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Electronic structure and exchange coupling ina8-NaV2O5
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Band-structure calculations of the electronic structure ofa8-NaV2O5 were performed using the linear
muffin-tin orbital method within the local-density approximation~LDA !. The results of the calculations were
used to determine the parameters of an extended tight-binding model which describes the dispersion of the
bands formed by Vdxy orbitals and includes explicitly Vdxy–Opx,y hopping terms. It has been found that the
effective hopping betweendxy orbitals of V atoms placed at the opposite ends of consecutive rungs of a ladder
is comparable to the hopping along the leg of the ladder, which suppresses the dispersion of the upper pair of
V dxy bands. The electronic structure of different models for the charge-ordered low-temperature phase of
a8-NaV2O5 was studied using the LDA1U approach. The LDA1U ground-state energy was calculated and
compared for in-line and zigzag charge order in different magnetic configurations. The set of effective ex-
change constants between V41 magnetic moments was calculated by mapping to the ground-state energy of a
localized Heisenberg model.
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I. INTRODUCTION

Among other transition-metal oxides vanadates have
cently attracted special attention due to the observation of
low-temperature behavior typical for ‘‘heavy fermion’’ com
pounds in LiV2O4 ~Ref. 1! and a spin-Peierls-~SP-! like
transition ina8-NaV2O5.2 From the superstructure formatio
which gives rise to additional x-ray reflections atq

5( 1
2 , 1

2 , 1
4 ) and a drop of the susceptibility belowTc533 K

it was concluded thata8-NaV2O5 is the second inorganic S
compound after CuGeO3 ~Ref. 3! with the highest transition
temperature yet observed. In accordance with the orig
structure analysis4 the existence of two sets of inequivale
V51(S50) and V41(S5 1

2 ) sites already aboveTc was as-
sumed and the transition was supposed to be due to the
glet formation leading to a dimerization of spin–1

2 V41

chains along theb axis.
Further investigations have shown, however, that

compound does not undergo a conventional SP transit
X-ray diffraction experiments5,6 revealed that aboveTc
a8-NaV2O5 has a centrosymmetricPmmnstructure with one
type of V site rather than a noncentrosymmetricP21mn one
as it was previously supposed. This implies that the hi
temperature phase is a mixed valence compound and the
erage oxidation state of V ions is V4.51. Furthermore, only
one set of equivalent magnetic V sites is observed in NM
measurements.7,8 On the other hand, these experiments sh
that belowTc there exist two inequivalent V51 and V41 sites
which can be explained by assuming that a charge orde
PRB 620163-1829/2000/62~23!/15538~9!/$15.00
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~CO! transition occurs ina8-NaV2O5. Thermal-expansion
and specific-heat measurements9 also provide evidence fo
two almost coincident phase transitions aroundTc . The ap-
pearance of superimposed CO and SP transitions has
proposed within a theoretical model in Ref. 10.

Different models for the CO phase which account for sp
gap formation have been proposed.10–12 Although the low-
temperature crystal structure is known by now13 the associ-
ated CO model has not yet been determined unambiguou
The relevance of such a model can be verified by compar
of the calculated dispersion of magnetic excitations with
experimental one. Previous neutron scattering data14 did not
yet allow us to distinguish between different possibilitie
more recent experiments with higher resolution15 have im-
proved this possibility.16 The spin excitation spectra found i
Ref. 15 were discussed in Ref. 17 and for the various p
posed CO structures have been studied in detail in Ref. 1
should be noted that the theoretical spectra are rather s
tive to the actual values of exchange constants and thei
liable determination is a very important and challenging ta

It has been demonstrated recently for low carrier Yb4As3
~Ref. 18! that a comparison of the total energies calcula
on the basis of the LDA1U approach can provide valuabl
information on a relative stability of different CO phase
The same approach can be applied to study the energy
from the development of a particular kind of magnetic ord
within a given CO phase and to obtain realistic estimates
effective intersite exchange constants.

The paper is organized as follows. The theoretical
proach and the computational details are explained in Sec
15 538 ©2000 The American Physical Society
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PRB 62 15 539ELECTRONIC STRUCTURE AND EXCHANGE COUPLING . . .
Section III A presents the electronic structure ofa8-NaV2O5
calculated in the local spin-density approximation~LSDA!
approach and the tight-binding model constructed on
base of these calculations. The electronic structure calcul
for different models of the CO phase using the LDA1U
method is analyzed in Sec. III B while in Sec. III C the e
fective exchange coupling parameters between theV41 mag-
netic moments are estimated. Finally, the results are sum
rized in Sec. IV.

II. COMPUTATIONAL DETAILS

To analyze the details of the chemical bonding
a8-NaV2O5 we performed self-consistent band-structure c
culations using the structural data for the high-tempera
phase with the centrosymmetricPmmnstructure.5 The struc-
ture consists of double chains of edge-sharing distorted V5
pyramids running along the orthorhombicb axis. In theab
plane V sites form ladders with legs and rungs parallel tb
and a directions, respectively, with oxygen atoms placed
the rungs (OR) and at the legs (OL) of the ladder~cf. Fig. 3!.
The calculations were performed within the local-density
proximation~LDA ! to the density-functional theory using th
linear-muffin-tin orbital ~LMTO! method in the atomic-
sphere approximation19 ~ASA! with the so-called combined
correction term taken into account. The von Barth–He
parametrization for the exchange-correlation potential20 has
been employed. Application of the linear-muffin-tin orbit
LMTO-ASA method to compounds likea8-NaV2O5 with an
open layered structure can lead to erroneous results ca
by a large overlap of space-filling atomic spheres~AS! sur-
rounding each atom. The usual way to avoid this is to int
duce additional ‘‘empty’’ spheres~ES! between the AS. For
a8-NaV2O5 we inserted 12 ES into the simple orthorhomb
unit cell which reduced significantly the sphere overlap. T
calculations showed that the band structure is not sensitiv
the exact positions and radii of the ES as long as the ove
between the spheres is not too large. The Brillouin zone~BZ!
integrations in the self-consistency loop were performed
ing the improved tetrahedron method21 on a grid of 864k
points.

A realistic description of the electronic structure of t
low-temperature phase cannot be obtained without acco
ing for strong electronic correlations at V sites. This can
at least partially achieved by using the LDA1U approach.22

The LDA1U method is an efficient tool for calculating th
electronic structure of systems where the Coulomb inte
tion is strong enough to cause localization of the electron
works not only for nearly corelike 4f orbitals of rare-earth
ions, but also for transition-metal oxides, where 3d orbitals
hybridize quite strongly with oxygen 2p orbitals ~for a re-
view see Ref. 23!. In this method a new energy functional
defined by adding a Hubbard-like term to the LSDA tot
energy functional:

ELDA1U5ELSDA1EU2Edc, ~1!

whereELDA is the LSDA energy functional,EU takes into
account on-site Coulomb and exchange interactions, andEdc

is the so-called double counting term which subtracts
averaged Coulomb and exchange interactions already
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cluded intoEU. Neglecting nonspherical contributions to th
on-site Coulomb and exchange integralsU andJ theEU term
can be written as

EU5
1

2 (
s,i , j Þ i

~U2J!nisnj s1
1

2 (
s,i , j

Unisnj 2s , ~2!

wherenis is the occupancy of thei th localized orbital with
the spin projections. In the present work we use theEdc

defined as24

Edc5 1
2 UN~N21!2 1

2 J„N↑~N↑21!1N↓~N↓21!…. ~3!

Differentiating Eq.~1! over orbital occupancies gives the e
pression for the orbital-dependent one-electron potential:

Vs
LDA1U5Vs

LSDA1(
i

~U2J!~ 1
2 2nis!u is&^ isu, ~4!

where u is&^ isu is the projector onto the localized orbita
The screenedU andJ which are the parameters of the mod
can be determined from constrained density-functio
calculations.25 Alternatively, the value ofU can be obtained
from photoemission data.

The electronic structure of different models for the C
phase ofa8-NaV2O5 was calculated for the unit cell double
along theb direction. A lattice distortion caused by charg
ordering was not taken into account. To minimize possi
errors the total-energy calculations for the structures w
different charge and magnetic order were performed us
the same mesh of 256k points in the corresponding BZ an
with the same maximal angular quantum numbers used
decomposition of the LMTO wave functions.

III. RESULTS AND DISCUSSION

A. LDA band structure and TB parameters

The calculated LDA band structure and total DOS
a8-NaV2O5 ~Fig. 1! are in good agreement with the resu
obtained from FLAPW~Ref. 6! and pseudo potential26 cal-
culations. The lower part of the valence band is form
mainly by O 2p states with a bonding hybridization with V
3d states. It is separated by a gap of'3 eV from the bot-
tom of V 3d states which gives a predominant contributi
to the bands at and up to'4 eV above the Fermi level. I
should be noted that in contrast to experimental data L
predictsa8-NaV2O5 to be metallic.

Contributions from states of different symmetry (dxy ,
dxz , . . . ! to the density of Vd states are shown togethe

FIG. 1. LDA band structure and the total DOS calculated
a8–NaV2O5.
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with the density of Op states in Fig. 2. Compare again Fi
3 below for the orientation of the relevant orbitals with r
spect to the lattice, in particular the vanadium-oxygenxy
plane. The two Vd bands crossing the Fermi level and t
next two less than 1 eV above are formed mainly by Vdxy
states with OR p states giving significant contribution to th
upper two. In the simplest tight-binding~TB! model which
takes into account only the hybridization of Vd states withp
states of the nearest O atoms and neglects the distortion
tilting of the VO5 pyramid, the Vdxy orbital forms dpp
bonds with thepy orbital of the OR atom andpx,y orbitals of
the OL atoms in the base of the pyramid and does not
bridize with the nearest to V apex oxygen (OA above and
below the drawing plane of Fig. 3!. The states in the energ
range 1 –2 eV are mainly of Vdxz,yz character. They are
shifted to higher energy relative to Vdxy states by a smal
dps contribution of antibonding hybridization withps or-
bitals of the O atoms forming the base of the pyramid, wh
is due to a small displacement of the V ions out of the ba
plane of the pyramid. Finally, the bands above'2 eV origi-
nate from V 3dz2 and 3dx22y2 states which formdps anti-
bonding states with OA pz and OR,Lpx,y orbitals, respec-
tively. It is interesting to note that this picture of th
chemical bonding ina8-NaV2O5 with the bands crossing th
Fermi level formed by relatively weakly hybridized Vdxy
states is in some sense complementary to the case of lay

FIG. 2. DOS curves calculated for V 3d states of different sym-
metry and for 2p states of inequivalent oxygen sites ina8-NaV2O5.
nd

-

h
al

red

cuprates where the highest occupied states originate f
strongly antibonding Cudx22y2–Opx,y states ofdps charac-
ter. Here, the V ion resides in the interior of a pyramid who
basal square has its diagonals inx andy directions and whose
apex is on thez axis. Four of the fived orbitals of vanadium
can make bonds partially ofs character withp orbitals of
oxygen ions at the corners of the pyramid, except for thedxy

orbital, which for symmetry reasons can only makep bonds.
Hence, we havep bands around the Fermi level in an ion
icity gap of s bands, and vanadates arep-electron systems
This explains the small bandwidths already on the mean-fi
level.

The two pairs of bands formed by Vdxy are of key im-
portance for understanding the electronic properties
a8-NaV2O5. These bands are separated by a small gap
'0.2 eV from the higher bands with the splitting betwe
the pairs being'0.521 eV ~see Fig. 1!. The two bands
crossing the Fermi level exhibit rather strong dispers
along theG-Y direction and to a lesser extent alongG-X
whereas the other two bands are almost dispersionless
four bands show no appreciable dispersion along theG-Z
direction.

An effective TB model constructed so as to reproduce
calculated band structure is a very useful tool which helps
understand the details of the chemical bonding and can
used as a basis for construction of more involved many-b
Hamiltonians. Such a TB model for the four lowest-lying
3d bands ina8-NaV2O5 was proposed in Ref. 6. This simpl
model written in terms of effective V-V hopping integra
reproduces well the dispersion of the lower pair of the ba
and the average splitting between the pairs. However, it f
to account for the strongly suppressed dispersion of the
per two bands along theG-Y direction. Also, the model con
tains the hopping terms between rather distant V atoms an
is difficult to estimate in advance which of these term
should be included in the model.

Our aim is to explain the above-mentioned difference
the dispersion of the four Vdxy bands; therefore, we con
sider in the present paper an extended TB model base
explicit V-O hopping. As follows from the analysis of th
density of states~DOS! ~Fig. 2! and the LMTO eigenfunc-
tions, relevant for the TB model are Vdxy , ORpy , and
OLpx,y orbitals. To distinguish between two types of OL at-
oms surrounding a V site we shall use where necessary
notation OL8 for the oxygen atom lying at the continuation o
the V-OR-V rung whereas the atoms placed along the
chain running along theb direction will still be denoted as
OL . With the appropriate choice of a unit cell neither of th
V dxy–OL8py bonds crosses the cell boundary and the OL8py

orbitals can be excluded from the model, their effect be
taken into account implicitly via renormalization of the r
maining hopping terms. In other words,dxy in our model is
the antibonding Vdxy–OL8py molecular orbital~MO! rather
than the atomiclike Vdxy orbital.

The dispersion of the lower pair of Vdxy bands can be
reproduced already within the TB model which includes on
four hopping matrix elements@see Fig. 4~a!#. Strong V
dxy–ORpy hybridization (tVOR

51.7 eV) is responsible for
the splitting of the four bands into two subbands. The d
persion along theG-Y direction is due to Vdxy–OLpx hop-
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ping (tVOL
51.0 eV) whereas the band crossing in this

rection is provided by the directs hopping between OLpx
orbitals (tOLOL

50.6 eV). Finally, the small matrix elemen

tVV50.032 eV between Vdxy orbitals governs the disper
sion along theG-X direction. As was mentioned above w
assume in the model thatdxy is an antibonding Vdxy–OL8py

MO and the effectivetVV term includes not only direc
dxy–dxy hopping but also the hopping term of the same s
between OLpy orbitals participating in the MO. Moreover, a

FIG. 3. Schematic representation of the orbitals used for
extended TB model. OL8py orbitals included implicitly via renormal-
ization of the other hopping terms are plotted by dashed line.

FIG. 4. ~a! The dispersion of the Vdxy bands calculated from
the extended TB model with four hopping termstVOR

51.7 eV,
tVOL

51.0 eV, tOLOL
50.6 eV, andtVV50.032 eV~see text!. ~b!

The same as~a! but with additional hopping termstOROL

50.8 eV, tOROR
50.4 eV, andtVOR

8 50.025 eV which suppress
the dispersion of the upper pair of the bands.
-

n

OL atoms are slightly shifted away from the V chains ru
ning along theb direction the hopping terms between the
dxy orbital and thepy orbital of OL atoms from the same
chain give a nonvanishing contribution totVV . The sign of
this term is determined by the direction of the out-of-cha
displacement of OL atoms. For the experimentally observe
displacement toward the V atom from another ladder the s
is opposite to the sign of the directdxy–dxy hopping, thus
decreasing the effectivetVV .

To verify whether the compensation of the individual co
tributions to tVV really occurs we performed calculation
with an enlarged out-of-chain displacement of OL atoms
along thea direction. As a result of the OL shift V–OL and
OL8 –OL distances decrease by 1.5% and 1.8%, respectiv
while the V-V distances remain unchanged. If the
dxy–OLpy hybridization were weak one would expect
small increase of the splitting of the lower pair of Vdxy

bands at theG point due to strongerpy-py hopping. The
calculated splitting decrease, however, from 0.15 eV for
original structure to 0.08 eV for the distorted one, indicati
that the effectivetVV is very sensitive to the relative positio
of V and OL atoms.

As can be seen from Fig. 4~a! the TB model with the four
hopping terms gives nearly the same dispersion for b
lower and upper pairs of the Vdxy bands, and additiona
hopping terms should be included to reproduce the flatn
of the upper bands. We found that their strong dispers
along theG-Y direction can be suppressed@see Fig. 4~b!# by
‘‘switching on’’ ORpy–OLpx (tOROL

50.8 eV) and

ORpy–ORpy(tOROR
50.4 eV) hybridizations, both at least i

part of thes character. As the effect of both these terms
the dispersion is similar the values oftOROL

and tOROR
were

determined using their ratio estimated from the distances
tween the corresponding oxygen atoms and the mutual
entation of the orbitals. The remaining dispersion of the u
per pair of bands alongG-X is canceled by the hopping term
tVOR
8 50.025 eV between the Vdxy MO andpy orbital of the

OR atom from another ladder.
The dispersion of the lower pair of the Vdxy bands is not

affected by the three above-mentioned hopping terms as
of them act via ORpy orbitals which give only a small con
tribution to the corresponding wave functions. The analy
of the eigenfunctions shows that at theG point the V dxy
orbitals centered at the ends of a rung have the same ph
and, consequently, they are orthogonal to the ORpy orbital.
At the arbitraryk point the orthogonality is not perfect due t
the weak interladder coupling along thea direction but as the
corresponding hopping termtVV is very small the contribu-
tion of ORpy orbitals to the wave function remains neg
gible. On the contrary, the ORpy orbitals contribute strongly
to the wave functions of the upper pair of the Vdxy which
arep antibonding with respect to Vdxy–ORpy hybridization.

The conclusion can be derived that these additional h
ping terms are not important when describing the low ene
electronic excitations ina8-NaV2O5. This is true, however,
only for the high-temperature phase in which all V sites a
equivalent. BelowTc when V41 and V51 ions can occupy
different ends of the same rung the ORpy contribution to the

e



d
th

de

o
re
th

te
e
lo
ry
nd

er

he
u
-

xc
f

ib

o

re

th
d

on

f 3
b

-

ct

d

te
nly
ow

it

bly

mb

p of

-

long

ir

15 542 PRB 62YARESKO, ANTONOV, ESCHRIG, THALMEIER, AND FULDE
wave functions corresponding to the lowest Vdxy bands can
be substantial and the dispersion of these bands will be
termined to a great extent by the hopping terms in which
ORpy orbitals are involved.

Figure 4~b! shows that the proposed extended TB mo
reproduces the dispersion of all four Vdxy bands. The hop-
ping terms obtained from the comparison of this model t
TB model written in terms of effective V-V interactions a
close to those given in Ref. 6. An important difference is
appearance of an additional hopping termtd50.085 eV
which couplesdxy orbitals of V atoms placed at the opposi
ends of consecutive rungs of a ladder. This term has b
found to be of the same absolute value as the hopping a
the leg of a laddert i but of the opposite sign and is necessa
to compensate the dispersion of the upper pair of ba
along theG-Y direction produced by the latter. As botht i
and td give the contribution of the same sign to the disp
sion of the lower bands we have obtained the value oft i5
20.085 eV which is two times smaller compared to t
value of -0.17 eV found in Ref. 6. It should be pointed o
that the comparatively largetd can be responsible for ex
change coupling of V41 ions along theb direction which is
necessary to explain the strong dispersion of magnetic e
tations along theG-Y direction in the case of the ordering o
V41 into zigzag chains which is considered as a poss
low-temperature structure ofa8-NaV2O5.

B. LDA¿U results

The electronic structure of the low-temperature phase
a8-NaV2O5 was studied using the LDA1U approach. We
restricted ourselves to the consideration of CO structu
which are possible in the unit cell doubled along theb axis
thus neglecting the experimentally observed increase of
unit cell along thea andc axes. The lattice distortion cause
by CO was not taken into account and the atomic positi
determined for the high-temperature phase5 were used. The
LDA1U calculations were performed using the value o
eV for Ueff5U2J. The values of screened on-site Coulom
U54.1 eV and exchangeJ51.1 eV integrals were deter
mined from supercell calculations.25 The calculatedU is sig-
nificantly smaller thanU56.82 eV used for V41 ions in
a8-NaV2O5 in Ref. 27 which can be explained by the fa
that in our supercell calculations Vdz2 and dx22y2 orbitals
which form rather strongdps bonds with Op orbitals were
allowed to participate in the screening of excessive Vd
charge thus providing more perfect screening compare
the case when all Vd electrons are treated as localized.28

The electronic structure and total energies were calcula
for two models for the CO phase which have commo
been considered as possible candidates for the l
temperature structure. In the first model@Fig. 5~a!# magnetic
V41 ions form in-line chains along theb direction separated
by nonmagnetic chains of V51 ions. The second one@Fig.
5~b!# consists of zigzag chains of V41 ions occupying alter-
nating ends of consecutive rungs of a ladder. For each
these models different kinds of magnetic ordering of V41

moments were considered.
The band structure and the total DOS for the model w

the in-line CO and antiferromagentic~AF! ordering of V41

magnetic moments along the chains@cf. Fig. 5~a!# are shown
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in Fig. 6~a!. The two highest occupied bands that are dou
degenerate due to AF order are formed bydxy orbital com-
binations of the four V41 ions, thedxy states with opposite
spin are pushed to higher energies by the on-site Coulo
repulsionU. These almost dispersionless bands are'2 eV
above the Fermi level and are separated by an energy ga
'1 eV from the lowest unoccupied V51dxy band. In the
case of ferromagnetic~F! intrachain ordering and AF order
ing along thea direction @Fig. 6~b!# the hybridization be-
tween V41dxy orbitals along the chains via OLpx orbitals
leads to the appearance of relatively strong dispersion a

FIG. 5. ~a! In-line charge ordering of V41 ions. ~b! Zigzag
charge ordering of V41 ions. Big solid circles, V41 spin up; big
open circles, V41 spin down; small open and closed, circles V51.
The nominally V51 ions inherit a small spin moment from the
V41 partners in the same rung, see text.
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the G-Y direction. As a result of the band broadening t
correlation gap decreases to 0.7 eV.

The dispersion of the highest occupied V41 and the low-
est unoccupied V51dxy bands calculated for the zigzag C
model with either AF@Fig. 7~a!, spin pattern of Fig. 5~b!# or
F @Fig. 7~b!# ordering of V41 magnetic moments along th
zigzag chains is very similar to that obtained for the cor
sponding cases within the in-line CO model. These res
illustrate the importance of the above-mentioned effectivetd
hopping matrix element which couplesdxy orbitals of V ions
occupying the opposite ends of consecutive rungs of a
der. As in the CO phase the V ions at the ends of a rung

FIG. 6. LDA1U band structure and the total DOS for tw
different kinds of magnetic ordering of V41 moments within the
in-line CO model:~a! AF intrachain ordering;~b! F intrachain and
AF interchain ordering.

FIG. 7. LDA1U band structure and the total DOS for tw
different kinds of magnetic ordering of V41 moments within the
zigzag CO model with~a! AF intrachain and F interchain ordering
~b! F intrachain and AF interchain ordering.
-
ts

d-
re

no longer equivalent; in contrast to the LDA calculatio
ORpy orbitals contribute to the wave functions of the lowe
V41dxy bands and the hybridization via ORpy orbitals re-
sponsible fortd is ‘‘switched on’’ for these bands. Note tha
the resulting features of the band structures shown in Fig
are obtained from full LDA1U calculations independent o
the tight-binding model and hence prove the correctnes
our tight-binding model in this respect.

Another important consequence of the strong hopp
across the rung is that the V41dxy orbital can hybridize via
ORpy with the unoccupieddxy orbital of the V51 ion from
the same rung and the latter gives a substantial contribu
to the wave functions of the occupied V41dxy bands. This
partial delocalization of V41dxy states can lead to the ap
pearance of relatively long-range terms in a TB model
scribing the effective V41dxy–V41dxy hopping in the case o
the CO structure with one V41 ion per rung. The degree o
the delocalization depends on the relative energy position
the V41 and V51dxy states which can be rather sensitive
the changes of the V-O distances in the VO5 pyramid caused
by charge ordering. As a result of the V41dxy–V51dxy hy-
bridization the V41 spin magnetic moment, defined as a
integral of the electron spin density over the atomic sph
surrounding the ion, is smaller than the value of 1mB ex-
pected for spin1

2 and is equal to'0.9 mB for both zigzag
and in-line CO models. However, together with the mom
of about 0.1 mB inside the V51 sphere this gives the tota
magnetic moment of 1mB per rung. Just as for the TB
model this smearing of the V41 magnetic moment over the
rung can affect the parameters of the effective model
exchange interactions between V41 spins in the CO phase o
a8-NaV2O5.

The total energies obtained from the LDA1U calcula-
tions for the CO models with different kinds of magnet
order are summarized in Table I. The lowest total energy
calculated for the zigzag CO model with AF alignment
V41 moments along the chains and F inter-chain order
@Ea f

z , Fig. 5~b!#; the energy of the same model but with A
interchain ordering (Eaa

z ) being only 2 meV higher. The dif-
ference between the lowest energies of the considered
models is found to be 15.5 meV. Comparison of the to
energies of the models with different types of magnetic or
indicates clearly that AF intrachain magnetic order is pref

TABLE I. The total energies per formula unit calculated wi
the LDA1U method for various models for charge and magne
ordering ina8-NaV2O5. The lowest energy of the zigzag CO mod
with AF intrachain and F interchain magnetic ordering is taken
zero energy.

Magnetic order
Model Charge order intra inter E~meV!

Ea f
z zigzag AF F 0.0

Eaa
z AF AF 2.0

Ef f
z F F 13.9

Ef a
z F AF 20.8

Ea
i in line AF 15.5

Ef f
i F F 27.5

Ef a
i F AF 32.5
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able for both in-line and zigzag CO models. Calculatio
were also performed for some other models for CO poss
in the 13231 supercell but their total energies were fou
to be much higher than those of the zigzag and in-line m
els. For example, an interchange of V41 and V51 at every
second ladder in the in-line CO model leads to double cha
along theb direction. This increases the total energy by 1
meV. Another possible type of CO is a structure with one
two rungs doubly occupied by V41 ions. We have found
however, that the formation of the doubly occupied ru
results in the energy loss of about 100 meV.

The conclusion derived from the LDA1U calculations
that the zigzag CO model@Fig. 5~b!# is more favorable than
the in-line one is supported by recent experimental data
the temperature dependence of the dielectric constan
a8-NaV2O5.29,30The observation of steplike anomalies atTc
suggests that the low-temperature structure is of the ant
roelectric type which is consistent with the zigzag C
model. The in-line CO model, on the other hand, cor
sponds to the ferroelectric ordering with the spontane
electric polarization along thea axis in which case a peak i
the temperature dependence of the dielectric function sh
be observed.

C. Effective exchange constants

Effective exchange constants between V41 spins are nec-
essary input values for theoretical models aimed at the
scription of magnetic excitations ina8-NaV2O5. In the
present work they were estimated by mapping the LDA1U
total energies onto the mean-field energy of a localiz
Heisenberg model. Assuming that the total-energy diff
ences between the configurations with the same CO but
ferent orientations of V41 magnetic moments are due to th
change of the magnetic energy written as a sum of pair
teractions of the Heisenberg form one can express the
change constants in terms of the total-energy differen
The corresponding expressions for the exchange param
introduced for the zigzag (J0 ,J2) and in-line (J1) CO mod-
els ~Fig. 5! are

J0522@~Eaa
z 2Ea f

z !1~Ef a
z 2Ef f

z !#,

J15~Ef f
i 2Ea

i !1~Ef a
i 2Ea

i !,

J25~Ef a
z 2Ea f

z !1~Ef f
z 2Eaa

z !,

where all the energies are given per formula unit, the up
index specifies the CO model whereas the first and the
ond letter in the subscript denotes the kind of the intrach
and interchain magnetic ordering, respectively. Here we
sume additionally that the absolute value of V41 spin is
equal to1

2 and remains constant. Similar expressions can
written for J3 andJ38 exchange parameters.

The effective exchange coupling parameters calcula
from the LDA1U total energies are given in Table II. W
found that the most important parameters areJ1
529.0 meV andJ2532.7 meV responsible for the ex
change coupling along the in-line and zigzag chains, resp
tively. While the exchange coupling along the in-line cha
is provided by the superexchange via OL2px orbitals the
mechanism forJ2 is less obvious. It can be explained by th
s
le
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effective hopping of V413dxy orbitals via OR2py–OL2px

and OR2py–OR2py paths taking into account the large va
ues of the corresponding hopping termstOROL

andtOROR
~see

Sec. III A! obtained from the TB fit to the LDA results. Th
important point here is that in contrast to the LDA results,
the case of the CO phase with inequivalent V ions at the e
of a rung, the OR2py orbital contributes to the wave func
tions of occupied V41dxy bands. An additional contribution
to J2 can appear as a result of the above-mentioned pa
delocalization of the V41dxy orbital over the rung due to its
hybridization with thedxy orbital of the V51 ion. Then, these
delocalized orbitals of adjacent rungs can hybridize via OLpx
orbitals which gives an additional channel for the interact
between V41 spins.

The calculated exchange constants are smaller than
value of 560 K ~48.3 meV! estimated from the high-
temperature magnetic susceptibility using the formulas
the spin-12 chain.2 However, the present calculations we
performed for the case of nearly complete charge orde
and it is difficult to compare the results to those obtained
the high-temperature phase with the average oxidation s
of V ions being V4.51. Another possible reason for the dis
crepancy is that the on-site Coulomb repulsionU derived
from the supercell calculations may be overestimated lead
to underestimated values of the exchange parameters
deed,J1 and J2 calculated withUeff52 eV are about 60
meV which is already larger than the experimental value

An important consequence of the fact that the intrach
exchange coupling for both CO models is of compara
strength is that the experimentally observed strong disper
of magnetic excitations in theG-Y direction can be explained
not only in the case of the in-line CO model but also with
the CO model with the zigzag ordering of V41 ions. A de-
tailed study of the magnetic excitations ina8-NaV2O5 using
the calculated exchange parameters has been given in
16.

The interchain coupling is determined by ferromagne
effective exchange constantsJ3525.0 meV for the in-line
CO model andJ05218.0 meV andJ38524.9 meV for the
zigzag one. This surprisingly large value ofJ0 questions the
applicability of the model of weakly coupled AF V41 zigzag
chains. However, at least for small deviations from t
ground state with AF intrachain ordering the energy g
from ferromagnetic alignment of the V41 moments coupled
by J0 is almost exactly compensated by the energy loss
to antiparallel alignment of the moments coupled byJ38 . As
a result of this compensation the total energiesEa f

z andEaa
z

TABLE II. The effective exchange-coupling constants calc
lated from the LDA1U total energies for the in-line and zigzag C
models.

CO J(meV)

J1 in line 29.0
J3 25.0

J0 zigzag 218.0
J2 32.7
J38 24.9
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of two configurations with different alignment of the neare
V41 moments differ by 2 meV only.

The effective hopping betweendxy orbitals of the neares
V ions is much smaller than the hopping along the ladd
and it can hardly account for the large ferromagneticJ0. The
dominant mechanism responsible for this interaction is
almost 90° exchange caused by the hybridization of
V41dxy orbital via OLpx,y states to unoccupieddxz,yz and
dx22y2 orbitals with the same spin projection of the V41 ion
from the adjacent ladder. As the latter states are split
'1 eV by the on-site exchange coupling the energy g
from this hopping depends on the relative orientation of
V41 magnetic moments and reaches its maximal value w
the moments are ferromagnetically aligned. To verify th
this mechanism is the most important one we have de
mined J0 from test calculations with the on-site exchan
interaction switched off which was achieved by averag
the LSDA exchange-correlation potential for the major
and minority spin electrons.J0 calculated in this way was
found to be ten times smaller in absolute value and of op
site sign which confirms that it is really governed by t
on-site exchange. On the other hand, calculated in the s
mannerJ2 does not change so drastically as it is determin
mainly by the on-site Coulomb repulsionU.

As the V41 ions coupled byJ3 andJ38 occupy equivalent
crystallographic positions one can suppose that the value
these exchange parameters should be close to each othe
their difference can be used to check the numerical accu
of the total-energy calculations. Indeed, the calculated va
of J3 and J38 differ only slightly which confirms that the
calculations were performed with sufficient accuracy.

To our opinion this relatively strong exchange couplin
considering the large distance between the correspon
V41 ions, is caused by the partial redistribution of a V41

spin betweendxy orbitals of V41 and V51 ions from the
same rung. The mechanism responsible forJ3 andJ38 is simi-
lar to that forJ0 with the important difference that for th
former the hybridization path betweendxy and unoccupied
dxz,yz orbitals is longer and includes additionally ORpy and
V51dxy states which leads to a significant decrease ofJ38
compared toJ0.

*Permanent address: Institute of Metal Physics, 36 Vernad
Blvd., 252680 Kiev, Ukraine.
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IV. SUMMARY AND CONCLUSIONS

The extended TB model based on explicit V-O hoppi
which describes the dispersion of the four bands formed
V dxy states has been constructed by fitting the paramete
the band structure ofa8-NaV2O5 calculated using the
LMTO method. Taking into account the hopping terms b
tween oxygenp orbitals allows us to reproduce the su
pressed dispersion of the upper pair of Vdxy derived bands.
The Op–Op hybridization is especially important in the cas
of the CO phases as it affects the dispersion of the occu
V41dxy bands and leads to an important additional hopp
term in an effective vanadium-only tight-binding mode
which has not been considered previously.

From the results of LDA1U calculations performed for
different models for the CO phase ofa8-NaV2O5 it has been
found that the energy of the CO model with zigzag order
of V41 ions is lower than the energy of the in-line C
model. Relatively strong dispersion of V41 dxy bands is ob-
served for both CO models when V41 moments are ordered
ferromagnetically along the corresponding chains.

Effective exchange constants between V41 magnetic mo-
ments were determined from the comparison of the LD
1U total energies calculated for different kinds of M
within the zigzag and in-line CO models. It was found th
for both CO models the strongest exchange interaction is
AF intrachain coupling, whereas the coupling between
moments of the nearest V41 ions in the case of the zigza
CO model was found to be ferromagnetic. The calcula
exchange constants are compatible with the experime
values determined from the high-temperature susceptibi
The calculated intrachain exchange coupling for both in-l
and zigzag CO models is of comparable strength. The imp
tant consequence is that the experimentally observed st
dispersion of magnetic excitations in theG-Y direction can
be explained not only in the case of the in-line CO but a
within the CO model with the zigzag ordering of V41 ions.
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