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We report a first-principles density-functional theory study of the origin of the magnetic properties of the
quasi-one-dimensional spin systems Sr,V;0q¢ and Ba,V30q. The calculated coupling constants are in very
good agreement with experimental data and provide a basis to understand the correlation between structural
features and magnetic coupling constants. In Sr,V30y, the predominant coupling is antiferromagnetic and is
indeed mediated by one of the two different types of VO, tetrahedra. However, there is also a weaker
ferromagnetic interaction along the direction of the octahedral chains, which is mediated by the corner-sharing
oxygen atoms through a spin-polarization mechanism. The second type of tetrahedra apparently do not con-
tribute to the magnetic coupling. In Ba,V;0y, the antiferromagnetic coupling is dominated by a very substan-
tial superexchange interaction of the vanadium d,, orbitals through the tetrahedra sharing only one oxygen
atom with the octahedral chain. The second type of tetrahedra and the oxygen atoms nonshared with the
tetrahedra provide ferromagnetic interactions which only partially counteract the antiferromagnetic superex-
change coupling. Interchain disorder is predicted to have a very small influence on the coupling constants.
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I. INTRODUCTION

Vanadium bronzes have a rich structural chemistry exhib-
iting remarkable diversity in their physical properties. For
instance, the tunnel-like framework of V,05 allows the in-
tercalation of numerous guest species and many phases ex-
hibiting intriguing conducting and magnetic properties have
been reported. «’-NaV,0s (Ref. 1) and B-Na;;;V,05 (Ref.
2) rank among the better known materials of this family. The
first is a quarter-filled spin ladder which was initially thought
to be a spin-Peierls system? but later was shown to undergo a
charge-ordering transition.* The second is a metal undergo-
ing a metal-insulator transition> and exhibiting superconduc-
tivity under high pressure.® Even staying within the sodium-
vanadium-oxygen phase diagram, other materials with
different structures and remarkable physical properties have
been reported. Worthy of note are Na,V;0,,7 a nanotubular
phase with a complex interplay of different exchange
interactions,® ' Sr,V;0,,!"12 a quasi-one-dimensional spin
system with antiferromagnetic ordering at low temperature,'
or 7-NagV,045,'4!3 a spin-gap system undergoing a charge
ordering transition around 100 K.'6

The magnetic properties of most of these vanadium
bronzes can usually be understood by taking into account the
direct V-V interactions and/or the superexchange interactions
mediated by the oxygen atoms shared by the V-centered
polyhedra. However, it has been recently shown that this
may not be so in phases such as Sr,V;04, Ba,V;0,, or
7-NagV4055. Here, formally magnetically inactive V>*O,
tetrahedra apparently play a crucial role in leading to the
observed magnetic properties. Such a strong exchange cou-
pling between two relatively distant paramagnetic V*#*(d")
centers through V3*0,4(d") tetrahedra has been called super-
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superexchange (SSE) by Koo and Whangbo.!” This is an
unexpected feature which, because of its somewhat counter
intuitive nature, needs to be better understood. These inter-
actions could have been overlooked in other structures and
yet play an important role. Consequently, it would be useful
to have some intuitive guidelines to guess when such units
can be important to be taken into account.

Sr,V5;04 and Ba,V;04 are excellent candidates for such a
study, a necessary prelude to the analysis of structurally more
complex materials like 7-NagV4035. The magnetic proper-
ties of these chains were initially studied by Mentré, Steifink,
and co-workers'>!819 and later considered in more detail by
Kaul, Geibel, and co-workers!320-22 and others.'*2? It is now
clear that both compounds can be described as containing
S=1/2 antiferromagnetic chains. In Sr,V;0,, the antiferro-
magnetic ordering occurs at 7y=5.3 K indicating a weak
interchain exchange. In contrast, in Ba, V304 no evidence for
magnetic order at low temperature was found, suggesting an
even weaker interchain coupling.

Koo and Whangbo reported a dimer splitting study of
these phases based on extended Hiickel-type calculations!’
predicting a different origin of exchange interactions in the
two compounds, with SSE being crucial in Sr,V;04. Never-
theless, because of the bold approximations involved in the
extended Hiickel method, especially in the case of a problem
strongly related to the electronic repulsions which are not
explicitly treated in this method, caution is needed in taking
these calculations as a firm basis for understanding the mag-
netic properties of these materials. In addition, this type of
approach can only provide an approximation to the antifer-
romagnetic interactions of the material,* a limitation that is
very severe for complex systems with several mutually inter-
acting paramagnetic centers. Kaul and co-workers'? reported
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band-structure calculations for the two systems which clari-
fied the quasi-one-dimensional nature of the magnetic inter-
actions and made a crude evaluation of the magnetic cou-
plings. However, the detailed nature of the different magnetic
interactions and its relationship with the structural features of
the two solids has not yet been discussed in detail in the
literature on the basis of accurate first-principles calculations
providing a reliable estimation of their magnitude.

Here we report a first-principles study of the two materi-
als, present reliable values for the different magnetic interac-
tions and provide simple guidelines to understand when such
V(d")-V(d") interactions through usually magnetically inac-
tive V3*Q, tetrahedra may be important.

II. COMPUTATIONAL DETAILS

First-principles spin-polarized calculations for Sr,V;04
and Ba, V304 were carried out using a numerical atomic or-
bitals density-functional theory (DFT) approach?>?% devel-
oped for efficient calculations in large systems and imple-
mented in the SIESTA code.?’>° We have used the generalized
gradient approximation (GGA) to DFT and, in particular, the
functional of Perdew, Burke, and Ernzerhof.’* Only the va-
lence electrons are considered in the calculation, with the
core being replaced by norm-conserving scalar relativistic
pseudopotentials’! factorized in the Kleinman-Bylander
form.? Nonlinear partial core corrections to describe the ex-
change and correlations in the core region were used for V.33
We have used a split-valence triple-{ basis set including po-
larization orbitals for V and O as obtained with an energy
shift of 50 meV.3* A split-valence double-{ basis set includ-
ing polarization orbitals was used for Sr and Ba; the 4s, 4p,
and 4d electrons of Sr as well as the 5p and 5d electrons of
Ba were treated as valence electrons. The energy cutoff of
the real-space integration mesh was 200 Ry and the Brillouin
zone was sampled using grids of (3 X2X3) and (3 X3 X3) k
points® for Sr,V;0, and Ba,V;0,, respectively. Ordered
models based on the experimental crystal structures,'>!® as
explained below, were used in the periodic calculations. The
coupling constants were calculated according to the proce-
dure described by Ruiz, Llunell, and Alemamy.36

The DFT spin-polarized calculations for discrete molecu-
lar units were carried out adopting the hybrid B3LYP
functional,’” which has given excellent results for the calcu-
lation of magnetic coupling constants for molecular
systems,’®% including those containing V(d').*? Basis sets
of triple-{ quality*! for V and double-{ quality for oxygen
and hydrogen atoms were used. The calculations were car-
ried out using the GAUSSIAN 03 code.*> The geometries are
the same employed for the periodic calculations and the O-H
distances used for H atoms saturating the O atoms in the
finite clusters were 0.96 A for water ligands and 0.85 A for
hydroxyl ligands.

The spin Hamiltonian for a general polynuclear com-
pound without anisotropic terms can be expressed as

[:1=—2Jijéi‘§j, (1)
i.j

where éi and S ; are the spin operators of the paramagnetic
centers i and j and the J;; parameters are the exchange cou-
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FIG. 1. (Color online) View of the crystal structure of Sr,V30q
along the direction of the octahedral chains. The polyhedra for the
three different types of vanadium atoms are shown in different
color.

pling constants for all different pairwise interactions between
the paramagnetic centers of the compound. For dinuclear
compounds, it has been found that, when using DFT-based
wave functions, reasonable estimates of the exchange cou-
pling constants can be obtained from the energy difference
between the low-spin configuration, E;¢ (the traditionally
called broken-symmetry solution for symmetric complexes),
and the configuration with the highest spin, Eyg, by means of
the following equation:*3

Ers—Epgs

J= . (2)
25,5, +S,

where S; and S, are the values of the spin for the paramag-
netic centers. This solution, in which the energy of the
single-determinant low-spin wave function is assumed to be
the energy of the low-spin state, usually provides results in
agreement with experiment.’3-4? This expression can be eas-
ily extended to polynuclear and multidimensional
systems. 3643

III. CRYSTAL STRUCTURES

To analyze the different magnetic coupling constants of
S1,V504 and Ba,V;0,, it is essential to clearly understand
the details of their structures. The crystal structures of
Sr,V504 and Ba,V;04 were initially solved by Feldmann
and Miiller-Buschbaum''** and later confirmed by Steifink
and co-workers.'>!3 As shown in Figs. 1 and 2, they are both
built from the condensation of VOg4 octahedra and VO, tet-
rahedra. However, there are two important differences be-
tween the two systems. First, Sr,V;0yq is structurally a two-
dimensional system whereas Ba,V;04 is one-dimensional.
Second, the octahedral chains in Ba,V3;04 share opposite
edges but those in Sr, V304 share opposite corners.
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FIG. 2. (Color online) (a) View of the crystal structure of
Ba, V304 along the direction of the octahedral chains. (b) A differ-
ent view of one octahedral chain. (c) is a top view of a fragment of
the octahedral chain showing how a p orbital of one of the shared
oxygen atoms can provide a significant exchange coupling along
the chain.

There are two different types of tetrahedra in the two
structures. In Sr,V;04 half of the tetrahedra share two oxy-
gen atoms with adjacent octahedra of the chain (V,, tetrahe-
dra in orange) and the other half share two oxygen with two
different octahedral chains (V,, tetrahedra in yellow).
Whereas the former (V,) act as intrachain bridges, the latter
(V,) are interchain bridges, thus leading to a two-
dimensional material. In Ba, V304 half of the tetrahedra (V,
tetrahedra in orange) act as intrachain bridges exactly in the
same way as for Sr,V;0, whereas the other half (V,) share
only one oxygen with only one octahedral chain, thus leav-
ing three oxygen unshared. This leads to the one-dimensional
nature of the material. The three different vanadium atoms
are labeled in Figs. 1 and 2 according to their original crys-
tallographic description.'>!8

An essential aspect of these structures is that the octahe-
dra are significantly distorted with the vanadium atom dis-
placed toward one of the oxygen atoms. This leads to the
formation of a short V-O bond (=1.7 A, i.e., a vanadyl
bond) and an opposite long one (=2.2 A). As it is well
known, this feature leads to the splitting of the 1,, levels of
the vanadium atom in a perfect octahedral environment leav-
ing the d,, orbital below the (d,,.d,;) pair (all along our
discussion we assume a local axis system such that the z
direction coincides with the vanadyl bond).

In Sr,V;0,, the octahedra are tilted with respect to the
direction of the chain so that the vanadyl bonds make an
angle of ~18° with the chain direction. In addition, as can be
seen in Fig. 1, two successive octahedra are rotated with
respect to the chain axis. The O-V-V-O dihedral angle is not
far from 45° (i.e., 37.8°) and the V-V distance is relatively
long (3.651 A). Because of the different local symmetry of
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the vanadium d,, orbital and the p orbitals of the apical
oxygen atoms with respect to the Oupica V-Ogpicar 8Xis, the
shared oxygen orbitals are not expected to contribute through
a superexchange mechanism to the V-V coupling. Thus, the
intrachain magnetic interactions involving the vanadium d,,
orbital are not expected to be large except if the V, tetrahe-
dra play a noticeable role.

In Ba, V30, the octahedra share edges [see Fig. 2(b)] and
the vanadyl bonds occur in the plane containing the shared
edges. Thus the vanadyl bonds make an angle of ~40.3°
with the chain direction and are arranged in a zigzag way.
Consequently, one of the two oxygen atoms of the shared
edge makes m-type interactions with the vanadium d,, orbit-
als of two adjacent octahedra [see Fig. 2(c)] and thus may
provide a good superexchange interaction along the chain.
Consequently, the two solids are expected to exhibit a differ-
ent magnetic behavior.

Although the existence of the vanadyl bond is a clear-cut
experimental result, the crystal structure refinements cannot
clearly establish in which sense it occurs. This leads to a
splitting of the vanadium site in two positions which are
statistically occupied to 50%. However, on the basis of
chemical wisdom as well as energy considerations (for in-
stance, a calculation in which two vanadyl bonds implicate
the same vanadium atom in the chains of Ba, V304 indicates
that such defect in the completely ordered chains destabilizes
the system by almost 3 eV) the existence of a vanadium atom
engaged into two vanadyl bonds is not realistic so that one
expects a long-range order of the vanadyl bonds along each
octahedral chain. The very small energy difference for the
case where two adjacent octahedral chains exhibit in-phase
or out-of-phase arrangements of vanadyl bonds (see below)
makes unclear what is the full three-dimensional structure of
these compounds.

IV. RESULTS AND DISCUSSION
A. Magnetic coupling in Sr,V;04

The octahedral chains in this material run along the (a
+c) direction [Fig. 3(a)]. The unit cell contains two symme-
try equivalent layers and four octahedral vanadium atoms,
two in each layer. Within a layer we consider two interac-
tions [see Fig. 3(b)] characterized by their respective cou-
pling constants J; and J,. Taking into account that there are
four different V#* centers per unit cell, 16 different spin con-
figurations can be generated although many of them are
equivalent and only four of them are different. To ensure that
our calculations are precise enough, we have calculated the
total energy for all 16 possible spin configurations and veri-
fied that those which are equivalent have energies which dif-
fer by less than 1 K. To fulfill this requirement we had to
lower the convergence criterion for the elements of the den-
sity matrix to 107°. From the four different spin configura-
tions we can: (i) evaluate the total coupling constant J,+J,
as —110.5 K and (ii) conclude that the interlayer interactions
are extremely weak (i.e., ~—0.06 K) and within the error
limit of our calculations. The value for J;+J, is in reasonable
agreement with the experimental value of —82 K for the
antiferromagnetic coupling. However, one must bear in mind
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FIG. 3. (Color online) (a) View of a single layer of Sr,V;0y; (b)
schematic representation of the different octahedral chains in
Sr,V30,. Dots refer to vanadium atoms and the solid (blue) and
broken (red) lines denote chains in the upper and lower layer of the
unit cell; (c) schematic view of the double cell (bold lines in black)
used in the calculations.

that the experimental value was obtained by fitting the sus-
ceptibility to a one-dimensional model. The qualitative
analysis given by Koo and Whangbo!” predicts that J,>J,.
The difference between our calculated and the experimental
values suggests however that although the SSE coupling
dominates the magnetic behavior of the system, the J; cou-
pling cannot be neglected. However, the topology of the lat-
tice is such that it is not possible to obtain the separate values
of the two constants using the crystallographic cell. Thus, a
double cell like that schematically shown in Fig. 3(c) must
be used.

Using this double cell and assuming that the interlayer
couplings are nil, the J, and J; coupling constants are evalu-
ated to be —122.6 K and +14.5 K, respectively. The calcu-
lated value of (J,+J,) agrees within 2 K with that obtained
when using other spin configurations and with the value of
the single-cell calculations as well. Thus, we confirm that
Sr,V504 is essentially a one-dimensional antiferromagnet
along the direction of the SSE interactions although it has
also a weak but non-negligible ferromagnetic interaction
along the direction of the octahedral chains. These first-
principles values provide support for the more crude estima-
tion of Kaul et al.'3 The non-negligible, positive value ob-
tained for J; evidences the shortcomings of the dimer
splitting analysis based on the extended Hiickel method.

Finally, we considered the possible influence of disorder
on the coupling constants. As noted above, for clear-cut
chemical and computational reasons the vanadyl bonds of a
given chain must be ordered. In addition, the interlayer in-
teractions are calculated to be almost negligible. Thus, only
disorder within a given layer may influence the values of J;
and J,. We have carried out the double-layer series of calcu-
lations assuming either in-phase or out-of-phase displace-
ments for the vanadyl bonds of the two octahedral chains in
each layer. We obtain values of —122.6 K/-129.1 K and
+14.5 K/+15.0 K for J, and J; in the in-phase/out-of-phase
calculations, which clearly prove that disorder has a minor
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influence on the two coupling constants. Even if the strength
of the antiferromagnetic interaction may slightly increase,
the qualitative description of the magnetic interactions
remains the same.

B. Magnetic coupling in Ba,V3;04

As shown in Fig. 2, the octahedral chains in Ba,V;04 are
not directly linked thus simplifying the calculation of the
magnetic coupling constants. In this case intrachain disorder
of the vanadyl bonds is also very unlikely since it would
generate oxygen atoms in an unreasonable chemical environ-
ment. Thus we have adopted a model with completely or-
dered chains for the calculations. Single-cell calculations
lead to an energy difference of 194.8 K favoring the antifer-
romagnetic ordering along the chain. This leads to a coupling
constant of —-97.4 K, in excellent agreement with the experi-
mental value of =94 K.'3 We have also carried out a calcu-
lation using a double cell to evaluate the strength of the
interchain interactions. The energy difference for the situa-
tion in which two adjacent chains have ferromagnetic or an-
tiferromagnetic ordering is only 1.2 K per chain. Conse-
quently, disorder cannot have any substantial influence on
the magnetic coupling in this compound.

C. Structural origin of the magnetic coupling
in Sr2V309 and B32V309

The calculated values of the coupling constants for both
compounds are in excellent agreement with the experimental
values. However, we have not yet gained a clear understand-
ing of how these values correlate with the details of their
structures. To this end, we have carried out first-principles
calculations for several discrete molecular units.

1. Building discrete models

The building of appropriate molecular units mimicking
the situation in the solid is not an obvious task. Although
some models seem reasonable from the geometric viewpoint,
one must be very careful in the way of capping the atoms of
the broken bonds so as to not disturb substantially the origi-
nal electronic requirements of the structure. For instance, in
the present systems the role of the different oxygen atoms as
well as the total charge of the unit must be very carefully
considered. Whereas for some models, we have been able to
find the appropriate ferromagnetic and antiferromagnetic
states using a variety of functionals [the hybrid B3LYP func-
tional but also different GGA-type functionals such as PBE
(Ref. 30) and BLYP (Refs. 45 and 46)], for other models we
have only been able to find them using B3LYP. This clearly
shows that some of these hypothetical discrete units do not
provide appropriate and mutually consistent electronic envi-
ronments to the metal atoms. In the present case, only the
B3LYP functional, which has proven to be very robust in the
study of magnetic coupling constants for many molecular
systems,® systematically leads to convergence to the appro-
priate states. After careful analysis, we have found that the
models shown in Figs. 4 and 5 provide appropriate discrete
units to analyze the different contributions to the coupling
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Model 2 (J,)

Model 1 (J))

FIG. 4. (Color online) Molecular models used to analyze the
magnetic coupling constants in Sr, V0.

constants for Sr,V3;09 and Ba,V;0,, respectively.

2. Magnetostructural correlations

Let us first consider the case of Sr,V;04. The calculated
exchange coupling constants are —42.0 K (model 2) and
+35.9 K (model 1) which qualitatively mimic those calcu-
lated for the solid. Although the antiferromagnetic coupling
J, seems to be underestimated, let us note that the same
calculations with GGA-type functionals (PBE and BLYP)
give values around —140 K so that the real values should be
in between those of the hybrid and GGA-type functionals.
Examining the ferromagnetic and antiferromagnetic states
for this model, it appears that the contribution of the tetrahe-
dral unit to the spin density is practically exclusively concen-
trated on the two oxygen atoms shared by the tetrahedron
and the octahedra and the contribution in the V| vanadium
atom is almost nil (see Fig. 6). Thus, we conclude that the
SSE coupling between the octahedral vanadium atoms oc-
curs mostly through the shared oxygen atoms.

Is it possible to correlate the different sign of the magnetic
coupling constants for models 1 and 2 with the details of the
structure??**” The strength of the magnetic coupling illus-
trated in Fig. 6 will strongly depend on two factors: (i) the
oxygen-oxygen distance (and thus, the deformation of the
tetrahedra) and (ii) the way in which the tetrahedra bridge the

Model 3

FIG. 5. (Color online) Molecular models used to analyze the
magnetic coupling constants in Ba,V30.
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FIG. 6. (Color online) Plot of the spin density of the ferromag-
netic state of model 2 for Sr,V;0y.

two V3 octahedral atoms. The influence of the bridging mode
of a fragment or ligand on the magnetic coupling between
two transition-metal atoms has been carefully studied in
some dinuclear coordination compounds such as
carboxylato-bridged dinuclear copper (II) systems.*® The
bridging mode imposes the overlap type between the lobes of
the two oxygen orbitals implicated in the magnetic coupling
and thus strongly influences it. As can be seen in Fig. 6, the
bridging mode of the V, tetrahedra in Sr,V30q (i.e., the so-
called anti-anti mode in coordination chemistry) is such that
the overlap has both 7 and o components whereas in the
case of the V, tetrahedra of model 1 (i.e., the so-called syn-
syn mode in coordination chemistry) it is purely 7 (see Fig.
7). The larger overlap associated with the anti-anti mode fa-
vors the antiferromagnetic interaction. In addition, the O-O
distance associated with the oxygen atoms shared by the oc-
tahedra and V, tetrahedra is 2.744 A whereas it is 0.2 A
longer (2.942 A) for the V, tetrahedra (i.e., those of model
1). We can thus conclude that in terms of both distance and
directionality of the oxygen orbitals, the antiferromagnetic
contribution to the coupling due to the tetrahedra of Sr,V;0q
increases from V, to V.

Model 1 for Sr,V;0y is associated with a ferromagnetic
coupling as it is the J; intrachain contribution for the
Sr,V;0g solid. As noted in the discussion of the crystal struc-
ture, the superexchange through the shared octahedral oxy-
gen must be weak because of local symmetry (or pseudo-
symmetry) reasons. As far as the V, tetrahedron is
concerned, we note that the overlap between the shared oxy-
gen orbitals is purely 7 type and the O-O distance is long.
Consequently, the antiferromagnetic component of the mag-

FIG. 7. (Color online) Plot of the spin density of the ferromag-
netic state of model 1 for Sr,V;0,.
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netic interaction mediated by the V, tetrahedra must be very
small. Moreover, the ferromagnetic contribution to the cou-
pling constant, which is related to a bielectronic exchange
integral, K., where a and b are the two magnetic
orbitals,>**7 is predicted to be larger for V, bridging tetrahe-
dra (syn-syn mode with V-V distances around 3.65 A) than
for V| bridges (anti-anti mode with V-V distances around
6.27 A). Thus, we conclude that the tetrahedral units bridg-
ing two octahedra in a syn-syn mode (i.e., the V, tetrahedra
in Sr,V30y) should provide a ferromagnetic or a weak anti-
ferromagnetic contribution to the magnetic coupling. In con-
trast, the coupling becomes clearly antiferromagnetic when
it occurs through VO, tetrahedra bridging octahedra in a
anti-anti mode (i.e., the V, tetrahedra in Sr,V;0y).

Discrete models can highlight the main features ruling the
magnetic coupling but of course cannot reproduce quantita-
tively the coupling constants of the solid so that, at this point,
one could be tempted to conclude that it is the bridging mode
of the tetrahedra what imposes the nature and strength of the
magnetic coupling along the two main directions of the layer.
However, we should have a closer look at the possible role of
the oxygen atom shared by two octahedra. Although, as dis-
cussed above, this atom should not contribute to the mag-
netic coupling through a superexchange mechanism, it could
well do it through a spin-polarization mechanism.?**” This
suspicion is reinforced by examination of the spin-density
plots for model 1 (see Fig. 7). To have some hint on the
possible implication of this oxygen atom on the magnetic
coupling, we carried out calculations for a modified model 1
in which the contribution of the tetrahedron to the magnetic
coupling was deleted. This was carried out by removing the
central VO, group and saturating each of the two remaining
oxygen atoms with two hydrogen atoms (i.e., by transform-
ing them to water ligands). The calculated exchange cou-
pling is now +52.0 K. This completely confirms that this
oxygen atom is providing a substantial ferromagnetic cou-
pling through spin polarization and, consequently, the bridg-
ing V, tetrahedron really must provide a weak antiferromag-
netic coupling. As a matter of fact, the ferromagnetic
coupling provided by this oxygen atom is not a surprise in
view of some recent theoretical studies on molecular di-
nuclear complexes.*>*° To summarize, our analysis suggests
that in Sr,V30y, the V, tetrahedra provide a dominant anti-
ferromagnetic interaction because of their anti-anti bridging
mode, the corner-sharing oxygen atoms provide a noticeable
ferromagnetic coupling along the octahedral chains through
spin polarization, and the V, tetrahedra are almost magneti-
cally inactive.

We can now turn to the case of Ba,V304. The calculated
exchange coupling constants for the three models shown in
Fig. 5 are: —=76.6 K (model 1), —=7.2 K (model 2), and
—52.8 K (model 3). Model 1 seems to describe quite well
the situation in the solid since it indicates a global antiferro-
magnetic interaction with a coupling constant even not far
from that found experimentally for the solid (-94 K). Com-
parison of the results obtained for model 1 and model 2
allows evaluating the role of the V, centered tetrahedra (yel-
low tetrahedra in Fig. 2). Since the net result of their removal
is a strong reduction in the antiferromagnetic contribution we
conclude that the V, tetrahedra provide a substantial anti-
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ferromagnetic coupling. If we now compare models 2 and 3,
we can evaluate the role of the V| centered tetrahedra (or-
ange tetrahedra in Fig. 2). Since the net result of its removal
is a very noticeable increase in the antiferromagnetic cou-
pling, we conclude that the V, tetrahedra provide a ferro-
magnetic contribution to the coupling. In model 3, we have
two potential contributions to the coupling constant: (i) an
antiferromagnetic superexchange contribution through the
OH bridging group and (ii) a ferromagnetic contribution
through the bridging oxo ligand. We have not been able to
find an appropriate model converging to meaningful states to
evaluate the individual contribution of the oxo ligand in this
case. Suppression of any of the two bridging ligands induces
a too strong perturbation of the basic electronic distribution.
However, examination of the spin-density plots for the three
models suggest that, as for Sr,V;0,, the oxo ligand should
provide some ferromagnetic coupling through spin polariza-
tion. Thus, let us take the —52.8 K value as a lower limit for
the coupling provided by the hydroxyl group through super-
exchange. This, together with the —69.4 K lost from model 1
to model 2 leads to a lower limit of —122.2 K for the global
contribution of the V, tetrahedra to the coupling. These num-
bers suggest that the natural ability of the oxygen atom to
participate in the superexchange coupling through its p, or-
bital [Fig. 2(c)] is magnified by the w-type orbitals of the
VO, tetrahedral fragment.

As mentioned, comparison of models 2 and 3 suggest that
the V; tetrahedra with syn-syn mode have a +45.6 K contri-
bution to the magnetic coupling. Although this number
should not be taken at its right face, especially taking into
account the possible nonadditivity of magnetic contributions
when two transition metals are bridged by two or more
ligands,*’ this value certainly suggests that, in contrast with
the situation in Sr,V;0y, the V| tetrahedra in Ba,V;04 pro-
vide a definite ferromagnetic contribution to the coupling. In
fact this is not surprising because the bielectronic exchange
integral K, is larger in the case of Ba,V;04 because the
V---V distance is considerably shorter (3.007 A for
Ba,V;0y vs 3.651 A for Sr,V;0,). In summary, the rela-
tively strong antiferromagnetic coupling provided by the V,
tetrahedra sharing only one oxygen atom with the octahedral
chain is only partially compensated by two ferromagnetic
contributions from the oxygen atom nonshared with tetrahe-
dra and the V tetrahedra with syn-syn bridging mode.

V. CONCLUSION

A first-principles study of the Sr,V3;04 and Ba,V;0q
shows that both compounds are quasi-one-dimensional spin
systems and the calculated magnetic coupling constants are
in very good agreement with the experimental results.
Ba,V;0y is antiferromagnetic along the direction of the oc-
tahedral chains but Sr,V;0q is antiferromagnetic along the
direction perpendicular to the octahedral chains. In Sr, V30,
the predominant coupling is antiferromagnetic and is indeed
mediated by one of the two different types of tetrahedra of
the structure but there is also a weaker ferromagnetic inter-
action along the direction of the octahedral chains, which is
mediated by the corner-sharing oxygen atom. The second
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type of tetrahedra (i.e., those bridging two adjacent octahedra
of the chains) apparently do not play a noticeable role. The
main contributor to the antiferromagnetic coupling in
Ba,V;0, is the superexchange within the octahedral chains
due to the VO, tetrahedra sharing one oxygen atom with the
octahedra. In this case, both the tetrahedra with syn-syn
bridging mode and the oxygen atoms which are nonshared
with tetrahedra provide weaker ferromagnetic contributions.
The effect of interchain disorder is found to have a very

PHYSICAL REVIEW B 82, 134416 (2010)

small influence on the coupling constants.
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