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Science (JCNS) at Heinz Maier-Leibnitz Zentrum (MLZ), 85748 Garching, Germany
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Detailed investigation of Ba2MnGe2O7 was performed in its low-temperature magnetoelectric
state combining neutron diffraction with magnetization measurements on single crystals. In the
paramagnetic state at 10K, polarized neutron diffraction was applied to reveal the components of
the susceptibility tensor. The crystal and magnetic structures below the antiferromagnetic transition
temperature of TN ≈ 4K were determined using unpolarized neutron diffraction. This data implies
no structural phase transition from 10K down to 2.5K and is well described within the tetragonal
space group P 4̄21m. We found that in zero magnetic field the magnetic space group is either
Ccmc21 or Pc212121 with antiferromagnetic order along the [110] or [100] directions, respectively,
while neighboring spins along the [001] axis are ordered antiferromagnetically. A non-collinear
spin arrangement due to small canting within the ab plane is allowed by symmetry and observed
experimentally. The ordered moment is found to be 3.24(3)µB/Mn2+ at 2.5K and the temperature-
field dependent magnetic phase diagram is mapped out by macroscopic magnetization. Distinct
differences between the magnetic structure of Ba2MnGe2O7 as compared to those of Ba2CoGe2O7

and Ca2CoSi2O7 are discussed.

PACS numbers: 61.05.fm, 75.25.-j, 75.85.+t

I. INTRODUCTION

Recently, several members of the melilite family,
such as Ca2CoSi2O7, Sr2CoSi2O7, Ba2MnGe2O7 and
Ba2CoGe2O7 have been found to exhibit static as well
as dynamic magnetoelectric effects. Moreover, it was
demonstrated1–3 via polarized terahertz spectroscopy
studies on multiferroic Ca2CoSi2O7, Sr2CoSi2O7 and
Ba2CoGe2O7 that their magnetoelectric spin excitations
exhibit quadrochroism: They have different colours for
all four combinations of two propagation directions (for-
ward or backward) and two orthogonal polarizations of
a light beam.

Due to the lack of the low-temperature structural de-
tails, a general non-centrosymmetric tetragonal structure
of melilites A2BTO7 with space group (SG) P 4̄21m is
often used.1,4,5 However, in e.g. Ba2CoGe2O7, the room
temperature tetragonal crystal structure P 4̄21m (Ref. 6)
transforms into orthorhombic Cmm2 at low tempera-
tures.6,7 Another melilite Ca2CoSi2O7 undergoes a se-
ries of structural phase transitions from 600K down to
30K.8–11 To our knowledge, no detailed structural in-
formation is available for Ba2MnGe2O7 in the magnetic
phase.

It is important to note that the main features of
the magnetoelectric behaviour of Ba2CoGe2O7 were pre-
dicted12 by symmetry considerations without appealing
to any specific atomic mechanism. However, for many
melilite systems, specific structural information is still
unavailable, while it is clear that the different parent

symmetries in the paramagnetic state can easily lead to
different ground-state magnetic structures.

It was found that the Mn spins in Ba2MnGe2O7 order
antiferromagnetically below TN with their moments lying
in the ab plane.13,14 The important difference from other
melilites, such as Ba2CoGe2O7 and Ca2CoSi2O7, is that
Ba2MnGe2O7 is characterised by the non-zero magnetic
propagation vector k = (0, 0, 1/2). However, detailed in-
vestigation of Ba2MnGe2O7 magnetic structure is miss-
ing and no information about in-plane spin canting was
published. The only neutron diffraction measurements
performed on Ba2MnGe2O7 consist of only 18 magnetic
Bragg reflections, collected at a cold neutron triple axis
spectrometer.13

It is clear that precise information for the atomic
positions as well as about the spin order (crystal and
magnetic structures) is essential to unravel the com-
plex physics behind the magnetoelectric behavior of the
melilite compounds. Recently, we performed15 detailed
structural investigation of Ba2MnGe2O7 by means of
neutron diffraction both at room temperature and 10K,
just above TN ≈ 4K. In order to fill the gap of low
temperature crystal (below TN) and magnetic struc-
ture information on Ba2MnGe2O7 and to provide reli-
able data for further experimental and theoretical re-
search, we continued our investigation of Ba2MnGe2O7

and performed single-crystal neutron diffraction exper-
iments as well as bulk magnetization measurements at
temperatures between 2K and 6K and fields up to 9T.
The observed magnetic properties are compared with
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those of Ba2CoGe2O7 (TN ≈ 6.7K) and Ca2CoSi2O7

(TN ≈ 5.7K).

II. EXPERIMENTAL

Single crystals of Ba2MnGe2O7 were grown by
floating-zone technique and characterized in previous
studies (see Ref. 11 and references therein). The sample
used for the neutron diffraction experiment has a cylin-
drical shape of approximately 6mm in height and about
the same diameter. For the magnetization measure-
ments, additional single crystals of Ba2MnGe2O7 were
synthesized and provided by the Department of Physics,
University of Salerno, Italy.

Unpolarized single-crystal neutron diffraction studies
were performed on the four-circle diffractometer HEiDi
(Ref. 16) at the research neutron source FRMII at the
Heinz Maier-Leibnitz Zentrum (MLZ), Germany. The
full data collections for the crystal and magnetic struc-
ture refinements were done on HEiDi at 2.5K with
the wavelength λ = 0.794 Å obtained from a Ge(422)
monochromator. To reach low temperatures, a closed-
cycle He cryostat was mounted in the Eulerian cradle of
the diffractometer. The sample was wrapped in Al foil
in order to ensure temperature homogeneity. The tem-
perature was measured and controlled by a diode sen-
sor near the heater position. The sample temperature
was independently monitored by a second thermometer
placed close to the sample position. In addition to the
full data collections, temperature dependences of the se-
lected Bragg reflections were measured in the range of 2.5
to 10K during the cooling process. The integrated in-
tensities of the measured Bragg reflections were obtained
with the DAVINCI program17 using the Lehmann-Larsen
method for peak location.18 The crystal and magnetic
structure parameters of Ba2MnGe2O7 were refined using
the JANA2006 program.19

Additionally, polarized neutron flipping ratios (FRs)
were measured on the VIP diffractometer (Ref. 20) at
the Orphée reactor at the Laboratoire Léon Brillouin
(LLB), France. For the measurement at 10K in the para-
magnetic phase of Ba2MnGe2O7, the single crystal was
mounted with the three high symmetry directions [001],
[100] and [110] almost along the vertical axis of the in-
strument and thus parallel to the direction of the applied
magnetic field of 6T. For each orientation, FR data was
collected with a neutron wavelength of 0.84 Å and refined
using the Mag2Pol program.21 For the refinement, weak
Bragg reflections with an intensity below 2% of the max-
imal observed value were excluded from the analysis due
to a high uncertainty in the calculated FR.

Moreover, the field dependence of the magnetization
was measured using a vibrating sample magnetometer in
a Bitter magnet for fields up to 1.5T at the High Field
Magnet Laboratory, Nijmegen, and in a superconducting
magnet for fields up to 9T at the Jülich Center of Neu-
tron science (JCNS), Jülich. The two experiments were

performed at T = 2 and 1.7K with the field parallel to
the [110] and the [100], [110] and [001] crystallographic
directions, respectively. For the latter experiment, the
temperature dependence of the magnetization was addi-
tionally measured at different constant field strengths for
each of the three high symmetry directions.

III. RESULTS AND DISCUSSION

A. Paramagnetic Phase

1. Paramagnetic structure model

In the paramagnetic (PM) state above TN , the crys-
tal structure in Ba2MnGe2O7 is given by the tetragonal
space group P 4̄21m with structural details as reported
in Ref. 15. For applied magnetic fields, an induced ferro-
magnetic (FM) moment at the Mn ions is expected. The
relation of this FM moment mFM to the external mag-
netic fieldB can be described in terms of an susceptibility
tensor χ, resulting in mFM = χB. For small fields up to
around 6T, the values of the symmetric tensor χ are ex-
pected to be almost constant in the PM phase at 10K,14

but can be anisotropic with components restricted to
χ11 = χ22 and χ12 = χ13 = χ23 = 0 by the tetragonal
symmetry. However, macroscopic measurements of the
low temperature magnetic susceptibility and the room-
temperature electron spin resonance for Ba2MnGe2O7 re-
vealed only an almost negligible anisotropy, which can be
related to the zero orbital angular momenta of Mn2+ in
the high spin state.13

2. Field-induced magnetic structure at 10K

To determine the local susceptibility tensor and to
probe the anisotropy in the field-induced magnetization,
mFM is refined from the polarized neutron FR data, col-
lected at 10K in the PM phase of Ba2MnGe2O7 with
magnetic field applied in different crystallographic direc-
tions. For the refinement, the structure parameters were
fixed according to the results of the unpolarized neutron

TABLE I. Field-induced magnetic moment of the Mn atoms
in the paramagnetic phase of Ba2MnGe2O7, as refined from
polarized neutron diffraction data at 10K with different ap-
plied magnetic field directions. The number of measured
reflections for each FR dataset and the reduced refinement
residuals χ2

r are additionally listed. The refinement is based
on the structural parameters given in Ref. 15.

Magnetic field Total reflections mFM [µB] χ2
r

B ∥ [001], 6T 630 1.912(8) 3.37
B ∥ [100], 6T 724 1.957(3) 3.64
B ∥ [110], 6T 775 2.005(3) 2.81
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FIG. 1. (Color online) Observed and calculated asymmetry
values for all h+k even reflections measured in Ba2MnGe2O7

at 10K with different applied magnetic field directions. The
calculation is based on the refinement results in Tab. I.

diffraction, presented in Ref. 15. The refined values of
the field induced magnetization mFM, directed along the
applied field magnetic field, are listed in Table I. The
very good agreement between the measured and calcu-
lated asymmetry values22 is demonstrated in Fig. 1 for
all reflections that are sensitive to mFM, i.e. reflections
with h+k even. Note that reflections with h+k odd are
only sensitive to Mn moments that are antiferromagneti-
cally ordered within the ab plane; thus, their asymmetry
is zero in the PM phase.

For all three high-symmetry field directions listed
in Table I, a similar induced magnetic moment is re-
fined. Based on a least-squares refinement of these these
FM moments taking into account the exact field direc-
tion from the experimental orientation matrix, almost
equal susceptibility components of χ11 = 0.330(4) and
χ33 = 0.32(2) are determined. They indicate a negligi-
ble anisotropy of χ11/χ33 = 1.04(5), which is in agree-
ment with the expectation from g tensor measurements
by electron spin resonance.13 The average induced mag-
netic moment of of 1.96(4)µB/Mn for an applied field of
6T at 10K in Ba2MnGe2O7 is close to the value obtained
by macroscopic magnetization.14 Note that no polarized
neutron diffraction data was collected in Ba2MnGe2O7

below TN as the ordered antiferromagnetic (AFM) mo-
ments cannot be probed by the FR method due to
k = (0, 0, 1/2).

B. Antiferromagnetic Phase

1. Crystal structure details at 2.5K

In order to determine the structural parameters for
Ba2MnGe2O7 below the magnetic transition tempera-
ture TN ≈ 4K we performed a refinement of its crys-
tal structure from our unpolarized neutron diffraction
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FIG. 2. (Color online) Quality of the Ba2MnGe2O7 crys-
tal structure refinement in SG P 4̄21m according to pre-
sented single-crystal neutron diffraction data at 2.5K. Exper-
imentally measured integrated intensities (F 2

obs) are plotted
against the calculated ones (F 2

calc). Reliability factor RF is
also given.

data at 2.5K. A total of 1657 pure nuclear Bragg re-
flections with sin θ/λ ≲ 0.8 Å−1 were measured and 964
unique reflections were obtained by averaging equiva-
lents23 (Rint = 0.0223).
No indication of a symmetry change was found from

10K down to 2.5K according to the neutron diffrac-
tion data. Thus, within the experimental precision, it
is assumed that the crystal structure Ba2MnGe2O7 in
the magnetic phase coincides with that at 10K (tetrago-
nal SG P 4̄21m), as determined by our previous neutron
diffraction.15 These structural details were taken as start-
ing parameters for the refinement at 2.5K. All atomic
positions which are not restricted by symmetry were re-
fined together with the scale, extinction and anisotropic
atomic displacements (Uani) parameters. Besides this, no
other constraints were used in the refinement process.
The agreement between the experimental and calcu-

lated data is shown in Fig. 2. Table II presents the
refined atomic coordinates as well as isotropic atomic
displacement (Uiso) parameters. Full details of the re-
finement, including Uani parameters, bond lengths and
angles, are deposited in the crystallographic information
file (CIF).24 A comparison with the 10K structure from
our neutron diffraction15 shows negligible differences in
positional parameters with an average value of less than
1σ.

2. Antiferromagnetic structure models

The low-temperature crystal structure of
Ba2MnGe2O7 is well described by the tetragonal
space group P 4̄21m (see Sec. III B 1 for more details).
Below TN ≈ 4K, additional Bragg reflections appear
corresponding to the magnetic order with propagation
vector k = (0, 0, 1/2). Thus, the unit cell of the magnetic
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FIG. 3. (Color online) The possible k-maximal symmetries for a magnetic ordering of Mn with propagation vector k = (0, 0, 1/2)
on a paramagnetic phase with SG P 4̄21m and its corresponding gray group P 4̄21m1′. Only the subgroups which allow nonzero
magnetic moments are shown. Each magnetic space group label is shown together with the transformation from the parent
P 4̄21m unit cell basis {a, b, c} to its standard setting. The allowed magnetic moment components which correspond to the
antiferromagnetic (AFM) ordering are given at the bottom.

TABLE II. Fractional atomic coordinates x, y and z as well
as isotropic atomic displacement parameters Uiso (Å2) for
Ba2MnGe2O7 refined in SG P 4̄21m1′ according to present
single-crystal neutron diffraction data at 2.5K.

Ion WP x y z Uiso

Ba 4e 0.33475(7) 0.5− x 0.49278(14) 0.00243(14)
Mn 2b 0 0 0 0.00290(30)
Ge 4e 0.13902(4) 0.5− x 0.04574(8) 0.00240(9)
O1 2c 0 0.5 0.16249(18) 0.00410(20)
O2 4e 0.13834(7) 0.5− x 0.73340(13) 0.00547(14)
O3 8f 0.07813(7) 0.18921(7) 0.19522(10) 0.00504(13)

structure is doubled along the c axis compared to the
paramagnetic state.

In order to solve the magnetic structure of
Ba2MnGe2O7 we used the concept of Shubnikov groups
(magnetic space groups, MSGs), which is very useful
in the case of second-order phase transitions for enu-
merating the possible magnetic structures compatible
with the crystal symmetry. This approach implies spe-
cific symmetry-deduced constraints on the magnetic mo-
ments. That is, the magnetic moments of symmetry
equivalent atoms are related via the magnetic symme-
try operations. It allows to reduce the number of refined
parameters and to average the symmetry equivalent re-
flections. It was shown, that the use of MSGs signif-
icantly facilitates the interpretation of the results (see,
e.g., Ref. 25 and references therein).

The non-magnetic parent space group of Ba2MnGe2O7

is P 4̄21m and its corresponding gray group is P 4̄21m1′,
which in addition includes the time reversal operation.
The symmetry of a magnetically ordered phase is de-
scribed by a subgroup of this parent group. Fig. 3 shows
the k-maximal subgroups for P 4̄21m1′ with the magnetic
propagation vector k = (0, 0, 1/2). Only four distinct
types of magnetic ordering of k-maximal symmetry are
possible in Ba2MnGe2O7: MSG Pc4̄21c, MSG Pc4̄21m,
MSG Ccmc21 (model M110) and MSG Pc212121 (model
M100). The differences between the models manifest

themselves in the distinct magnetic modes which can be
presented as the pure antiferromagnetic (AFM) compo-
nents along the crystallographic directions [001], [110] or
[100] (see Fig. 3).
In the case of tetragonal magnetic models (MSGs

Pc4̄21c and Pc4̄21m) the magnetic moment is aligned
along the c axis, that disagrees with the experimentally
observed magnetic Bragg peaks. Therefore, these two
models can be ruled out. The orthorhombic magnetic
modelsM110 andM100 (see Fig. 4) restrict the magnetic
moment to lie in the ab plane with a main AFM compo-
nent along either [110] diagonal or [100] axis. A minor
AFM component in the perpendicular direction (in-plane
canting of magnetic moments) is allowed by symmetry,
but does not lead to a global ferromagnetic moment be-
cause of the AFM alignment between the (001) planes.
Therefore, in Ba2MnGe2O7 the FM alignment is forbid-
den by symmetry in contrast to other compounds in the
melilite family, such as Ba2CoGe2O7 or Ca2CoSi2O7.
In both M110 and M100 the index of their MSGs

with respect to the parent symmetry P 4̄21m1′ is four.
Thus, two configurations twinned with respect to a di-
agonal mirror plane mxy (90◦ magnetic domains) exist
in Ba2MnGe2O7, apart from their corresponding trivial
twins with all spins reversed. All possible magnetic do-
mains for both models are shown schematically in Fig. 5.

3. Magnetic structure refinement at 2.5K

Two symmetry-allowed magnetic structure models
(M110 and M100) selected in the previous section were
used in the refinement process to compare the experi-
mental data with the calculations. We note, that in both
cases the 90◦ magnetic domains were taking into account
in the refinement, while the trivial magnetic twins with
all spins reversed were omitted, since they have no effect
on the diffraction data. We note, however, that if the
90◦ magnetic domains are equally populated, it becomes
impossible to distinguish between M110 and M100 with
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FIG. 4. (Color online) Possible in-plane magnetic structures
of Ba2MnGe2O7 in the M110 (MSG Ccmc21) and M100
(MSG Pc212121) models, according to our neutron diffraction
data at 2.5K. Angle φ denotes in-plane canting of magnetic
moments allowed by symmetry.
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FIG. 5. (Color online) Schematic view of the possible
magnetic domains in Ba2MnGe2O7 for both M110 (MSG
Ccmc21) and M100 (MSG Pc212121) models. A single layer
along the [001] direction is shown for simplicity.

unpolarized neutron diffraction only.
In contrast to Ba2CoGe2O7 (Refs. 7 and 26) or

Ca2CoSi2O7 (Ref. 27), Ba2MnGe2O7 is characterised by
the non-zero magnetic propagation vector k = (0, 0, 1/2).
As a result, the magnetic Bragg reflections are fully sepa-
rated from the nuclear ones. Therefore, in the refinement,
all structural parameters for Ba2MnGe2O7 were fixed ac-
cording to the results of the crystal structure analysis
presented in Sec. III B 1 and only the magnetic structure
components were refined. A total of 181 pure magnetic
Bragg reflections with sin θ/λ ≲ 0.46 Å−1 were measured
at 2.5K and 91 unique reflections were obtained by av-
eraging equivalents28 (Rint = 0.0275).
A direct comparison of the entire set of pure magnetic

reflections for the final fit in the two models M110 and
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FIG. 6. (Color online) Quality of the Ba2MnGe2O7 magnetic
structure refinement in both M110 (MSG Ccmc21) and M100
(MSG Pc212121) models according to present syngle-crystal
neutron diffraction data refinement at 2.5K. Experimentally
measured integrated intensities (F 2

obs) are plotted against the
calculated ones (F 2

calc). Reliability factors RF are also given.

TABLE III. Magnetic moment components (µB) of the
symmetry-independent Mn atoms in the M110 (MSG
Ccmc21) and M100 (MSG Pc212121) magnetic structures
models, as refined from neutron diffraction data at 2.5K.
Manganese atomic coordinates are given in Table II.

Model Mx My Mz |M |
M110 2.57(4) 1.97(4) 0 3.24(3)
M100 −0.43(5) 3.21(3) 0 3.24(3)

M100 is presented in Fig. 6. As can be seen from the
figure, both models reproduce the magnetic reflection in-
tensities equally well, and it is impossible to distinguish
between the two cases. This indicates that the magnetic
domains are equally populated or their imbalance is neg-
ligible and cannot be easily detected. The average or-
dered magnetic moment in Ba2MnGe2O7 at 2.5K, as re-
fined from neutron diffraction data, is found to be about
3.24(3)µB/Mn for both M110 and M100 models (see Ta-
ble III). In both cases, the spin canting is allowed by the
symmetry via the minor AFM components perpendicu-
lar to the direction of the primary AFM ordering. This
minor AFM moment is found to be around 0.4µB, which
is close to the limit of unpolarised neutron diffraction.

4. Temperature evolution of magnetic structure

In order to follow the temperature evolution of the
magnetic structure of Ba2MnGe2O7, several intense mag-
netic and structural Bragg reflections were collected in
the temperature range from 2.5K to 6K. Figure 7 shows
the temperature dependences of the normalised inte-
grated intensities of the magnetic Bragg reflections (10 1

2 )

and (01 1
2 ), as an example. These intensities decrease con-

tinuously with increasing temperature and become con-



6

0.3 0.6 0.9 1.2 1.5

0.00

0.50

1.00
0.85 1.0

T/TN

I
/I

0

Obs (01 1
2
)

Obs (10 1
2
)

Fit
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dences of the normalised integrated intensity of the magnetic
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the single-crystal neutron diffraction data. Solid line shows a
fit to Eq. 1.

stant and close to zero above TN.
The integrated intensities I of magnetic Bragg re-

flections measured with unpolarized neutrons follow the
square of the magnetic order parameter. The data were
fitted in the temperature range from 0.8TN to TN assum-
ing a power law dependence to the equation29,30

I = In + I0

(
TN − T

TN

)2β

, (1)

where In is the nuclear (structural) contribution to the
intensity, I0 is the magnetic intensity at T = 0 and β is
the critical exponent.

The fit yields β = 0.27±0.05 as critical exponent which
is close to the values found for Ba2CoGe2O7 (Ref. 7),
Ca2CoSi2O7 (Ref. 27) and other layered 2D antiferro-
magnets.31–33 This is in agreement with the layered crys-
tal structure of Ba2MnGe2O7 where MnO4 and Ge2O7

groups in the planes are separated by interlayer Ba
cations and exchange interactions between manganese
spins on neighgoring layers are expected to be much
weaker than intra-plane exchange couplings.

A very weak nuclear contribution above TN is associ-
ated with the multiple diffraction or the Renninger effect
(see, e.g., Refs. 34–35 and references therein), which was
found in Ca2CoSi2O7 at 10K (Ref. 11) and Ba2CoGe2O7

at room temperature (Ref. 6).

5. Magnetization measurements

The absence of a global ferromagnetic component
derived from the magnetic symmetry analysis (see
Sec. III B 2) agrees well with the absence of in-plane spon-
taneous magnetization observed in Ba2MnGe2O7 below
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FIG. 6. (Color online) Field dependence of the magnetiza-
tion M in µB per transition metal ion (TM) for Ca2CoSi2O7

(blue) and Ba2MnGe2O7 (red). Field is applied along the
[110] direction at 2 K. In contrast to Ca2CoSi2O7, there is no
hysteresis for Ba2MnGe2O7 indicating no spontaneous mag-
netization in the ab plane in agreement with the magnetic
symmetry analysis.

TABLE II. Fractional atomic coordinates x, y and z as well
as isotropic atomic displacement parameters Uiso (Å2) for
Ba2MnGe2O7 refined in SG P 4̄21m10 according to present
single-crystal neutron di↵raction data at 2.5 K.

Ion WP x y z Uiso

Ba 4e 0.33475(7) 0.5 � x 0.49278(14) 0.00243(14)
Mn 2b 0 0 0 0.00290(30)
Ge 4e 0.13902(4) 0.5 � x 0.04574(8) 0.00240(9)
O1 2c 0 0.5 0.16249(18) 0.00410(20)
O2 4e 0.13834(7) 0.5 � x 0.73340(13) 0.00547(14)
O3 8f 0.07813(7) 0.18921(7) 0.19522(10) 0.00504(13)

the magnetic phase coincides with that at 10 K (tetrag-
onal SG P 4̄21m), as determined by our previous neu-
tron di↵raction.15. These structural details were taken
as starting parameters for the refinement at 2.5K. All
atomic positions which are not restricted by symme-
try were refined together with the scale, extinction and
anisotropic atomic displacements (Uani) parameters. Be-
sides this, no other constraints were used in the refine-
ment process.

The agreement between the experimental and calcu-
lated data is shown in Fig. 7. Table II presents the
refined atomic coordinates as well as isotropic atomic
displacement (Uiso) parameters. Full details of the re-
finement, including Uani parameters, bond lengths and
angles, are deposited in the crystallographic information
file (CIF).32 A comparison with the 10 K structure from
our neutron di↵raction15 shows negligible di↵erences in
positional parameters with an average value of less than
1�.
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FIG. 7. (Color online) Quality of the Ba2MnGe2O7 crys-
tal structure refinement in SG P 4̄21m according to pre-
sented single-crystal neutron di↵raction data at 2.5 K. Exper-
imentally measured integrated intensities (F 2

obs) are plotted
against the calculated ones (F 2

calc). Reliability factor RF is
also given.

IV. CONCLUSION

The magnetic structure of Ba2MnGe2O7 at 2.5 K was
accurately refined based on the single-crystal neutron
di↵raction data and magnetic symmetry analysis. The
results indicate the orthorhombic symmetry of the mag-
netic structure with either Ccmc21 or Pc212121 magnetic
space group, which is impossible to distinguish with un-
polarized neutron di↵raction because of the equally pop-
ulated 90�-type magnetic domains. In both models, the
spin pattern shows a square-lattice in-plane AFM order
along the [110] (MSG Ccmc21) or [100] (MSG Pc212121)
crystallographic directions. At zero magnetic field the
magnitude of the averaged ordered magnetic moment of
Mn2+ ions is found to be about 3.24 µB. Small cant-
ing (minor antiferromagnetic component) in the ab plane
perpendicular to the primary AFM moment is allowed
by symmetry and found to be relatively small.

We also report here the structural parameters of
Ba2MnGe2O7 in the low-temperature magnetoelectric
state. No evidence for a structural phase transition upon
the magnetic phase transition at about 4 K was observed
by neutron di↵raction and the crystal structure at 2.5 K
is found to correspond well to that at 10 K.

The detailed structural parameters reported here (both
for the nuclear and magnetic order) of Ba2MnGe2O7 can
serve as a profound experimental basis to develop mi-
croscopic models describing the multiferroic nature and
the peculiar magnetoelectric phenomena in melilites. Po-
larized neutron di↵raction measurements on the sample
with imbalance of 90� magnetic domains would help to
distinguish between two magnetic models presented here
and thus provide further insight into the nature of the
magnetic phases of Co- and Mn-based melilites.

FIG. 8. (Color online) Field dependence of the magnetiza-
tion M in µB per transition metal ion (TM) for Ca2CoSi2O7

(blue) and Ba2MnGe2O7 (red). Field is applied along the
[110] direction at 2K. In contrast to Ca2CoSi2O7, there is no
hysteresis for Ba2MnGe2O7 indicating no spontaneous mag-
netization in the ab plane in agreement with the magnetic
symmetry analysis.

TN ≈ 4K. Figure 8 presents the results of the bulk mag-
netization (M) measurements at 2K, just below the Néel
temperature, with field applied along the [110] direction.
For comparison, magnetization curve of another mem-
ber of the melilite family Ca2CoSi2O7 is show with a
clear spontaneous magnetization, both observed experi-
mentally and allowed by symmetry (Ref. 27). Unfortu-
nately, the absence of in-plane spontaneous magnetiza-
tion makes it impossible to independently estimate the
mean value of zero field canting within the ab plane, as
was successfully done earlier for Ba2CoGe2O7 (Ref. 27).
In addition, field- and temperature-dependent magne-

tization measurements were used to outline the magnetic
phase diagram by monitoring the change in the transi-

1 2 3 4 5 6
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4

6
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10

B
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]

PMAFM

B ‖ [001]

B ‖ [100]

B ‖ [110]

FIG. 9. (Color online) Field- and temperature-dependent
magnetic phase diagram in Ba2MnGe2O7. Symbols corre-
spond to the magnetization measurements with field applied
in the respective crystallographic direction. The solid line
shows a fit of the B ∥ [001] data (red circular symbols) to
Eq. 2.
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tion temperature TN for increasing external fields B. The
results are shown in Fig. 9 and clearly indicate a decrease
in TN for higher fields, independent on the applied field
direction. This isotropic behaviour complies well with
the polarized neutron diffraction results in Sec. IIIA 2.
The reduction of TN for stronger external fields is typical
for antiferromagnets and connected to the field-induced
suppression of the order parameter. Applying the Ising
model of antiferromagnets, the general variation of TN

with applied magnetic fields B was derived by Bienen-
stock 36 using a high-temperature expansions of the free
energy and reduced to an expression of the form

TN

TN,0
=

(
1−

(
B

B0

)2
)ζ

, (2)

with zero-field transition temperature TN,0, zero-
temperature critical field B0 and exponent ζ. Note that
the critical field B0 = −zJ/m is given by the coordi-
nation number z, the spin coupling energy J and the
magnetic moment m. Using this approximation, the
field dependency can be well fitted by TN,0 = 4.18(4)K,
B0 = 9.5(3)T and ζ = 0.58(8), as shown by the solid
black line in Fig. 9. Its continuation, given by the dashed
line, serves as good approximation for the boundary be-
tween the AFM and PM phase. As the exponent ζ re-
flects mainly the dimension of the system and is around
0.87 for a 2D square lattice and around 0.35 for a simple
or body centered cubic 3D structure36, the fitted result
of 0.58(8) indicates the quasi-2D AFM characteristic for
Ba2MnGe2O7, resulting from its layered structure dis-
cussed in Sec. III B 4.

IV. CONCLUSION

In the paramagnetic phase of Ba2MnGe2O7, the field
induced magnetization was precisely refined from polar-
ized neutron diffraction measurements. The results indi-
cated no clear anisotropy in the local susceptibility ten-
sor, which is in agreement with the expectation from elec-
tron spin resonance measurements.13

For the low-temperature magnetoelectric state, high-
quality structural parameters of Ba2MnGe2O7 are re-
ported. No evidence for a structural phase transition
upon the magnetic phase transition at about 4K was ob-
served by neutron diffraction and the crystal structure at
2.5K is found to correspond well to that at 10K.
In addition, the magnetic structure of Ba2MnGe2O7 at

2.5K was accurately refined based on the single-crystal
neutron diffraction data and magnetic symmetry analy-
sis. The results indicate the orthorhombic symmetry of
the magnetic structure with either Ccmc21 or Pc212121
magnetic space group, which is impossible to distin-
guish with unpolarized neutron diffraction because of the
equally populated 90◦-type magnetic domains. In both
models, the spin pattern shows a square-lattice in-plane
AFM order along the [110] (MSG Ccmc21) or [100] (MSG
Pc212121) crystallographic directions. At zero magnetic
field the magnitude of the averaged ordered magnetic mo-
ment of Mn2+ ions is found to be about 3.24µB. Small
canting (minor antiferromagnetic component) in the ab
plane perpendicular to the primary AFM moment is al-
lowed by symmetry and found to be relatively small.

The detailed structural parameters (both for the nu-
clear and magnetic order) and the magnetic phase dia-
gram of Ba2MnGe2O7 reported here can serve as a pro-
found experimental basis to develop microscopic models
describing the multiferroic nature and the peculiar mag-
netoelectric phenomena in melilites. Uniaxial or spheri-
cal neutron polarization analysis on the sample with an
imbalance of the 90◦ magnetic domains would help to
distinguish between two magnetic models presented here
and thus provide further insight into the nature of the
magnetic phases of Co- and Mn-based melilites.
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