chamber was 2 10 1% mbar. The x-ray-absorption was Photon Energy (eV)

measured in the total electron yield mode and also in the

fluorescence yield mode. The spectra were normalized to the FIG. 1. (a) Total electron yield V-p XAS spectra of LiVO,

total absorption intensity between 510 and 560 eV, after subxaken below and abové,. The solid line and the sticks give the

traction of a constant background-@0% of the maximum theoretical spectrum obtained from a cluster calculationCluster

absorption. calculations including a trigonal crystal field componént The
Polycrystalline samples of LiVQ were prepared in two high- to low-spin transition occurs for 1<7A;<1.8 eV.

steps. The starting materials,®@5 and Li,CO5; were mixed

in demineralized water, with a molar ratio LiA/L1.05. After 2p edge_ The y|e|d is reduced Considerab|Y, near-edge fea-

CO, was released, the light green solution was concentrateglires appear more pronounced, and many details are lost. For

by evaporation and the residue was ground in an agate Mohjs reason, we performed the temperature-dependent mea-

tar. x-ray diffraction(XRD) measurements showed that the syrements discussed in the next section using the total elec-

powder consisted mainly of LiVQ with a small content of  tron yield mode.

Li3VO,4. The material was pressed into pellets and reduced The temperature-dependent measurements were carried

in flowing H, at 1073 K. From 673 K to 1073 K, the tem- out in steps of 25 K in the range 298-548 K. The heating

perature was increased slowly K/min) to prevent melting cycle was repeated to ensure reproducibility of the spectra.

of the starting material. The total reaction time was 24 h-The temperature was monitored by means of a thermocouple

According to XRD the reaction product was a single phaselaced near the sample. After the experiment, the sample was

LiVO ,. After preparation, the samples were stored in argorthecked by XRD. The XRD pattern appeared to be identical

atmosphere to prevent degradation by oxygen or water.  to that of the freshly prepared material; this precludes the
For the x-ray-absorption measurements, a sample w3asossible formation of the LiYO, spinel phase due to non-

fixed on a copper plate using stainless steel strips. In order t&oichiometry, as observed by de Picciotto and Thack&tay.
obtain a clean surface, the sample was scrapeitu with a

diamond file and annealed in 1 torrtat 525 K for 1 h. This

procedure is necessary to remove contaminants from the sur- lll. RESULTS AND DISCUSSION
face and to restore the stoichiometry of the surface. It is
known that LiVO, is very air sensitivé® on exposure to air,
the surface is quickly oxidized and lithium is extracted from Figure Xa) shows the V-p near-edge x-ray-absorption

the bulk. However, this process can be reversed by annealirgpectra below T=473 K) and aboveT; (T=523 K). Be-

the material in H (Ref. 18. The effectiveness of this clean- tween 298 K and 473 K the spectra are virtually identical;

ing procedure was verified by the fact that the ©xtray- however, between 473 K and 523 @vhich includesT,)
absorption spectrum taken using the relatively surface sensémall but clear changes occur. We note a small difference in
tive total electron yield methodwith a probing depth of the near-edge structure at 512 eV, and the appearance of a
~100 A) is very similar to that using the bulk sensitive dip in the mainL, peak(520-525 eV aboveT,, as if the
fluorescence yield techniquéwith a probing depth of spectrum becomes sharper. Because the changes appear to be
~2500 A, Ref. 19. Although the fluorescence spectra are areversible in subsequent temperature cycles, and because
good check for the sample quality, they are not very suitabléhey occur only in a small temperature range arolipdwe

for a detailed analysis, because of self-absorption effectattribute them to the phase transition. A temperature-
This leads to a distorted spectrum, in particular, at the V-dependent phonon broadening mechanism can be safely ex-

A. Vanadium 2p XAS
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TABLE |. Parameters used in the cluster calculation of the V-ground state, because the absorption process is governed by
2p and O-Is x-ray-absorption edges. All values are in eV. The dipole selection rules, which allow only a part of the possible
c_harge transfer energy is defined with respect to the lowest mul- fina| state 2)53dn*1 multiplet intensities to be reached from
tiplet state. the d" ground state. So, if the ground state symmetry of the
V ion would have changed, for instance, from high to low
spin, then we would have seen quite a drastic change of the
V-2p spectrum.

To illustrate this sensitivity of the technique to symmetry,
we show in Fig. 1b) first of all the result of the cluster
cluded because the spectrum for temperatures slightly abowelculation in the ionic limit, i.e., excluding the hybridization
T, is sharper than that for temperatures slightly belbw with O ligand state$10Dq is increased to 1.8 eV, to partly

The V-2p near-edge x-ray-absorption spectra are mainlycompensate for the omitted covalency with the ligandse
determined by on-site V(2— 3d transitions. The main split- ground state in the ionic limit is also high-spiit ;. It can be
ting into thel, (2py) andLs (2ps;) edge is due to the clearly seen that this spectrum is very similar to the spectrum
spin-orbit interaction of the @ core hole. To interpret the of the full cluster model, illustrating that symmetry is more
experimental spectra, we carried out a cluster calculatioimportant for the spectral line shape than hybridizational ef-
which includes the full atomic multiplet theory, using a pro- fects, even in strongly covalent V compounds. To simulate
gram developed by Tholet al?! The model calculation in- the questioned high- to low-spin transition, we now have to
volves a VQ; cluster inOy symmetry, and treats explicitly include a trigonal componers; in the crystal field in our
the strong hybridization between the \d&nd O-2 orbit-  calculations. The results are shown in Figb)lfor different
als, as well as the on-site electron correlation effects. values ofA;, where the high- to low-spin transition occurs

The model has the following parameters as input: the Ofor A, between 1.7 and 1.8 eV. It is quite remarkable that the
2p-V-3d charge transfer energy, the 3-3d Coulomb re-  spectrum for &\ value as large as 1.7 eftiigh spin ground
pulsionU, the V-2p—V-3d Coulomb interactiorQ, the Oy statg still has a resemblance to that for the undistor@g
crystal field 1 q, and the Slater Koster integralgdo) and  situation(i.e., A;=0.0 eV): despite the apparent differences
(pdw) for the V-3d-0O-2p hopping, and Ppo) and in the spectra, most of the peaks and shoulders in the
(ppm) for the O-2—0-2p hopping. Values for the param- A;=0.0 eV spectrum can still be clearly recognized in the
eters A, U, (pdo), and (dw) were estimated from A;=1.7 eV spectrum. For tha,=1.8 eV case(low spin
experimentaf and theoreticaf values for \,O5, a com-  ground state however, the spectrum is completely different:
pound with similar V valence, V-O atomic distances, andnew peaks show up at quite different energies. A small
local O coordination around the V ion. The spectrum de-change imA;, from 1.7 to 1.8 eV, causes a sudden and dras-
pends omQ andU mainly by the presence of satellite struc- tic rearrangement of the spectral intensities. This demon-
tures forQ+ U (Ref. 24 at the high-energy side of the spec- strates that the x-ray-absorption spectrum will not be essen-
trum. Because these satellites are obscured by the €ige  tially altered by a trigonal distortion, as long as the ground
in V compounds, we could not optimize the difference state symmetry is preserved. Based on the experimental ob-
Q—U and we took therefor®=U. The various multiplet servation that the changes in the x-ray-absorption spectrum
interactions are reduced to 80% of the atomic Hartree-Fockre very smallsee Fig. 1, we can safely conclude that the
values to account for intra-atomic relaxation efféct©nly  low susceptibility of LiVO, below T, is definitely not due to
the Oy, crystal field 1@Dq is treated as an optimization pa- a low-spin state. From a more theoretical point of view, such
rameter. The parameter values are listed in Table I. a high- to low-spin transition should also not be expected

The sticks in Fig. (a) show the theoretical transition since this would require an unphysically large trigonal dis-
probabilities. The solid line is the calculated spectrum, obtortion. Because the low-spin spectrum is completely differ-
tained by applying a Gaussian and Lorentzian broadening afnt from the high spin one, we can also conclude thatthe
0.15 eV and 0.2 eV, to account for experimental resolutiorelectrons are still considerably localized. A large delocaliza-
and lifetime, respectively. The calculated spectrum is intion would lead to a mixing in of the low-spin configuration,
good agreement with the experimental spectra, especially forhich would strongly affect the V42 spectrum.
the high-temperature case, where a dip in theedge is In our view, the most plausible explanation for the
present. The discrepancy between theory and experimeshanges in the V-@ spectra is a small change in the V-
could be due to the state dependent lifetime broadefiiag, 3d-3d hybridization. AboveT,, the atomic approximation is
which cannot be taken into account in a unique way. Due toery good; this is also concluded from the high-temperature
the possibility of Coster-Kronig decay, the, edge is magnetic susceptibility, which is in agreement with a para-
broader than the ;; also within the two main edges, the magnetic phase and a local spin moment close to the atomic
lifetime of the final states increases considerably with envalue! However, below the transition temperature, d-3
ergy. 3d hopping integrals are increased due to a shorter V-V dis-

The most striking result of Fig.(d) is that both the high- tance, as pointed out by Goodenotfghlevertheless, the
and low-temperature spectra can be simulated very well bjow-temperature spectrum is still in good agreement with the
the same theoretical spectrum in which the ground state synatomic multiplet calculation. Therefore we conclude that the
metry is the high spir’T;. This indicates strongly that the formation of trimers does not lead to a strong change of the
phase transition is not accompanied by a symmetry changgd electron localization. In other words, the on-site U-3
of the ground state. It is important to note here that an x-ray3d Coulomb interactions remain much larger than the V-
absorption spectrum is very sensitive to the symmetry of th&d-3d hopping integrals.

u=4 A=4 Q=4 10Dg=1.3
(pdo)=-2.2 (pdm)=11 (ppo)—(ppm)=0.5
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Multiplets are also important for a correct description of
the O-1s near-edge structure. To illustrate this, the experi-
mental spectra are compared to the results of a model calcu-
lation on a VGO cluster inOy symmetry, identical to that
used above for the V{2 edge. Also the parameters used in
the calculation are the same, see Table I. The sticks in Fig. 2
show that most of the essential features in the experimental
spectra are well reproduced by the model calculation. The
calculated line shape is obtained by convolution with a
Gaussian and a Lorentzian, both of 0.8 eV full width at half
maximum, in order to account for experimental resolution,
I T T T dispersion, and lifetime. Although the relative contributions
528 530 532 534 538 538 of the different eﬁects' are not accurately known, it is clear

that the total broadening is much larger than for the [¥-2
Photon Energy (eV) spectra.
The lowest peak at 530 eV energy is assigned to transi-

FIG. 2. (a) Total electron yield O-& XAS spectra of LiVGQ, tions to thetggI (*A,) final state. The other peaks can be
taken below and above; . (b) Near-edge region of the Oslspec-  attributed to transitions to doublet final statestgg charac-
tra, compar(_egl to a clust_e_r_ calculation. The sticks indicate the theqer, which appear at higher energy due to the on-site ex-
retical transition probabilities. change interaction, and also to final states3gé, character.

In a cluster calculation without Coulomb and exchange in-

Unfortunately, it is beyond our reach to calculate the V-teractions, the calculated spectrum would have consisted of
2p spectrum fo a V triangle. Nevertheless, we can argueonly two peaks, corresponding with transitionsttg and
that delocalization of the V-@ electrons would lead to sig- ey unoccupied states, with an intensity ratiof about 1:2.
nificant changes in the V{2XA spectrum, because configu- So multiplet effects push part of thg, final states up in
rations of different symmetries will mix into the ground energy, which explains the low intensity of the 530 eV peak.
state. In the extreme limit, i.e., complete delocalization into Because of the broadness of the spectrum, together with
uncorrelated MO's, the weight of th&r; symmetry configu-  the number of parameters involved in the calculation, an
ration is strongly reduced: by projecting the MO wave func-analysis of the small temperature-dependent changes is not
tion onto the atomic multlplet Statégpne can show that this meaningfu|_ However, the total Spectra| We|ght and the posi-
weight is only 3/16. Considering the large number of sym-tion of the shoulder with respect to the main peak do not
metry configurations contributing to the MO ground state,change significantly. This means that the change in O-
one can expect that the resulting spectrum is going to be veryp_v-3d hybridization and the change in ligand field
broad, probably similar to thefedge of metallic titanium  strength are relatively small. The crystallographic distortion
or vanadiunt? Certainly, it will be completely different from in LivO , does not give rise to a strong energy redistribution

the T, spectrum from Fig. 1. Of course, we expect aof the V-3d states, in contrast with the case of YQRef.
gradual change in the Vi2XA spectrum on increasing the 37).

d-d hybridization (or the bandwidthw) with respect toU.
Therefore, an absolute classification of the 8lectrons as
being “localized” or “delocalized” is not possible from the
XA spectrum only. Nevertheless, because of the apparent From the analysis of the Oslwe conclude that V-O
validity of the atomic multiplet approximation we believe interactions do not change considerably, and are probably
that the V-3 electronic wave function is close to the local- not a determining factor for the phase transition. The /-2
ized limit. spectra show that the local spin moment at the V ion is
S=1, both above and beloW,; . A high-spin—low-spin tran-
sition can therefore be ruled out. The data seem to be con-
sistent with the formation of V trimersjn which a triangle
Figure Za) shows the O-% x-ray-absorption spectra be- of three spin triplet ions are coupled in a nearest-neighbor
low (T=473 K) and above T=523 K) the transition tem- Heisenberg fashioh® resulting in a total spit$,,,=0 ground
perature. The O4 XA spectrum probes the unoccupied state for the trimer.
states of oxygemp character, because of the dipole selection While the latter statement is true within the Heisenberg
rule and the local character of the x-ray-absorption processnodel, we would like to point out that the model itself
The near-edge region, shown in Fig. 2, is attributed to stateshould not be applied for a transition mef&M) 3d? system
with mainly V-3d character, hybridized with Of2 states. because it neglects completely the orbital degeneracy of the
The x-ray-absorption final state of the G-2:2p transition  3d states. In a localized system this orbital degeneracy will
appears to be less localized than that of thep/23d tran-  be lifted at low temperatureghe Jahn-Teller effegt This
sition. This gives rise to considerable dispersional broadencan lead to a structural phase transition, accompanied by a
ing, leading to a spectral shape without much detail. As is theertain ordering of occupied orbitals. Such orbital ordering
case for the V-p edge, the differences in going through the need not be driven by a lattice distortion; it can also be
phase transition are very small. The feature at 533 eV seentaused by magnetic exchange interactith$he strongest
to be more pronounced aboVg. effects of this kind are observed in TM compounds with a

Absorption (arb. units)

C. Trimer model

B. Oxygen 1s XAS
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twofold e, orbital degeneracy. Recently, it was shdhat
also in TM compounds with & orbital degeneracy an or- a)S, =1
bital ordering is likely to occur, if the TM ions are in an

approximately octahedral crystal field and ordered along the AYAYS NV
cubic (111 planes. In this type of structure, orbital ordering - ]
is a way to remove the magnetic frustration present in the 1 3 1 3

triangular TM planes.
We will now discuss the arguments of Ref. 33 in some

detail. Consider only the dxt?g) electrons in a degenerate singlet (b) states in the exact diagonalization study. The spectator
Hubbard-type model, including on-site Coulomb/)( and electron is hatched. Black and white shapes depict occupied and

exchange ;) interactions and nearest-neighbor hopping  empty orbitals, respectively. Dashed lines represebonds. Note
This means that we assume a system with a considerabiga; the wave function, depicted i) at site 3, is theMs=0

degree of localization and a strong Hund's rule coupling.component of a locas=1 state.
However, we allow for the threefolt} orbital degeneracy,

which is one step beyond the Heisenberg model. Furtherl;na netic 6= 0) ground state. From a second order pertur-
more, we consider onlyr overlap and neglect the much g ot 9 : P

weakers overlap. This implies that each orbital hybridizes bation treatment, it can be shown that the triplet-singlet tran-

. . L sition is due to the competition between Hund's rule
with only two other nearest-neighbor orbitals: e.gd,a or- exchange and kinetic energy; is approximately propor-
bital hybridizes with neighboringl,, orbitals in the (110) 9 9% 1S app Y prop

Y eee : i T tional to Jy. In the S,=1 state, a “spectator” electron
and (110) directions. This strongly nonuniform hybridiza- occypies a nonhybridizing orbital. With this ground state
tion means that a strong antiferromagnetic exchange interagynfiguration, the virtually excited states still obey Hund'’s
tion can only be present between certain orbitals, i.e., thosg,je: however. in the lowesB,,=0 state, all hybridizing
that haveo overlap. What is more, .because of the orbital 5 pitals are occupied, which turns the scale at ldrge
degeneracy, the exchange interactions also depend on the a first sight, the concept of orbitally ordered trimers
particular occupation of the,q orbitals. According to the |ooks quite similar to the ideas discussed before. However,
Goodenough-Kanamori-Anderson rufea, strong antiferro-  tnere are some subtle but important differences, related to the
magnetic interactiod«t“/U between orbitals is only present mechanism of the phase transition. Note that the three-
if both orbitals are singly occupied. Otherwise, the exchang@plattice orbital ordering is just a natural way to remove the
interaction is weakly ferromagnetic or zero. ~magnetic frustration, even without a strong lattice distortion.
The highly nonuniform orbital hybridization, combined change from thav<U to theW>U regimé? or the pos-
with the occupation dependent exchange, leads to an intefgjation of negligible intercluster exchange interactfths
esting observation. The frustration, which is present if ongjpes not seem essential: the magnetic decoupling of trimers
considers this system as a triangular Heisenberg antiferrqyiows directly from the orbital ordering. Interesting to note
magnet, can be removed by a certain orbital ordering. Tak§s the similarity between the occurrence of a critical value of
for example, the ordering with the,, andd,, orbitals singly i the exact diagonalization of the three-site cluster, and the
occupied at all atoms. With adl,, orbitals unoccupied, there  concept of a critical distancB, for delocalization:? How-
is no AFM exchange along the (110) andX@) directions.  ever, R, is related to the Coulomb energy via the condi-
Because of the orbital ordering the effective AFM exchangeion W~U, while t, depends on the Hund’s rule exchange
interactions are only in four direction§101), (101), energyJy . This reflects the difference between a crossover

(011), and (m] and no frustration is present. Another from a Ioc_alized to a delocali_zed regime, and a tran_sition
possible orbital ordering, which turns out to have the sam&etween different orbital orderings. We note that the triplet-
mean field energy, is the one in which three orbital sublatSinglet transition was ol_)talned for_ an isolated trimer and that
tices are formed. In the different sublattices either dhg, the gene_rallzatlon of this calculation to the full lattice is far
dy, or the d,, orbital is empty; the others are again singly rom straightforward. However, the concept dica J,; sepa-
occupied. This ordering leads quite naturally to the formatiorf@ting different orbital orderings may be more general.
of three-site clusters, with a strong AFM interaction within
:Egrﬁlusters and only weak exchange interactions between IV. CONCLUSIONS

To study the characteristics of such a three-site cluster In conclusion, we have obtained new information about
and to verify if the proposed orbital ordering is also favor- the electronic structure and the phase transition of Lj\i®
able on a local scale, an exact diagonalization study for thremeans of XAS. The spectra show that the V ions are in a
sites was carried out for different values of tihel hopping  high-spin °T; state, not only above but also beldw, i.e.,
integralt. It turned out that for small the ground state has a that the local spin moment is retained on going through the
total spinS,;=1, with an orbital ordering as shown in Fig. phase transition. The validity of the atomic multiplet ap-
3(a). Above a critical value of (t.), a singlet ground state is proximation in describing the V42 spectra indicates a con-
obtained, with a different orbital ordering. In Fig(k3 it is  siderable degree of localization of the \d-3lectrons, also
shown that alternatingly thd,,, d,,, andd,, orbitals are below T,. The data also indicate that the ®-2V-3d hy-
unoccupied, which is compatible with the proposed threebridization hardly changes acro$s. We propose a mecha-
sublattice ordering. Therefore we conclude that this orderingnism which starts from the commonly accepted formation of
is also favorable on a local scale, and that it leads to a nortriangular structures within the hexagonal V (111) planes,

FIG. 3. Schematic configuration of the lowest tripled and
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and which assumes strong localization of the &/ €ectrons.
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In a V triangle, the formation of a three-orbital sublattice canganisatie voor Wetenschappelijk OnderzgsVO). The re-
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anomalous low-temperature susceptibility in LiyO
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