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ABSTRACT: The structural and magnetic properties of a
glaserite-type Na,BaFe(VO,), compound, featuring a triangu-
lar magnetic lattice of Fe** (S = 2), are reported. Temperature
dependent X-ray single crystal studies indicate that at room
temperature the system adopts a trigonal P3m1 structure and
undergoes a structural phase transition to a C2/¢ monoclinic
phase slightly below room temperature (T, = 288 K). This
structural transition involves a tilting of Fe—O—V bond angles
and strongly influences the magnetic correlation within the Fe
triangular lattice. The magnetic susceptibility measurements
reveal a ferromagnetic transition near 7 K. Single crystal
neutron diffraction confirms the structural distortion and the ferromagnetic spin ordering in Na,BaFe(VO,),. The magnetic
structure of the ordered state is modeled in the magnetic space group C2'/c’ that implies a ferromagnetic order of the a and ¢
moment components and antiferromagnetic arrangement for the b components. Overall, the Fe magnetic moments form
ferromagnetic layers that are stacked along the c-axis, where the spins point along one of the (111) facets of the FeOy4 octahedron.

1. INTRODUCTION of three structure types of naturally occurring minerals, namely,
descloizite,”® brackebuschite,”’ and glaserite.22

In particular, the transition metal—vanadate glaserite
structure type has demonstrated considerable complexity in
both its physical and magnetic phases. Structurally there are a
number of phase transitions that occur from the ideal P3ml
space group to lower symmetry monoclinic phases.”’ It is
known that these phase transitions can be very subtle but can
have a considerable effect on the resultant magnetic properties

The vanadate oxyanion, (VO,)’”, has proven to be an
exceptionally versatile and interesting building block in solids
containing first row transition metal complexes. The unit can
adopt a wide range of structural environments leading to a large
number of new compounds."” Because of the vacant d-orbitals
on the vanadium center, vanadates display a range of unusual
magnetic coupling behavior.”® When this structural versatility

and magnetic complexity are combined, some interesting solid- (vide infra). The structural flexibility of the glaserite phase
state effects can occur.”'’ The tetrahedral bridging group can enables a wide range of substitution of metals ions of various
also introduce 3-fold symmetry, leading to spin frustration,"' "’ sizes, oxidation states, and spin states. As such it can be
which further increases the magnetic complexity.'* It is well- described as a widely adaptable structure type.”* The trigonal
known that extensive vanadate chemistry is obtained from low symmetry adopted in the higher symmetry glaserites can lead to
temperature (ca. 200 °C) hydrothermal synthesis.'” More frustrated spin states, making them a particularly interesting
recently we found that the high temperature hydrothermal group to study.
growth method is an excellent route to new transition metal Vanadate glaserite materials based on first row transition
vanadates.'”"" Hydrothermal reactions at $00—600 °C in metals can be broadly described by the formula of A,A'M-
concentrated hydroxide or halide mineralizers not only (VO,),, where A = monovalent cation, Li*, Na*, K, or Ag*, A’
generate a wide range of new phases but also lead to the = either monovalent or divalent cation, Ag", Sr**, or Ba®, and
growth of large, high quality single crystals. In many cases these M = divalent or trivalent magnetic d-block cation, Co**, Mn™",
crystals can be sufficiently large to enable measurements such as
single crystal neutron diffraction. Our recent work has focused Received: August 10, 2017
on a series of low dimensional metal vanadates that adopt one Published: December 7, 2017
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Ni**, or Fe*". In the case where A = alkali cation and A’ = Ag’,
or both A and A’ are Ag’, then M can be trivalent iron
(Fe**).?>*® Much more commonly, however, A’ is a divalent
alkaline earth ion where the transition metal ion is a divalent
species Co*", Mn**, or Ni**.*”*® There is a range of structure
types adopted by the general glaserite formula, and they appear
to be highly sensitive to the identity of the alkali and alkaline
earth cations.”® In general it has been observed that, when A’ =
Sr**, the room temperature structure is in a monoclinic space
group (P2/m or C2/c), but when A’ = Ba, the room
temperature structure is in a trigonal space group (P3 or
P3m1).”»*’7*" In the most extreme case of BaAg,Cu(VO,),,
where there is significant Jahn—Teller distortion, a comzpletely
different structure with triclinic symmetry is observed.”” In all
these structures, the magnetic ions are arranged on a 2D regular
triangular lattice with layers well separated from one another by
nonmagnetic A and A’ cations. The 2D triangular lattice is
constructed from corner sharing MOy octahedra and VO,
tetrahedra, where the isolated octahedral sites are bridged
through the tetrahedral linkers. The structural variations
affecting the space group symmetry also impact the magnetic
structures. In most cases involving divalent transition metals
studied thus far (Co**, Mn**, Ni**), long-range magnetic order,
such as ferromagnetism, is often observed at low temperature
regardless of the initial room temperature crystal symmetry.
Previous workers observed different magnetic properties of the
BaAg,M(VO,), and SrAg,M(VO,),, M = Co** and Ni*, series
due to the tilting of the vanadate groups compared to the MO
octahedra. The authors emphasize that the M—O—V angle can
have a signficiant influence on magnetic superexchange via
empty d-orbitals of the VO, groups.”***%**

To our knowledge, there have not been any reported studies
of the magnetic behavior of divalent iron glaserites. The only
previously reported example of a Fe** glaserite Na,BaFe(VO,),
that we are aware of was reported by our group synthesized by
a hydrothermal method.”* This is in contrast to the previous
work that employed higher temperature flux methods that
appear to favor the higher oxidation state Fe** ion.”>*® The
ability to grow single crystals of Na,BaFe(VO,), allows for the
detailed investigation of the magnetic properties of an S = 2
glaserite phase. In this case the parent compound displays
unique phase transition behavior in that it adopts a trigonal
P3m1 phase at room temperature, but undergoes a structural
phase transition to a C2/c phase slightly below room
temperature (288 K), along with magnetic phase transitions
at lower temperature. This is unlike the previously reported
Co*, Ni**, and Mn?* examples that display a variety of
magnetic phase transitions at relatively low temperatures (ca.
<10 K) but do not appear to display any other structural
transitions between those temperatures and room temperature.
To our knowledge no previous work demonstrated a clear-cut
structural transition in a glaserite phase as temperatures are
reduced from ambient to 2 K. This paper describes the first
magnetic study of Fe" in a glaserite phase as well as a structural
phase transition at 288 K from a trigonal to monoclinic as well
as magnetic phase change at 6.7 K, mostly ferromagnetic in
nature. The single crystals were large enough that the
magnetically ordered structure was also studied by single
crystal neutron diffraction.

2. EXPERIMENTAL SECTION

Single crystals of Na,BaFe(VO,), were grown using a high
temperature, high pressure hydrothermal technique. In a typical

reaction, Na,CO; (Aldrich, 99%), BaO (AlfaAesar, 99.5%), Fe,O,
(Alfa Aesar, 99.99%), and V,O¢ (Alfa Aesar, 99.6%) were mixed in a
molar ratio of 2:1:1:2. Specifically, a total of 0.2 g of reactants
(Na,CO, (0.0477 g); BaO (0.0345 g); Fe,0; (0.0359); and V,0
(0.0819 g)) was mixed with 0.4 mL of S M NaOH in a 2.5 in. long 1/4
in. diameter silver ampule. After the reactants and the mineralizer were
loaded, the silver ampules were sealed and heated in a Tuttle-seal
autoclave filled with water to provide suitable counter pressure at S80
°C for 2 weeks. After the reaction time, hexagonal black crystals of 2
mm in size were isolated after aqueous rinse.””

Single crystal X-ray diffraction was performed at a range of
temperatures (300 to 100 K) to investigate the structural phase
transition of Na,BaFe(VO,),. X-ray data was collected using a Bruker
D8 Venture instrument equipped with an Incoatec Mo Ka microfocus
source (A = 0.71073 A) and Photon 100 CMOS detector. The
structures were solved by intrinsic phasing and refined by full-matrix
least-squares techniques on F* using the SHELXTL software
package.®® Results of the structure refinements, positional parameters,
and selected interatomic distances and angles are summarized in
Tables 1-3.

Table 1. Structure Refinements of Na,BaFe(VO,), at 300
and 100 K Determined by Single Crystal X-ray Diffraction

empirical formula Na,BaFe(VO,), Na,BaFe(VO,),
fw 469.05 469.05
cryst syst trigonal monoclinic

0.099 X 0.089 X 0.067 0.099 X 0.089 X 0.067
P3m1 (No. 164), 1 C2/c (No. 15), 4

cryst dimens, mm

space group, Z

T, K 300 100

a, A 5.5680(4) 9.5534(6)

b A 5.6033(6)

¢ A 7.1030(5) 14.1249(11)
B, deg 90.332(4)
v, A3 190.71(3) 756.10(11)
D (calc, g/cm?) 4.072 4.120
F(000) 214 856

Toaw Tonin 1.000, 0.6647 1.000, 0.5986
20 range 5.11-26.45 2.88—28.00
no. of unique reflns 168 916

no. of params 21 67

final R [I > 26(I)] R1, wR2  0.0316/0.0839 0.0489/0.1172

final R (all data) R1, wR2  0.0316/0.0839 0.0492/0.1173
GOF 1.165 1.150
largest diff peak/hole, e/A> 1.181/-0.992 4.4185/—5.894
u(Mo Ka), mm™ 9.428 9.539

Temperature and magnetic field dependent magnetization data
were collected using a Quantum Design Magnetic Property Measure-
ment System. Measurements over the temperature range of 2 to 380 K
were conducted on a single crystal with the dimensions of 2.2 X 1.6 X
0.4 mm with the magnetic field parallel and perpendicular to the
hexagonal c-axis. Higher temperature data, up to 780 K, were collected
using a collection of several non-coaligned crystals.

Single crystal neutron diffraction data were collected using a HB3A
four-circle diffractometer at High Flux Isotope Reactor in Oak Ridge
National laboratory.>® The same single crystal specimen as used in the
magnetization study was used to conduct the measurements. The
crystal was glued onto an aluminum pin and loaded into a closed-cycle
refrigerator whose temperature can be controlled within the range of
300 to 4 K. A monochromatic beam of 1.542 A was selected using a
multilayer-[110]-wafer silicon monochromator, and the scattered
intensity was measured using an Anger-camera type detector. The
neutron diffraction data were analyzed by using the FullProf Suite
Package.”’
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Table 2. Atomic Positional Parameters of Na,BaFe(VO,),
from Single Crystal X-ray Diffraction

Wyckoft

atom pos X y z
P3m1 (300 K)

Na(1) 2d -1/3 1/3 —0.3338(9)

Ba(1) la 0 0 0

Fe(1) 1b 0 0 1/2

V(1) 2d -2/3 2/3 —0.2342(3)

0o(1) 2d -1/3 1/3 —0.0021(13)

0(2) 6i 0.3384(15) 0.1692(8) 0.3166(10)
C2/c (100 K)

Na(1) 8f 0.3313(4) 0.4710(7) 0.0845(3)

Ba(1) 4e 1/2 —0.0558(15) 1/4

Fe(1) 4b 1/2 0 1/2

V(1) 8f 0.3325(2) 0.4722(3) 0.3680(2)

o(1) 8f 0.3238(8) 0.5138(14) 0.2502(5)

oQ2) 8f 0.3870(7) 0.7343(13) 0.4197(5)

o@) 8f 0.4510(7) 0.2471(13) 0.3968(5)

o®4) 8f 0.1710(7) 0.4022(13) 0.4121(5)

Table 3. Selected Interatomic Distances (A) and Angles
(deg) of Na,BaFe(VO,), from Single Crystal X-ray
Diffraction

P3ml C2/c

Fe(1)Oq
Fe(1)-0(2) x 6 2.088(7) Fe(1)-0(2) x 2 2.158(7)
Fe(1)-0(3) x 2 2.063(7)
Fe(1)-0(4) x 2 2.126(7)

V(1)0,
Vv(1)—0(1) 1.678(10) Vv(1)-0(1) 1.682(7)
V(1)-0(2) x 3 1.688(7) V(1)-0(2) 1.719(7)
Fe(1)-0(2)-V(1) 161.7(4) V(1)-0(3) 1.741(7)
V(1)-0(4) 1.717(7)
Fe(1)—0(3)-V(1) 164.1(4)
Fe(1)—0(4)-V(1) 148.0(4)

3. RESULTS AND DISCUSSION

3.1. Crystal Structure and Phase Transition of
Na,BaFe(VO,),. X-ray structural investigations on Na,BaFe-
(VO,), reveal a structural transition just below room
temperature, around 290 K, where the structure transforms
from trigonal, P3m1, at high temperatures to monoclinic, C2/c,
at low temperatures. The unit cell parameters of the trigonal
phase are a = 5.5680(4) A and ¢ = 7.1030(5) A, V' =190.71(3)
A3, Z = 1, and those of the monoclinic phase are a = 9.5534(6)
A, b = 56033(6) A, and ¢ = 14.1249(11) A with B =
90.332(4)°, V = 756.10(11) A3, Z = 4. Both structure types are
reported previously in the literature for different compounds,
but to our knowledge a phase transition between these two
structure types has not been elucidated for an individual
compound. However, it is interesting to note that the alkali rare
earth glaserite, K;Y(VO,),, was separately indexed in space
group C2/c by powder diffraction,*® and P3m1 by single crystal
diffraction,” and it may be that small differences in the room
temperature of the two studies in Moscow, Russia, and South
Carolina, USA, straddles a similar phase transition to what is
observed in Na,BaFe(VO,), in the present study.

The descent in symmetry of the phase transition leads to
variations in the bond lengths and angles, breaking the rigid
trigonal symmetry, but similar general structural motifs are

observed in both phases. The general structure of Na,BaFe-
(VO,), consists of a two-dimensional Fe—O—V lattice where
Na* ions are located in gaps within the transitional vanadate
layers, and Ba®" ions are located between the transition metal
vanadate layers (Figures la and 1b). This 2D Fe—O—V lattice

Figure 1. Polyhedral view of the Na,BaFe(VO,), trigonal (a, c) and
monoclinic (b, d) structure types: panels a and b show the stacking of
Fe—O—V layers along the c-axis for both trigonal and monoclinic
structures viewed along the b-axis; panels ¢ and d show the relative
orientation of the FeO4 and VO, groups in the 2D Fe—O—V layers,
accentuating the tilting relative to the c-axis.

is composed of FeOg octahedra and VO, tetrahedra. Each FeOyq
octahedron connects to three VO, tetrahedra via basal oxygen
atoms, creating a triangular Fe lattice along the ab-plane
(Figures 1c, 1d, 2a, 2b). The subtle structural differences in the

(a) P-3m1 (b) C2le

Figure 2. Relative orientation of FeO4 and VO, groups in trigonal (a)
and monoclinic (b) structures having slight differences in the
triangular Fe lattices.

trigonal and monoclinic structure types are important to note
in order to account for the observed magnetic properties. A
detailed structural description of the trigonal phase is given in
ref 22. The FeOy octahedra in trigonal Na,BaFe(VO,), are
undistorted with Fe(1)—O(1) of 2.088(7) A, and the VO,
tetrahedra only show a slight variation (remaining within the
uncertainties) in V(1)—O distances to the two unique oxygen
atoms (1.678(10) A to 1.688(7) A). As a result, the octahedral
FeOy units (symmetry D,;) forms a perfect planar triangular
lattice, as shown in Figure 2a. The monoclinic C2/c¢ structure is
a distortion of the trigonal P3m1 structure in which the two
nonequivalent oxygen atomic positions in the trigonal structure
type are split into four distinct sites in the monoclinic phase.
Therefore, the local symmetries of the Fe and V sites are
distorted, with the FeO4 symmetry reduced from D5, to C; and
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the VO, symmetry reduced from Cs, to C,. In the monoclinic
structure, the Fe(1)—O bond distances range from 2.062(7) A
to 2.157(7) A and V(1)—O range from 1.682(7) A to 1.741(7)
A. The resulting Fe—Fe triangular lattice is distorted in the
monoclinic structure, and though it remains planar in the ab-
plane, Figure 2b, the Fe atoms form isosceles triangles with
Fe—Fe distances of 5.538(4) A and 5.603(4) A.

Another key difference is the Fe—O—V bond angles of the
two structures. For example, in the trigonal structure the Fe—
O—V bond angle is 161.7(4)°, and in the monoclinic structure
the Fe—O—V angles are 164.1(4)° and 148.0(4)°. In particular
the Fe(1)—O(4)—V(1) bond angle (148.0(4)°) induces a
tilting of the FeO4 and VO, units within the monoclinic 2D
Fe—O-V lattice compared to the trigonal 2D Fe—O—V layers.
The relative orientation of FeO4 and VO, can be considered as
the key component for the magnetic properties of Na,BaFe-
(VO,),. In this structure there are no direct Fe—O—Fe bridges,
so all the magnetic coupling (superexchange pathway) is
probably through the empty d-orbital of V** ions. Thus, the
Fe—O—V bond angle is particularly important to the type and
degree of magnetic exchange, making such subtle details of the
structural phases significant. The ordered nature of the P3ml
structure and the tilting of the octahedra and tetrahedra in the
C2/c structure suggests that the phase transition is not simply
an order/disorder transition. This phase transition is also
somewhat reminiscent of phase transitions that occur in
KFe(MoO,), (which has similar lattice parameters to the title
compound, but is not a glaserite structure type) where the
structure also distorts slightly from ideal P3ml to C2/c at 311
K.* In contrast to KFe(MoO,),, however, where there are two
unique Fe atoms at lower symmetry, each with two coupling
constants, there is still only one unique iron site at the lower
symmetry in the system reported herein.

3.2. Magnetic Properties of Na,BaFe(VO,),. Results of
magnetization (M) measurements on a single crystal of
Na,BaFe(VO,), are summarized in Figure 3. Data were
collected for the magnetic field (H) applied parallel to the c-
axis (normal to the triangular layers) and perpendicular to the
c-axis (within the triangular layers). The main panel of Figure
3a shows the temperature dependence of M/H. The main
feature is the rapid upturn upon cooling that occurs at low
temperature, shown over a narrower temperature range in
Figure 3b. Isothermal magnetization curves above and below
this transition are shown in the inset of Figure 3a. At 2 K, M
increases rapidly with applied field to about 2.5 y1z/Fe, and then
continues to increase almost linearly as the field is increased
further. Both the temperature and field dependence of M
indicate a strong ferromagnetic component to the magnetic
phase transition at ~7 K, comparable to that determined by
neutron scattering discussed below. However, the reduced
saturation magnetization component, relative to the 4 g
estimated for divalent iron (S = 2), and the observed linear
increase in M at higher fields indicate a more complex magnetic
structure, also discussed in more detail below.

It can be noted in Figure 3a that a small ferromagnetic
component is also present in M vs H data near room
temperature. Measurements of M vs H curves at temperatures
up to 780 K (not shown) indicate that this arises from a
ferromagnetic impurity with Curie temperature near 850 K.
This Curie temperature, the size of the measured moment, and
the observation of a subtle anomaly near 120 K in M vs T
suggest the sample contains about 1 wt % of Fe;O,.
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Figure 3. Magnetization data for Na,BaFe(VO,),. Temperature
dependence of M/H between 2 and 350 K is shown in panel a,
with M vs H curves measured at 2 and 300 K in the inset. The
temperature dependence near the magnetic ordering and crystallo-
graphic phase transitions is shown in panels b and ¢, respectively.

The paramagnetic susceptibility of Na,BaFe(VO,), was
determined by the slope of the M vs H curves (neglecting
the ferromagnetic offset from Fe;O,) measured between 200
and 780 K. Curie—Weiss fits to this data give an effective
moment per iron of 5.1(1) ug and a small Weiss temperature of
18(2) K. The effective moment is typical for high spin Fe*,
which often has an orbital contribution in addition to the 4.8 yy
spin-only value, and the positive Weiss temperature indicates
predominately ferromagnetic interactions. Additionally, a
magnetic anomaly is observed at the crystallographic phase
transition. This is shown in Figure 3c. Upon cooling from the
trigonal to the monoclinic phase, the magnetization along the c-
axis decreases and the magnetization in the ab-plane increases.
Though the detailed origin of this behavior is unclear, it is likely
related to differences in magnetocrystalline anisotropy in the
two structures arising from spin—orbit coupling. Thermal
hysteresis of about 10 K was observed between data collected
on warming and cooling, consistent with a first order
crystallographic phase transition.

3.3. Magnetic Structure of Na,BaFe(VO,),. Neutron
diffraction measurements were conducted over the temperature
range of 300 to 4 K. The change of crystal structure from
trigonal (P3m1) to monoclinic (C/2c) was also evidenced in
the single crystal neutron diffraction experiment. The (—2,0,2)
Bragg peak shows a significant broadening and a decrease in
intensity between 300 and 295 K, while additional scattering is
detected at the (—2,1,1/2) peak position confirming the
doubling of c-axis below the structural transformation, Figure
4a,b.

A systematic survey of the reciprocal space was performed at
the lowest measured temperature, 4 K, in order to detect the
presence of magnetic scattering associated with the long-range
magnetic order observed in the magnetization measurement.
Scans along the (0,0,L) direction, shown in Figure 4c, revealed
an increase in intensity for the (0,0,1/2)trig and (0,0,3/2.)trig
reflections. Note that the indexing of the peak position in this
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Figure 4. (a) Structural transformation indicated by the broadening of
the trigonal (—2,0,2) peak between 300 and 295 K. (b) Increase in
scattering at the (—2,1,1/2) peak, which demonstrates the doubling of
the crystal periodicity along the c-axis, Cyono = 2Cyig- () Scans along the
(0,0,L) direction revealing the appearance of (0,0,L = (21 + 1)/2)trig
magnetic reflections at 4 K.

figure corresponds to the trigonal unit cell. When indexed using
the monoclinic unit cell (¢yono = 2¢y) these reflections become
(0,0,1)on and (0,0,3) 0, while the magnetic propagation
vector is k = (0,0,0). The order parameter of the magnetic
transition was determined by following the temperature
dependence of the (—1,1,0), and (0,0,3/2),, peak intensities.
As displayed in Figure 5, the order parameter curves follow a
power-law dependence and indicate the onset of magnetic long-
range order at approximately 6.7 K, in agreement with the
magnetization data.

o (-1,1,0) L13
o (0,0,3/2)
—— power-law

F12

F11

10

(0,0,3/2) Intensity (arb. units)
(-1,1,0) Intensity (arb. units)

T(K)

Figure 5. Temperature dependence of the (—1,1,0)trig and (0,0,3/ 2)trig
magnetic peak integrated intensities from neutron scattering. The red
line represents a power-law fit to the order parameter data yielding a
T, of 6.7(2) K. The inset shows a 3D plot of the omega scans at the
(0,0,3/2) peak position performed at different temperatures around
the magnetic transition.

In order to separate the magnetic from the nuclear
contribution, we first performed a structural refinement using
the diffraction data collected at 50 K. For this we employed the
crystal structure model based on the monoclinic space group
C2/c obtained with the X-ray diffraction at 100 K (Table 1).
The so achieved structural parameters, which included the
atomic positions, thermal parameters, and extinction coefficient,

were fixed for the combined nuclear and magnetic refinement
of the 4 K data. Possible magnetic models allowed by the crystal
symmetry were explored using the tools available at the Bilbao
Crystallographic Server.*"** There are two maximal magnetic
space groups for monoclinic C2/c and k = (0 0 0) propagation
vector, that allow ordered moments on the Fe site (Wyckoff
4b): C2'/c’ (#15.89) and C2/c (#15.85). The C2'/c’ space
group implies a ferromagnetic order of the a and ¢ moment
components and antiferromagnetic order for the b components,
and gives the best description of the experimental data. The Fe
atomic coordinates and the corresponding magnetic moment
sequence are (0,1/2,0lm,mym.), (0,1/2,1/2lm,—my,m.), (1/
2,0,0lm,,my,m.), and (1/2,0,1/2lm,—my,m.). It is worth noting
that this model is in excellent agreement with the magnetization
data that suggested the presence of FM components both along
the c-axis and in the ab-plane.

The restrained nuclear and magnetic refinement using 126
distinct reflections collected at 4 K data gave an Ry factor of
14.3% and y* of 4.95. A comparison of the calculated and
observed structure factors along with the estimated magnetic
contribution for each reflection is shown in Figure 6. The
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Figure 6. Comparison of the observed neutron scattering intensities at
4 K and calculated intensities using the nuclear and magnetic structure
model described in the text. The magnetic contribution to the
calculated values for each reflection is depicted by red.

refined moments are m, = —1.8(3) ug, my, = 3.6(2) pp, and m_ =
2.5(3) pp, yielding a total amplitude of 4.8(3) g, larger than
the expected spin-only value for S = 2. As noted in the previous
section, orbital angular momentum is not quenched for Fe** so
there is a significant orbital contribution expected to the total
moment. The proposed magnetic structure model is shown in
Figure 7. The Fe magnetic moments form ferromagnetic layers,
where all the spins are parallel pointing along one of the (111)
facets of the FeOy4 octahedron. These layers are stacked along
the c-direction by alternating their magnetic moments around
the b-direction to produce a net magnetization in the ac-plane
(see Figure 7b).

4. SUMMARY AND CONCLUSION

The unusual structural and magnetic properties of a Fe®"
glaserite phase Na,BaFe(VO,), are reported. The triangular
lattice structures using [VO,]®> as a bridging unit building
block have attracted considerable investigation since they often
exhibit complex magnetic behavior. The glaserite structure in
general provides a rich field of study in this regard. For
example, in AAg,Fe(VO,),, A = K and Rb, containing trivalent
Fe®', the 3-fold symmetry of the magnetic lattice was preserved
without a structural distortion caused by any phase transition.
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Figure 7. (a) Schematic view of the magnetic structure of Na,BaFe(VO,), at 4 K. (b) view of the magnetic structure along the c-direction. The
magnetic moments of Fe are aligned parallel to form ferromagnetic layers that are stacked along the c-axis. Successive layers are alternating their
moment directions along the b-direction (silver and blue vectors), while the a and ¢ components remain ferromagnetically aligned, leading to a net

magnetization in the ac-plane.

Glaserites containing other divalent metal ions Mn?*, Co*", and
Ni** adopt either trigonal or monoclinic C2/c structures at
room temperature depending on the identity of the alkaline
earth ion in the lattice. Interestingly, the Co** and Ni*"
examples display magnetic ordering below 10 K but no
structural transition regardless of the room temperature
structure. In contrast, the Mn®" species displays antiferromag-
netic ordering at low temperature, while again there is no
evidence of a structural phase transition regardless of room
temperature structure. However, in this study, the first example
of a divalent iron glaserite, Na,BaFe(VO,), shows a structural
transition from trigonal P3m1 to monoclinic C2/c as confirmed
from single crystal structure studies from room temperature to
100 K. This structural phase transition distorts the local
symmetry of FeO4 octahedra and VO, tetrahedra in Na,BaFe-
(VO,), thereby tilting the Fe—O—V bonds compared to the
room temperature structure. This distortion could induce an
anisotropy in the magnetic triangular lattice, which sub-
sequently leads to the observed ferromagnetic ordering below
10 K.

The Ba analogues of the divalent transition metals (BaAg,M-
(VO,),, M = Mn*, Co*, Ni*") also adopt the trigonal
symmetry displayed by Na,BaFe(VO,), at room temperature.
To our knowledge no low temperature single crystal structural
study has been reported on these compounds to examine
structural phase transitions, but the magnetic studies do not
suggest any structural phase transitions similar to those
observed here in Na,BaFe(VO,),. The trigonal structure type
is also present in AAnge(VO4)2 (containing trivalent iron),
and it retains the trigonal structure to low temperatures and
displays evidence of spin frustrated behavior. In contrast, the
room temperature structures of SrAg,M(VO,), (M = Mn*,
Co**, Ni**) share similar structural features with the low
temperature structure of Na,BaFe(VO,), adopting C2/c
symmetry and showing a similar distortion in the Fe—O—-V
2D lattices. They also adopt ferromagnetic ordering below 10
K. Therefore, Na,BaFe(VO,), is an interesting intermediate
example that adopts ferromagnetic ordering at 6.7 K but
undergoes a structural phase change below room temperature,
making it a good candidate to test the role of structural phase
transitions versus magnetic ordering in the glaserite type.
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