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Band-structure calculations in the local spin-density approximation for the vanadium oxide Sb2O2VO3 have
been performed to estimate its hopping and exchange parameters. Comparing it with other one-dimensional
cuprates and vanadates, we find Sb2O2VO3 to be one of the most ideal inorganic spin-1/2 chain compounds
synthesized so far. In connection with the observed spin gap, our results suggest Sb2O2VO3 to be an ideal
spin-Peierls compound, with a 25 times smaller exchange interchain coupling and a four times smaller frus-
tration than in CuGeO3.
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It was theoretically predicted that an ideal one-
dimensional spin-1/2 chain compound should have a dimer-
ized spin-Peierls ground state1 due to the spin-lattice interac-
tion. That is in close analogy to the instability of a one-
dimensional metal by the Peierls effect.2 The first
observations of spin-Peierls transitions were achieved in or-
ganic materials.3,4 Recently, a major breakthrough in the field
was reached by the discovery of the first inorganic spin-
Peierls compound CuGeO3,

5 which allowed experiments
with incomparable accuracy. However, detailed band-
structure calculations revealed6,7 that CuGeO3 is far from an
ideal one-dimensional compound, having appreciable inter-
chain couplings. In fact, the spin-Peierls transition in
CuGeO3 is more driven by the magnetic intrachain frustra-
tion (the exchangeJ8 to second neighbors) than by the spin-
lattice interaction. Indeed, it is known that a ratioJ8 /J
(whereJ is the nearest-neighbor exchange) that exceeds the
critical value of 0.241(Ref. 8) already leads to a spin gap
without any spin-lattice interaction, and CuGeO3 is believed
to have parameters close to that value.9,10

The absence of a pseudogap above the transition tempera-
ture is another sign that CuGeO3 does not behave like a
classical spin-Peierls system.11 It might be caused by the
frustration discussed above, which makes the lattice dimer-
ization of secondary importance. Another scenario is based
on hard phonons and a strong spin-phonon coupling.12 They
bring about that CuGeO3 is in the nonadiabatic limit,13 which
means that the order parameter fluctuations are too fast to
lead to a pseudogap.

It is therefore no surprise that there is a great activity to
look for alternative inorganic spin-Peierls compounds, espe-
cially among cuprates or vanadates. However, up to now
these attempts were not successful: the transition in NaV2O5
turned finally out to be due to charge ordering,14 and many
one-dimensional compounds like MgVO3 (Ref. 15) or
CuSiO3 (Ref. 16) have an antiferromagnetic(AF) instead of
a dimerized ground state. In that respect, the observation of a
spin gap in Sb2O2VO3 (Ref. 17) is of great importance, de-
spite the fact that up to now no lattice dimerization could be
seen in the available polycrystalline samples. Indications of a

pseudogap could also be observed. To decide whether the
observed spin gap could be due to the spin-Peierls effect and
whether Sb2O2VO3 is close to an ideal one-dimensional
compound, a detailed, quantitative knowledge of the inter-
chain couplings is crucial. For that purpose, we analyze here
its electronic structure by means of band-structure calcula-
tions in the local spin-density approximation(LSDA). As it
was shown already for other one-dimensional
compounds,18,19 such an analysis allows a reliable determi-
nation of the different exchange terms. Our results show
clearly that Sb2O2VO3 is a nearly ideal one-dimensional
compound, a much better one-dimensional compound than
any other known cuprate or vanadate.

The crystal structure of Sb2O2VO3 was defined by Darriet
et al.20 and is shown in Fig. 1. The structure is base-centered
monoclinic C2/c. The primitive unit cell contains two for-
mula units, and the parameters of the Bravais unit cell are
a=18.03 Å, b=4.800 Å, c=5.497 Å, andb=94.58°. As in
most vanadates with V4+ ions, each vanadium ion is chemi-
cally bonded to five oxygen ions forming VO5 pyramids. The
four basal oxygen ionssOBd are almost equidistantly remote
from the vanadium ion and form the almost planar and
square base of the pyramid. The fifth apical oxygen ionsOAd
is situated much closer to the vanadium ion. The VO5 pyra-
mids are arranged in edge-sharing VO3 chains running along
the c direction. Along thea direction, the chains are sepa-

FIG. 1. (Color online) Polyhedral representation of the
Sb2O2VO3 crystal structure illustrating the chains of VO5 pyramids.
The small circles depict the oxygen ions.
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rated by doubled SbO layers. The chains are similar to those
occurring in MgVO3 as illustrated in Fig. 2. Some lattice
parameters of the two compounds are compared in Table I.

The distance between the nearest chains in Sb2O2VO3,
db=4.80 Å, is shorter thanda=5.29 Å in MgVO3, which
would suggest a larger interchain coupling. However, a
closer inspection of the interchain arrangements(Fig. 2)
shows a substantial difference: while in MgVO3 the VO5
pyramids of the nearest chains are connected by chemical
bonds between the oxygen ions belonging to the base of the
pyramids, in Sb2O2VO3 it is the apical oxygen ion that is
directed to the base of a pyramid in the nearest chain. That
apical oxygen ion is strongly bond to the vanadium ion and
does not participate in the electronic transfer. This, together
with the fact that the other interchain distances in Sb2O2VO3
are much larger than in MgVO3, results in the much more
profound one-dimensional character of the first compound.

We have carried out scalar-relativistic calculations in
LSDA for nonmagnetic(NM), ferromagnetic(FM), and
antiferromagnetic(AF) structures of Sb2O2VO3. The AF
structure corresponds to alternating spins along the chain
direction. We used the full-potential nonorthogonal local-
orbital minimum-basis scheme21 and the basis set was
chosen to be Sb 4s4p4d5s5p, V 3s3p3d4s4p, O 2s2p3d.
Similar to MgVO3, the spin-polarized calculations give rise

to insulating magnetic solutions with the magnetic moment
of vanadium ion and the insulating gap being about
1.024mB/0.52 and 0.947mB/0.76 eV for FM and AF solu-
tions, respectively. Probably, the real gap is enhanced by
correlation effects but it was not yet measured. The total
energy of the AF solution is 14.2 meV per formula unit
lower than that of the FM one. In the framework of the
Heisenberg model

Ĥ = o
i

JSiSi+1,

we compare it with the energy difference between the FM
solution EF=J/4 and the Néel stateEA=−J/4 and obtainJ
=330 K. The quantum fluctuations lower the energy of the
AF state, so that the differenceEF−EA=J ln 2 (Ref. 22) be-
comes larger. There is a great uncertainty how much quan-
tum fluctuations are included into the LSDA solution, but the
resulting estimate ofJ=238 K is in reasonable agreement
with the experimental valueJ=250 K.17

The band structure of all three solutions is qualitatively
similar (besides the band near the Fermi level), and we show

TABLE I. Parameters characterizing the VO3 chain structure. Distances are given inÅ. OA and OB

designate apical and basal oxygen ions, respectively. The “Next chain” section represents the distances
between close ions in thedifferentchains.

VO5 pyramid Chain

V-OA V-OB OA-OB OB-OB V-V V-V-Vˆ

MgVO3 1.63 1.95 2.95 2.53/2.62 2.96 124.5°

Sb2O2VO3 1.59 1.91/2.04 2.78/3.00 2.57/2.77 3.01 132.2°

Interchain Next chain

da dab db OB-OB OA-OB OA-OA

MgVO3 5.29 5.67 10.03 2.76 ¯ ¯

Sb2O2VO3 18.03 9.33 4.80 ¯ 3.12/3.28 2.78

FIG. 2. (Color online) Schematic view of MgVO3 and
Sb2O2VO3 along the chain directionc. Shown are the VO5 pyra-
mids with the central V ion(filled circles). The circled signs for
Sb2O2VO3 indicate the direction of shift along thec axis with re-
spect to the centralsabd chain. The absolute value of the shift is
about 0.72Å or 13% of the chain period. The upwards and down-
wards VO5 pyramids alternate along the chain direction. The sym-
bolsa, ab, andb denote the neighboring chains(with respect to the
chain in the lower left corner) in s1,0,0,d, s1/2,1/2,0d, and
s0,1,0d crystallographic directions, respectively.

FIG. 3. The band structure for the antiferromagnetic
solution.
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in Fig. 3 that one corresponding to the AF ground state.
According to our orbital analysis, the 30 bands between −9
and −3 eV are mainly built up of O 2p states. The band
complex consisting of the highest occupied band and the
conduction bands up to 7 eV(altogether 22 bands) are built
up of the V 3d and the Sb 4p states. To perform the orbital
analysis, we set the quantization axisz along theb direction
(the direction of the bond between vanadium and apical oxy-
gen ions) and the axisy along the chain directionc.

As in MgVO3 the lowest V 3d state appears to be of
mostly dx2−y2 character and well separated from the rest of
the electronic system. That situation, characteristic for vana-
dates with V4+ ions, is different from the case of cuprates, in
which the upperdxy (Ref. 23) band is relevant. Consequently,
the transition metal ion is bound to basal oxygens bydpp
bonds in vanadates, in contrast to thedps bonds in cuprates.

In the NM metallic solution, a band with a width of about
0.7 eV crosses the Fermi level. The corresponding band of
the FM solution is similar, only shifted below the Fermi
level. Both bands are shown in Fig. 4 together with the cor-
responding tight-binding(TB) fits. The relevant band is split
in the AF case, due to the alternation of on-site energies,
which makes a TB fit more involved but does not provide
principally new information. One can see in Fig. 4 that the
band has much smaller dispersion in the direction connecting
the nearest chainssGYd than that of MgVO3,

18 especially for
the lower part of the band, revealing more profound one-
dimensional character than the latter compound.

To quantify the result, a TB analysis has been performed
for the relevant band of the NM and the FM solutions. Hop-
ping processes to the neighbors in the nearest chains, and to
the nearest and the next-nearest neighbors in chain direction
were taken into account. The lower index designates the di-

rection of the transfer process(c is the chain direction) and
the prime signs two steps inc direction:

E0 − Ek = 2tc coskc
c

2
+ 2tc8 coskcc+ 2 coskbbStb

+ 2tbc coskc
c

2
+ 2tbc8 coskccD

+ 4 coska
a

2
coskb

b

2
Stab + 2tabc coskc

c

2

+ 2tabc8 coskccD ,

yielding the parameters which are collected in Table II.
The deviations between fit and band structure are smaller

for the FM solution, probably due to larger hybridization
with higher lying states in the NM case. In other respects, the
differences are small, proving the reliability of our approach.
tc and tc8 are the in-chain hopping parameters to the nearest
and next-nearest neighbor, from now on denoted byt andt8,
respectively, andt' is the largest out-of-chain hopping pa-
rameter. These TB parameters for Sb2O2VO3 are compared
in Table III with similar fits for some other one-dimensional
compounds with spin-PeierlssCuGeO3d or AF ground-state(
MgVO3, Sr2CuO3). Adding the Coulomb correlationU, one
can estimate the exchange couplings from the TB parameters
by Ji =4ti

2/U. Thus, the ratios of exchange parameters are
roughly proportional to the square of the ratios of hopping
values. One sees thatt' / t is 5 times smaller in Sb2O2VO3
than in CuGeO3 suggesting a 25 times smaller interchain
exchange coupling, whereast is roughly the same, in agree-
ment with the similarity of the experimental values for the
in-chain exchange couplingsJ.21 and 14 meV for
Sb2O2VO3 (Ref. 17) and CuGeO3,

24 respectively. In contrast,
MgVO3 shows such a large interchain coupling that it is
better regarded as an anisotropic two-dimensional system.
Furthermore,t8 / t is two times smaller in Sb2O2VO3 than in
CuGeO3 which indicates a four times smaller frustration. It is
known that magnetic frustration can lead to a spin gap,25 and
can therefore be regarded as the second driving force to-
wards the spin-Peierls transition besides the electron-lattice
interaction. Taking into account the interchain couplings as
third interaction one finds a competition between the AF and
the spin-Peierls state. Large interchain couplings usually pre-
fer the AF state, as can be seen in MgVO3.

26 Therefore, the
remarkable interchain couplings in CuGeO3 lead us to con-

TABLE II. The TB parameters(in meV) corresponding to the
NM and the FM band structure of Sb2O2VO3.

tc tc8 tb tbc tbc8 tab tabc tabc8

NM 152.7 25.8 0.9 0.6 6.8 −6.0 −5.6 3.8

FM 154.1 27.8 −1.4 2.4 4.8 −7.4 −3.4 2.2

TABLE III. The TB parameters(in meV) for four one-
dimensional compounds.

Sb2O2VO3 CuGeO3
a MgVO3

b Sr2CuO3
c

t 154 175 160 550

t8 26 51 20 100

t' 7 34 40 30

aSee Ref. 7.
bSee Ref. 18.
cSee Ref. 19.

FIG. 4. (Color online) The bands crossing the Fermi level in the
NM and the FM LSDA solutions and their TB fits.
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clude that its spin-Peierls transition is dominated by the mag-
netic frustration. On the other hand, due to the much smaller
frustration in Sb2O2VO3, its spin-Peierls effect should be
more driven by magnetoelastic effects. To have a first idea,
one can compare the VO2 ribbons in Sb2O2VO3 with the
CuO2 ribbons in CuGeO3 that are plane in the high-
temperature phase. There, the spin-Peierls distortion leads to
nonplanar ribbons and to two crystallographic different oxy-
gen positions.27 One might speculate that the nonplanar rib-
bon geometry in Sb2O2VO3 facilitates the spin-Peierls tran-
sition leading to two different oxygen positions as in
CuGeO3. The presence of nonadiabatic effects and of a
strong frustration in CuGeO3 and its absence in Sb2O2VO3
suggests also a crucial role of the frustration for the nonadia-
baticity. On the contrary, Sb2O2VO3 can be expected to be a
much better model spin-Peierls system in the classical sense.
The ratios oft' / t and t8 / t in Sb2O2VO3 are of the same
order than in the edge-sharing cuprate chain Sr2CuO3 being
presently the best model compound for 1D spin-1/2
antiferromagnetism.19 However, the absolute values oft are
very different, leading to a one-order of magnitude difference
for J. That might be the reason for the different ground states
in both compounds since the energy gain due to dimerization
can be expected to be similar, whereas the magnetic order is
much more favored in Sr2CuO3.

Let us briefly discuss the reliability of our estimated ex-
change couplings. If the relevant band at the Fermi level is
well isolated from other band complexes(see Fig. 3, which
is also the case for all other compounds of Table III) its TB
parameters(see Table II) correspond to the hopping between
Wannier orbitals that are constructed of a 3d orbital and its
hybridizations to the neighboring oxygen orbitals. These
hopping terms are less influenced by the Coulomb correla-

tion and rather different approaches up to quantum chemical
methods28 give comparable values. The superexchangeJ
=4t2/U of these Wannier orbitals contains implicitly all the
different exchange paths via intermediate oxygen orbitals.
That explains why such an oversimplified expression may
reproduce the correct chemical tendency between Sr2CuO3
and Ca2CuO3.

19 Possible corrections are due to ring ex-
change processes29 or due to the direct FM exchange.30

Whereas the former processes are usually very small, the
latter should be discussed more in detail. The magnitude of
the direct FM exchange is small for the interchain couplings,
but it could be important if the AF superexchange is sup-
pressed, as shown recently for La4Ba2Cu2O14 with t
,3 meV.30 There, the sign of the exchange coupling
changed, but the order of magnitude remained correct. The
absolute value of direct exchange might be larger for the
nearest-neighbor exchange,7 which reduces the nearest-
neighbor exchange. In any case, the expression 4ti

2/U should
be considered as a rough estimate, which provides, however,
the correct order of magnitude and the correct chemical
trends.

To conclude, we estimated the interchain couplings by
band-structure calculations and found Sb2O2VO3 to be one
of the most ideal, inorganic, spin-1/2 chain compounds syn-
thesized so far, more ideal than CuGeO3. The reason is a
smaller interchain exchange coupling(by roughly a factor of
25) and a smaller frustration. Further experimental studies in
addition to the sole demonstration of a spin gap,17 would be
highly encouraged to investigate the spin-Peierls transition in
its classical sense.
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