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ABSTRACT: Melilite-type Ba2MnSi2O7 was synthesized by a standard powder solid-state reaction
route, and its magnetic properties were studied at low temperature. The magnetic structure was
found to be C-type pointing along the c axis from neutron powder diffraction, which is different from
the G-type ordering previously reported in all other 2-2-4-2 melilites with manganese as the B′-site
transition metal. Ab initio (density functional theory) and magnetic dipole−dipole calculations were
used to understand the magnetic structure by determining the spin supersuperexchange parameters
as well as the relative influence of spin−orbit coupling and the magnetic dipole−dipole interactions.

■ INTRODUCTION

Many oxides of the general formula A2B′C″2O7 adopt the
melilite-type crystal structure (where A = alkali, alkali-earth,
rare-earth cations, larger B′ = Al, Be, Ga, Ge, Mg, Si, transition
metal, and smaller C″ = Al, Be, Ga, Ge, P, Si, V).2 The melilite
series is exemplified by the solid solution between ak̊ermanite
(Ca2MgSi2O7) and gehlenite (Ca2Al2SiO7).

3,4

The melilite-type structure is built of layers of vertex-sharing
B′O4 and C″O4 tetrahedra separated by alkali-metal atoms A
residing in the interlayer space (Figure 1). It is described by
the noncentrosymmetric tetragonal space group P42̅1m (No.
113) with unit cell parameters in the range a = b ≈ 7.3−8.6 Å
and c ≈ 4.8−5.6 Å.2 Many melilites form an incommensurate
phase at lower temperatures due to a “misfit between the
intermediate cation layer and the sheet-like tetrahedral
framework”.2,5

The B′-site of the melilite structure can accommodate many
different transition-metal elements, including manganese,
cobalt, copper, and iron, which possess net magnetic moments
due to their unpaired d electrons and orbital angular
momentum. The primary magnetic interaction between B′-
site transition-metal atoms in melilites is the relatively strong
antiferromagnetic (AFM) intralayer supersuperexchange (SSE)
interaction6−8 which operates through the C″O4 tetrahedra (J1
in Figure 2). As a result, these materials usually exhibit either a
G-type or C-type AFM magnetic ordering.7,9 Depending on
composition, spin−orbit coupling (SOC) can also be quite
strong.10,11

These materials have attracted substantial interest for
studying the dynamics of 2-D quantum mechanical systems8

due to the relatively weak interlayer interactions along [001]
and the convenience of magnetic phase transitions at
experimentally accessible magnetic fields.12,13 The two-dimen-

sional character of the magnetic sublattice leads to a variety of
magnetic structures such as long-range commensurate
(Ba2MnGe2O7,

14 Sr2CoGe2O7
9) or incommensurate

(Ba2CuGe2O7
15) magnetic ordering. Furthermore, many

melilites exhibit multiferroic ordering due to the non-
centrosymmetric space group16,17 which is observable in
both static ferroelectric and terahertz optical absorption
measurements.18−20 The p−d hybridization mechanism is
usually responsible for this coupling between magnetic
moments and ferroelectric polarization.20,21

Various compositions in the 2-2-4-2 magnetic melilite group
with manganese on the B′-site22,23 have been previously
synthesized, including Sr2MnSi2O7,

5,23−34 Ba2MnSi2O7,
23−25,28

Sr2MnGe2O7,
9,25,28,35−38 and Ba2MnGe2O7.

6,14,20,21,32,39−42

Eu2MnSi2O7
31 and Sr2MnGe2(S6O)

43 were also synthesized
and characterized magnetically but have somewhat different
magnetic properties due to the presence of the additional
magnetic Eu ion and the much stronger interatomic bonding
from the S ions. Mn can also be accommodated on the B′-site
in a solid solution with other B′-site ions.27,38,40 Previous
attempts to synthesize pure Ca2MnSi2O7 and Ca2MnGe2O7
melilite compounds were unsuccessful.23,44−49 However, Ca
can still be accommodated on the A-site in the melilite
manganese structure with solid solution partial substitution of
the A-site44,45 and/or also the B′-site.5,23,50,51
Manganese in the 2+ oxidation state has a magnetic moment

from the combined spin of its five unpaired d electrons.
Previous measurements including magnetometry, neutron
powder diffraction (NPD), inelastic neutron scattering
(INS), and density functional theory (DFT) calculations all
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suggest a G-type magnetic structure for Sr2MnSi2O7,
32−34

Sr2MnGe2O7,
9,37 Ba2MnGe2O7,

14,21,32 and Sr2MnGe2(S6O).
43

The contribution from SOC for the tetrahedrally coordinated
Mn in a 2+ state is nearly negligible.52 Some crystal-field
splitting may be possible in melilite materials, as the
tetrahedrally coordinated metal atoms are slightly compressed
along the c axis. Previous measurements and calculations of
SOC and single ion anisotropy (SIA) values for manganese
melilites have shown these values to be quite small.20,32,37 SIA
has been observed in microwave transmission experiments of
0.023(6) K in Ba2MnGe2O7,

20 which is about twice as large as
the interlayer SSE of 0.012(1) K for the same material
measured with INS14 (although these two values were not
refined synchronously). As a result, magnetic dipole−dipole
interactions, which are always present but are usually
insignificant in comparison to other magnetic interactions,
can have a significant effect on the direction of the magnetic
moments.32,37

Ba2MnSi2O7 was first prepared and identified as melilite type
on the basis of indexing of X-ray powder diffraction data.23

The unit cell parameters and melilite crystal structure type
were later confirmed,24,53 but a detailed crystal structural study
was not carried out. Analysis of the bond geometry of a wide
class of melilites in the 2-2-4-2 group was performed, but the
ionic positions were only described by equations relating to the
space group and the trends of the unit cell parameters.24

Distortion of the transition-metal tetrahedra was also
speculated in this paper.24 Raman and infrared spectra of
Ba2MnSi2O7 and related compounds in the 2-2-4-2 melilite
structure and other unspecified crystal structure types were
also studied.25 Existing information about Ba2MnSi2O7 as well
as many other materials was used as input for a machine-
learning algorithm to predict the properties of many
materials.28

Finally, while the magnetic properties and structure of other
manganese melilites have been reasonably well studied, there
appears to be no literature on the magnetic properties and
magnetic structure of Ba2MnSi2O7. In contrast to all other
materials in this group, our DFT calculations predict that
Ba2MnSi2O7 has a C-type magnetic structure. Therefore, we
performed further research on melilite Ba2MnSi2O7 to study its
ionic structure, magnetic structure, and magnetic properties.
Here, we report the results of powder sample synthesis, X-ray
powder diffraction, magnetometry, neutron powder diffraction
(NPD), ab initio DFT calculations with spin−orbit coupling
(SOC) calculations, and magnetic dipole−dipole (MDD)
calculations for Ba2MnSi2O7.

■ EXPERIMENTAL SECTION
Materials Synthesis. A powder sample of Ba2MnSi2O7 was

synthesized by a solid-state reaction. Stoichiometric amounts of
BaCO3 (99.98%, Aldrich), MnCO3 (>98.0%, BDH), and SiO2
(99.98%, Aldrich) were mixed and milled on a planetary ball mill at
360 rpm for 2 h using a small quantity of acetone as the dispersant.
After drying, the well-mixed reactants were placed into an open
alumina crucible and calcined at 900 °C for 10 h to decompose the
carbonates, following by an intermediate grinding. The final product
Ba2MnSi2O7 was obtained by sintering the product collected in the
last step at 1200 °C for 20 h. The powder had a light brown
appearance.

X-ray Analysis. Progress of the synthesis was monitored by
collecting XRPD data on a Panalytical X’Pert Pro diffractometer.
Sintering was repeated until XRPD data of the sample did not change
between successive treatments. The majority of the strongest peaks in
the XRPD pattern for the final product matched well with the
standard XRPD pattern53 of melilite-type Ba2MnSi2O7. XRPD and
NPD also showed the presence of a glaserite-type Ba3MnSi2O8
impurity phase (14.3 wt %), which we could not eliminate by varying
the experimental synthesis conditions. The glaserite phase crystal
structure was reported recently and does not order magnetically above
1.6 K, which is the lowest temperature reached in this experiment.54

Mn3O4 was also found to be present at the level of 3.6 wt % from
NPD.

dc Magnetic Susceptibility and Heat Capacity.Magnetometry
data were collected on a Quantum Design 9T Physical Properties
Measurement System (PPMS) with the vibrating sample magneto-
meter (VSM) option. For the zero field-cooled (ZFC) and field-
cooled (FC) temperature-dependent magnetic susceptibility measure-
ments from 3 to 300 K, a 500 Oe magnetic field was used with a VSM
oscillation frequency of 40 Hz, an amplitude of 2 mm and an
averaging time of 2 s. The magnetic susceptibility was fitted to the
modified Curie−Weiss law χexp = C/(T − Θ) + χT, where C is the
Curie constant, Θ is the Curie−Weiss temperature, and χT is the
temperature-independent paramagnetic contribution. The

Figure 1. Melilite structure (Ba2MnSi2O7 at 50 K; P42̅1m (No. 113))1

Figure 2. Different SSE pathways which were examined using DFT.
Color scheme: black, J1; red, J2; green, J3; blue, J4.
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Ba3MnSi2O8 glaserite and Mn3O4 impurities were represented as a
proportion of the molar mass in the analysis.
A more detailed measurement of magnetic susceptibility was also

performed over a small low-temperature interval from 2 to 6 K to
more accurately determine the Neél temperature of the magnetic
phase transition of Ba2MnSi2O7. For these measurements, a 1000 Oe
magnetic field was used with a VSM oscillation frequency of 40 Hz
and amplitude of 0.5 mm. The temperature was stabilized at intervals
of 0.05 K with a 60 s pause after temperature stabilization, where 20
separate measurements were performed with 2 s averaging to obtain
more accurate data. A smoothing filter similar to a Savitzky−Golay
filter55 was applied to the data by fitting a fourth-order polynomial
over an interval of 0.5 K, which also generates an approximation to
the derivatives. Specific heat measurements were performed on the
same type of platform over a similar temperature range.
Magnetic field hysteresis was performed at 2.5, 25, and 50 K to help

identify the ferrimagnetic contribution from the small amount of
Mn3O4 impurity found in the sample which is clearly visible in both
the FC and ZFC magnetometry measurements. These hysteresis
measurements were taken from −9 to 9 T with an oscillation
frequency of 40 Hz, amplitude of 2 mm, and averaging time of 2 s.
Neutron Analysis. Neutron powder diffraction (NPD) patterns

were collected on the high-resolution powder diffractometer
Echidna56 at the OPAL facility (Lucas Heights, Australia) using
neutrons of wavelength 2.4395 Å. Approximately 2 g of the powder
sample was loaded in a 6 mm diameter cylindrical vanadium can, and
diffraction patterns were collected at 1.6 and 50 K using a helium
cryostat. The magnetic structure was analyzed using the FullProf
suite57 with the default neutron scattering lengths and Mn+2 magnetic
form factor.
Theoretical Analysis. For our ab initio DFT calculations, we

employed the Vienna ab initio simulation package (VASP, version
5.2.1258−61) in the generalized gradient approximation (GGA) of
Perdew, Burke, and Ernzerhof62 with the projector augmented-wave
(PAW) method.63,64 A Γ-centered 3 × 3 × 3 Monkhorst−Pack k-
point mesh65 with the Gaussian smearing method66 was used for the
calculations with a plane wave energy cutoff of 500 eV. Additional
settings to improve electronic stability are outlined in the input files
provided in the Supporting Information. All calculations were
performed as spin-polarized calculations, and the GGA + onsite
repulsion (GGA+U) method was used to correct the well-known
overbinding of electrons in the 3d metal atoms of manganese67 with
U−J = 5 eV (unless otherwise stated), which is a commonly used
value.37,68−70

The melilite crystal structure31 was represented by a 1 × 1 × 2
supercell unless otherwise stated, which is large enough to represent
the G-type and A-type magnetic configurations (Figure 3). Ionic
relaxation was performed to obtain an appropriate crystal structure
before further magnetic calculations. In all ionic relaxations, no
symmetry was imposed on the ionic positions and the unit cell
parameters were allowed to vary freely. Ionic relaxations were
restarted several times to eliminate the effects of Pulay stress.71

Spin supersuperexchange (SSE) energies and the calculation of the
Curie−Weiss temperature in the mean field approximation were
determined using the energy mapping method as for previous
calculations.32,37,72 The bond lengths, bond angles, and dihedral
angles of the atoms between Mn sites were examined to identify
symmetry-inequivalent bond chains as different possible SSE
pathways (Figure 2). The energy of the G-type, C-type, and A-type

antiferromagnetic (AFM) and ferromagnetic (FM) magnetic
structures (Figure 3) were calculated with U−J values of 4, 5, and
6 eV as the calculated energies, and spin-exchange values are affected
by this setting.32,37,67,72−74 These calculations were performed with
fixed ionic positions using the final structure relaxed with the C-type
magnetic structure from the previous step. From these energy values,
the J1, J2, and J3 SSE constants were calculated using a method similar
to that in our previous work75 and the interaction matrices in Table 1.

Further calculations with a larger 1 × 2 × 2 supercell and the addition
of an extra spin configuration also allowed us to calculate the strength
of the J4 interaction for U−J = 5 eV. From these spin-exchange values,
the mean-field approximation to the Curie−Weiss intercept temper-
ature was also calculated (Table 5).

DFT SOC and MDD76 calculations were performed with fixed
ionic positions, and both C-type and G-type magnetic structures with
moments aligned along [100], [110], [010], and [001]. For the DFT
SOC calculations the charge density was also allowed to vary self-
consistently. To determine the total energy of the MDD interactions,
the MDD energy was summed over a large supercell up to 250 Å. As
MDD calculations are not strongly convergent and are sensitive to
stray magnetic dipoles, even at large distances, a parallelepiped
supercell boundary condition centered on the atom being calculated
combined with the symmetry of the melilite structure ensured a
symmetric contribution to the total energy from each magnetic
dipole; the Ewald summation method was not employed.77,78 We
summed together the contribution of both SOC and MDD to
evaluate the preferred magnetic direction and ground-state magnetic
structure.

Figure 3. Different magnetic configurations used to perform DFT magnetic energy calculations to determine spin-exchange calculations and mean
field Curie−Weiss temperature.

Table 1. Spin-Exchange Matrices and Bond Counts for the
(Top) 1 × 1 × 2 and (Bottom) 1 × 2 × 2 Supercells for
Input Energy per Formula Unit (fu)
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■ RESULTS
Magnetometry and Heat Capacity. The high-temper-

ature ZFC and FC magnetic susceptibility data from 250 to
295 K were analyzed to determine the Curie−Weiss intercept
temperature and magnetic moment of the Mn atoms (Figure 4

and Table 2) in our melilite powder sample with some
impurities. The negative Curie−Weiss intercept suggests
predominant AFM interactions in the sample. The Curie−
Weiss fitted magnetic moment is also very close to the ideal
value for Mn2+ in a high-spin state of 5.92 μB.
At lower temperatures, two magnetic ordering peaks are

observed in the magnetic susceptibility. The 33−41 K peak
corresponds to the magnetic ordering temperature of the
ferrimagnetic Mn3O4 impurity.79 The magnetometry peak
observed at around 3 K is associated with the onset of
magnetic ordering of the melilite phase. The glaserite phase
does not show any magnetic ordering down to 1.6 K from
previous neutron and magnetometry experiments54 and
therefore does not contribute to this magnetometry peak.
While the small amount of ferrimagnetic Mn3O4 makes a
significant ferrimagnetic contribution to the magnetic suscept-
ibility plots at low temperatures, it should affect only a small
percentage of the Curie−Weiss fitted magnetic moment due to
the small weight percentage.
Magnetic hysteresis measurements at 2.5, 25, and 50 K were

performed to further investigate the observed ferrimagnetic
signal in our sample. As can be seen in Figure 5, a FM ordering
is observed at both 2.5 and 25 K, which we assign to the

ferrimagnetic ordering of Mn3O4. No significant increase in
FM ordering was observed in the 2.5 K hysteresis, but the
ferrimagnetic ordering of Mn3O4 masks any observation of a
small FM canting of Ba2MnSi2O7 if it existed.
The Neél temperature was determined to be about 2.95 K

from the intercept of the second derivative of the temperature-
dependent magnetic susceptibility and the peak in the heat
capacity data (Figure 682−87).

Neutron Powder Diffraction (NPD). The crystal
structure of Ba2MnSi2O7 was refined from NPD data collected
at 50 K: i.e. in the paramagnetic range. The refinement
confirmed that the composition crystallized in the melilite
structure type (space group P42̅1m, No. 113). Contributions
from the Mn3O4 and glaserite Ba3MnSi2O7

54 impurities were
accounted for in the refinement. The refined crystal structural
parameters are given in Table 3, and the Rietveld plot is
presented in Figure 7.
The NPD pattern taken at 1.6 K showed additional peaks

due to the magnetic ordering. All the magnetic peaks could be
indexed by the chemical unit cell, i.e. with the propagation
vector k = (0,0,0). Ba3MnSi2O8 was found to be paramagnetic
down to the lowest experimentally achievable temperature of
1.6 K from previous studies54 and thus does not present any
extra neutron diffraction peaks at these temperatures.
Representational analysis performed with BasIreps for the
Mn atoms located in the 2a (0, 0, 0) site followed by model
testing unambiguously pointed to the irreducible representa-
tion Γ1 with a single basis vector. The model, also equivalent
to the magnetic space group P42̅1m (Opechowski−Guccione88
#113.1.929), corresponds to the magnetic structure in which
Mn magnetic moments form the so-called C-type structure and
are aligned along the c axis. The value of the magnetic moment
at 1.6 K was refined to 4.1(1) μB. Assuming Brillouin function
behavior of the magnetization and transition temperature at 3
K (Figure 6), this corresponds to a saturated magnetic
moment of 4.7(1) μB, close to the expected value for the

Figure 4. Zero field-cooled and field-cooled magnetic susceptibility
and inverse magnetic susceptibility with fitted Curie−Weiss linear
function of the mixed Ba2MnSi2O7 melilite (82.1 wt %) Ba3MnSi2O8,
glaserite (14.3 wt %), and Mn3O4 (3.6 wt %). While the glaserite
sample does not order magnetically at the temperatures in this
measurement, the Mn3O4 impurity produced a large amount of
ferrimagnetic signal which is clearly visible with a peak at around 33−
41 K.79

Table 2. Fitted Curie−Weiss Parameters from Magnetic
Susceptibility Measurements over the 250−295 K
Temperature Interval

field
cooling

Curie−Weiss
constant

magnetic moment
(μB)

Curie−Weiss
intercept (K)

zero field 4.74(1) 6.16(1) −33.0(5)
field 4.64(1) 6.09(1) −26.1(4)
ideal80,81 5.92

Figure 5. Magnetic field hysteresis at 2.5, 25, and 50 K for the mixed
Ba2MnSi2O7 melilite (82.1 wt %), Ba3MnSi2O8 glaserite (14.3 wt %),
and Mn3O4 (3.6 wt %) powder sample. The ferrimagnetic ordering of
the Mn3O4 impurity is seen in the 25 and 2.5 K measurements but not
in the 50 K measurement. Saturation of the magnetic moments is
mostly achieved at 2.5 K and 9 T magnetic field, which is the
maximum field achievable by our instrumentation.
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S = 5/2 Mn+2 ion. The Rietveld plot for the NPD data
collected at 1.6 K is presented in Figure 7.
From the refined structure, the distortion of the MnO4

tetrahedron was characterized. The quadratic elongation is
1.0213 and bond angle variance is 77.4724, while the O−Mn−
O angles along the c direction are 104.01(9)° and in the a−b
plane are 121.05(9)°.1,89 This shows that there is some
compression of the tetrahedra along the c axis which may
produce some crystal-field splitting.90,91

DFT Ionic Relaxation. DFT calculations were performed
to investigate the magnetic structure of melilite Ba2MnSi2O7.
This structure was ionically relaxed in both a G-type and C-
type magnetic structure. Even though no symmetry was
imposed on the degrees of freedom of the atomic positions, the
final symmetry was still the same as the original symmetry
space group to better than 10−5 Å. The ionic relaxation with
the C-type magnetic structure was found to have the lowest
structural energy by 0.150 K/fu. Example calculation input files
and final relaxed structures can be found in the Supporting
Information.
DFT Magnetic Energies and Spin Supersuperex-

change Constants. Further spin-polarized DFT calculations

with fixed atom positions using the C-type ionically relaxed
structure were performed to determine the magnetic spin SSE
interaction constants and the calculated Curie−Weiss temper-
ature. The G-type or C-type AFM ordering of melilites is
usually caused by the relatively strong AFM ordering between
metal atoms in the a−b plane which is mediated by the
intralayer spin SSE, labeled as J1 in Figure 2. The sign of the
intralayer spin SSE between a−b plane layers determines if the
magnetic structure is G type or C type. Two other spin SSE
pathways allowed by symmetry were also evaluated in our
calculations but are expected to be relatively weak.
As can be seen in Table 5, these calculations also predict a

C-type AFM magnetic structure from both the total energies
and the spin-exchange energies. A value of U−J = 5 eV is
similar to the ideal value for similar calculations found in the
literature37,68 and gives good agreement between our own
experimental magnetometry measurements and calculations of
the Curie−Weiss temperature. The J1 spin-exchange pathway
is about 30 times greater than for J2 at U−J = 5 eV, which
shows that this material is a reasonably good approximation to
a 2-D magnetic system. The J3 and J4 longer pathways have
little effect on the magnetic structure, as they are relatively
weak in comparison to their direct competitors J2 and J1,
respectively. However, they may still be observable, for
example, by INS or terahertz spectroscopy.

Magnetic Dipole−Dipole (MDD) Calculations and
DFT Spin−Orbit Coupling (SOC). After measuring the
direction of the magnetic moments along the c axis using NPD,
we performed self-consistent DFT SOC calculations and MDD
to investigate the preferred ground-state magnetic moment
directions (Table 6). Both a C-type and G-type magnetic
structure were evaluated, as the energies calculated are similar
to the J2 spin-exchange energy and may therefore affect the
calculated magnetic ground state. While the DFT SOC
calculations show a preferred moment direction in the a−b
plane, the influence of MDD is stronger and puts the moments
along the c axis by 0.0578(41) K at U−J = 5 eV, as measured in
our NPD experiment. Also, evaluation of the G-type magnetic
structure total energy is still higher for all magnetic moment
directions than in the C-type structure. Evaluating only the
effect of SOC gives a Λ term of about 0.3082(41) K at U−J =
5 eV, which is about 1 order of magnitude larger than 0.023(2)
K for Ba2MnGe2O7.

20 We assume that this SOC is due to the
distortion of the MnO4 tetrahedra. While the chosen U−J
value has some influence on the final value, moments pointing
along the c axis in the C-type magnetic structure is still the
preferred direction for all U−J values. It should be noted that
the calculated DFT SOC energy differences are very small and
may therefore be limited in overall accuracy. Therefore, we can
write the following magnetic Hamiltonian for melilite
Ba2MnSi2O7 from the SSE, SOC, and MDD terms on the

Figure 6. (top left, green) Zero field-cooled magnetic susceptibility
under 1000 Oe magnetic field and smoothed with a fourth-order
polynomial least-squares regression over a 0.5 K interval (which
produces smoothing and derivatives similar to a Savitzky−Golay
filter55) of the mixed Ba2MnSi2O7 melilite (82.1 wt %), Ba3MnSi2O8
glaserite (14.3 wt %), and Mn3O4 (3.6 wt %) sample. (top right, red)
Heat capacity data Cp(T). (bottom) First and second derivatives of
the smoothed magnetic susceptibility as red and blue, respectively
(arbitrary scale). The second-derivative intercept of magnetic
susceptibility is at the same value as the heat capacity peak within
experimental error.

Table 3. Refined Crystal Structure Parameters for Ba2MnSi2O7 Based on NPD Data Collected at 50 Ka

atom site x y z Uiso, Å
2

Ba 4e (x, 1/2 + x, z) 0.1644(2) 0.6644(2) 0.5076(5) 0.0016(8)
Mn 2a (0, 0, 0) 0 0 0 0.0031(16)
Si 4e (x, 1/2 + x, z) 0.6327(3) 0.1327(3) 0.9462(7) 0.0089(5)
O1 2c (0, 1/2, z) 0 1/2 0.1466(7) 0.0089(5)
O2 8f (x, y, z) 0.0764(2) 0.1989(2) 0.1864(4) 0.0089(5)
O3 4e (x, 1/2 + x, z) 0.6378(2) 0.1378(2) 0.2493(5) 0.0089(5)

aSpace group P42̅1m (No. 113), a = 8.32075(18) Å, c = 5.37185(13) Å, V = 371.919(15) Å3.
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basis of interpretation of experimental and DFT calculation
results.
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Where i and j are atom indices, Jm are the spin-exchange
constants/pathways, Λ is the SIA not including that
contributed by MDD, g = 2, a0

3 = 0.529177 Å (the Bohr

radius), μB is the Bohr magneton, and
μg

a

( )B
2

0
3 = 8.409 K.76 For

U−J = 5 eV, our DFT calculations give J1 = −0.272, J2 =
0.00938, J3 = −0.000647, J4 = 0.00490, and Λ = −0.308 (in
units of K).

■ CONCLUSIONS
The Ba2MnSi2O7 melilite structure with space group P42̅1m
(No. 113) was confirmed with NPD. Magnetometry of our
melilite powder sample with impurities gives predominant
AFM interactions in this material with a negative Curie−Weiss
temperature of −33.0(5) K and effective magnetic moment of

Table 4. Refined Crystal Structure Parameters for Ba2MnSi2O7 Based on NPD Data Collected at 1.6 Ka

atom site x y z Uiso, Å
2

Ba 4e (x, 1/2 + x, z) 0.1649(2) 0.6649(2) 0.5086(5) 0.0040(7)
Mn 2a (0, 0, 0) 0.00000 0.00000 0.00000 0.0128(15)
Si 4e (x, 1/2 + x, z) 0.6342(3) 0.1342(3) 0.9486(6) 0.0088(4)
O1 2c (0, 1/2, z) 0.00000 0.50000 0.1441(6) 0.0088(4)
O2 8f (x, y, z) 0.07745(16) 0.19903(16) 0.1872(3) 0.0088(4)
O3 4e (x, 1/2 + x, z) 0.63828(19) 0.13828(19) 0.2508(4) 0.0088(4)

aSpace group P42̅1m (No. 113), a = 8.32046(7) Å, c = 5.37097(5) Å, V = 371.832(6) Å3.

Figure 7. (left) Rietveld plot for the NPD data collected at 50 K (λ = 2.4395 Å). Rp = 4.12%, Rwp = 5.78%. Red crosses and black and green solid
lines are experimental and calculated data and their difference, respectively. The tick marks from top to bottom show peak positions for 82.1 wt %
of Ba2MnSi2O7, 14.2 wt % of Ba3MnSi2O8, and 3.7 wt % Mn3O4, respectively. (right) Rietveld plot for the NPD data collected at 1.6 K. Rp = 3.61%,
Rwp = 5.04%, Rmag = 4.95%. The tick marks from top to bottom show peak positions for Ba2MnSi2O7, Ba2MnSi2O7 magnetic, Ba3MnSi2O8, and 3.7
wt % Mn3O4, respectively. The inset with the blue curve shows the magnetic contribution.

Table 5. Magnetic Energies Calculated with DFT in Different Spin Configurations as well as Calculated Spin-Exchange
Constants and the Mean-Field Approximation to the Curie−Weiss Temperature at Various U−J Values for the C-Type Relaxed
Melilite Structurea

U−J value (eV)

4 5 5 (larger unit cell) 6

C-type (K/fu) 0.000000(29) 0.000000(29) 0.000000(14) 0.000000(29)
G-type (K/fu) 0.202839(29) 0.149828(29) 0.149622(14) 0.108096(29)
FM (K/fu) 10.640012(29) 6.829635(29) 6.824900(14) 4.058280(29)
A-type (K/fu) 10.713527(29) 6.914560(29) 6.909860(14) 4.145927(29)
extra type (K/fu) 3.407231(14)
J1 (K) −0.4230140(18) −0.2718873(18) −0.2717028(10) −0.1619222(18)
J2 (K) 0.0110541(36) 0.0093901(36) 0.0093833(20) 0.0078297(36)
J3 (K) −0.00129324(91) −0.00064903(91) −0.00064662(49) −0.00020448(91)
J4 (K) −0.0049004(12)
Θ (K) −4.900857(37) −3.132387(37) −3.187389(21) −1.848190(37)

aErrors refer to numerical noise in calculations.
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6.16(1) μB (ZFC), which is close to the ideal value for Mn2+ of
5.92 μB. NPD gives a C-type collinear magnetic structure with
moments pointing along the c axis and magnetic moment
extrapolated to 0 K of 4.7(1) μB. DFT also gives a C-type
magnetic structure with dominant AFM intralayer J1
interactions and FM interlayer J2 interactions. Directional
magnetic calculations predict that MDD interactions are the
strongest directional interaction and that magnetic moments
should point along the c axis, in agreement with NPD.
However, there is close competition between the slightly
stronger MDD interactions and slightly weaker DFT SOC
interactions, which prefer moments pointing along the c axis
and the a−b plane, respectively. Finally, tetrahedral distortion
was measured with NPD, and its effect through crystal-field
splitting which was simulated with DFT SOC calculations may
be observable in the directional behavior of the magnetic
moments in Ba2MnSi2O7. On this basis we propose an initial
model for the magnetic interactions in Ba2MnSi2O7 which
consists of SSE, SIA due to crystal-field splitting, and an MDD
term.
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