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Vanadium oxides with double-chain structures show various interesting physical properties, although the
properties have not been systematically understood due to the lack of the investigation in a wide range of
vanadium valence. In this paper, in order to establish a detailed magnetic and electrical phase diagram for
Ca1−xNaxV2O4, the magnetic properties, electrical resistivity, and specific heat of this system were measured
for various x values as a function of the temperature �T� and magnetic field �H�. In the case of NaV2O4, a sharp
antiferromagnetic �AF� transition was observed at TN=140 K as reported previously. TN decreases to �100 K
with decreasing x down to xc1

�0.78, maintaining metallic conductivity. Three magnetic subphases were
discovered depending on x, T, and H. On the other hand, below xc1

, a broad peak in the magnetic susceptibility
appears instead of the sharp peak due to the AF transition. The temperature corresponding to the maximum,
Tmax, rapidly increases up to �340 K with decreasing x down to approximately 0.33 and then slightly de-
creases down to 300 K for CaV2O4, which is electrically insulating. For x=0.75 and 0.67, metal-insulator
transitions occurred at Tmax. These complex phase relations, as well as the origin of the magnetism of this
system, are discussed comparing it with other compounds.
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I. INTRODUCTION

Vanadium oxides with the calcium-ferrite-type structure
are expected to show very interesting physical properties due
to their double-chain structural units, which can cause geo-
metrical frustration and low-dimensional electron correla-
tions �Fig. 1�. Indeed, some vanadium hollandites, which are
composed of similar double chains, although the way in
which they are connected is different, exhibit metal-insulator
transitions with interesting magnetic states.1–4 In the case of
the hollandites, the formal valence of the vanadium ion tends
to be higher, closer to +4, as expected from the chemical
formula of AxV8O16 �A: alkaline metal, alkaline-earth metal
and others, and 0�x�2�. On the other hand, the physical
properties of double chains with a lower valence can be in-
vestigated by using calcium-ferrite-type vanadium oxides of
AV2O4. However, only a few vanadium oxides, such as
CaV2O4 and Y0.5V2O4, adopt this kind of structure,5,6 and
very limited studies on the physical properties of these
calcium-ferrite-type vanadium oxides have been performed
thus far.

CaV2O4 is electrically insulating and shows a broad maxi-
mum in the temperature dependence of the magnetic suscep-
tibility. Fukushima et al.7 suggested possible gapless chiral
ordering because no magnetic ordering was detected by their
51V nuclear magnetic resonance �NMR� measurements and
the spin-lattice relaxation rate 1 /T1 was proportional to tem-
perature, which implied anomalous spin dynamics. Recently,
however, detailed NMR measurements by Zong et al.8 re-
vealed that CaV2O4 exhibits antiferromagnetic ordering at
TN=78 K �in the case of powder�. In the antiferromagnetic
state, the local magnetic moments were found to be antifer-
romagnetically aligned in a chain with slight canting from
the c direction of the Pnma setting. Older neutron-diffraction
data also indicate magnetic ordering at 4.2 K.9 At present, the
origin of the contradiction between Fukushima et al. and the

others is still unclear. Sample dependence may need to be
considered because the temperature corresponding to the
broad maximum of the susceptibility, Tmax, reported by the
former was approximately 220 K while that reported by
Zong et al. was Tmax=280 K. In addition, the TN value esti-
mated using single crystals is 9 K below that of the powder
sample,8 which also suggests that the physical properties of
the compound are dependent on the samples.

NaV2O4 was recently discovered by Yamaura et al.10 and
Hirai et al.11 independently, to join as a new member of this
attractive family of calcium-ferrite-type vanadium oxides.
Metallic conductivity along the b direction was clearly ob-
served over the whole temperature range between 40 mK and
300 K using a single crystal, and a sharp antiferromagnetic
transition was seen in the temperature dependence of the
magnetic susceptibility at TN=140 K, above which a large
Curie-Weiss behavior appeared. Each double chain is ex-
pected to be ferromagnetic and the chains order antiferro-
magnetically. Magnetic moments were reported to be collin-
ear with the b direction, based on a large anisotropic drop of
the susceptibility measured under 5 T. Thus, NaV2O4 pre-
sents a striking contrast to CaV2O4 from both electrical and
magnetic viewpoints. Investigating changes in the physical
properties of a solid-solution system of these two materials is
the main aim of this study.

II. EXPERIMENT

Powder samples of Ca1−xNaxV2O4 �0�x�1� were syn-
thesized using a belt-type high-pressure apparatus from stoi-
chiometric mixtures of CaO, Na4V2O7, and V2O3 sealed in
Au capsules at 1300 °C for an hour under 6 GPa pressure.
The sample was thermally quenched to room temperature
and the pressure was then gradually reduced. CaO was pre-
viously obtained by decomposition of CaCO3 at 1050 °C
under flowing Ar gas. Na4V2O7 was prepared from a stoichi-
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ometric mixture of Na2CO3 and V2O5 in air at 550 °C with
intermediate grindings. Since these precursors easily react
with water and/or carbon dioxide in air, weighing, mixing
and sealing of the compounds were performed in a dry box
filled with Ar gas. CaV2O4 was made by flowing H2 /Ar gas
at ambient pressure at 1000 °C for 6 h from CaV2O6, which
was previously made from CaCO3 and V2O5 at 700 °C in
air. Since the CaV2O4 sample obtained was very fragile,
CaV2O4 was heated at 1300 °C under 6 GPa pressure to
obtain hard pellets for electrical resistivity and specific-heat
measurements. Needlelike single crystals of NaV2O4 a few
mm in length were grown from the mixture sealed in a Pt
capsule with approximately 1 wt % water, which was gradu-
ally cooled down from 1600 to 800 °C under 6 GPa pres-
sure. However, the growth was unsuccessful under synthetic
conditions when a dry mixture with 0.5–30 mol NaCl for 1
mol NaV2O4 was used. The crystals obtained were dried in
vacuum. No impurity phase was detected in the powder of
the crushed crystals and magnetic susceptibility measured
using many crystals quantitatively agreed with that of the
powder sample. On the other hand, CaV2O4 single crystals
failed to be grown from a mixture of Ca�OH�2 and V2O3
under the pressure.

The sample quality was checked by powder x-ray diffrac-
tion �XRD� measurements performed on a commercial dif-
fractometer �X’pert, Panalatica� using Cu K� radiation. For
0.17�x�0.67, a small amount of the secondary phase was
detected, however, all the other samples were proved to be
pure. Lattice constants estimated from the XRD patterns are
shown in Fig. 2, and they were found to decrease with in-

creasing x, which indicates the successful formation of a
solid solution, and the b direction is influenced most by the
substitution. The magnetization, M, was measured in the
temperature range between T=2–350 K under various mag-
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FIG. 1. Structure of AV2O4 �A=Ca,Na�. The octahedra and the
circles represent VO6 octahedra and A ions, respectively. V ions in
the dark octahedra are different from those in the light ones from
the crystallographic viewpoint. The lattice axes are labeled based on
the space group Pnma according to the previous report �Ref. 10�.
The square in panel a shows the unit cell, and panel b shows a part
of the structure within the broken lines in panel a from a different
angle.
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FIG. 2. Lattice constants of Ca1−xNaxV2O4. The solid lines are
a=9.250−0.1112x, b=2.976−0.0879x, and c=10.707−0.0727x,
while the broken lines are a=9.202−0.0806x, b=3.000−0.1081x,
and c=10.683−0.0516x.

χ
(1
0-
3 e
m
u/
m
ol
)

T (K)

14

12

10

8

6

4

2

0
3002001000

1
0.92
0.83
0.81
0.79
0.77
0.75
0.67
0.58

(a)

(b)

χ
(1
0-
3 e
m
u/
m
ol
) dχ/dT

(10
-6K

-1)

T (K)

0.5
0.33
0.25
0.17
0

2.8

2.6

2.4

2.2

2.0

1.8

3002001000

-8

-4

0

4

0.17

0

FIG. 3. �Color online� Magnetic susceptibility of Ca1−xNaxV2O4

with various x values measured under 1 T. The panel b magnifies
the susceptibilities for x�0.5 and shows the derivatives for x=0
�violet line� and 0.17 �blue line�. The circle and square symbols in
panel a are placed on every two points.
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netic fields of H=0.001–7 T using a commercial magneto-
meter with a superconducting quantum interference device
produced by Quantum Design. In this paper, the magnetic
susceptibility is simply defined to be �=M /H. The TN value
for x�0.78 was determined to be the temperature corre-
sponding to the peak of the susceptibility. The electrical re-
sistivity, �, and specific heat, Cp, were measured in the
ranges of T=2–400 K and H=0 T for �, and T
=2–300 K and H=0–9 T for Cp using the physical prop-
erties measurement system by Quantum Design.

III. RESULTS

A. Magnetism

Three parameters, x, T, and H, were tuned to study the
magnetic properties of Ca1−xNaxV2O4. The temperature de-
pendence of the magnetic susceptibility under 1 T is shown
in Fig. 3. The susceptibilities for x=0 and 1 agree well with
the values in previous reports.7,8,10 The transition tempera-
ture TN decreases with decreasing x down to x=0.79. For x
�0.77, the peak of the susceptibility becomes broader and
the peak position, Tmax, increases very rapidly. From x
�0.33 to x=0, Tmax slightly decreases. These changes are
summarized in Fig. 4. TN decreases in accordance with the
line of TN=−40.0+180x, and below xc1

�0.78, it abruptly
disappears and is replaced by Tmax. The change from TN to
Tmax is abrupt as the difference in the x values corresponds to
only 0.01 for the vanadium formal valence.

Next, field effects on the magnetism of NaV2O4 are pre-
sented. Figure 5 shows magnetic susceptibilities under vari-
ous magnetic fields and their derivatives. For the 1 T suscep-
tibility, there is a bump around 126–130 K, and two
characteristic temperatures can be defined; one is the bending
point at Tn1

=130 K, below which the susceptibility deviates
from that under 0.01 T, and the other is the kink at Tn2
=126 K, which almost corresponds to the peak in the deriva-
tive. As seen in Fig. 5, the former increases with increasing

field, while the latter decreases. No thermal hysteresis of Tn1
and Tn2

was detected. Some anomalies are also seen in the
magnetization curves, as shown in Fig. 6; each magnetiza-
tion curve below TN bends at a certain field, Hc, as clearly
seen in Figs. 6�c� and 6�d�. The peak in the derivative of the
magnetization curve moves to a lower field with increasing
temperature up to 125 K, and then moves to a higher field.
No field hysteresis was detected. Thus, the H−T phase dia-
gram may be drawn as indicated in Fig. 7. The antiferromag-
netically ordered phase is divided into three regions of AF1,
AF2, and AF3. It was hard to determine the existence of the
AF2 phase in the absence of a field by these measurements;
the kink in the susceptibility gradually became prominent
with increasing field, and the slopes of the phase boundaries
between AF1 and AF2, and between AF2 and AF3, are very
large and small, respectively, below 0.5 T, which makes it
impossible to estimate Hc by the isothermal magnetization
curves.

The H−T phase diagrams for x=0.92 and 0.83 are shown
in Figs. 8 and 9, respectively. These were obtained in the
same manner as in the case of x=1 from the magnetic data
shown in Figs. 10–13. Interestingly, the phase relation be-
tween AF1, AF2, and AF3 strongly depends on the Na con-
tent; the AF3 phase is very strongly suppressed by the sub-
stitution of Na ions for Ca ions, and instead the AF1 and AF2
phases cover larger areas. The AF2 region at 1 T for x
=0.92 is wider than that for x=1, although its presence at
zero field is still unclear because of the same reason as men-
tioned above. Finally, AF3 disappears and the AF1 phase
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FIG. 4. Na content dependence of TN and Tmax. The full and
open circles represent TN and Tmax, respectively, and the squares
show TN and Tmax reported in Refs. 7, 8, and 10. The lines are
included as guides for the eye. The metallic and insulating regions
are colored dark and light, respectively.
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covers most of the low-field region below TN. The phase
boundary between AF1 and AF2 cannot be determined un-
ambiguously for a low-field region, because the difference
between Tn1

and Hc becomes larger. The field at which the
derivative of the magnetization curve starts to increase may
be more suitable for the position of Hc on the boundary. For
x=0.81, 0.79 or 0.77, the phase relation was qualitatively the
same as that for x=0.83, although the Hc values at 2 K were
approximately 0.5, 1.1, or 1.1 T higher, respectively, than
that for x=0.83. The magnetism of the x=0.77 sample seems
to be complex because x=0.77 is smaller than xc1

. The xc1
value may slightly decrease with increasing field. For x

=0.75, no bending behavior in the magnetization curves at 2,
10, 50, and 100 K was observed below 7 T, and no signifi-
cant difference was detected above 20 K in the temperature
dependence of the susceptibilities under various fields up to
7 T. The upturn in the susceptibility below 20 K was sup-
pressed by the field as observed for many paramagnets.

As seen in Fig. 3, susceptibility data above TN or Tmax for
x�0.75 seem to obey the Curie-Weiss law, which is repre-
sented by �=C / �T−	�+�0 �C: Curie constant, 	: Weiss tem-
perature, and �0: constant term�. These parameters estimated
using the data between 250 and 350 K are shown in Table I.
The Curie constant values are close to the theoretical value
of 1.38 emu K /mol, calculated assuming the local moments
caused by S1=1 /2 on tetravalent vanadium ions and S2=1 on
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trivalent vanadium ions with a g-factor of 2. However, the x
dependence of C, which seems to decrease with decreasing
x, is inconsistent with the change in the valence under the
local-moment assumption, because the number of trivalent
vanadium ions with the larger spin increases with decreasing
x. The Weiss temperature decreased with decreasing x and
changed its signs at an x value between x=0.75 and 0.77,
which is very close to xc1

. The Curie-Weiss behavior at a
high temperature range will be discussed later in detail.

A tiny anomaly was detected at 76 and 155 K in the
susceptibility of CaV2O4, as shown in Fig. 3�b�. The former
agrees with TN reported by Zong et al.8 The magnetic order-
ing was undetectable above 76 K for x=0.17, and thus TN for
x=0 would not be on the line of TN=−40.0+180x, which
was estimated from TN above xc1

. Indeed, the line suggests
that TN=0 at x=2 /9=0.22. On the other hand, the anomaly
at 155 K probably corresponds to that seen at around 140 K
of the specific heat, although the origin of this is unclear.
Structural analysis should be carefully performed because
the magnetic state will be strongly influenced by the struc-
tural transition, if it exists, due to spin frustrations on the
double chains.

For x�xc1
, large upturns are seen in the low-temperature

regions. The upturn of CaV2O4 is extrinsic due to crystal

defects and/or undetectable magnetic impurities, because the
compound shows the magnetic ordering at TN. However, a
part of each upturn for x�0 can be intrinsic because it in-
creases significantly as shown in Table II. The Curie constant
appears to increase according to C=0.156x, whose slope is
42% of that calculated assuming that one-Na ion substitution
just makes one magnetic moment with S=1 /2 and g=2 with-
out any other change. On the other hand, spin-glass �SG�
behavior was observed for 0.17�x�0.81 below 16 K or
lower. The SG transition temperature, TSG, and the residual
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FIG. 9. �Color online� H−T phase diagram for Ca0.17Na0.83V2O4
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mined using the susceptibilities and magnetization curves, respec-
tively. The colors are guides for the eye.
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magnetization, Mr, which was estimated using the data be-
tween 0.01 and 0.1 T by the linear function of M =Mr+�H,
are summarized in Table II. This behavior can also be intrin-
sic because the x dependence of Mr corresponds well with
that of the Weiss temperature. However, the following should
be noted: �i� The CaV2O4 sample did not show SG behavior
even under 0.001 T, although similar SG behavior was ob-
served for a single crystal of CaV2O4,8 and �ii� a kink was
seen in zero-field cooling susceptibility under 0.001 T for x
=0.17, 0.25, 0.33, and 0.5, around 5 K, independent of x. The
latter implies that there is another SG component with TSG
�5 K probably due to the secondary phase, and that the SG
behavior observed for x�0.67 is caused by this component.

B. Electrical resistivity

The temperature dependence of the electrical resistivity of
Ca1−xNaxV2O4 �x=0, 0.17, 0.33, 0.5, 0.67, 0.75, 0.83, 0.92,
and 1� is shown in Fig. 14. For x�0.83, the resistivities do
not show a divergent behavior toward 0 K, which indicates
metallic conductivity of these compounds. Indeed, single-
crystal measurements proved metallic conductivity along the

b direction.10 The negative temperature dependence is most
likely due to grain-boundary scattering and/or possible semi-
conducting behavior along the a or c direction.

Metallic behavior was undetectable below 400 K for x
�0.5, while for x=0.75 and 0.67 in the middle x range,
metal-insulator transitions �MIT� are clearly seen just around
Tmax. Since, from the band calculation, some kinds of the
Fermi surface are expected to have a one-dimensional
nature,10,12 charge-density wave �CDW� or spin-density
wave �SDW� formation can take place at Tmax. The energy
gap for x�0.75 is roughly estimated to be 
�1000 K from
the data sufficiently below Tmax. Assuming that the gap is
caused by CDW/SDW formation, the CDW/SDW formation
temperature may be calculated to be Tc

MF=
 / �2�1.76�
�284 K, based on the mean-field theory, which is compa-
rable to Tmax. As another possibility, charge ordering �CO�
should also be taken into account, for comparison with va-
nadium hollandites.1,3,4 BixV8O16 shows MIT at 1.72�x
�1.8, wherein the V valence exactly corresponds to that of
the x=0.75 or 0.67 compound. In addition, the MIT tempera-
ture of the Bi hollandites decreases with decreasing valence
as in the present case. It should be noted that electrons in the
CO state would be, in principle, bound to the V sites and can
cause local moments, while spin degrees of freedom in the
CDW state would almost disappear by Fermi degeneration.

TABLE I. Parameters obtained by Curie-Weiss fit for the data
between 250 and 350 K.

x 12x
C

�emu K /mol�
	

�K�
�0

�10−4 emu /mol�

1 12 1.12 93.9 −0.738

0.92 11 1.29 63.7 −3.89

0.83 10 0.98 55.5 4.25

0.81 9.75 1.03 43.0 3.12

0.79 9.5 0.95 53.3 5.01

0.77 9.25 0.86 44.6 6.39

0.75 9 1.19 −17.1 3.72

TABLE II. Parameters obtained by Curie-Weiss fit to a low-temperature upturn, SG temperature, TSG, and
residual magnetization, Mr.

x 12x
C

�10−2 emu K /mol�
−	
�K�

�0

�10−3 emu /mol�
TSG

�K�
Mr

�10−4�B�

0 0 0.435 13.5 1.65 NA 0.101

0.17 2 2.20 0.95 1.92 16 3.49

0.25 3 2.86 1.52 1.85 14 4.45

0.33 4 4.29 2.50 1.82 10 8.63

0.5 6 9.09 5.33 1.66 6.5 9.09

0.58 7 9.82 4.31 1.66 5.5 6.63

0.67 8 11.0 3.41 1.63 5.0 5.42

0.75 9 10.5 2.16 1.75 4.8 5.33

0.77 9.25 5.65 0.13 3.47 4.8 3.55

0.79 9.5 NA NA NA 5.0 0.353

0.81 9.75 NA NA NA 5.0 0.0615
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FIG. 13. �Color online� Derivatives of magnetization curves of
Ca0.17Na0.83V2O4 �x=10 /12�.

HIROYA SAKURAI PHYSICAL REVIEW B 78, 094410 �2008�

094410-6



C. Specific heat

The temperature dependence of the specific heat for x
=0, 0.17, 0.33, 0.5, 0.67, 0.75, 0.83, and 1 are shown in Fig.
15. Sharp peaks are seen at TN for x=0.83 and 1, and some-
what broad but clear anomalies can be recognized at Tmax, at
least for x=0.75 and 0.67. The entropy released at TN was
roughly estimated for NaV2O4 to be Se�2, which corre-
sponds to the shadowed area in Fig. 15. This value is much
smaller than the theoretical value of 14.9 �=R ln�2S1
+1��2S2+2�� calculated assuming local moments on the va-
nadium ions. A significant part of the entropy cannot have
been released above the transition since no sign of short-

range ordering is seen in the susceptibility. Thus, local mo-
ments are considered to be absent. On the other hand, there is
no anomaly around Tn1

and Tn2
as seen in Fig. 16�a�, which

suggests that changes in the magnetic states at these tempera-
tures do not accompany changes in the entropy.

For x=1 and 0.83, the Sommerfeld constant and Debye
temperature were estimated to be =15.6 mJ /mol K2 and
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FIG. 14. �Color online� Temperature dependence of the electri-
cal resistivity of Ca1−xNaxV2O4 with various x values �a ,c� and the
Arrhenius plot of the data in panel a �b�. The dotted line in panel b
shows the slope of 
=1000 K.
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MULTIPLE MAGNETIC STATES AND METAL-INSULATOR… PHYSICAL REVIEW B 78, 094410 �2008�

094410-7



�=576 K, and =15.2 mJ /mol K2 and �=516 K, respec-
tively, from the data below 20 K using the fitting function of
Cp /T=+AT2+BT4 �A and B: fitting parameters �A
�105 , B�108�= �7.14,2.96� for x=1, and �9.91, 1.89� for
x=0.83�. In the insulating region of x�0.75, Schottky-type
anomalies were seen just around 7–9 K as sometimes ob-
served for insulating paramagnets. These are unlikely to be
caused by the SG transition itself because the SG transition
temperature depends more on the x value.

For CaV2O4, two tiny kinks were detected around 70 and
140 K, as seen in Fig. 16�b�. The former is due to the anti-
ferromagnetic ordering reported by Zong et al.,8 while the
latter probably corresponds to the small anomaly seen at 155
K in the susceptibility. However, these anomalies were not
detected for x�0.17 at all. Thus, the antiferromagnetic state
of CaV2O4 may not survive above x=0.17.

IV. DISCUSSION

The physical properties of Ca1−xNaxV2O4 strongly depend
on the Na content. For a higher x value above xc1

�0.78, the
antiferromagnetic transition at TN and metallic conductivity
across the whole temperature range below 300 K were
clearly observed. On the other hand, in the x=0.75 or 0.67
samples, the MIT, probably due to the CDW/SDW formation
or CO, occurs around Tmax. This suggests a significant
change in the band structure at xc1

. On the other hand, it
should be noted that another critical Na content, xc2

, sepa-
rates the phase below xc1

into two regions; in the higher x
region, the MIT takes place at Tmax, while in the lower x
region, the compound is electrically insulating below and
above Tmax. However, the xc2

value cannot be determined
exactly, because the MIT becomes less sharp with decreasing
x. A value between 0.33 and 0.5 seems to be the most prob-
able candidate; Tmax decreases below the point and the x
dependence of the lattice constants bend around the point, as
seen in Fig. 2. Indeed, the specific heat for x=0.5 appears to
have a very broad anomaly around Tmax, although no clear
MIT was observed for this composition. Hereafter, the physi-
cal properties at each x range will be separately discussed in
further detail, assuming that xc2

is located between 0.33 and
0.5.

The first problem to be addressed concerns the existence
or absence of local moments on vanadium ions above xc1

.
The Curie-Weiss behavior of magnetic susceptibility can ap-
pear either in the local-moment system or in an itinerant-
electron system. However, for a typical itinerant-electron an-
tiferromagnet, uniform susceptibility, namely the dynamical
susceptibility at q=0, is not expected to show Curie-Weiss
behavior although the dynamical susceptibility at q=Q �Q
�0: the antiferromagnetic wave vector� should show such a
strong temperature dependence above TN. Indeed, uniform
susceptibility of V3Se4 is almost temperature independent
above and even below TN, but its NMR spin-lattice relax-
ation rate divided by the temperature, which is closely re-
lated to the most prominent component of the dynamical
susceptibility, shows a strong temperature dependence.13

Thus, NaV2O4 is not a typical antiferromagnetic metal.

Local moments may be defined on vanadium ions; only
one electron on a vanadium ion may be localized and cause
a local moment, and the rest of the 3d electrons �a half elec-
tron per vanadium ion for x=1� can be delocalized acting as
conducting electrons. A similar two-band mechanism has
been proposed for spinel LiV2O4,14 although the understand-
ing of the electronic state of the spinel is still controversial.
However, this idea seems less persuasive in the present case.
The sharp change in the x dependence of TN or Tmax at xc1
would not be expected for local-moment magnetism. The x
dependence of the Curie constants shown in Table I and the
small entropy change observed for x=1 and 0.83 also seem
to support the delocalization view. Furthermore, it should be
noted that the magnetic properties of NaV2O4 are somewhat
similar to those of V5Se8 and V5S8. These are metallic anti-
ferromagnets without any local moments whose transition
temperatures are TN=27 and 35 K, respectively.13,15 Their
magnetic susceptibilities show Curie-Weiss behavior with
positive Weiss temperatures, and the ratios of TN /	 for the
two are 2.6 and 1.5, respectively,13,15 which are comparable
to TN /	=1.5 in the present case. For these compounds, two
kinds of spin fluctuations have been proposed; one at q�0
causes magnetic ordering and the other at q=0 causes Curie-
Weiss behavior of the uniform susceptibilities. This idea of a
multi-Q state may be applicable to the present system al-
though two facts should be taken into account: �i� Curie con-
stants of the present system are close to the value of the
local-moment system, which implies that spin fluctuations at
q�0 would not be so strong that the antiferromagnetic fluc-
tuations would overcome the ferromagnetic fluctuations, and
�ii� TN of the present system is independent of H below 7 T,
which is in sharp contrast to the case of V5Se8.13 One may
think that electrons could be ferromagnetically itinerant only
within the double chain. This idea might explain the magne-
tism discussed above. Indeed, ferromagnetic ordering has
been theoretically expected on the railway trestle lattice of
the double chain,16 and NaV2O4 was proposed to have such a
magnetic state although the proposal was based on a self-
contradictory interpretation of the Curie-Weiss behavior and
band structure.10 However, this simple model of antiferro-
magnetically ordered ferromagnetic chains will never result
in the existence of three magnetic phases of AF1–3 and the
complex phase relationship between them. Indeed, prelimi-
nary data of neutron-scattering �NS� measurements refute the
model. At present, it is unclear how the magnetic state of the
present system is exactly described, however it is clear that
local moments are not expected above xc1

. Band calculations
for the nonmagnetic state support this view, because they
indicate that the electrons are highly itinerant.10,12

The antiferromagnetically ordered state of itinerant elec-
trons, namely the SDW state, is brought about above xc1

.
Thus, a drop in the resistivity at TN observed by single-
crystal measurements should be discussed within the frame-
work of SDW formation. Usually, SDW formation enhances
the resistivity because the electron density decreases due to
elimination of a part of the Fermi surface. Even in the case of
a two-dimensional system, wherein a large part of the Fermi
surface survives, the resistivity increases once just below TN
although the metallic state persists.17 In the present case, the
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metallic conductivity below TN may result from the two-
dimensional nature of the system, but the smooth decrease in
the resistivity is very anomalous. First, of course, it would be
necessary to clarify whether the drop is intrinsic, because the
resistivity of the SDW system is generally very sensitive to
the frequency of the measurement voltage.18 If intrinsic, the
situation is similar to that of NaxCoO2 �x�0.75�, as pointed
out previously,10 wherein the drop in the resistivity at the
magnetic transition temperature is intuitively understood to
be caused by ferromagnetic ordering in a CoO2 layer, al-
though the layers are antiferromagnetically ordered. How-
ever, there is no theoretical support for either compound.
Moreover, the magnetic structure of NaV2O4 is not so
simple, as discussed above. Thus, the mechanism of the re-
sistivity drop must be reconsidered. It should be pointed out
that large Curie-Weiss terms in the susceptibilities above the
magnetic transition temperatures appear for both compounds
in common. The Curie-Weiss behavior may be the key to
understand the behavior of the resistivity.

Multiple subphases in an antiferromagnetic state have
been observed in many SDW compounds.19,20 The SDW
state of the present system is divided probably by a change in
the SDW wave vector as in other cases. It is hard to deter-
mine the wave vector in each phase from macroscopic ex-
periments, however, the features of the AF1–3 phases can be
shown; �1� the phase relation is very sensitive to x, T, and H,
�2� TN itself is independent of H despite 1, �3� the AF2 phase
wedges itself between the AF1 and AF3 phases on the T
−H phase diagrams, and �4� there is no significant change in
the specific heat at the boundaries between them. Detailed
band-structure calculations, as well as microscopic experi-
ments including NS and NMR measurements, need to be
performed.

For the insulating region below xc2
, localized spins are

expected, and the broad maximum in the susceptibility
would be due to short-range ordering induced by possible
spin frustrations and/or low-dimensional spin correlations in
the double chains. However, no long-range antiferromagnetic
ordering was detected above 2 K for x�0.17. Gapless chiral
order could be realized in this x region. The contradiction
with regard to the magnetic order between the previous
reports,7,8 as well as the difference between the TN values of
the powder and crystal8 and the SG behavior in a single
crystal8 may be due to a possible calcium deficiency.

Finally, the electronic state between xc1
and xc2

will be
discussed. CDW/SDW formation or CO likely happens at
Tmax in this x range. If the former is the case, strong compe-
tition between the magnetic ordering at a higher x value and
CDW/SDW formation at a lower x value may be inherent in
this system. The MIT indicates that the electronic structure
between xc1

and xc2
can be more perfectly one dimensional

than the structure above xc1
. This may be because the inter-

chain distance becomes longer, as expected from the changes
in the lattice constants. However, since the changes seem too
small, some kinds of Fermi surface with a two- or three-
dimensional nature can be reduced in size or could disappear
completely by the substitution of Ca for Na. On the other
hand, the large upturn in the susceptibility for 0.17�x�xc1
in a low-temperature region apparently seems to support CO,

because it can cause local moments below the MIT tempera-
ture, TMIT. In this case, xc2

may be just a crossover point
where TMIT becomes smaller than the original Tmax. How-
ever, it is not obvious why susceptibility below xc1

appears to
be reproducible simply by superposition of the Curie-Weiss
behavior on the susceptibility of CaV2O4 because one-Na ion
substitution eliminates a trivalent vanadium ion with a larger
spin, and yields a tetravalent ion. Although such a superpo-
sition has been observed when the original states are spin-
singlet states,21–24 in the present case all the magnetic mo-
ments should interact with each other at once and the
susceptibility would need to be more significantly changed
by the Na substitution.

In this section, the rich physical properties of the solid-
solution system between NaV2O4 and CaV2O4 were dis-
cussed. The detailed measurements established the magnetic
and electrical phase diagram of Ca1−xNaxV2O4 with three
variables, x, T, and H. Further studies, such as NS, NMR,
�SR, and electron spin resonance �ESR� measurements, are
indispensable to determine the exact electronic state at each
composition. This study will furnish a guide for such micro-
scopic experiments and a basis to interpret the results ob-
tained.

V. SUMMARY

The magnetic, electrical, and thermal properties of
Ca1−xNaxV2O4 were investigated using samples with various
x values ranging from 0 to 1 under various conditions of the
temperature and magnetic field, to determine the x−T−H
phase diagram. It was proved that the electronic state
changes drastically at two critical compositions, xc1

and xc2
.

Above an xc1
of �0.78, the antiferromagnetic state of the

itinerant electrons is realized and TN decreases from 140 to
�100 K with decreasing x. The antiferromagnetic phase
was discovered to have three kinds of subphases, AF1, AF2
and AF3, depending sensitively on x, T, and H, above 2 K
and below 7 T. AF1 is stable at a higher temperature and at a
lower x value under a lower field, while AF3 is stable at a
lower temperature and at a higher x value. The AF2 region
extends widely under a higher field. This phase relation sug-
gests the presence of the SDW state with a complex wave
vector in each subphase. The Curie-Weiss behavior of the
susceptibility above TN was discussed. On the other hand, the
x dependence of Tmax and lattice constants suggests that xc2

is
located between 0.33 and 0.5, although the exact value was
not determined. Below xc2

, the compound is electrically in-
sulating and localized spins are expected. The anomalies in
the susceptibility and the specific heat due to the antiferro-
magnetic transition were confirmed for x=0, which agrees
with a recent report.8 However, no anomaly was detected for
x�0.17 above 2 K, suggesting that the antiferromagnetic
state is stable only in the vicinity of x=0. Finally, the
temperature-induced metal-insulator transition was, for the
first time, observed at Tmax between xc1

and xc2
. CDW/SDW

formation and charge ordering were discussed as possible
origins of the transition. This study revealed a variety of
physical properties in the double chain and will stimulate
further investigations.
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