Article
pubs.acs.org/cm

Structure, Magnetism, and the Magnetocaloric Eﬀect of MnFe4Si3
Single Crystals and Powder Samples
Paul Hering,† Karen Friese,*,† Jörg Voigt,† Jörg Persson,† Nadir Aliouane,‡ Andrzej Grzechnik,§
Anatoliy Senyshyn,⊥ and Thomas Brückel†
†
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ABSTRACT: Magnetic and structural properties of high
quality magnetocaloric MnFe4Si3 single crystals are investigated macroscopically and on an atomic scale. Reﬁnements of
combined neutron and X-ray single crystal diﬀraction data
introduce a new structural model in space group P6
characterized by partial ordering of Mn and Fe into layers
perpendicular to c on one of the transition metal sites. A
second transition metal site is exclusively occupied by iron.
MnFe4Si3 has a phase transition to a ferromagnetically ordered
phase at approximately 300 K and displays a strong anisotropy
of the magnetization and the magnetocaloric eﬀect with the easy axis of magnetization in the a,b-plane. This is conﬁrmed by a
reﬁnement of the magnetic structure in the magnetic spacegroup Pm′, which shows that the spins on the sites with mixed
occupancy of Mn and Fe are aligned in the a,b-plane. A signiﬁcant magnetic moment for the site exclusively occupied by iron
could not be reﬁned. The thermal evolution of the lattice parameters exhibits an anisotropic behavior and clearly reﬂects the
onset of magnetic ordering. A comparison of the ordered moment and the eﬀective paramagnetic moment hints toward itinerant
magnetism in the system.

■

INTRODUCTION
Magnetic cooling oﬀers an opportunity of an energy savings of
about 20−30% compared to conventional vapor compression
technology and does not use any ozone depleting gases or
other environmentally hazardous refrigerants.1 The magnetic
refrigeration cycle makes use of the magnetocaloric eﬀect, that
is, the temperature change upon adiabatic magnetization/
demagnetization.2 The entropy change in magnetocaloric
materials shows a peak at temperatures corresponding to
magnetic phase transitions, leading to a comparably large
temperature change to keep the total entropy constant.
Compounds in the series Mn5−xFexSi3 show magnetocaloric
eﬀects at diﬀerent temperatures depending on the individual
composition.3 On the basis of X-ray and neutron powder
diﬀraction studies at 293 and 77 K, it was postulated that all
compounds in the series crystallize in the space group P63/mcm
in the investigated temperature range.4 Two sites M1 (Wyckoﬀ
position 6g) and M2 (Wyckoﬀ position 4d) are occupied by
Mn and Fe in diﬀerent ratios depending on the parameter x.
The M1 atoms are interconnected to form distorted octahedra.
These octahedra share common triangular faces and form
chains of composition ∞[(M1)3] along the c-direction. The M2
site is surrounded by six silicon atoms at distances of
© 2015 American Chemical Society

approximately 2.4 Å in the form of a distorted octahedra.
Neighboring [M2Si6] octahedra share triangular faces and also
form inﬁnite chains of composition ∞[(M2)Si3] along the cdirection.4,5
On the basis of magnetization measurements on polycrystalline material, a variety of magnetic phase transitions were
identiﬁed3,5,6 in the temperature range between 25 and 400 K.
Of particular interest is MnFe4Si3 as its ferromagnetic ordering
sets in at approximately 300 K.3,5,6 Rietveld reﬁnements of the
magnetic structure were carried out in the magnetic space
group P63/mc′m′ and resulted in an alignment of the spins
parallel to the [001]-direction. Furthermore, a two-step spin
ordering process was assumed where the two metal sites M1
and M2 have diﬀerent ordering temperatures and magnetic
moments.5
The magnetic entropy change deduced from the hysteresis
loops measured on polycrystalline samples using the Maxwell
relation is about 3 J/kg K at a ﬁeld change from 0 to 2 T and
about 4 J/kg K for a ﬁeld change from 0 to 5 T.5,7 Although this
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polycrystalline material was measured in a vanadium sample holder.
Temperature-dependent measurements were performed with an MLZ
standard cryo-furnace from the base temperature of 4 K to a maximum
temperature of 470 K. We took 40 diﬀraction patterns and illuminated
the sample for 30 min. Two data sets at 4 and 380 K have been
measured with higher statistics (3 h). The used neutron wavelength
was λ = 1.548 Å. The instrumental geometry as well as the
preprocessing of the data, which is needed to obtain the onedimensional data from the detector tubes for further analysis, is
described in detail in ref 12.
For the X-ray single crystal diﬀraction, an Agilent Supernova with
MoKα radiation was used. A total of 972 frames was measured at the
temperatures 425 K, 380 K, 335 K, 290 K, 245 K, and 200 K using a
Cryojet HT cryo-furnace from Agilent with a temperature stability of
0.1 K. The data were reduced with the software CrysAlisPro from
Agilent.13 For the empirical absorption correction, the crystal shape
was approximated by 20 faces, which were optimized with the program
X-shape.14 The total number of observed reﬂections was ∼4500 at all
temperatures.
Neutron single crystal diﬀraction measurements were performed at
TRICS (Beamline R42) at the SINQ spallation source of the Paul
Scherrer Institute.15 The beamline was equipped with a four circle
goniometer in Euler geometry, and we used a 3He-point-detector. The
large single crystal (2.5 mm × 2 mm × 2 mm) was mounted on an
aluminum pin. A total number of 425 reﬂections were measured at
temperatures of 380 and 200 K with ω-scans at a wavelength of λ =
1.178 Å using an APD Cryogenics cryostat. All reﬂection proﬁles were
integrated with a Gaussian function. Further details concerning the Xray and neutron single crystal measurements are provided in Tables
2−4 as well as in the deposited CIF-ﬁles.

change is only modest, the material has other advantageous key
properties that make it an interesting candidate for further
optimization, for example, through doping with other elements.
The compound consists of nontoxic, abundant, and cheap
elements8,9 and is less fragile than competing materials, which
can be of major advantage during molding or processing. In
addition, it is straightforward to grow large single crystals of
MnFe4Si3, unusual for magnetocaloric materials, which
frequently only exist in polycrystalline form.
We decided to reinvestigate the thermal expansion, magnetic
properties, the crystal and magnetic structure of MnFe4Si3. In
contrast to the studies performed earlier, we had large single
crystals of the material available. This allowed us not only to
perform direction-dependent measurements of the magnetization, but also opened the way for detailed investigations of
the crystal and magnetic structure using single crystal X-ray and
neutron diﬀraction. Since studies of single crystalline magnetocaloric materials are scarce, our study provides important
insights on the role of anisotropy in magnetocaloric materials in
general.

■

EXPERIMENTAL SECTION

For the synthesis of the polycrystalline samples of MnFe4Si3,
elementary manganese (Aldrich, 99.99%), iron (Aldrich, 99.99%),
and silicon (Aldrich, 99.99%) were used. The manganese pieces were
etched prior to the synthesis in hydrochloric acid to obtain a clean
unoxidized surface. All raw materials were heated under vacuum to
remove remaining impurities, especially surface water. The elements
were mixed in stochiometric ratios and melted in argon atmosphere by
induction heating in a levitation cold crucible.10 The resulting product
was cooled and heated four times to ensure maximum homogeneity of
the sample. Single crystals were grown from the polycrystalline
material using the Czochralski method11 in an aluminum oxide
crucible with a tungsten crystal as seed crystal. The ﬁnal single crystal
had a diameter of about 8 mm and was cut by spark erosion into two
large single crystal samples (ca. 2.5 mm × 2 mm × 2 mm, 0.0538 g and
ca. 1.5 mm × 1.5 mm × 1 mm, 0.00972 g). Part of the remaining
pieces (≈ 10 g) were ground to obtain samples for the powder
diﬀraction experiments, while a small single crystal (200 μm × 200 μm
× 200 μm) was selected for X-ray single crystal diﬀraction.
The smaller single crystal (0.00972 g) was cut perpendicular to the
hexagonal [100], [120], and [001]-direction for the magnetization
measurements, which were carried out with a Quantum Design
MPMS5XL system. Three data sets were collected with the applied
external magnetic ﬁeld being oriented perpendicular to the precut
faces. For the data sets with the ﬁeld along the [100]- as well as the
one with the ﬁeld along the [120]-direction, isothermal magnetization
curves have been recorded in the ﬁeld range −2T < μ0H < 2T at
diﬀerent temperatures between 50 and 390 K. The corresponding
isothermal magnetization measurements with an applied external ﬁeld
along the [001]-direction were performed for a ﬁeld range from −4T <
μ0H < 4T using the same temperature points. One additional high ﬁeld
isothermal magnetization curve was measured with a Cryogenics Ltd.
CCMS system in a ﬁeld range from −14T < μ0H < 14T at 50 K.
Temperature dependent magnetization measurements on the same
sample were performed with a Quantum Design PPMS DynaCool
system. They were measured in 400 steps while sweeping the
temperature with a rate of 1 K/s in a range from 310−700 K with a
magnetic ﬁeld of 0.005 T applied perpendicular to the [001]-direction.
In addition, three temperature dependent magnetization measurements were performed with a magnetic ﬁeld of 0.01 T applied
perpendicular to the [001]-, the [120]-, and the [100]-direction while
sweeping the temperature with a rate of 3 K/s in a range from 250−
350 K.
The neutron powder diﬀraction data were collected at the high
resolution powder diﬀractometer SPODI12 of the beamline 8a at the
Maier Leibnitz Zentrum (MLZ) in Garching, Germany. About 10 g of

■

REFINEMENTS
LeBail Reﬁnements of the Neutron Powder Data.
Starting from the lowest temperature, LeBail reﬁnements16 of
the neutron powder data were performed with the program
JANA2006.17 The background was deﬁned manually, and a
pseudo-Voigt-function with ﬁve free parameters was used for
proﬁle ﬁtting. The zero shift was reﬁned, and a Simpson
correction18 to describe the slightly asymmetric peak shape was
applied. Two additional phases had to be introduced:
aluminum resulting from the experimental setup and a binary
iron manganese phase (Fe0,5Mn0,5), which was present as a
minor impurity phase (<0.5%). Final wRP values are in the
range from 3−4.5% at all temperatures. A representative ﬁt is
shown in Figure 1.
Reﬁnements of the Single-Crystal Data. For the
structure reﬁnement of the data sets at 380 K, which were
carried out with the program Jana2006,17 both the neutron and
the X-ray data were taken into account simultaneously. An

Figure 1. Representative LeBail-ﬁt of a neutron powder diﬀraction
diagram of MnFe4Si3 measured at SPODI (MLZ, Garching) at 4 K.
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Figure 2. Group−subgroup relationships between P63/mcm and P3. Subgroups including the c-glide plane could be excluded as the corresponding
extinction rules are not observed. Drawn with the program SUBGROUPGRAPH.19

■

RESULTS AND DISCUSSION
Macroscopic Magnetization Measurements. We could
for the ﬁrst time perform direction dependent magnetization
measurement on MnFe4Si3. The measurements conﬁrm the
temperature of the magnetic transition observed earlier.3,5,6 In
the measured temperature range, the hysteresis loops measured
with the magnetic ﬁeld directed parallel and perpendicular to
the crystallographic c-axis of the compound show a pronounced
anisotropy of the magnetic response, which has not been
described before (Figure 3; further hysteresis loops are

inspection of the X-ray data showed extinction rules in
accordance with the space group suggested in the literature
(P63/mcm). However, for the neutron diﬀraction data, a series
of reﬂections violating the extinction rules for the c-glide plane
were observed (61 observed reﬂections). These observations
can be readily understood due to the fact that the X-ray
scattering factor curves for Fe and Mn are very similar, yet the
neutron scattering lengths for both atoms are very diﬀerent.
Any additional ordering of Mn/Fe is therefore likely to be seen
in the neutron, but not necessarily in the X-ray data. Because of
the observed systematic absence of violations, several trial
reﬁnements in the hexagonal and trigonal subgroups of
P63/mcm (Figure 2), which do not contain the c-glide plane,
were carried out. Starting models were deduced from the model
in P63/mcm on the basis of group−subgroup relationships.
Rotational symmetry elements lost in the respective
symmetry reductions were taken into account as twinning
elements. Hamilton tests20 of the diﬀerent models showed the
space group P6 to be the best choice. The sums of the
occupancies for the mixed Mn/Fe sites were restricted to the
ideal values in the ﬁnal model, as trial reﬁnements showed no
signiﬁcant deviations. Mn and Fe on the mixed occupancy sites
were found to have slightly diﬀerent coordinates in the
diﬀerence Fourier based on the neutron single crystal data
and were reﬁned accordingly. Anisotropic displacement
parameters of Mn/Fe on these sites were restricted to be
equal. Structure reﬁnements of data corresponding to temperatures where only X-ray data were available were carried out in
space group P63/mcm, which can be regarded as an average
structure of the model on P6. Occupancies of the mixed sites
were ﬁxed to the ones deduced from the results at 380 K. The
combined neutron and X-ray data sets were used to reﬁne the
nuclear and magnetic structures of MnFe4Si3 at 200 K. Possible
magnetic space groups were deduced on the basis of the
irreducible representations of the space group of the nuclear
structure using the corresponding option provided in
Jana2006.21
Details of all the reﬁnements, atomic coordinates, anisotropic
displacement parameters, and reﬁned magnetic moments are
given in the Supporting Information. Further details of the
crystallographic investigations can also be obtained from the
Fachinformationszentrum Karlsruhe, D-76344 EggensteinLeopoldshafen, Germany, on quoting the depository numbers
CSD 429968−429975.

Figure 3. Hysteresis loops of MnFe4Si3 showing the magnetization as
a function of the applied magnetic ﬁeld at 50 K. The inset (lower
right) is a close-up of the region around 0 T for both curves. The inset
(upper left) shows the magnetic response along the [100]-direction up
to 14 T at 40 K. The line widths correspond to the size of the standard
deviations.

provided in the Supporting Information). Hysteresis loops
with the ﬁeld ∥ [100] and ∥ [120] are identical throughout the
measured temperature region within the experimental errors
and show ferromagnetic characteristics with a small opening of
the hysteresis loops with a coercive ﬁeld of 1 mT below
temperatures of about 300 K. The magnetization rapidly
reaches about 1.7(1) μB per metal atom at a ﬁeld of 0.5 T at a
temperature of 50 K. At higher ﬁelds, a slightly increasing linear
behavior up to 14 T reaches no clear saturation (see inset in
Figure 3).
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Hysteresis loops measured with the ﬁeld along the [001]direction show a diﬀerent behavior (Figure 3): the magnetization increases more slowly with increasing ﬁeld, and up to 4
T, no clear saturation is reached; within the accuracy of the
measurement, an opening of the hysteresis loop is not detected
(see inset in Figure 3). These observations strongly suggest that
the directions within the a,b-plane are the easy axes of
magnetization, while the c-direction is the hard magnetization
axis of MnFe4Si3. This in clear contrast to the earlier results
obtained on polycrystalline material, which assumed that the
magnetic spins order parallel to the [001]-direction.3,5 The
temperature dependent magnetic response for a ﬁeld of 0.01 T
applied in the directions parallel to [100] and [120] (Figure 4)

As can be seen from Figure 5, the magnetocaloric eﬀect also
shows a signiﬁcant anisotropy. The isothermal entropy change
ΔS was calculated numerically from Maxwell’s relation:
ΔSm(T , ΔB) =

∑
i

Mi(Ti′, Bi ) − Mi(Ti , Bi )
ΔBi
Ti′ − Ti

(1)

Although Maxwell’s relation is only strictly valid for materials
with a second-order transition, it still provides a good
approximation for materials with a ﬁrst-order magnetic
transition.22 With an applied ﬁeld along the a-axis, the magnetic
entropy change has a maximum of −2.90 J/kg K for a ﬁeld
change of 2 T. This value is slightly higher than the values
observed for polycrystalline samples (≈ −2 J/kg K at a ﬁeld
change from 0 to 2 T and ≈ −4 J/kg K for a ﬁeld change from
0 to 5 T5,7). If a magnetic ﬁeld of 2 T is applied parallel to the
c-axis, the entropy change is considerably smaller (approximately −1.3 J/kg K; see Figure 5). These observations
demonstrate that the MCE in this compound is clearly
dominated by the magnetic moments aligned in the a,b-plane.
Figure 6 shows the inverse molar magnetic susceptibility of
MnFe4Si3 at an applied ﬁeld of 0.005 T along the [100]direction. The linear paramagnetic region above 550 K follows
the Curie−Weiss law. The resulting Curie-constant is Cm =
6.7(1) × 10−5 m3 K/mol), the Debye-temperature is 366(5) K,
and the eﬀective magnetic moment per transition metal atom is
2.9(4) μB. Standard deviations on these values cover the
statistical errors as well as systematic errors of the setup and
data treatment. According to earlier Mössbauer and magnetization measurements,23 the magnetic moments of MnFe4Si3
were assumed to be partly itinerant and partly localized. A
possible indication for the itinerant nature of the magnetic
properties can be obtained from the Rhodes−Wohlfarth plot.24
The ratio of the magnetic moments obtained from the Curie−
Weiss law (qc) to the moment obtained from low temperature
saturation magnetization (qs) as obtained from our measurements is qc/qs = 1.7. This value indeed lies on the branch of the
Rhodes−Wohlfarth plot for materials with itinerant magnetism
and thus agrees with the earlier assumptions in ref 23.
Lattice Parameter as a Function of Temperature. The
lattice parameter and the unit cell volume as a function of
temperature are shown in Figure 7 (absolute values of the

Figure 4. Hysteresis loops of MnFe4Si3 showing the magnetization as
a function of the temperature at 0.01 T. The line widths correspond to
the size of the standard deviations.

is within errors identical and shows a clear hysteretic behavior
of about 10 K along these directions. This indicates the
presence of latent heat and conﬁrms that the thermodynamic
character of the ferromagnetic transition is of ﬁrst order. An
applied ﬁeld of 0.01 T in the direction parallel to [001] causes a
much smaller hysteretic behavior of the temperature-dependent
magnetization of only about 1−2 K.

Figure 5. Selected curves showing the isothermal entropy change ΔS, which serves as a measure for the MCE. Calculated from Maxwell’s relation on
the basis of the measured magnetic hysteresis loops (see Supporting Information) with an applied ﬁeld along the [100]-direction (left) and along the
[001]-direction (right).
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sharp rise and lowering of the a and c lattice parameters can be
noted. As the structural origin of this anomaly is unknown, this
requires further investigation, which is, however, out of the
scope of this article.) The c-lattice parameter decreases in the
full temperature range from 480−20 K.
The bottom right of Figure 7 shows the normalized values of
the lattice parameters and the unit cell volume. The compound
has strong anisotropic thermal expansion, as the changes in the
c-lattice parameter (∼0.03 Å in the measured temperature
range) are ﬁve-times higher than those of the a-lattice
parameter (∼0.006 Å). The anisotropic thermal expansion is
nicely reﬂected in the Guinier simulation (Figure 8, this pseudo
three-dimensional simulation was obtained by stacking the
diﬀraction patterns using the individual temperatures of the
measurements as y-axis; the diﬀracted intensity is encoded in a
color code) by the splitting and “bending” of the observed
powder lines in the high θ-range.
Structure of MnFe4Si3 at 380 K. The simultaneous
reﬁnement using both X-ray and neutron single crystal
diﬀraction data sets for 200 and 380 K leads to an advanced
model of the crystal structure and magnetic structure compared
to the ones obtained from powder data. Our reﬁnements show
the symmetry of the compound to be lower than stated earlier.
The symmetry reduction from P63/mcm to P6 is mainly due to
a partial ordering of Fe and Mn on the sites with mixed
occupancy, which is not in accordance with a c-glide plane.
Because of the limited contrast, the partial ordering of Mn and
Fe is not noticeable in the X-ray data, but it is clearly reﬂected
in the neutron data. While in the higher symmetrical space
group P63/mcm, three symmetrically independent sites are
occupied in the structure (M1 at WP position 6g; M2 at WP
4d; Si at WP 6g); these Wyckoﬀ positions are split in space
group P6, and six symmetrically independent sites exist (M1a/

Figure 6. Inverse magnetic molar susceptibility as a function of
temperature. The red line describes the ﬁt to the data based on the
Curie−Weiss law (applied ﬁeld of 0.005 T along the [100]-direction).
The corresponding errors are smaller than the symbols.

lattice parameters are listed in the Supporting Information).
Lattice parameters at 300 K (a = 6.80572(22) Å and c =
4.72965(16) Å) are in good agreement with earlier data.4,5 The
wide temperature range studied by us clearly reﬂects the
response of the lattice parameter to the magnetic ordering. The
a-lattice parameter decreases monotonically in the temperature
region from 500−310 K. Below 300 K, it shows a pronounced
increase, which coincides with the beginning of magnetic
ordering again hinting at the ﬁrst-order character of the phase
transition. At ∼250 K, it starts to slightly decrease again. (In a
narrow temperature range around 20 K, an anomaly with a

Figure 7. Lattice parameter and unit cell volume of MnFe4Si3 as a function of temperature. The ﬁgure at the bottom right shows the normalized
lattice parameter and unit cell volume using the values at 300 K for normalization. Error bars are shown if the error exceeds the size of the symbols.
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Figure 8. Guinier simulation based on the neutron powder diﬀraction data of MnFe4Si3 measured at SPODI, MLZ, Garching, Germany. The section
in the lower right shows the splitting and “bending” of the observed powder lines in the high θ-range (137°−144°), which can be attributed to
anisotropic thermal expansion.

M1b, WP 3j/3k; M2a/M2b, WP 2h/2i; Si1a/Si1b, WP 3j/3k).
According to the structural model in P63/mcm published in ref
4, most of the Mn is incorporated into the M1 site, and the M2
site is nearly exclusively occupied by Fe.4 In the advanced
model in P6, the M1a- and M1b-sites show slightly diﬀerent
occupancies by Mn and Fe: M1a, 37.6(2) %Mn and 62.8(2) %
Fe; and M1b, 27.7(7) %Mn and 72.3(7) %Fe (Figure 9). This

Figure 10. Projection of the structure of MnFe4Si3 in space group P6
approximately along the [120]-direction. Sites occupied by Mn and Fe
are shown in magenta (M1a) and gray (M1b); sites exclusively
occupied by Fe are shown in orange; Si-atoms are shown in blue.
Shortest distances between M1a and M1b sites are indicated in black,
and [FeSi6]-octahedra are indicated in blue. Labels of atoms
correspond to the distances given in Figure 11.

the reﬁnements is Mn0.979Fe4.021Si3 and is thus very close to the
ideal stoichiometry of MnFe4Si3.
Inﬂuence of Temperature on the Structure of
MnFe4Si3. To characterize the inﬂuence of the temperature
on the crystal structure of MnFe4Si3, we collected neutron
diﬀraction data at 380 and 200 K and a series of X-ray data sets
in the temperature range from 425−200 K. Despite the
response of the lattice to the magnetic transition, we do not see
an indication of a change of symmetry of the structure in the
whole temperature range. The X-ray data alone only allow us to
reﬁne the structure in the higher symmetrical space group
P63/mcm due to the similar contrast of Mn and Fe, yet this
structure can be considered as an average structure of the lower
symmetrical P6 structure and thus still provides information
about the structural changes.
Figure 11 shows selected interatomic distances as a function
of temperature based on the reﬁnments in P63/mcm (absolute
values of selected interatomic distances as a function of
temperature are given in the Supporting Information). The
only distance that clearly reﬂects the magnetic transition is the

Figure 9. Projection of the structure of MnFe4Si3 in space group P6 at
380 K along the [001]-direction. Sites occupied by Mn and Fe are
shown in magenta (M1a) and gray (M1b); sites exclusively occupied
by Fe are shown in orange; Si atoms are shown in blue. Magenta and
gray sites are in diﬀerent layers along the [001]-direction. Shortest
distances between M1a and M1b sites are indicated in black, and
[FeSi6]-octahedra are indicated in blue. Labels of atoms correspond to
the distances in Figure 11.

indicates a partial ordering of the Mn and Fe, which are
incorporated into the M1Si6-octahedra into diﬀerent layers
(Figure 10). In addition, diﬀerences in Fourier syntheses and
the subsequent reﬁnement of the resulting positions showed
that Mn and Fe occupy sites, which are 0.092(5) Å (Mn1a/
Fe1a) and 0.164(5) Å (Mn1b/Fe1b) apart. According to our
reﬁnement, the M2a/M2b sites on the other hand are
exclusively occupied by Fe. The overall stoichiometry from
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Figure 11. Left: temperature dependence of selected interatomic distances normalized to the value at 425 K obtained from X-ray single crystal
diﬀraction. Error bars are shown if the error exceeds the size of the symbols. Right: the assignment of the distances.

Figure 12. Integrated intensity of the 21 1 reﬂection and its symmetry equivalents obtained from Gaussian ﬁts and the corresponding section of the
neutron powder diﬀraction pattern as a function of temperature. The intensity of the peak increases below 300 K. Error bars are shown if the error
exceeds the size of the symbols.

Magnetic Structure of MnFe4Si3. The macroscopic
magnetization measurements show a spontaneous magnetization within the a,b plane. In addition, in the neutron
scattering experiments, no new reﬂections, which would
indicate the formation of a magnetic superstructure, appear in
the diﬀraction diagrams at 200 K. Instead, part of the reﬂections
in the lower θ-range show an increased intensity when
compared to the measurement at 380 K. This is clearly visible
also in the neutron powder diﬀraction experiments. However,
the reﬂection 211 and its symmetry equivalents are not
observed in the diﬀraction patterns above the temperature at
which magnetic ordering sets in, but they are clearly visible
below the magnetic transition (Figure 12). The integrated
intensity obtained from a Gaussian ﬁt of the corresponding
peak (∼2θ = 32.5°) is shown in Figure 12.
The above-described observations together with the results
from the magnetization measurements are in agreement with
ferromagnetic ordering of the spins being aligned in the a,bplane. Of all the possible candidates of magnetic space groups,
only Pm′ allows for ferromagnetic ordering with the magnetic
moments aligned in the a,b-plane. The reﬁnement shows that
only the M1a/M1b sites with mixed occupancies of Fe and Mn
have signiﬁcant magnetic moments. Their magnitude (Mmetal =
1.5(2)μB) is comparable in size with the eﬀective magnetic
moments per metal atom as obtained from the macroscopic
measurements, even if they are obtained at an applied ﬁeld,
which may result in a diﬀerent magnetic state, and do not
reﬂect a fully saturated sample. The M2 sites, which are
exclusively occupied by iron, yield a reﬁned magnetic moment
(MM2 = 1.1(1.2)μB) not larger than the corresponding standard

M1−M1′ distance, which connects Mn1/Fe1 atoms of the
same height parallel to the a,b-plane. This distance starts to
increase signiﬁcantly at the temperature corresponding to the
onset of magnetic ordering (Figure 11). All other distances
decrease with decreasing temperature. Distances directed along
the c-axis or having a large component in this direction decrease
stronger than the distances running parallel to the a,b-plane and
thus mainly follow the evolution of the lattice parameter. (It is
not too far to seek a hint toward the mechanism of the
magnetocaloric eﬀect in the obtained structural data, in
particular in the anisotropic displacement parameters of the
atoms. However, a close inspection of the temperature
dependence of these parameters, as well as of the experimental
electron/density, did not show any conspicuous characteristics.)
A closer look into the interatomic distances from the
simultaneous reﬁnement using both X-ray and neutron single
crystal diﬀraction data sets for 380 and 200 K reveals more
details on the interatomic distances involving the M1a and M1b
sites (see table in the Supporting Information). The distance
between the split atom position of Mn1a/Fe1a increases with
decreasing temperature, while the distance between Mn1b/
Fe1b decreases. As a general trend, both the interatomic and
intraatomic distances within the [M1a6] and [M1b6] octahedra
remain basically constant between atoms of the same type
(Mn−Mn and Fe−Fe), yet they change between atoms of
diﬀerent types (Mn−Fe). The reﬁnements also clearly show
that the distorted [M2Si6] octahedra hardly change with
temperature in shape and size.
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magnetic structure and reveals new details that could not be
obtained by studies of polycrystalline samples.
The combined use of neutron and X-ray single crystal
diﬀraction data leads to a new structural model characterized by
a partial ordering of Mn and Fe into layers perpendicular to the
c-axis resulting in a reduction of the space group symmetry to
P6. The partial ordering might be related to the fact that the
atomic radius of Fe is ∼5% smaller than the one of Mn.29 It has
been pointed out earlier that the preferential incorporation of
Mn and Fe on diﬀerent crystallographic sites in several Fe2Prelated materials30 could have a strong relationship to the
underlying magnetocaloric properties. It remains to be seen
whether alternative synthesis strategies (e.g., slower cooling or
additional tempering) could trigger a higher degree of ordering
in MnFe4Si3 and could lead to materials with diﬀerent magnetic
interactions or even open ways of improving the magnetocaloric properties.
The magnetization and the magnetocaloric eﬀect as well as
the thermal expansion in MnFe4Si3 are strongly anisotropic.
The easy axis of magnetization lies in the a,b-plane, and the
spins on the Mn/Fe sites couple ferromagnetically in this plane.
The occurrence of latent heat indicates the ﬁrst-order character
of the transition. The magnetic spacegroup is Pm′, and the sites
with mixed occupancy of Mn/Fe carry an ordered magnetic
moment of approximately 1.5(2)μB. Investigations of the crystal
structure as a function of temperature show that most of the
interatomic distances follow the trend suggested by the lattice
parameter with the exception of the distance between the
atoms on the sites with mixed occupancy of Mn/Fe where the
observed trends are more complicated and reﬂect the magnetic
ordering on these sites.
The presence of strong anisotropy, the preferential
incorporation of diﬀerent ions on diﬀerent sites, and the
existence of two largely independent magnetic systems might
be essential ingredients for the occurrence of a large
magnetocaloric eﬀect in MnFe4Si3 and other compounds.

deviation and were therefore not taken into account in the
reﬁnement.
The spins on the M1a/M1b sites are aligned parallel
spanning an angle of 136(2)° to the [100]-direction. Between
neighboring layers, the spins are ferromagnetically coupled as
seen in Figure 13. The magnetic structure obtained by us is in

Figure 13. Schematic diagram illustrating the ferromagnetic structure
of MnFe4Si3 at 200 K in magnetic space group Pm′. The length of the
arrows corresponds to M = 1.5(2)μB. Left, slightly tilted projection
approximately along [110]-direction; right, projection along [001]direction.

clear contrast to the earlier results5 based on neutron powder
diﬀraction data, where the magnetic space group was chosen as
P63/mc′m′, and the magnetic moments lie nearly parallel to the
crystallographic c-axis with a slight tilting toward the a,b-plane.
In this context, one must bear in mind that the use of single
crystals both in the macroscopic magnetization measurements
and in the diﬀraction experiment allows for a far more precise
analysis of the anisotropy of the magnetization and the
alignment of the spins within the crystal structure. Thus,
models with an alignment of the spins both along and
perpendicular to the c-direction are in accordance with powder
data (it should be noted that a Rietveld reﬁnement of our
neutron powder data leads to comparable results using the two
diﬀerent magnetic models), yet for single crystal data only the
second model explains all the observations.
According to our reﬁnement of the magnetic structure, only
the sites with mixed occupancy of Mn and Fe carry an ordered
magnetic moment, while for the pure iron sites, no signiﬁcant
magnetic moment could be determined from the neutron single
crystal data. This is in contrast to earlier Mö ssbauer
experiments, which suggested the existence of two distinct Fe
sites23 and assumed that both the M1 and M2 sites exhibited
hyperﬁne splitting. In this context, it is interesting to note that
for iron-containing binary silicides, the absence of magnetic
ordering is well-known and has been a question of debate for
many years. Thus, both in FeSi and Fe2Si, where the Fe−Si
distances are comparable to the ones observed in MnFe4Si3
(<2.5 Å), magnetic ordering could not be clearly demonstrated,25−28 and it is therefore not unlikely that the long-range
order of the spins on these sites is suppressed by a shielding
eﬀect by the surrounding Si-atoms not only in the Fe-silicides,
but also in MnFe4Si3. The discrepancy with respect to the
Mössbauer investigations might result from the fact that the
earlier data have always been interpreted on the basis of the
structural model in P6 3 /mcm with two symmetrically
independent Fe-atoms. Our structural model in P6 leads to
four symmetrically independent Fe-sites and might thus require
a reinterpretation of the measured Mössbauer spectra.
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