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Abstract
Two new CaFe2O4-type compounds, NaV1.25Ti0.75O4 (1) and NaVSnO4 (2) have been prepared at
ambient pressure and temperatures <800°C. This contrasts with the parent material NaV2O4 which is
synthesized at 6 GPa and 1300 °C. The lattice parameters are a = 9.1500(4) Å, b = 2.9399(3) Å and c =
10.6568(5) Å for 1 and a = 9.3083(6) Å, b = 3.0708(2) Å and c = 10.9194(5) Å for 2 (space group
Pnma). Structure refinement against neutron powder diffraction data reveals that V/Ti and V/Sn are
disordered over two octahedral sites. Both materials are characterized by a magnetic transition near 150
K below which the Curie moment is reduced from a value consistent with V3+ [0.75 emu molV-1 K-1 for
1 and 0.58 emu molV-1 K-1 for 2] to 0.23 emu molV-1 K-1 for 1 and 0.30 emu molV-1 K-1 for 2, signaling
a 70-50 % reduction in the paramagnetic moment. The Weiss temperature (θ) is reduced from -285 K
(1) and -138 K (2) to values close to 0 K, suggesting that the remaining spins are dilute and weakly
interacting. Heat capacity measurements reveal a gradual loss of magnetic entropy between 2-150 K,
consistent with short range bulk magnetic ordering. In addition, heat capacity and magnetic
susceptibility measurements reveal a number of weak magnetic transitions below 6 K involving both
antiferromagnetic and ferromagnetic components.
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1. Introduction
The technological importance of functional materials has stimulated the search for synthetic approaches
that afford the stabilization of compounds under comparatively benign conditions.1,2 Thus, accessing
high-temperature and high-pressure phases at more available conditions such as ambient pressure
and/or low temperature are very important steps in materials synthesis. For example, neither BiMnO3
nor BiNiO3 can be obtained at ambient pressure.3 However, a perovskite type structure, ABO3, with
Bi3+ on the A site was made at one atmosphere by mixing Mn4+ and Ni2+ on the B site to give
BiMn2/3Ni1/3O6.4 This was remarkable for the multiferroic field because it opened up a pathway for the
synthesis at ambient pressure of magnetic and polar perovskites (other than BiFeO3) by combining
different ions on the B-site.5 Similarly, diluting the magnetism in the Laves phase, NdFe2, by mixing
Nd and Ce made the synthesis at ambient pressure of this phase possible.6
The peculiar architecture and chemical diversity of the calcium ferrite (CaFe2O4) structure suggests a
field for intriguing physical properties.7 In this structure type, zig-zag chains of edge-shared octahedra
(FeO6) form pseudo-triangular channels where the electropositive cation (Ca2+) resides. The presence
of triangular magnetic chains gives rise to geometric frustration and has resulted in complex magnetic
behavior.8, 9 In the quasi-1D compound CaV2O4, two competing antiferromagnetic (AFM) interactions
between V3+ ions (S=1) were identified and result in magnetic frustration.10, 11 At temperatures between
108 and 145 K, a structural transition to a monoclinic phase (space group P21/n) occurs and removes
the degeneracy between the exchange constants. An AFM transition then arises between TN ≈ 51 to 76
K. The temperature of both the structural phase transition and the magnetic ordering were found to be
sample dependent.11 CaV2O4 is an electrical insulator.12 When Ca2+ is replaced by Na+ in
Ca1-xNaxV2O4, complex magnetic behavior is observed with non-collinear AFM ordering and a metal to
insulator transition for x=0.75 and 0.67.13 When all the Ca2+ ions are replaced with Na+, the mixed
valence of V3.5+ results in metallic conductivity down to 40 mK that coexists with a non-collinear spin3

density wave (SDW) AFM ordering below TN = 140 K.14, 15 As for many oxides of the calcium-ferrite
family, only a high pressure route yielded the desired NaV2O4 structure.
Here we report the synthesis at ambient pressure and characterization of NaV1.25Ti0.75O4 (1) and
NaVSnO4 (2). Diluting the magnetic sublattice of NaV2O4 with Ti and Sn therefore affords CaFe2O4
type materials to be obtained at ambient pressure. Difficult synthetic conditions (1200°C and a
resistance furnace) are also used to get NaTi2O4 from Na metal and TiO2,16, 17 although small crystals of
NaTi2O4 were obtained from Na8Ti5O14 and Ti at 770°C using a KCl/NaCl flux.18 Overall, the
relatively soft conditions used here to obtain 1 and 2 are of interest. It has recently been demonstrated
that Na+ in NaV2O4 becomes mobile above 250K, offering possible application in electrochemical
energy devices.19 Therefore, we believe that the easy synthetic access to 1 and 2 demonstrated here is a
remarkable step in fully exploiting the physical properties of these calcium ferrite-type compounds.

2. Experimental
The initial aim was to prepare Na2V2(Ti/Sn)O6 honeycomb-type compounds similar to Na2Co2TeO6
which some of us worked on previously.20 The following starting materials were used: Na2CO3 (Fluka,
>98.0%, annealed at 200°C overnight to remove moisture), V2O3 (Sigma-Aldrich, 99%), TiO2
nanopowder (ABCR) and SnO2 (Sigma Aldrich, 99.9%). In the preliminary reactions undertaken (0.5
gram scale), the precursors were mixed in a Na:V:Ti(Sn) ratio of 2:2:1, pressed into pellets and
annealed under flowing nitrogen at 500°C (2 days) and twice at 650°C (2 × 2 days). The samples were
contained in Al2O3 crucibles and 10% excess Na2CO3 was added to compensate for loss due to
volatilization. This led to the identification of CaFe2O4-type compounds for the Ti and Sn based
compositions (Fig. 1). Attempts to form CaFe2O4-type compounds (i.e. NaVTiO4 and NaVSnO4) from
a 1:1:1 ratio of the starting materials led to the observation of increased amounts of impurities,
including Na-V-O phases (NaVO3, Na2V2O5, and Na3VO4,) for Ti and SnO2 for Sn (Fig.1). The
4

Na:V:Ti(Sn) ratio was subsequently varied and ratios of 2:1.8:1 and 2:1.4:1 were tried with the latter
giving the best sample purities (Fig. 1). After these preliminary steps the synthesis conditions were
optimized and the following conditions were used to prepare 1 and 2 (0.5 gram scale): The first heating
step was 2 days at 650°C followed by homogenization using mortar and pestle, and subsequent heating
for 3 days at 700°C (NaV1.25Ti0.75O4) and for 3 days at 750°C (NaVSnO4), with one intermediate
grinding in each case. All steps were done under a N2 atmosphere. The furnace ramp rates were
150°C/h upon heating and cooling. A starting temperature higher than 650°C resulted in a melt where
the material poured through the crucible pores, while a final temperature higher than 750°C resulted in
a larger number of impurities. The obtained black powders were checked for purity by X-ray powder
diffraction (XRD) using a STOE diffractometer with monochromated Cu Kα1 radiation. Neutron
powder diffraction (NPD) data were collected on 2 gram samples at the Institut Laue Langevin
(France) on the super-D2B diffractometer with neutrons of wavelength 1.594 Å over the range of 10 to
155° with a 0.05° step size. The NPD sample for compound 2 contained a substantial amount of
unreacted V2O3 that was not present in the smaller sample used for the physical property
measurements. Rietveld refinement was performed using the GSAS suite of programs.21 The magnetic
properties were investigated with a Quantum Design Magnetic Property Measurement System. Zerofield-cooled (ZFC) and field-cooled (FC) magnetization data were taken between 2 and 300 K in
applied magnetic fields of 0.01 and 1T. Field dependent magnetization data were recorded at 2 and 5 K
for 1 and at 2, 5 and 10 K for 2. AC susceptibility measurements were recorded using the Quantum
Design Physical Properties Measurement System (PPMS) AC/DC magnetometer option with an AC
drive field of 10 Oe, oscillating at 0.1, 2.5, 5.0, and 10.0 kHz for 1 and 0.01, 5.0, and 10.0 kHz for 2.
The heat capacity was measured between 1.9-20 K using the heat capacity option of the PPMS. The
isostructural nonmagnetic NaScTiO4 sample was prepared as described elsewhere and was used to
extract the lattice contribution to the specific heat of the title compounds.22
5

3 Results
3.1 Crystal structure
The synthesis procedure has been described in the experimental section and the most striking feature is
that excess Na and V are needed for successful formation of 1 and 2. This will be discussed after
determination of the experimental compositions of 1 and 2 from neutron powder diffraction.
The NPD data collected on 1 and 2 were indexed with an orthorhombic unit cell in the space group P n
m a (No. 62). The unit cell parameters of the new compounds and reported values for NaV2O4 and
NaTi2O4 are presented in Table 1. This reveals that the lattice parameters for 1 fall in between those for
NaV2O4 and NaTi2O4, while 2 has a substantially increased unit cell volume, consistent with the larger
size of Sn4+ (rV3+= 0.78 Å, rTi4+ = 0.745 Å; rSn4+ = 0.83 Å;),23 and the cell metrics of NaFeSnO4 (Table
1). The initial structural model was based on CaFe2O4, in which Na replaces Ca while V and Ti(Sn)
occupy the Fe sites.24 This model readily converged and gave a good quality of fit. The final Rietveld
fits are shown in Figures 2a and 2b, and the fitted atomic positions, thermal displacement parameters
and fit statistics are listed in Table 2. The refined stoichiometry of the compounds are
Na0.97(1)V1.23(2)Ti0.77(2)O4 and Na0.98(2)V1.04(2)Sn0.96(2)O4. A simplified notation of NaV1.25Ti0.75O4 (1) and
NaVSnO4 (2) is used throughout the paper. Table 3 contains a selection of bond distances and angles,
while a polyhedral representation of the structure is given in Figure 3. It was necessary to restrain the
thermal displacement parameters for both samples as free refinement led to small values for the M1 and
M2 sites, but this likely reflects the difficulty in identifying a correct background, and does not affect
the refined compositions. The linearly decreasing background for 2 suggests the presence of a
substantial amorphous phase, while this sample also contains 9.7(1) wt% of unreacted V2O3. Please
note that both 1 and 2 also contain Na-V-O phases, in particular NaVO3 which is readily identified in
X-ray diffraction (e.g. 8 wt% for 1) but only results in weak reflections in the neutron data.
6

The structures of 1 and 2 contain double rows of edge-sharing (M)O6 octahedra which run
along the b-axis, and share corners to enclose a pseudo-triangular channel which is occupied by the Na+
ions (Fig. 3a). Within the double chains the M cations have an edge-sharing triangular arrangement,
leading to the potential for magnetic frustration (Fig. 3b, c). There are two types of double chains: the
first contains the M1 site, while the second contains the M2 cations (Table 1 and Fig. 3). The shortest
M-M distances are equal to the b axis (2.94 Å for 1 and 3.07 for 2), while the diagonal distances are
3.00 Å (M1-M1) and 3.08 Å (M2-M2) for 1 and 3.16 Å (M1-M1) and 3.21 Å (M2-M1) for 2,
respectively. These distances are short enough to support direct bonding between the metals. There are
two slightly longer interchain M1-M2 distances, and these metals are separated by an oxygen anion.
The first, along the a axis, is 3.56 Å for 1 and 3.59 Å for 2, and the second, along the c axis, is 3.64 Å
for 1 and 3.69 Å for 2. The MO6 octahedra are slightly distorted but this is common for this class of
materials. Defining the distortion factor as the ratio between the longest and shortest bond gives values
of 1.05 (M1) and 1.03 (M2) for 1 and 1.02 (M1) and 1.05 (M2) for 2. Similar distortions were observed
in NaV2O4 and NaTi2O4 where the site-averaged distortion factors are 1.02 and 1.04 respectively.14, 17
The distortion ratios for NaScSnO4 and NaFeSnO4 are 1.03 and 1.02, respectively.22 The M(n)-O-M(n)
angles within the double chains range from 93-100° for 1 and from 95-100° for 2. The M1-O-M2
angles between the chains are 126.4° and 131.7° for 1 and 124.2° and 130.9° for 2. The local moment
magnetism discussed below suggests that superexchange may be an important factor in addition to the
direct bonding between the M centers, and the observed M-O-M angles suggest a mixture of
ferromagnetic (FM) and AFM interactions. The oxidation state of vanadium is expected to be +3.3 for
1 based on the refined stoichiometry and +3 for 2. The bond valence parameters for V3+ and Ti4+ are
almost identical,25 and bond valence sums (BVS) of 3.33 (M1) and 3.44 (M2) were calculated for 1.
These values are in good agreement with the average nominal charge per transition metal (+3.5). The
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BVS calculation for 2 used an average bond valence parameter (1.78 for V and 1.905 for Sn) which
yielded sums of 3.4 (M1) and 3.0 (M2), in reasonable agreement with the expected charge.
Inspection of Figure 1 reveals variations in cell parameters as the ratio of the reactants is
changed, suggesting that a degree of NaV2-xTixO4 and NaV2-xSnxO4 solid solution formation occurs.
The cell volumes of 1 and 2 and the known end-members (Table 1) are plotted in Figure 4, enabling an
estimate of the range of compositions that can be obtained by variation of the starting composition.
NaV2O4 (x = 0) contains a 1:1 mixture of V3+ and V4+ and it is reasonable to expect that V4+ is replaced
by Ti4+/Sn4+, followed by the replacement of V3+ by Ti3+, while further substitution of Sn4+ is not
possible, unless V2+ is stabilized. The presence of either Ti3+ or V2+ is doubtful under the mildly
reducing atmospheres and moderate temperatures employed, suggesting an upper limit of x = 1 for the
samples studied here. The presence of two substitution regimes is supported by the data on the
NaV2-xTixO4 series which do not follow a linear interpolation between the end-members (see Fig. 4a).
Due to the paucity of data points we have assumed two linear regimes with the crossover point at x = 1.
This enables us to estimate the compositions for the other starting ratios as follows: x = 0.60 (2:2:1;
xnominal = 0.67), 0.65 (2:1.8:1; xnominal = 0.71), 0.68 and 0.75 (2:1.4:1; xnominal = 0.83) and 0.95 (1:1:1;
xnominal = 1), indicating a solubility range of 0.60 ≤ x ≤ 0.95 for the Ti substituted samples. Here, the
xnominal have been calculated from the V:Ti ratio in the starting mixture. The experimental compositions
therefore follow the V:Ti ratio in the starting mixture reasonably closely. In case of the NaV2-xSnxO4
series, the 2:2:1 - 2:1.4:1 starting ratios (0.67 ≤ xnominal ≤ 0.8) all yield experimental values close to x =
1 (Fig. 4b). The exception is the 1:1:1 sample, which contains a small amount of a CaFe2O4-type phase
with a cell volume consistent with x = 0.41 (Figs. 1, 4). One of the most striking observations is
therefore that the 1:1:1 starting composition yields the least pure samples for both series. For the Ti
1:1:1 reaction, NaVO3, Na2V2O5 and Na3VO4 are observed in the XRD data, while a large amount of
unreacted SnO2 is evident for the 1:1:1 Sn sample. The key difference is that the 1:1:1 Ti reaction
8

yields x = 0.92 which is close to that expected (x = 1), whereas the CaFe2O4 phase for the 1:1:1 Sn
sample has x = 0.4, consistent with the observed presence of unreacted SnO2. The starting
compositions that lead to better quality samples are rich in Na and V (Fig. 1), suggesting that low
melting point Na-V-O phases are present and improve the reaction kinetics. The most commonly
observed phase is NaVO3 which has melting point 630 °C. Complete identification of the Na-V-O
phases present is difficult due to the often low symmetries and weak XRD reflections. The improved
sample quality for the 2:2:1 – 2:1.4:1 starting ratios occurs because the flux phases do not compete with
the formation of the CaFe2O4-type phase by reducing the amount of V available. This leads to
improved yields, but in the presence of residual Na-V-O phases.

3.2 Magnetism
The high-pressure phase NaV2O4 is metallic from resistivity and heat capacity measurements and has
an incommensurate AFM spin density wave transition at 140 K. Despite the itinerant nature of the
charge transport, the magnetism is Curie-Weiss type with paramagnetic moments typical for a mixture
of spin-only V3+ (S = 1) and V4+ (S = 1/2). The structural analysis described above reveals that 1 and 2
have a diluted magnetic sublattice, and that the oxidation state of V is pushed towards +3. For 1, the
M1 site is almost equally (55/45) occupied by V/Ti, while the M2 site has a 70/30 V/Ti occupancy. For
2, both M1 and M2 sites are approximately 50% occupied by Sn. The experimental inverse magnetic
susceptibilities (main panels), and the low temperature susceptibilities (insets) for 1 and 2 are shown in
Figures 5a, b. The inverse susceptibilities evidence two Curie-Weiss regimes with a transition near 150
K. The fitted high-temperature (170-300 K) Curie constants (C) and Weiss temperatures (θ) are C =
0.75 emu molV-1 K-1 and θ = -285 K for 1 and C = 0.58 emu molV-1 K-1 and θ = -138 K for 2. The fitted
low-temperature (5-75 K) values are C = 0.23 emu molV-1 K-1 and θ = -7.8 K for 1, and C = 0.30 emu
molV-1 K-1 and θ = -9 K for 2. The samples therefore lose about 70-50% of their Curie moment below
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150 K. This temperature closely coincides with the SDW ordering temperature in NaV2O4. The absence
of a sharp ordering transition suggests that our randomly diluted magnetic sublattices exhibit short
range AFM order. This is supported by the large reduction in Weiss temperature (θ < 10 K below 75 K)
suggesting that the remaining residual spins are well separated and do not interact very strongly. The
larger fraction of remaining paramagnetic spins for 2 is in keeping with the larger magnetic dilution for
that compound. The calculated paramagnetic moments are 2.5 µB (1) and 2.2 µB (2) in the hightemperature regime, and decrease to 1.4 µB and 1.6 µB in the low-temperature domain. The expected
spin-only value for V3+ (S = 1) is 2.82 µB which is close to the observed experimental high-temperature
values. Better agreement can be obtained for 1 by assuming a mixture of 0.25 V4+ (S = 1/2) and 1 V3+
which yields a spin-only moment of 2.65 µB. The low field magnetic susceptibilities evidence AFM
transitions that are readily suppressed in an applied field of 1 T (insets to Fig. 5a, b), lending further
support for the weakly interacting dilute nature of the residual spins. The field dependence of the
magnetization for 1 and 2 at low temperatures are shown in Figure 6a, b. Both samples show a small
magnetic hysteresis at 2 K (insets to Fig 6a, b), indicating weak FM interactions, while this disappears
at 5 K and the magnetization remains Brillouin like. The low temperature magnetic transitions were
further probed using AC susceptibility measurements which are shown in Figure 7a, b. For 1, M’
shows a broad AFM transition with maximum at Tm’=5.75 K (Fig. 7a). This maximum occurs at a
temperature somewhat higher than in the DC data (Tm = 4 K). There is no frequency dependence of
Tm’ and there is no signature of a spin-glass transition. In the imaginary component, M’’, a sharper
transition is apparent at Tm’’= 5.38 K. For 2 the DC and the M’ data are in good agreement (Fig. 7b)
with a sharp AFM transition at Tm’= 4K (Tm = 3.5 K). In the imaginary part (M’’) the transition at 4 K
is absent and only a small cusp appears at Tm’’= 2.9 K which corresponds to the slight divergence at
2.8 K seen in the DC measurements.
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3.3 Heat capacity
The temperature dependence of the heat capacity (Cp) of compound 1 and 2, and the nonmagnetic
analogue NaScTiO4 are shown in Figure 8a. The data for the reference sample was corrected for the
difference in formula weight and scaled at high-temperatures, so that an estimate of the magnetic
contribution to the heat capacity can be made. No transitions were evident near 150 K. The inset shows
the low temperature behavior of Cp/T which reveals the presence of two broad anomalies at
temperatures consistent with the transitions observed in the magnetic susceptibility data (4 K for 1 and
3.5 K for 2). The magnetic contribution to the heat capacity was obtained by subtraction of the lattice
contribution of the diamagnetic analogue, and is plotted as ∆Cp/T in Figure 8b. This reveals extremely
broad features for both samples with maxima between 25-50 K, as well as the low temperature
transitions that were already evident from Figure 8a. Integration of the ∆Cp/T data yields magnetic
entropies of 10.3 J mol-1 K-1 and 9.7 J mol-1 K-1 for 1 and 2, respectively. These values are in good
agreement with the calculated [Rln(2S+1)] values of 10.5 J mol-1 K-2 (mixed S = 1 and S = ½ system)
and 9.1 J mol-1 K-1 for 2 (S = 1). The temperature dependence of the magnetic entropy is shown in
Figure 8c. This reveals a rapid release of magnetic entropy up to 50 K (~90% of the total recovered),
and no further significant increase above 100 K. Despite the uncertainty caused by the presence of the
Na-V-O phases in these samples, this clearly demonstrates that the reduction in Curie moment
observed in the susceptibility data is a bulk effect. The broad nature of the magnetic transition suggests
that the AFM ordering is extremely short ranged, and perhaps even dynamic.

4. Discussion
Two new CaFe2O4-type compositions, NaV1.25Ti0.75O4 75O4 (1) and NaVSnO4 (2) were successfully
synthesized at ambient pressure and 700-750 °C under a nitrogen atmosphere. This contrasts with the
synthesis of NaV2O4 at high pressure and 1500°C, and of NaTi2O4 which was obtained by reacting
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metallic Na with TiO2.16 The samples were obtained using an optimized Na:V:Ti(Sn) = 2:1.4:1 starting
ratio. Any attempts to move the starting composition closer to the compositions obtained from neutron
powder diffraction led to samples of poorer phase purity. However, the data do demonstrate a
considerable degree of solid solution formation. For NaV2-xTixO4, values between 0.6 ≤ x ≤ 0.95 were
observed, while the observation of a minor phase with x = 0.41 for NaV2-xSnxO4 suggests that this
series also exists over a wider interval. In both cases, the experimental compositions imply an upper
limit of x = 1 (Fig. 4), which is consistent with the mild reducing conditions, and the need to stabilize
Ti3+ or V2+ for x > 1. The apparent necessity for an excess of Na and V suggests low melting point NaV-O phases, including NaVO3, serve as a flux that speeds up the reaction. This is reminiscent of e.g.
the NaCl-KCl eutectics that were used to obtain NaTi2O4 from Na8Ti5O14 and Ti at moderate
temperatures.18 Further improvements in synthesis methodology are needed to obtain phase pure
samples but these results demonstrate that CaFe2O4-type compounds can be obtained using the
relatively benign conditions used here. The crystal structure of 1 and 2 contains double chains of edge
sharing MO6 octahedra. This leads to a geometrically frustrated arrangement of the M cations (Fig. 3).
For the samples presented here, the M1 double chains are diluted by 50% for both compositions, while
the M2 chain is 30% diluted for 1 (Ti) and 50% diluted for 2 (Sn). The average magnetic dilution is
37.5% for 1 and 50% for 2. The magnetic susceptibilities clearly evidence a reduction in Curie
paramagnetic moment below 150 K, which is consistent with AFM ordering of the majority of the
spins, leaving a small fraction of weakly interacting residual spins. In both cases, a very small magnetic
hysteresis is observed suggesting the presence of a FM component to the interactions between the
dilute spins. The heat capacity results are consistent with short range AFM ordering, and the large
recovered magnetic entropies reveal that this is a bulk effect. Similar broad magnetic contributions to
the heat capacity and dilute low-temperature magnetism were observed in ordered A2YMoO6 double
perovskites, where the majority of S = ½ spins forms a valence bond glass at ~150 K, while a small
12

fraction of residual paramagnetic spins shows a spin-glass transition at T<2 K for A = Ba,26 whereas
for A = Sr a FM transition is observed at 10 K.27

5. Conclusions
Two new CaFe2O4-type compounds, NaV1.25Ti0.75O4 and NaVSnO4 are reported, and their crystal
structures were refined from powder neutron diffraction. They are obtained at ambient pressure and
relatively low temperature (650-700°C) unlike the isostructural NaV2O4 which is prepared at high
temperature (>1300°C) and high pressure (6GPa). The more benign synthetic conditions are attributed
to presence of low-melting point Na-V-O phases in the reaction mixture that serve to improve the
kinetics. This makes CaFe2O4 structures containing Na and V more accessible, and their exploration in
fields such as batteries or materials with peculiar magnetism more appealing. Further work, including
the growth of single crystals of both compounds, would be of interest in studying the magnetic
structure and the transport properties.
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Table 1. Lattice parameters for NaV1.25Ti0.75O4 and NaVSnO4 from neutron diffraction analysis: Space
group Pnma (No.62). The cell parameters and volume for the isostructural. NaV2O4, NaTi2O4 and
NaFeSnO4 are shown for comparison.
Compound

a(Å)

b (Å)

c (Å)

V (Å3)

Ref

NaTi2O4
NaV1.25Ti0.75O4
NaV2O4
NaVSnO4
NaFeSnO4

9.262(1)
9.1500(4)
9.130(1)
9.3083(6)
9.331(4)

2.9556(3)
2.9399(2)
2.8844(4)
3.0708(2)
10.970(5)

10.7537(7)
10.6568(5)
10.628(1)
10.9194(6)
3.060(1)

294.36(5)
286.67(3)
279.91(6)
312.12(3)
313.2(1)
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This work
12

This work
24

16

TABLE 2. Structural parameters for NaV1.25Ti0.75O4 and NaVSnO4 at room temperature. Space group:
P n m a (No. 62). All atoms are in site 4c (x, ¼, z).

Na

M1

M2

O1

O2

O3

O4

x
z
Uiso (Å2)
Occ.
x
z
Uiso (Å2)
Occ.
x
z
Uiso(Å2)
Occ.
x
z
Uiso(Å2)
x
z
Uiso(Å2)
x
z
Uiso(Å2)
x
z
Uiso(Å2)
wRp (%)
Rp (%)
χ2

NaV1.25Ti0.75O4
0.2445(6)
0.3503(6)
0.0057(5)
0.97(1)
0.065(1)
0.109(1)
0.0057(5)
V/Ti: 0.55(1)/0.45(1)
0.080(2)
0.604(1)
0.0057(5)
V/Ti 0.68(1)/0.32(1)
0.2892(4)
0.6480(3)
0.0057(5)
0.3876(4)
0.9793(3)
0.0057(5)
0.4789(4)
0.2173(3)
0.0057(5)
0.0758(4)
0.9274(3)
0.0057(5)
4.0
2.8
10.5

NaVSnO4
0.2448(5)
0.3471(6)
0.0047(3)
0.98(2)
0.0663(7)
0.1132(5)
0.0047(3)
V/Sn: 0.56(1)/0.44(1)
0.0842(6)
0.6075(4)
0.0047(3)
V/Sn: 0.48(1)/0.52(1)
0.2924(3)
0.6533(3)
0.0047(3)
0.3840(3)
0.9818(3)
0.0047(4)
0.4781(3)
0.2171(2)
0.0047(4)
0.0762(3)
0.9272(2)
0.0047(4)
1.4
1.1
3.2
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TABLE 3. Selected bond distances, Bond Valence Sums and bond angles for NaV1.25Ti0.75O4 and
NaVSnO4.
Bonds distances (Å)

NaV1.25Ti0.75O4

NaVSnO4

M1-O1 (2×)
M1-O3 (1×)
M1-O4 (2×)
M1-O4 (1×)
Average bond
Average bond in NaV2O4 (V1-O)
Average bond in NaTi2O4 (Ti1-O)
BVS

2.027(8)
2.01(1)
1.995(8)
1.94(1)
1.99 (1)
1.972
2.025
3.33

2.069(5)
2.026(7)
2.076(5)
2.033(6)
2.058(9)

M2-O1 (1×)
M2-O2 (2×)
M2-O2 (1×)
M2-O3 (2×)
Average bond
Average bond in NaV2O4
Average bond in NaTi2O4
BVS

1.96(2)
2.014(9)
1.99(2)
1.97(1)
1.986(9)
1.981
2.002
3.44

2.975

M1-M1 (×2)
M1-M1 (×2)
M2-M2 (×2)
M2-M2 (×2)
M1-M2 (×2)
M1-M2 (×2)

2.9407(2)
3.00(2)
2.9407(2)
3.08(3)
3.56(2)
3.64(2)

3.0711(1)
3.16 (1)
3.0711(1)
3.21(1)
3.598(8)
3.690(6)

Bond angles (°)
M1-O1-M1 (×1)
M1-O4-M1 (×2)
M1-O4-M1 (×1)

93.0(5)
99.4(4)
95.0(5)

95.8(3)
100.6(2)
95.4(3)

M2-O2-M2 (×1)
M2-O2-M2 (×2)
M2-O3-M2 (×1)

93.8(6)
100.3(5)
96.5(6)

95.1(2)
100.4(2)
98.2(2)

M1-O1-M2 (×2)
M1-O3-M2 (×2)

126.4(4)
131.7(3)

124.2(2)
130.9(1)

3.4
2.001(6)
2.081(4)
2.103(6)
2.031(3)
2.05(1)
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Figure 1. X-ray diffraction patterns of the products from reactions between varying ratios of (a)
Na:V:Ti and (b) Na:V:Sn. The Bragg reflection markers are for NaV1.25Ti0.25O4 and NaVSnO4. Peaks
marked with an asterisk (*) correspond to Na-V-O phases (i.e. NaVO3, Na2V2O5, and Na3VO4) and
peaks marked with a “circled +” correspond to SnO2.
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Figure 2. Observed (open circles), calculated (solid red line) and difference Rietveld profiles for fits to
super-D2B neutron powder diffraction data collected on (a) NaV1.25Ti0.75O4 and (b) NaVSnO4. Markers
correspond to the Bragg positions for the main CaFe2O4-type phase (top line) and a 10 wt% unreacted
V2O3 phase (bottom line) in the NaVSnO4 sample.
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Figure 3. Schematic representation of the CaFe2O4-type crystal structure. a) view along the b axis: The
transition metals (M1 - black spheres and M2 - black octants) are octahedrally coordinated by oxygen.
Na ions, shown in gray, are found inside the channels formed by the MO6 double chains. b) view along
the c axis: Infinite columns of double rows of edge-shared MO6 octahedra run parallel to the b axis.
Each double row is made of one crystallographic site, M1 and M2. c) view of the double chains along
the a axis.

b.
a.

c.

Mn-Mn (n = 1, 2; Blue line): 2.941 (3.071) Å
M1-M1 (Black line): 3.00 (3.16) Å
M2-M2 (Yellow line): 3.08 (3.21) Å
M1-M2 (Green line): 3.56 (3.59) Å
M1-M2 (Cyan line): 3.64 (3.69) Å
[distances are for 1 and 2 (in brackets)]
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Figure 4. Composition dependence of the unit cell volume for the (a) NaV2-xTixO4 and (b)
NaV2-xSnxO4 series. Solid black circles are known compositions from this study and from the literature
(see Table 1). Open circles correspond to the cell volumes of samples prepared at different starting
ratios, where linear interpolation between known compositions has been used to estimate the
composition (see text). An indication of the expected oxidation states is also given.
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Figure 5. Temperature dependence of the inverse magnetic susceptibility for (a) NaV1.25Ti0.75O4 and
(b) NaVSnO4; the blue lines are fits to the Curie-Weiss law (see text). The insets illustrate the magnetic
transitions at low temperatures.
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Figure 6. Field dependence of the magnetization at 2 and 5 K for NaV1.25Ti0.75O4 (a) and at 2, 5 and 10
K for NaVSnO4 (b). The insets illustrate the magnetic hysteresis at low temperature.
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Figure 7. Temperature dependence of the real (M’) and imaginary (M”) components of the alternating
current (AC) magnetization for (a) NaV1.25Ti0.25O4 and (b) NaVSnO4.
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Figure 8. Panel (a) shows the temperature dependence of the heat capacity (Cp) for NaV1.25Ti0.75O4 and
NaVSnO4, as well as the non-magnetic analogue NaScTiO4. The data for NaScTiO4 were corrected for
weight difference and scaled to match the data above 175 K. The inset shows the low temperature
behavior of Cp/T. Panel (b) shows the magnetic contribution to the heat capacity plotted as ∆Cp/T
versus temperature. Panel (c) shows the temperature evolution of the magnetic entropy (Smag).
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The NaV2O4 derived compositions NaV1.25Ti0.75O4 and NaVSnO4 were synthesized at ambient pressure
and temperatures <800°C. The facile synthesis is attributed to the presence of low melting point Na-VO phases, including NaVO3. A large reduction in paramagnetic moment is observed, indicative of short
range antiferromagnetic ordering.
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