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The unpaired spin populations and spin-pairing tendencies of the three different vanadium atoms of
NaVeO,1 above and below its trimerization temperatliye= 245 K were examined by determining, as
a function of the number of unpaired spins per formula Udjtthe total energies of NaXD.; as well as
the 3d orbital populations of the V(1), V(2), and V(3) atoms on the basis of first-principles spin-polarized
electronic band structure calculations. Spin dimer analysis was also carried out to estimate the spin-
pairing tendencies of the V(1) and V(2) sites above and b&lo®ur work does not support the heuristic
assumptions employed to interpret the magnetic properties of®lads well as its analogues S0,
and Pb\{O,;. States with a wide range dfvalues (i.e.;~4 < N < ~9) are expected to contribute to the
magnetic properties of NaX0,1 above and below. The V(1), V(2), and V(3) atoms differ mainly in
the extents of their spin polarizations but not in their oxidation states. The unpaired spin population of
each V(1) site is significantly reduced by the trimerization but remains nonzero Geldwe V(2) sites,
which are present as dimer units, are not diamagnetic. The V(2) and V(3) sites each have approximately
one unpaired spin per site above and belw

1. Introduction

NaVeO;1 is a magnetic metal with anomalous magnetic
and electrical properties and undergoes two structural phase
transitions. The crystal structure of Ng®;' 2 consists of
the V50g layers of face-sharing V(1){ctahedra, the MDqg
dimers of face-sharing V(2¥octahedra, and the V(3}O
trigonal bipyramids (Figure 1). These structural units share
their oxygen corners to form the three-dimensional (3D)
lattice of Na\kO,4, in which the V(1) atoms of each3®@g
layer form a kagorhéttice (Figure 2a). Two structural phase
transitions take place at 245 and 80 K, and a ferromagnetic
transition tal_(_es pl‘fice at 60K> The O_Ccurrence of th_e three Figure 1. Polyhedral view of the crystal structure of Ng®i. The red,
phase transitions in NayXD1; was confirmed by specific heat  gray, and blue polyhedra represent the V(@)@tahedra, the V(2)©
experiment$. The main structural change associated with octahedra, and the V(3)}Qrigonal bipyramids, respectively. The green
the phase transition at 245 K is a trimerization of the /(1) SPheres represent the Na atoms.

atoms in each kagohiattice (Figure 2b). NayO;1 shows a
* E-mails: ville@icmcb-bordeaux.cnrs.fr (A.V.); mike_whangbo@ncsu.edu metallic behavior at all temperatures along the direction
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cedex, France. _ , _ (hereafter referred to as the parallel direction). Along any
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(2) Kanke, Y.; Kato, K.; Takayama-Muromachi, E.; Isobe, Kicta as the perpendicular direction), Ng®; is metallic above
Crystallogr., Sect. Q992 48, 1376. 245 K and below 80 K, and its resistivity is very weakly
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transition found for the hexagonal lattice o#Md?) ions in
each VQ layer of LiVO,,** which is understood in terms of
either second-order Jahkiteller effect® charge-density wave
(CDW) formation!™'2 or orbital ordering?

Kato et al.’'s assumptions are undoubtedly useful in
simplifying the interpretation of the physical properties of
NaVsO.1. However, whether their assumptions are valid on
(a) theoretical basis has not been tested so far. Furthermore, it

is difficult to accommodate the observed metallic properties
of NaVeOy; in terms of their assumptions. To find a sound
theoretical basis for interpreting the apparently puzzling

j magnetic and transport properties of N@y;, it is necessary
A A A to examine its electronic structure above and below its
trimerization temperaturél,. Thus, we investigated the
unpaired spin populations of the V(1), V(2), and V(3) atoms
A A A in the room temperature (RT) and 200 K crystal structures
of NaVsO1; on the basis of first-principles spin-polarized
electronic band structure calculations, and we estimated the
(b) A A A spin-pairing tendencies of the V(1) and V(2) sites in terms

of spin dimer analysis on the basis of EHTB calculations.

Figure 2. Arrangements of the V(1) atoms in the V{Dy layers of

NaVsO;; (a) above and (b) below the trimerization temperature 245 K. . .
Ou (@) () P 2. Computational Details

electronic structure and metallic properties of Nay were Density functional theory spin-polarized electronic band

examined on the basis of extendedddel tight-binding gy cture calculations were carried out to examine the
(EHTB) electronic structure calculatiofis. _ electronic structures for the RT and 200 K crystal structures
~ The magnetic susceptibilities of NgW; as well as its  of NaVs0y,. We first performed all-electron calculations,
isostructural analogues $Wi; and Pb\O11 show a similar  ysing the augmented plane wave plus local orbitals method
temperature dependence, with a Cuigeiss behavior above (APW+lo)15implemented in the WIEN2k codewith the

the trimeri_zation temperatuie and a ferromagnetic ordering generalized gradient approximation (GGA) of Perdew et al.
belowTc (i.e., Tt = 245, 320, and 560 K anfic = 65, 75, for the exchange-correlation enerfyAtomic sphere radii
and 85 for Na\WOyy, SrVeOu;, and PbV6Q,, respectivelyf.  \ere 1.8, 1.8, and 1.5 au for Na, V, and O, respectively.
In interpreting results of their magnetic susceptibility mea- The plane-wave cutoff waRyr+Kmax= 7, and the irreducible

surements, Kato et alintroduced three simplifying assump-  yedge of the Brillouin zone was sampled with a 42 k-points
tions: (a) the V(1), V(2), and V(3) atoms have the oxidation mesh.

states+3, +4, and+4, respectively, so that they possess
two, one, and one d-electron, respectively, (b) the V(2) sites
are nonmagnetic at all temperatures because of the pairin
of the d electrons in each,®, dimer, and (c) the spin state
of the V(1) sites changes from S 1 to S= 0 belowT;
because of the spin pairing associated with the trimerization
in the \50s layers. In this picture, only the d electrons of
the VG trigonal bipyramids remain to participate in the
ferromagnetic ordering in the metallic state beldw By
introducing an additional assumption that thermal excitations
take place below through a forbidden energy gap between
the spin singlet and triplet states of the V(1) sites, Kato et :

al 1% were able to fit the magnetic susceptibility afitla an fool%e”c’“gh' J.B.; Dutta, G.; Manthiram,Phys. Re. B 1991, 43,
NMR data of Na\{O; with parameters consistent with the  (12) (a) Rovira, C.; Whangbo, M.-Hnorg. Chem 1993 32, 4094. (b)
experimental data. They suggested that the spin-state transi- _ Whangbo, M.-H.; Canadell, El. Am. Chem. S0d.992 114 9587.
. . L (13) Pen, H. F.; van den Brink, J.; Khomskii, D. I.; Sawatsky, GPAys.
tion of V(1) from a paramagnetic to a spin singlet state below Rev. Lett 1997 78, 1323.

T: is analogous to the paramagnetic-to-nonmagnetic phase14) Sjtstedt, E.; Nordstim, L.; Singh, D. JSolid State Commur200Q

Although self-consistent-field (SCF) convergence was
achieved successfully, the 200 K structure was calculated
%0 be less stable than the RT structure by 1.3 eV per formula
unit (FU), indicating that the SCF convergence led to a local
minimum for the 200 K structure. Therefore, we chose to
examine in some detail the full range of possible unpaired
spin populations for Nay0,;, from the nonpolarized to the
fully polarized 3d bands (i.e., from O to 9 unpaired electrons
per FU), by performing first-principles pseudo-potential
calculations. We used the VASP cd8lavith the GGA of

114 15.
(15) Madsen, G. K. H.; Blaha, P.; Schwarz, K.;'§jedt, E.; Nordsthm,

(6) Kanke, Y.; Takayama-Muromachi, E.; Kato, K.; Matsui, ¥.Solid L. Phys. Re. B 2001, 64, 195134.

State Chem199Q 89, 130. (16) Blaha, P.; Schwarz, K.; Madsen, G.; Kvasnicka, D.; Luit®VIEN2K,
(7) Uchida, Y.; Kanke, Y.; Takayama-Muromachi, E.; Kato,XPhys. An Augmented Plane Wa+ Local Orbitals Program for Calculating

Soc. Jpn1991 60, 2530. Crystal PropertiesTechn. UniversitaWien, 2001; ISBN 3-9501031-
(8) Seo, D.-K.; Whangbo, M.-HJ. Am. Chem. Sod 996 118 3951. 1-2; see also: http://www.wien2k.at/.
(9) Kato, H.; Kato, M.; Yoshimura, K.; Kosuge, K. Phys.: Condens. (17) Perdew, J. P.; Burke, S.; Ernzerhof, Fhys. Re. Lett 1996 77,

Matter 2001, 13, 9311. 3865.

(10) Kato, H.; Kato, M.; Yoshimura, K.; Kosuge, K. Phys. Soc. Jpn (18) Kresse, G.; Furthiiiler, J. Phys. Re. B 1996 54, 11169;Comput.
2001, 70, 1404. Mater. Sci 1996 6, 15; see also: http://cms.mpi.univie.ac.at/vasp/.



4346 Chem. Mater., Vol. 17, No. 17, 2005 Villesuzanne et al.

80
: ] oo B
= 5 o © ,amaanrg
T . ® 0.8 50
g 40 o 8 o
> 2 04 A =
© 20 0O ° s o o
3 o o o 5 00, g O o V(1)
uJ'E: 0 %00 5 ® % 5002 o~ o V(2
! [ ] d g. A V 3
W -204 b . [} 0o RT 5 -0.4 1 ( )
G ® 200K A RT
-40 T r T r T T T -0.8 T T T T T T T T
2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10
Unpaired spins per FU )
. . . 1.2 feXe] [e] (o] o
Figure 3. Relative energies calculated for the RT and 200 K crystal £ o 0000 R A
structures of Na¥0s; as a function of the number of unpaired spins per S AAA A
formula unit, N. © 0.8 RAALLAA o
3 o
Perdew and War§ and the projected augmented wave @ 0.4+ -
method®?for the valence-ion core interactions. The energy 2 - G
cutoff for the plane-wave basis set was 400 eV, and 32 3 001 o " o V(2)
k-points were used for the sampling of the Brillouin zone. T od A VES;
The spin-pairing tendencies for the d electrons of the V(1) 5 044
atoms in the WOg layers and those of the V(2) atoms in the 08 200 K
V20g dimers were estimated by performing spin dimer Tl T2 T34 5 6 7 8 9 10
analysig? for the V(1)--V(1) and V(2):-V(2) interactions Unpaired spins per FU

in the crystal structures of Na®@i; on the basis of EHTB  Figure 4. Unpaired spin populations of the V(1), V(2), and V(3) atoms
calculations?® The 3d orbitals of V and the 2s/2p orbitals of calculated for the ground states of the RT and 200 K crystal structures of

. NaVeO11 as a function of the number of unpaired spins per formula unit,
O were represented by doubieSlater type orbital$? N,

3. Electronic Structures above and below the For the 200 K structure, independent fixed-spin-moment
Trimerization Temperature calculations led to aAE-versusN curve with a large
discontinuity in the region oN = 4—5 (see Figure S1 of
the Supporting Information). By starting with the wave
functions calculated at the point of discontinuity and varying
the fixed moment gradually, it was possible to establish the
two distinctAE-versusN curves. It is the lower-energy curve
that is presented in Figure 3. At a givBhthe energy point
of the lower-energy curve corresponds to the global minimum
energy and that of the upper-energy curve corresponds to a
local minimum energy. Our discussion for the 200 K
structure given below is based on the global minimum-energy
curve. For the 200 K structure, tiidE-versusN curve shows
a minimum atN = 4, which lies approximately 30 meV per
FU below the ground state of the RT structuke=€ 8.25).
The comparison of thAE-versusN curves for the RT and
200 K structures reveals that the trimerization stabilizes the
states aroundN = 4 and destabilizes those arouNd> 7
and converts the double-well energy curve into a single-well

3.1. Total Energy as a Function of the Unpaired Spin
Population per Formula Unit. The total energies of the
RT and 200 K crystal structures were calculated as a function
of the number of unpaired spins per A, Our results are
summarized in Figure 3, where the total energies are given
in terms of the relative energiesE with the lowest energy
of the RT structure as the energy reference. AkeversusN
curve for the RT crystal structure shows two minimaNat
= 5.25 and 8.25. The d-block bands of N#®{; have nine
electrons per FU, so that the > 9 states involve a spin-
polarization of the oxygen 2p-block bands in addition to that
of the vanadium d-block bands. Thus, tNe> 9 states are
less stable than the ground stak¢ =€ 8.25) by more than
1.4 eV. TheN = 3 state lies 190 meV above the ground
state. The two minimum-energy statéé= 5.25 and 8.25)
differ in energy by less than 3 meV per FU and are separated

3?’ anfenert?]y tt)r?rner Ilower tlh?n 20 Tfhv p(;,-rtFU. Adt:ud';\:je energy curve. Nevertheless, at 200 K, the states Nith 4
eretore, the thermai popufations ot the states ar lie within a small energy difference from the ground state.

5.25 cannot be neglected compared with those of the states- example, the energy difference between the ground and
aroundN = 8.25. the N = 6 states is smaller than 20 meV.

3.2. d-Orbital and Spin Populations on the Three
ggg gf%crcjhelj"’ﬁ,fi;%\;\éﬂge'_\ghf’séfgb’Bl%ggé_%’ 13244. Nonequivalent Vanadium Sites.How the unpaired spin
(21) Kresse, G.; Joubert, Phys. Re. B 1999 59, 1758. populationsu on the V(1), V(2), and V(3) atoms vary as a

(22) Whangbo, M.-H.; Koo, H.-J.; Dai, [J. Solid State Chen2003 176 function of N is summarized in Figure 4a for the RT structure
417, and the references therein.

(23) Our calculations were carried out by employing the SAMOA (Structure and in Figure 4b for the 200 K structure. Although thE-
ﬁ_ﬂd M%e?\l;ﬁr OrgltaI’\AAnﬁlsézer_)ﬂp;logram pﬁckage (Daé' P-: Ren, J-;d versusN curves for the two structures are quite different
Sooahy | nandno, M tp:/ichvamw.chem.nesu.edu/ (accesesed o e 3) | theu-versusN curves for the two structures are

(24) Clementi, E.; Roetti, CAt. Data Nucl. Data Tabled974 14, 177. nearly identical in the range &f = 4—9. The unpaired spin
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Table 1. Up-Spin, Down-Spin, and Net-Spin 3d Orbital Populations
of the V(1), V(2), and V(3) Atoms Calculated for the RT and 200 K 1
Crystal Structures of NaVeO11

up spin down spin net spin

S
V(1) RT(N=8.25) 1.65 0.56 1.09 2,
RT (N=5.25) 1.29 0.91 0.38 -
200 K (N = 4.00) 1.15 1.03 0.12 .
V(2)  RT(N=8.25) 1.73 0.47 1.26 w
RT (N=5.25) 1.70 0.51 1.19
200 K (N = 4.00) 1.65 0.54 1.11 -1
V(3) RT(N=8.25) 1.62 0.59 1.03
RT (N=5.25) 1.57 0.63 0.94
200 K (N = 4.00) 1.53 0.66 0.87 1 4

population of V(2) varies little withN, that is, 1.+1.3 in

the region ofN = 4—9 at temperatures above and beldw
This is not in support of the assumptfdfi that V(2) is
nonmagnetic below 245 K. The unpaired spin population of
V(3) varies little withN as well, that is, 0.81.0 in the region

of N = 4—9 at temperatures above and beldwThe latter -1
supports the assumptitirthat the V(3) site has one unpaired

spin above and below;. With decreasingdN, the unpaired

spin population of V(1) decreases sharply from 1.0at 1
9 to 0.12 atN = 4. Namely, although the unpaired spin
population of the V(1) site is strongly diminished, it does
not vanish upon the trimerization. This does not support the
assumption that the V(1) site becomes diamagnetic below
Ti. Thus, the V(1) site cannot be described by a simple spin-
pairing picture that predicts an energy gap belbw

The u-versusN curve of the RT structure (Figure 4a)
reveals that the decreaseNharises primarily from that in

E-E_(eV)

the unpaired spin population of V(1). At RT, that is, at the DOS
temperature well abov@, the states around = 5.25 are Figure 5. Total and partial DOS plots calculated for the two minimum-
only slightly higher in energy than the ground staie = energy stated\ = 8.25 and 5.25) of the RT structure and the ground state

. . . (N = 4) of the 200 K structure of Na¥D1;. The solid lines refer to the
8.25), so that the effective number of unpaired spins per FU total DOS plots, and the partial DOS plots for the V(1) atoms are indicated

aboveT; should be smaller than 8.25 because of the thermal by shading. The partial DOS plots for the V(2) and V(3) atoms are shown
populations of the lower unpaired-spin-population states in the supplementary Figure S2.

aroundN = 5.25. Similarly, the effective number of unpaired
spins per FU belowl; should be greater than four because
of the thermal populations of the higher unpaired-spin-
population states dfl > 4. These “thermal excitations” into
the low-lying excited states are gapless excitations and differ
from the model of gapped excitations introduced by Kato et
al.’% to explain the nonlinear behavior of thel-versusT
curve and the NMR spinlattice relaxation rate below..

3d orbital populations calculated for the two minimum-
energy states of the RT structuld € 5.25 and 8.25) as
well as the ground state of the 200 K structuhe € 4).
Since the total 3d orbital populations of the three different
vanadium atoms are similar, their oxidation states should be
similar, so that the assumptitfrof different oxidation states
for the V(1), V(2), and V(3) atoms is not supported.
. ) . Nonnegligible covalent bonding interactions between the V
AtRT, the unpaired spin population of V(1) for the states 54 O atoms lead to significant O 2p/V 3d orbital mixing in
aroundN = 5.25 is only 0.38, which is not far from 0.12 e p-block and d-block bands of Na®i;, and electron
found for the ground state of the 200 K structure (Table 1). ye|ocalization is very significant in Na@y, so that the

Thus, even in the absence of the trimerization distortion, the oxjdation state consideration on the basis of the ionic bonding
electronic structures of the lower unpaired-spin-population scheme does not provide a useful picture.
states aroundll = 5.25 show that the d electrons of the V(1)

sites in the \Os layers of NaVOu, have significant spin- 6 tota] and partial density of states (DOS) calculated for
pairing in the V(1)--V(1) contacts. Thermal occupations of o 4 piock bands of the two minimum-energy states of the
the lower unpaired-spin-population states aroti 5.25 RT structure Kl = 5.25 and 8.25) and those of the ground
should act as a driving force for the trimerization of N&V:. state of the 200 K structuré\(= 4) are presented in Figure
The total 3d orbital populations of the V(1), V(2), and 5, where the partial DOS plots are given only for the V(1)
V(3) atoms calculated for their atomic spheres are in the atoms. The partial DOS plots for the V(2) and V(3) atoms
range of 2.19-2.21 electrons for the RT and the 200 K are presented in Figure S2 of the Supporting Information.
structures for all differentN values. As representative On the basis of our discussion of Figures 3 and 4 as well as
examples, Table 1 lists the up-spin, down-spin, and net-spinof Table 1, it is straightforward to understand the evolution

3.3. Total and Partial Density of States.The plots of
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Table 2. Contributions of the Up-Spin and Down-Spin Electrons of
the V(2), V(2), and V(3) Atoms to the DOS at the Fermi Level,
n(Eg), Calculated for the RT and 200 K Crystal Structures of

NaVeO1:2
RT(N=28.25) RT(N=5.25) 200K{N=4)
V(1) up-spin 1.35 0.79 0.47
down-spin 0.71 0.82 0.55
V(2) up-spin 1.40 1.53 1.78
down-spin 0.22 0.21 0.08
V(3)  up-spin 3.80 2.37 1.16
down-spin 0.18 0.16 0.18

aThe contributions ta(Eg) are in units of states/eV per atom.

Table 3. V(1)--V(1) and V(2)---V(2) Contact Distances and Their
[fAe)’[Values Calculated for NaVsO11 at Temperatures above and
below the Trimerization Temperature?

V(1)-+-V(1) V(2)-+-V(2)
RT distance 2.856 2.684
Ae)?O 15 800 15700
200 K distance 2.746/2.959 2.677
[(Ae)20 36 300/4000 15200

aThe V-++V distances are in A, and thgAe)?Ovalues in (meVA.

of the relative positions of the up- and down-spin d-block
bands with respect to the Fermi level.

At 200 K, the spin-up and spin-down DOS plots for the
V(1) atoms differ largely in shape, and the V(1) up-spin and
down-spin populations do not cancel out completely below
T:.. The difference in shape for the spin-up and spin-down

DOS plots for the V(1) atoms arises because the up-spin
and down-spin electrons engage in different exchange

interactions® with the spins of the V(2) and V(3) atoms that
remain strongly polarized. Therefore, it is incorrect to
describe the trimerization of the V(1) atoms in theO¢
kagomielattice in terms of the “complete” spin pairing
picture, which one arrives at by considering isolategd V
trimers. The \4 trimers belowT; are not isolated but interact
strongly, so that no forbidden energy gap develops bélow
in the up-spin and down-spin d-block bands of the V(1)
atoms. Thus, the trimerization of Na®y; might be described
as a “spin-polarized” CDW, in contrast to an ordinary CDW
as found from nonmagnetic metals.

The contributions of the V(1), V(2), and V(3) atoms to
the DOS at the Fermi leveh(Eg), are summarized in Table
2 for the RT and 200 K structures, which shows that all the
vanadium atoms V(1), V(2), and V(3) contribute nEg).
Thus, it is understandable that Ng; is metallic along
the parallel and perpendicular directidi’sOn going from
RT to 200 K, the total contribution ta(Er) from V(1) is
reduced by a factor of approximately 2, that from V(2) is
slightly increased, and that from V(3) is reduced by a factor
of approximately 3. For the V(1) contribution tgEg), the
up-spin contributes more than the down-spin at RT by a
factor of 2, but the up-spin and down-spin contribute almost

equally at 200 K. Since a band gap opening does not occur

at the Fermi level, the probable cause for the weakly
semiconducting behavior of the perpendicular conductivity
of NaVes0O,1 between 245 and 80 K should be sought from a

mobility decrease of the carriers in this temperature region.

It may be possible that the mobility of the down-spin

(25) Whangbo, M.-H.; Koo, H.-J.; Villesuzanne, A.; Pouchard, Marg.
Chem 2002 41, 1920, and the references therein.

Villesuzanne et al.

electrons of V(1) along the perpendicular direction is lowered
by disorder in the up-spins of V(2) and V(3) below 245 K.
Once this disorder is reduced when the temperature is
lowered below 80 K, the mobility would increase again so
that the weakly semiconducting behavior disappears.

4. Spin Pairing Tendency

Our discussion in the previous section shows that in the
ground state of the RT structure of NgM, the V(1), V(2),
and V(3) atoms each have approximately one unpaired spin
and that in the ground state of the 200 K structure the V(1)
site becomes close to nonmagnetic while the V(2) and V(3)
sites each have one unpaired spin. Though weaker than in
the trimerized state, a spin-pairing tendency is found for V(1)
for the RT structureN = 5.25 state). The trimerization of
the V(1) atoms hardly affects the tendency for antiferro-
magnetic coupling for the V(2) atoms. In this section, we
discuss these observations in terms of spin dimer analysis,
which describes spin exchange interactions between localized
spins in magnetic solid®.In spin dimer analysis based on
EHTB calculations, the strength of antiferromagnetic inter-
action between two spin sites is measured by the antiferro-
magnetic spin exchange paramedfigg, which is approxi-
mated by?

Il (Ae)D
AF Ueff

where the effective on-site repulsidd is essentially a
constant for a given system. TH@Ae)?(term is further
approximated b3#

l M
EaAe)zmm (Ae,)’?

whereAe,, is the energy split that results when two magnetic
orbitals¢, on adjacent spin sites interact. The V(1) and V(2)
atoms of Na\O,; are located at slightly distorted octahedral
sites. Thus, a ¥ (d?) cation at these sites has the electron
configuration (§g)?, and a \** (d*) cation has the electron
configuration (ig). For simplicity, we label they§-block
levels of each spin site &s, ¢,, andg; and define the energy
term A2 = (Aey))? + (Aex)? + (Aesg)? Then, for both W+
(d®) and \V** (dY) cations, the{Ae)?[term is written a${Ae)’[]
~ A%9.22

The [{Ae)’Cvalues calculated for the V(#)V(1) and
V(2)---V(2) contacts in the RT and 200 K crystal structures
of NaVsO1; are summarized in Table 2 along with the \41)
V(1) and V(2}:-V(2) contact distances. These values are
practically the same for the V(%)}V(1) and V(2)--V(2)
contacts at RT, that is, the tendency for spin pairing is similar
for the V(1)--V(1) and V(2)--V(2) contacts. They are
practically the same for the V(2)V(2) contact at RT and
200 K, that is, the trimerization of the V(1) atoms does not
change the tendency for spin pairing in the V(2y(2)
contact. However, the trimerization increases ffike)’0]
value by a factor of 2 for the shortened V{t)/(1) contact
but makes it negligible for the lengthened \W{1Y(1)
contact. These results are consistent with the spin-pairing
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tendencies of the V(1) and V(2) sites deduced from first-

Chem. Mater., Vol. 17, No. 17, 23D

but possess greater than one unpaired spin per site above

principles electronic band structure calculations. This shows and belowT;. The V(3) sites of the V@trigonal bipyramids

that significant antiferromagnetic interactions exist in May,

as found from the large negative Curi@/eiss temperature
(also true for Sr¥O;; and Pb\O1;),° and that these
interactions are of the same magnitude for V(1) and V(2)
aboveT:. In our first-principles calculations, the spin-pairing
tendency for V(1) is found stronger even at RT, where

possess approximately one unpaired spin per site above and
belowT.. Our spin dimer analysis shows that the spin-pairing
tendencies for the V(1)-V(1) and V(2)--V(2) interactions

are the same abovk and that the trimerization increases
the spin-pairing tendency for the V{1)V(1) contact by a
factor of 2 but does not change the spin-pairing tendency

trimerization is absent. Therefore, our spin dimer and band for the V(2)--V(2) contact. Our electronic band structure

structure analyses indicate that the trimerization of B2y

is driven by both magnetic and electronic (CDW or second-
order JahnTeller) instabilities, and the nature of the spin
pairing between V(1) atoms in the kagoiadtice belowT;

and spin dimer analyses suggest that the trimerization of
NaVs0s1 is driven by metat-metal bonding and antiferro-
magnetic interactions in trimer clusters.

In summary, the present work is not in support of the

is closer to a diamagnetic state than to an antiferromagneticy,gristic assumptions Kato et % introduced to interpret

state. This is due to the stronger pairing in the WX¥)1)
metal-metal bonds of the Ytrimer clusters (Figure 2b).

5. Concluding Remarks

As a function of the number of unpaired spins per FU,
the total energy of the RT structure of Ng¥; has two
minima atN = 5.25 and 8.25, which differ in energy by
less than 3 meV per FU, and the total energy of the 200 K
structure of NayO1; has a minimum ail = 4 with the states
of N = 4 lying within a small energy difference from the
minimum. Consequently, states with a wide rangBl e&lues
(i.,e., ~4 < N < ~9) are expected to contribute to the
magnetic properties of Na®.; above and below the
trimerization temperatur&. The thermal populations of the
“low-lying excited states” amount to gapless excitations
rather than gapped excitations. The V(1), V(2), and V(3)
sites of Na\(O1; have a similar oxidation state, and their
difference lies in the extents of their spin polarization. The
unpaired spin population of the V(1) site is significantly
reduced but remains nonzero bel@w The V(2) sites of
the V,Og dimers in Na\{O1; do not form diamagnetic pairs

the magnetic susceptibility arfNa NMR data of Na¥O1;
and shows that the trimerization of Ng®; is significantly
different in nature from that of LiV@ The magnetic and
transport properties of Na®.; as well as its analogues
SrVe04; and Pb\O,; should be reinterpreted on the basis
of the findings presented in this work. It is hoped that our
work will stimulate further experimental and theoretical
investigations on these fascinating systems.
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