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Motivated by an early experimental study of VOSeO3, which suggested that it is a quasi-two-dimensional
system of weakly coupled spin dimers with a small spin gap, we have investigated the electronic structure of
this material via density-functional calculations. Theseab initio results indicate that the system is better
thought of as an alternating spin-1/2 chain with moderate interchain interactions, an analog of (VO)2P2O7. The
potential interest of this system for studies in high magnetic field given the presumably small value of the spin
gap is emphasized.
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The search for low-dimensionals5 1
2 materials with a

singlet-triplet gap in the spin excitation spectrum has bee
very active field of research since the discovery of highTc

superconducting cuprates. The original motivation ca
from the possible connection between spin gap and su
conductivity, an issue still intensely debated in the contex
cuprates. It became clear, however, with the extensive in
tigation of spin ladders that even purely insulating magn
with a spin gap can exhibit a very rich physics.1,2 The basic
idea is quite simple:3 When the gap of a system consisting
weakly coupled dimers is closed by a strong enough m
netic field, some dimers are promoted to triplets. These t
lets behave as a gas of quantum particles, and they can
dergo different kinds of phase transitions as a function
magnetic field or temperature depending on dimensiona
topology, etc. To reach this regime however, one needs
tems with moderate gaps—up to 20 K or so. This is
typical range of magnetic coupling in organic materials, a
the first investigations have been accordingly carried out
organic systems. These systems are tricky however,
even the most extensively studied organic ladd
Cu2(C5H12N2)2Cl4, is still a subject of debate an
controversies.2,4 The difficulties with organic systems ar
twofold: the exchange paths are not directly evident on
basis of the structure, and it is in most cases impossibl
grow large single crystals.

These problems are usually much easier to solve in in
ganic transition-metal compounds. The main difficulty the
comes from the order of magnitude of the exchan
integrals—typically several hundred degrees Kelvin—bu
the geometry is such that the exchange integrals are red
substantially in the spirit of the Goodenough-Kanamo
Anderson rules,5 then the low-temperature properties a
usually easier to reach. Several qualitatively different clas
of behavior have been identified so far in this family, amo
which are incommensurate spin-spin correlations in the s
Peierls high-field phase of CuGeO3,6 magnetic-field-induced
long-range order in TlCuCl3 and KCuCl3,7,8 and magnetiza-
tion plateaux9 in SrCu2(BO3)2 due to magnetic-field-induce
localization of spin triplets. The behaviors reported so far
not exhaust the possibilities though.
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In that respect, the vanadyl system VOSeO3 is potentially
very interesting. This compound was first investigated
Trombeet al.,10 who synthetized the system, determined
structure, and measured the temperature dependence o
susceptibility. They concluded that the system consists
weakly coupled dimers, and that the residual couplings
presumably of two-dimensional character. Besides, altho
the susceptibility data reported by Trombeet al.do not allow
the determination of the spin gap because of a large C
tail, the location of the maximum of the susceptibility su
gests that the gap is probably in the appropriate range to
closed by a magnetic field. However, the details of the do
nant interactions, their origin, as well as the role of the act
orbitals at the Fermi surface could not be quantitatively d
cussed in that work, and the conclusions are only preli
nary.

In order to check the validity of this analysis, and in pa
ticular to determine whether the couplings are indeed es
tially two dimensional, we have performed anab initio cal-
culation of the electronic properties of this system, follow
by a tight-binding-downfolding analysis in order to defin
the important hopping parameters in this compound. As
shall see, the emerging picture is somewhat different,
though not less interesting, than that guessed by Trom
et al.10

In order to understand the electronic behavior of this s
tem, an examination of the crystal structure is essen
VOSeO3 crystallizes in the monoclinic space groupP21 /c
with lattice parameters a54.017 Å, b59.788 Å, c
58.001 Å,b599.42°, and it contains four formula units pe
primitive unit cell.10 The vanadium ions V41 form square
pyramids with the neighboring oxygens. Two adjacent
and down square pyramids share an edge and build dim
@V2O8#82 units. These units form chains along thex direc-
tion @see Fig. 1~a!# and are linked through Se atoms in theyz
plane as shown in Fig. 1~b!. The vanadium atom in the
square pyramid is shifted towards the apex oxygen and fo
a short vanadium-oxygen bond (d51.611 Å) characteristic
of a vanadyl ion VO21. The distance between two V41 ions
within the dimeric unit isd53.175 Å, while the distance
between two dimeric units alongx is d54.015 Å and along
z is d54.841 Å.
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We have carried out a first-principles study based on
density-functional theory~DFT! in order to derive the elec
tronic properties of VOSeO3. We have used the generalize
gradient approximation11 ~GGA! in order to include the non
local effects within the gradient approximation to go beyo
the local-density approximation~LDA !. Calculations have
been performed within the framework of both the fu
potential linearized augmented plane-wave~LAPW! method
based on WIEN97 code12 and the linearized muffin-tin
orbital13 ~LMTO! method based on the StuttgartTBLMTO-47

code. The results obtained by both methods are in agreem
with each other. In the LAPW calculations, we set the ene
threshold between core and valence states at26 Ry. For the
number of plane waves, the used criterion was muffin
radius multiplied byKmax ~for the plane waves! yielding a
value of 7.5. The muffin-tin radii considered wereRSe
51.7 a.u., RV51.5 a.u., andRO51.4 a.u. For the LMTO
calculations, the basis set consisted ofs, p, andd on Se, V,
and O atoms. Thes andp channels on Se,s, p, andd chan-
nels on V, andp channels on O site were considered to
active, while the rest was downfolded. The partitioning

FIG. 1. Crystal structure of VOSeO3 projected in the~a! zx
plane and~b! yz plane. The large black circles are V41 in a square
pyramid environment of oxygens~small white circles!. Se atoms are
represented by gray balls. The rectangle in~b! shows the unit cell.
Shown in this figure are also the relevant hoppings in this mate
e
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the space into spheres was carried out ensuring that the o
laps between different atomic spheres do not exceed 1
Ten different classes of empty spheres were used to fill
space. Thirty-six inequivalent samplingk points and the
modified tetrahedron method14 were used for the Brillouin-
zone integration during the self-consistent iterations.

In Fig. 2, we show a plot of the band structure along t
symmetry pathG-B-D-Z2G-Y-E in the Brillouin zone. This
system shows four narrow bands~four since the unit cell has
four vanadium atoms! at the Fermi level with a bandwidth o
about 0.5 eV. These bands are of vanadium 3dxy character
~in the local frame of reference with thez axis pointing along
the axis connecting the vanadium ion and the apical oxy
of the square pyramid! with small mixing of oxygenp char-
acters. They are separated by a gap of about 2 eV from
lower valence bands and a gap of 0.1 eV from the high
unoccupied conduction bands. The system is half filled a
the insulator behavior observed in this system should be
plained by the effect of electron correlation which is n
taken fully into account in the LDA or GGA calculations
Note that the dispersion along thex axis ~chain direction! is
small, while in theyz plane the dispersion is of about 20
meV. This behavior already indicates that the important
teractions in this system will be in theyz plane. We shall
analyze this point in more detail in terms of an effecti
Hamiltonian with parametrized hopping integrals.

We have employed LMTO-based downfolding15 and
tight-binding analysis on theab initio results to obtain an
effective few-orbital tight-binding description of this mate
rial. The downfolding method consists in deriving a few
orbital effective Hamiltonian from the full LDA or GGA
Hamiltonian by downfolding the inactive orbitals in the tai

l.

FIG. 2. Band structure for VOSe3 along the pathG5(0,0,0),
B5(2p,0,0), D5(2p,0,p), Z5(0,0,p), G,Y5(0,p,0),
A5(2p,p,0), E5(2p,p,p). The boxes indicate the band cha
acter in the local coordinate system.
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AB INITIO INVESTIGATION OF VOSeO3: A SPIN . . .
of the active orbitals kept in the basis chosen to describe
low-energy physics. This process results in renormalized
fective interactions between the active orbitals, Vdxy in the
present case. By Fourier transforming the downfold
HamiltonianHk→HR ,

HR52(
i , j

t i j ~cj
†ci1ci

†cj !1e0(
i

ni , ~1!

one can then extract the effective hopping matrix elementt i j
between the vanadium ions.e0 is the corresponding vana
dium on-site energy. The comparison between downfold
tight-binding bands and the DFT bands are shown in Fig
The band dispersion of the four-band complex close to
Fermi level can be reproduced well by considering a f
short-ranged hopping parameters~see Fig. 1!: td is the in-
tradimer hopping between two edge-sharing V41O5 pyra-
mids and it is expected to give the largest contribution si
it corresponds to a superexchange path V-O-V (a;103°).16

Its value is essentially related to the width of the four-ba
set. In Fig. 4, we show the projection of the electron dens
on thezy plane@compare with Fig. 1~b!#, where the contri-
bution of the Vdxy-O p-V dxy path to the intradimer cou
pling can be clearly identified.

The next important hopping integral ist2 which describes
the interdimer coupling along thez direction. Other hopping
parameters in theyz plane,t4 , t1 , t3, are smaller but non-
negligible. They are responsible for the band splitting alo
GD and dispersion alongZY. Note that the paths describe
by t3 and t4 are not equivalent as can be observed in
electron-density plot of Fig. 4~compare with Fig. 1!. The
hopping integral along the chain directionx, tx proves to be
very small, which indicates that this interaction path is ne
ligible. This is to be expected from the fact that the act
dxy orbital defined in the rotated local frame of referen
with thez axis turned along the vanadium-apical oxygen h
a very weak interaction with the apical oxygenp orbital. Still

FIG. 3. Comparison of the downfolded-tight-binding ban
~solid lines! with the DFT bands~dotted lines!. The tight-binding
parameters~see Fig. 1! are ~in eV! td520.083, t2520.079,
t150.012, t350.005, t450.040, tv520.040, ts50.016,
e0520.034, tx50.0.
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there are two more parameterstv and ts which are not to be
neglected, since they are responsible for the band split
along the pathDZ and dispersion alongYA. This system
shows a very similar behavior to CsV2O5 ~Ref. 17! as well as
(VO)2P2O7 ~Ref. 18! though in those cases important pat
of interaction were provided through V51O4 and P51O4 tet-
rahedron groups, respectively, which are not present
VOSeO3. Instead, Se41O3 trigonal pyramid groups contrib
ute decisively to the interdimer interaction paths in VOSeO3.
Those groups can be considered as playing the equiva
role to the tetrahedron groups in the above-mentioned c
pounds.

A detailed comparison between the hopping parameter
VOSeO3 and CsV2O5 ~Ref. 17! confirms the similitude of
their behavior~comparetd , t2 , t4 with t1 , t3 , t5 in Ref. 17!.
There is a quantitative distinction though between both s
tems, which is related to the band splitting in VOSeO3 along
the pathDZ described by the hopping parameterstv and ts
which is not present in CsV2O5.

The analysis of the effective tight-binding model fo
VOSeO3 leads us to conclude that this system shows
coupled spin dimer behavior with important interdimer co
pling along thez direction and moderate to negligible cou
plings alongy and x. This picture provides a quantitativ
description of the important interaction paths in VOSeO3 as
opposed to that of Trombeet al.10 on the basis of their sus
ceptibility data.

The exchange integralJ can be expressed, in general, as
sum of the antiferromagnetic and ferromagnetic con
bution,19 J5JAF1JFM. In the strongly correlated limit, typi-
cally valid for vanadates and cuprates, the antiferromagn
contributions are often19–22 related to the hopping integral
in the spirit of the one-band Hubbard model asJi j

AF

54t i j
2 /(U2Vi j ), whereU andVi j are the on-site and inter

site Coulomb interactions, respectively. This approach
pends on the choice ofU andV, for which still no satisfac-

FIG. 4. Projection on thezy plane of the electron density fo
bands close to the Fermi level~compare with Fig. 1!. Note the
V dxy-O p-V dxy paths contributing to the intradimer coupling i
VOSeO3.



is

al

nt
el

to
o
ha
fig
si
th
t r

d
tin

on
en
o
-

on
e

-
ate

i-

os-

ng
e

en-
. It
ies

ap

he
ors-
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tory first-principles way of estimation exists. Also th
approach does not explicitly deal with the question ofdouble
countingthat might be important, since the hopping integr
extracted from the DFT-LDA~or GGA! already include a
part of the correlation effect. In that respect,U2Vi j may be
thought of as an additional correlation effect not taken i
account in the LDA or GGA. This approach has been wid
applied with success in many cases.19 Attempts to directly
compute the exchange integrals by comparing the LSDA
tal energies of different spin configurations to that
Heisenberg-like models are faced with the problem t
sometimes the result depends on the choice of spin con
rations. Another alternative approach is based on expres
the exchange coupling as the second derivative of
ground-state energy with respect to the magnetic-momen
tation angles done within the LDA1U approach.23

We are interested here in providing an order of magnitu
estimate for the exchange integral relating to the domina
intradimer interaction parametertd which corresponds to a
V-O-V superexchange path. Taking into account all the c
siderations discussed above, this estimate should be tak
a hint estimate. We neglect for the estimate the intersite C
lomb repulsionVi j . Values ofU;4 –5 eV have been pro
posed for other vanadyl systems.19 Assuming that this value
L.P
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is similar for VOSeO3, we get aJd
AF;5 meV;55 K. Since

the V-O-V anglea;103°, it is to be expected that theJd
FM

contribution due to the Goodenough-Kanamori-Anders
rules5 will have a nonzero value which will reduce the valu
of the total Jd somewhat.20 After all the above consider
ations, we note that the obtained order of magnitude estim
Jd;55 K is not very far away from theJ value obtained by
Trombeet al. (J;30 K) from the analysis of their suscept
bility data.

In summary, we have investigated in this paper the p
sible interaction paths of VOSeO3 by anab initio study and
concluded that VOSeO3 can be described as an alternati
spin-1/2 chain with moderate interchain interactions. W
hope that the present results will motivate further experim
tal efforts to understand the properties of this system
would be particularly interesting to investigate its propert
under high magnetic field, since its topology isa priori dif-
ferent from that of other materials in which the spin g
could be closed.
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14P.E. Blöchl, O. Jepsen, and O.K. Andersen, Phys. Rev. B49,

16 223~1994!.
15O.K. Andersen and T. Saha-Dasgupta, Phys. Rev. B62, R16 219

~2000!, and references therein.
16D. Beltrán-Porter, P. Amoro´s, R. Ibáñez, E. Martı´nez, and A.
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