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The microscopic mechanism of the metal-insulator transition is studied by orbital-resolved 51V NMR
spectroscopy in a prototype of the quasi-one-dimensional system V6O13. We uncover that the transition
involves a site-selective d orbital order lifting twofold orbital degeneracy in one of the two VO6 chains.
The other chain leaves paramagnetic moments on the singly occupied dxy orbital across the transition. The
two chains respectively stabilize an orbital-assisted spin-Peierls state and an antiferromagnetic long-range
order in the ground state. The site-selective Mott transition may be a source of the anomalous metal and the
Mott-Peierls duality.
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The metal-insulator transition (MIT) involves several
instabilities in quasi-one-dimensional (quasi-1D) systems
[1]. A well-known example is a tetragonal (rutile R) phase
VO2 in which a competition of Mott and Peierls insta-
bilities has been actively debated for decades [2–9]. A low-
temperature nonmagnetic insulating (monoclinic M1)
phase has a strong dimerization with d orbital ordering
along the chain, supporting the orbital-assisted Peierls
mechanism of the MIT [10]. The complex phase diagram
including a partially paramagnetic insulating (monoclinic
M2) phase under the slight V oxidation [11] or uniaxial
stress [12] shows degenerated metastable states arising
from the competition of electron correlation and electron-
lattice coupling. The underlying physics remains a funda-
mental issue for strongly correlated systems and practical
applications to the Mott transistor [13].
A Wadsley phase V6O13 is another quasi-1D system

[14–18] in which the microscopic mechanism of the MIT
has been debated for half a century. It has been also
extensively studied as a potential cathode in a Li-ion
battery [19–21]. There are two frustrated zigzag chains
including three vanadium sites, V(1)-V(1) and V(2)-V(3)
chains along the b axis, as shown in Fig. 1. A first-order
MIT occurs at TMI ¼ 150 K, accompanied by a drop of the
magnetic susceptibility χ (Fig. 1) and a weak structural
dimerization along the chain [17,22]. The lattice symmetry
is lowered from a high-temperature monoclinic C2=m
phase to a low-temperature monoclinic Pc phase, doubling
vanadium sites [22]. Whereas the nominal valence is
V4.33þð3d0.66Þ, the V-O bond valence sum suggests non-
uniform valence states Vð1Þþ4.26, Vð2Þþ4.92, and Vð3Þþ4.61

even in the metallic phase [17,18]. Similar to the M2 phase
of VO2 [11], χ remains paramagnetic in the insulating
phase, implying a spin-singlet formation for only a part
of the vanadium sites [23,24]. Residual local moments
exhibit antiferromagnetic long-range ordering at TN ¼
50 K [24,25].

It is noted that the metallic phase of V6O13 exhibits
several anomalous features. χ strongly depends on temper-
ature T above TMI (Fig. 1), implying the presence of local
moments. The photoemission spectroscopy shows the
depressed density of states at the Fermi level [26–29],
suggesting that the spectral weights are partially shifted
into lower Hubbard bands due to the strongly renormalized
electron correlation. These features are in sharp contrast to
those of VO2 showing the Pauli paramagnetic susceptibility
and the appreciable density of states at the Fermi level [11],
although TMI in V6O13 is suppressed to the lower
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FIG. 1 (color online). Magnetic susceptibility χ measured
with a SQUID magnetometer for a single crystal of V6O13

(H0 ¼ 1 T∥b and b0). The lower and upper insets show crystal
structures in the metallic (monoclinic C2=m) and insulating
(monoclinic Pc) phases, respectively [22].
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temperature compared to TMI ¼ 342 K in VO2, possibly
due to competing ground states.
In this Letter, we address the microscopic mechanism of

MIT and the origin of the anomalous metal in the quasi-1D
vanadate. We focus on the orbital degrees of freedom as a
key to understanding the MIT for the d electron system,
since the electron correlation can be renormalized into d
orbital occupations [30]. However, the experimental probe
of orbitals has been limited in simple transition-metal
compounds [10], and the direct observation of the d orbital
for several atomic sites remains challenging. Here, we
explore NMR spectroscopy as a site-selective orbital probe
by utilizing anisotropic hyperfine interactions. We show a
dramatic d orbital ordering across TMI for one of the
vanadium sites, while remaining as paramagnetic dxy
character for the other sites.

51V NMR measurements were conducted on a single
crystal of V6O13 made by chemical transport using TeCl4
[16] and coated with epoxy to prevent crushing at the
structural transition. Frequency-swept NMR spectra were
obtained from spin-echo signals using a π=2 − τ − π=2
pulse sequence (π=2 ¼ 1 μs, τ ¼ 5–30 μs) with a 0.3 MHz
step at a constant magnetic fieldH0 ¼ 9.401 T. For a given
orientation of the crystal in H0, each vanadium site VðiÞ
(i ¼ 1, 2, 3 in the metallic phase and i ¼ 1a, 1b, 2a, 2b, 3a,
3b in the insulating phase) gives a set of the 51V NMR
spectra at resonance frequencies νVðiÞn ¼ ½1þ KVðiÞ�ν0 þ
nδνVðiÞ (n ¼ −3;−2;…; 2; 3), where KVðiÞ are defined as
relative shifts from ν0 ¼ 105.23 MHz and δνVðiÞ is the
nuclear quadrupole splitting frequency for the nuclear spin
I ¼ 7=2. The maximum jδνj gives the nuclear quadrupole
frequency νQ ¼ 3e2qQ=h2Ið2I − 1Þ with Planck’s con-
stant h, the nuclear quadrupole moment eQ, and the
electric field gradient (EFG) eq ¼ VZZ. The nuclear
spin-lattice relaxation rate T−1

1 was obtained from a single
exponential fit to the recovery curve after an inversion π
pulse at a magic angle (δν ¼ 0) for each V site.
Figure2(a) shows the 51VNMRspectra forH0∥c� (a0�). In

the metallic phase above 150 K, three sets of the spectrum
with the characteristic K and δν are reasonably assigned to
three vanadium sites in reference to the expected valences
and the symmetry axes of VO6 distortions. Spike lines
located around ν0 (blue) come from V(2) close to V5þð3d0Þ
[24]. The others with the negativeK and small (red) or large
(green) δν [Figs. 2(a), 2(b)] are respectively from V4þ-like
V(1) or V(3) with a weak or strong VO6 distortion. Below
TMI, the number of spectra increases due to the site doubling.
A difference in theV(3a) andV(3b) spectra indicates a slight
charge transfer between the vanadium sites across TMI. The
most noticeable change occurs for the V(1) spectrum: Two
sets of the sharp quadrupole split (coloredwith gray and red)
appear with the sizable δν and vanishingK, indicating the d
orbital order, as shown below.
First we focus on the local susceptibility χVðiÞ for each

vanadium site based on K measurements (Fig. S1,

Supplemental Material [31]). χVðiÞ obtained from K is
shown in Fig. 3. χVð3Þ exhibits a strong thermal variation
in the metallic phase. It shows a discontinuous increase
(decrease) for V(3a) [V(3b)] at TMI. The T dependence
behaves similar to that of the spin S ¼ 1=2 1D Heisenberg
antiferromagnet (H ¼ P

JSi · Sj) with an exchange
coupling J ¼ 77 K for χVð3aÞ and χVð3bÞ below 140 K and
with J ¼ 69 K for χVð3Þ above 150 K. In contrast, χVð1Þ
exhibits rather weak T dependence in the metallic phase and
becomes suppressed in the insulating phase, leaving the
small VanVleck susceptibility [<5 × 10−4 emu=Vð1Þmol].
The result gives clear evidence for site-selective spin-singlet
formations. Namely, the V(1) chain exhibits the MIT from a
(Pauli) paramagnetic metal to a nonmagnetic insulator, as
seen in VO2 [11]. χVð2a=2bÞ becomes negligible below
TMI: The on-site d spin is absent on Vð2a=2bÞ, rendering
Vð1a=1bÞ and Vð3a=3bÞ effectively half-filling.
The dynamical property measured with T−1

1 is another
manifestation of the site-dependent correlation [Fig. 3(b)].

FIG. 2 (color online). (a) 51V NMR spectra of V6O13

[H0 ¼ 9.401 T∥c�ða0�Þ for the metallic (insulating) phase],
measured with τ ¼ 6 and 10–30 μs for the lower and higher
frequency parts, respectively. The red, blue, green, and gray lines
are assigned to V(1) [V(1a)], V(2) [V(2a), V(2b)], V(3) [V(3a),
V(3b)], and V(1b) based on the angle dependent profiles (Fig. 4).
(b) K and (c) δν obtained from the 51V NMR spectra.
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In contrast to weakly correlated metals with the T-linear
1=T1, 1=T1T for V(3) increases upon cooling and then
becomes further enhanced below TMI for V(3a) and V(3b)
due to the evolution of antiferromagnetic fluctuations toward
TN. For V(1), 1=T1T exhibits a large drop at TMI, consistent
with the behavior of χVð1Þ. Reflecting the dilute spin density,
1=T1T forV(2) is anorder ofmagnitude smaller than thoseof
the other sites. Thus, the site dependence in the spin
correlation becomes highlighted below TMI.
To give deeper insights into the microscopic origin of the

MIT, the predominant d orbital occupation is investigated
by measuring the angular dependence of K and δν (Fig. 4).
Since the magnetic susceptibility is isotropic in vanadates,
the K and δν anisotropies are governed by the anisotropic
hyperfine couplings expressed with the equivalent oper-
ators qij ≡ 3

2
ðLiLj þ LjLiÞ − δijL2 (i; j ¼ x; y; z) [32,33],

where L represents the total orbital angular momentum in
the local coordinates ðx; y; zÞ corresponding to ða; b; c�Þ or
ðc0; b0; a0�Þ (Supplemental Material [31]). One can eluci-
date orbital occupations by extracting qij. For a singly
occupied dxy, dyz, or dzx orbital, the components of qij
exhibit the cyclic angular dependence [Fig. 4(a)] with a

minimum along the symmetry axis of the orbital. For
metals, qij represents the electron cloud distribution for
the Hund-coupled bands crossing the Fermi level. With
increasing electron correlation, the spin-polarized lower
Hubbard band may significantly contribute to the spin
susceptibility [30]. On the other hand, qij obtained from δν
measures the net d occupation below the Fermi level.
As for the metallic phase, KVð3Þ has a minimum for the

c� axis [Fig. 4(b)], in good agreement with the dxy
anisotropy, whereas KVð1Þ exhibits out-of-phase angular
dependence with a maximum for the c� axis and the
depressed anisotropy. qij is extracted from the spin parts
of the axial anisotropy Ks

ax=Ks
iso and the in-plane asym-

metry Ks
an=Ks

iso expressed with a linear combination
of three t2g orbital components dxy∶dyz∶dzx ¼ α∶β∶γ
(αþ β þ γ ¼ 1), where Ks

ax ¼ ð2Ks
Z − Ks

X − Ks
YÞ=3,

Ks
an ¼ ðKs

X − Ks
YÞ=2, and Ks

iso ¼ ðKs
X þ Ks

Y þ Ks
ZÞ=3

(Supplemental Material [31]). The obtained occupation
ratio is listed in Table I. It turns out that V(1) has an
admixture of the dyz and dzx components. It is consistent
with the depressed value of νQ ¼ 0.1 MHz due to the
degenerated orbital occupation (Table S3, Supplemental
Material [31]). The results are also in qualitative agreement
with a density functional theory (DFT) calculation
(α∶β∶γ¼0.0=0.23=0.38) [35]. In clear contrast, the V(3)
site is mostly polarized to dxy, suggesting strong electron
correlations under the crystal field.
On the insulating phase, the angular profiles of K and δν

for Vð2a=2bÞ and Vð3a=3bÞ are similar to those of the
metallic phase. It confirms that the orbital states of these
sites have less impact on the MIT. The most remarkable
change across TMI is the emergence of the huge νQ sites,
0.49 MHz for V(1a) and 0.68 MHz for V(1b) [36], pointing
to d orbital ordering on the V(1a)-V(1b) chain. The
minimum of δν appears along the b0 (c0) axis for V(1a)
[V(1b)], in agreement with the predominant dzx (dyz)
occupation [Figs. 4(a), 4(e)]. Namely, the dyz=dzx degen-
eracy in the metallic phase is completely lifted by the
orbital order. The δν anisotropy gives the largely polarized
occupation for V(1a) and V(1b) (Table I and Supplemental
Material Table S3 [31]) after subtracting the lattice con-
tribution (Table S2, Supplemental Material [31]). We thus
conclude that the MIT in the present system is attributed
to site-selective orbital ordering accompanied by the spin-
singlet formation.
The obtained predominant orbitals are depicted in Fig. 5.

Owing to the dilute spin density on V(2), the dxy orbitals
on the V(3) sites are weakly coupled each other on the
V(2)-V(3) zigzag chain and carry the local moments even
in the metallic phase. The degenerated dyz=dzx orbitals on
V(1) form the conducting chain, which are lifted into the
singly occupied dyz or dzx state below TMI. A weak
dimerization along the V(1a)-V(1b) chain produces the
spin-singlet pairs. The π bonding between orthogonal d
orbitals should be rather weak. This feature is in clear
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FIG. 3 (color online). (a) Site-dependent local susceptibility
obtained from the isotropic 51V Knight shifts and (b) 1=T1T in
V6O13. Solid curves are fitting results of the 1D Heisenberg
model, whereas the dashed one is an average of χVð3aÞ and χVð3bÞ.
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contrast to the d orbital order in VO2 where the direct d-d
σ-bond stabilizes strong spin-singlet pairing [10]. To
explain the vanishing spin susceptibility with a sizable
spin gap (Δ > 150 K) in V6O13, one may have to consider
significant superexchange interactions through the O pz
orbital. Such interactions help to lift the dyz=dzx degen-
eracy, analogous to the Jahn-Teller mechanism [35]. In
context, the MIT involves the spin-Peierls transition
assisted by orbital ordering and electron-phonon coupling.
The above observation of the paramagnetic local moment
on Vð3a=3bÞ provides evidence for the Mott insulating
ground state of V6O13 with antiferromagnetic ordering
[24], whereas a theory beyond the DFTþU band calcu-
lation [35] is required to describe paramagnetic Mott
insulators. It is remarkable that the orbital occupation

and the exchange interaction do not show significant
changes for V(3) across TMI, keeping the Mott insulating
features. The results showing the partially localized vana-
dium sites are consistent with the depressed spectral weight
at the Fermi level and the significant weights well below the
Fermi level as observed in the XPS measurements [27].
The site-selective Mott transition has been proposed in

rare-earth nickelates based on a DFTþ dynamical mean
field theory calculation [37], while it has not been confirmed
experimentally. Our observations of the site-dependent d
occupations and spin susceptibilities give microscopic
evidence for the site-selective Mott localization. Many
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FIG. 4 (color online). (a) Calculated qij proportional to the on-site dipole hyperfine coupling and EFG for dxy, dyz, and dzx
orbitals. The orthogonal coordinate axes ðx; y; zÞ are taken on the VO6 octahedron and parallel to ða; b; c�Þ or ðc0; b0; a0�Þ in
Fig. 1. [(b)–(e)] Angular dependence of the 51V Knight shift K and the nuclear quadrupole splitting frequency δν at 170 and 100 K in
V6O13. The curves are fitted results with the sinusoidal functions of Volkov’s formula [34].

TABLE I. Axial anisotropy Ks
ax=Ks

iso and in-plane asymmetry
Ks

an=Ks
iso, the nuclear quadrupole frequency νQ, the EFG asym-

metry η, and the orbital occupation in V6O13, where the
occupations are obtained from the K anisotropy for VðiÞ
(i ¼ 1, 3, 1a, 1b, 3a, and 3b) and from the nuclear quadrupole
frequency for V(1a) and V(1b) (Supplemental Material [31]).

site Ks
ax=Ks

iso Ks
an=Ks

iso νQ (MHz) η dxy∶dyz∶dzx
V(1) −0.38 0.21 0.11 0.40 0.10=0.56=0.28
V(3) 0.77 0.03 0.46 0.26 0.77=0.13=0.10
V(1a) � � � � � � 0.49 0.47 0.11=0.18=0.71
V(1b) � � � � � � 0.64 0.20 0.13=0.78=0.09
V(3a) 0.70 −0.05 0.44 0.69 0.74=0.16=0.10
V(3b) 0.74 −0.04 0.54 0.76 0.76=0.14=0.10

(a) T > TMI (b) T < TMI
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FIG. 5 (color online). Configurations of the predominant orbital
occupations in the (a) metallic and (b) insulating phases of
V6O13. The bold lines indicate spin-singlet pairs. The arrows on
Vð3aÞ=Vð3bÞ denote antiferromagnetically ordered spins below
50 K [24].
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transition-metal compounds with inequivalent atomic sites
have site-dependent local environments and a potential to
the site-selective localization, giving anomalous bad metals
with the enhanced resistivity and magnetic susceptibility.
Even under theweak crystal field, the emergence of the large
orbital polarization in the metallic phase may feature the
evolution of the lower Hubbard bands. The orbital-resolved
NMR provides the site-selective local probe of the orbital
order due to strongmass renormalization and can be applied
to extensive materials [38].
To conclude, we have presented the observation of the

site-selective metal-insulator transition, which accounts
for the anomalous features in the historical quasi-one-
dimensional correlated system V6O13. The orbital polari-
zation and local spin susceptibility are elucidated for three
vanadium sites with different electron correlations. We
uncover that the metal-insulator transition is dominated by
orbital ordering and spin-singlet pairing for the itinerant
vanadium site with the orbital degeneracy, whereas the
magnetic site with the singly occupied orbital remains with
paramagnetic moments. Thus the spin-Peierls state and
antiferromagnetic order coexist in the insulating ground
state. The results demonstrate the competing instabilities
and reasonable ways of symmetry breaking in the frustrated
one-dimensional system.
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