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Magnetic and electronic properties of Ca1−xNaxCr2O4:
Double-exchange interactions and ligand holes
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β-CaCr2O4 has a cycloidal magnetic structure and isostructural NaCr2O4 shows unconventional colossal
magnetoresistance below a canted antiferromagnetic (AFM) ordering temperature of T N = 125 K. In this paper,
magnetic and electronic properties of the solid-solution system Ca1−xNaxCr2O4, are investigated. The T N value
decreases with decreasing x from x = 1 to 2

3 . A spin-glass behavior appears for 0.1 � x � 0.6. Interestingly,
the spin-glass character is detected even for 2

3 � x � 0.95 coexisting with the AFM ordering. Curie constant
increases and Weiss temperature decreases with decreasing x. Curie constant is significantly suppressed from
theoretical value, suggesting large quantum fluctuations and strong hybridization between Cr and O ions for
higher-x values. Substitution of Ca for Na introduces the ligand holes. The decrease in Weiss temperature points
out that a single ligand hole mediates ferromagnetic interaction of approximately 400 K by the double-exchange
mechanism. Saturation magnetization and magnetic susceptibility at 2 K show unusual x dependencies, which
suggests that not only the canting angle but also the periodicity of magnetic ordering depend on x. Electrical
resistivity for 0.2 � x � 0.95 follows the variable-range hopping mechanism, suggesting Anderson localization
at the x range.
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I. INTRODUCTION

In oxides, transition-metal (TM) ions with extremely high
formal valence, such as Fe4+, Ni3+, and Cu3+, create holes on
the ligand oxygens because of their deep energy level of 3d

orbitals relative to the oxygen 2p level. This means that these
oxides have negative charge-transfer energy ECT. Many TM
oxides with negative ECT show interesting properties such as
metal-insulator transitions due to charge disproportionation in
AFe(IV)O3 (A = Sr and Ca) and RNi(III)O3 (R: lanthanoid
element and Y) [1–4]. High-TC superconductivity also may
be regarded as the property of the TM oxides with negative
ECT because it occurs when holes are introduced into certain
copper oxides with Cu2+ ions.

In some cases, a ferromagnetic (FM) state is found in
the TM oxides with negative ECT, such as CrO2 [5] and
K2Cr8O16 [6–9]. The FM interactions in the latter two com-
pounds are mediated by ligand holes, and so can be regarded
as double-exchange (DE) interactions [5,8]. This type of the
DE interaction is characteristic in that the ligand holes carry
the interactions: In the case of conventional DE interactions
in Mn perovskites, eg electrons on neighboring Mn ions cause
the FM interactions through the Hund coupling [10–12]. On
the other hand, a ligand hole is antiferromagnetically coupled
with the d electrons on a TM ion through a strong hybridization
between the TM ion and the ligand oxygen, as in the case of
Zhang-Rice singlet formation in the high-TC cuprates [13].
If the oxygen ion is shared by two TM ions, effective FM
interactions occur between two spins of the d electrons through
the antiferromagnetic (AFM) interactions between the ligand
hole and the d electrons. Obviously, this mechanism will work
even when the hole is localized on an oxygen ion. Although
a similar mechanism of the DE interaction has recently been
theoretically proposed for the Peierls insulator state [14], few
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studies have addressed the DE interactions mediated by ligand
holes.

β-CaCr2O4 and NaCr2O4 crystallize in calcium-ferrite-type
structure, which is composed of double rutile chains as shown
in Fig. 1. β-CaCr2O4 is electrically insulating and has cycloidal
magnetic structure below TN = 21 K due to spin frustrations
in the chains [15]. On the other hand, NaCr2O4 shows a canted
AFM transition at TN = 125 K. Under zero magnetic field,
its electrical resistivity obeys Arrhenius-type temperature
dependence with energy gap of � = 543 or 1334 K below
or above TN, respectively. Under a magnetic field of 9 T, it
does not show a divergent resistivity behavior at 0 K due to
the colossal magnetoresistance (CMR) effect developing with
decreasing temperature [16,17]. NaCr2O4 has negative ECT

because it has high-valence Cr4+ ions as in the case of CrO2

and K2Cr8O16. In fact, the holes on oxygen ions have been
confirmed by x-ray absorption spectroscopy of O-K edge [18]
and have also been observed in the measurements of the
Seebeck coefficient [19]. Electronic band-structure calculation
indicates that the holes are localized at O(3) sites [20]. Thus,
the β-CaCr2O4–NaCr2O4 solid solution gives a chance to
study the effect of the ligand hole density on the magnetism as
the Cr valence increases from +3 for β-CaCr2O4 to +3.5
for NaCr2O4. In addition, the transport properties of the
solid-solution system are of interest because of the CMR effect
reported for the NaCr2O4 end member.

II. EXPERIMENT

Powder samples of Ca1−xNaxCr2O4 (0 < x < 1) were
synthesized at 1300 ◦C under high pressure of 6 GPa.
A stoichiometric mixture of CaO, Na2O2, and Cr2O3 was
weighed, mixed and sealed in a gold capsule in a glove box
filled with Ar gas. The sample was pressed in a belt-type press
and then heated for one hour. The temperature was quenched to
ambient after the synthesis and then the pressure was gradually
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FIG. 1. (Color online) Crystal structure of NaCr2O4. The octahe-
dra (red), circles (green), and blue squares represent CrO6 octahedra,
Na sites, and O(3) sites, respectively. Panels (b) and (c) show the
octahedra in the solid and broken ovals in panel (a), respectively. The
yellow lines connect Cr sites.

released. Some samples were made using NaCrO2 as Na
source instead of Na2O2. Their magnetic properties perfectly
agree with similar samples made from Na2O2. NaCr2O4 was
made from NaCrO2, Cr2O3, and CrO3 at 1300 ◦C under
7 GPa [16]. β-CaCr2O4 was made by two methods. One
is the high-pressure synthesis from CaO and Cr2O3, and
the other is conventional solid-state reaction under ambient
pressure; the stoichiometric mixture of CaCO3 and Cr2O3

was fired twice in flowing Ar gas at 1300 ◦C for ∼12 h
with an intermediate regrinding. There was no difference in
magnetic properties between the two β-CaCr2O4 samples. All
the samples except NaCr2O4 were proven to be single phase
by powder x-ray diffraction measurement. NaCr2O4 sample
contained a small amount of impurities. The stoichiometry
of the target compound was not affected by impurities, as
discussed in Ref. [16].

Magnetic data were collected on MPMS-XL (Quantum
Design). Electrical resistivity and specific heat were mea-
sured using PPMS (Quantum Design). Magnetization curves
were measured from 7 to −0.1 T. Temperature dependence
of magnetization was measured under 0.001 and 1 T for
T � 320 K and under 5 T for T � 300 K. Magnetization
data under 0.001 T were collected for each sample under
zero-field-cooling (ZFC) and field-cooling (FC) conditions.
The magnet of MPMS-XL was quenched by heating to achieve
zero magnetic field before the sample was loaded into the
machine. The resistivity measurement was performed by the
conventional four-probe method using a press-contact assem-
bly, PC-RES-P, produced by Wimbush Science & Technology.
The pellets used were very dense because they were sintered
under the high pressure: For example, the bulk density of
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FIG. 2. (Color online) Temperature dependence of magnetiza-
tion of Ca1−xNaxCr2O4 measured under 1 T (a) and 5 T (b). Log
scale is used for the vertical axis in panel (a). The lines in panel
(b) represent the results of Curie-Weiss fitting. For monochromatic
printouts, the M/H value at 300 K decreases with decreasing x.

4.44 g/cm3 for β-CaCr2O4, and 4.33 g/cm3 for NaCr2O4

was achieved, which correspond to 92.2% and 93.5% of the
ideal values, respectively. In this paper, T , H , M , MS, χ , ρ,
and CP represent temperature, magnetic field, magnetization,
spontaneous magnetization, magnetic susceptibility, electrical
resistivity, and specific heat, respectively. Magnetic suscepti-
bility is defined as the slope of magnetization curve.

III. RESULTS AND DISCUSSION

Temperature dependence of M/H measured under 1-T
FC condition is shown in Fig. 2. The M/H -T curves of all
the samples obey Curie-Weiss law of χ = C/(T − �) at a
high temperature. Curie constant C and Weiss temperature
� estimated from the H /M data between 450 and 600 K by
a linear function are summarized in Fig. 3. Curie constant
is significantly smaller than the theoretical value calculated
assuming S = 3

2 and 1 for Cr3+ and Cr4+, respectively, and
g value of 2. The g values were calculated from the C

values to be g = 1.9 and 1.8 for x = 0 and 1, respectively,
although g values of Cr3+ ions are typically between 1.97
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FIG. 3. Curie constant C (closed circles) and Weiss temperature
� (open squares) as functions of Na content x. The solid lines are
guides for the eye, and the broken line shows the theoretical value
of C.
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and 2.00 [21–25]. The major origins of reduction of g value
are, in general, quantum fluctuations and covalency between
magnetic and ligand ions. The reduction of the g value from 2
to 1.9 is probably caused by the quantum fluctuations because
β-CaCr2O4 shows cycloidal magnetic structure due to spin
frustrations [15] in which some of the magnetic moments
diminish by quantum fluctuations. On the other hand, the
additional reduction from g = 1.9 to 1.8 at x = 1 would be
caused by the covalency because higher covalency is expected
as more ligand holes are introduced through the hybridization
between Cr and O ions. Indeed, the deviation of the observed
Curie constant from the theoretical one becomes larger with
increasing x values, namely, with increasing the number of
ligand holes.

Previously, Curie constant of β-CaCr2O4 was estimated to
be 3.89 emu K/mol from the data between 350 and 400 K [15].
The value is largely different from that estimated in this paper
and is slightly larger than the theoretical value of 3.75 emu
K/mol, which means that g > 2. The previous value was
probably overestimated. The g value should be smaller than 2
because Cr 3d orbitals are less than half-filled. Indeed, to our
best knowledge, no Cr oxide has Cr ions with g value more than
2 in a paramagnetic state [21–25]. The temperatures for the
Curie-Weiss fit in Ref. [15] were too low as shown in Fig. 2(b);
at the temperatures, the magnetic susceptibility deviates from
Curie-Weiss law due to short-range ordering of Cr spins.

Weiss temperature almost linearly increases with increasing
x from −202 to +199 K, suggesting that a hole mediates
FM interaction of approximately +400 K. It is larger than
the double-exchange interaction of 10.6 meV (=123 K) in
metallic state of K2Cr8O16 [8], but is still comparable. The
FM interaction of +400 K is comparable also with FM
interaction induced in La2−xSrxCoO4 by increasing the x

value [26]. Weiss temperature of the Co compound almost
linearly increases from −200 K for x = 0.4 to +200 K for
x = 1.4, although it is not clear whether the change in Weiss
temperature is simply caused by the ligand holes because
the spin states also change depending on the x value [27].
On the other hand, Weiss temperature of Ca1−xLaxMnO3

does not increase linearly [28]; it increases very rapidly with
the slope of +17 800 K at x ∼ 0 (−565 K for x = 0 and
−209 K for x = 0.02) but the slope decreases at higher x.
The Weiss temperature increases only up to 73.1 K at x = 0.1
and appears to be almost saturated there. The difference in
both the magnitude and x dependence of � may be attributed
to different mechanisms of the double-exchange interactions;
the FM interaction in NaCr2O4 is caused by the ligand holes,
while that in the Mn oxide by the eg electrons.

According to the band calculation [20], holes are located
on an O(3) site, which bridges the double rutile chains. So,
the FM interaction occurs between the double rutile chains.
On the other hand, intra-double-chain interactions are most
likely comparable to those in β-CaCr2O4, which has Weiss
temperature of −202 K. The intra-double-chain interactions in
NaCr2O4 are caused by superexchange interactions between
Cr spins, and the Cr spins are caused mostly by 3d3 electrons.
Therefore, NaCr2O4 has almost the same intra-double-chain
interactions as β-CaCr2O4. Thus, it is suggested that the
magnetism of NaCr2O4 is, at least, quasi-two-dimensional
with the Cr2O4 slabs along the bc plane, whereas that
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FIG. 4. (Color online) Temperature dependence of magnetiza-
tion of Ca1−xNaxCr2O4 measured under 0.001 T. The left axis is
the data for x = 0.6 (black circles) and 0.7 (red squares), while
the right one for x = 0.8 (green upward triangles) and 0.9 (blue
downward triangles). The closed and open markers are ZFC and FC
data, respectively, and the lines are guides for the eye.

of β-CaCr2O4 is quasi-one-dimensional showing cycloidal
magnetic structure [15].

The AFM transition of NaCr2O4 was clearly detected by the
difference between ZFC and FC magnetization because it is
accompanied by the appearance of spontaneous magnetization
due to the canting of spins. The AFM transition temperature
TN was determined as the temperature where ZFC and FC
data separate from each other; the TN value agrees with
the temperature of the peak in specific-heat data [16,17].
Magnetization under FC condition increases steeply below
TN because of the spontaneous magnetization. Both the ZFC
and FC separation and a steep increase in FC magnetization
were clearly seen also for Ca1−xNaxCr2O4 ( 2

3 � x � 0.95)
as shown in Fig. 4. The separation is most likely due to AFM
transition because a typical spin-glass transition does not show
such a large and steep enhancement of FC magnetization.
Preliminary neutron diffraction measurement for x = 0.85
has detected magnetic Bragg peaks at 2 K. Therefore, the
temperature at the ZFC-FC separation is regarded as T N here.
The compositional dependence of TN is shown in Fig. 5. TN

decreases with decreasing x down to x = 0.75 according to
T N = 25 + 100x. The extrapolated T N value at x = 0 is very
close to the T N of β-CaCr2O4, which was estimated from
specific heat [15]. Linear decrease in T N has been observed
also in isostructural Ca1−xNaxV2O4 [29].

Below x = 0.6, typical spin-glass behavior was observed
as shown in Fig. 4. Spin-glass transition temperature T SG is
also plotted in Fig. 5. The V oxide also has a spin-glass-like
phase next to the AFM phase [30,31]. Interestingly, in case
of the Cr oxide, the glassy behavior persists even for 2

3 �
x � 0.95. There is a peak in the temperature dependence of
magnetization under the ZFC condition (see data with x = 0.7,
0.8, and 0.9 in Fig. 4). The peak is different from the one which
is caused by dynamics of magnetic domains as is typically seen
just below the FM transition temperature in many ferromagnets
because there is a large difference between magnetizations
under ZFC and FC conditions above the peak temperature. In
addition, the x dependence of the peak temperature appears
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FIG. 5. AFM transition temperature T N (circles) and spin-glass
transition temperature T SG (squares) as functions of Na content x.
The open squares show the temperature where ZFC magnetization
under 0.001 T has a peak. The broken line is T N = 25 + 100x, and
the dotted line is a guide for the eye.

to be continuous from the x-T SG curve below x = 0.6, as
seen in Fig. 5. The T SG for 2

3 � x � 0.95 was determined by
the peak temperature of ZFC magnetization under 0.001 T.
The coexistence of the glassy behavior with the canted AFM
ordering is not due to the compositional phase separation
because the T N and T SG values clearly depend on the x value.
The spin-glass behavior may be caused by local inhomogeneity
of magnetic interactions. The ligand holes, which carry the
FM interactions, are trapped by random potential due to
distribution of Na and Ca ions, as suggested by variable-range
hopping of electrical resistivity for 0.2 � x � 0.95 shown in
the following. NaCr2O4 does not show the glassy behavior
and its temperature dependence of the resistivity follows
Arrhenius-type behavior [16].

Magnetization curves of selected samples are shown in
Fig. 6. Spin-flop transitions are seen at H C = 3.5 and 2.5
T for x = 1 and 0.95, respectively, while no clear transition is
observed for x � 0.9. Only 5% difference in the Cr valence
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FIG. 6. (Color online) Magnetization curve of Ca1−xNaxCr2O4
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FIG. 7. Spontaneous magnetization (a) and magnetic susceptibil-
ity (b) of Ca1−xNaxCr2O4 at 2 K. The closed circles and open squares
represent the data estimated from the magnetization curves between
0.1 and 1 T and between 6 and 7 T, respectively.

eliminates the transition, which points out that the spin-flop
transition is relevant to the spin frustrations [17] and not to
the magnetic anisotropy of crystallographic origin. This is
because magnetic ordering with spin frustrations is generally
very sensitive to the randomness of the interactions, whereas
the anisotropy of crystallographic origin is robust. Considering
the x-H magnetic phase diagram at 2 K, the AFM phase for
2
3 � x � 0.9 corresponds to the AFM phase for x = 1 above
H C (phase AF II in Ref. [17]). Also, for Ca1−xNaxV2O4, the
AFM phase for a lower x value at zero field corresponds to
the AFM phase for x = 1 at a higher field (phase AF2 in
Ref. [29]). These similarities between the V and Cr oxides
imply common physical background for the magnetic states.
Spin frustrations are the possible background because they are
expected for both compounds [17,32].

Spontaneous magnetization at 2 K was estimated from
the magnetization curve between 0.1 and 1 T, and between
6 and 7 T. The values for the lower and higher fields are
distinguished by the indices “low” and “high,” respectively.
As shown in Fig. 7, M low

S , M
high
S , and χ low reach maxima

at x = 0.85, although T N, C, and � change monotonically
as shown above. The lattice constants also show monotonic
dependence on x [16]. If the FM interactions mediated by
holes cause only the canting of magnetic moments on Cr ions,
the maximum of MS would occur when the FM interactions
are at maximum, namely, at x = 1. Obviously, this is not the
case, and so it is expected that the periodicity of magnetic
structure also depends on x. As supported by preliminary
neutron diffraction and muon spin rotation measurements [33],
NaCr2O4 has a commensurate magnetic structure, whereas
β-CaCr2O4 has an incommensurate one [15].

Magnetic susceptibility for x = 1, 0.95, and 0.9 is shown
together with M/H data in Fig. 8. The magnetic susceptibility
for x = 1 shows a clear peak at T N, which is typical of the
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FIG. 8. (Color online) Magnetic susceptibility (closed markers)
and M/H under H = 1 T (open markers) of of Ca1−xNaxCr2O4 (x =
0.9, 0.95, and 1). The magnetic susceptibility was estimated from
magnetization curves between 0.1 and 1 T.

AFM transition. On the other hand, no peak is detected in the
susceptibility for x = 0.9, although the susceptibility deviates
from M/H below T N. This is in contrast to the clear separation
between the ZFC and FC data shown in Fig. 4. Although
the origin of the absence of the χ peak is unclear at the
moment, it seems to be consistent with the absence of the
peak in the temperature dependence of the specific heat shown
later. It should be pointed out that the AFM state for x = 0.9
corresponds to the AFM state for x = 1 above H C because
NaCr2O4 has a similar χhigh-T curve [17]. This is consistent
with the expectation obtained from the x-H magnetic phase
diagram.

All the samples show electrically insulating behavior as
shown in Fig. 9. Arrhenius-type behavior is observed for x =
0.1 and 1 and the energy gap was estimated to be � = 1.65 ×
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FIG. 9. (Color online) Electrical resistivity of Ca1−xNaxCr2O4

for x = 0.1 (blue downward triangles), 0.6 (green upward triangles),
0.9 (yellow squares), and 0.95 (red circles). The lines connect the
observed data and the markers are placed every 50 data points. The
broken and solid lines are for the bottom and top axes, respectively.

103 K for x = 0.1, and 0.54 × 103 K for T < T N and 1.33 ×
103 K for T > T N for x = 1. On the other hand, for 0.2 � x �
0.95, ln ρ shows linearity against 1/T 1/4, rather than against
1/T , strongly suggesting variable-range hopping (VRH) in
the compounds [34]. Thus, Anderson localization most likely
takes place for 0.2 � x � 0.95 due to the random potential
caused by random distribution of Ca and Na ions.

VRH in Ca1−xNaxCr2O4 strongly suggests the compound
would show metallic conductivity for 0.2 � x � 0.95 in the
absence of the random potential. This is quite reasonable
because ligand holes tend to be itinerant as is expected from
the Zaanen-Sawatzky-Allen (ZSA) phase diagram [35]. This
diagram, however, can not explain the insulating nature of
NaCr2O4. In general, as the oxidation state of the TM ions
increases, the ECT of the oxide becomes significantly smaller
and the onsite Coulomb interaction becomes slightly larger.
This is because the energy level of the 3d orbitals of the
TM ions becomes lower and the 3d orbitals of the TM
ions contract. In short, a position of the oxide on the ZSA
phase diagram moves leftward and upward with increase in
oxidation. The ZSA phase diagram has been modified to
have an insulating region for ECT < 0 [36], but there is no
metallic region between the insulating regions for ECT < 0
and for ECT > 0; once an oxide becomes metallic by oxidation
it will not become an insulator again by further oxidation.
Therefore, even according to the modified ZSA phase diagram,
NaCr2O4 should remain metallic because Ca1−xNaxCr2O4

would change from an insulator to a metal between x = 0.1
and 0.2 without the random potential. Because the NaCr2O4 is
“reentrant” insulator, we look for possible reasons of insulating
ground state that do not emerge from the modified ZSA phased
diagram. One of the reasons is simply a change in the lattice
parameters [16] that can destroy a metallic ground state. A
more plausible explanation is due to a strong correlation
effect, such as hole-phonon coupling or Coulomb interactions
between the ligand holes. This explanation is supported by
the fact that the insulating state with Arrhenius-type behavior
appears when the Cr valence is exactly 3.5+. Slight deviation
from this valence destroys the insulating state. It should be
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FIG. 10. (Color online) Specific heat of Ca1−xNaxCr2O4. The
main panel and inset show T and T 2 dependencies of CP/T ,
respectively. For monochromatic printouts, the CP/T value at T =
200 K decreases from x = 1 to 0 while that at T 2 = 100 K2 decreases
from x = 0.2 to 1.
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pointed out that the Peierls mechanism is proposed for the
insulating state of K2Cr8O16 [8].

Specific-heat data of Ca1−xNaxCr2O4 are shown in Fig. 10.
Although NaCr2O4 shows a clear peak at T N, the anomaly at
T N is obscure for x = 0.95 and eventually disappears for x =
0.9. This corresponds to the absence of the peak of magnetic
susceptibility for x = 0.9. The double peaks in specific heat
of β-CaCr2O4 agree with the previous report [15]. Although
the CP/T -T 2 curves are not linear even below 7 K for all the
compounds except for β-CaCr2O4 (see inset in Fig. 10), the
curves appear to reach finite values except for NaCr2O4 and
β-CaCr2O4. This behavior seems reasonable because both the
spin-glass state and Anderson localization cause finite specific
heat at 0 K [37,38]. The CP/T -T 2 curves appear to change
qualitatively at around x = 0.6, below which the typical spin-
glass behavior was observed. This implies that major origins
of the finite values of 0-K specific heat change at x � 0.6.

IV. CONCLUSIONS

Magnetic state of Ca1−xNaxCr2O4 changes drastically at
around x = 0.6. The AFM transition appears above x = 2

3

with decreasing T N from x = 1 to 2
3 , while typical spin-

glass behavior is found for 0.1 � x � 0.6. Interestingly, the
spin-glass behavior remains even for 2

3 � x � 0.95 coexisting
with the AFM ordering. The AFM transition is clear in
the temperature dependence of ZFC and FC magnetization,
while it obscurely appears in the temperature dependencies of
magnetic susceptibility and specific heat. The Curie constant
is significantly smaller than the theoretical one, suggesting

large quantum fluctuations due to spin frustrations and/or
one-dimensional spin correlations. The difference between the
observed and calculated values increases with increasing x,
probably because of stronger hybridization between Cr and O
ions for higher x values. Weiss temperature increases from
� = −202 K at x = 0 to 198 K at x = 1. This indicates
that a ligand hole mediates FM interactions of approximately
400 K by double-exchange mechanism. The M low

S , M
high
S , and

χ low at 2 K show an unusual peak at x = 0.85. Periodicity of
magnetic ordering probably depends on x. Electrical resistivity
for x = 0.1 and 1 obeys Arrhenius-type behavior with energy
gaps of � = 1.65 × 103 K, and 0.54 × 103 for T < T N and
1.33 × 103 K for T > T N, respectively. On the other hand,
electrical resistivity for 0.2 � x � 0.95 appears to be governed
by variable-range hopping, and so Anderson localization likely
takes place.
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