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Local magnetic susceptibility, spin dynamics, and charge order in the quasi-one-dimensional
conductor β-Li0.33V2O5 investigated by site-selective 51V NMR

Ichihiro Yamauchi,1,* Masayuki Itoh,1 Touru Yamauchi,2 Jun-Ichi Yamaura,3 and Yutaka Ueda4

1Department of Physics, Graduate School of Science, Nagoya University, Furo-cho, Chikusa-ku, Nagoya 464-8602, Japan
2Institute for Solid State Physics, University of Tokyo, Kashiwa, Chiba 277-8581, Japan

3Materials Research Center for Element Strategy, Tokyo Institute of Technology, Yokohama, Kanagawa 226-8503, Japan
4Toyota Physical and Chemical Research Institute, 41-1 Yokomichi, Nagakute, Aichi 480-1192, Japan
(Received 5 July 2017; revised manuscript received 16 October 2017; published 9 November 2017)

51V NMR measurements have been conducted on a single crystal of the quasi-one-dimensional conductor
β-Li0.33V2O5 which undergoes a metal-insulator (MI) transition at TMI ∼ 170 K. In the metallic phase, we obtain
51V Knight shift and electric field gradient tensors. From the analysis of the 51V Knight shifts, we find that the
charge disproportionation appears even in the metallic state and the electronic structure is represented within a
model of weakly coupled ladders containing two types of ladders with distinct carrier densities. Based on the
51V nuclear spin-lattice relaxation rate, we discuss the spin dynamics within the one-dimensional electron gas
model. From the analysis of several nonmagnetic V5+ spectra observed in the insulating phase, we propose a
possible charge-order pattern which has a superlattice modulation larger than those in other family members of
β-A0.33V2O5 (A = Na and Ag). Finally, we discuss the A-ion dependence of the electronic structure, the charge
disproportionation, and the charge order in β-A0.33V2O5.
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I. INTRODUCTION

Searching for a new ordered state of spin, charge, and
orbital degrees of freedom is one of the central issues in
condensed matter physics. Such an ordered state is fascinating
not only as a new phase of material but also as a mother phase
with anomalous metallic behaviors, for instance, colossal
magnetoresistance and high-temperature superconductivity
[1]. These phenomena appear in the vicinity of the ordered
state, and the orderings and fluctuations of the above degrees
of freedom are a key to understand the mechanism of the
physical properties. Ternary 3d transition-metal oxides are
regarded as one of the playground for such exotic states
due to low dimensionality and the mixed valence of the
transition-metal ions. Recently, various exotic phenomena
have been discovered in quasi-one-dimensional (quasi-1D)
oxides with hollandite and calcium-ferrite-type structures such
as a metal-insulator (MI) transition accompanied by charge
ordering (CO), an MI transition in a ferromagnetic phase,
and colossal magnetoresistance in an antiferromagnetic phase
[2–12]. Another quasi-1D metallic system is β-A0.33V2O5

(A = Li, Na, and Ag) which have been extensively investi-
gated as a highlight material of the ternary vanadium oxides.

β-A0.33V2O5, which have a nominal mixed valence of
V4+(3d1) and V5+(3d0) as V4+ : V5+ = 1 : 5, commonly
show an MI transition at TMI = 90–170 K accompanied by
CO [13–15]. An antiferromagnetic transition takes place well
below TMI [13–19] at ambient pressure and a superconducting
phase appears at 7–10 GPa above which the MI transition
is suppressed [15,20–25]. As shown in Fig. 1, β-A0.33V2O5

fundamentally crystallize in a monoclinic structure and have
three crystallographically inequivalent vanadium sites V1, V2,
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and V3. Each V site is surrounded by O2− anions with the
octahedral (V1, V2) or pyramidal (V3) coordination and these
polyhedra form infinite chains along the b axis [26]. The cation
site is located in a tunnel formed by the V2O5 framework
and only a half of the site is occupied by the A ion in the
β-type structure. The A ion shows a zigzag ordering with
the a × 2b × c superlattice structure. This ordering changes
the space group from C2/m to P 21/a and splits the VS (S =
1–3) site into two inequivalent sites, VSA and VSB [19,27].
For instance, the zigzag ordering transition occurs at TA = 242
and 200 K for the A = Na and Ag systems, respectively.
Furthermore, the a × 6b × c superlattice structure with the
space group P 21/a was confirmed in the CO state except the
A = Li system [19,27–29].

Among the intriguing phenomena mentioned above, the
CO pattern and the mechanism of its formation have attracted
much attention as a fundamental issue in β-A0.33V2O5. The
CO pattern has been intensively investigated for β-A0.33V2O5

(A = Na and Ag), whereas it has not been clarified for the A =
Li system [18,19,27,30–34]. The CO pattern is considered
to be governed by the electron filling, hopping energy, and
Coulomb interaction in many cases. However, the proposed
CO models for the A = Na and Ag systems are different from
each other, although both systems have the same electron
filling. Furthermore, it has been suggested that the charge
density at each V site is modified by the zigzag ordering of
the A ion even in the metallic state, which is abbreviated to
charge disproportionation (CD) hereafter [35,36]. These facts
indicate that the A ion also provides a different effect on the CD
and CO patterns in β-A0.33V2O5. Thus, an NMR experiment
on β-Li0.33V2O5 is useful to systematically understand the A

dependence of the CD and CO patterns.
Previously, we reported 7Li NMR results on a single crystal

of β-Li0.33V2O5 [37,38]. We observed two sets of 7Li NMR
spectra suggesting the presence of two crystallographically
inequivalent Li sites in the metallic phase. The angular
dependence of the 7Li NMR spectra clearly showed the

2469-9950/2017/96(20)/205114(13) 205114-1 ©2017 American Physical Society

https://doi.org/10.1103/PhysRevB.96.205114


YAMAUCHI, ITOH, YAMAUCHI, YAMAURA, AND UEDA PHYSICAL REVIEW B 96, 205114 (2017)

FIG. 1. (a) Crystal structure of β-A0.33V2O5. (b) Basic unit of the
electronic structure composed of two V1-V3 ladders and one V2-V2
ladder.

existence of the Li zigzag ordering even at 300 K. Furthermore,
an additional 2a modulation was pointed out by an x-ray
diffraction study [39]. These results indicate a unique structure
of β-Li0.33V2O5 that the 2a × 2b × c superlattice modulation,
which does not appear in the other β-A0.33V2O5 systems, takes
place due to the Li ordering in the metallic phase. However, we
could not obtain any information on the CD and CO patterns.

In this paper, we have made 51V NMR measurements
on a single crystal to elucidate local magnetic properties,
spin dynamics, and charge order in β-Li0.33V2O5. From the
data of the Knight shift, we obtain local spin susceptibility
at each V site showing the presence of CD in the metallic
state. Spin dynamics is also discussed from the analysis of
the nuclear spin-lattice relaxation rate within the 1D electron
gas model. Broad and complicated NMR spectra due to the
formation of the CO are observed in the insulating phase.
Based on the present NMR results, we propose possible CD
and CO patterns. Common and different characteristics in the
electronic structure, the CD pattern, and the CO pattern are
discussed for β-A0.33V2O5 (A = Li, Na, and Ag).

II. EXPERIMENTAL PROCEDURE

As-grown β-LixV2O5 single crystals, which have excess Li
content above the stoichiometric concentration x = 0.33, were
grown in N2 atmosphere by the rf-heating Czochralski method
using LiVO3 as a flux in a Pt crucible. A stoichiometric single
crystal was obtained by calcination of a single crystal with
a large amount of x = 0.33 powder samples in an evacuated
quartz tube at 600 ◦C for 20 h [20,24]. We confirmed that the
single crystal undergoes an MI transition at 170 K.

Fourier-transformed (FT) 51V NMR spectra of spin-echo
signals were obtained with the sample rotated in a magnetic
field of H0 = 5.8709 T. The field direction is defined by θα

(α = c, a∗, and b) where θc is the angle from the a∗ axis
perpendicular to both the b and c axes in the a∗b plane, whereas
the other angles are defined by cyclic permutation of c, a∗,
and b. The 51V Knight shift K was determined by using a
relation K = (νres − ν0)/ν0 where νres and ν0(=65.706 MHz)
are 51V resonance frequencies in β-Li0.33V2O5 and aqueous
NaVO3, respectively. The 51V nuclear spin-lattice relaxation
rate 1/T1 was measured by the inversion recovery method with
H0 parallel to a magic angle where the quadrupole splitting
vanishes. Then, the nuclear magnetization was observed to
recover exponentially with a time constant T1.

FIG. 2. 51V NMR spectra at 300 K with H0 = 5.8709 T applied
along the θb = 144◦, 54◦, θa∗ = 153◦, and θc = 171◦ in a single
crystal of β-Li0.33V2O5. Solid and dotted lines represent 51V spectra,
MP1, MP2, MP3, MP4, and MP5, split by the electric quadrupole
interactions. The symbol Cu is a 63Cu NMR spectrum coming from
a Cu coil.

III. EXPERIMENTAL RESULTS AND ANALYSIS

A. Metallic phase

1. NMR spectrum and Knight shift

Figure 2 displays typical 51V (nuclear spin 51I = 7
2 ) NMR

spectra which are composed of five spectra MP1, MP2,
MP3, MP4, and MP5 with H0 parallel to θb = 54◦, 144◦,
θa∗ = 153◦, and θc = 171◦ at 300 K in the metallic phase
(MP) of β-Li0.33V2O5. Each spectrum of MP1–MP5 has
equally spaced seven lines, one central and six satellite lines,
split by the first-order electric quadrupole effect. The angular
dependencies of the 51V NMR frequency and K with H0

rotated around the c, a∗, and b axes at 300 K are plotted
in Figs. 3 and 4, respectively. The experimental data of
the angular dependence of the difference between resonance
frequencies of the m ↔ m − 1 and −(m − 1) ↔ −m, (m =
−I + 1, . . . , + I ), satellite lines, δνm↔m−1, for the H0 rotation
around the a∗ axis (the a∗ rotation) were well fitted by the
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FIG. 3. Angular dependence of the 51V NMR frequency of the
MP1, MP2, MP3, MP4, and MP5 spectra at 300 K with H0 =
5.8709 T rotated in the (a) a∗b, (b) bc, and (c) ca∗ planes of
β-Li0.33V2O5. Solid and dashed curves are the calculated results using
the relation ν = δνm↔m−1/2 + (1 + K)ν0 and the fitted EFG and K

values listed in Table I.

equation [31,40]

δνm↔m−1 = (
m − 1

2

)
(ν1,a∗ + ν2,a∗ cos 2θa∗ + ν3,a∗ sin 2θa∗ ),

(1)

with

ν1,a∗ = νQ(Vbb + Vcc)/Vzz,

ν2,a∗ = νQ(Vbb − Vcc)/Vzz,

ν3,a∗ = −2νQVbc/Vzz,

and

νQ = 3eQVzz

2I (2I − 1)h
,

where Vαβ (α,β = a∗,b,c) is the electric field gradient (EFG)
tensor described in the a∗bc coordinated system, Vzz is the
maximum component (|Vxx | � |Vyy | � |Vzz|) of the EFG
tensor in the principal coordinate system Vγγ (γ = x,y,z), e is
the elementary charge, Q is the nuclear quadrupole moment,

FIG. 4. Angular dependence of the 51V Knight shift of the MP1,
MP2, MP3, MP4, and MP5 spectra at 300 K with H0 = 5.8709 T
rotated in the (a) a∗b, (b) bc, and (c) ca∗ planes of β-Li0.33V2O5.
Solid and dashed curves are the results of fitting the data to Eq. (2).

and h is the Planck′s constant. The equations for the other two
rotations are obtained by cyclic permutation of a∗, b, and c.
Diagonalization of the EFG tensor in the a∗bc system provides
the experimental values of the nuclear quadrupole frequency
νQ, the asymmetry parameter of EFG, η = |Vxx − Vyy |/|Vzz|,
and the direction of the z principal axis zQ projected on the
ca∗ plane are listed in Table I. On the other hand, we fitted
the data of the angular dependence of K for the a∗ rotation to
the equation [32]

K = k1,a∗ + k2,a∗ cos 2θa∗ + k3,a∗ sin 2θa∗ , (2)

with

k1,a∗ = (Kbb + Kcc)/2,

k2,a∗ = (Kbb − Kcc)/2,

k3,a∗ = Kbc,

where Kαβ (α, β = a∗, b, c) are components of the K tensor
in the a∗bc system. The similar equations are obtained for
the other rotations by cyclic permutation of a∗, b, and c. By
diagonalizing the tensor, we could obtain the principal values
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TABLE I. Principal components of the 51V Knight shift Kx , Ky , and Kz, the electric quadrupole frequency νQ, the asymmetry parameter
of EFG η, and directions of principal axes of the K and EFG tensors zK and zQ projected on the ca∗ plane for the MP1, MP2, MP3, MP4, and
MP5 spectra at 300 K in β-Li0.33V2O5. The MP1–MP5 spectra are considered to come from the V1B(j ), V2A(j ), V2B(j ), V3A(j ), and V3B(j )

(j = 1–n) sites, respectively (see text). One possible crystal structure with 2a × 2b × c unit cell, the monoclinic structure with the space group
of P 21, has n = 4 as presented in Fig. 13(d).

Spectrum V site Kx (%) Ky (%) Kz (%) zK [θb (◦)] νQ (MHz) η zQ [θb (◦)]

MP1 V1B(1)–V1B(n) −0.230 −0.780 50 0.416 0.346 ∼b

MP2 V2A(1)–V2A(n) −0.150 −0.601 163 0.314 0.051 115
MP3 V2B(1)–V2B(n) −0.101 −0.124 −0.444 161 0.367 0.528 94
MP4 V3A(1)–V3A(n) −0.050 −0.074 −0.374 81 0.189 0.185 79
MP5 V3B(1)–V3B(n) −0.018 −0.037 −0.293 81 0.172 0.245 87

of the K tensor, Kx , Ky , and Kz, and the direction of the z

principal axis zK as listed in Table I.
The site assignment of the observed NMR spectra is based

on the principal axis of the K tensor governed by the local
symmetry for the crystal structure (space group C2/m) with
no lattice modulation because the A-cation order does not lead
to a drastic change in the K tensor [31]. That is, the zK axes
of the V1 and V3 sites approximately lie in the bc plane,
whereas that of the V2 site is in the a∗b plane, as discussed
on β-Na0.33V2O5. Thus, we can conclude that the MP1, “MP2
and MP3,” and “MP4 and MP5” spectra come from the V1,
V2, and V3 sites, respectively. As seen in Fig. 3, the angular
dependencies of the 51V NMR frequency are well traced by
the curves calculated using the fitted EFG and the K values.

As mentioned above, we observed two sets of 51V spectra
from each VS site except V1, although another set of spectra
from the V1 site may be not observed due to the short nuclear
spin-spin relaxation time T2. The 2a×2b×c lattice modulation
suggested by the x-ray diffraction [39] is expected to split each
of the VS (S = 1–3) sites into several crystallographically
inequivalent sites. First, the 2b modulation naturally results in
the appearance of the two inequivalent VSA and VSB sites
due to the Li zigzag ordering as discussed in the A-ordered
phase of β-Na0.33V2O5 [36] and β-Sr0.33V2O5 [35].

Second, the 2a modulation is expected to furthermore split
each of the VSA and VSB sites into several crystallographi-
cally inequivalent sites, VSA(1)–VSA(n) and VSB(1)–VSB(n),
where n � 8 for any space group within the 2a×2b×c

unit cell. In our previous 7Li NMR measurement, we ob-
served clear splittings of 7Li spectra suggesting the 2a

modulation [37]. However, the splitting is too small to be
detected in the 51V NMR spectra. Therefore, the observed
spectra MP1, MP2, MP3, MP4, and MP5 have to come
from the V1B(1)–V1B(n), V2A(1)–V2A(n), V2B(1)–V2B(n),
V3A(1)–V3A(n), and V3B(1)–V3B(n) sites, respectively, in the
crystal structure with the 2a×2b×c modulation. This means
that the local magnetic and electric properties of the n

crystallographically inequivalent VX(j ) sites are so similar that
they lead to no splitting in each of the MP1–MP5 spectra. This
site assignment of the NMR spectra due to the 2a modulation
was not discussed in the preliminary report [38].

Another splitting is observed as represented by the solid
and dashed lines in Fig. 2 and by the solid symbols with solid
curves and the open symbols with dashed curves in Figs. 3
and 4 for the MP3, MP4, and MP5 spectra. This splitting is
ascribed to their local symmetry. Even the NMR spectrum from

one crystallographically equivalent site is split into two spectra
in a magnetic field, if it has the local symmetry providing two
types of principal axes in the K and EFG tensors. Figure 5
shows all the V3A(1)–V3A(4) and V3B(1)–V3B(4) sites in the
possible crystal structure with the P 21 space group discussed
in Sec. IV B. In this crystal structure, there are two atomic
positions for each V3 site which are related with the twofold
screw axis. The direction of the principal axes of the K and
EFG tensors at the two nuclei sites is different, although the
two principal axes are connected to each other with the twofold
screw rotation. For instance, one of the principal axes of the
EFG tensor yQ for the V3A(1) site is depicted in Fig. 5. This
makes the two angular dependencies of the NMR frequency
denoted by solid and dashed curves in Figs. 3(a) and 3(b).
Similar splittings were also observed in the NMR spectra of
β-Na0.33V2O5 [31,32].

Finally, we present the T dependencies of the isotropic
Knight shift Kiso = (Kx + Ky + Kz)/3 and the axially
anisotropic one Kax = (2Kz − Kx − Ky)/6 for the MP1–MP5
spectra in Figs. 6(a) and 6(b), respectively. Then, Kiso and Kax

are evaluated by assuming the uniaxial anisotropy Kx = Ky for
MP1 and MP2. The MP1 spectrum coming from the V1B(j )

sites has the largest absolute value of K , whereas the MP5
spectrum from the V3B(j ) sites has the smallest value.

2. Local spin susceptibility

In vanadium oxides, K is generally composed of the
T -independent orbital (Van Vleck) term KVV and the T -
dependent spin one Kspin. As seen in Fig. 6, the experimental

FIG. 5. The V3A(1)–V3A(4) and V3B(1)–V3B(4) sites viewed from
the c axis in the 2a × 2b × c unit cell. The figure is based on the
possible crystal structure with the space group of P 21 discussed in
Sec. IV B. Twofold screw axes are also presented in the figure. The
red arrows represent one of the principal axes of the EFG tensor yQ

for the V3A(1) site.
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FIG. 6. Temperature dependence of (a) isotropic and (b) axially
anisotropic 51V Knight shifts for the 51V NMR spectra MP1, MP2,
MP3, MP4, and MP5 coming from the V1B(j ), V2A(j ), V2B(j ),
V3A(j ), and V3B(j ) (j = 1–n) sites, respectively, in β-Li0.33V2O5.
The solid curves represent the results of fitting the data to the
Curie-Weiss law.

data of K can be well fitted to the Curie-Weiss (CW) law
K(T ) = K1/(T − 	)+K0 with the T -independent Knight
shift K0, a constant K1, and the Weiss temperature 	 which
is assumed as 	 = −18 K of bulk magnetic susceptibility
χ . Then, we found that KVV(=K0) for MP3, MP4, and MP5
are negligibly small, whereas (KX

VV,KZ
VV) = (0.17%, 0.23%)

for MP1 and (0.00%, 0.16%) for MP2. The CW term in
K , Kspin(i) for i = MP1, MP2, MP3, MP4, and MP5, is
written by Kspin(i) = Ahfχspin(VX(j ))/NAμB where X = 1B,
2A, 2B, 3A, and 3B, respectively, and j = 1–n. Here, NA is
the Avogadro’s number, μB is the Bohr magneton, and Ahf is a
hyperfine coupling constant [41]. To evaluate the isotropic lo-
cal spin susceptibility χspin(VX(j )) from Kiso, we have to know
the Ahf value due to the core-polarization mechanism for each
vanadium site. However, the existence of several vanadium
sites prevents us from estimating Ahf by the conventional K-χ
analysis. Thus, we neglect the vanadium-site dependence of
Ahf and assume a value of Ahf = Aiso = −100 kOe/μB, a
standard value in 3d transition-metal compounds [42,43]. The
obtained χspin(VX(j )) is presented in Fig. 7. Here, note that

FIG. 7. Temperature dependence of isotropic spin susceptibility
after subtracting a constant term χ0 from magnetic susceptibility of a
powder sample χ and local isotropic spin susceptibility χspin(VX(j ))
(X = 1A, 1B, 2A, 2B, 3A, and 3B; j = 1–n) in the metallic phase of
β-Li0.33V2O5. Note that χspin(VX(j )) is independent of j . The solid
curves represent the results of fitting the data to the Curie-Weiss law.

χspin(VX(j )) is independent of j . The isotropic spin susceptibil-
ity χspin, which is calculated from subtracting a constant term
χ0 from magnetic susceptibility of the powder β-Li0.33V2O5

sample χ , obeys the CW law χspin(=χ − χ0) = C/(T − 	)
where C = 5.59 × 10−2 K emu/V mol, 	 = −18 K, and χ0 =
5.2 × 10−5 emu/V mol. Also, χspin(V1A(j )) is evaluated by
subtracting

∑
X

∑
j χspin(VX(j )) for X = 1B, 2A, 2B, 3A,

and 3B from χspin. From the results of fitting the χspin(VX(j ))
data to the CW law, the effective magnetic moment μeff is
obtained as 1.17, 0.91, 0.69, 0.52, 0.47, and 0.39 in the units
of μB for V1A(j ), V1B(j ), V2A(j ), V2B(j ), V3A(j ), and V3B(j ),
respectively. A fact that χspin of V1A(j ) is the largest among
the V sites is consistent with the wipeout of the NMR signal
coming from the V1A(j ) sites due to a short T2. The effective
moment μeff is given as μeff = 2μB

√
s(s + 1) for orbital-

quenched systems, where the spin s may be proportional to
3d electron number, ne. Thus, we can roughly estimate ne for
each V site by taking account of the d electron distribution,
one d electron per the six V sites, following the ratio of
s. The ne value is obtained as 0.27, 0.20, 0.17, 0.15, 0.11,
and 0.09 for the V1A(j ), V1B(j ), V2A(j ), V2B(j ), V3A(j ), and
V3B(j ) sites, respectively. For the A = Na system, the electron
distribution obtained from the 51V NMR measurement similar
to the present one was confirmed by the angular dependence
of 23Na Knight shift [32]. However, the poor precision in the
7Li Knight shift prevented us from determining the electron
distribution in β-Li0.33V2O5.

3. Spin dynamics

Next, we turn our attention to the spin dynamics in
β-Li0.33V2O5. Figure 8 shows the T dependencies of the
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FIG. 8. Temperature dependence of 1/T1T for the (a) MP2, MP3,
(b) MP4, and MP5 spectra coming from the V2A(j ), V2B(j ), V3A(j ),
and V3B(j ) (j = 1–n) sites, respectively, in the metallic phase of
β-Li0.33V2O5.

51V nuclear spin-lattice relaxation rate divided by temperature
1/T1T for the MP2, MP3, MP4, and MP5 spectra coming
from the V2A(j ), V2B(j ), V3A(j ), and V3B(j ) (j = 1–n) sites,
respectively. These data were measured for magic angles
where the electric quadrupole splitting vanishes. Absence of
the magic angle prevented us from measuring 1/T1 for MP1.
As shown in Fig. 8(a), 1/T1T for MP2 shows a steep increase
with decreasing T , whereas the T dependence of 1/T1T for
MP3 is suppressed. Also, 1/T1T of MP4 and MP5 are almost
T independent.

1/T1T can monitor the spin dynamics via dynamical
susceptibility [44]. As discussed in the Na [45,46] and
Sr [35] systems, we analyzed the spin dynamics of the
Li system based on the 1D electron gas model. For 1D
conductors, the energy versus wave-number dispersion crosses
the Fermi energy EF only along one direction in k space.
In such a situation, the low-energy electron-hole excitation
is limited to the wave number q ∼ 0 and q ∼ 2kF (kF:
the Fermi wave number) modes as shown in the inset of
Fig. 9 [47]. Thus, 1/T1T is expressed as sum of q ∼ 0 and
q ∼ 2kF contributions, 1/T1T = (1/T1T )0 + (1/T1T )2kF with

FIG. 9. 1/T1T versus K2
⊥ plots for the 51V NMR spectra MP2,

MP3, MP4, and MP5 coming from the V2A(j ), V2B(j ), V3A(j ),
and V3B(j ) (j = 1–n) sites, respectively, in the metallic phase of
β-Li0.33V2O5. Solid lines are the results of fitting the data to the
one-dimensional electron gas model as described in text. The inset
schematically represents electron-hole excitations around the Fermi
level EF and the Fermi wave numbers ±kF in the one-dimensional
model.

(1/T1T )0 = C0K
2
⊥ and (1/T1T )2kF = C1T

Kρ−1 where C0 and
C1 are the coupling constants, K⊥ is the average value of
the Knight shift perpendicular to the field direction, and Kρ

is the Tomonaga-Luttinger parameter [46–48]. Then, Kρ = 1
corresponds to the noninteracting electrons, whereas 0 <

Kρ < 1 for the repulsive interactions. In the noninteracting
case, we can easily find the relation 1/T1T = C0K

2
⊥ + C1.

Figure 9 displays the 1/T1T versus K2
⊥ plot. As seen in

Fig. 9, the MP3 data obey the 1D electron gas model in
the weak interacting case, whereas the MP2 behavior not
following the weak interacting case shows that the electron-
electron interaction contributes to the spin dynamics of MP2.
On the other hand, the spin dynamics of MP4 and MP5 are
explained by the weak interacting case with the more dominant
q ∼ 2kF contribution than that of MP3 as seen in the tiny slope
of the fitted results, namely, the small coupling constant for
the q ∼ 0 component C0 in Fig. 9. Thus, we can conclude that
the two V2 sites show much different behaviors from each
other from the aspect of the spin dynamics. This contrasted
behavior was also found in the A-cation ordered metallic phase
of β-Na0.33V2O5 [49] and β-Sr0.33V2O5 [35]. The presence
of the site-dependent electron correlation revealed by the
present 1/T1 measurements may provide the difference in
electron number among the VS (S = 1–3) sites as mentioned
in Sec. III A 2.

B. Insulating phase

We now proceed to the 51V NMR results in the insulating
phase (IP) of β-Li0.33V2O5. Below TMI, many vanadium sites
are expected to appear due to the charge order. We observed
many sharp and broad peaks coming from many distinct V
sites. Figure 10(a) shows the 51V spectra measured for an
interval between the first (π/2) and the second (π ) pulses
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FIG. 10. (a) 51V NMR spectra measured with an interval between
two pulses τ = 7 (red) and 50 (blue) μs and H0 (=5.8709 T) parallel
to the c axis at 110 K in β-Li0.33V2O5. (b) Angular dependence of the
51V NMR spectrum measured with τ = 50 μs and H0 rotated in the
ca∗ plane at 110 K.

τ = 7 and 50 μs at 110 K with H0 ‖c. The 51V spectrum for
τ = 7 μs is composed of many unresolvable broad compo-
nents, whereas they relatively vanish due to short T2 values in
the spectrum for τ = 50 μs. This means that they are ascribed
to magnetic V sites whereas the spectrum for τ = 50 μs
mainly comes from nonmagnetic V5+ (3d0) sites expected
to appear in the insulating phase. Thus, Fig. 10(b) mainly
shows the angular dependence of the nonmagnetic 51V NMR
spectrum at 110 K with H0 rotated in the ca∗ plane. As shown
in our previous 23Na NMR study [32], 7Li NMR seems to be
useful to determine the CO pattern. However, 7Li NMR spectra
became broad and unresolvable below TMI. This broadening
prevented us to obtain any information about the CO pattern.

From the complicated spectrum in Fig. 10(b), we could
successfully pick up 11 sets of 51V NMR spectra, IP1–IP11.
Angular variations of the 51V NMR frequencies and Knight
shifts are summarized in Figs. 11 and 12, respectively. Without
any sophisticated analysis, we are able to assign them into two
V1, seven V2, and two V3 spectra from comparing Fig. 11 with
Fig. 3. Here, note that the solid and open symbols in Figs. 11
and 12 come from one crystallographically equivalent V site
with a local symmetry providing two types of principal axes in

FIG. 11. Angular dependence of the 51V NMR frequency of the
IP1–IP11 spectra at 110 K with H0 = 5.8709 T rotated in the (a) a∗b,
(b) bc, and (c) ca∗ planes of β-Li0.33V2O5. Solid and dashed curves are
the calculated results using the relation ν = δνm↔m−1/2 + (1 + K)ν0

and the fitted EFG and K values listed in Table II.

the K and EFG tensors as mentioned in Sec. III A 1. In Fig. 11,
we denote the two V1 spectra as IP1 and IP2, the seven V2
ones as IP3–IP9, and the two V3 spectra as IP10 and IP11 for
the observed eleven sets of 51V NMR spectra. We analyzed
these data by the same method as mentioned in Sec. III A 1
and could obtain the principal values and the direction of the
principal axes of the K and EFG tensors for some sets in the
11 sets of spectra at 110 K as listed in Table II.

As seen in Table II, the observed V2 (V3) spectra have the
Kiso values from −0.092% (−0.146%) to 0.014% (−0.108%)
which are in magnitude smaller than the shifts in the metallic
phase. Similar K values were also observed for the V5+ sites in
the CO state of β-Na0.33V2O5 [31]. Thus, the observed spectra
are ascribed to the V5+ sites which have a transferred hyperfine
(TH) interaction with the magnetic sites. In particular, the
nonmagnetic V2 sites have the weakest TH interaction among
the nonmagnetic V1–V3 sites. Also, it should be noted that
the observed spectra can be divided into four groups, “IP3,
IP4” (blue circles and triangles with blue curves, respectively),
“IP5, IP6” (light blue ones), “IP7, IP8” (purple ones), and IP9
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FIG. 12. Angular dependence of the 51V Knight shift of the IP1–
IP7, IP10, and IP11 spectra at 110 K in the (a) a∗b, (b) bc, and (c)
ca∗ planes of β-Li0.33V2O5. Solid and dashed curves are the results
of fitting the data to Eq. (2).

(dark blue circles), based on the angular dependence of the
NMR frequency, as seen in Fig. 11(c). This means that the two

spectra in each group come from the two V5+ sites with the
local structure similar to each other.

IV. DISCUSSION

A. Electronic structure

Recently, the orbital-resolved NMR has been shown to be
a useful technique for obtaining the electron occupation of
each orbital in the 3d multiorbital systems [10,50,51]. Based
on the information of the 3d orbital, we will discuss the
electronic structure in β-Li0.33V2O5. In the present t2g system,
χspin(VX(j )) (X = 1A, 1B, 2A, 2B, 3A, and 3B, and j = 1–n)
is described as the sum of magnetic susceptibility of each t2g

orbital, χspin(VX(j )) = ∑
k fkχspin(VX(j )), where fk (k = xy,

yz, and zx) is a fraction of the dk orbital and
∑

k fk = 1.
Based on the discussion in Refs. [10,50,51], Aiso and Aax

in t2g systems are described as Aiso = −κ〈r−3〉 and Aax =
− 1

7 〈r−3〉(2fxy − fyz − fzx), where 〈r−3〉 is an expectation
value of r−3 for the d orbital and κ is a dimensionless parameter
of the Fermi contact interaction due to the core-polarization
mechanism (κ ∼ 0.5 for vanadates [52]). Thus, Kax

spin/K
iso
spin is

written as Kax
spin/K

iso
spin = 2

7 (3fxy − 1). From the experimental
values of Kax

spin/K
iso
spin for the Li, Na [31], Ag [33,34], and Sr

[35] systems, we obtain the fxy values as listed in Table III
where uncertain estimation of orbital susceptibilities in the Ag
and Sr systems provides the approximate values of fxy . These
results show that the Knight shifts are largely anisotropic and
the d electrons mainly occupy the dxy orbital in β-A0.33V2O5.
Doublet and Lepetit calculated transfer integrals and magnetic
exchange interactions, based on the dxy-type orbital ordering
expected from the distorted O2− pyramidal coordination
around the V sites in β-Sr0.33V2O5, and proposed the structure
of dominant interactions composed of the weakly coupled
three two-leg ladders: two V1-V3 and one V2-V2 ladders
[53]. This model is also applicable to the electronic structure
of β-Li0.33V2O5 as seen in Table III where the average values
of fxy for the VSA(j ) and VSB(j ) (S = 1–3) sites are presented
in β-Li0.33V2O5.

The low fraction of the dxy orbital at the V1 site, as seen in
Table III, shows that the d electrons at the V1 site are shared

TABLE II. Principal components of the 51V Knight shift, Kx and Kz, the electric quadrupole frequency νQ, the asymmetry parameter of
EFG η, and directions of principal axes of the K and EFG tensors zK and zQ projected on the ca∗ plane for the IP1–IP11 spectra coming from
the V5+ sites at 110 K in β-Li0.33V2O5. The V sites which may lead to the observed NMR spectra are also presented in a proposed CO model
as shown in Fig. 14(d).

Spectrum V site Kx (%) Kz (%) zK [θb (◦)] νQ (MHz) η zQ [θb (◦)]

IP1 V1A(1)

IP2 V1D(1)

IP3 V2A(1) 0.064 −0.071 168 0.338 0.449 110
IP4 V2D(1) 0.078 −0.113 172 0.334 0.476 108
IP5 V2A(2) −0.054 −0.170 173 0.366 0.242 121
IP6 V2D(2)

IP7 V2A(3) −0.041 −0.151 174 0.346 0.265 114
IP8 V2D(3)

IP9 V2A(4)

IP10 V3A(1) −0.060 −0.319 86 0.111 0.838 177
IP11 V3D(1) −0.021 −0.281 87 0.100 0.420 87
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TABLE III. Fraction of the dxy orbital contribution to spin
susceptibility, fxy , of each V site estimated from the 51V Knight
shifts in the A-ordered metallic state of β-A0.33V2O5 (A = Li, Na
[31], Ag [33,34], and Sr [35]).

V1 V2 V3

β-Li0.33V2O5 0.7 0.9 1.0
β-Na0.33V2O5 0.9 1.0
β-Ag0.33V2O5 ∼0.7 ∼1.0 ∼1.0
β-Sr0.33V2O5 ∼0.8 ∼0.9 ∼1.0

by the dxy and dyz/dzx orbitals. Thus, the V1 site has an energy
gain due to the interorbital Coulomb interaction in comparison
with the V2 and V3 sites governed by only the intraorbital one.
This naturally explains the largest electron density observed
for the V1 site.

B. Charge disproportionation in metallic phase

First, we discuss the crystal structure of β-Li0.33V2O5

from the present NMR results to determine the CD pattern.
Since the observed NMR spectra in the metallic phase of
β-Li0.33V2O5 are similar to those of other β-A0.33V2O5, we
take the monoclinic P 21/a structure with the a×2b×c unit
cell, which has been observed in the A-ordered metallic
phase of other β-A0.33V2O5, as a starting point. In the P 21/a

structure, there are three types of symmetry operation: the
inversion center, a-glide plane, and twofold screw axis [32].
If the 2a superlattice modulation appears in the structure due
to the Li ordering, the inversion center and a-glide plane are
vanished, whereas the twofold screw axis can be conserved
as shown in Fig. 5. Indeed, if there is the twofold screw axis
parallel to the b axis, we can explain that two sets of observed
NMR spectra, which are shown by the solid and dashed lines
in Fig. 2, and solid and open symbols in Figs. 3 and 4, come
from one crystallographically equivalent site. Since there is no
space group only having the twofold screw axis except P 21,
the crystal structure in the metallic phase of β-Li0.33V2O5

likely has the space group P 21. In this crystal structure, each
VX (X = 1A, 1B, 2A, 2B, 3A, and 3B) site splits into four
crystallographically inequivalent sites VX(1)–VX(4). Detailed
x-ray and neutron diffraction studies are required to confirm
this crystal structure.

In the metallic phase of β-Na0.33V2O5 and β-Ag0.33V2O5,
the CD takes place as shown in Figs. 13(a) and 13(b),
respectively, where the CD pattern is presented on the weakly
coupled ladder as a structural unit [32–34]. The 3d electron
number of V1, V2, and V3 is roughly estimated as 0.25, 0.14,
and 0.11, respectively, in β-Na0.33V2O5 [32], whereas each
site has almost the same 3d electron number in β-Ag0.33V2O5

[33,34]. Figures 13(c) and 13(d) show a possible model of
the CD pattern in the metallic phase of β-Li0.33V2O5 based
on the P 21 crystal structure with the 2a×2b×c modulation.
Within this model, the observed MP1–MP5 spectra come
from the V1B(1)–V1B(4), V2A(1)–V2A(4), V2B(1)–V2B(4),
V3A(1)–V3A(4), and V3B(1)–V3B(4) sites, respectively, as
presented in Table I. The CD pattern also has the 3d electron
number of the V1A(j ), V1B(j ), V2A(j ), V2B(j ), V3A(j ), and
V3B(j ) sites which is roughly estimated as 0.27, 0.20, 0.17,

0.15, 0.11, and 0.09, respectively, on the weakly coupled ladder
as mentioned in Sec. III A 2.

From the present NMR results, we can deduce two
important aspects of the electronic state in the metallic phase
of β-Li0.33V2O5. First, although all the V sites contribute to
the electronic structure as the coupled-ladders model, each
VS (S = 1–3) site has the electron number different from each
other and it is the largest at the V1 site similar to β-Na0.33V2O5.
This result indicates that the coupled-ladders model contains
two types of V ladders having different electron filling. Second,
the zigzag ordering of the A ion leads to the CD as discussed
in δ-Ag2/3V2O5 [54]. One possible process which induces the
CD may take place via a distribution of the Coulomb potential
at the V sites. In β-A0.33V2O5, the V2A or V2B site on a
V2-V2 ladder has one neighboring A ion, whereas the V1A,
V1B, V3A, or V3B site on a V1-V3 ladder has two ones.
This local structure leads to the large difference between the
Na-V2A distance of 3.83 Å and the Na-V2B one of 4.98 Å
compared with the difference between Na-V1A (Na-V3A) of
3.71 (3.63) Å and Na-V1B of 3.70 (3.65) Å (Na-V3B) in
β-Na0.33V2O5 [27]. Thus, the 3d electron number at the V2A
site is expected to be higher than that of V2B via the Coulomb
potential generated by the Li+ ions. On the other hand, there
is not a local structural feature which is able to induce the
CD between the V1A and V1B (V3A and V3B) sites. The
difference between the 3d electron numbers of the V1A and
V1B (V3A and V3B) sites may be induced by the CD in the
V2-V2 ladders because these V sites share the d electrons via
the interchain interactions which are ascribed to the mixing of
the dxy orbitals via the corner sharing between V1O6 (V3O5)
and V2O6 [31]. Therefore, the difference in electron number
is expected to be the largest between the V2A and V2B sites.
However, the largest one is between V1A and V1B sites, as
the ratio of the electron numbers for VSA and VSB (S = 1–3)
sites, ne(VSA)/ne(VSB), is 1.35, 1.13, and 1.22 for S = 1,
2, and 3, respectively. Thus, although the CD pattern may
be driven by the Li zigzag ordering, the electron number of
each V site seems to be governed by tl (l =‖, ⊥, and inter)
which are the electron hopping energies (along the leg, rung,
and interladder directions, respectively), the onsite Coulomb
energy U and the intersite Coulomb energy V as discussed
below. These parameters are also considered to govern the
spin dynamics mentioned in Sec. III A 3.

Although the characteristic feature of the CD mentioned
above is commonly seen in β-A0.33V2O5 [35,36], we can
particularly find quantitative difference in charge density at
the V sites depending on the A cation. Among the Li, Na, and
Ag systems, the Li system has the largest difference in the
local magnetic properties of the V sites [31,36,49], whereas
the Ag system shows little difference [33,34]. These findings
may be ascribed to the difference in tl/U . In particular, t‖/U

generally becomes small to stabilize the insulating CO phase.
Therefore, if t‖/U in the Li system is the smallest among the
Li, Na, and Ag systems, we may explain that the Li system
has the highest TMI (=170 K for Li, 135 K for Na, and 90 K
for Ag) and the highest critical pressure, above which the
MI transition disappears, Pc [15,20,23–25]. This should be
confirmed by determining the tl , U , and V values based on
the first-principles calculation for β-A0.33V2O5 (A = Li, Na,
and Ag). A theoretical simulation based on these parameters is
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FIG. 13. Schematic figure of the charge disproportionation on the weakly coupled ladders model in the metallic phase of (a) β-Na0.33V2O5

[32], (b) β-Ag0.33V2O5 [33,34], and (c) β-Li0.33V2O5. (d) A possible modulation along the a axis for the Li system. The area of the circle at
each V site is proportional to the electron number. The dotted arrows represent the twofold screw axes. The color of the symbols for the V sites
in (d) corresponds to the color of the NMR spectra in the metallic phase.

also desired to reproduce the site-dependent electron density
in the CD pattern of β-A0.33V2O5.

C. Charge order in insulating phase

The CO leading to the MI transition appears in the insulating
phase of β-A0.33V2O5. Up to now, the CO pattern in the
Na system has been most intensively investigated among
β-A0.33V2O5. From NMR [31,32] and neutron scattering [19]
measurements, the CO model with the VSA–VSF (S = 1–3)
sites was proposed as presented in Fig. 14(a). The VSA and
VSD sites are nonmagnetic, whereas the VSB, VSC, VSE, and
VSF sites are magnetic. All of the six V5+ sites are aligned in
the same ca plane in the coupled-ladders system and the wall

of V5+ appears every three V sites along the b axis. This is
also supported by a recent x-ray scattering measurement [55].
On the other hand, in β-Ag0.33V2O5, a model was proposed
to have the wall of the d-electron rich V sites which appears
every three V sites along the b axis as shown in Fig. 14(b)
[33,34].

We discuss the CO pattern in β-Li0.33V2O5, based on the
present 51V NMR results in Sec. III B. The electron density, one
d electron per six V ions, which governs the 6b modulation of
the CO pattern in β-A0.33V2O5 (A = Na and Ag), reasonably
seems to result in the same modulation in β-Li0.33V2O5.
Furthermore, since we observed the splitting in the angular
dependence of the NMR spectrum which can be explained by
the existence of the twofold screw axis as shown in the solid
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FIG. 14. Schematic charge-order pattern on weakly coupled three ladders in the insulating phase of (a) β-Na0.33V2O5 [31], (b) β-Ag0.33V2O5

[34], and (c) β-Li0.33V2O5. (d) A possible modulation along the a axis for the Li system. The white circles represent the V5+(3d0) sites, whereas
the gray and yellow circles denote the V(5−ne)+(3dne ) sites where ne is the 3d-electron number. The ne value is unknown for the gray circles,
and the area of the yellow circles corresponds to ne at the V sites. The dotted arrows represent the twofold screw axes. The color of the symbols
for the V5+ sites in (d) corresponds to the color of the NMR spectra (Fig. 11) in the insulating phase except the black whose NMR spectrum is
not observed.

and open symbols in Figs. 11(a) and 11(b), the P 21 structure
is still conserved in the CO state even with the 6b superlattice
modulation, whereas the monoclinic P 21/a structure has been
established in the CO state of the Na system. As discussed
on the metallic phase, each of the original VY (Y = 1A–1F,
2A–2F, and 3A–3F) site is split into four crystallographically
inequivalent sites, VY (1)–VY (4), due to the lowering in the
symmetry of the crystal structure from P 21/a to P 21. As
shown in Sec. III B, we observed seven sets of V5+ spectra
from the V2 sites, IP3–IP9. This result is reasonably explained
by the CO model similar to that of the Na system on the
P 21 structure with the 2a×6b×c unit cell. One possible CO
pattern in β-Li0.33V2O5 is depicted in Figs. 14(c) and 14(d).

In this CO model, the VSA(1)–VSA(4) and VSD(1)–VSD(4)

sites are nonmagnetic and the wall of the V5+ sites appears
with the 3b modulation as observed in β-Na0.33V2O5. The 6b

modulation takes place due to the 3b electronic modulation
in addition to the 2b Li modulation. The eight nonmagnetic
V2 sites, V2A(1)–V2A(4) and V2D(1)–V2D(4), can provide
the observed seven sets of V2 spectra. Although a similar
splitting is expected for the V1 (V3) sites, we could only
find the two sets of spectra IP1 and IP2 (IP10 and IP11). We
consider that the two sets are originating from the two sites
among the eight nonmagnetic V1 (V3) sites, V1A(1)–V1A(4)

and V1D(1)–V1D(4) [V3A(1)–V3A(4) and V3D(1)–V3D(4)], and
the other V5+ spectra are hidden in the complicated spectra.
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Other models may be able to reproduce the present NMR
spectra. However, a lack of information on the detailed
crystal structure and the insufficient observation of the 51V
NMR spectrum prevent us from determining the precise CO
pattern.

Thus, the CO pattern in β-A0.33V2O5 (A = Li, Na, and Ag)
depends on the A cation, although the basic electronic structure
is commonly described by the model of the weakly coupled
two-leg ladders. The CO mechanism has been discussed from
two approaches: the band nesting and the molecular orbital
models. The CO in the Li and Na systems may be mainly
ascribed to the band nesting due to the quasi-1D structure
coming from the strong t‖, whereas the strong t⊥ may result
in that the two V sites on the rung share one 3d electron
every three V sites along the b axis in the Ag system [33,34].
From theoretical aspects, several studies partially reproduce
the CO pattern in β-A0.33V2O5. Tsuchiizu proposed a 4kF

CDW model on coupled three 1
6 -filled chains as an origin

of CD and CO [56]. On the other hand, Seo et al. obtained
a Hartree-Fock solution of the Hubbard model with the
intraladder and interladder hopping and the onsite Coulomb
interaction, where the transfer integrals are determined from
the first-principles calculation [57]. However, based on these
theoretical studies, the CO patterns in β-A0.33V2O5 have not
systematically been discussed. Also, the A-cation effect and
the intersite Coulomb interaction should be taken into account
in addition to the intraladder and interladder electron hopping
and the onsite Coulomb interaction as discussed in several
organic conductors [58] and α′-NaV2O5 [59]. Thus, theoretical
studies based on realistic values of the interactions are desired
to understand the A dependence of the CO and CD patterns of
β-A0.33V2O5 that we discussed in this study.

V. CONCLUSION

We reported 51V NMR results on a single crystal of
β-Li0.33V2O5 which undergoes a metal-insulator transition at
TMI ∼ 170 K accompanied by a charge ordering. Based on
the 51V Knight shifts and the nuclear spin-lattice relaxation
rates above TMI, we inferred a weakly coupled ladders
model containing two types of ladders with distinct carrier
densities as an electronic structure. We also proposed a
charge disproportionation model with the superlattice structure
2a × 2b × c and inferred that the Li zigzag ordering induces
the charge disproportionation with the charge density and the
spin dynamics governed by electron hopping energies, onsite
Coulomb energies, and intersite Coulomb energies. Below TMI,
we proposed a charge-ordering pattern with the superlattice
structure 2a × 6b × c larger than that in other family members
of β-vanadium bronze. We also suggested that the intraladder
hopping in β-Li0.33V2O5 is the smallest, which may lead to the
highest TMI and the highest critical pressure above which the
superconducting phase appears, among β-A0.33V2O5 (A = Li,
Na, and Ag).
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