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Local magnetic susceptibility and electronic structure of the quasi-one-dimensional conductor
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5y NMR measurements on a single crystal of 8-Nag33V,05 have been made to study the local magnetic
susceptibility and the electronic structure at the vanadium sites, which provide important information on the
metal-insulator transition and the charge ordering, in B-Nag13V,0s. We determine in detail the °'V Knight
shift and the electric field gradient tensors at the vanadium sites in both the metallic and the insulating phases.
We also obtain the temperature dependence of principal components of the Sy Knight shift and the electric
field gradient tensors at the vanadium sites. Local magnetic susceptibilities at the V sites are estimated from
bulk magnetic susceptibility and the Sty Knight shifts. We conclude that the V1 site has the largest 3d local
magnetic susceptibility among the three vanadium sites in the metallic state. Electron densities at the three
vanadium sites are also discussed and a model of the electronic structure to understand magnetic and electronic

properties of B-Nag33V,05 is proposed.
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I. INTRODUCTION

Complex phenomena due to spin, charge, and orbital de-
grees of freedom have attracted much attention in transition
metal oxides.! Among them, the charge ordering (CO) is one
of the most interesting phenomena in physics related to the
charge degrees of freedom. The CO in a’-NaV,05 has been
most intensively investigated from experimental and theoret-
ical aspects in mixed-valence vanadium oxides.> The
ordering with a zigzag pattern was explained as the CO
in a quarter-filled ladder system on the trellis lattice.
Recently, a series of vanadium bronzes B-A;s3V,0s5 (A
=Li,Na,Ca,Sr,Ag,---) have renewed interest as candidates
to study the CO physics. 8-Naj33V,05, a mixed-valence ox-
ide of V** (3d") and V>* (3d), is a typical example among
them.*> This oxide undergoes successive phase transitions,
namely, an order-disorder transition of Na atoms at Ty,
~242 K, a metal-insulator (MI) transition at Ty;~ 135 K
where a CO has been considered to take place at the same
time, and a transition from a paramagnetic state to an anti-
ferromagnetic (AF) one with canted moments at
Tn~ 24 K.#-° Recently superconductivity was found to ap-
pear at high pressures around 8 GPa below ~9 K.>7 This
superconductivity has attracted much attention from the as-
pect of a novel superconducting mechanism due to charge
fluctuations.

B-Na; 13V,05 has a monoclinic structure (the lattice sym-
metry C2/m) at room temperature® as is presented in Fig. 1.
There are three vanadium sites, V1, V2, and V3. The V1 and
V3 sites form zigzag chains along the b axis by sharing the
edges of VOg4 octahedra and VOs pyramids, respectively,
whereas the V2 sites form two-leg ladders along the b axis
by sharing the corners of VOg octahedra. Na atoms, which
are located in a tunnel of the V,05 framework, occupy the
Al sites. The two nearest-neighbor Al sites are too close to
be simultaneously occupied by Na atoms. This leads to the

1098-0121/2006/73(22)/224421(12)

224421-1

PACS number(s): 76.60.Cq, 76.60.Gv, 71.30.+h

stoichiometric concentration of x=1/3 in the [ structure.
Consequently the nominal ratio of V#* to V>* is 1:5. If V#* is
located at the V1 or V3 sites, this oxide is a quarter-filled
zigzag chain system. It is a quarter-filled two-leg ladder one,
if v+ occupies the V2 sites. Recently, however, based on
extended Hiickel tight-binding calculations, Doublet and
Lepetit proposed weakly interacting two-leg ladders,
V1-V3 and V2-V2, as a model of an electronic structure of
B-Ag33V,05 (A=Ca,Sr,Na,- ) in contrast with the model
with two zigzag chains and a two-leg ladder.!® Then the av-
erage filling of these ladders is one electron for six V sites.

The MI transition has been considered to be accompanied
by the CO in B-Naj33V,0s. Up to now several models have

V3

FIG. 1. Crystal structure of 8-Nag33V,05 (Ref. 9).
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been proposed as the CO pattern in 3-Nagj33V,0s. In previ-
ous NMR studies of 3-Naj33V,0s5, we proposed the chain
models where V** are located at half of the V1 or V2 sites,
and the zigzag model of V** located at half of the V2 ladder
sites.”!! Nishimoto and Ohta showed from the Madelung
potential calculations that the V1 sites are occupied by the
V# ions.!? After these studies Yamaura et al. observed
the satellite reflections of q=%b* due to the Na ordering
below Ty, and the q=éb* below Ty by x-ray diffraction
measurements.'> They proposed a rectangle type of charge
ordering with every V site on the V2 ladder. On the other
hand, Heinrich et al. concluded that 3d electrons are located
on the V1 zigzag chains from ESR measurements.'* Photo-
emission spectroscopy suggested the V1, V2, or simulta-
neously both sites are occupied by d electrons.!> Recently
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
3b along the b axis below Ty.'® They proposed that the
charge disproportionation occurs with a period of 3b, not 6b,
and that the 6b lattice modulation below Ty is attributed to
an instability in the V 3d band to form 35 charge modulation
on the pre-existent 20 lattice modulation.

As mentioned above, the CO pattern is controversial.
Thus it is highly desirable to clarify how 3d electrons are
located at the three V sites. NMR is a fruitful technique to
study local magnetic and electric properties of a system with
several magnetic sites. In particular the Knight shift K and
the electric field gradient (EFG) tensors are useful to know
the local symmetry, local magnetic properties, and electron
orbital at the vanadium sites. In the previous NMR studies of
B-Naj33V,05, no sample rotation in a magnetic field and
partial misorientation of many single crystals stacked parallel
to the b axis prevented us from knowing precisely K and
EFG tensors.>'! In the present study we have made
3y NMR measurements on a small single crystal with high
quality to precisely investigate local magnetic susceptibilities
and the electron density in 8-Naj33V,05. We determine in
detail the K and the EFG tensors at the V sites. The tempera-
ture T dependence of the K tensor components, the electric
quadrupole frequency vy, and the asymmetry parameter of
the EFG 7 at the vanadium sites is also presented. From the
analysis of the >'V Knight shifts at the V sites and the bulk
magnetic susceptibility, we obtain local susceptibilities at the
three V sites particularly in the metallic phase. We conclude
that the V1 site is the most magnetic among the three V sites
in the metallic phase. The electron number at the V sites will
be discussed. A model of the electronic structure will be also
proposed as a framework to explain electronic and magnetic
properties of the metallic state in 8-Naj33V,0s.

II. EXPERIMENTAL PROCEDURE

Single crystals of -Naj33V,05 were prepared by an rf
heating Czochralski method using NaVOs; as a solvent in a Pt
crucible.’ A crystal of 0.5X2.8X0.9 mm® was used for the
present NMR measurements. NMR measurements were
made by using a coherent pulsed spectrometer and a super-
conducting magnet with a constant field of Hy,=5.8710 T.
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Fourier-transformed (FT) NMR spectra for spin-echo signals
were measured with the sample rotated in the field. Cu and
Ag NMR coils were used for measurements at 300 K and
low temperatures, respectively. The Knight shift K was de-
termined by using a relation K=(v,.s—vy)/ vy Where v, and
vy (=65.706 MHz) are °'V  resonance frequencies in
B-Naj33V,05 and aqueous NaVOj; solution, respectively. In
this procedure a contribution of the chemical shift to K can
be subtracted.

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 >'V nucleus with the nuclear spin I (°'7=7/2)
and the nuclear gyromagnetic ratio vy, at a vanadium site in
B-Naj33V,05 is expressed as

H=-7,h1 - (1+K) -Hy+ X V50,5, (1)
ap

where # is the Plank’s constant, the first term is the Zeeman
interaction due to the external field Hy and the Knight shift
tensor K, and the second is the electric quadrupole interac-
tion between the EFG tensor V5 and the nuclear quadrupole
moment eQ,p The electric quadrupole interaction leads to
seven lines, namely, one central and six satellite ones, in the
Sly NMR spectrum.

One should make NMR experiments with the sample ro-
tated in H to determine the K and EFG tensors. We will
consider the case of H L a”", the axis perpendicular to the b
and c¢ axes in the monoclinic structure, and measure the angle
of H, rotation 6,+ in the bc plane from the position in which
the b axis coincides with H. In the first-order perturbation
where the electric quadrupole interaction is much smaller
than the Zeeman one, the difference between resonance fre-
quencies of the m<—m—-1 and —-(m—1)—-m, (m=-I
+1,---,+1), satellite lines dv,,.,,_; is expressed as!”’

SVmemr = (m = ) (ky g + kp 47008 260, + k3 4510 26,%)

()
with
kl,a* = VQ(Vbb + V(.L.)/sz,
ky o+ = vo(Viy = Vel V7,
ky g ==2voVd V77, (3)
and
3eQV.
eQVyy )

Yo o10r- i’

where v, is the electric quadrupole frequency, V.5 (a,
,8=a*, b, and c) are components of the EFG tensor, V., is the
Z principal component of the tensor, and eQ=eQ,. Similar
relations for the H, rotations in the ca” and a”b planes are
obtained by cyclic permutation. In this procedure one can
subtract the K term as is seen in Eq. (2). After determining
the EFG tensor components in the a“bc coordinate system by
using Egs. (2)-(4), one can obtain the X, Y, and Z principal
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components and the principal axes X,,Y, and Z, by diago-
nalizing the EFG tensor. The principal components and axes
are useful to know the local symmetry at the vanadium sites.
Also one can determine vy and 7=|Vyxx—Vyy|/| V]
(Vx| = Vyy| =[Vz)).

If the second-order electric quadrupole effect is negligibly
small, the angular dependence of the central line v,._,_y), is
determined by the K tensor. In the principal XY xZy coordi-
nate system of the K tensor, vy, is expressed as'®

Vipe1n = Vol (1 + Ky)sin? fcos® ¢+ (1 + Ky)sin® fsin® ¢
+ (1 + K)cos? 6}, (5)

where Ky, Ky, and K, are the principal components of the K
tensor, and vy=,Hy/27. The 6 and ¢ are the polar and
azimuthal angles, respectively, between H, and the principal
axes of the K tensor. The anisotropy of the K tensor particu-
larly provides information of an electron orbital at the V
sites. In general it should be noted that X, Y, and Zg do not
coincide with Xy, Yy, and Z,.

III. EXPERIMENTAL RESULTS

We observed >'V NMR spectra coming from the three V
sites at 300 K. Figure 2 shows FT spectra with H, parallel to
the a’, b, and ¢ axes in B-Nay3V,0s. As is seen in Fig. 2,
each of two sets of V NMR spectra denoted by S1 and S2 has
one central and six satellite lines due to the electric quadru-
pole interaction, whereas a short nuclear spin-spin relaxation
time 7, prevented us from clearly observing satellite lines in
the S3 spectrum. A fact that the intensity of the central line is
the weakest in the S1 spectrum for H,llb may be due to an
indirect interaction due to the Suhl-Nakamura interaction.'”
The spectra are similar to the previous spectra and the nota-
tions of the spectra S1-S3 coincide with those in the previ-
ous studies.”!!

In order to determine the K and EFG tensors at the V
sites, we measured the angular dependence of the >'V reso-
nance frequency v,., with H, rotated in the ca”, a*b, and bc
planes for the S1 and S2 spectra at 300 K as demonstrated in
Fig. 3. On the other hand, the short T, prevented us from
clearly observing the angular dependence of v, for S3. In
the present case the electric quadrupole interaction is small
enough to be taken into account in the first-order perturba-
tion theory. The experimental results of the angular depen-
dence of v,., were well fitted by using Egs. (2)—(5). Thus we
obtained values of Ky, Ky, Kz, vy, and 7 for the S1 and S2
spectra as listed in Table I. The principal axes of the K and
EFG tensors are presented in Figs. 4(a) and 4(b) for S1 and
S2, respectively. The principal axes of both the tensors,
which coincide and are denoted by Xg o, Yk o, and Zg , are
the b, ¢, and a” axes, respectively, in the S1 spectrum. On the
other hand, the axes of the K and the EFG tensors are differ-
ent from each other in the S2 spectrum.

We observed the T dependence of the Sy NMR spectra
in 3-Naj13V,05. Figure 5 shows FT NMR spectra at 300,
150, and 105 K with Hyllb. The S3 spectra were not ob-
served at 150 and 105 K. Two sets of >’V NMR spectra de-
noted by S1 and S2 were clearly observed at 300 K as men-
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Spin-Echo Amplitude (arb.units)
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FIG. 2. (a) FT NMR spectra at 300 K with H, (=5.8710 T)
parallel to the «", b, and ¢ axes in B-Nay33V,0s. 1
(=65.706 MHz) is the 'V resonance frequency in aqueous NaVO;
solution. The symbols of S1, S2, and S3 denote °'V NMR spectra,
whereas the symbols of Na represent Z’Na NMR spectra. The sym-
bols of Cu are ®Cu spectra in a Cu coil. The arrows represent
resonance frequencies of the NMR spectra split by an electric
quadrupole interaction.

tioned above. At 150 K, the S1 spectrum is split into two
spectra of S1, and S1, as seen in Fig. 5. On the other hand,
we observed no splitting of the S2 spectrum and no reduction
of the spectrum intensity at 150 K. At 105 K below Ty, we
observed the spectra of S1, and S1,, and found that the S2
spectrum is split into S2, and S2, as seen in Fig. 5. It should
be noted that the four spectra denoted by S,—S, were ob-
served in addition to these spectra. Comparing the previous
NMR results of 8-Naj33V,05 with the present spectra, the
overall spectra are similar to the previous ones.”!'! However,
we mistook the assignment of the spectra, that is, the S2, and
S2, spectra in the previous studies are the S, and S, spectra
in the present spectra. Also we could not observe the S3
spectrum in the paramagnetic insulating phase observed pre-
viously below ~40 K maybe because of the short 7.
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FIG. 3. Angular dependence of the 31V resonance frequency vy
at 300 K with H, (=5.8710 T) rotated in the (a) ca”, (b) a"b, and (c)
bc planes for the S1 and S2 NMR spectra of 3-Naj33V,05. 1
(=65.706 MHz) is the >'V resonance frequency in aqueous NaVO;
solution. The solid and dotted curves are the fitted results with the
parameter values (see Table I) of the K and EFG tensors (see the
text). The symbols of Xk o, Yk o, and Zg o with the solid arrows
represent the X, Y, and Z principal axes, respectively, of both the
Knight shift and EFG tensors in the S1 spectrum. On the other
hand, Xx (Xy), Yx (Y), and Zg (Zy) with the dotted arrows are the
X, Y, and Z principal axes, respectively, of the Knight shift (EFG)
tensor in the S2 spectrum.

As mentioned above, the °'V NMR spectra drastically
change at Ty. In order to determine the EFG and K tensors
in the insulating phase of [3-Na;33V,05, we measured the
angular dependence of v, at 105 K. The experimental re-
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S2

FIG. 4. X, Y, and Z axes of the K and EFG tensors of (a) S1 and
(b) S2 NMR spectra at 300 K in 3-Nag33V,05. The symbols of
Xk,0o Yk, and Zg o are the principal axes for both K and EFG
tensors. The Xg, Yg, and Zg symbols denote ones for the K tensor,
whereas Xy, Yy, and Z, represent ones for the EFG tensor. The
angles of the Zg ¢, Zg, and Z axes are taken from the ¢ axis in the
ca” plane.

sults with H,, rotated in the ca” and a”b planes are presented
in Figs. 6(a) and 6(b), respectively. For rotation of H|, in the
ca” plane, we could determine the angular dependence of v,
for the S1,, S1,, S2,, and S2, spectra in the wide range of
the rotation angle. On the other hand, in the a’b plane, we
observed complicated spectra having many lines. Therefore
we could determine only the angular dependence of S1, and
S1, in the wide angular range, whereas the angular variation
of S2,, S2,, and S,—S,; was done mainly around H|lb. The
other resonance frequencies we could not assign are omitted
in Fig. 6. Since we could not obtain the angular dependence
of S,—S, in the wide range of the rotation angle, we could
not conclude which spectra of S1, S2, and S3 lead to the
S,—S, spectra. Also the partial missing of the S1,, S1,, S2,,

TABLE 1. Knight shift components Ky, Ky, and K, the electric quadrupole frequency vy, and the
asymmetry parameter of the EFG # for the S1 and S2 spectra at 300 K in 3-Naj33V,05.

Spectrum Ky (%) Ky (%) K, (%) vy (MHz) 7
S1 -0.063 -0.086 -0.401 0.241 0.485
S2 -0.124 -0.144 -0.529 0.364 0.071
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FIG. 5. FT NMR spectra at 300, 150, and 105 K with H,
(=5.8710 T) parallel to the b axis in B-Nay33V,0s. vy
(=65.706 MHz) is the 'V resonance frequency in aqueous NaVOj;
solution. The symbols of S1, S2, S3, S1,, S1,, S2,, S2,, and S,-S,
denote the >'V NMR spectra, whereas the symbols of Na and Cu
represent the Na NMR spectra and the BCu spectrum in a Cu
coil, respectively. The arrows represent resonance frequencies of
the NMR spectra split by an electric quadrupole interaction.

and S2, spectra taken for the sample rotation in H,, prevented
us from precisely determining the K and the EFG tensors.
We fitted the experimental results in Fig. 6 by Egs. (2)—(5),
assuming that the b axis is X o, although the X , axis may
be deviated from the b axis. Reasonable fitted results as seen
in Fig. 6 indicate that the deviation of the Xk , axis is small.
Thus we obtained values of Ky, Ky, Kz, vy, and 7 for S1,,
S1,, S2,, and S2, as listed in Table II. The principal axes are
also presented in Fig. 7(a) [Fig. 7(b)] for S1, and S1, (S2,
and S2,). In the S1, and S1, spectra, the principal axes of
both the K and EFG tensors change from the axes at 300 K.
The difference between the directions of the axes in S1, and
S1, is small as well as that in S2, and S2,.

The T dependence of the Knight shifts is useful to
clarify local magnetic susceptibilities of the V sites in
B-Naj33V,05. We measured the 7" dependence of Ky, Ky,
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FIG. 6. Angular dependence of the 31V resonance frequency vy
at 105 K with H, (=5.8710 T) rotated in (a) the ca” plane for the
S1,, Sl,, S2,, and S2, spectra and (b) the a”b plane for the S1,,
S1,, S2, S2,, and S,-S,; spectra of pS-Nay33V,05.
(=65.706 MHz) is the 'V resonance frequency in aqueous NaVO;
solution. The solid and dotted curves for S1,, S1,, S2,, and S2, are
the fitted results with the parameter values (see Table II) of the K
and EFG tensors (see the text). The other curves are guides for the
eye. The symbols of Xy (Xp), Yk (Yy), and Zg (Z,) with the solid
arrows are the X, Y, and Z principal axes, respectively, of the
Knight shift (EFG) tensor in the S1, and S1, spectra, while ones
with the dotted arrows are in the S2, and S2, spectra.

and K, for the S1, S1,, and S1, spectra. The results are
shown in Fig. 8(a). To clarify anisotropy of the K tensor, we
introduce K, K, and K, expressed as Ki,=(Kx+Ky
+K,)/3, K, =(2K,~Ky-Ky)/6, and K,,=(Ky—Kx)/2.
The T dependence of Ky, K,,, and K, is also presented in
Fig. 8(b). The overall T dependence of K is the same as that
in the previous studies.>!'! As seen in Fig. 8, the K tensors of
S1, S1,, and S1, have almost axial symmetry in both the
metallic and insulating phases. All the principal values of the
K tensor show a Curie-Weiss (CW) like behavior above Ty,
At Ty, the S1 spectrum is split into the S1, and S1, ones.
The Knight shifts of both S1, and S1, show a CW-like be-
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TABLE II. Knight shift components Ky, Ky, and K, the electric quadrupole frequency vy, and the
asymmetry parameter of the EFG # for the S1,, S1,, S2,, and S2, spectra at 105 K in 3-Naj33V,0s.

Spectrum Ky (%) Ky (%) K7 (%) vy (MHz) 7

S1, -0.017 -0.055 -0.360 0.226 0.310
S1, 0.007 -0.030 -0.316 0.209 0.699
S2, 0.054 0.001 -0.142 0.395 0.435
S2, 0.066 0.001 -0.128 0.370 0.511

havior in the T range Ty =7 = Ty,. At Ty, a jump is seen in
all K components. Below Ty, the absolute values of K, and
K, have a broad peak around 100 K and decrease with de-
creasing 7. On the other hand, the 7" dependence of Ky, Ky,
and K, for S2, S2,, and S2, is presented in Fig. 9(a). Also
Fig. 9(b) shows the T dependence of Ki,, Ky, and K,is,- The
S2 spectrum is not split at T, and is split into the S2, and
S2, spectra at Tyy. It should be noted that K, changes from
a CW-like behavior to a 7 independent behavior like Pauli
paramagnetism at T, with decreasing 7. At Ty, the absolute
value of K;, drastically decreases and goes to zero with de-
creasing 7. The T dependence of the Knight shifts for the
S.—S, spectra with Hyllb below Ty is presented in Fig. 10
where the T dependence of Ky for the S2, S2, and S2,, spec-
tra is also included. These Knight shifts were determined

(@ ¢

105K
Y i YQ
S1a(81°)
7 SIb(83°)
b ——===== a*
~Xeo 20 §1,(929)
S1a4(93°
Sla Slb 39
(b) 105 K
c S$2.(4°)
$25 (5°)
2 S2:(59°)
3 $25(60°)
/;”” ;ZQ
é’ a*
b ~Xx,Q
S2a S2b

FIG. 7. X, Y, and Z axes of the K and EFG tensors of (a) S1,,
S1,, (b) S2,, and S2,, NMR spectra at 105 K in 8-Naj33V,0s. The
symbols of Xg, Yk, and Zg denote the principal axes for the K
tensor, whereas Xy, Yy, and Z, represent ones for the EFG tensor.
The Xk o symbol is the X axis for both K and EFG tensors. The
angles of the Zx and Z,, axes are taken from the c axis in the ca”
plane.

from the satellite lines. The S, and S, spectra have the largest
negative Knight shifts among three groups of the NMR spec-
tra as seen in Fig. 10.

Figure 11(a) shows the T dependence of v, and 7 for the
S1, S1,, and S1, spectra. As seen in Fig. 11(a), both v, and
5 of S1 are split at Ty,. The vy of S1, gradually increases
and 7 of S1, decreases with decreasing T below Ty,, while
vy of 81, gradually decreases and 7 of S1, increases below
Ty, Below Ty, v of S1, is almost T independent after a
small jump at Ty, and 7 of S1, shows weak T dependence
after drastic reduction at Tyy. The vy of S1, gradually de-
creases and becomes 7 independent with decreasing 7,
whereas 7 of S1, gradually increases with decreasing 7. On
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FIG. 8. Temperature dependence of the °'V Knight shifts (a) Ky,

Ky, Kz, (b) Kigo» Koy, and K, for the S1 spectrum above Ty, and
the S1, and S1,, spectra below Ty, in 3-Nag33V,0s.
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FIG. 9. Temperature dependence of 'V Knight shifts (a) Ky,
Ky, and K, and (b) Kis,, K,y and K, for the S2 spectrum above
Ty and the S2, and S2, spectra below Ty in 8-Naj33V,0s5.

the other hand, Fig. 11(b) shows the T dependence of v, and
7 for the S2, S2,, and S2, spectra. The v, and # of S2 are
not split and have a jump at Ty,. Both v, and % are split at
Ty The vy of S2, gradually increases and vy of S2, de-
creases with decreasing 7 below Ty Both 7 of S2, and S2,
increase and become 7 independent with decreasing 7.

IV. ANALYSIS AND DISCUSSION
A. NMR spectrum and vanadium site

We first discuss the number of the V sites observed by the
present NMR experiments, comparing those with the crystal-
lographic V sites. X-ray and neutron scattering measure-
ments proposed the crystal symmetry of [B-Naj33V,05 is
C2/m above Ty, and P2,/a below Ty,.'>'® Figures
12(a)-12(c) show, for example, the projection of the V3 sites
on the bc plane in the T range, 7> Ty, Twvi=7T=Ty, and
T<Tyy, respectively. Mirror planes, glide planes, twofold
screw axes, twofold rotation axes, and inversion centers are
also presented.'®?0

Above Ty,, there is crystallographically inequivalent one
V3 site as seen in Fig. 12(a) where the numbers represent the
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positions of the V3 site in the unit cell. Therefore, there are
only three vanadium sites, V1, V2, and V3. This is consistent
with observation of only the S1, S2, and S3 NMR spectra.

In the T range T\y=T =Ty, €ach V site is split into the
crystallographically inequivalent two V sites due to the Na
ordering as represented by A and B in Fig. 12(b). At the same
time, the mirror planes and the twofold rotation axes are lost,
whereas the glide planes, twofold screw axes, and inversion
centers remain as shown in Fig. 12(b). This fact is expected
to result in that the V3(A1) and V3(A3) positions may have
EFG tensors with different directions from those of V3(A2)
and V3(A4), because the principal axes of the EFG tensors
may tilt from the b axis. However, this was not observed
maybe due to the small tilting in the present V NMR spectra.
Thus, we take account of only crystallographically inequiva-
lent six V sites, V1A, V1B, V2A, V2B, V3A, and V3B, to
understand the observed NMR spectra. We found that the S1
spectrum is split into two spectra S1, and S1, at Ty,
whereas the S2 spectrum is not split. No reduction of the
intensity of the S2 spectrum at Ty, clearly shows that the S2
NMR spectrum observed below Ty, is composed of the S2,
and S2, spectra coming from both the two sites expected
crystallographically. Thus it is concluded that the V site of
S1, has magnetic and electric properties different from ones
of S1,, while electric and magnetic properties of S2, coin-
cide with ones of S2,. The S3 NMR spectrum was not
clearly observed maybe due to the short 7.

Below Ty, the 6b lattice modulation along the b axis
results in the appearance of the crystallographically in-
equivalent six sites, A—F, for each of the V1, V2, and V3
sites as shown in Fig. 12(c).!>!® Therefore 18 sets of
Sy NMR spectra should be observed. In the present NMR
experiments, we observed the splitting of the S1 (S2) spec-
trum to the S1, and S1, (S2, and S2,) ones. In addition to
these NMR spectra, four sets of >'V NMR spectra S,—S,
were observed. Therefore we could not observe 10 sets of

— Two-fold rotation axis

NMR spectra, which may come from magnetic sites with a
short 7,, among the expected 18 sets, or these spectra may be
hidden in the complicated resonance lines which we could
not assign. Recently Nagai et al. proposed from neutron scat-
tering measurements that magnetic moments in the AF state
occupy the B, C, E, and F positions of the V1,V2, and V3
sites, namely 12 V sites, and that each of V1,V2, and V3
sites has two nonmagnetic V>* sites located at A and D po-
sitions,in the AF state.'® They inferred a pattern of the charge
disproportionation in the insulating phase based on the spin
structure in the AF state. A similar model of the charge dis-
proportionation is proposed by our >*Na NMR results which
will appear elsewhere.?! If so, the S1,, S1,, S2, and S2,
spectra observed in the T range Ty =T = T\ are ascribed to
nonmagnetic V>* sites of two V sites, which are considered
as the V2 and V3 sites from the later discussion, among the
V1,V2, and V3 sites. The S, and S, spectra may come from
the nonmagnetic V>* sites of the other V site which may be
the V1 site, whereas two magnetic sites located at the B, C,
E, or F positions of the V1, V2, and V3 sites may lead to the
S. and S, spectra with absolute values of K larger than those
of S, and S,.

B. Local magnetic susceptibility

We estimate local magnetic susceptibilities of the three V
sites in the metallic state from the magnetic susceptibility y
of a powdered sample® and >'V Knight shifts in the present
NMR experiment. The data of y above Tyy can be well
fited to the CW law as x=C/(T-0) with C
=0.0798 emu K/V mol and ©®=-163 K. Absence of a
T-independent term indicates that the orbital susceptibility
Xl\:;, is small and cancelled by the diamagnetic susceptibility,
-3.5X 107 emu/V mol.?> Therefore y is expressed as y
~ XL (i)13 for T> Ty, where x* (i) (i=S1, S2, and S3) is
the isotropic d spin susceptibility of the V sites leading to the
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FIG. 13. Temperature dependence of magnetic susceptibility of
a powdered sample y (Ref. 9) and isotropic local magnetic suscep-
tibilities x(i) of the V sites leading to the i (=S1,S2,S3,S1, and
S1,) NMR spectra in 3-Naj33V,0s.

i spectrum, and x~x’ (S1,)/6+x. (S1,)/6+xL (52)/3
+x. (S3)/3 for Ty =T=Ty,. On the other hand, the isotro-
pic Knight shift K (i) of the i spectrum is expressed as
Ko (i) ~Kidso(i) where Kidso(i) is the Knight shift due to )(fio(i),
assuming the orbital Knight shift is reasonably neglected due
to the small x.'y as will be confirmed later. It should be noted
that the chemical shift is subtracted from the definition of the

Knight shift. Also K¢ (i) is expressed as'®

d

A
Kisoli) = 7 Xl (6)
B

where Aﬁf is the hyperfine coupling constant of the Fermi
contact interaction due to the core polarization effect, N is
the Avogadro’s number, and up is the Bohr magneton. Using
a value of A%:~-100 kOe/uy for a 3d' system® and the
present experimental results of K (i) (i=S1, S1,, S1,, and
S2), we obtain Xﬁo(i) from Eq. (6). We also obtain Xﬁiso(S3)
after subtracting A/iio(i) (i=S1, S1,, S1,, and S2) from the
experimental data of y. Thus we can estimate isotropic local
magnetic susceptibilities x(i) ~ x% (i) (i=S1, S1,, S1,, S2,
and S3) as presented in Fig. 13. Below Ty, we cannot obtain
local magnetic susceptibilities of the V sites, because we
could not observe all of the S1 and S2 spectra.

Finally, in order to confirm the validity of the present
analysis, we estimate the orbital susceptibilities, which were
neglected in the above analysis, from the conventional K,
vs x(i) plots. Using a value of the orbital hyperfine coupling
constant AYY (=2Nug(r=3))=461 kOe/uy where (r73), the
average value of r=3 for a 3d orbital, is the Hartree-Fock
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FIG. 14. (a) Experimental and (b) calculated directions of the Z
axes of the K (solid arrows) and EFG (dashed ones) tensors at
300 K in B8-Naj33V,0s. The 3d electron orbitals at the V1, V2, and
V3 sites calculated from a crystal field approximation in the point
charge model are also shown.

value of 3.684 a.u. for V*2* we obtain xpy=62
X 10~ emu/ V(i) mol for i=S1 and S2. Thus the small value
of xiy shows that the local magnetic susceptibilities ob-
tained in the present analysis are reasonable.

In conclusion, we find that the S3 NMR spectrum comes

from the most magnetic V sites in the metallic phase.

C. Site assignment

Next we make a site assignment of the NMR spectra,
S1-S3. The anisotropy of the K tensor as shown in Fig.
14(a), where the Z axes of the K and EFG tensors determined
experimentally are shown, allows us to know d orbitals at the
V sites. We calculate 3d orbitals at the V1, V2, and V3 sites
in a crystal field approximation for the V104, V204, and
V30 octahedra where the apical oxygen is included for the
V305 pyramid as shown in Fig. 14(b), because the 3d orbital
calculated for the V30O4 octahedron reproduces more suit-
ably the NMR shift tensor than for the V305 square pyra-
mid. Using the crystal structure determined by Yamaura et
al.,*> we obtained the wave functions at the V1, V2, and V3
sites as 0.542d,,-0.840d,,, 0.999d,,+0.042d,,, 0.261d,,
+0.965d, ., respectively, in the xyz (a"bc) coordinate system.
These orbitals shown in Fig. 14(b) are d,,-type ones with an
axial symmetry. The 3d orbitals at the V1 and V3 sites are
roughly in the bc plane, whereas the 3d orbital at the V2 site
is in the a"b plane. These results come from the local distor-
tion of the highly distorted VO4 octahedra as discussed in
B-Sry33V,05 by Doublet and Lepetit'® and in S8’-Cu,V,0s
by Yamaura et al.>® A Knight shift tensor is well known to be
governed by a local 3d orbital. Therefore, the Zy principal
axes of the K tensors should be in the direction of the solid
arrows in Fig. 14(b) which are drawn in the ca” plane as
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perpendicular to the d,, type orbitals. The directions of the
Zy axes determined experimentally agree well with the cal-
culated ones as seen in Fig. 14. Also the anisotropy of the d,,
type orbitals is consistent with almost the axial symmetry of
the K tensors observed in the S1 and S2 spectra. Thus we can
conclude that the S1 and S2 NMR spectra come from the V3
and V2 sites, respectively. Also our conclusion that the V1
site is the most magnetic is consistent with the ESR result'*
and the Madelung energy calculation.'? It should be also
noted that the present determination of the Zy axis in the K
tensor is a direct observation of the orbital ordering in
B-Nag 33V,0s.

The EFG tensor also provides information of the local
symmetry at the V sites. As is well known, the EFG tensor at
a magnetic ion has two contributions from on-site electrons
and ions outside the magnetic ion in concern.'”® One can
usually calculate the latter contribution in a point charge
model. We assume Na®3* at the A1 sites, because half of the
Na sites are randomly occupied by Na* at 300 K. From the
electron density at the V1-V3 sites as will be estimated
below, we assume V*7+, V48* and V** at the V1, V2, and
V3 sites, respectively. This assumption is not sensitive to the
calculated direction of the EFG tensor at the V sites. The
lattice summation in the EFG calculation was taken over the
lattice sites in a sphere with a radius of 200 A. The calcu-
lated directions of the Z, axes in the EFG tensors are repre-
sented by the dashed arrows in Fig. 14. The on-site electron
contribution to the EFG tensor is estimated from the d orbit-
als at the magnetic ions. That is, the Zy axis of the EFG due
to this contribution should coincide with Zy of the K tensor.
As seen in Fig. 14, the calculated Z,, axes due to the contri-
bution of the outside ions for the three V sites have almost
the same direction as the calculated Zy axes. This comes
from a fact that the Knight shift and EFG tensors are gener-
ally governed by the local symmetry. The calculated Z, axis
of the EFG tensors at the V3 site almost coincides with the
experimental result, whereas the agreement between the cal-
culated and experimental ones is relatively poor at the V2
site. The origin of the poor agreement is not clear at present.

D. Electronic structure

In order to understand the mechanism of the MI transi-
tion, it is desired to clarify the electronic structure of the
metallic state. For this purpose, first, we roughly estimate the
3d electron number at each V site from magnetic suscepti-
bility, although it is generally difficult to determine the elec-
tron number from magnetic susceptibility except Pauli para-
magnetic susceptibility proportional to the density of states
at the Fermi level. Previously the charge disproportionation
of the V3* and V**-like sites in metallic states of vanadium
oxides with a strong electron-electron interaction was dis-
cussed from local magnetic susceptibilities.”” Following
these studies, we estimate the electron number of the
V1-V3 sites from the local magnetic susceptibilities. For
T=Tn,, we fit the local magnetic susceptibilities
x(V1)—x(V3) obtained in the present experiments to the
CW law with ®=-163 K, the Weiss temperature of the bulk
magnetic susceptibility. We obtain the effective magnetic
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(a) (b)

FIG. 15. 3d electron orbitals (a) at V1 and V3 sites in a
V1-V3 ladder, and (b) at V2 sites in a V2-V2 ladder of
B-Naj33V,05. Bridging oxygen 2p orbitals are also presented.

moment el =2up\S(S+1)]=0.99, 0.74, and 0.61up for
x(V1), x(V2), and x(V3), respectively. Because the spin S
may be proportional to the electron number, the ratio of the
3d electron number on the V1, V2, and V3 sites may
be about 0.21:0.12:0.09, respectively, for T=Ty, In
B-Na, 33V,0s, the nominal ratio of V#* to V* is 1:5. Thus
we roughly obtain the 3d electron number on the V1, V2,
and V3 sites as 0.25, 0.14, and 0.11 electron/V-ion, respec-
tively, above Ty,. In the T range T\y=T=Ty, We cannot
estimate the local electron numbers, because y(V2) changes
from the CW to the Pauli paramagnetic behaviors, whereas
x(V1) and x(V3) follow the CW laws below Ty, as well as
above Ty, However, the 3d electron numbers at the three V
sites seem not to change drastically at Ty,, since x(V2) be-
low Ty, does not drastically deviate from y(V2) extrapolated
from the CW law above Ty, as seen in Fig. 13.

As mentioned in the last subsection, the V1, V2, and V3
sites have characteristic d orbitals which are expected to re-
sult in anisotropic interactions. Recently, based on vanadyl
bond orientation and extended Hiickel tight-binding calcula-
tions, Doublet and Lepetit calculated a transfer integral be-
tween the V atoms in an isomorphous oxide S-Sry33V,0s5
and discussed exchange interactions.!® Following their re-
sults, we discuss the electronic and magnetic interactions of
B-Na,33V,05. The hopping between the orbitals of the near-
est neighboring V1 sites in the V1 zigzag chains is not
bridged by any oxygen orbital as seen in Fig. 14(b), resulting
in a negligibly small magnetic interaction. On the other hand,
the second nearest neighboring V1 sites along the b axis
have d orbitals with which a p orbital of a bridging oxygen
overlaps as seen in Fig. 15(a), where the 3d orbitals at the V1
and V3 sites and the bridging oxygen 2p orbitals are pre-
sented, leading to a strong magnetic interaction along the b
axis. The orbitals at the V3 sites in the V3 zigzag chains have
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(2)

FIG. 16. Schematic structure of dominant interactions and elec-
tron number for (a) 7> Ty, and (b) T\yy=T=Ty, in the metallic
state of 3-Na33V,0s. The ratio of the size of the gray circles
corresponds to the ratio of the electron number roughly estimated at
the V1, V2, and V3 sites.

characters similar to the orbitals at the V1 sites. It should be
noted that another large interaction between the nearest
neighboring V1 and V3 sites appears in contrast with the V1
zigzag and the V3 zigzag chains. Thus the nearest V1-V3,
the second nearest V1-V1, and the second nearest V3-V3
interactions form the V1-V3 ladders along the b axis as pre-
sented in Fig. 15(a). The interaction between the nearest
neighboring V2 sites in the V2 ladders is strong due to the
bridging oxygen overlap as seen in Fig. 15(b). Also the sec-
ond nearest neighboring V2 sites along the b axis have a
strong interaction. Thus the nearest and the second nearest
V2-V2 interactions form V2-V2 ladders as shown in Fig.
15(b). These V2-V2 and V1-V3 ladders are coupled by
weak interactions via bridging oxygen.

Taking account of these results, we propose a model of
the electronic structure as shown schematically in Fig. 16 to
explain magnetic and electronic properties of the metallic
state of [3-Naj33V,05. In the weakly coupled ladders com-
posed of one V2-V2 ladder and two V1-V3 ladders, the V1
site has the largest 3d electron density among the V1-V3
sites as presented in Fig. 16(a). Above Ty,, the electron den-
sity is uniform at each V site in the ladders, whereas in the 7'

PHYSICAL REVIEW B 73, 224421 (2006)

range Tyg=T=Ty, the Na ordering may lead to a slight 2b
modulation at each V site along the b axis as presented by A
and B in Fig. 16(b). The electronic and magnetic interactions
in this model agree with those in the model proposed for
B-Sry33V,05 by Doublet and Lepetit who did not discuss the
local electron number.'® However, this disagrees with the
V3-V1-V2-V2-V1-V3 cluster model which was proposed
by Nagai et al. without taking reasonably the V-V interac-
tions via the 3d vanadium and the oxygen 2p orbitals into
account.!'®

The 3d orbitals at the V1-V3 sites form the 3d band in the
metallic state of 8-Naj33V,05. The Na ordering at Ty, also
leads to the change of the magnetic behavior. The local mag-
netic susceptibility of the V2 site changes from the CW-like
behavior to the Pauli paramagnetic one, whereas the suscep-
tibility of the V3 site shows the CW behavior both above and
below Ty, They may be due to the reconstruction of the 3d
band because of the change in the unit cell from a X b X ¢ to
a X 2b X c and the change from the random to regular poten-
tials below Ty,. This may lead to a broad local band at the
V2 sites and a narrow band at the V3 sites. In order to un-
derstand the MI transition in 3-Na,33V,0s, we should con-
sider the quasi-one-dimensional crystal structure along the b
axis leading to one-dimensional nature of the electronic
structure. Therefore the large nesting of the Fermi surface,
resulting in a Peierls-type instability, is expected to be
present. Also the superconductivity appearing under high
pressures seems to take place in the system of the weakly
coupled three ladders as shown in Fig. 16. Band calculations
and theoretical studies of the model proposed in the present
study are desired to clearly understand the mechanisms of
the MI transition in B-Naj33V,0s. It is also important to
clarify the CO pattern in the insulating phase. Our *Na
NMR studies on the CO pattern will appear elsewhere.?!

V. SUMMARY

We have made >'V NMR measurements on a single crys-
tal to study the local magnetic susceptibility and the elec-
tronic structure at the vanadium sites in 3-Najy33V,05. We
measured the temperature dependence of the principal com-
ponents of the Knight shift and the electric field gradient
tensors of the V2 and V3 sites. From the bulk magnetic sus-
ceptibility and the Knight shifts we estimated local magnetic
susceptibilities of the V1, V2, and V3 sites particularly in the
metallic phase. We found that local magnetic susceptibility
of the V1 sites is larger than those of the V2 and V3 sites in
the metallic state. We also proposed a model of the electronic
structure to understand electronic and magnetic properties of
the metallic phase in 8-Naj33V,0s.
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