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Charge disproportionation and metal-insulator transition in the quasi-one-dimensional conductor
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2Na NMR measurements have been made on a single crystal to study the charge disproportionation accom-
panied by the metal-insulator transition in the quasi-one-dimensional conductor -Naj33V,05. We observed
one set of 2’Na NMR spectrum split by an electric quadrupole interaction in the metallic phase with the Na
disordering, two sets in the metallic phase with the Na ordering, and six sets in the insulating phase. These
observations are concluded to be consistent with the lattice symmetry proposed by the x-ray diffraction and the
neutron scattering studies. The angular dependences of the Na Knight shift have been measured in the three
phases. From the analysis of the angular dependences based on the local magnetic susceptibilities in the
metallic phases determined by the Sly NMR study, we can clearly conclude that the V1 site is the most
magnetic. Furthermore, comparing those with the calculated curves based on several models of the charge
ordering and the charge disproportionation in the insulating phase, we find that the metal-insulator transition is
accompanied not by the charge ordering of V#* and V>* but by the charge disproportionation. We propose a
model of the charge disproportionation consistent with the spin structure in the antiferromagnetic state. A
model of the electronic structure in the 3-Naj33V,05 is also discussed from the aspect of the metal-insulator

transition.
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I. INTRODUCTION

In transition metal oxides, charge degrees of freedom
have been extensively discussed from various aspects of phe-
nomena such as the charge stripe in cuprates and nickelates,
the charge nanoscopic modulation of the charge and spin
density related to the colossal magnetoresistance in mangan-
ites, and so on.! Among them, the vanadium bronzes A,V,05
(A=alkali, alkaline earth, and metals) have been investigated
on the charge ordering (CO) after the discovery of the CO
transition in a’-NaV,05.>% Recently, the vanadium bronze
B-Na33V,0s, a mixed-valence oxide of V4* (3d') and V>*
(3d%), was reported to have a superconducting phase around
~8 GPa below ~9 K.*- The superconductivity, that appears
when the CO is suppressed by applying pressure, has at-
tracted much attention from the viewpoint of the supercon-
ducting mechanism due to the charge fluctuations. In ambi-
ent pressure, this oxide successively undergoes phase
transitions, namely, an ordering of Na atoms at Ty,
~242 K, a metal-insulator (MI) transition at Ty;~ 135 K,
and an antiferromagnetic (AF) transition at Ty~24 K.7°
The electron filling, the CO pattern, and the MI transition
mechanism closely related to the superconducting mecha-
nism in 3-Nag33V,05 have not been clarified even in ambi-
ent pressure, though it is desired to understand the supercon-
ducting mechanism.

B-Naj33V,05 is crystallized into a monoclinic structure
(the lattice symmetry C2/m) at room temperature.'? There
are three vanadium sites, V1, V2, and V3. The V1 and V3
sites form zigzag chains of edge sharing VOg4 octahedra and
VOs5 pyramids, respectively, along the b axis, whereas the
V2 sites lie on ladders of corner sharing of VOg4 octahedra
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along the b axis. Na atoms are located at the Al sites in a
tunnel of the V,05 framework. The neighboring two Na sites
are too close to be simultaneously occupied by Na atoms,
leading to the stoichiometric concentration of x=1/3 in the 8
structure. The Na atoms are randomly occupied above Ty,
and the Na ordering takes place below Ty,.”!"'? The lattice
symmetry was reported to change from C2/m to P2,/a at
T\, due to the Na ordering, resulting in the unit cell of a
X 2b X ¢, whereas each V site is split into two sites, V(A)
and V(B).'"'2 Below Ty, the crystallographically inequiva-
lent three Na sites, Na(A), Na(B), and Na(C), appear due to
the 60 lattice modulation along the b axis without a change
of the lattice symmetry, while each V site is split into six
sites, V(A)=V(F).

In the B structure with x=1/3, the nominal ratio of V*+ (o
V3* is 1:5. Therefore, if V** is located at the V1 or the V3
sites, this oxide is a quarter-filled zigzag chain system. It
becomes a quarter-filled two-leg ladder system, if V** occu-
pies the V2 sites. Okazaki et al., however, showed that the
quarter-filled ladder or chain model cannot explain the re-
sults of the angle-resolved photoemission spectroscopy in the
metallic phase.!’> Based on extended Hiickel tight-binding
calculations for an isomorphous oxide [3-Sr(33V,05, Doublet
and Lepetit proposed weakly interacting two-leg ladders
composed of two V1-V3 and one V2-V2 ladders in contrast
with the model with two zigzag chains and a two-leg
ladder.'* Recently we made the detailed 'V NMR measure-
ments on a single crystal to study the local magnetic suscep-
tibilities of 8-Naj;3V,05.15 We estimated the 3d electron
numbers at the V1, V2, and V3 sites from the Sy Knight
shifts and proposed a model of the electronic structure in the
metallic phases on the basis of the weakly coupled two-leg
ladders.
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One of the most interesting issues in 3-Na 33V,0j5 is the
CO or the charge disproportionation (CD) which leads to the
MI transition. Several models have been discussed on the
CO or the CD pattern. In the previous NMR studies, we
proposed the chain models where V#* ions are located at half
of the V1 or the V2 sites, and the zigzag model of V4
located at half of the V2 ladder sites.!®!7 Nishimoto and
Ohta showed from the Madelung potential calculations that
the V1 sites are occupied by V**.!8 After these studies,
Yamaura et al. found in x-ray diffraction measurements the
2b modulation due to the Na ordering below Ty, and the 65
modulation accompanied by the CO transition below Ty
They proposed the rectangle type of CO with the V sites on
the V2 ladder. Heinrich et al. concluded from ESR measure-
ments that 3d electrons are located on the V1 zigzag
chains.!® Phuoc et al. discussed the x (x=0.5-1) variation of
the CO pattern in A, V0,5 (A=Na and Sr) from the optical
measurements.”’ On the other hand, Nagai et al. found by the
neutron scattering measurements that the amplitudes of the
magnetic moments at the V sites in the three types of V-O
chains are modulated with a period of 35 along the b axis
below Ty.'? They proposed that the CD occurs with a period
of 3D, not 6b, and that the 6b lattice modulation below Ty is
attributed to an instability in the V 3d band to form 3b
charge modulation on the preexistent 25 lattice modulation.
Thus what happens in the insulating phase, the CO or the
CD, remains controversial.

Na NMR measurements are expected to be useful in
knowing the CO or the CD pattern, because a classical dipole
interaction between a sodium nucleus and the vanadium
magnetic moments, which is closely related to the CO or the
CD pattern, governs a local magnetic field at the sodium site.
In this study we have made *Na NMR measurements on a
single crystal to investigate the CO or the CD accompanied
by the MI transition in 8-Naj33V,05. We will determine the
»Na electric field gradient (EFG) tensor in the metallic and
insulating phases and will discuss it on the basis of the site
symmetry. From the analysis of the anisotropy of the **Na
Knight shift K, we will find that the V1 site is the most
magnetic in both the metallic and the insulating phases. Also
comparing the angular dependences of K with the calculated
ones based on several CO and CD models, we will show that
the MI transition is accompanied not by the CO of V** and
V3* but by the CD. We will propose a CD model consistent
with the spin structure in the AF state. A model of the elec-
tronic structure in the B-Nag33V,05 will be also proposed
and discussed from the aspect of the MI transition.

II. EXPERIMENTAL PROCEDURE

Single crystals of -Naj33V,05 were prepared by an rf
heating Czochralski method using NaVO; as a solvent in a
Pt crucible* We used the same crystal of 0.5X2.8
X 0.9 mm® as that in the 'V NMR experiments.'> NMR
measurements were made using a coherent pulsed spectrom-
eter and a superconducting magnet with a constant field of
Hy=5.8710 T. **Na Fourier-transformed (FT) NMR spectra
for spin echo signals were taken with the sample rotated in
the field.
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Since the results in the next section are obtained from
analyzing in detail NMR spectra, it will be useful to summa-
rize the basic formula used in the next section. The Hamil-
tonian of a >*Na nucleus with the nuclear spin I (**/=3/2)
and the nuclear gyromagnetic ratio vy, at a sodium site in
B-Na; 33V,05 is expressed as (Ref. 21)

H=-yAl-(1+K+Kp+ K +Ko) - Hy+ X Vo0,
ap

(1)

where 7 is the Planck’s constant divided by 2 and the first
term with the unit tensor 1 is the Zeeman interaction due to
the external field Hy. Also K, Kp, K|, and K¢ are the Knight
shift tensors due to the local field coming from the vanadium
magnetic moments H,,., the demagnetization field Hy,, the
Lorentz field H;, and the chemical shift tensor, respectively.
The last term is the electric quadrupole interaction between
the EFG tensor V,g and the nuclear quadrupole moment
e QaB

The electric quadrupole interaction leads to three lines,
one central and two satellite ones, in the >*Na NMR spec-
trum. We consider the case of H, L a", the axis perpendicular
to the b and ¢ axes in the monoclinic structure, and measure
the angle of H, rotation, 6+, in the bc plane from the posi-
tion in which the b axis coincides with Hy. In the first-order
perturbation, where the electric quadrupole interaction is
much smaller than the Zeeman one, the difference between
resonance frequencies of the 3/2«+1/2 and —1/2—-3/2
satellite transitions, ovs,., ., is expressed as follows (Ref.
22):

51/3/2(_,1/2 = V]’a* + sza* COS 20{1* + V3’u* Sin 20a"‘ (2)
with
Via"= VQ(Vbb + Ve )Vzz,
V2ot = VQ(Vbb - Vcc)/VZZs
V3,a* =- ZVQth/VZZ’ (3)
and
3eQVZZ

e TR @

where v, is the electric quadrupole frequency, Vg (a, B
=a", b, and ¢) are components of the EFG tensor, V,; is the
Z principal component of the tensor, and eQ=eQ,,. Similar
relations for H, rotations in the ca” and a"b planes are ob-
tained by cyclic permutation. In this procedure one can sub-
tract the Knight shift. After determining the EFG tensor com-
ponents in the ca’b coordinate system with Egs. (2)—(4), one
can obtain the X, Y, and Z principal components and the
principal axes X, Yy, and Z, by diagonalizing the EFG
tensor. The principal components and axes are useful in
knowing the site symmetry at the Na sites. Also one can
determine v, and the asymmetry parameter of the EFG, 7
= Vix=Virl/[Vzl (Vx| <[Viyl <[V
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The Knight shift due to H,., K, in the *Na NMR spec-
trum is useful in obtaining information on the CO or the CD
pattern. When K is very small and comparable to Ky, K7, K,
and the second-order quadrupole effect, one has to make
these corrections for the resonance frequency of the central
line, vy/p,_1»- The angular dependence of v,,,_,_;, due to
the second-order electric quadrupole effect can be calculated
from the equations given in Ref. 23. Hp is evaluated as
Hp=-xN-H, where N is the demagnetization factor tensor
and y is magnetic susceptibility. Also H; can be calculated
as HL=43—W xH,. Using the resonance frequency v, after cor-
recting the second-order electric quadrupole effect, Kp, and
Ky for vy, we define the *Na Knight shift K as K
=(v;—-vy)/ vy, Where v, (=66.1165 MHz) is the **Na reso-
nance frequency in aqueous NaVOj; solution, to subtract K.
Thus we can obtain K due to only H,,.. When H,, is rotated in
the bc plane, K is expressed as

K=ky s+ kyco8 260, +k; .+ sin 26, (5)
with

kl,a* = (Kbb + ch)/z’
k2,a>:< = (Kbb - ch)/27

k3,a* = Kbc’ (6)

where K,p (a, B=a’, b, and c) are components of the K
tensor. Similar relations for H,, rotations in the ca” and a’b
planes are obtained by cyclic permutation. After determining
the K tensor components in the ca”b coordinate system from
Egs. (5) and (6), one can obtain the X, ¥, and Z principal
components, Ky, Ky, and K, and also the principal axes Xk,
Yk, and Zg by diagonalizing the K tensor.

III. EXPERIMENTAL RESULTS
A. Electric field gradient

Above Ty,, we observed one set of 2>Na FT NMR spec-
trum, S, with one central and two satellite lines split by the
electric quadrupole interaction in B3-Naj33V,05 as seen in
Fig. 1 where the **Na FT NMR spectrum with H,, parallel to
the direction of 6,=72° in the a”b plane at 300 K is presented
with the spectra at 150 and 40 K. Figure 2 shows the angular
dependence of the **Na resonance frequency, vy, with H,
rotated in the bc, ca”, and a'b planes at 300 K in
B-Nay33V,05. The observed angular dependence of v, is
well explained by Eqgs. (2)—-(4) with the values of v, and 7 as
listed in Table I. The Zy axis is the b axis, whereas the Xo
axis is located at the angle of —150.0° from the ¢ axis in the
ca” plane, namely, (0, $)=(90.0°,-150.0°) where the polar
angle 6 and the azimuthal angle ¢ are introduced to define
the direction of the principal axis of the EFG tensor in the
ca”b coordinate system. The experimental error of the angles
is about in +1°.

In the T range Tyy=<T=<Ty, we observed two sets of
%Na NMR spectra, S1 and S2, split by the electric quadru-
pole interaction as seen in Fig. 1. Figure 3 shows the angular
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FIG. 1. Na FT NMR spectra at 300, 150, and 40 K with H,
(=5.8710 T) applied parallel to the direction of §,=72° in the a’b
plane of B-Naj33V,0s. v and vy (=66.1165 MHz) are 2Na reso-
nance frequencies in 3-Naj33V,05 and aqueous NaVOj; solution,
respectively. The symbols of S, S1, S2, SA1, SA2, SB1, SB2, SC1,
and SC2 with the arrows denote the >Na NMR spectra split by an
electric quadrupole interaction.

dependence of v, of the S1 and S2 spectra at 150 K. The
angular dependence is very slightly split into two sets for the
H, rotation in the bc plane and clearly for the rotation in the
a’b plane, whereas only one set is observed for Hyllb and
H, L b, as seen in Fig. 3. Fitting these experimental results to
Egs. (2)—(4), we obtained the v, and 7 values with the di-
rections of the Z, and X, axes for the S1 and S2 spectra as
listed in Table I. It should be noted that the two **Na NMR
spectra have the same values of v, and 7, whereas the Z,
axes of the two spectra slightly deviate from the b axis to the
different directions.

Below Ty, we observed six sets of NMR spectra, SA1,
SA2,SB1,SB2,SC1, and SC2 as seen in Fig. 1. The angular
dependences of v, at 40 K are presented in Fig. 4. Six sets
are seen for H|, rotations in the a"b and bc planes, while
three sets appear for Hy L b and H,llb. From the same fitting
as mentioned above, we obtained the v and # values with
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FIG. 2. Angular dependence of the 2Na resonance frequency
Vyes Of the S spectrum at 300 K with H,, (=5.8710 T) rotated in the
(a) be, (b) ca”, and (c) a”b planes of B-Nagy33V,0s. The solid
curves represent fitted results of the data to Eqs. (2)-(4) with the v,
and 7 parameters (see Table I). v, (=66.1165 MHz) is the Na
resonance frequency in aqueous NaVOj5 solution. The symbols of
Xo, Yy, and Z, with the arrows are principal axes of the EFG tensor
in the 2>Na NMR spectrum.

the directions of Z, and X, for the six spectra as listed in
Table 1. The six spectra can be classified into three groups,
(SA1,SA2), (SB1,SB2), and (SC1,SC2). The two spectra in
each group have almost the same values of v, and 7, while
the directions of the principal axes are different from each
other.

FIG. 3. Angular dependence of the 2Na resonance frequency
V,es Of the S1 and S2 spectra at 150 K with H,, (=5.8710 T) rotated
in the (a) be, (b) ca”, and (c) a”b planes of 8-Na 33V,0s. The solid
curves represent fitted results of the data to Egs. (2)-(4) with the v,
and 7 parameters (see Table I). v, (=66.1165 MHz) is the Na
resonance frequency in aqueous NaVOj; solution. The symbols of
Xp, Yp, and Z, with the arrows are principal axes of the EFG
tensors in the >’Na NMR spectra.

Figure 5 shows the T dependences of v, (:Vé) and vé
[=3eQVyy/21(21-1)h] for the S spectrum above Ty, the S1
and S2 spectra in the 7 range Tyg=<7=< Ty, and the SAI,
SA2, SB1, SB2, SC1, and SC2 spectra below Tyy. In the
metallic phases, both v, and vé, which are the same for the
S1 and S2 spectra, increase with decreasing 7. The Z, axis is

TABLE I. The **Na electric quadrupole frequency v, the asymmetry parameter of the electric field gradient (EFG) 7, and the directions
of the principal Z, and X, axes of the EFG tensors at 300, 150, and 40 K in 8—Naj33V,0s.

T (K) Spectrum vo (MHz) 7 Zy (6°.9°) X (6°,¢°)
300 S 0.543 0.969 0.0, -) (90.0, —150.0)
150 S1 0.552 0.995 (1.6,-81.5) (89.5, 25.4)

S2 0.552 0.995 (177.8,-120.0) (88.2,-154.7)
40 SA1 0.552 0.968 (91.0, 115.9) (94.9, 25.8)
SA2 0.551 0.967 (89.0, 116.1) (92.8,-153.9)
SB1 0.591 0.964 (5.8, 29.3) (95.8, 21.4)
SB2 0.592 0.963 (175.4, 36.3) (94.5,-158.5)
SC1 0.566 0.975 (94.3, 113.8) (96.8, 23.2)
SC2 0.565 0.971 (85.4, 114.0) (95.4,-156.4)
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FIG. 4. Angular dependence of the 2Na resonance frequency
Vs Of the SA1, SA2, SB1, SB2, SC1, and SC2 spectra at 40 K with
H, (=5.8710 T) rotated in the (a) bc, (b) ca”, and (c) a”b planes of
B-Nag 33V,0s. vy (=66.1165 MHz) is the **Na resonance frequency
in aqueous NaVOj; solution. The curves represent fitted results of
the data to Egs. (2)-(4) with the v, and 7 parameters (see Table I).
The symbols of X, Y, and Z, with the arrows are principal axes
of the EFG tensors in the 2*Na NMR spectra.

located near the b axis and 7~ 1. Below Ty, however, we
observed three sets of v, and ! for the three groups of
(SA1,SA2), (SB1,SB2), and (SC1,SC2) spectra. It should
be noted that Y, ~ b for the SA1, SA2, SC1, and SC2 spectra
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FIG. 5. Temperature dependence of the 2Na electric quadrupole
frequencies v (=Vé) and VZ) for the S, S1, S2, SA1, SA2, SB1,
SB2, SC1, and SC2 spectra in -Naj33V,0s5.
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FIG. 6. Angular dependence of K of the 2Na NMR spectra, S,
at 300 K and, S1 and S2, at 150 K with H,, rotated in the (a) bc, (b)
ca”, and (c) a”b planes of -Nay33V,05. The solid and dashed
curves represent the fitted results of the experimental data to Eqgs.
(5) and (6) with the Knight shift parameters listed in Table II.

below ~Tyy, that is, the Zy axis is exchanged with the Y 0
axis below Ty, whereas Z,~ b for the SB1 and SB2 spectra
even below Ty

B. Knight shift

In the present case, we have to make several corrections
to obtain the Knight shift due to the local magnetic field, K,
as mentioned in Sec. II, since the absolute value of K is very
small. We calculated the second-order electric quadrupole
effect on v;;.,_1;p, using the experimental values listed in
Table I and the equations given in Ref. 23. Also, using the y
data in Ref. 16 and assuming a column with 3<ky<35 for
the present sample where k, is the ratio of length to diameter,
we estimated for example —39.2 ppm =< Kp=<-37.5 ppm for
Hy Ll b and Ky =27.2 ppm at 300 K. After subtracting the
second-order electric quadrupole effect, Ky, K|, and K¢ from
Vipe.—12, We obtained K. Figure 6 shows the angular depen-
dences of K with H,, rotated in the bc, ca”, and a*b planes at
300 and 150 K in B-Naj33V,05. Fitting the experimental
data at 300 K to Egs. (5) and (6), we obtained the isotropic
2Na Knight shift K,,=(Ky+Ky+K,)/3, the axial shift K,
=(2K,—Kx—Ky)/6, and the anisotropic shift K,,,=(Ky
—Ky)/2 with the directions of the Zx and X axes as listed in
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TABLE II. **Na Knight shifts Ky, K.y, and K,;s, at 300, 150, and 40 K in B-Naj33V,0s5. The directions of the Zg and Xy axes of the

Knight shift tensors are also listed.

T (K) Spectrum Kiso (ppm) K, (ppm) Kaniso (ppm) Zg (6°,9°) Xk (0°,¢°)
300 S -70 -18 -28 (7.9, 135.8) (89.5,-130.9)
150 S1, S2 -106 -25 —43 (4.0, 148.9) (90.6,-130.0)
40 SA1, SA2 -168 -55 -60 (178.1,-13.9) (89.0, 45.8)

SB1, SB2 -210 -55 -124 (176.4,-15.3) (91.1,-122.7)
SC1, SC2 -125 -27 -39 (84.0, 137.2) (89.1,-132.7)

Table II. In the T range Tyy<T< Ty, We observed one cen-
tral line as seen in Fig. 6. This means that two sets of NMR
spectra, S1 and S2, have the same K. The values of K, K,,,
and K, at 150 K are listed with the directions of the Z
and X axes in Table II. In the T range T\<T<Tyy, we
observed three central lines coming from the three groups of
(SA1,SA2), (SB1,SB2), and (SC1,SC2). This shows that
the two spectra in each of the three groups have the same K
tensor. Figure 7 shows the angular dependences of K at
40 K. The obtained Knight shifts of (SA1,SA2), (SB1,SB2),
and (SC1,SC2) are listed with the directions of the principal
axes in Table II.
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FIG. 7. Angular dependence of K of the Na NMR spectra,
SA1, SA2, SB1, SB2, SC1, and SC2, at 40 K with H rotated in the
(a) be, (b) ca”, and (c) a’b planes of 8-Nay33V,0s. The solid,
dashed, and dotted curves represent the fitted results of the experi-
mental data to Egs. (5) and (6) with the Knight shift parameters
listed in Table II.

We measured the 7 dependences of v, — v, for the central
lines with H parallel to the Xg, Yy, and Zg principal axes of
the K tensor. The results are presented in Fig. 8. We observed
one central line in the metallic phases and three below Ty
Also it should be noted that the Zy axis is exchanged with
the Yy axis below Ty only in the SC1 and SC2 spectra. In
the AF phase, we could not make a site assignment for the
spectra represented by the open symbols in Fig. 8. The T
dependences of v,.,—v, below Ty follow the T dependence
of the sublattice magnetization. Figure 9 shows the 7 depen-
dences of K, Ky, and K,,;,, above Ty after correcting the
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FIG. 8. Temperature dependence of the 2Na resonance fre-
quency of the central line v —v, with H parallel to the (a) Zg
(Yx), (b) Yk (Zg), and (c) Xk axes of the S, S1, S2, SA1, SA2, SBI,
and SB2 (SC1 and SC2) spectra in p-Naj33V,05 where
v(=66.1165 MHz) is the ZNa resonance frequency in aqueous
NaVOj; solution. A site assignment of the open symbols is not made
below TYy.
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FIG. 9. Temperature dependence of the Na isotropic Knight
shift K, the axial shift K,,, and the anisotropic shift K, for (a)
the S, S1, S2, SA1, and SA2 spectra, (b) the S, S1, S2, SB1, and
SB2 spectra, and (c) the S, S1, S2, SC1, and SC2 spectra in
B-Nag 33V,0s5. For comparison, the data of the S, S1, and S2 spectra
are included in (b) and (c).

second-order electric quadrupole effect, K, and K for the
experimental data in Fig. 8. The Knight shifts monotonically
decrease with decreasing 7 in the metallic phases. Also the T
dependences of these Knight shifts follow the magnetic sus-
ceptibility, which obeys the Curie Weiss law,'>! as shown in
Fig. 10 where the Knight shifts versus y plots are presented
with T as an implicit parameter in the metallic phases. The
slopes of the straight lines in Fig. 10 provide the isotropic
hyperfine coupling constant A}, the axial one AL, and the
anisotropic one Ajf"*® as —2.35, —0.41, and —1.21 kOe/ ug,
respectively.

IV. ANALYSIS AND DISCUSSION
A. Na spectrum and site symmetry

We discuss the relation between the observed ’Na NMR
spectra and the site symmetry. X-ray diffraction!' and neu-
tron scattering'? studies proposed that the crystal symmetry
of B-Naj33V,05 is C2/m above Ty, and P2,/a below Ty,.
Figures 11(a)-11(c) show the projection of the Na sites on
the bc plane in the T ranges, T> Ty, Tvu<T=<Ty, and T
< T respectively. In Fig. 11, the large and small circles
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FIG. 10. »Na Knight shifts versus magnetic susceptibility plots
as temperature as an implicit parameter in the metallic phases of
B-Na33V50s.

above (below) Ty, correspond to the positions along the a
axis, x/a~0 and 1/2 (1/4 and 3/4), respectively. Also mir-
ror planes, glide planes, twofold screw axes, twofold rotation
axes, and inversion centers are presented.!>?* The origins in
Figs. 11(b) and 11(c) are shifted to (a/4,b/4,0) due to the
change of the crystal symmetry.

Above Ty,, there are four Na positions, Na(1)-Na(4), in
the unit cell as seen in Fig. 11(a) where the mirror planes,
glide planes, twofold rotation axes, twofold screw axes, and
inversion centers are also shown. In particular, the ca” plane
with the mirror symmetry at the Na site results in that the b
axis is one of the principal axes of the EFG tensor. The four
Na positions are randomly occupied by Na atoms, leading to
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{ 1/4 { 1/4 { 1/4 { 1/4 { 1/4 J 1/4
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FIG. 11. Projection of the Na sites on the bc plane for (a) T
>Tne (b) Tvp<T=<Ty, and (c) T<Tyy in B-Naj33V,0s. The
gray circles are randomly occupied by Na atoms, whereas the black
and white ones are occupied and unoccupied, respectively. The
large and small circles above (below) Ty, correspond to the posi-
tions along the a axis, x/a~0 and 1/2 (1/4 and 3/4), respectively.
Mirror planes, glide planes, twofold rotation axes, twofold screw
axes, and inversion centers are also presented in the unit cells.
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the Na positions which are equivalent from the crystallo-
graphic point of view. This is a reason why we observed one
NMR spectrum as seen in Fig. 2.

The Na ordering takes place and the lattice constant along
the b axis becomes 2b in the T range Tyy=<7T= Ty, Conse-
quently, the ca” plane loses the mirror symmetry for the Na
sites and the twofold rotation axes are also lost, while the
glide planes, twofold screw axes, and inversion centers re-
main as shown in Fig. 11(b). This fact is expected to result in
the Na(1) and Na(3) positions have the EFG axes with dif-
ferent directions from those of Na(2) and Na(4). This was
observed as seen in Fig. 3 where there are two sets of >Na
NMR spectra for the H, rotation in the bc and a"b planes,
and also all the Na(1)-Na(4) positions lead to one set of **Na
spectrum for Hy 1L b and Hyllb.

The lattice modulation of 6b along the b axis, which is
attributed to the CO or the CD accompanied by the MI tran-
sition, appears below Ty;. Consequently, there are three crys-
tallographically inequivalent sites Na(A), Na(B), and Na(C)
sites. Each site Na(P) (P=A, B, and C) has four positions
Na(P1)-Na(P4) as shown in Fig. 11(c). There are also the
glide planes, twofold screw axes, and inversion centers. Due
to these site symmetries, the directions of the principal axes
of the EFG tensor at Na(P1) [Na(P2)] are expected to coin-
cide with those at Na(P3) [Na(P4)], whereas the directions
at Na(P1) are different from those at Na(P2). Also **Na
NMR spectra coming from Na(P1) and Na(P3) are equiva-
lent to spectra from Na(P2) and Na(P4) for H, 1l b and
Hyllb. Therefore we observed six sets of NMR spectra for H,,
rotation in the bc and a’b planes, and three sets for H, L b
and H,llb in the T range Ty <T<Tyy as seen in Fig. 4.

Thus we can conclude that the *’Na NMR spectra ob-
served in the present experiment are consistent with the lat-
tice symmetry proposed by the x-ray diffraction'' and neu-
tron scattering'? studies.

B. Charge disproportionation

We can obtain information on the pattern of the CO or the
CD from the Knight shift. A Na* ion in a tunnel of the V,05
framework is considered to interact with the magnetic mo-
ments at the vanadium sites dominantly via a classical dipole
interaction, leading to the anisotropy of the observed Knight
shift. The T-dependent K, observed, however, indicates the
presence of a transferred hyperfine interaction may be due to
mixing between Na s and V d orbitals. The fraction of the
mixing is roughly estimated to be small, ~0.04%, from com-
paring the observed value of |A;f|=2.35 kOe/uy with the
hyperfine coupling constant of ~6100 kOe/up calculated
for the s orbital.> Therefore, the mixing of the Na p and V d
orbitals should be negligibly small as well as the mixing of
the Na s and V d orbitals, even if the mixing may be present.
Thus the anisotropy of K is governed by the dipole interac-
tion. The Knight shift due to the dipole interaction, Kg;p, is
expressed as follows:

3(mgy 1) -1
Kgip=2 Xj(—OS);L7 (7)
j T
where x; is the local magnetic susceptibility of the jth V
lattice site, r ; is a vector connecting the Na site in concern to
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the jth V lattice site, n, is the unit vector of the external field,
and the summation is taken over the V lattice sites in a
sphere with a radius of 200 A. In the calculation of Ky at
300, 150, and 40 K, we used the crystal structure data at 293,
150, and 90 K, respectively, determined by Yamaura et al®
which were confirmed by neutron scattering measurements.'?

First, we analyze the experimental data of **Na Knight
shift K at 150 K in the metallic phase with the Na ordering.
Recently, 31y NMR measurements have enabled us to know
the local magnetic properties in the metallic phases of
B-Naj33V,0s5, particularly, that the V1 site is the most
magnetic.15 As mentioned above, each V site has two crys-
tallographically inequivalent sites V(A) and V(B) in the T
range Tyg<T<Ty, There is a slight difference between
x[V3(A)] and X[V3(B)], and no difference between
X[V2(A)] and x[V2(B)] as revealed by the 'V NMR
measurements.'> The local magnetic susceptibilities were
also estimated as y(V1)=4.8 X 10~ emu/V1-mol, x(V2)
=1.3X10% emu/V2-mol, and x(V3)=1.5X10"*emu/
V3-mol at 150 K where the y(V3) value is the average of
x['V3(A)] and x[V3(B)]. Using Eq. (7) and the above esti-
mated susceptibilities for the model M1 with the most mag-
netic V1 site as presented in Fig. 12(a), we calculated the
angular dependence of K, which does not contribute to
K., as presented in Fig. 13. Also the calculated curves for
the model M2 (M3), where the V2 (V3) site is the
most magnetic, with y(V1)=1.5(1.5) X 10~* emu/V1-mol,
x(V2)=4.8(1.3) X 10~ emu/V2-mol, and x(V3)=1.3(4.8)
X 10™* emu/V3-mol as shown in Fig. 12(b) [Fig. 12(c)] are
also presented for comparison. The shift Ky, at the Na(l)
and Na(3) positions coincides with that at the Na(2) and
Na(4) positions, although the EFG tensors are different from
each other. As seen in Fig. 13, the model M1 can well repro-
duce the experimental data of K—Kjg, in the ca” plane where
K, listed in Table II is subtracted from K, whereas the other
models cannot explain them. Similarly we make an analysis
of the experimental results at 300 K using the model
M4  with  x(V1)=2.6X10"* emu/VI1-mol, x(V2)=1.5
X 10~ emu/V2-mol, and x(V3)=1.0X10"* emu/V3-mol
determined by the >'V NMR study'5 as shown in Fig. 14(a).
The calculated results are presented in Fig. 14 with the ex-
perimental results of K—K;,. The experimental results are
well reproduced by this model. Thus we can clearly conclude
that the V1 site is the most magnetic in the metallic phases,
and this conclusion yields the validity to the >'V NMR
analysis of the local magnetic susceptibilities.'?

In the insulating phase, several CO models of V** and
V3* have been proposed. In early studies the chain models
with V#* located at half of the V1 or V2 sites and the zigzag
model with V#* at the V2 sites were taken into account.!®!”
After these studies, however, the x-ray diffraction measure-
ments revealed that the CO pattern has the 6b lattice modu-
lation along the b axis.!! Therefore the models without the
6b modulation can be rejected. Up to now, three models have
been mainly proposed as a model of the CO or the CD pat-
tern in 3-Naj33V,0s. In the insulating phase there exist six
crystallographically inequivalent V sites denoted by A-F at
each V site. Yamaura er al. proposed the model I1 of the
rectangular type CO pattern with V** located at the V2(D),
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FIG. 12. Models (a) M1, (b) M2, and (c) M3 of the distribution
of the local magnetic susceptibilities at the V1, V2, and V3 sites
in the metallic phase of 3-Naj33V,05 with the Na ordering. The
ratio of the size of the gray circles corresponds to that of the
local magnetic susceptibilities x(V1): x(V2):x(V3)=4.8:1.3:1.5,
1.5:4.8:1.3, and 1.5:1.3:4.8 for the models M1, M2, and M3, respec-
tively, at 150 K.
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V2(E), and V2(F) sites, and V>* at the other V sites as
shown in Fig. 15(a)."" From ESR experiments Heinrich et al.
also discussed the model I2 that the V1(C), V1(D), and
VI1(E) sites are occupied by V* as shown in Fig. 16(a)."”
Recently, Nagai et al. proposed the spin structure in the AF
state with magnetic moments of 3.2, 1.8, and 3.3 ug which
are summed up for all the V1, V2, and V3 sites, respectively,
in the unit cell of a X 6b X c.!”> The magnetic moments are
located at the VS(B), VS(C), VS(E), and VS(F) (S=1, 2,
and 3) sites, whereas the VS(A) and VS(D) sites are occu-
pied by nonmagnetic V>*. This naturally leads to the model
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FIG. 13. Angular dependence of K- K, of the 2Na NMR spec-
tra, S1 and S2, at 150 K with H, rotated in the ca” plane of
B-Naj33V,05. The solid, dotted, and dashed curves represent the
theoretical results due to the dipole interaction calculated for the
models, M1-M3, respectively (see Fig. 12).

I3 shown in Fig. 17(a) where the magnetic V1, V2, and V3
sites in the paramagnetic insulating phase have magnetic sus-
ceptibilities such as y(V1):x(V2):x(V3)=3.2:1.8:3.3. We
calculate Ky, based on the models 11-13 and the value of
x=3.8X% IO‘Eemu/V—mol at 40 K (Ref. 15) and compare
the calculated results of the angular dependence of K with
the experimental data at 40 K. Figure 15 (16) shows the
calculated result, for example, in the ca” (a’b) plane based
on the model I1 (I2). The three curves in the ca” plane and
the six curves in the a"b plane come from the Na(A), Na(B),
and Na(C) sites with the 1-4 positions as discussed in the
Sec. IV A. These calculated curves based on both models
cannot reproduce the experimental results. The model I3 ex-
plains relatively well the angular dependences of K in the bc
and a’b planes as seen in Fig. 17, whereas the ca” data
cannot be done. After looking for various models to repro-
duce the angular dependence of K—K;, at 40 K, we finally
found the most suitable one 14 having the distribution of
magnetic moments with x(V1): x(V2):x(V3)=3:1:1 simi-
lar to the model I3 as shown in Fig. 18. The calculated
curves of the angular dependence of K-K,, based on the
model 14 reproduce the overall angular dependences of K
—K;.. The slight deviation between the calculated and ex-
perimental results may come from the 7 dependence of the
lattice positions, the estimation of the magnetic moment at
each V site, and so on. This K measurement is a direct ob-
servation of the charge distribution in the insulating phase of
B-Naj33V,05. Thus the present NMR results clearly reveal
that the MI transition is accompanied not by the CO of V**
and V>* but by the CD.

C. Spin structure in the antiferromagnetic state

Based on the model 14 and the 'V NMR spectra under
zero external field in the AF state, we discuss the spin struc-
ture in the AF state of 8-Naj33V,0s. In the NMR spectra at
1.5 K, SV resonance lines were observed at 0.1, 17.9, 30.3,
and 81.0 MHz which correspond to the internal fields H, of
0.1, 16.0, 27.1, and 72.4 kOe, respectively.'® The d,, type
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FIG. 14. (a) Model M4 of the distribution of the local magnetic
susceptibilities at the V1, V2, and V3 sites in the metallic phase of
B-Nay33V,05 without the Na ordering. The ratio of the size of the
gray circles corresponds to that of the magnetic susceptibilities
x(V1):x(V2):x(V3)=2.6:1.5:1.0 at 300 K. Angular dependence
of K—K;g, of the ZNa NMR spectrum, S, at 300 K with H, rotated
in the (b) bc, (c) ca”, and (d) a*b planes of S—Nag33V,0s. The
solid curves represent the theoretical results due to the dipole inter-
action calculated for the model M4.

orbital, which was estimated to be a singlet orbital ground
state from the crystal field calculation'® as shown in Fig. 19,
results in no orbital hyperfine field. Also the small deviation
of the electron g value from two observed in the ESR
experiment'® enables us to neglect the hyperfine field due to
the spin-orbit interaction. Thus H,, is mainly ascribed to the
Fermi-contact field, Hg, due to the core-polarization effect
and the dipole field, Hy;,, coming from a 3d electron on the
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FIG. 15. (a) Model I1 of the charge ordering pattern proposed
from the x-ray diffraction study (Ref. 11) in the insulating phase of
-Nag 33V,05. The black and white circles represent the V4* and
V>* sites, respectively. (b) Angular dependence of the Na Knight
shift K—K;g, in the ca” plane calculated for the model I1 at 40 K in
B-Naj33V,05. The solid, dotted, and dashed curves denote the cal-
culated results for the Na(A), Na(B), and Na(C) sites, respectively,
whereas the solid symbols represent experimental data.

magnetic V ions. The coupling constant of Hg is generally
expressed as Ap=kup(r—>) where (=) is the average value
of r=3 for the d orbital and « is a parameter of the Fermi
contact interaction due to the core polarization effect,
whereas the coupling constants due to the dipole interaction
parallel and perpendicular to the z axis are expressed as
A'(‘hp=—‘7-t wp(r™) and A$p=% ug(r=), respectively, for the d,,
orbital.?” Therefore, H, is written by

H,=MKk\(Ap + Al )2cos? 6, + (Ap + Ay ) sin 6, (8)

where 6, is the angle between the z axis of the d,, orbital and
the spin moment M, and k is a reduction parameter of (r~3)
due to the covalent effect. In transition metal oxides with a
3d" configuration, Ap~-100 kOe/ug (Ref. 28), whereas
A'(‘jip (A(ip) is calculated to be —130 (65) kOe/ug from the
Hartree-Fock value of (+~3)=3.684 atomic units.2” If M at all
the VS(B), VS(C), VS(E), and VS(F) sites are 0.45, 0.15,
and 0.15 ug for S=1, 2, and 3, respectively, which are based
on the proposed model 14, and k=0.8, H, at the magnetic V1
(V2 and V3) sites are in the range of 13 kOe<H,
<83 kOe (4.2 kOe< H, <28 kOe) and dependent on 6,. If
H,, at the magnetic V1, V2, and V3 sites are 72.4, 16.0, and
27.1 kQOe, respectively, we obtain 6,=29°, 56°, and 11° for
the V1, V2, and V3 sites, respectively. This result is shown
in Fig. 19 where the directions of the spin moments between
the neighboring sites follow the neutron scattering result.'?
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FIG. 16. (a) Model 12 of the charge ordering pattern proposed
from the ESR study (Ref. 19) in the insulating phase of
B-Nag 13V,0s. The black and white circles represent the V4 and
V3* sites, respectively. (b) Angular dependence of the BNa Knight
shift K— K, in the a"b plane calculated for the model I2 at 40 K in
B-Nay33V,0s. The solid, dotted, and dashed curves denote the cal-
culated results for the Na(A), Na(B), and Na(C) sites, respectively,
whereas the solid symbols represent experimental data.

The other nonmagnetic V sites, VS(A) and VS(D) (S=1, 2,
and 3), provide the NMR line with H,=0.1 kOe. This spin
structure is consistent with the model proposed by the neu-
tron scattering study except the spin amplitude at the three
vanadium sites. Thus the model 14 can well reproduce the
31y NMR lines observed under zero external field in the AF
state of B3-Naj33V,0s.

D. Electronic structure and metal-insulator transition

We discuss the electronic structure of -Naj33V,05. Re-
cently, based on vanadyl bond orientation and extended
Hiickel tight-binding calculations, Doublet and Lepetit
proposed a model of weakly interacting two-leg ladders
composed of one V2-V2 and two VI1-V3 ladders for
B-S1(33V,0s5, in contrast with a model with two zigzag
chains and one two-leg ladder.'* In this model, the nearest
and the second nearest V2-V2 interactions form the V2-V2
ladders represented by the solid lines as shown in Fig. 20,
whereas the nearest V1-V3, the second nearest V1-V1, and
the second nearest V3-V3 interactions form the V1-V3 lad-
ders. These V2-V2 and V1-V3 ladders are coupled by weak
interactions denoted by the dotted lines. This model is based
on the orbital ordering of each V site shown in Fig. 19. In the
1YV NMR study, based on this model and the analysis of the
local magnetic susceptibilities, we proposed the model of the
weakly interacting two-leg ladders with the electron numbers
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FIG. 17. (a) Model I3 of the charge disproportionation pattern
inferred from the neutron scattering study (Ref. 12) in the insulating
phase of -Naj33V,05. The ratio of the size of the gray circles
corresponds to that of magnetic susceptibilities
x(V1):x(V2):x(V3)=3.2:1.8:3.3, whereas the open circles denote
V3*. Angular dependence of the 2*Na Knight shift K—Ki,, in the (b)
be, (c) ca”, and (d) a"b planes calculated for the model I3 at 40 K
in 3-Naj33V,0s. The solid, dotted, and dashed curves denote the
calculated results for the Na(A), Na(B), and Na(C) sites, respec-
tively, whereas the solid symbols represent experimental data.

given below as a model of the electronic structure in the
metallic phases without and with the Na ordering.! That is,
the V1, V2, and V3 sites on the ladders have 3d electron
numbers of about 0.25, 0.14, and 0.11 electron/V-ion, respec-
tively, for 7> Ty,. In the T range T\y=<T< Ty, the modu-
lation along the b axis slightly takes place. These electron
numbers at the V sites are supported by the present **Na
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(a) Model 14
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FIG. 18. (a) Model 14 of the charge disproportionation pattern in
the insulating phase of [3-Naj33V,0s. The ratio of the size of the
gray circles corresponds to that of magnetic susceptibilities
x(V1):x(V2):x(V3)=3:1:1, whereas the open circles denote V>*.
Angular dependence of the 2*Na Knight shift K—Ki, in the (b) bc,
(c) ca”, and (d) a"b planes calculated for the model I4 at 40 K in
B-Naj33V,0s5. The solid, dotted, and dashed curves denote the cal-
culated results for the Na(A), Na(B), and Na(C) sites, respectively,
whereas the solid symbols represent experimental data.

NMR study discussed in the Sec. IV B. Furthermore, the
present study naturally leads to the model below Ty as
shown in Fig. 20, that is, 3d electrons are located on the
magnetic VS(B), VS(C), VS(E), and VS(F) (S=1, 2, and 3)
sites with the electron numbers of about 0.45, 0.15 and 0.15
electron/V-ion, respectively, whereas the VS(A) and VS(D)
sites are occupied by nonmagnetic V>* with no 3d electron.
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FIG. 19. Spin structure of the magnetic sites in the antiferro-
magnetic state of 8-Nag 33V,0s. The solid arrows represent the spin
moments. The 3d electron orbitals at the V1, V2, and V3 sites based
on the crystal field calculation (Ref. 15) are also shown.

Based on the model of the electronic structure mentioned
above, we discuss the electron filling and the mechanism of
the MI transition accompanied by the CD. Doublet and Lep-
etit calculated the hopping energies of the rungs and the legs,
t, and f, respectively, in the V2-V2 and V1-V3 ladders of
B-Sr33V,05.1* They obtained 7, =—0.203 ~—0.237 and t,=
—0.140~-0.173 eV in the V1-V3 ladder, and ¢, =-0.313
and tH=—O.135~—O.147 eV in the V2-V2 ladder, whereas
the interladder hoping energies are much smaller than the
intraladder energies. This anisotropy of the hopping energies
is seen in the high temperature phase of a’-NaV,0s (Ref.
29). The bonding orbital of the intraladder is considered to
be occupied, whereas the antibonding is empty. Conse-

FIG. 20. Schematic structure of interactions and electron num-
ber at the VI(A)-V1(F), V2(A)-V2(F), and V3(A)-V3(F) sites be-
low Ty in B-Nag 33V,05. The magnetic sites are represented by the
gray circles with the size proportional to the 3d electron number,
whereas the open circles denote V3* sites with no 3d electron.
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quently the quarter-filled ladder effectively behaves as a half-
filled chain in a’-NaV,0s. If the V2-V2 (V1-V3) ladder with
the 3d electron numbers of 0.25, 0.14, and 0.11 electron/V-
ion at the V1, V2, and V3 sites, respectively, in S
-Nay33V,05 may similarly behave as a one-dimensional
chain, k;=0.147/b (0.187/b) where kj is the Fermi wave
vector. However, this is not consistent with a fact that the
maximum intensity is observed at k~ +m/4b in the metallic
phase in the angle-resolved photoemission spectroscopy
measurement.'® This may indicate that the intersite hopping
energies between the two-leg ladders cannot be neglected. In
addition to these interactions, onsite and intersite Coulomb
energies should be taken into account. Furthermore, the
quasi-one-dimensional structure leads to a quasi-one-
dimensional band structure where a large nesting on the
Fermi surface is expected.3? At the same time, the nesting on
the Fermi surface and an electron-phonon interaction seems
to result in a Peierls-type instability which leads to the MI
transition and the CD observed in the present NMR experi-
ments. Thus the appearance of the 35 modulation not with
the CO of V** and V>* but with the CD naturally may lead to
the charge density wave state proposed by the nonlinear
transport measurement.>'3> Recently, a pressure-induced di-
mensional crossover and the relevance of the electron-
phonon coupling in B-Naj33V,05 were inferred, and the
possibility of the polaronic quasiparticles for the supercon-
ductivity was discussed from the infrared reflectivity mea-
surement under high pressure.>® The superconductivity ob-
served under high pressure in 8-Naj33V,05 may be related
to the superconductivity, which appears under the pressure
range of 3-8 GPa with a transition temperature passing
through a maximum at 10 K around 4 GPa, in the quasi-one-
dimensional ladder compound Sry;_,Ca,Cu,,O4 with x
~12.3% Also the superconducting mechanism has been inten-
sively discussed for the hole-doped two-leg ladder
system.3>3 Thus the ladder structure seems to play an im-
portant role for the superconductivity in -Naj33V,05 as
well as in Sryy_,Ca CuyOy4. The model of the weakly
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coupled ladders with the small electron filling proposed in
the present study is a starting model to understand the elec-
tronic, magnetic, and superconducting properties of
-Naj33V,05. Theoretical studies based on this model are
highly desired to explain the mechanisms of the MI transi-
tion and the superconductivity in 8-Naj33V,0s5.

V. SUMMARY

We have made *Na NMR measurements on a single crys-
tal to study the charge disproportionation and the metal-
insulator transition in 8-Nag33V,0s5. We determined in detail
the electric field gradient tensors at the Na sites in the me-
tallic and insulating phases of 8-Naj33V,05. Comparing the
EFG tensors with the site symmetry, we concluded that the
EFG tensors are consistent with the space groups proposed
by x-ray diffraction and neutron scattering studies. We deter-
mined “*Na Knight shifts and compared the anisotropy of the
Knight shifts with the calculated one due to the dipole field
from the vanadium magnetic moments based on several
models of the charge ordering and the charge disproportion-
ation. We concluded that the V1 site is the most magnetic
and that the metal-insulator transition is accompanied not by
the charge ordering of V#* and V>* but by the charge dispro-
portionation with the 3b modulation. We proposed the
weakly coupled V2-V2 and V1-V3 ladders as a model of the
electronic structure in the metallic and insulating phases and
discussed the metal-insulator transition on the basis of the
model.
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