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Electronic structure a8-NaV2O5: Wave-function-based embedded-cluster calculations
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Results ofab initio embedded-cluster calculations indicate that the doublet ground state of the V-OR-V rung
originates from a V 3dxy

1 –OR2py
1–V 3dxy

1 configuration. In the high temperature undistorted geometry the
unpaired electron on oxygen is low-spin coupled to the 3d electrons and spin density is equally distributed over
the vanadium ions. Based on this picture of the electronic ground state we propose a mechanism for the phase
transition at 34 K. We find that a symmetry-broken configuration,R(V i-OR),R(V j -OR), leads to Vi3dxy–
OR2py spin singlet formation and stronger Vi-OR bonding. We suggest that the onset of the phase transition at
34 K is driven by the shift of the bridging rung oxygen towards one of the V neighbors. The calculations
predict a reduction of the exchange coupling constant of about 25% when distorting the V-OR-V rung. At the
same time, structural distortions involving the OL leg oxygens induce alternation of the coupling constant and
therewith spin-gap behavior.

DOI: 10.1103/PhysRevB.67.035117 PACS number~s!: 71.70.2d, 75.50.Ee, 78.20.Bh
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I. INTRODUCTION

The coupling of charge, spin, orbital, and lattice degre
of freedom is essential in understanding the physics of s
eral classes of transition-metal materials. Typical examp
are the perovskite manganese oxides, where such an i
play is responsible for the complex phase diagrams and
usual physical properties. For NaV2O5 it is presently be-
lieved that correlation of the charge, spin, and lattice degr
of freedom is involved in the phase transition at about 341

Analysis of the specific-heat anomaly atTc'34 K ~Refs.
2–6! shows indeed that a large part of the associated entr
at least 75% according to Ref. 6, must be due to crysta
graphic distortions and/or charge redistribution within t
vanadium-oxygen layers. A smaller fraction, probably le
than 25%,6 is connected to the magnetic subsystem. T
temperature dependence of the dielectric function also
plays an anomalous behavior7,8 and confirms that at low tem
peratures~LT! charge redistribution occurs.

Crystallographically NaV2O5 consists of quasi-two-
dimensional layers of VO5 square pyramids, separated by N
ions. Within these layers the vanadiums are arranged
network of two-leg ladders. The basic unit of the electro
structure of this material is formed by the V-O-V rung. Ear
x-ray-diffraction ~XRD! measurements reported a nonce
trosymmetric geometry with V413d1–V513d0 charge sepa-
ration on the rungs of the ladder.9 However, later XRD~Refs.
10 and 11! and nuclear magnetic resonance~NMR! ~Ref. 12!
experiments showed that at room temperature all V ions
equivalent, presumably in a V4.51 average valence state
Based on density-functional band-structure calculation11

and model Hamiltonian studies,11,13 NaV2O5 was associated
to a quarter filled insulating ladder system. In this interp
tation thed electron is not attached to a single V ion, but
a V 3dxy–V 3dxy bonding molecular orbital, where thex and
y directions are, respectively, along thea and b axes of the
Pmmn reference system. The V-V rung molecular cluste
0163-1829/2003/67~3!/035117~7!/$20.00 67 0351
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are antiferromagnetically coupled along the legs of the l
der and form parallel quasi-one-dimensionalS51/2 Heisen-
berg chains. Such a spin model explains the behavior of
magnetic susceptibility at temperatures above 200 K.5,6

NMR ~Refs. 12 and 14! and XRD~Refs. 15–18! measure-
ments show that at least two inequivalent vanadium s
exist below 34 K. This inequivalency was associated to
2 V4.51→ V4.52dc1V4.51dc charge ordering process. Sever
charge ordered models have been proposed for the LT ph
based on either in-line19 or zigzag20–22 charge ordering. Re-
cent experimental results, i.e., the temperature dependen
the dielectric function,7,8 the anomalous x-ray scattering
the vanadiumK-edge,23,24 and the sound velocity data,25

seem to support a zigzag pattern as considered in Refs.
22. The authors of Refs. 18 and 24 also predict compe
stacking arrangements along thec axis, perpendicular to the
vanadium-oxygen layers.

A more recent interpretation of the electronic structure
NaV2O5 was derived from results ofab initio quantum
chemical embedded-cluster calculations.26 The analysis of
Ref. 26 indicates that the doublet ground state~GS! of the
V-O-V rung has actually predominant V 3dxy

1 –O 2py
1–

V 3dxy
1 character. The high temperature~HT! magnetic struc-

ture can still be described by a spin model similar to th
proposed by Horsch and Mack,13 with an effectiveS51/2
spin on each rung and antiferromagnetic~AFM! coupling
along the ladder. In this paper we extend the analysis of R
26 to the LT phase. We also propose a mechanism for
phase transition at 34 K. We argue that the charge redi
bution which occurs in theab plane at the transition point is
connected mainly to a zigzag ordering of the V ions and
the oxygens on the rung, OR , and not to V4.52dc–V4.51dc

electron localization.

II. COMPUTATIONAL INFORMATION

To determine the character of the GS and of the low
excitations below and aboveTc we have carried out elec
©2003 The American Physical Society17-1
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tronic structure calculations on@V2O9#92 clusters including
two VO5 pyramids on the same rung. Our analysis is ba
on the complete active space self-consistent field~CASSCF!
method,27 as implemented in theMOLCAS 5 package.28 The
CASSCF approach involves a partitioning of the occup
orbitals into two sets: inactive orbitals that are doubly oc
pied, and active orbitals with occupation numbers betwee
and 2. The cluster wave functions are obtained as linear c
binations of all the configurations that can be constructed
distributing the active electrons, i.e., those that are not in
doubly occupied inactive orbital set, among the active or
als. In NaV2O5 strong interactions across the V-OR-V rung
occur through 3dxy-2py-3dxy p overlap. A minimal CAS
should consist then of three active orbitals, the two V 3dxy
plus the bridging OR2py , and three active electrons. Here w
present results of such minimal CAS calculations. To ch
acterize and clarify the nature of the phase transition sev
geometric configurations have been considered. These
the PmmnHT crystal structure as determined by Meetsm
et al.,10 the Fmm2 LT configuration proposed by Berne
et al.,16 and theA112 lattice system reported by Sawaet al.17

Adjacent rungs on the same ladder are antiferromagn
cally coupled. In Ref. 26 we estimated the HT exchan
coupling constant along theb axis by applying a second
order perturbational treatment to the CASSCF refere
wave functions. This method is referred to as CASPT229

Due to so-called intruder states we used there the level
technique proposed by Roos and Anderson.30 Since for dif-
ferent level shifts slightly different values are obtained
the coupling constant, some degree of uncertainty was c
tained in the results. However, rather good agreement
found with the experimental estimates from Refs. 1,5 and
In this paper we analyze the spin-gap formation in the
phase. It has been suggested that the spin-gap origin
from an alternation of the exchange constantJ12J2 along
the quasi-one-dimensional spin chain,21 due to alternation of
the V-OL-V angles along theb axis,16 where OL is the bridg-
ing oxygen on the leg of the ladder. An unambiguous eva
ation of the alternation parameter is difficult by CASPT
because for adjacent V4 plaquettes,J1 and J2 reach con-
verged CASPT2 values when using different level shifts.
avoid intruder state problems and the use of level shifts
therefore resort to a variational approach, namely the dif
ence dedicated configuration interaction~DDCI! method.31,32

The states definingJ, i.e., the singlet and the triplet corre
sponding to low- and high-spin coupling of theS51/2 effec-
tive spins on each rung, are expressed in terms of CI exp
sions including single and double excitations from the C
reference wave functions. It has been shown31,33 that up to
second order double excitations from the inactive space
the virtual orbitals equally contribute to the energy eigenv
ues of the singlet and triplet states. Using the labels fr
Ref. 31, p, q, . . . for the inactive orbitals,a, b, . . . for
the active orbitals, andi , j , . . . for the virtuals, such exci
tations are denoted aspq→ i j . By excluding these doubly
excited determinants from the CI list, the size of the probl
is reduced considerably. This computational scheme pred
spin coupling parameters in excellent agreement with exp
mental data and has been successfully applied for the s
03511
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of magnetic interactions in several ionic insulators.34,35

DDCI calculations are computationally too expensive
NaV2O5, since the@V4O16#

142 cluster needed to extract th
coupling between spins on adjacent rungs is relatively la
and the reference active space consists of no less than
orbitals~four V 3dxy and two OR2py) and six electrons. For
this reason we employ the so-called DDCI2 scheme,31,34

where pa→ i j and pq→c j excitations are excluded als
from the CI expansion. DDCI2 usually yields 50–80 %
the experimental coupling constant.35 We show below that
even at this level valuable information can be obtained ab
the LT spin-gapped phase.

As described in previous work,26 we represent the long
range crystalline environment by a set of point charg
which reproduces the Madelung potential in the cluster
gion. The nearest vanadium and sodium neighbors are m
eled by total ion potentials.36 The cluster orbitals are con
structed as linear combinations of atomic natural orb
~ANO! Gaussian-type functions. We applied the followin
basis sets:37 V (21s15p10d6 f )/(6s5p4d1 f ) for vanadium
and O (14s9p4d)/(4s3p1d) for oxygen in the@V2O9#92

bi-pyramidal clusters; V (21s15p10d)/(5s4p3d) for vana-
dium, O (14s9p4d)/(4s3p1d) for OL , O (14s9p)/(4s3p)
for OR , and O (14s9p)/(3s2p) for the other oxygens, in the
larger @V4O16#

142 clusters, including two adjacent rungs o
the same ladder. The DDCI2 calculations have been
formed with theCASDI code.38

III. RESULTS AND DISCUSSION

A. The electronic ground state

Table I lists CASSCF results for the ground and first tw
excited states of a@V2O9# bi-pyramidal rung cluster. We
report relative energies, charge Mulliken populations~MP’s!,
and spin MP’s of the Vdxy and ORpy atomic basis functions
in three different geometries. In the HTPmmn crystal
structure,10 the point-group symmetry of the@V2O9# cluster
is C2v . The GS and the lowest excited doublet, which d
fines the optical gap, transform according to theA2 andB2
irreducible representations, respectively, and can be den
as 2A2 and 2B2. HT CASSCF results, discussed previous
in Ref. 26, are given in the first column of Table I. Accordin
to XRD crystal structure determinations, the symmetry of
rung cluster is lowered belowTc , either to Cs ,15,16 or to
C1

17 ~the actual LT crystal structure still is a source of co
troversy!. Results obtained in such low-symmetry geomet
configurations are shown in the second and the third c
umns. In the second column structural data from Ref. 16 w
used, where aFmm2 lattice system with alternating modu
lated and nonmodulated ladders is considered. In this mo
on adjacent ladders, the OR oxygens are either at equal dis
tances from the V ions of the same rung, or shifted towa
one of them. We analyze here only the rung with uneq
V-OR distances. For simplicity we use for each set of calc
lations notations corresponding toC2v symmetry, even if the
actual symmetry is lower.

The clearest picture is acquired for the quartet4A2: there
are three unpaired electrons, one OR2py and two V 3dxy ,
7-2
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ELECTRONIC STRUCTURE OFa8-NAV2O5: . . . PHYSICAL REVIEW B67, 035117 ~2003!
coupled to maximum spin. We list the Vdxy and ORpy
charge and spin populations of this state for comparison w
those of the doublets. This comparison clearly indicates
also the GS and the lowest excited doublet arise from
same V 3dxy

1 –OR 2py
1–V 3dxy

1 electronic configuration.
As illustrated in Table I, the low-energy electronic stat

have OR2py
1 character in all geometries. The major diffe

ence between the HT structure and the distorted config
tions concerns the GS spin coupling scheme. AboveTc

2A2
corresponds to a state where thed electrons are coupled to
triplet, and the spin on the bridging oxygen is doub
coupled to it. The spin density is equally distributed over
two vanadiums. In the low temperature crystal structures
V-OR distances are unequal. In Table I we chose VLe f t-OR
,VRight-OR . As a consequence, the OR 2py electron and the
nearest V 3dxy couple to a singlet, and spin density is loca
ized on the distant vanadium ion.

Transitions from the ground state to the2B2 state may be
induced byx-polarized light. We assign the2B2 doublet to
the peak observed at 0.9 eV in thex-polarized optical
absorption.39,40 This state implies a low-spin coupling of th
two d electrons, resulting in spin density localized on theR
oxygen. CASSCF calculations with three electrons and th
orbitals in the active space predict a2A2- 2B2 splitting of
about 0.7 eV in the HT crystal structure. The authors of R
41 pointed out that the position of the 0.9-eV peak har

TABLE I. Relative energies, charge MP’s, and spin MP’s for t
2A2 GS and the lowest two excited states,2B2 and 4A2, in high-
and low-temperature geometric configurations. CASSCF results
a @V2O9# cluster with three electrons and three orbitals in the ac
space. The spin MP’s are for maximum Ms .

Crystal Pmmn Fmm2 A112
structure

Rel. en.~eV!:
2A2 (GS) 0 0 0
2B2 0.69 0.84 0.75
4A2 0.99 1.08 0.99

2A2-MP8s: a

VRightdxy 0.9, 0.6 0.9, 0.8b 0.9, 0.8b

VLe f tdxy 0.9, 0.6 0.8, 0.3 0.9, 0.3
ORpy 1.0,-0.3 1.0,-0.2 1.0,-0.2

2B2-MP8s: a

VRightdxy 0.9, 0.0 0.9, 0.1 0.9, 0.0
VLe f tdxy 0.9, 0.0 0.9, 0.1 0.9, 0.1
ORpy 0.9, 1.0 0.9, 0.9 0.9, 0.9

4A2-MP8s: a

VRightdxy 0.9, 0.9 0.9, 0.9 0.9, 0.9
VLe f tdxy 0.9, 0.9 0.9, 0.9 0.9, 0.9
ORpy 0.9, 1.0 0.9, 1.0 0.9, 1.0

aFor each atomic orbital, the first number is the charge MP, and
second is the spin MP.

bVLe f t-OR,VRight-OR .
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depends on the temperature, with a blue shift of appro
mately 0.03 eV from 300 to 4 K. This suggests that t
change in the valence state of the V ions at the phase tra
tion is very small. Our estimates for the LT2A2-2B2 splitting
are in reasonable agreement with these experimental fi
ings. Thus the first absorption peak shifts to higher energy
0.15 eV in the geometric configuration reported by Bern
et al.,16 and 0.06 eV in the configuration of Sawaet al.17 The
GS total Mulliken charges of the VRight and VLe f t centers
differ by about 0.02e in the Fmm2 crystal structure and by
less than 0.01e in A112. By performing DDCI2 calculations
with a CAS reference including the two V 3dxy orbitals and
the OR2py , Suaud and Lepetit42 found in theFmm2 struc-
ture a charge disproportionation of 0.045e.

The results in Table I were obtained by using for each
of calculations identical embedding charges:13.0e for the V
ions, 21.0e for the rung and apex oxygens, OR and OA ,
22.0e for the other ligands, and11.0e for Na.26 We men-
tion, however, that the character and ordering of the low
states are unchanged when a so-called zigzag charge ord
structure, with zigzag V-V charge disproportionation, is us
for the embedding array.

States arising from configurations with a doubly occup
OR2py orbital are calculated at 5.5–6.5 eV. Our calculatio
overestimate their relative energy, due to the partial neg
of dynamical electron correlation and of electronic relaxat
effects in the crystal as response to the V 3dxy→OR2py

charge-transfer process.26 The OR2py
2 states can be repre

sented as2B2 (p2d2
1 ) and 2A2 (p2d1

1 ), whered2 and d1

are essentially the symmetric and antisymmetric combi
tions of the two V 3dxy orbitals and transform according t
the B2 and A2 irreducible representations, respective
whereasp has mostly OR2py character and belongs toB2.
When distorting the@V2O9# cluster, d2 and d1 become
right- and left-oriented linear combinations.2B2 (p2d2

1 ) can
explain the nature of the peak at 3.3 eV of thex-polarized
absorption spectrum.26 We also assign the features above 3
eV in both x and y polarizations to OA2p→V 3d charge-
transfer excitations. We note, however, that we cannot p
vide a simple explanation for the shoulder at 1.4 eV in t
x-polarized spectrum and they-polarized low-intensity exci-
tations at 1–2 eV.

The present study evidences that both above and belowTc
the doublet ground state of the V-OR-V rung has oxygen
2p-hole character. By distorting the rung, a spin singlet
formed on the side with the shortest V-OR distance. Com-
pared to the undistorted HT crystal structure, analysis of
cluster wave function indicates stronger 3dxy-2py bonding
for this V-O pair. In the following paragraphs we argue th
the onset of the phase transition at 34 K is related to
formation of such a spin singlet when the bridging rung ox
gen is shifted towards one of the V neighbors.

B. The phase transition

The XRD data15–17,43show that at low temperatures th
major crystalline distortions take place along thex and z
directions, and mainly involve displacements of the van
dium ions, the bridging OR and the apex ligands. Projecte

or
e

e
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L. HOZOI et al. PHYSICAL REVIEW B 67, 035117 ~2003!
on the x axis, the VRight-OR (VLe f t-OR) distance increase
~decreases! by about 3%.15–17We analyze in this section th
effect of shifting the rung oxygen along thex axis on the
cluster GS energy. Starting from the HT crystal structure
gradually change thex coordinate of this ion relative to th
adjacent V sites, by 1%, 2%,. . . , and 5%. We do no
modify the positions of the other atoms in the@V2O9# clus-
ter, neither the embedding. The effect of such distortion
illustrated in Fig. 1. We take as reference the energy of
undistorted cluster. The double-well dependence is still
tained when the lattice parameters are modified within65%.

Remarkably, the cluster GS energy displays a shal
double-well shape, reaching a minimum of 42 K for a d
tortion of 3%. These results suggest that a symmetry-bro
configuration, with the bridging oxygen forming a strong
bond with one of the vanadium neighbors, could be energ
cally favored. For comparison we plot in Fig. 1 the sam
dependency, GS energy versusdx, for a @V2O9# cluster in
CaV2O5. This material is isostructural with the high tem
perature NaV2O5. The V-O distances in the VO5 pyramids
are very similar in the two compounds. However, the ru
GS wave function has V 3dxy

1 –OR2p6–V 3dxy
1 character in

CaV2O5. We used for this set of calculations the crystal
graphic data reported by Onoda and Nishiguchi.44 In contrast
to NaV2O5, the potential-energy curve displays a steep pa
bolic behavior, with a minimal value fordx50. We reiterate
that the orbital occupation numbers and t
ordering of the low-energy states are unchanged when
torting the V-OR-V rung. For NaV2O5 we illustrate this in
Table II.

The results in Fig. 1 are rather qualitative. A detail
analysis would require a preliminary geometry optimizatio
as well as a study of basis set effects. To explain the valu
the transition temperature, the coupling between crysta
graphic distortions and lattice vibrations should be also ta
into account. Nevertheless, the shape of the potential-en
curve in Fig. 1 strongly suggests that the phase transitio
driven by such distortions of the rung oxygens. Moreover
this scenario the OR-OR Coulomb repulsion should produce

FIG. 1. The ground-state energy of a@V2O9# cluster when the
OR oxygen is shifted along the V-V rung, in NaV2O5 and CaV2O5

~see text!. The energy of the undistorted cluster is taken as re
ence.
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zigzagarrangement of the rung oxygens on the same lad
The other atoms in the crystal subsequently adjust to the
conformation, giving rise to the complex crystal structu
observed at low temperatures.

An OR-OR zigzag conformation is consistent with the e
perimental findings of Smirnovet al.7 and Poirieret al.8 The
dielectric anomalies observed near the transition poin7,8

show that belowTc an antiferroelectrically ordered structur
is formed in theab plane. The experimental data also ind
cate that the largest charge displacements occur along ta
axis. To explain the antiferroelectric~AFE! ordering, the
charge displacements should develop in opposite sense
neighboring sites. A zigzag arrangement of the rung oxyg
fulfills these requirements. It has been actually determin
that at low temperatures the OR oxygens form indeed a zig
zag, either on every second ladder,15,16or on all ladders.17 In
addition, according to Refs. 15–17, also the V ions are d
tributed in a zigzag manner, along each leg of these ladd
Since the two vanadiums and the OR oxygen of the same
rung are displaced along thea axis in opposite senses,15–17

the AFE ordering in theab plane can be naturally explaine
without invoking V4.52dc– V4.51dc charge disproportionation

C. Exchange interactions belowTc

CASSCF and iterative DDCI2~IDDCI2! intraladder
Heisenberg coupling constants are listed in Table III. It
well known that CASSCF calculations based on an act
space that contains the magnetic orbitals correctly reprod
the sign of the magnetic interaction, but the magnitude of
coupling parameter is severely underestimated. T
CASSCF accounts for the direct exchange plus the supe
change contribution of the Anderson model.45 Effects that go
beyond the CASSCF approximation, discussed by de L

r-

TABLE II. Relative energies, charge MP’s, and spin MP’s f
the 2A2 GS and the lowest excited doublet2B2 when the bridging
rung oxygen is shifted along thex axis ~see text!. CASSCF results
for a @V2O9# cluster with three electrons and three orbitals in t
active space. The spin MP’s are for maximumMs .

dx a 1% 3% 5%

Rel. en.~eV!:
2A2 (GS) 0 0 0
2B2 0.70 0.76 0.88

2A2-MP8s: b

VRightdxy 0.9, 0.7 0.9, 0.8 0.9, 0.8
VLe f tdxy 0.9, 0.5 0.9, 0.4 0.9, 0.3
ORpy 1.0,-0.3 1.0,-0.3 1.0,-0.2

2B2-MP8s: b

VRightdxy 0.9, 0.0 0.9, 0.0 0.9, 0.1
VLe f tdxy 0.9, 0.1 0.9, 0.1 0.9, 0.1
ORpy 0.9, 0.9 0.9, 0.9 0.9, 0.9

aVLe f t-OR,VRight-OR .
bFor each atomic orbital, the first number is the charge MP, and
second is the spin MP.
7-4
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ELECTRONIC STRUCTURE OFa8-NAV2O5: . . . PHYSICAL REVIEW B67, 035117 ~2003!
et al. in Ref. 46, can be incorporated by the DDC
technique.31 In the DDCI scheme the results are depend
on the orbitals. In the iterative DDCI the orbitals are o
tained in a self-consistent procedure.32 The authors of Ref.
32 proposed to construct orbitals by diagonalizing
singlet-triplet average DDCI density matrix; with this orbit
set, a new DDCI calculation is performed. The optimal
bitals for the property of interest are obtained by repeat
the procedure until self-consistency.

For theA112 LT crystal structure17 the calculated intral-
adder magnetic coupling constants are not equal on adja
V4 plaquettes~see the third column of Table III!. This result
supports the alternating-exchange chain model propose
Mostovoy et al.21 to explain the spin-gap formation at low
temperatures. A major difference between the conclusion
Ref. 21 and our study is that we find no significant V
charge disproportionation.

In the Fmm2 configuration,15,16 alternation of the
V-OL-V angles and V-V distances in theb direction, and
consequently alternation of the exchange coupling, occ
only on every second ladder~see Fig. 2!. The results in the
second column of Table III correspond to such
alternating-exchange ladder.47 However, by symmetry, the
spin moments on the remaining ladders should behave a
AFM uniform chain, which is inconsistent with the observ
spin-gap. Even if aFmm2 lattice system apparently cann
explain the spin-gapped state below 34 K, theJ values given
in the second column of Table III are illustrative for th
effect of various crystallographic distortions on the stren
of the magnetic coupling. In agreement with previo
estimates,16 our calculations indicate that the coupling p
rameter is more sensitive to the displacement of the bridg
OL oxygens along thea axis, than to the V-V dimerization
alongb. Thus, on adjacent V4 plaquettes, the alternating cou
pling parameters of2426 and2376 K are mainly due to
alternating OL-OL distances of 3.956 and 4.024 Å.

Within the alternating-exchange ladders of theFmm2
system the OR oxygens lie at the middle of the V-V rungs. I
contrast, in theA112 structure each rung oxygen is shift
towards one of the two vanadiums. The results in Table
suggest that such a distortion leads to a significant decr

TABLE III. Intraladder magnetic coupling constants in hig
and low-temperature geometric configurations. CASSCF and
DCI2 results for@V4O16# clusters including two adjacent rungs. Th
reference CAS contains six electrons and six orbitals.

Crystal Pmmn Fmm2 A112
structure

CASSCF :
J1 (K) -90 -99 -69
J2 (K) -90 -82 -58

IDDCI2 :
J1 (K) -398 -426 -299
J2 (K) -398 -376 -264
d a 0.06 0.06

ad5(J12J2)/(J11J2).
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of the exchange coupling constant. To separate the effec
shifting the rung oxygens from the effect of other distortion
we performed additional calculations in a@V4O16# cluster
where, except the rung oxygens, all the other ions are
crystallographic positions corresponding to the room te
perature structure. The two OR ions are shifted along thea
axis, as in the previous subsection, withdx563%. The
resulting coupling parameter is about 25% smaller than
value in the high-symmetry cluster,266 K by CASSCF and
2306 K by IDDCI2. Compared with the alternating
exchange ladder of theFmm2 crystal structure, the reduc
tion of the average magnetic coupling constant,J5(J1
1J2)/2, in theA112 system is approximately 30%.

As mentioned above, DDCI2 usually yields 50–80%
the experimentalJ ~see Ref. 35 and references therein!. Table
III shows that IDDCI2 reproduces;70% of the value de-
duced from magnetic susceptibility data for the HT pha
560– 580 K.1,5,6Although we cannot calculate coupling con
stants quantitatively, the data in Table III still allow us
predict the evolution of the intraladder exchange coupl
around the phase transition. Thus we found that distorting
V-OR-V rungs, the exchange coupling parameter decrea
by 25–30 %. At the same time, structural distortions invo
ing the OL leg oxygens induce alternation of the exchan
coupling parameter and therewith spin-gap behavior.
note that Gros and Valentı´48 explained the magnon dispersio
observed in neutron-scattering measurements by assu
below Tc a reduction of the intraladder average exchan
constant of 20–25 %. They also predict an exchange alte
tion parameterd5(J12J2)/(J11J2)50.034, smaller than
our estimates. Similar values for the alternation parame
d50.028–0.040, have been determined by Johnstonet al.6

from fits of the magnetic susceptibility. However, they a
sumed an effective exchange constantJ(T) which is either
constant or increases with decreasingT, due to spin-phonon
coupling.

IV. CONCLUSIONS

NaV2O5 was previously described either in terms of alte
nating V41(3d1) and V51(3d0) parallel chains1,9 or as a

FIG. 2. Adjacent V4 plaquettes on alternating-exchange ladd
in the Fmm2 ~a! andA112 ~b! crystal structures. Black, grey, an
white spheres represent vanadium, leg oxygen OL , and rung oxy-
gen OR sites, respectively.
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L. HOZOI et al. PHYSICAL REVIEW B 67, 035117 ~2003!
system of quarter filled V 3d0.5 ladders.11 Both models as-
sume a fully ionic picture of the material, with valence sta
of 22 for the oxygen ions. In contrast,ab initio quantum
chemical calculations26,49 indicate that the bridging oxyge
on the rung of the ladder, OR , and the apical ligand OA
should be considered as O2 ions, rather than O22. The cal-
culations show also that states arising from a configura
with a hole in the OR2p shell are the lowest in energy.26

We find that the ground state of the V-OR-V rung has
3dxy

1 –2py
1–3dxy

1 character. In the high temperature und
torted geometry the unpaired electron on oxygen is low-s
coupled to the 3d electrons and spin density is equally di
tributed over the vanadium ions. A preliminary analysis
the effect of distorting the V 3dxy

1 –OR2py
1–V 3dxy

1 rung on
the ground state energy reveals that a symmetry-broken
figuration, Vi-OR,V j -OR , with Vi3dxy–OR 2py spin singlet
formation and stronger Vi-OR bonding, can be energeticall
preferred. The energy gain calculated for this displaceme
small, but relaxation of the other atoms in the crystal is
pected to further stabilize the symmetry-broken configu
tion. We suggest that the energy gain upon the formation
the Vi3dxy–OR2py spin singlet, when the bridging rung oxy
gen is shifted towards one of the adjacent V ions, determ
C

v.
.

.
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.
.

hy
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.

ev
s
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d

M
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the onset of the phase transition at 34 K. This model d
involve charge redistribution, but not via significant V-
charge disproportionation.

Our results are able to explain the main features of
optical absorption and the AFM interaction along theb axis.
We attribute the peak at 0.9 eV to a state characterized
different spin coupling scheme among the valence V 3dxy

and OR2py electrons; the features above 3 eV are assigne
V 3d→OR2p and OA2p→V 3d charge-transfer excitations
We predict a reduction of the exchange coupling constan
about 25% when distorting the V-OR-V rung. At the same
time, structural distortions involving the OL leg oxygens in-
duce alternation of the coupling constant and therewith sp
gap behavior.
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