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We have investigated the microscopic magnetic nature of a novel Na battery material, P2-Na0.5VO2, in which V ions form a two-
dimensional triangular lattice, by means of muon-spin rotation and relaxation (µ+SR) measurements down to 50 mK. Although
magnetization measurements indicated the presence of an antiferromagnetic transition at 13 K, the internal magnetic field due to
the formation of magnetic order appears not at 13 K but at 2 K. Furthermore, the magnetic order is found to have a wide field
distribution even at 50 mK. Such wide field distribution is reasonably explained by a combination of multiple muon sites and the
formation of a long-range magnetic order, while the reliable spin structure is still unknown.

1 Introduction

Based on a Hubbard model for the two-dimensional triangu-
lar lattice (2DTL), the magnetic ground state of 2DTL is pre-
dicted to change both with U/t and n, where U is the on-
site Coulomb repulsion, t is the hopping integral between the
nearest-neighbor sites, and n is the electron filling. In fact, for
the half-filling case (n = 1/2), a theoretical study1 predicts
that the system is a paramagnetic metal for small U , but when
U/t ≥ 3.97, it becomes a metal with an incommensurate spiral
spin density wave (SDW). As U increases further, a first-order
metal-insulator transition occurs at U/t = 5.27, and the sys-
tem enters into a commensurate, three-sublattices, 120◦ twist
SDW state.

On the other hand, for the case with n 6= 1/2, another theo-
retical study2 proposed a complex magnetic phase diagram as
a function of U/t and n. However, there is, to our knowledge,
no experimental study to confirm such diagram. Indeed, the
prediction that magnetic order appears at n = 3/4 even when
U/t = 0 is questionable, because half of the sites are occupied
by up&down spins for such filling.

Therefore, considering geometrical frustration on 2DTL,
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which often leads to the formation of short-range order, a sen-
sitive local magnetic probe is suitable for investigating the
variation of magnetism with n. Muon-spin rotation and re-
laxation (µ+SR) is an optimal technique for such purpose due
to its unique spatial and time resolution3. This is our motiva-
tion for the past µ+SR experiments on LixCoO2

4, NaxCoO2
5,

KxCoO2
6,7, LixNiO2

8, and other related 2DTL systems9–12.
Furthermore, in order to change n, the Li and/or Na content
is adjusted mainly by an electrochemical reaction. Thus, it
is very difficult to prepare enough amount of samples for e.g.
neutron scattering. This is the other reason that we use µ+SR
for such purpose. Actually, we have previously used this tech-
nique to demonstrate eccentric magnetic phase diagrams for
LixCoO2

4 and LixNiO2
8.

In addition, we want to emphasize that magnetic properties
of alkali transition-metal oxides naturally depend on the dis-
tribution of elements, charges, and spins in the lattice, which
also determines the electrochemical properties. Therefore, al-
though there is no direct correlation between low-temperature
magnetism and high-temperature electrochemical properties,
there should be a certain interrelationship between them13,14.

A recent discovery of novel P2- and O’3-Na0.5VO2
15,16, in

which V ions form a two-dimensional triangular lattice (see
Fig. 1), naturally expands the research area of magnetism on
2DTL to a Na-V-O system. Particularly, magnetization mea-
surements show the presence of a pronounced AF transition
at T χ

N ∼ 13 K for P2-Na0.5VO2, while neutron diffraction
measurements revealed the absence of magnetic Bragg peaks
down to 1.8 K15. In addition, the temperature dependence
of heat capacity lacks a peak at T χ

N , but shows a very broad
anomaly at ∼10 K15, leading to the question on the origin of
the magnetic anomaly at T χ

N .
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Fig. 1 (a) 3D structure of P2-Na0.5VO2 and (b) projection of the structure of P2-Na0.5VO2 along the direction perpendicular to the VO2
planes. The unit cell is drawn with a black line.

We have, therefore, measured µ+SR spectra mainly for
P2-Na0.5VO2 down to 50 mK in order to elucidate the mag-
netic ground state. This is because µ+SR is particularly sen-
sitive to the local magnetic environment, because the muon
mainly feels the internal magnetic field (Hint) due to its near-
est neighbors and is specially sensitive to the short-range mag-
netic order, which sometimes appears in low dimensional sys-
tems, while both neutron scattering and magnetization mea-
surements mainly detect long-range magnetic order. In partic-
ular, if the correlation length is very short, neutron diffraction
peaks broaden and eventually disappear.

2 Experiment

A powder sample of P2-Na0.5VO2 was synthesized in
ICMCB-CNRS by sodium electrochemical deintercalation
from Na0.71VO2 using a Na|NaClO4-propylene carbonate|P2-
Na0.71VO2 cell. The P2-Na0.71VO2 powder was synthesized
by a solid-state reaction between NaVO2 and VO2 at 850◦C
for 24 h in a gold tube sealed under argon. According to pow-
der X-ray diffraction (XRD) analysis at ambient temperature,
the sample was single phase of orthorhombic symmetry with
space group Pmmn. The structural, electrochemical, and phys-
ical properties of P2-Na0.5VO2 are reported elsewhere15.

The µ+SR spectra were recorded at a surface muon beam
line using the GPS and LTF spectrometer of PSI in Switzer-
land. Approximately 120 mg of powder sample was pressed
into a pellet with 10 mm diameter, and then placed in a tita-
nium foil sealed copper cell for GPS or an indium wire sealed
silver cell for LTF. Since the sample is very unstable in air,
such work was carried out in a He-filled glove box. On GPS,
the cell was attached to a low-back ground sample holder in a
liquid-He flow-type cryostat for measurements in the temper-
ature range between 1.5 and 20 K. At LTF, the silver cell was

set into a dilution refrigerator (DR) down to T = 20 mK. Note
that In enters into a superconducting state below Tc = 3.5 K.
Thus, we did not apply external magnetic field(s) during mea-
surements on LTF below Tc. The experimental techniques are
described in more detail elsewhere3 and the basic principle for
data analyses is briefly given in Appendix 6.

3 Results

Figure 2 shows the temperature dependence of the µ+SR
spectrum obtained in a zero external magnetic field (ZF) on
(a) GPS and (b) LTF. At 2 K, the ZF-spectrum exhibits a slow
relaxation due to nuclear magnetic moments of 23Na and 51V
plus 63Cu and 65Cu from the muons stopped in the sample cell.
A rapid relaxing component is clearly seen in the early time
domain below 1 µs at 1.9 and 1.5 K, indicating the appear-
ance of an internal magnetic field (Hint) due to 3d electrons.
The spectrum at 1.5 K is almost the same as the one at 1.9 K.
Even at 0.05 K, the ZF-spectrum looks very similar to 1.9 K,
although the relaxation rate increases with decreasing temper-
ature. Since we used an Ag sample holder at LTF, the back-
ground, which corresponds to the signal at t ≥ 1 µs, is less
relaxing than in the ZF-spectrum obtained with a Cu sample
cell on GPS.

The overall feature of the ZF-spectrum suggests that the
magnetic transition occurs not at 13 K, but at 1.9 K (= Tm).
Furthermore, the absence of a clear oscillation at 0.05 K is
likely to indicate the lack of static long-range magnetic or-
der, namely, the magnetic order would be random like a spin-
glass state. The longitudinal field (LF) measurements at 1.5 K,
which is useful to judge whether the magnetic order is ran-
dom or not through the change in the relaxation with LF, re-
vealed that random order is most unlikely (see Fig. 3). Here
LF means the field parallel to the initial muon spin polarization
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Fig. 2 ZF-µ+SR spectrum for P2-Na0.5VO2 obtained (a) at 1.5,
1.9, and 2.0 K with a liquid-He flow-type cryostat on GPS and (b) at
0.05 and 0.6 K with a DR on LTF. Here, A0 is the initial asymmetry,
and for the present experiment, A0 = 0.25 from the measurements of
a silver reference. PZF(t) is the muon spin polarization function
under ZF (see text and Appendix 6). Besides the spectrum at 1.5 K
in (a) and 0.05 K in (b), each spectrum is shifted upward by 0.05 for
clarity of display. In (a), we used a Cu sample cell, whereas an Ag
sample cell in (b).

(~Sµ ). Therefore, we fitted the ZF-spectrum by a combination
of a Gaussian relaxing cosine oscillation for the static internal
field, an exponentially relaxing non-oscillatory signal for the
“1/3 tail” signal caused by fluctuations in the field component
parallel to ~Sµ , and a background (BG) signal from the muons
stopped in the Cu or Ag cell:

A0 PZF(t) = AM exp
(
−σ2

Mt2

2

)
cos(ωMt)+Ataile−λtailt

+ ABGPBG(t) , (1)

where fM(≡ ωM/2π) is the muon Larmor frequency corre-
sponding to the static Hint, AM, Atail, and ABG are the asymme-
tries of the three signals, and σM and λtail are their relaxation
rates. For the Cu sample cell, PBG is represented by a dynamic
Kubo-Toyabe function, GKT(∆,ν , t), where ∆ is the field dis-
tribution width and ν is the field fluctuation rate. Since ∆ and
ν for Cu are known to show a complex temperature depen-
dence17, the ZF- and LF-spectra were also measured for the

Fig. 3 ZF- and longitudinal field (LF) µ+SR spectra for
P2-Na0.5VO2 obtained at 1.5 K using a Cu sample cell. The applied
LF was 20, 50, and 100 Oe, where LF means the filed parallel to the
initial muon spin polarization. Solid lines represent the best fit using
a combination of two dynamic Kubo-Toyabe functions for the Cu
cell and P2-Na0.5VO2. The Kubo-Toyabe parameters for the Cu cell
were determined by the ZF- and LF-measurements of the Cu cell
alone (see text). The discrepancy between the experimental data and
fitting results indicates that a Kubo-Toyabe function is not suitable
for describing the internal magnetic field in P2-Na0.5VO2.

Cu sample cell alone. For the Ag sample cell, on the other
hand, PBG is given by an exponential relaxing signal, e−λBGt .

The fit provided that AM = 0.117(2), Atail = 0.081(2), and
ABG = 0.040(2) at 1.5 K for the data obtained on GPS with the
Cu cell. Here, ABG was estimated from the LF measurements
of the Cu cell at 1.5 K. More correctly, at first, we determined
∆= 0.361(2)×106 s−1 and ν = 0.171(9)×106 s−1 for the Cu
cell at 1.5 K. Then, the ZF- and LF-spectra of the sample ob-
tained at 1.5 K were fitted with Eq. (1) using the above ∆ and
ν , but ABG as a free parameter. Because of the rapid decay of
the AM signal, it is difficult to separate AM and Atail correctly,
although Atail should be equivalent to 1/2AM.

Figure 4 shows the temperature dependences of fM, σM,
and their ratio σM/ωM = σM/(2π fM). The fM(T ) curve ex-
hibits an order-parameter like temperature dependence, as ex-
pected. The magnitude of σM also increases with decreas-
ing temperature, while σM/ωM is found to decrease slightly
with decreasing temperature. Eventually, σM/ωM(∼ 1) is al-
most temperature independent, meaning that the field distri-
bution does not change with T below Tm. In other words,
the fM(T ), σM(T ), and σM/ωM(T ) curves indicate that P2-
Na0.5VO2 undergoes a magnetic transition at Tm, but no addi-
tional transitions down to 0.05 K. Note that the magnetic order
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Fig. 4 The temperature dependences of (a) the muon-spin
precession frequency ( fM), (b) the Gaussian relaxation rate of the
precession signal (σM), and (c) their ratio σM/ωM = σM/(2π fM)
for P2-Na0.5VO2. The data were obtained by fitting the ZF spectrum
using Eq. (1). A solid line in (a) shows the power law fit
[ f (T )/ f (0 K) = [(Tm−T )/Tm]

γ ], where fM(0 K) = 0.53(3) MHz,
Tm = 2.00(2) K, and a critical exponent γ = 0.35(7).

in P2-Na0.5VO2 looks very different from a usual long-range
AF order, for which σAF/ωAF� 1. Besides a spin-glass like
freezing, such a broad field distribution is usually explained
by one the following three scenarios; namely, the formation of
a short-range ordered state, the appearance of a complex or-
der18–21, or the presence of multiple muon-sites in the lattice
even for a simple long-range order. We will discuss the origin
of the broad field distribution later.

In order to study the change in the volume of the paramag-
netic phase, Fig. 5 shows the temperature dependences of the
fitted µ+SR parameters obtained from weak transverse field
(wTF) measurements with HTF = 50 Oe on GPS. Here, wTF
means that ~HTF ⊥ ~Sµ and usually |HTF| � |Hint|. However,
based on the ZF measurements, |HTF| ≥ |Hint| in this case.
Hence, the wTF-spectra were fitted by:

Fig. 5 The temperature dependences of (a) the two normalized
asymmetries, ATF/A0 and AM/A0 and (b) their relaxation rates (λTF
and σM,TF), and (c) susceptibility (χ = M/H)15 for P2-Na0.5VO2.
Since ATF ∼ A0 = 0.25 in the temperature range between 2.5 and
15 K, the whole volume of the sample is paramagnetic above 2.5 K.

A0 PTF(t) = ATF exp
(
−(λTFt)β

)
cos(ωTFt +φTF)

+ AM,TF exp

(
−

σ2
M,TFt2

2

)
cos(ωM,TFt +φM,TF),(2)

where ATF is the asymmetry for the oscillatory signal due to
applied wTF and AM is the same to that in Eq. (1). Due to
the effect of wTF, σM,TF 6= σM, ωM,TF 6= ωM, and φM,TF 6= 0.
We also assume that the tail component, which appears below
Tm, provides the oscillatory signal by wTF, i.e. ATF consists
not only of the contributions from the paramagnetic phase in
the sample but also ABG and Atail. This is the reason why we
use a stretched exponential relaxation for the wTF oscillatory
signal. In fact, β = 1 at T > 2.5 K, but β ∼ 0.5 at T ≤ 2.5 K.

Since ATF = A0 = 0.25 at 15 K, which is the maximum
value for the present setup, the whole volume of the sample
is found to be paramagnetic. As temperature decreases from
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15 K, such behavior is observed down to 2.5 K, then, ATF/A0
suddenly decreases and becomes a constant (∼ 0.5) below 2 K.
On the contrary, AM signal appears at T = 2.5 K and levels
off to AM/A0 ∼ 0.5, with further lowering temperature. Fur-
thermore, λTF looks independent of temperature down to just
above Tm. This clearly demonstrates that the magnetic transi-
tion occurs not at 13 K but at∼ 2 K, from the viewpoint of the
change in volume of each phase. The transition width (∆Tm) is
estimated as about 0.5 K, since the AM levels off at T ≤ 2.0 K.
The present µ+SR results are, thus, consistent with those of
neutron and heat capacity measurements15.

4 Discussion

Here, we wish to point out a few possibilities for the spin
structure below Tm. Based on magnetization and resistivity
measurements15, P2-Na0.5VO2 is assigned as a Curie-Weiss
insulator with a negative Weiss temperature (ΘW = −7.4 K).
Considering the Na ordering pattern, both V3+ (d2) and V4+

(d1) ions are thought to coexist in the lattice. This situation
is slightly different from the related compound, Na0.5CoO2,
which is a Pauli-paramagnetic metal above TN ∼ 88 K22.
Also, both ZF-µ+SR and neutron diffraction clearly detect the
formation of static AF order below TN

23–25.
LF measurements below Tm reveal that the spin-glass freez-

ing state is most unlikely a ground state for P2-Na0.5VO2
(Fig. 3). In fact, for the spin-glass freezing state, we usually
expect that localized moments appear far above the freezing
temperature (Tf ) and then evolve with decreasing temperature
towards Tf . As a result, λTF gradually increases with decreas-
ing temperature and the ATF(T ) curve often indicates a wide
transition width. Since such behavior is not observed for P2-
Na0.5VO2, the spin-glass freezing state is excluded as a ground
state.

In the P2-Na0.5VO2 lattice, there are six different oxygen
sites15, implying the presence of six different muon sites about
1 Å away from each O2−. Since electrostatic potential (Ep)
calculations predict that Ep =−13.5±0.7 eV for the six sites,
the implanted muons are most likely to sit at each site. Then,
dipole field calculations at the six muon sites provide a wide
field distribution (see Appendix 7) even for the stripe-type AF
order proposed for Na0.5CoO2

25 and the A-type AF order pro-
posed for Na0.75CoO2

26–28 and NaNiO2
29,30. Here, in the the

A-type AF order, the magnetic moments align ferromagnet-
ically in the ab plane but antiferromagnetically along the c-
axis.

If well-distinct multiple muon-spin precession frequencies
are extracted from a ZF-µ+SR spectrum, we could conjec-
ture the spin structure by µ+SR12,31–35. However, since there
is only one fM below Tm, it is impossible to determine the
most probable AF spin structure based on the present result.
Furthermore, although the wide field distribution below Tm in

P2-Na0.5VO2 is reasonably explained using a combination of
multiple muon sites and a relatively popular AF spin structure,
the formation of a short-range order or a complex order is still
not excluded. In order for further clarifying the spin structure,
it is definitely required to perform neutron diffraction mea-
surements well below Tm.

Back to the comparison between theory and experiment,
since P2-Na0.5VO2 is an insulator, the distribution of d elec-
tron in the VO2 plane should be inhomogeneous, i.e. both V3+

(S = 1) and V4+ (S = 1/2) coexist. Furthermore, the forma-
tion of V pseudo-trimers alters the VO2 plane from an ideal
2DTL to isolated triangles. As a result, it is very difficult to
predict the magnetic ground state of P2-Na0.5VO2 by a simple
Hubbard model.

The fact that Tm = 2 K, however, indicates a relatively
weak magnetic interaction between V ions compared with that
in Na0.5CoO2. This would make Na+ ions mobile in P2-
Na0.5VO2 at ambient temperature15, despite its insulating na-
ture.
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6 Appendix; µ+SR

When spin-polarized muons are implanted into a magneti-
cally ordered material in ZF, the muon-spins precess around
the local magnetic fields Hint in the material at the frequency,
ω/2π = f = γµ/2π×Hint, where γµ(= 13.554 kHz/Oe) is the
muon gyromagnetic ratio. Such oscillation in the ZF-spectrum
is represented by;

A0 PZF(t) =

A0{
2
3

Gx(t)cos(ω t)+
1
3

Gz(t)}. (3)

Here, A0 is the initial asymmetry, and for the present experi-
ment, A0 = 0.25 from the measurements of a silver reference.
PZF(t) is the muon spin polarization function under ZF.

Both Gx(t) and Gz(t) are the relaxation function caused by
inhomogeneous distribution of Hint at the muon sites. Here,
Gz(t) corresponds to the relaxation of Hint parallel to the initial
muon-spin direction (Sµ ) and shows only dynamic depolariza-
tion, while Gx(t) corresponds to the relaxation of Hint ⊥ Sµ

and includes both static and dynamic depolarization. The
Gz(t) component is usually called as a “1/3” tail signal.
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When there are multiple muon sites with different Hints, the
ZF spectrum is given by;

A0 PZF(t) =
n

∑
i=1

Ai{
2
3

Gi
x(t)cos(ω t)+

1
3

Gi
z(t)}, (4)

where n is the number of the muon sites and ∑
n
i=1 Ai = A0.

Ai/A0 represents the fraction of the muon sites with H i
int to the

all sites.

7 Appendix; AF spin structure

According to electrostatic potential calculations, the im-
planted muons are predicted to sit at the following six sites;
that is, (0.4024, 0.0437, 0.1818), (0.0957, -0.0135, 0.8185),
(0.1982, 0.25, 0.1684), (0.1918, 0.25, 0.3281), (0.3534, 0.25,
0.6966), and (0.3463, 0.25, 0.8203). Then, dipole field calcu-
lations provide the internal magnetic field for each muon site,
if we assume a certain AF spin structure.

Figure 6 shows the calculated distribution of Hint for the
stripe-type and A-type AF ordered states together with the
Fourier transform amplitude (AFourier) of the ZF-µ+SR time-
spectrum at 0.05 K. The former is proposed for Na0.5CoO2
by neutron25, whereas the latter for Na0.75CoO2

27,28. Both
states are consistent with the present µ+SR result, because the
Fourier transformed frequency spectrum has only one broad
maximum at around 0.5 MHz. In other words, we cannot de-
termine the AF spin structure, based only on the present µ+SR
results.

If we compare the Hint/µV at which 1
n ∑

n
i=1 Di = 0.5 with

Hint at which
∫ f

0 AFourierd f = 0.5
∫ 5MHz

0 AFourierd f , the ordered
V moment (µV) is evaluated as 0.11 µB [0.2 µB] at 0.05 K for
a stripe-type state [an A-type state].

References
1 H. R. Krishnamurthy, C. Jayaprakash, S. Sarker and W. Wenzel, Phys.

Rev. Lett., 1990, 64, 950–953.
2 M. Fujita, M. Ichimura and K. Nakao, J. Phys. Soc. Jpn., 1991, 60, 2831–

2834.
3 G. M. Kalvius, D. R. Noakes and O. Hartmann, in Handbook on the

Physics and Chemistry of Rare Earths, ed. K. A. Gschneidner, L. E. Jr.
and G. H. Lander, North-Holland, Amsterdam, 2001, vol. 32, ch. 206.

4 K. Mukai, Y. Ikedo, H. Nozaki, J. Sugiyama, K. Nishiyama, D. Andre-
ica, A. Amato, P. L. Russo, E. J. Ansaldo, J. H. Brewer, K. H. Chow,
K. Ariyoshi and T. Ohzuku, Phys. Rev. Lett., 2007, 99, 087601.

5 J. Sugiyama, J. H. Brewer, E. J. Ansaldo, H. Itahara, T. Tani, M. Mikami,
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Fig. 6 Dipole field distribution for (a) the stripe-type AF order and
(b) A-type AF order, and (c) the Fourier transformed frequency
spectrum of the ZF-µ+SR time spectrum at 0.05 K for
P2-Na0.5VO2.
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