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Ab initio evaluation of local effective interactions ina’-NaV,0g
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We will present the numerical evaluation of the hopping and magnetic exchange integrals for a nearest-
neighbort-J model of the quarter-filledx’-NaV,0Os compound. The effective integrals are obtained from
valence-spectroscomp initio calculations of embedded crystal fragmefttgo VO5 pyramids in the different
geometries corresponding to the desired paramet#/s are using a large configurations interacti@l)
method, where the Cl space is specifically optimized to obtain accurate energy differences. We show that the
a’-NaV,05 system can be seen as a two-dimensional asymmetric triangular Heisenberg lattice where the
effective sites represent delocalized V-O-V rung entities supporting the magnetic electrons.

I. INTRODUCTION the SP transition was naturally understood, in this descrip-

Spin-PeierlSP transitions have been long known in or- 222(: bc)éetl?r:esone-dlmensmnal dimerization of thé"Vmag-

ganic compoundsbut the observation, in 1993, of a SP tran- 1\ /e ver the existence of a pseudoinversion center in this

sition in the inorganic CuGeD(Ref. 2 (Tsp=14 K) re- compound led a couple of grougso re-investigate the crys-
newed the interest of the physical community for thista|lographical data using more recent experimental methods.
phenomenum. In 1996 the’-NaV,0Os (Ref. 3 inorganic  They found thata’-NaV,0s was centrosymmetri¢in the
system was founc_i to present a second order SP trarfsition Pmmn space groupdestroying the grounding for the as-
Tsp=34 K, the highesflsp temperature so far known. In- gymed differentiation between Y and \P* chains.
deed a.rapid drop of the magnetic susceptibility, the OPeni”Qv’-NaVZOS should then be seen as a quarter-filled system.
of a spin gapP (A=9.8 meV) as well as the magnetodistor- |t js widely accepted, after Gal}, that the magnetic in-

B

tion of the lattice was observed in this compound. This comygractions take place only within the layers, and thus the
pound has attracted special attention since, in addition of it§ertinent model for’-NaV,0s is a quarter-fillect-J model
very highTsp, the value of the 3/kgTsp=6.44 ratio does  Hamiltonian in the &,b) plane, based on the VV magnetid 3
not agree with the BCS theory predicted value of 3.53, theyrpitals, where the interactions are limited to the nearest-
Tsp dependence with the magnetic field is much Weglkerneighbors(NN) magnetic sites,
than the theoretical predictiohand the temperature depen-
dcirgzs og the thermal conductivity is much larger than in HIE tijz (ciT ¢, tcle, )_2 Ji'(éi'é‘_ nin-),

Q. o S AR S v B ' ‘

The crystal is formed by layers of U Gsquare pyramids (1)
stacked along the axis. The oxygen atoms of the pyramid o L
basis form a quasi-square planar lattice alongahendb ~ Where the sum ovefi,j) runs over NN magnetic site§; is
directions. The pyramids are alternatively pointing on topthe local spin operator on site ¢; (resp.c; ) are the usual
and below these planes. Periodical vacancies of the VO topreation(resp. annihilationoperators of an electron of spin
of the pyramids are replaced by Ndons forming chains ¢ on sitei, n; is the number operator on site Jij is the

parallel to theb axis (see Fig. 1 magnetic exchange integral, ahgdthe hopping integral of a
For a long time, the high-temperature crystal structuremagnetic electron between siteandj.
was assumed to be noncentrosymmetincP2,mn group,’ In the present system one has three different types of NN

and consequently the electronic structure was assumed to eeractiongsee Fig. 2 the interactions along the ladddis
an alternation of half filled ¥* magnetic chains and of non- the b direction) denoted asg| andJ, the interactions along
magnetic V¥ chains along thé axis. The system was then ladders rungs denoted &s andJ, (in the a direction, and
supposed to be constituted of isolated Heisenberg chains anide interactions between the ladders denoted’ aand J’.

FIG. 1. Schematic structure at’-NaV,Os,
(a) along thea-c plane,(b) along thea-b plane.
The oxygen atoms are denoted by open circles,
the vanadium atoms by filled circles, and the so-
dium atoms by dots.
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sets of calculations are performed for each fragment. The
first one involving two unpaired electrons in the two YO
pyramids allows us to obtain the effective exchange param-
eters(including all direct and superexchange procesgesm

the singlet-triplet first excitation energy,

J=E¢—E;. )

The second set of calculations, involving only one unpaired
magnetic electron in the two ViOpyramids, allows us to
obtain the effective hopping parameters from the first
doublet-doublet excitation energy,

FIG. 2. The three different types of NN interactiortg:and Ep —
Jj, t, andJ, , t" andJ’. = —— — 3

According to the order of magnitude of these parameters, th@here theD , (resp.D_) doublet is of the same symmetry as
system electronic structure can be very different, going fromhe 3d,+3d, (resp. 31;—3d,) delocalized orbital on the

a one-dimensional behavior with essentially noninteractingwo magnetic centers. One notes that according to the rela-
two-leg ladders |t’|,|3|<1), or zigzag frustrated ladders tive energies of th®  andD _ states, the sign of the hop-
(It ],]3.|<1) to a two-dimensional system. It is therefore of ping integral can change.

crucial importance to have a reliable evaluation of the rela-

tive amplitude of the different parameters. A. Modeling the rest of the crystal
The aim of this work is to evaluate, usirgp initio quan- As stated above, a correct fragment calculation should
tum chemical methods, the effective hopping and exchanggake into account the main effects of the rest of the crystal. In
integrals between NN vanadium atoms. our ionic, strongly correlated system these effects are limited
to the short-range Pauli exclusion effects and the long-range
Il. METHOD Madelung potential.

. o First, the Madelung potential is reproduced by a set of
The exchange and hopping effective integrals are essemy,sitive and negative charges corresponding to the cations

tially local parameters, therefore they can be accuratelyng anions. We used a cutoff threshold associated with a
evaluated using fragment spectroscopy, provided iahe 13 A radius sphere, centered on the bipyramid fragment.
fragment mclgdes all the crystal short_—range effet_:}s, that iSthe porder of the sphere is designed so that to preserve VO
the local environment of the magnetic atoms, aidlthe 1, 1amids, the chemical meaningful entities. Border charges
crystal long-range effects are treated through an appropriater, adapted by an Evjen procedure.
bath. o . . . The a'-NaV,05 system presents four different types of
_We performed excitation energies calculations on bipyragoms: the fully ionized sodium cations, the mixed valence
midal fragmentgincluding the two NN magnetic atoms as vanadium atoms, and two types of oxygen atoms, the in-

well as all their surrounding oxygeni a bath reproducing ;
: ) plane oxygens and the apical oxygens. These two types of
the main effects of the rest of the crystMadelung potential oxygen play a very different role in the chemistry of the

and exclusion effecis The fragments used for thg (resp.  ;omnound. Indeedsb initio calculations on the bipyramidal

Jj) andt, (resp.J,) calculations are built from two VO gysiems, both at the Hartree-FodkF) and correlated
pyramids sharing a corngsee Figs. &) and 3b)] while the |06 a5 well as HF calculations on the whole crystal, give

fragment used for the' (resp.J’) calculations is constituted e same result, the apical oxygen is bonded to the vanadium
of two VOs pyramids sharing an eddeee Fig. &)]. TWo  atom by a slightly polarized double bond. The’ liiken

population analysis is similar in all calculations with a
charge close toe- 2e for the in-plane oxygens while the api-
B M cal ones present only a small charge of abe@t5e. In fact,
b the VO, pyramids should not be seen as such, but rather as
. a) (V=0)?"°"3* molecules on an oxygen double-anions
2 — square lattice. This picture is confirmed by Raman
experiments? Indeed, two distinct bands are observed, one
¢ W T4 for the stretch of the vanadium/apical-oxygen bond located
b

) % at 970 cm'!, the other for the group of vibrations of the
’ vanadium against the oxygen plane which is located in the

400-480-cm* range.
The embedding charges are then taken as follows: the
c % b % sodium atoms are represented b)t.ogcharges; the oxygen
c) atoms of the quasi-square lattice forming the basis of the
B # pyramids are represented byz.OE charges; the apical oxy-

FIG. 3. Fragments of the crystal used for the cluster calculag€ns are represented by0.5e charges; and the vanaﬂum
tions. (a) tj andJy; (b) t, andJ, ; () t" andJ’. atoms are represented by their average valence &fe.
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1.5 ' 050 ‘ - function information allows a deep understanding of the dif-
10 ferent mechanisms involved in the effective exchange and
0s | 025 ¢ 2 hopping processes.

’ ‘a ) 4 Let us first consider the physics of the excitations we are
0.0 ¢ 0.00 - trying to compute. One sees easily that the fragment orbitals
10 can be divided into three subsets according to their role in
05 L 023 ¢ the many-body wave functions of the two states we are look-

. 1b 2b . . . .

. L, ing for. The occupied orbitalsare the orbitals that always
00T 0.00 ¢ remain doubly occupied in the many-body stafEise active
1.0 r orbitals are the ones which occupation number can change in
025 [ . . L

05t 1o ‘ 2 the different Slater determinants participating to the many-
0ol ‘ ‘ 000 L ot body states. In our case these orbitals are not only the to 3

’ ' magnetic orbital§from now on we will refer to them ad,
101 055 | andd, according to the V atom to which they beldnig-
05 | 1d ‘ 2d cated on the two vanadium atoms but also the &bitals
0.0 o L 0.00 | | | i (we will refer to them ag) of the bridging oxygen ato(s)

-06 0.2 02 08 02 0.2 that can participate to the effective exchange through super-

FIG. 4. Projected DOS on tletmagnetic atomic orbitalgl) and exchange _mechanlsm. ar_ld to the hopping process b_y a
the p orbital of the bridging oxygen atoit®) in the rung geometry. thro!"gh bridge delocalization of the holg. S_ymme'gry consid-
The crystal HF calculatiorfa). The rung cluster of this workb). eratlon_s reduce the r]umbe_r of these bridging orbitals to two
The rung cluster embedded with only one type of oxygen atom, al?p orbltalls (one perirrep. involved One should notg that
atoms supporting their formal charg@. The rung cluster without these active orbitals correspond to the valence orbitals that

embedding(d). The dotted vertical line shows the Fermi level. would support a two-band Hubbard representation of t_he
system—where both the V and the O atoms of the pyramids

bases are considerethe virtual orbitalsare the orbitals that
Second, the exclusion effects are taken into accoundlways remain empty in the many-body states.

through total charges pseudopotentials. The embedded frag- A good “zeroth-order” description of the seeked states
ments are highly negatively charged-8e or —9e) and  Will then be provided by the eigensolutions of the exact
their electrons would like to expand out of the fragmentsHamiltonian in the complete active spa@AS); the CAS
volume, thus the contention effect of the rest of the crystalS defined as all possible configurations built from the occu-
needs to be modeled by an exclusion potential. The negatii®tion rules given above. In fact, we simultaneously opti-
charge of the oxygen anions, even modeled as point charge@'ze the orbitals and the wave-function coefficients in a
is sufficient to insure the exclusion effect on the fragmentcganuprleelge A"’,:Ctt;]\?se Iser\)/ael(l:eofsig_lgﬁlrz:gfn:hfelemokliﬁga?iopnroe_m d
electrons; however, the positive charge of the cations attrac orrela'.[ion effects within the active sba@ﬂaﬁic polarization
:Eg féigmfig;eﬁﬁ?;o?ss ggge'tgi ?ﬁgg:lsiﬁéy tLoee():(gtlilggg \t,\r,ﬁﬁ nd correlatioh are variationally taken into account, while

¥ d 42 using the D d and Barthel the other electrons are described within a mean-field approxi-
total-ions pseudopotentiaisusing the Durand and Barthelat 440 |1 thej calculations, six electrons—the two unpaired
large core effective potential$, instead of only point

electrons plus the four electrons originating from the bridg-
charges.

i ) ing p orbitals of the central oxygés—are distributed in all
The good behavior of the above embedding has beep,sginie manners into the four active orbitals.tloalcula-

checked against HF crystal calculations. Figure 4 shows thg,,g oniy five electrons are distributed into the four active
projected density of statd®DOS on the magnetic orbitals orbitals.

.Of the vanadium atomél) and on thep qrb|tal of the br!dg.- “Dynamical” polarization and correlation effects coming
ing oxygen of the rung&2). The PDOS is compared with itS 5y excitations out of the active shebriginating from the

equivalent in the cluster calculations, the square of the C'“Sc')ccupied orbitals or ending in the virtual onese, however
ter orbitals projection onto the atomic orbitals, plotted as g.y;cial in order to obtain reliable results for excitation ener-

function of the cluster orbital energies. One can see thatios The “dynamical” polarization effects come from the

while the above embedding yields a favorable comparison ofjgje excitations on the CASSCF wave function, while the
the cluster orbitals with the crystal PDOS, the embeddingyominant contributions to “dynamical” correlation effects

defined with only one kind of oxygen atoms and the formale,me from the double excitations on the CASSCF wave
charges (07 V"™ Na’) do not properly place the vana- fnction, We will take these effects into account in a two
dium d orbitals, in particular the gap at the Fermi level is steps procedure.

overestimated. In order to emphasize the importance of a (i) A self-consistent procedure is performed. It involves

proper embedding, the isolated cluster orbitals are also rgne giagonalization of the CA$ all single excitations space
ported. The result goes without comment. as well as a new orbitals optimization at this level. This is the
so-called iterative difference dedicated configuration interac-
tion level 1 methodIDDCI1).16

(i) In a second step the double excitations on the CAS

Ab initio quantum chemical methods are powerful tools towave function that participate to the energy differefatethe
obtain reliable excitation energies as well as good represersecond order of perturbatiprare added to the CI space,
tation of the associated ground or excited states wave funavhich is diagonalized. This is the difference dedicated con-
tions. As will be seen later, a precise analysis of the waveiguration interaction level 2DDCI2).}”

B. Computing accurate excitation energies
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The above method is powerful and reliable. It has been TABLE I. Exchange and hopping parameters in meV fdr.h
used with great success in a slightly different versionHamiltonian computed at different levels of calculation.
(DDCIJ) for the determination of the-d model parameters,
for instance, on copper oxid€r ladder compounds such as Calculation

SrCw05.Y The main differences between the procedure/®ve! CASCI IDDCI1 DDCI2

used in the present work and the works cited abovéiathe ~ Physics Valence shell +dynamical  +dynamical

optimization of the orbitals at the CA$ single excitations  included polarization polarization

level (IDDCI1) instead of only at the CASSCF level, atid and correlation

the inclusion of the dynamical polarization and correlation of ,, 1548 1414 1487

the bridging oxygerp orbitals is done in a slightly different t 1375 1087 1442

way. We choose to include the active orhigalof the bridge ’ ' '

in the CAS so that the dynamical polarization effects are

taken into account in the DDCI1 space and the dynamica]' ~1.05 —4.64 —o.04

correlation effects are taken into account in the DDCI2'! ~1158 ~1765 ~124.6

space. De Graadt al® as well as Calzadet al!® made the

choice of a smaller CAS including only the two magnetic 3 —60.6 —321.1 —293.5
—420.6 —542.7 —538.2

orbitals and to extend the diagonalization to the two-holes:
one-particle and two-particles one-hole Cl spd@BCI3) in

order to describe the same physics. The main advantages of The computed wave functions are reported in the Appen-

our choice are the following: . _ dix. Their analysis shows the strong contributions of O
The_opt|m|zayon. of the orbitals at a level including the configurations on the bridging oxygen in the geometries
dynamical polarization effects. and moderate ones in tfieggeometries. These configurations

An equal treatment of the magnetet orbitals and the are negligible in the prime geometry, where their weight is
aCtivep orbitals of the brldge This pOint can be important in smaller than 1%. This is eas”y understood by the quasior-
the cases where the through bridge processes are large. thogonal character of the angles between the vanadium at-

A much smaller size of the largest Cl space to diagonalpms and the two bridging oxygens, this quasiorthogonality
ize. For inStance, in the calculation of tﬂ@ effective inte- Strong|y hinders the Over|ap between the V magnetic orbitals
gral our choice yields a ClI space of 592000 determinant@nd thep orbitals of the bridging oxygens. Finally it results
while the DCCI3 space with the small CAS would give a Cl i the ferromagnetic character af and the weakness of the
of 2783000 determinants. t’ hopping integral. In the rung or orthogonal geometry, the

In order to analyze the relative contributions of dynamicalcontribution of the O configurations is particularly large
polarization and correlation we performed an additional conyith weights of 15% in the triplet state, 25% in the singlet
figuration interaction, namely, the diagonalization of thestate, and weights as large as 49%_( and 53% D.) in
CAS, but defined on the set of orbitals optimized within thetne two doublet states. This tremendous delocalization of the

IDDCI1 procedurg(CASCI). magnetic electron on the orbital of the bridging oxygen is
responsible for the accordingly large hopping integral
C. Computational details indeed the directby opposition to the through bridgéop-

Al cluster calculations are performed using the Barandia?ing mechanism contributes only by a few meV to the total
ran basis sef8 with the recommended contractions®p4d amplitude. S|m|I§1rIy, the strong Ocontributions in the sin-
for V atoms and 84pld for O atoms. The effects of the glet anq the triplet states induce a large §uperexchange
inner electrons are modeled by core pseudo-poteﬁﬁals,meCha”'Sm resppnsmle for the strong antlferromagngtlc
[1822522p®3s?] for V atoms and 1s?] for O atoms. character of], . leferent. reasons can be pIeaded to explain

The crystal HF calculations were performed using thethese very large delocahzatlons.of the magnetic eIecFrons on
CRYSTAL98 packagé® In order to be able to perform the th€ bridging oxygen. The most important is the relative po-
infinite crystal calculation it has been necessary to reduce thgltions of the pyramids with respect to the bridging O atoms.
basis set compared to the cluster calculations. We thereforE€ vanadium magneticd3orbitals are orthogonal to the
used a basis sétof quality single zeta for the core electrons, V=0 bonds and the angle of the=¥O bond to the oxygen
while the valence electrons were described using a doublBlane is closed, the corresponding filting of the vanadium

zeta, plus one polarization function for the oxygen and twgMagnetic orbitals toward the oxygen plane enhances consid-
polarization functions for the vanadium. erably the overlap between these orbitals andpebitals

of the bridging oxygen. Another important factor is the short
distance (1.83 A) between the vanadium atoms and the
bridging oxygen in this geometry.

The computed hopping and exchange integrals are sum- The | geometry is slightly different since twp orbitals
marized in Table I. The differences observed between théof different symmetries of the bridging oxygen are in-
CASCI and the IDDCI1 results point out the crucial impor- volved in the through bridge processes. Their consolidate
tance of the inclusion of dynamicglolarization effects in ~ weights in the doublet states are 20%in and 26% inD .
order to obtain reliable results for effective exchange andnd they result in a moderate enhancemertj.ofin the sin-
hopping processes. In comparison, the dynamical correlatioglet and triplet states, however, thé @onfigurations do not
effects are of much lesser importance since they modify theontribute in a significant way to the wave functions since
integrals amplitude by a factor of only 10—20 %. their consolidated weight is smaller than 1%. The result is a

Ill. RESULTS AND DISCUSSION
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A quick calculation, using Table | results, shows that the
above relation is far from being verified in our case. Why?

Equation (4) comes from a perturbative evaluatiod,
=—4t?/Uy, of the exchange integral from an underlying
Hubbard or extended Hubbard model, supposed to be the
exact representation. We saw in the previous section that the
contributions of the O configurations are tremendously
large in the rung geometry, a Hubbard model based only on
the magnetiad orbitals of the vanadium atoms is therefore
not realistic and any representation pretending tdheeref-
erenceshould include the orbital of the bridging oxygefat
least in the rung geomeiry

We will use the following notations: subscrippsand d,
respectively, refer to thp orbital of the bridging oxygen and
the magneticd orbital of the vanadiums=ey— ¢, is the
> orbital energy differenced, and Uy are the on-site repul-
N sion energiesV, is the vanadium-oxygen nearest-neighbor
Coulombic repulsion. The hopping integrals require a little
fore care since they can be encountered in different situa-
Sfons according to the number and nature of the surrounding

FIG. 5. Equivalent magnetic system. The ellipsoids represen
the delocalized magnetic electrons on the rungs. The straight lin
represent the ferromagnetic remaining interactialis{ while the

zigzag lines represent the antiferromagnetic on‘ﬁéfx. electrons:

very weak superexchange mechanism resulting in a slightly (p[H[d)=(plh|d),

antiferromagnetic effective exchange integrdj=¢J, /60). - I
The dominant interactions are by far those taking place on (dp[H[dd)=(p[h|d)+(dp|V|dd),

the ladder rungst( = —538.2 meV andl, = —293.5 meV), - __

thus they should determinate the main representation of the (pp|H[pd)=(p[h|d)+(pp|V|pd),

electronic structure. Two different descriptions can be pro-

posed depending which of the exchange or the delocalization (dpp|H|dpd)=(p|h|d)+(pp|V|pd)-+{dp|V|dd),
processes shall dominate. Either two electrons are paired in a ) o

singlet, one rung out of twéfavored by the large value of Where h refers to the monoelectronic patkinetic and
J,), or an unpaired electron is delocalized on each riag ~ nuclear attractionof the Hamiltonian andv/=1/r; is the
vored by the large hopping integral). A simple energetic Pi€lectronic repulsion. _ _
calculation shows, however, that the second solution is much '€ P andd orbitals being localized on nearest-neighbor
more favorable —with E;/Nngs=t, = —538.2 meV—  atoms, the(pp|V|pd) and(dp|V|dd) bielectronic integrals
than the first one —E; /N, ngs= 1/2J, = — 147 meV. Onthe ~ area priori of the same orgergf magnitude as the monoelec-
basis of such a representation, thie NaV,0Os system can be tronic part of the hoppingp|h|d); thus one should consider
seen as a two-dimensional triangular Heisenberg sy&tem  four different types of hopping integrals according to the
Fig. 5 where the effective magnetic sites are delocalized omumber and the nature of the spectator electrons on the bond
the V-O-V rungs, in agreement with the representation sugwhere the hopping takes place. Let us define

gested by Horsch and Maék A wave-functions analysis of

the two many-body states involved in the calculations t=(p|H|d),
confirm this result since the determinants involving an un-
paired electron on the bridging oxygen are as probable as the td=<dE|H|dE),

determinants where the magnetic electron is located on the
vanadiums. Indeed their relative weights are 1.00 inRhe

and 1.21 in theD, . The exchange integrals between these
effective sites are then anti-ferromagnetic in thdirection,
J|T”=JH/2, and ferromagnetic between the effective chains
(representing the laddersl;=J'/4.

tP=(pp|H|pd),
tPd=(dpp[H|dpd).

Within such a formalism, the leading perturbative term of
the effective exchange integral between itledj vanadium
IV. EXTENDED HUBBARD MODEL sites comes at the fourth order of perturbation,

A. Coherence of thet-J parameters (tptpd)z (t9¢Pd)2
4 8

One of the first reflexes in front of quantitative evalua- Ji=- o > ®)
tions of effective integrals in @&-J model is to check the (A)Uq  (A1)%A,
following relation:
:4‘]1,L+8‘]2,L! (6)
2
J_i:(ti) _ (@ where A;=6-U,+Us—V,e and Ap=25—U,+2Uq
Iy —4Vpq.
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The first term in the expression df comes from the magnetic electron delocalization on the bridging oxygen, this
configuration (didipp>+|ppdjdj>)/\/§ and the second Iis not presently true. The ratio betweén, andJ,, can be

comes ffOfﬂdiEdjaﬂ- The second term is usually negligible evaluated from the singlet wave functions (.:oefficients.. In-
in front of the first one, while that one is equal to deed the second-order perturbative expression of the singlet

—4t?/U,4. However, due to the strong contributions of the Wave function is given by

|dipp_dj>_|aip5dj> |diaipaj>_|diﬁdj>—|diadjpgj>+|Eipdjpaj> |diaip5>+pﬂdjaj>
+Cy +C;

+Cj|didd;d;),
|
where gen in the rung geometry. The parameter extraction will be
done using a least-square fit method where both the energy
B V2t differences and the wave functions coefficients of the ex-
Ci= Ay tended Hubbard model are fitted on the compubdnitio
wave functions and energies, according to the intermediate
2tPtPd Hamiltonian theory?® The different parameters of the Hub-
wa, bard Hamiltonian are therefore optimized so that the Hub-
1-d bard secular equations of the singlet, triplet, and the two
2\/2t9tpd doublets are verified with the computed wave functions
- (taken as the normalized projection onto the CAS of the
A4, DDCI2 wave functions and the computed energy differ-
Thus (4Ju)/(8‘]2¢)=\/Eczlzcézl.ll (see the Appen- €nces. The resulting parameters in the rung geometry are

: 17 summarized in Table II.
dix). It comes 4, =~ 154.3 meV. These values are in reasonable agreement with the vana-

In the ladder direction the Oconfigurations have negli- di : ; .
_ . ; . . ium on-site repulsion obtained from the ladder geometr
gible weights in the singlet and triplet states, thus the effec- P g y

tive exchange integral can be expressed as ugyal2K Ud=4(t‘|)2/(2KH—JH)=6.8 ev.
—4tﬁ/Ud=2KH+4J1,”, whereK is the direct exchange in-

tegral. The latter is usually considered as negligible, how- V. CONCLUSION

ever, the extremely small value df imposes to explicitly We computed the effective hopping and exchange inte-

take these effects into account in the present case. A diregla|s of at-J Hamiltonian for the high-temperature phase of
evaluation yieldK;=2.0 meV and the superexchange con-,’-NaV,Os. The parameter evaluations were performed us-
tribution comes to be 3y ;=9.1 meV. One can now properly ing an embedded cluster approach devised to properly take
verify the coherence of our model hopping and exchangénto account the electrostatic and exclusion effects of the rest

parameters: of the crystal as well as dynamical polarization and correla-
5 tion effects within the cluster. The results yield dominant
(E) —18.7~ 41 -170 interactions to be the delocalization of the magnetic electrons

t T4y e on the ladder rungs. This incredibly large delocalization is

o mediated by the appropriageorbital of the bridging oxygen.
From the above analysis it is clear that any method thafn fact the magnetic electrons should not be seen as sup-
would not explicitly take into account the delocalization on ported by thed orbitals of the vanadium atoms in a quarter-
the bridging oxygen would obtain doubtful evaluations of thefilled system, but by orbitals delocalized on the three atoms
effective integrals in the present case. Indeed, Smolinskdf the rungs, that is on the orbitals of the two vanadium
et al?* found hopping integrals in agreement with our resultsatoms and thep orbital of the bridging oxygen. In such a
using the LDA+U approach, however, their exchange inte-representation the system is no longer quarter filled but half
grals are very different to ours. This discrepancy can be atfilled. The remaining interactions between these delocalized
tributed to the fact that they do not take into account themagnetic electrons devise a two-dimensional triangular
delocalization of the magnetic electron on the bridging oxy-Heisenberg system where the effective exchange in the lad-

gen that accounts for half of, value. der direction is antiferromagnetic while it is ferromagnetic in
the two other directions.
B. Extended Hubbard Hamiltonian TABLE II. Parameters in eV of the extended Hubbard Hamil-

In addition to thet-J model, it is possible to obtain from tonian in the rung geometry.
our energy and wave-function calculations, the parameters " o
for the extended Hubbard model described in the previou b t U= Vpa Up—2
section; that is a model based on thenagnetic orbitals of 1.1 2.0 1.3 3.6 <0.03
the vanadium atoms and thpeorbitals of the bridging oxy-
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In addition to thet-J parameters evaluation, a thorough +small terms: - -
analysis of theab initio variational wave functions allowed
us to evaluate the relative amplitudes of the underlying three- — — — —
bands extended Hubbard Hamiltonian. The negligible differ- _ . Jdipp)—[ppd;) Jdipd;)—|dipd;)
ence obtained between the oxygen on-site repulsion and the,L¢D—>_0'6" 2 —0.65 2
p-d orbital energy differencelJ,—6<0.03 eV, yields a
quasidegeneracy between the configurations where the mag- édiaid'>_ |did.d:) |did;p) +|pd;d)
netic electron is located on one of tHerbitals of the vana- -0.0 ' LA -
dium atoms and the orbital of the bridging oxygen. It re- V2 V2
sults in the delocalization of the magnetic electrons on the
rungs.

+small terms: - - .
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APPENDIX \/E

The wave functions obtained at the DDCI2 level are de- +small terms: - -
veloped onto wave functions including up to 592 000 slater
determinantgaccording to the state and the geomgtnev- din.p.p. 0N+ o.n.n.0.d:
ertheless, their major contributions are within the CAS |¢D+)= —O.YA P<PxPyPy) |pxpx|0y|0y l +0.46
space. The CAS configurations of the computed wave func- \/E
tions are reported below, after relocalization of the optimized — — — — —
CAS orbitals. This was done by the mean of a procedure % — 2|dipupypyd;) +|dipxpyPyd;) +[dip.pypyd;)
based on Boys’ methdd. J6

In the rung geometry

dpp dipuPxPyd:) — |dippep,d:)
|¢ g>_084|dlppdj>_|d|ppdj> _o:I_LJJ I MXFXFy™) - iMxMxMyY;
s =Y.
V2 Y,

s —_— —_ — —_ - _Jdlapxpyay>_|pxpyaydjaj>
+0.4_‘Jdidipdj>_|didipdj>;|dipdjdj>+|dipdjdi> +0.07 V2

_——— = d;dipypepy) — | PxPxPyd d:
4P+ [PPdid) _ 0.04%i9iPxPxPy) — [PxPxPydid;)

+0.14 % +0.09d;d;d;d;) V2
+small terms: - -
+small terms: - -
d'pa>+|aip6d'> ,Jdipxaxpyay>_|pxaxpyaydj>
=0.9J S ) =+0.82
|¢Tp> \/5 |¢D_> \/z

‘o SJdiaipEj>+ |did;pd;)—|d;pd;d;)—[d;pd;d;) _o 31|dipxpypydi>_ |dipxpyPyd;)
. 8 2 . L \/E

y —2[dipypxPyd;) + |dipPxPyd;) + [ dipypypyd;)

b 1=0.6 dipp)+|ppd;) Ve

0.28

+small terms. - -

\/E -0 OchiaipxpyEydD—’_|dipxpyaydjaj>
+0 6(\_2|diadi>+|Eipdj>+|dipaj> \/5
o + 0.04919iP<PxPy) ~[P.PxPydidh)

+0.14diaidj>+|didjaj>+0.12diaip>_|pdjaj> V2

V2 V2 +small terms- - - .
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