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ABSTRACT: A new ternary selenide, Na2Mn3Se4, was prepared
by a stoichiometric reaction between Na2Se4 and metallic Mn at
923 K. Crystal structure determination revealed a new structure
type, built of alternating layers of Na+ ions and [Mn3Se4]

2− anionic
slabs. Band structure calculations indicate that Na2Mn3Se4 is an
indirect band gap semiconductor with Eg = 1.59 eV, although a
direct band gap is only marginally larger, at 1.64 eV. The material
shows antiferromagnetic (AFM) ordering at 27 K, while the Weiss
constant of ∼−400 K suggests much stronger nearest-neighbor
AFM exchange between the Mn sites. This discrepancy is
attributed to the strong spin frustration caused by a triangulated
arrangement of the Mn sites in the [Mn3Se4]

2− layer. The magnetic
frustration leads to the stabilization of a complex AFM ordered
structure with non-collinear arrangement of the Mn magnetic moments, as established from neutron diffraction data.

1. INTRODUCTION

Spin frustration is one of the most extensively studied topics in
magnetism. A long-standing fascination with this phenomenon
stems from the complexity of physics brought about by regular
triangulated arrangements of interacting spins, which cannot
simultaneously satisfy all magnetic exchange pathways in the
case of antiferromagnetic (AFM) interactions.1 Consequently,
this phenomenon is also referred to as geometric spin
frustration. In extended-structure materials, such frustrated
interactions lead to highly degenerate ground states and AFM
ordering temperature (TN) that is substantially lower than
could be expected from the strength of nearest-neighbor
exchange interactions. The latter are characterized by the
Weiss constant (θ) derived experimentally from the Curie−
Weiss law. The extent of spin frustration is characterized by the
frustration index, f = |θ|/TN, and systems with f > 5−10 are
considered to be strongly frustrated. In such materials, one
expects to discover ground states with complex non-collinear
magnetic structures or unconventional physical behavior, e.g.,
such exotic states as quantum spin liquid.2

While spin frustration has been typically studied in systems
with highly polar (ionic) bonding, which are characterized by
localized and well-defined spins at each magnetic site, several
works have suggested that itinerant (band) magnets or
materials with more covalent bonding can also be of interest.3

Both types of materials are characterized by magnetic moments
that are substantially suppressed as compared to free-ion

values. The suppression of magnetic moments, however, is
compensated by delocalization of electron density from the
magnetic centers onto neighboring atoms, which often
promotes strong magnetic exchange. Furthermore, the next-
nearest-neighbor exchange interactions also become more
pronounced and can lead to frustration in the case of spins
arranged on square or hexagonal lattices.3d,4

Transition metal selenides and tellurides represent a
borderline behavior between the metallic and insulating
systems. They exhibit sufficient electronegativity difference in
the metal−chalcogen bonds to form electronic structures with
finite band gaps (semiconductors), yet the covalency of
bonding is also substantial, which results in partially suppressed
magnetic moments but stronger magnetic exchange coupling.
This trend can be visualized, for example, by contrasting the
increasing AFM ordering temperatures for MnO (118 K), MnS
(140 K), MnSe (247 K), and MnTe (307 K)5 with the
decreasing magnetic moment per Mn atom (5.65 μB,

6 4.39 μB,
7

3.30 μB,
8 and 2.06 μB,

9 respectively) in the AFM ordered state
of these compounds.10

The interest in magnetically frustrated systems with
appreciable covalent bonding has led us to examine alkali-
metal manganese selenides, the crystal structures of which
contain triangular arrangements of Mn sites and thus are
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conducive to magnetic frustration in the case of AFM
exchange. Indeed, Kim and Hughbanks reported highly
negative (AFM) Weiss constants for a number of such
compounds.11 In particular, NaMnSe2 and Na2Mn2Se3 were
characterized by θ values of −1000 and −140 K, respectively,
but the first showed AFM ordering only at 9 K while for the
second no magnetic ordering was observed down to 4 K.
Intrigued by this brief report, we set out to examine more
thoroughly the magnetic behavior of Na2Mn2Se3, which seems
to exhibit very strong magnetic frustration ( f > 35). In the
course of these studies, we discovered a new ternary
compound, Na2Mn3Se4, and established that it exhibits a
layered structure with strong magnetic exchange between Mn
sites and AFM ordering at 27 K. The pronounced magnetic
frustration in this material is also caused by a triangulated
arrangement of Mn magnetic moments, which leads to the
formation of a complex magnetic structure below TN, as shown
in this work.

2. MATERIALS AND METHODS
Synthesis. Sodium pieces (99.95%), manganese powder (99.95%,

325 mesh), and selenium powder (99.999%, 200 mesh) were
obtained from Alfa Aesar and used as received. All sample preparation
procedures were carried out in an argon-filled glovebox (content of
O2 < 1 ppm). To prepare Na2Se4, stoichiometric amounts of sodium
and selenium were sealed under vacuum (<10−5 Torr) in a 10 mm
inner diameter (i.d.)/12 mm outer diameter (o.d.) fused silica tube.
The sealed tube was first carefully heated with a hand-held torch to
premix the reactants, and then it was placed into a furnace, heated to
923 K at a rate of 10 K/min, maintained at that temperature for 2
days, and quenched into water bath. The phase purity of the Na2Se4
precursor was confirmed by powder X-ray diffraction (PXRD). The
starting materials in the stoichiometric Na2Se4:Mn = 1:3 molar ratio,
with the total mass of 0.3−0.5 g, were thoroughly mixed by grinding
in an agate mortar and loaded into a 12.7 mm o.d. graphite crucible,
which was sealed under vacuum (<10−5 Torr) in a 16 mm i.d./14 mm
o.d. fused silica tube. The mixture was heated to 923 at 0.2 K/min,
maintained at that temperature for 4 days, and cooled to room
temperature at 2 K/h.
Caution! (1) Prior to use, sodium pieces were carefully scraped with a

scalpel to remove the surface layer of oxide. Af ter the shavings were taken
out of the drybox, they were immediately covered with methanol to avoid a
violent reaction of any traces of Na with moist air. (2) The synthesis of
Na2Se4 was performed under slow heating, to allow suf f icient time for
dissipation of heat generated by the exothermic reaction between Na and
Se.
X-ray Diffraction. Room temperature PXRD was performed on a

Panalytical X’pert Pro diffractometer equipped with an X’Celerator
detector and a CuKα radiation source (λ = 1.54187 Å). The
HighScore Plus12 and FullProf13 software packages were used for
profile fitting and unit cell refinement.
Single crystal X-ray diffraction (SCXRD) was performed on a

Bruker APEX-II CCD X-ray diffractometer equipped with a graphite-
monochromated MoKα radiation source (λ = 0.71073 Å). A single
crystal was suspended in Paratone-N oil (Hampton Research) inside a
cryoloop which was mounted on a goniometer head and cooled to
173 K in a cold stream of N2 gas. The data set was recorded as ω- and
φ-scans at 0.3° step width and integrated with the Bruker SAINT
software package.14 A multi-scan empirical adsorption correction was
applied based on multiple equivalent measurements (SADABS).15

The space group determination was performed with XPREP,16 and
the crystal structure solution and refinement were carried in the C2/m
space group, using the SHELX program suite.17 The final refinement
was performed with anisotropic atomic displacement parameters for
all atoms. A summary of pertinent information relating to unit cell
parameters, data collection, and refinement is provided in Table 1.

Neutron Diffraction. Powder and single-crystal neutron
diffraction experiments were performed at the High Flux Isotope
Reactor at Oak Ridge National Laboratory (ORNL). Powder
diffraction measurements were carried out using the HB-2A high-
resolution diffractometer.18 Data were collected on a sample of ∼3 g
held in a cylindrical vanadium container placed in a top-loading closed
cycle refrigerator, covering a temperature range of 1.7−150 K. The λ
= 1.539 Å monochromatic radiation was provided by a vertically
focused Ge (115) monochromator. The data were collected by
scanning the detector array consisting of 44 3He tubes, to cover the
total 2θ range of 7°−133° in steps of 0.05°. Overlapping detectors for
a given step served to average the counting efficiency of each detector.

Single-crystal neutron diffraction was performed on the HB-3A
four-circle diffractometer.19 Neutrons with wavelength of λ = 1.005 Å
were selected by a bent silicon monochromator Si-331. The data were
collected at 4 and 100 K. Intensities of selected magnetic peaks were
also measured as a function of temperature to determine the magnetic
ordering temperature. Refinement of the nuclear structure and
magnetic structure determination were carried out using the
FULLPROF software.13

Physical Measurement. Elemental analysis of selected single
crystals was performed on a FEI Nova NanoSEM 400 scanning
electron microscope with Oxford INCA energy dispersive X-ray
(EDX) analysis system. Optical absorption was measured on a single
crystal under Parabar oil (Hampton Research) with FLEX micro-
spectrophotometer (Craic Technologies). Magnetic property meas-
urements were carried out on oriented single crystals and micro-
crystalline powder samples with Quantum Design SQUID magneto-
meter MPMS XL7. The temperature dependence of magnetization
was measured in the 1.8−400 K temperature range under applied
direct-current (DC) magnetic field of 0.5 T. The field-dependent
magnetization was measured at 1.8 K with the applied DC field
varying from 0 to 7 T.

Quantum-Chemical Calculations. Density-functional theory
(DFT) calculations were performed using a full-potential all-electron
local orbital code (version FPLO-14)20 within the generalized
gradient approximation (GGA) with GGA+U approach. The
Perdew−Wang parametrization of the exchange-correlation potentials

Table 1. Crystallographic Data for Na2Mn3Se4

compound Na2Mn3Se4
ICSD code 433906
temp, K 173
λ, Å 0.71073
space group C2/m
unit cell a, Å 15.8555(3)

b, Å 4.0734(1)
c, Å 6.4327(1)

β, deg 90.810(1)
V, Å3 415.42(1)
Z 2
crystal color dark-red
crystal size, mm3 0.11 × 0.068 × 0.064
dcalcd, g cm−3 4.210
μ, mm−1 22.017
θmax, deg 47.59
reflections collected 3019
Rint 0.0175
unique reflections 983
parameters refined 30
R1, wR2[F > 4σ(F)]a 0.019, 0.045
goodness-of-fitb 1.132
diff. peak and hole, e Å−3 1.11, −1.28

aR1 = ∑||Fo| − |Fc||/∑|F0|; wR2 = [∑[w(F0
2 − Fc

2)2]/
∑[w(F0

2)2]]1/2. bGoodness-of-fit = [∑[w(F0
2 − Fc

2)2]/(Nobs −
Nparams)]

1/2, based on all data.
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was employed.21 The solution of scalar-relativistic Dirac equation was
obtained self-consistently. The tetrahedron method was used for the
Brillouin zone integration.22 The structural parameters (unit cell
dimension and atomic coordinates) were taken from the exper-
imentally determined crystal structure data. The spin-polarized
densities of state (DOS) were calculated after convergence of the
total energy on a dense k-mesh with 16×16×16 points. The self-
consistent criterion for the total energy conversion was set to 10−8 Ha
(∼2.72 × 10−7 eV). The optimal values of U (3.0 eV) and J (1.0 eV)
were obtained empirically by varying both parameters to match the
measured band gap as closely as possible while still having realistic
Mn−Se band mixing. To simplify the calculations, the Mn magnetic
moments were chosen to be AFM aligned along the [011] direction.

3. RESULTS AND DISCUSSION
Synthesis. Phase-pure Na2Mn3Se4 was obtained in both

polycrystalline powder and single crystal form. The stoichio-
metric reaction between the binary precursor, Na2Se4, and
metallic Mn was found to be a more efficient way for the
preparation of a single-phase product, as compared to the
direct reaction between constituent elements, which led to the
presence of MnSe and Na2Mn2Se3 impurities. Slow cooling (at
2 K/h) of the reaction mixture from 923 K to room
temperature afforded rod-shaped crystals of ∼2×1×1 mm3

size. The obtained product is air- and moisture-sensitive, hence
the sample has to be handled under inert (Ar) atmosphere.
The phase purity was confirmed by PXRD (Figure 1). The
composition of single-crystalline samples was confirmed by
EDX elemental analysis, which resulted in the Na:Mn:Se ratio
of 2.0(1):3.1(2):3.9(1).

Crystal Structure. Na2Mn3Se4 crystallizes in the mono-
clinic space group C2/m (Table 1) and represents a new
structure type. The structure can be viewed as an arrangement
of alternating [Mn3Se4]

2− layers and Na+ ions (Figure 2a).
Since no Se−Se bonds are observed in the structure, the
charge-balance considerations indicate the presence of only
Mn2+ ions. The [Mn3Se4]

2− layers are built of octahedra and
tetrahedra of Se atoms centered around Mn1 and Mn2 sites,
respectively (Figure 2b and Table 2). The MnSe6 octahedra
share edges to form chains along the b axis, while the MnSe4
tetrahedra form edge-sharing dimers which share corners to
form chains along the b axis. These parallel chains of octahedra

and tetrahedra are connected to each other by edge sharing to
form layers parallel to the bc plane. Each octahedron shares
two and four edges with neighboring octahedra and tetrahedra,
respectively. The MnSe4 tetrahedron is slightly distorted, with
Mn2−Se bonds ranging from 2.5218(3) to 2.5485(4) Å. In
contrast, the MnSe6 octahedron exhibits a substantial axial
elongation, with the equatorial and axial Mn1−Se bonds at
2.7211(2) and 2.9689(2) Å, respectively. The distorted
octahedral coordination of the Mn1 site is also reflected in
its atomic displacement ellipsoid, which is elongated along the
axial direction (Figure S1). While such elongation might
appear counterintuitive for the electronically isotropic high-
spin Mn2+ ion, it is not unusual in such extended structures
due to crystal packing effects. Our analysis of the Inorganic
Crystal Structure Database for the structures containing MnSe6
octahedra revealed non-negligible distortions in ∼40% of cases.
For examples, large distortions are observed in the structures of
UMnSe3 and U8MnSe17.

23

The Mn sites (Table 2) within each [Mn3Se4]
2− layer can be

viewed as forming stripes of edge-sharing triangles, with the
octahedral Mn sites occurring in the center of the stripe and
the tetrahedral Mn1 sites being at its periphery (Figure 2c).
The stripes, which run along the b axis, are connected to each
other in a step-like fashion (Figure 2d), forming the layers that
are parallel to the bc plane. The shortest Mn−Mn distances
occur within the dimers of edge-sharing tetrahedra (3.112 Å)
and between the tetrahedral and octahedral Mn centers (3.434
Å), while the Mn−Mn distances within the chain of edge-
sharing octahedra are longer (4.073 Å). The shorter Mn−Mn
separations, however, form a continuous 2D network, which

Figure 1. Experimental (black) and calculated (red) powder X-ray
diffraction patterns of Na2Mn3Se4 and Na2Se4. (The low-angle
background is caused by scattering from an airtight sample holder.)

Figure 2. (a) A view of the crystal structure of Na2Mn3Se4, showing
anionic [Mn3Se4]

2− layers alternating with layers of Na+ cations. (b)
The [Mn3Se4]

2− layer is formed by chains of MnSe6 octahedra
connected via dimers of MnSe4 tetrahedra. The Mn sites in one layer
are arranged into strips of triangles (c) that form a zigzag slab when
viewed down the b axis (d). The Mn−Mn distances (in Å) within one
triangle and between the adjacent strips are indicated.

Table 2. Atomic Sites of Na2Mn3Se4

site
Wyckoff
position x y z Uiso × 102

Na1 4i 0.29803(7) 0.5 0.2340(2) 1.91(3)
Mn1 2a 0 0 0 1.66(1)
Mn2 4i 0.08434(2) 0.5 0.37921(6) 0.855(8)
Se1 4i −0.06489(2) 0.5 0.22820(3) 0.726(7)
Se2 4i 0.16002(2) 0 0.24530(4) 0.999(7)
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might be important to understanding the magnetic behavior of
Na2Mn3Se4.
As has been already mentioned, Na2Mn3Se4 represents a

new ternary structure type. While several other A2T3X4
chalcogenides are known (A = K, Rb, Cs, T = 3d metal, X =
S, Se, Te), the majority of them crystallize in the orthorhombic
(Ibam) Cs2Zn3S4 structure type.24 In particular, this structure
is common to the A2Mn3X4 compounds (A = K, Rb, Cs),25

although K2Mn3S4 crystallizes in its own structure type,26

representing a stacking variant of the Cs2Zn3S4 type. In these
structures, [Mn3X4]

2− layers also alternate with layers of A+

cations (Figure S2a), but the transition metal layers are flat and
contain only tetrahedrally coordinated MnII sites, with each
MnX4 tetrahedron sharing edges with three or two neighbor
tetrahedra (Figure S2b). Interestingly, the Na2Mn3Se4
structure is the first example of the A2T3X4 phase with A =
Li or Na. Moreover, such stoichiometry is more common for A
= Rb or Cs as compared to A = K. This observation suggests
that the Cs2Zn3S4-type structure, probably, becomes unstable
for the smaller alkali metal ions, which could explain the more
complicated structure of the [Mn3Se4]

2− layers in Na2Mn3Se4:
the corrugation of the layers might be necessary to
accommodate coordination preferences of the smaller Na+

ions (Figure 2a).
Magnetic Properties. The crystal structure described

above reveals the presence of extensively triangulated arrange-
ment of Mn sites, which can cause strong magnetic frustration
in the Mn sublattice in the case of antiferromagnetic (AFM)
nearest-neighbor interactions. Magnetic properties were
studied on a 1.5×0.5×0.5 mm3 single crystal of Na2Mn3Se4,
with the magnetic field (H) of 0.5 T applied either parallel or
perpendicular to the a axis, which means, respectively,
perpendicular or parallel to the [Mn3Se4]

2− layers. For both
field orientations, the ZFC and FC magnetic susceptibility
curves diverged at the maximum value, suggesting AFM
ordering at about 27 K (Figure 3). For the field applied parallel
to the a axis, the susceptibility exhibits a sharp decrease and is
followed by a rise. This could correspond to a subtle spin re-
orientation that involves the change of the moment projection
along the a axis.
The FC susceptibility and its inverse were fit to the Curie−

Weiss law (Figure S3), χ = C/(T − θ) + χ0, where C is the
Curie constant, θ is the Weiss constant, and χ0 is temperature-
independent paramagnetism. The fit turned out to be very
sensitive to χ0, due to the relatively limited linear range
available in the high-temperature region. Therefore, the value
of χ0 was averaged from several fitting attempts and fixed at

0.001 emu·K/mol. The effective magnetic moment, obtained
from the partially constrained Curie−Weiss fit, was calculated
as μ = (8C)1/2, resulting in the values of μ|| = 5.73(3) μB (H||a)
and μ⊥ = 5.56(3) μB (H⊥a) per Mn2+ ion, Both of these values
are slightly lower than the value of 5.92 μB expected for the
high-spin (S = 5/2) Mn2+ ion. The Weiss constant was equal
to −402(15) K for H||a and −352(6) K for H⊥a, thus
indicating strong AFM interactions between Mn sites. The
spin-frustration index, f = |θ|/TN, averages to ∼28, which
corresponds to strong magnetic frustration.2

Isothermal field-dependent magnetization of Na2Mn3Se4 was
measured at 1.8 K. A very similar behavior was observed for
both crystal orientations (Figure 3, insets), suggesting
negligible magnetic anisotropy in the system. For both
orientations of the applied field, the magnetization reaches a
plateau of ∼2.4 μB per formula unit (f.u.) at around 4 T. This
magnetization value (∼0.8 μB per Mn2+ ion) is substantially
smaller than the maximum of 5 μB that can be achieved for a
single high-spin Mn2+ ion. We also carried out magnetization
measurements at higher field to probe the stability of the
magnetization plateau. Increasing the field to 16 T did not
produce any substantial changes in the slope of the
magnetization dependence (Figure S4). The remarkable
stability of this plateau region with the rather low total
magnetization value suggests that the AFM ordered state might
exhibit an unconventional magnetic structure due to the
strongly frustrated AFM interactions between Mn magnetic
moments.
We used neutron diffraction to establish the magnetic

structure of Na2Mn3Se4. Powder neutron diffraction measure-
ments revealed the emergence of a long-range magnetic order
defined by two distinct propagation vectors, k1 = (1/2,1/2,1/
2) and k2 = (1,0,0). Figure 4a shows the pure magnetic
contribution to the low-angle scattering observed at 1.7 K,
which was obtained by subtracting the nuclear contribution
measured in the paramagnetic state at 60 K. The existence of
two sets of magnetic reflections corresponding to the double-k
magnetic structure has also been confirmed by single crystal
diffraction measurements on a 2.0×1.0×1.0 mm3 crystal of
Na2Mn3Se4. The magnetic order parameter was obtained by
measuring the change in the intensity of the (3,0,0) and
(3/2,1/2,−1/2) magnetic reflections upon cooling across the
AFM transition temperature (Figure 4b). At TN, the magnetic
peak associated with k1 exhibits a more rapid increase in
intensity as compared to the k2-related peak. Furthermore,
after reaching the saturation, the (3/2,1/2,−1/2) peak displays
a dip at around 17 K, which is consistent with the spin

Figure 3. Temperature-dependent FC (red curves) and ZFC (black curves) magnetic susceptibility and field-dependent magnetization (insets)
measured on a single crystal of Na2Mn3Se4 with the magnetic field applied parallel (a) or perpendicular (b) to the a axis.
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reorientation suggested by magnetization data. The discrep-
ancy in the temperature evolution for the two sets of
reflections suggests distinct arrangements of magnetic mo-
ments in the two nonequivalent Mn sites. The lower sensitivity
of the (3,0,0) reflection to the upturn of magnetization below
17 K might indicate that the spin reorientation occurs within
the bc plane.
Magnetic structure models that can result from a second-

order magnetic phase transition have been explored by
representation analysis using the program SARAh.27 There
are two possible irreducible representations (IRs) associated
with the C2/m space group and k1 = (1/2,1/2,1/2). The
magnetic representation for the octahedrally coordinated Mn1
site (0,0,0) is decomposed as ΓMag = 3Γ1 while for the
tetrahedral Mn2 site (x,0,z) it is ΓMag = 3Γ1 + 3Γ2. For the
propagation vector k2 = (1,0,0) there are four possible IRs,
which give ΓMag = Γ1 + 2Γ3 for the Mn1 site and ΓMag = Γ1 +
2Γ2 + 2Γ3 + Γ4 for the Mn2 site. Table 3 summarizes these IRs
and the basis vectors associated with each of the two observed
k-vectors.
The magnetic peak intensities measured at 1.7 K are best

described by a model where the moments located at the
octahedral Mn1 sites order according to the k2 propagation

vector, while the moments on the tetrahedral Mn2 sites order
with a double-k structure described by both k1 and k2
propagation vectors. The Mn1 moments are confined to the
bc plane (Figure 2a) and their description involves mixing the
basis vectors of Γ1 and Γ3 (see the Ψi associated with k2 =
(100) in Table 3). The magnetic order breaks the C-centering
present in the atomic structure, and magnetic moments of the
atoms related by the (1/2,1/2,0) translation become aligned
antiparallel to each other. Overall, the magnetic sublattice
composed of Mn1 atoms exhibits AFM stacking of
ferromagnetic layers along the a axis (Figure 5a, red arrows).

The refined projections of the Mn1 magnetic moments on the
unit cell axes are ma = 0.3(2) μB, mb = 2.2(2) μB, and mc=
3.2(1) μB, resulting in the total magnetic moment of 3.9(2) μB.
In contrast to the Mn1 site, the magnetic moment

distribution on the Mn2 sites is more complicated, given the

Figure 4. (a) Magnetic scattering at 1.7 K obtained by subtracting the
nuclear contribution measured at 60 K. The red lines represent the
Rietveld fit using the magnetic structure model described in the text.
The magnetic peaks were indexed with two propagation vectors, k1 =
(1/2,1/2,1/2) and k2 = (1,0,0). (b) Temperature-dependent intensity
of magnetic Bragg peaks (3,0,0) (open circles) and (3/2,1/2,−1/2)
(solid squares) obtained from single crystal measurements. The solid
red line is a guide to the eye.

Table 3. Irreducible Representations (IRs) and Basis Vectors (Ψi) Associated with the Space Group C2/m and the Two
Propagation Vectors k1 = (1/2,1/2,1/2) and k2 = (1,0,0) Observed for Na2Mn3Se4

a

Mn1 (2a) (0,0,0) Mn2 (4i) (x,0,z)

k-vector IR atom number Ψ1 Ψ2 Ψ3 Ψ1 Ψ2 Ψ3

(1/2,1/2,1/2) Γ1 1 (1,0,0) (0,1,0) (0,0,1) (1,0,0) (0,1,0) (0,0,1)
2 (1,0,0) (0,1,0) (0,0,1)

Γ2 1 (1,0,0) (0,1,0) (0,0,1)
2 (−1,0,0) (0,−1,0) (0,0,−1)

(1,0,0) Γ1 1 (0,1,0) (0,1,0)
2 (0,1,0)

Γ2 1 (1,0,0) (0,0,1)
2 (−1,0,0) (0,0,−1)

Γ3 1 (1,0,0) (0,0,1) (1,0,0) (0,0,1)
2 (1,0,0) (0,0,1)

Γ4 1 (0,1,0)
2 (0,−1,0)

aThe equivalent Mn2 atoms of the non-primitive basis are defined according to 1:(0.415, 0, 0.621) and 2:(0.584, 0, 0.379).

Figure 5. (a) Magnetic structure of Na2Mn3Se4 at 1.7 K. The Mn1
magnetic sublattice (red arrows) exhibits AFM stacking of
ferromagnetically ordered planes along the a axis. The Mn2 magnetic
sublattice (blue and light-blue arrows) doubles along all three
crystallographic axes and exhibits noncollinear arrangement of
magnetic moments. (b) Stereoscopic view of magnetic ordering in a
single [Mn3Se4]

2− layer. (c) Projection of the magnetic structure of
the [Mn3Se4]

2− layer on the bc plane.
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concomitant presence of two propagation vectors. The Mn2
magnetic sublattice doubles along all three crystallographic
directions and loses the mirror symmetry, which leads to
splitting of the crystallographic Mn2 (4i) site in two distinct
magnetic positions with non-collinear arrangement of magnetic
moments. As depicted in Figure 5, the moment direction
alternates along the b axis, between a nearly antiparallel
orientation relative to the neighboring Mn1 moments and an
out-of-plane orientation with respect to the bc plane. The
refined in-plane and out-of-plane magnetic moments (and their
projections) are equal to 4.1(1) μB (ma = 0.2, mb = 2.7, mc =
3.1 μB) and 3.3(2) μB (ma = 2.5, mb = 1.2 mc = 1.7 μB),
respectively, indicating that the out-of-plane Mn2 moments are
canted at 41° relative to the a axis. The reduced amplitude of
the static moments at one of the corners of the triangulated
Mn lattice is likely a consequence of the strong geometric
frustration. The moments distribution within each [Mn3Se4]

2−

layer is shown in Figure 5b,c. Overall, the Mn1 and Mn2
moments form ferrimagnetic layers that are stacked AFM along
the a axis, in agreement with the AFM ordering observed in the
magnetic measurements.
As mentioned above, the field-dependent magnetization

measured at 2 K (Figure S1) revealed the gradual increase in
magnetization followed by the plateau at 2.4 μB per f.u. The
remarkable stability of this plateau region is in agreement with
the strong AFM coupling between the Mn moments, while the
nature of the initial linear increase in magnetization is not yet
clear. A possible explanation could be gradual rotation of the
out-of-plane Mn2 moments to attain a nearly collinear
arrangement with the Mn1 and Mn2 moments arranged
parallel to the bc plane. On the other hand, the single-crystal
magnetic measurements suggest that the entire magnetic
structure corresponding to the plateau region might be
following the magnetic field direction, since no much
difference is observed between the magnetization measured
parallel and perpendicular to the a axis. The magnetic structure
achieved in the plateau region will have to be elucidated by
neutron diffraction measurements under applied magnetic
field.
We can also envision an alternative explanation for the

observed magnetic behavior of Na2Mn3Se4. An examination of
interatomic distances shows the substantially shorter separa-

tion (3.114 Å) between the tetrahedral Mn2 sites of the
neighboring triangulated strips (Figure 2c) as compared to the
Mn1−Mn2 (3.437 Å) or Mn1−Mn1 and Mn2−Mn2 (4.077
Å) distances within the same strip (Figure 2d). Thus, it is
possible that the large negative Weiss constant is primarily
caused by the strong AFM coupling within the interstrip
dimers, while the weaker AFM coupling operates along the
longer intrastrip Mn−Mn exchange pathways, causing the
substantially lower ordering temperature. Such situation,
nevertheless, can still be considered as frustration (also not
the ideal geometric one), due to the competing exchange
interactions that manifest themselves in the formation of the
complex spin texture in the magnetically ordered state of
Na2Mn3Se4.

Electronic Structure. The electronic band structure
calculations revealed the band gap of 0.60 eV, which was
substantially smaller than the value of ∼2.0 eV established
from the onset of optical absorption measured on a single
crystal of Na2Mn3Se4 (Figure S5). The under-estimation of the
band gap is a common problem of DFT methods.28 To
mitigate this issue, the empirical Hubbard parameter (U) was
included in calculations and varied to approach the
experimentally determined band gap. We observed, however,
that higher values of U led to nearly complete separation in
energy between the Mn and Se states (Figure S6), which is
rather unrealistic, given the substantial degree of covalent
bonding between these elements. Therefore, a compromise
was reached between matching the experimental Eg value and
maintaining mixing between the Mn and Se states. The optimal
value of U = 3 eV resulted in Eg = 1.59 eV (Figure 6a).
Additionally, the experimentally determined magnetic struc-
ture exhibits a complex noncollinear ordering of the Mn
magnetic moments, whereas in the electronic structure
calculations we used a simpler collinear AFM arrangement of
the Mn moments along the [011] direction, which might also
affect the calculated band gap. The DOS curve reveals nearly
complete polarization of the Mn1 and Mn2 3d states below the
Fermi energy (Figure 6b). The occupied Mn 3d states show
significant interactions with the Se valence orbitals, while the
lower region of the conduction band is comprised predom-
inantly of Mn 3d states, with higher lying states (>2 eV above
EF) having significant Se and Na contributions.

Figure 6. Electronic band structure (a) and spin-polarized density of states (b) for Na2Mn3Se4. In each plot, the Fermi level is indicated with a
dashed line.
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Due to the monoclinic symmetry of the structure, many
special points appear in the first Brillouin zone, which
immensely complicates the band structure. Additionally, the
lowest unoccupied band and the highest occupied band nearly
reach their minimum/maximum at many of these points. While
the band gap is found to be indirect and equal to 1.59 eV, the
direct band gap at the Γ point is only slightly larger, at 1.64 eV.
Lowering the U parameter below 3 eV maintains the location
of the indirect band gap, while increasing U above 3 eV
switches the band structure to a direct bandgap at Γ. This
finding suggests that the nature of the band gap in this material
might be sensitive to small perturbations of its crystal structure.
Our future studies will focus on doping various sublattices of
Na2Mn3Se4 to probe the stability of its magnetic structure and
the possible switching to the direct band gap semiconductor,
which might promote photoluminescent properties.

4. CONCLUSIONS
In summary, a new layered-structure selenide, Na2Mn3Se4,
exhibits triangulated arrangement of the Mn sites, which are
engaged in strong AFM exchange interactions, as evidenced by
the large and negative value of the Weiss constant (∼ − 400
K). As a result, the material displays strong magnetic
frustration, manifested in the much lower AFM ordering
temperature of 27 K. As mentioned in the Introduction, large
negative Weiss constants of −1000 K and −140 K were also
reported for NaMnSe2 and Na2Mn2Se3, respectively.

1 Given
that the former showed AFM ordering only at 9 K and the
latter did not exhibit magnetic ordering down to 4 K, we find
the magnetic frustration indices f = 111 for NaMnSe2 and f >
35 for Na2Mn2Se3. These values warrant further detailed
investigation of these and related materials. Such studies are
currently under way in our laboratories.
Neutron diffraction studies revealed a complex magnetic

structure of Na2Mn3Se4. The arrangement of ordered magnetic
moments in the Mn sites is described by two propagation
vectors, which result in both in-plane and out-of-plane
arrangement of moments with respect to the orientation of
the [Mn3Se4]

2− layers. Overall, the Mn moments form
ferrimagnetic layers which are stacked AFM along the a axis.
Interestingly, applied magnetic field appears to stabilize
another non-collinear arrangement of Mn moments, as
suggested by a low-moment magnetization plateau observed
between 4 and 16 T. Thus, it is of interest to study the
magnetic structure of this material in the plateau region, which
we plan to do by means of powder neutron diffraction under
applied magnetic field. The results of these studies will be
reported in due course.
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