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Abstract: With decreasing temperature, the magnetic metal ddaVundergoes two structural phase transitions (at

245 and 40 K) and exhibits anomalous electrical and magnetic properties. To probe the origin of these structural,
electrical, and magnetic properties, the electronic structures og®aWere calculated for its crystal structures at

room temperature, 200 K, and 30 K using the extendédkiutight-binding band method. The 245 and 40 K
structural phase transitions are not caused by a charge density wave instability, but by the lowering of the energy
levels lying well below the Fermi level. In the magnetic metallic state of &Y, obtained by the spin-polarization

of the partially filled d-block bands, the electrical conductivity of N&Y; is predicted to be greater along the
c-direction than in theb plane, in agreement with experiment. Our study indicates that the unpaired electrons of
NaVs0s1 reside mainly in the YOi; rather than in the ¥Og layers. The anomalies of the-vs-T plot is explained

by considering the effect of disordered magnetic moments on electrical conductivity.

1. Introduction

The electronic structure of a normal metal has one or several
partially filled bands, which contain the same number of up- l
spin and down-spin electrons (Figure l1a). The physical l (
properties of a normal metal are characterized by a decreasing
electrical resistivityp with decreasing temperatuie (Figure (a) (@)
1b) and by a temperature-independent magnetic susceptibility
% (i.e., Pauli paramagnetism) (Figure 1c). The Pauli paramag- P x!
netic susceptibility is proportional to the density of states (DOS)
at the Fermi leveln(e).! The magnetic susceptibility of a
compound with unpaired electrons obeys the Curie or Curie
Weiss law (i.e.y* decreases linearly with decreasifpin a T T
certain region of temperature (Figure 1d). The intercept with (b (e)
the T axis (i.e., the Weiss temperatuig in the y~2-vs-T plot,
obtained from the plot in the temperature region above a X
magnetic (e.g., ferromagnetic or antiferromagnetic) phase transi-
tion temperature, is positive for a system with ferromagnetic
interactions and negative for a system with antiferromagnetic
interactiong A certain metal has unpaired electrons, and its
magnetic susceptibility may follow the Curi®Veiss law. From
the viewpoint of electronic band structure, one or several ()
partially-filled bands of a magnetic metal are spin-polarized to Figure 1. Schematic representations the electronic band structures of

have unequal numbers of up-spin and down-spin electronshormal and magnetic metals and their electrical resistivify gnd
(Figure 1d)34 magnetic susceptibilityy) as a function of temperatuiie Electronic

Over the years much effort has been devoted to correlate theP2"d Structures of normal and magnetic metals are in (a) and (d),
respectively, where the dashed lines refer to the Fermi levels. The

hysical properties of low-dimensional metals with their crystal : : .
gn)(; eIeth)ror?ic structures. Many transition-metal oxideyand pvsT a}ndx-vs-T relatlonshlps. of a.normal metal are In (b? and (c),
. > y ! " respectively. The~'-vs-T relationship of a magnetic metal is shown
chalcogenide metals exhibit anomalous electrical and magnetici, (e).
properties® The electronic instability of these compounds

® Abstract published ifAdvance ACS Abstract#pril 15, 1996. !eading to their Ch"’_‘rge density Waves (COWs)is Oﬂen di?“?ussed
(1) Ashcroft, N. W.; Mermin, N. D.Solid State PhysicsSaunders in terms of Fermi surface nestirig? The CDW instability
College: Philadelphia, 1976. driven by Fermi surface nesting refers to the tendency that a

(2) Kahn, O.Molecular MagnetismVCH: Weinheim, Germany; 1993. A ; ; ; ;
(3) (@) Stoner, E. GProc. R Soc London1938 A165 372. (b) Herring, low-dimensional metal lowers its electronic energy by opening

C. InMagnetismRado, G. T., Suhl, H., Eds.; Academic Press: New York, @ band gap at the Fermi level. This is analogous to the first-

1966; Vol. IV. _ order Jahr-Teller instability of a molecule, i.e., a molecule with
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two.19 The metal-to-semiconductor phase transition associated
with a CDW instability diminishes the(e) value and hence
the y value. A molecule with no partially filed degenerate
HOMO's can also undergo a symmetry-lowering distortion, as
exemplified by the second-order JakFeller instabilityl!
Likewise, the structural modulation of a low-dimensional metal
can originate from the lowering of the energy levels lying well
below the Fermi level:1!

Sodium hexavanadate Ng®i; is a magnetic metal with a
number of fascinating structural and physical propeffe¥’
Upon cooling from room temperature, Ng®; undergoes two
structural phase transitions (at 245 and 46%Y. The magnetic
susceptibility of Na\O11 obeys the CurieWeiss law above
245 K (@ = —81 K) and between 75 and 110 K & 64.2 K)
and exhibits an anomaly at 240 K (Figure 2a)NaVsO11
undergoes a ferromagnetic phase transition at 64 K with the
easy axis of magnetization along the crystallograpkdirection.

The electrical resistivities of Na{11 parallel and perpendicular

to thec-direction (o andpg, respectively) present an interesting
temperature-dependence (Figure $h)j is at least one order

of magnitude smaller thapy at temperatures below room
temperature, withoy/pog = 0.1 at 300 K. Thepy-vs-T plot
exhibits a normal metallic character below room temperature,
while the pg-vs-T plot shows a metallic behavior below 80 K
and above 245 K and a weakly semiconducting behavior
between 80 and 245 K. In the present work, we probe the origin
of the structural phase transitions and apparently complex

(5) For recent reviews, see: (a) Greenblatt|iM. J. Mod. Phys B 1993
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Dumas, J.; Schlenker, @t. J. Mod. Phys B 1993 7, 4045. (e) Pouget,
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and OxidesSchlenker, C., Ed.; Kluwer: Dordrecht, The Netherlands, 1989;
p 87. (f) Schlenker, C.; Dumas, J.; Escribe-Filippini, C.; Guyot, H. ref 5e,
p 159. (g) Greenblatt, M. ref 5e, p 1. (h) Fleming, R. M.; Cava, R. J. ref
5e, p 259. (i) Greenblatt, MChem Rev. 1988 88, 31. (j) Schlenker, C.;
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Mag. B 1985 52, 643.
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Table 1. Exponents;; and Valence Shell lonization Potentiais
of Slater-Type Orbitalg; Used for EHTB Calculatich

atom Xi Hi (eV) Gi cP &' cP
\Y 4s —8.81 1.30
\Y 4p —5.62 1.30
\Y 3d -11.0 4.75 0.4755 1.70 0.7052
(0] 2s —-32.3 2.275
(0] 2p —-14.8 2.275

2 H;’s are the diagonal matrix elemerifg|He| (] whereHe is the
effective Hamiltonian. In our calculations of the off-diagonal matrix
elementsHe™ = [|He| ;0] the weighted formula was usét® Con-
traction coefficients used in the doubieSlater-type orbital.

physical properties of Na¥D;; by calculating the electronic
structures of its crystal structures determined by Kanke $t'al.

at room temperature, 200 K, and 30 K. For our calculations,
the extended Hekel tight-binding (EHTB) method was em-
ployed!® The parameters of the V and O atoms employed in
our EHTB calculations are listed in Table 1.

2. Crystal Structure

It is convenient to describe the crystal structure of NaM
in terms of the layers of compositions 0§®s and V30;1. The
V30g layer of Naw0i1 is made up of edge-sharing ¥O
octahedra (Figure 3 and diagrath At room temperature the
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Figure 3. Schematic projection view of the ;@5 layer at room
temperature along the-direction. The smaller and larger circles
represent V and O atoms, respectively.

V atoms of this layer form a Kagofrattice, so every six ¥
regular triangles share their corners to formga&gular hexagon
(Figure 4a). The centers of the Ylexagons correspond to those
of the “empty Q octahedra” of the YOg layer. Each ¥ triangle
has one face and three-W edges each capped by an oxygen
atom (diagranti). The face-capping occurs such that the face-

capping oxygen atoms form a hexagonal lattice above and below

the V-atom plane. At each V atom of the®; layer, two edge-
sharing octadedral chains intersect. Th©M layer of Na\tO11
is composed of face-sharing octahedral dime®y/(diagram
2) and trigonal bipyramid V@(diagram3) (Figures 5a and 5b),
and each V@unit shares its equatorial oxygen atoms with the
middle oxygen atoms of the three neighboringOy units.
Hereafter, the V atoms of the3z@g layer, the MOy dimer, and
the VG; trigonal bipyramid will be referred to as V(1), V(2),
and V(3) atoms, respectively.

In NaVeOs;1 the V30 and V504, layers alternate along the

c-direction, and adjacent layers are condensed together byI
sharing their surface oxygen atoms. The axial oxygen atoms

of the V& units in the 404, layer become the face-capping
oxygen atoms of the adjacent;®s layers. Each empty ©
octahedron of a ¥Og layer is formed from the outside oxygen
atoms of the YOg dimers in the adjacent two 3@, layers.
The Na cations reside at the 12-coordination sites of th®\
layers, and each of these sites is made up of three adjag®st V
dimers.

On lowering the temperature Ng¥;; undergoes two second-
order structural phase transitions (at 245 and 407K)lhe
crystal structure of Nay0O;; at 200 K reveals that the structural
transition at 245 K causes a metal-atom trimerization in tk@gV
layers such that the Kagdniattice has two nonequivalentsV
regular triangles (Table 2 and Figure 4b). In thgOy; layers,
the V-V distance of each M09 dimer is shortened, and the V
atom of each V@trigonal bipyramid moves toward one axial
oxygen atom (@) (Table 2). As a result of the structural
transition at 40 K, the Ytriangles in the Kagomhattice of the
V30g layer are converted into isosceles triangles, theW
distance of each 309 dimer is further shortened, and the V
atom of each V@trigonal bipyramid moves further toward one
Oax atom (Table 2 and Figure 4c).

3. Structural Phase Transitions

The Madelung energy calculations for Ng; suggest that
the V(1) sites are occupied by3V (d?) ions, and the V(2) and
V(3) sites by W (d) ions!® To simulate these d-electron
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temperature (RT), 200 K, and 30 K crystal structures are
estimated by carrying out EHTB electronic band structure
calculations for the 01, lattice and the ¥Og’~ and V504,10~
layers and also extended kel molecular orbitdP calculations

for the VoOq1%~ and VG~ units.

Since Na\{Oy; is a magnetic metal, the partially-filled d-block
bands of the WO;;~ lattice should be spin-polarized to have
unequal numbers of up-spin and down-spin electrons. For our
discussion of the relative energies, this spin polarization effect
is neglected, i.e., the D1~ lattice and the WOg’~ and
V301110 layers are assumed to be normal metals. This
approximation is not expected to alter the essence of our
conclusions, because the extent of the band shifting needed for
the spin polarization of Na30;; is small (see the next section)
and because the stability differences in the RT, 220 K, and 30
K structures arise mainly from those occupied energy levels
lying well below the Fermi level (see below). Consequences
of the spin polarization on the electrical and magnetic properties
of NaVs01; are discussed in detail in the next section.

Figures 6a and 6b present the contributions of the V(1), V(2),
and V(3) atoms to the DOS plots [i.e., projected DOS (PDOS)
plots] calculated for the d-block bands of theQ{;™ lattices at
room temperature and 200 K, respectively. Here the dashed
line refers to the Fermi level for the normal metallic state of
NaVeOi11. The Fermi level occurs within the d-block bands,
so Na\kO;; is a metal. Below the Fermi level, the contribution
of V(1) to the PDOS is much larger than that of either V(2) or
V(3). This is consistent with the conclusion from the Madelung
energy calculations that the V(1) sites contain more d-electrons
than do the V(2) and V(3) sité$. (For further discussion, see
the next section.)

The energies of the §D;;~ lattice, the \40g’~ and V504410~
ayers, and the ¥0q!%~ and VG®~ units for the 200 K and 30
K crystal structures relative to those for the RT crystal structure
are summarized in Table 3. The stability of theO4;~ lattice
is calculated to increase in the order RT200 K < 30 K. This
trend is consistent with the occurrence of the consecutive 245
and 40 K structural phase transitions on lowering the temper-
ature. Table 3 shows that the 245 K structural phase transition
is primarily caused by the stabilization of the®'~ lattice.

The comparison of Figures 6a and 6b reveals that the primary
consequence of the structural transition at 245 K is that the
bottom portion of the d-block bands associated with the V(1)
atoms and lying well below the Fermi level is lowered in energy.
In the following, this point is examined in more detail.

The tg-block bands calculated for the isolatedO4"~ layers
of the RT and 200 K crystal structures are given in Figures 7a
and 7b, respectively. The ningsblock bands of the ¥Og"~
layer are divided into three sets with each containing three bands.
This can be accounted for by considering the “equatorial planes”
of each VQ octahedron containing its threg brbitals. Each
VOg octahedron can be represented as in Figure 8a to emphasize
the 3-fold symmetry or as in Figures 8Bd to emphasize the
three equatorial planes containing the thrgetbitals (Figure
8e)? As already mentioned, two edge-sharing octahedral chains
pass through each3V ion of the \4Og’~ layer (Figure 3), and
the equatorial planes of these chains are illustrated for a metal
trimer unit, V3043, in Figures 9a9d. Two bg orbitals of each
V3 jon are contained in the equatorial planes of these chains
(represented with unhatched equatorial planes in Figures 9a

counts with electronic structure calculations on isolated layers 9c)? and theiro overlap through the shared octahedral edges

and molecular fragments, therefore, we employ th@¢/~ and
V30110 layers and the ¥0¢'%~ and VQ?®~ units. In this
section, the relative energies of the®;~ lattices of the room

leads to the dispersive bands in Figures 7a and 7b (the bottom
and top sets). The remaininggtorbital of each W ion,
contained in the “isolated” equatorial plane (represented by

(18) Whangbo, M.-H.; Hoffmann, R. Am Chem Soc 1978 100, 6093.

(19) Hoffmann, RJ. Chem Phys 1963 39, 1397.



3954 J. Am. Chem. Soc., Vol. 118, No. 16, 1996

VV

Q\—‘O 0O

Seo and Whangbo

v o—=2 —=° Q ©
',o’ o g

OS— o—C O— o]

V \7 V

\VARVARY,

X/\/ T
\/ (b) kel o k)

(e)

Figure 4. Kagomelattices of the V atoms in the 3Dg layers of the (a) room temperature, (b) 200 K, and (c) 30 K crystal structures of¥aV
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=2779 A, v--v

o
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Figure 5. Schematic projection views of thes¥:; layer at room
temperature (a) along thedirection and (b) along tha-direction. In

(a) and (b), the smaller and larger circles represent V and O atoms,
respectively.

Table 2. V(1)-V(1), V(2)—V(2), and V(3)-O, Distances (A) of
the Na\kO;1 Crystal Structures Determined at Room Temperature
(RT), 200 K, and 30 K

distance RT 200K 30K

V(1)—-V(1) 2.856 (x3) 2.746 &3) 2.670 1)

2.779 (x2)

2.856 (x3) 2.959 & 3) 2.932 k2)

3.011 (x1)
V(2)—-V(2) 2.684 2.677 2.665
V(3)—Oax 2.086 (x2) 2.038 1.934
2.116 2.155

hatching in Figures 9a9d) with the axial oxygen atoms given

by the face-capping oxygen atoms, leads to the nearly flat bands

in Figures 7a and 7b (the middle set). For conveniencepghe t
orbitals contained in the isolated equatorial planes (Figure 9d)
will be referred to as the “tangential’gtorbitals, and those
contained in the edge-sharing octahedral chains as the “radial”
tog oOrbitals. Then, the bottom and top sets of the bands in
Figures 7a and 7b result from the “bonding” and “antibonding”
levels between the two “radial’4 orbitals for each ¥V pair

of a Vz triangle, and the middle set from the “nonbonding” levels
of each \4 triangle (i.e., the “tangential’} orbitals).

With six d-electrons per unit cell (from three*Vions), the
three “bonding” bands of the 30"~ layer become completely
filled thereby leading to a band gap for the RT and 200 K
structures (Figures 7a and 7b). For the 200 K structure, the

V- --V=2.959 A in the 200 K structure. ¥V = 2.670 A, V- - -V

=2.932 A, and V-V = 3.011 A in the 30 K structure.
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Figure 6. PDOS plots calculated for thes®,;~ lattices of the (a)
room temperature and (b) 200 K crystal structures. The dashed lines
refer to the Fermi levels of the normal metallic states. The contributions
of the V(1), V(2), and V(3) atoms are indicated by the solid, dotted,
and dashed lines, respectively.

Table 3. Energies (kcal/mol) of the 01;~ Lattice, the \40s"~
and V50,41 Layers, and the ¥04!% and VOS5~ Units for the 200
and 30 K Crystal Structures with Respect to the Corresponding
Values for the Room Temperature (RT) Crystal Structure

structure RT 200 K 30K
VeO11~ lattice 0.0 -8.9 -13
V30g' layer 0.0 -7.4 71
V30111 layer 0.0 -3.8 —8.4
V,00'%" unit 0.0 -3.3 —4.6
VO&5~ unit 0.0 -1.3 -3.8

aEnergies are per 811, V308", V301110, V0410, and VQSE~
for the VsO1;1~ lattice, VsOg"~ and V30111‘} layers, and ¥O,'%" and
VOs®~ units, respectively. The negative energies mean that the 200
and 30 K structures are more stable than the room temperature structure.

band gap is larger, and the “bonding” bands are lowered in
energy, because of the-W---V bond alternation that takes
place along each edge-sharing octahedral chain of #&"vV
layer (Figure 4b). This picture is slightly modified when the
V30g’~ layers are incorporated into the®, ;™ lattice, because
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Figure 9. Schematic representation of the equatorial planes containing
the by orbitals in a trimer unit WO, (diagram1). As illustrated in
(a)—(c), two bg orbitals of each metal atom are contained in the edge-
sharing octahedral chains (represented with unhatched equatorial planes)
running throughout the ¥0g layer. The remaining§ orbital of each
metal atom is contained in the isolated equatorial plane (represented
by hatching). As illustrated in (d), the hatched equatorial planes of a
trimer V3013 unit are “tangential” with respect to thestiangle. The

tog Orbitals contained in the unhatched and hatched equatorial planes
are referred to as “radical” and “tangentialy brbitals, respectively.
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Figure 7. Dispersion relations of thegblock bands calculated for
the V305"~ layers of the (a) room temperature and (b) 200 K crystal
structures where the dashed lines refer to the highest occupied levels.
= (0, 0), X = (a*/2, 0), andM = (a*/2, b*/2).

SRR

Figure 10. Dispersion relations of the d-block bands calculated for
the V6011~ lattice of the 200 K crystal structure, where the dashed line
g refers to the Fermi level of the normal metallic stale= (0, 0, 0),X
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Energy (eV)

= (a*/2, 0, 0), andZ = (0, 0, c*/2).

I
d e
Figure 8. Four different representations of a ¥Octahedron in (&}
(d). The three; orbitals of a VQ octahedron are each contained in . . :
the equatorial planes of (b)Yd). The by orbital contained in an 4. Electrical and Magnetic Properties
equatorial plane has its orbital lobes pointed to the midpionts of the ~ A. Normal Metallic State. The dispersion relations of the

neither the 245 K nor the 40 K phase transition is of CDW
type expected for a system with nested Fermi surf&égs.

Oq4 square, as illustrated in (e). tog-block bands of the Y011~ lattice calculated for the 200 K
) ) crystal structure are shown in Figure 10, where the dashed line
their oxygen atoms are shared with those of th@M*~ layers. refers to the Fermi level for the normal metallic state. Hereafter,

Figures 6a and 6b reveal that the 245 K structural transition this Fermi level will be referred to ase The orbital character
does not create a band gap in the PDOS plot of the V(1) atom of these bands can be seen from the PDOS plots given in Figure
but substantially reduces its PDOS values in the energy regiongp. In the vicinity of g, the PDOS values are smaller below

0.19 eV below the Fermi level. e than above g, and those abovegeare largely contributed
Table 3 indicates that the 40 K structural phase transition by the V(2) and V(3) atoms.

originates mainly from the stabilization of the;®,1%- layer. The Fermi surfaces associated with the normal metallic state

This layer is stabilized because its building blocks, the©§¥°- (Figures 11a and 11b) are characterized by two spherical Fermi

dimers and V@~ trigonal bipyramids, are stabilized by the surfaces of nearly equal size centeredl'aand two warped
distortions associated with the 40 K phase transition (see Tablecylinder-like Fermi surfaces running alohg-Z (i.e., along the

2). This stabilization of the ¥01,1%~ layer is caused by the  c-direction). The latter two merge into one in thtb*-plane
energy lowering of the oxygen p-block bands lying below the at thec*-height of 0.5*. All Fermi surfaces are closed in three
d-block bands and is analogous to a second-order-Jadlter directions of the reciprocal space, so N&i should be a three-
distortion. Though not shown, the PDOS plot of thgOy;i~ dimensional (3D) metal. Due to the cylinder-like Fermi
lattice calculated for the 30 K crystal structure shows that the surfaces, however, the direction perpendiculaFte/ faces a

40 K structural transition does not open a gap at the Fermi level, greater Fermi surface area than does that paralleHd. Thus,

as in the case of the 245 K structural transition. Consequently, Figures 11a and 11b predict that the electrical conductivity of
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Figure 12. Low-lying d-block energy levels of the XD4'% and VO~
units (diagrams and 3, respectively).

X V,001%~ units are occupied), thereby increasing the number of
unpaired electrons per formula unit in Ng®i. Indeed,
magnetic susceptibility measurements of N@y at 5 K show

N that there are 1.7 unpaired electrons per formula¥nit.

(b) Within the framework of electronic band structdre,a

magnetic metallic state is obtained from a normal metallic state

lattice at 200 K. (ap*b*-plane cross section view at th-height of by introducing spin-polarization. In essence, spin-polarization

0. (b)a*c*-plane cross section view at the-height of 0. Y = (0, occurs to reduce the electreelectron repulsiod* Suppose a

b*2, 0), M = (a*/2, b*/2, 0), andM' = (a*/2, 0, c*/2). magnetic metal composed of identical sites with on-site repul-

sion integralJ.2° If the up-spin and down-spin densities at each

NaV4Os; should be greater along teedirection, in disagreement ~ Site arent and ni, respectively, the total repulsion per site is

with the observation thas is significantly smaller thap.15 given byntniU. Thls_energy term becomes smaller when the

(Exact details of the Fermi surface Shapes depend Sensitive'ynT andnl values are different since the total number of electrons

on a small change in the Fermi level. However, the essential at each site is constamf(+ nk = constant), i.e., when spin-

topological aspects described above remain the same.) ToPolarization occurs. In a band picture, spin-polarization can

resolve this discrepancy, it is necessary to consider the effectsPe introduced into a normal metallic state by shifting the up-
of spin-polarization neglected so far. spin band with respect to the down-spin band (Figure 1d),

B. Spin-Polarized State. The physical properties of a because this results in unequal numbers of electrons in the two
magnetic insulator are determined by strongly localized elec- Subbands. ) o .
trons2° In a magnetic metal, which has weakly localized  In the present work, the spin-polarization in N&{y will
electrons, the local exchange fields associated with them governbe discussed qualitatively by introducing two reasonable as-
the magnetic moment at each atomic site, and the magneticSUmptions, i.e., that only the partially filled d-block bands are
interactions between the localized moments are mediated bylnvolved in the spin-polarization, and that the essential orbital
itinerant electrons (i.e., electrons described by electronic band character of these bands is unaffected by the spin-polarization.

Figure 11. Fermi surfaces of the normal metallic state of thgO\~

structure>4 With respect to the normal metallic state (Figure 13a), one can
As described in the previous section, the three metstal obtain more up-spin electrons by raising the Fermi levekdo e
bonding bands of an isolateds@y~ layer are completely T Af, and less down-spin electrons by lowering the Fermi level
occupied by two d-electrons from eaci™Mon. In a V,0g%~ to @ — Al (Figure 13b). When the up-spin and down-spin
dimer the d-electrons from the two*¥ ions can be accom- ~ bands are shifted so that the € At and @ — Al levels become
modated in the nondegenerate, metaktal o bonding level ~identical (i.e., adjusted to a new Fermi levgl @ spin-polarized

(Figure 12a). In a V- trigonal bipyramid, one d-electron  State results (Figure 13c). Our analysis of the electronic band
from the V** ion is placed in the doubly-degenerate level (Figure Structure calculated for the 200 K crystal structure of @M
12b). Thus, one might expect Ng®; to have one unpaired ~ (Figures 6_b and 10) reveals Fhat 1.7 unpaired electrons per
electron per formula unit NayD1. However, this argumentis  formula unit of Na\bOy; are obtained when thét andAl values
approximate, because the building blocks of th@©M~ lattice are 0.045 and 0.208 eV, respectively. (Since these values are
(i.e., the \Os'% and VQS~ units and the YO111%~ and \40g"~ small, the relative stabilities of theg®;;~ lattices at RT, 200
|ayers) are fused together by Sharing oxygen atoms. The OxygenK, and 30 K can be eS.“mated n .terms of Fhelr normal mgtalllc
atom sharing can affect the relative positions of their d-block States, as presented in the previous section.) Athealue is
level$ and lead to bands composed of more than one building Much smaller than thal value because, in the vicinity ofoe
block. In particular, the LUMO’s of YOu!% are doubly- the DOS values are much greater aboyehan below . Note
degenerate and lie close to the HOMO of0é% and are also  that the V(2) and V(3) atoms have large DOS values in the
close in energy to the HOMO of i~ (Figures 12a and 12b).  energy region of @ + Al. This is so because narrow d-block
Thus, the \Os1%~ units of the \40111%" layer may also act as ~ Pands associated with the,®'* and VG°~ units of the
additional sites for unpaired electrons (when the band levels of V2O11'" layer occur in that energy region (Figures 6b and 10).

the VsO11~ lattice derived largely from the LUMO’s of the C. Electrical Resistivity in the Spin-Polarized State. In
Figure 10, the band cut by the Fermi leve] is narrow along

(20) (a) Mott, N. FMetal-Insulator TransitionsBarnes and Noble: New
York, 1977. (b) Brandow, B. HAdv. Phys 1977, 26, 651. (c) Whangbo, (21) (a) Whangbo, M.-HJ. Chem Phys 198Q 73, 3854. (b) Whangbo,
M.-H. J. Chem Phys 1979 70, 4963. M.-H. Inorg. Chem 198Q 19, 1728.
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(a) (b)
S R PO Figure 15. a*c*-plane cross section view (at tH®-height of 0) of
l the Fermi surface associated with the levgl-e Al of the VsO11~
— lattice at 200 K.
(c) surface area. In contrast, the Fermi surface associated with the

Figure 13. Schematic representation of how the up-spin and down- down-spin 1D band (Figures 15) predicts a preferential electrical
spin bands of a normal metallic state are spin-polarized to produce aconductivity along thec-direction. Consequently, the spin-
magnetic metallic state within a rigid band scheme: (a) band polarized state of Na)Di; is predicted to have a greater

representation of a normal metallic state, where the numbers of up- electrical conductivity along the-direction, in agreement with
spin and down-spin electrons are the same; (b) raising the Fermi level experiment.

of the up-spin band and lowering that of the down-spin band to produce . .
more up-spin electrons; (c) shifting the up-spin and down-spin bands D. Anomaly in po. The pg-vs-T plot of Figure 2b shows

of (b) to make their Fermi levels identical thereby forming a magnetic 10 anomaly at 245 K. At this temperature, a metal-atom
metallic state. clustering takes place in thes®s layer, and a sudden change

occurs in the magnetic susceptibility (Figure 2a). The sharp

M drop of pp with decreasing temperature begins at 64 K, and the
magnetic moments become ferromagnetically ordered along the
c-direction at the same temperature. It is of interest to consider
a plausible reason for the weakly semiconducting behavior of
the pg-vs-T plot (between 80 and 245 K). It is known that
disordered magnetic moments can act as scattering centers for
conduction electrons and hence cause a semiconducting behav-
ior.22 Thus, one might speculate that the semiconducting
behavior of theo-vs-T plot arises because the unpaired spins
residing in the O, layer are disordered. The absence of a

- similar behavior in they-vs-T plot (Figure 2b) may arise from

(a) the fact that the electrical conductivity is much stronger along

the c-direction and hence is not so much affected by the spin

Z . M’ disorder as is that in thab-plane.

d A similar reasoning can account for why tle-vs-T plot

shows a metallic behavior above 245 K. The slope ofythle

vs-T plot above 245 K is smaller than that below 245 K (Figure

2a). Thus, the effective magnetic momen O [x(T — 6)]72

is smaller above 245 K, so the electrical conductivity is less

affected by disordered magnetic moments above 245 K.

Furthermore, due to the metal-atom clustering in th@Mayer

(b) T that occurs below 245 K, the(e) value associated with the
) ) ] ) V(1) atoms of this layer is larger above 245 K than below 245
Figure 14. Fermi surfaces associated with the levgl-e At of the K. (As noted earlier, Figures 6a and 6b show that the 245 K

VeO11~ lattice at 200 K: (ajp*b*-plane cross section view at tho-

height of O (b)a*C*plane cross section view at thte-height of 0. structural transition reduces the PDOS values of the V(1) atom

in the energy region 0.19 eV belowe It is in this energy
region where the level @ — Al occurs.) Above 245 K,
therefore, the carrier density in the®; layer is higher, and so
is the electrical conductivity in thab-plane. This factor also

+ Al since theAt is small. Immediately below this band, there makes the electrical conductivity less susceptible to the scat-
occurs a band dispersive mainly alohgZ, which is cut by tering effect O_f dlsord_ereq magnet!c momgnts.

the level @ — Al. This one-dimensional (1D) band (hereafter ~ E- Magnetic Ordering in the Spin-Polarized State. Our
referred to as the “down-spin 1D band”) has almost equal electronic structure study indicates that unpalred electrons of
contributions from the V(1) and V(2) atoms. The major NaVeOu reside largely in the YO, rather than in the ¥Og
contributors of the down-spin 1D band are the tangensial t layers. Thus, the occurrence of a f_erromagneu_c o_rderlng in
orbital of each V(1) atom in the 3g layer (Figure 9d) and the ~ NaVeOi1 below 64 K, with the easy axis of magnetization along
HOMO (i.e., theo bonding level) of each 04!~ unit in the thec-direction, implies that t.he unpaired electrons of th©M
V301, layer (Figure 12). layers couple ferromagnetically through theQ4 layer. In

The Fermi surfaces associated with the leyetteA? (Figure terms of the spin-polarization mechanism of ferromagnetic

14) are 3D in nature and suggest a nearly isotropic electrical (22) (@) Searle, C. W Wang, S. Tan J. Phys 1970 48, 2023, (b)

conductivity for Na\kOys, since the directions parallel and  cox . A Transition Metal OxidesOxford University Press: New York,
perpendicular to the-direction face nearly the same Fermi 1992

the '—Z direction (i.e.,c-direction). All three metal atoms,
V(1), V(2), and V(3), contribute to this band, with the largest
contribution from V(3). This band is still cut by the leveb e
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coupling?® one might suggest that the;®s layers act as a spin-  NaVgO11 is predicted to be greater along thalirection than
polarization medium. The down-spin 1D band of N&Y: in the ab-plane, in agreement with experiment. Our study
(Figure 10), which have orbital contributions almost equally indicates that the unpaired electrons of N&; reside mainly
from the \30g and the \4O; layers, may provide low-lying in the V3044 rather than in the ¥Og layers. The anomalies of
excited states needed for the configuration interactions leadingthe p--vs-T plot can be explained by taking into consideration
to the ferromagnetism. the effect of disordered magnetic moments on electrical
If the V30g layer acts as a spin-polarizing medium, any conductivity. It is interesting that, for the unpaired electrons
structural change in the layer should affect the magnetic of the ;01 layers, the ¥Og layers with metal-atom trimer-
susceptibility. Indeed, thg=1-vs-T plot exhibits an anomaly ization (below 245 K) act as a ferromagnetic coupling medium,
at around 245 K (Figure 2a), where the metal-atom trimerization but those without metal-atom trimerization (above 245 K) act
takes place in the ¥0Og layer. Figure 2a shows that the linear as an antiferromagnetic coupling medium.
part of they~1-vs-T plot predicts ferromagnetic interactions In the extended Htkel method, the matrix elements of the
below 245 K @ = 64.2 K) and antiferromagnetic interactions effective Hamiltonian are determined semiempirically and they
above 245 K@ = —81 K). Therefore, the ¥Og layer without are not adjusted self-consistently. In addition, electrelectron
metal trimerization (above 245 K) acts as a medium for interactions are not taken into consideration. Consequently, this
antiferromagnetic coupling, while that with metal trimerization method cannot be used to optimize molecular and crystal
(below 245 K) acts as a medium for ferromagnetic coupling. structures though it is useful in discussing the electronic
properties of compounds with known structures. EHTB cal-
5. Concluding Remarks culations have been indispensable in describing the electronic
structures of numerous organic and inorganic solid-state materi-

the unusual electrical and magnetic properties of MY by als892526 Even for magnetic insulators, molecular orbitals
calculating the electronic structures of its structures at RT, 200 generated by the extended ¢kel method provide a basis for

K, and 30 K. The 245 K and the 40 K structural phase considering magnetic interactions between spin ceAté&The
transitions are not driven by a CDW instability associated with present wprk strongly suggests that.the electronic ;tructure of
nested Fermi surface, but by the lowering of the energy levels a magnetic metal can also be described on the basis of EHTB

lying well below the Fermi level. The transition at 245 K is calculations.
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