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Abstract

Stoichiometric single crystals of Mn4Al11 were synthesized from the elements using Sn
as a flux. The crystal structure of Mn4Al11 was investigated using single crystal X-ray
diffraction and showed a complex triclinic structure with a relatively small unit cell and
interpenetrating networks of Mn and Al atoms. While our results generally agree with
the previously reported data in the basic structure features such as triclinic symmetry and
structure type, the atomic parameters differ significantly, likely due to different synthetic
techniques producing off-stoichiometry or doped crystals used in the previous works. Our
structural analysis showed that the view of the Mn substructure as isolated zigzag chains is
incomplete. Instead, the Mn chains are coupled in corrugated layers by long Mn-Mn bonds.
The high quality of the crystals with the stoichiometric composition also enabled us to study
magnetic behavior in great detail and reveal previously unobserved magnetic ordering. Our
magnetization measurements showed that Mn4Al11 is an antiferromagnet with TN of 65 K.
The presence of the maximum above TN also suggests strong local interactions indicative
of low-dimensional magnetic behavior, which likely stems from lowered dimensionality of
the Mn substructure.

Keywords: intermetallics; magnetism; single crystal growth; structural analysis

1. Introduction
Strong interactions between transition metal T and main group element E atoms often

promote T-E intermetallic compounds to display unusual crystal structures and physi-
cal properties [1–9]. The crystal structures often deviate from the simple ordered close
packing of atoms and exhibit large voids [2,4,8,10], two-center covalent bonds [1,11,12],
and non-commensurate [13,14] or quasicrystalline order [15–17]. Unique electronic
structures can also emerge from the d-p interactions resulting in non-trivial topologi-
cal properties [8,9,18,19], superconductivity [20–23], or non-metallic behavior atypical for
intermetallic compounds [5,7,11,13,24]. Strong T-E interactions can also result in the com-
petition of magnetic interactions leading to a range of unusual magnetic properties, which
can include magnetic frustration [8,10,25,26], spin reorientation [10,25], and non-collinear
ordering [10,25,26].

The structure and properties of these compounds depend strongly on the number of
valence electrons per transition metal atoms, or valence electron concentration (VEC) [1,2].
By changing the number of valence electrons in the intermetallic phase, one can significantly
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change the structural, electronic, and magnetic order. In some cases, one can induce a metal-
insulator transition [24,27–30] or turn a ferromagnetic phase into an antiferromagnetic one
or vice versa [31–33].

One of the examples of such a behavior is Mn4Al11, which features an unusual, even
for the T-E compounds, low symmetry triclinic structure, where electronic and magnetic
behavior can be significantly altered by controlling the number of valence electrons [34–36].
Using Cr-doping, weak ferro- or ferrimagnetism was achieved in the Mn4−xCrxAl11 solid
solution [36], while the Ge doping leads to non-metallic behavior [35].

Despite the unique crystal structure and tunability of chemical properties, Mn4Al11

remains somewhat poorly studied. The information about its crystal structure presented in
the literature is inconsistent [37,38], with the structural experiments performed on either
Zn-doped or low-quality, or non-stochiometric crystals, with one of the reports indicating
a significant number of Mn vacancies [37,38]. The electron diffraction also showed that
Mn4Al11 are often formed as twinned crystals and can exhibit stacking faults [39,40].
Previous investigations of magnetization and electronic transport were performed on the
impure powder sample, where magnetic ordering was not observed, but both magnetic
susceptibility and electrical resistivity exhibited a noticeable maximum around 100 K
indicative of low-dimensional behavior [34].

Given the complex crystal structure and twinning patterns, obtaining high quality
single crystals of Mn4Al11 is necessary to resolve the disagreements between the literature
data and to establish the proper structure and properties of this compound. In this paper,
we present a new approach to grow and isolate pure and stoichiometric Mn4Al11 single
crystals from a Sn flux, which allowed us to perform a detailed structural analysis of
Mn4Al11 and characterization of its magnetic behavior. Our results show new notable
features, such as the presence of Mn layers in the structure and the existence of magnetic
ordering, both of which were not observed previously. We discuss these results and analyze
them in comparison with the previous reports and the studies of related compounds.

2. Materials and Methods
Stoichiometric single crystals of Mn4Al11 were grown using a Sn flux. The samples

were prepared from the high purity elements: Mn chips (99.9%, Merck, Darmstadt, Ger-
many), Al pieces (99.99%, Sigma-Aldrich, Steinheim, Germany), and Sn pieces (99.999%,
Sigma-Aldrich, Steinheim, Germany). Since both Mn and Al are highly reactive at elevated
temperatures, several precautions were employed to prevent the oxidation of the sample
in the course of the synthesis. Initial mixtures of the elements were placed in the Al2O3

crucibles, while the crucibles themselves were contained inside evacuated and sealed silica
tubes during the annealing. For the single crystal growth, we tested two initial composi-
tions: Mn4Al11Sn22 and Mn4Al11Sn44, the former resulting in large well-formed crystals.
To check for the previously reported off-stoichiometry, we also performed synthesis of one
Mn-deficient sample Mn3.8Al11Sn44.

The annealing was performed using the following temperature profile. Initially, the
samples were heated up to 1000 ◦C, held at this temperature for 24 h, and then slowly
cooled down to 600 ◦C at a rate of 1 ◦C/h. After that, the furnace was turned off. To
remove the Sn flux, the samples were first centrifuged at 600 ◦C through the graphite wool,
and then the remaining tin flux was removed using nitric acid. At first, the crystals were
submerged in the concentrated (65%) nitric acid for half an hour to passivate the surface.
Then, the acid was diluted in half by distilled water. The crystals were kept in this solution
for several hours until the remaining Sn flux was fully oxidized. The crystals were then
rinsed several times in distilled water. To remove the hydrated tin oxide, the crystals were
cleaned in the acetone using ultrasonic bath. As a result of the synthesis, several small dark
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plate-like crystals (up to 3 mm in length) or needle-shaped twins were observed (Figure S1
in Supporting Information).

Although the crystals are highly resistant to nitric acid, in some cases, signs of etching
were observed. Thus, the exposure of the crystals to the acid should not be left unsupervised.
The purity of distilled water is also essential, since the presence of chloride ions in the acid
solution can quickly lead to full dissolution of target crystals. Non-oxidizing acids were
also tested as solvents for the Sn flux; however, they either failed to dissolve the flux, or
dissolved the crystals themselves, the latter being the case for the hydrochloric acid.

The elemental composition of the crystals was studied by EDX analysis. The ele-
mental analysis was performed using an electron microscope JEOL JSM 6490LV (JEOL,
Tokyo, Japan) equipped with an Oxford Instruments Analytical INCA X-Sight system
(Abingdon, UK) for the EDX analysis. The recorded spectra were analyzed using the INCA
Microanalysis Suite (Oxford Instruments Analytical, Abingdon, UK).

Due to the low atomic number of Al and high absorption of its characteristic X-ray,
the intensity of the Al Kα signal is heavily affected by the tilt of the studied edge. Thus,
the apparent Al concentration can vary in the range from 68 to 78 at. %, depending on the
tilt angle. The EDX measurements performed on clean and even surfaces show an even
Mn:Al distribution (Figures S2 and S3 in Supporting Information) and a low variation in
the intensities of the spectral lines, meaning that the variation of the composition within the
crystals is negligible. In order to achieve more accurate EDX results, the tilt of the surface
should be close to 0◦. This was performed for the small single crystals later picked for the
X-ray diffraction experiments, resulting in the calculated Al concentration being close to
the expected value of 73.33 at. % (Table 1 and Table S1 in Supporting Information).

Table 1. Crystallographic and refinement parameters for the Mn4Al11 single crystal obtained from
the Mn4Al11Sn44 sample.

refined composition Mn4Al11
EDX composition Mn4.18(2)Al10.82(2)

molar weight 516.6
structure type Mn4Al11
crystal system Triclinic
space group P-1

a, Å 5.0876(12)
b, Å 8.8438(17)
c, Å 5.0562(11)
A 89.800(16)
β, ◦ 100.548(16)

Γ 105.358(16)
V, Å3 215.42(8)

Z 1
ρcalc, g/cm3 3.9817
crystal size 0.21 × 0.13 × 0.03
radiation Ag Kα

wavelength, Å 0.56083 Å
temperature, K 293

2θ range, ◦ 3.24–25.95
number of parameters 71
number of reflections 1700

GoF 1.03
∆ρmax/min, e−/Å3 0.86/−0.66

R[F2 > 3σ(F2)]/Rw(F2) 0.0304/0.0436
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Despite the use of the Sn flux, the presence of Sn in the bulk of the crystals was
not detected in our EDX measurements. Clean surfaces and chipped crystals show an
even level of background noise at energies where the Sn L-lines are located (Figure S2 in
Supporting Information). Highest calculated Sn concentration from an individual spectrum
was around 0.05 at. %, which is close to the expected detection limit of Sn in a lighter
element matrix [41]. The EDX analysis however, showed the presence of microscopic
chunks of Sn covered in a tin oxide scattered on the surface of some of the crystals (Figures
S3 and S4 in Supporting Information). As tin is superconducting below 3.7 K [42], special
care needs to be taken in order to fully remove Sn flux from the surface of the crystals for
magnetic measurements.

In order to confirm the stoichiometric composition of the obtained crystals and to
determine their crystal structure, the crystals were studied by means of single crystal X-ray
diffraction. The structural analysis was performed on the crystals from the Mn4Al11Sn44

and Mn3.8Al11Sn44 samples, and one plate-like crystal was selected from each sample. The
diffraction studies were performed at room temperature using a Enraf-Nonius CAD-4
diffractometer (Ag Kα radiation, λ = 0.56083 Å, Enraf-Nonius, Delft, The Netherlands). The
collected Bragg peaks were indexed in the triclinic cell of the P-1 space group, with both
crystals showing practically identical unit cell parameters.

The crystal structure was solved by the Superflip program [43] implemented in the
Jana2006 package [43]. The latter was also used for crystal structure refinement. To check
for vacancies or anti-site defects, the occupancies of the individual sites were initially
refined. The refined occupancies were within the error from the full occupancy. Thus, the
site occupancies were fixed at unity in the final refinement. The refinement for the two
crystals converged to practically identical atomic parameters with similar residuals.

Crystallographic data and refinement details for the Mn4Al11 single crystal obtained
from the Mn4Al11Sn44 sample are given in Table 1, while the corresponding atomic pa-
rameters are presented in Table 2. Due to the similarity between the two crystals, the
data regarding the Mn4Al11 single crystal obtained from the Mn-deficient Mn3.8Al11Sn44

sample is given in Tables S1 and S2 in Supporting Information. The comparison of the most
important interatomic distances between the present study and the literature data is given
in Table S3 in Supporting Information. The crystallographic information files are deposited
in the CCDC (ref. numbers 2469767, 2469768). For the visualization of the crystallographic
data, the VESTA 3 software was used [44].

Table 2. Atomic coordinates and displacement parameters for the Mn4Al11 single crystal obtained
from the Mn4Al11Sn44 sample. The occupancies of the sites were constrained at unity (see text).

Atom Wyck. x Y z Ueq, Å2

Mn1 2i 0.38941(8) 0.13305(5) 0.33559(9) 0.00564(11)
Mn2 2i 0.85296(9) 0.40131(5) 0.70820(9) 0.00707(12)
Al0 1a 0 0 0 0.0103(3)
Al1 2i 0.53059(18) 0.12593(10) 0.84570(19) 0.0087(2)
Al2 2i 0.89478(17) 0.12552(10) 0.4907(2) 0.0088(2)
Al3 2i 0.33000(17) 0.37389(10) 0.57031(19) 0.0082(3)
Al4 2i 0.72648(18) 0.36785(11) 0.1925(2) 0.0093(2)
Al5 2i 0.17738(18) 0.32225(11) 0.05353(19) 0.0104(3)

Several crystals from the Mn4Al11Sn44 batch were also crushed and studied using
powder X-ray diffraction using a Bruker D8 Advance diffractometer (Cu Kα, λ = 1.54184 Å,
Bruker, Karlsruhe, Germany) equipped with a LYNXEYE detector (Bruker, Karlsruhe,
Germany). Due to the plate-like shape of the crystals, the diffraction showed a pronounced
texture in the powdered sample. Thus, only the le Bail fit using Jana2006 could be performed
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yielding cell parameters (a = 5.08751(9), b = 8.84822(17), c = 5.05519(11), α = 89.7961(14),
β = 100.5194(11), γ = 105.3556(12)) that are consistent with the single crystal data (Table 1
and Table S1 in Supporting Information). Minor amounts of residual Sn flux and Mn5Al8
were also detected in the sample (Figure S5 in Supporting Information).

Magnetization of Mn4Al11 single crystals was measured using a Squid-type mag-
netometer MPMS3 (Quantum Design, San Diego, CA, USA) in various magnetic fields
up to 5 T in the temperature range of 2–380 K. The magnetizations measurements of the
crystals showed some of those to experience superconducting transition around 3 K. The
examination of such crystals using the EDX analysis showed small chunks of Sn, scattered
on the surface of the crystals (Figure S2 in Supporting Information). Only Sn-free crystals
were selected for measuring the magnetic properties of Mn4Al11.

3. Results and Discussion
3.1. Crystal Structure of Mn4Al11

Our single crystal X-ray diffraction studies showed that Mn4Al11 crystallizes in the
triclinic structure of the P-1 space group (a = 5.0876(12) Å, b = 8.8438(17) Å, c = 5.0562(11) Å,
α = 89.800(16)◦, β = 100.548(16)◦, γ = 105.358(16)◦, Z = 1). The crystal structure consists of
eight crystallographic sites: two for Mn atoms and six for Al atoms. A unit cell of Mn4Al11

is presented in Figure 1.

Figure 1. Single unit cell in the crystal structure of Mn4Al11.

No abnormalities were observed during our refinement of the structure. No appre-
ciable variation of the occupancies of the individual sites was observed. Our refinement
also yielded similar atomic displacement parameters (ADPs) for all atomic sites, most of
Ueq lying in the range of 0.007–0.010 Å2 with Ueq of Mn1 being slightly lower. The calcu-
lated interatomic distances (Table S3 in Supporting Information) are also well within the
common ranges for Mn-Al, Mn-Mn, and Al-Al contacts [45–57]. Given the large number of
crystallographic sites and the triclinic unit cell, it seems reasonable to first dissect the crystal
structure into individual Mn and Al substructures in order to simplify its description.

The Mn substructure is represented by corrugated layers (Figure 2), with each layer
being stacked on top of the other. Inside these layers, the Mn atoms are connected through
long 3.1–3.3 Å Mn-Mn bonds. These Mn bonds are much longer than typical metallic
Mn-Mn bonds in elemental Mn [44,45] and are supported by four bridging Al atoms
(Figure 2d). Despite long separations between Mn atoms, such bonds between transition
metal atoms (T) with bridging p-element atoms are considered equivalent or isolobal to
σ T-T bonds [1,2]. Mn1 atoms form three isolobal bonds: two longer bonds between each
other and one shorter bond with a Mn2 atom, while Mn2 atoms form only two isolobal
bonds: one between each other and one with a Mn1 atom.
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Figure 2. Different projections showing the Mn layers in the crystal structure of Mn4Al11: projection
along the direction of Mn1-Mn2 chains (a); projection along the c-axis (b); slightly tilted view along
the c-axis (c). The formation of Mn-Mn isolobal bonds in the crystal structure of Mn4Al11 (d), the
bridging Al atoms are represented by smaller blue balls, and the isolobal Mn-Mn bonds are shown
in yellow.

The Al atoms surround Mn atoms creating 10-vertex polyhedra, which can be viewed
as distorted 2-capped cubes (Figure 3a,b). Such a polyhedron can be also viewed as a
centaur polyhedron [57] that combines one half of an icosahedron and one half of a cube.
Due to the formation of isolobal bonds, MnAl10 polyhedra are fused by their rectangular
edges, thus forming layers of MnAl10 polyhedra, which are joined through their Al vertices
(Figure 3e).

Icosahedral coordination of transition element atoms is one of the characteristic fea-
tures of the Al-based intermetallics [16,17,46–55], including the Al-rich compounds in the
Mn-Al system [47–56,58], with Al-based quasicrystalline phases being one of the well-
known results of such a coordination [16,17]. The cubic coordination of a transition metal
is also quite frequent in intermetallic compounds as a whole [1,4,59–69], including several
Al-based alloys of the CsCl or anti-CaF2 structure types [61,64,65,69]. Similar MnAl10 poly-
hedra can be also found in MnAl6 (Figure 3c) [47], although the rectangular Al edges do
not act as bridges that support the Mn network, since the Mn atoms are practically isolated,
with the shortest Mn-Mn distance being 4.472 Å [47]. Similar centaur polyhedra TGa10 can
be also found in Ga-based compounds, where they act as a structural basis for the Ga-rich
family of superconductors and are often referred to as endohedral clusters [21–23,70].

The Mn-Al distances vary quite noticeably within the MnAl10 polyhedra. Each polyhe-
dron contains one short Mn-Al bond of 2.40–2.41 Å, several longer contacts of 2.50–2.65 Å,
and a few longest Mn-Al bonds of 2.70–2.78. It is interesting to note that the average Mn-Al
distances are longer for Mn2 atoms, which could be due to the formation of the additional
Mn-Mn isolobal bond, which Mn1 atoms lack.
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Figure 3. MnAl10 polyhedra in the crystal structure of Mn4Al11 (a,b) and MnAl6 (c); MoGa10

polyhedra in the crystal structure of Mo4Ga20Se (d); fragment of one layer of fused MnAl10 polyhedra
in Mn4Al11 (e) with Mn-Mn isolobal bonds shown in yellow. The crystallographic data for MnAl6
and Mo4Ga20Se were taken from the literature [48,70] and visualized using VESTA 3 [44].

Since there are no Al-Al bonds located outside of the Mn-centered polyhedra, the
geometry of Al network seems to be mostly guided by the Mn-Al interactions and
the formation of the Mn-Mn isolobal bonds. However, the Al atoms are not isolated
in the structure and provide an array of relatively short Al-Al bonds forming quite a
unique network.

This substructure can be subdivided into several zigzag or linear Al chains. Two of the
zigzag chains (Al3-Al5 and Al4-Al5) are infinite and intersect forming layers at y~0.35 and
0.65 (Figure 4a,c,d). These layers are located close to each other and form double layers
through the formation of finite Al4-Al3-Al3-Al4 chains. Two other finite zigzag chains
(Al3-Al2-Al2-Al3 and Al4-Al1-Al1-Al4) are located between y = 0.62 and 1.38 and run along
the b-axis (Figure 4b). The linear Al5-Al0-Al5 chain is also located in the layer between
y = 0.62 and 1.38. Together, these three chains connect the double layers composed of Al3,
Al4, and Al5 atoms (Figure 4c,d).

The Al-Al distances in these chains are significantly shorter than the Al-Al distances
in the pure Al (2.863 Å) [56]. In the case of the zigzag chains, the distances vary from
2.592 Å (the shorter Al3-Al5 bond) to 2.697 Å (the longer Al3-Al5 bond), while the linear
Al5-Al0-Al5 chain shows two identical long Al0-Al5 bonds of 2.750 Å.

By combining the Mn and Al substructures, an alternative description of the Mn4Al11

structure can be made as two interpenetrating networks of Mn and Al atoms (Figure 4).
The layered Mn network can be seen as connected zigzag chains weaving through the
3-dimensional Al network, with the Mn2-Mn2 infinite chains running through the Al3–Al5
double layers (Figure 4a) and finite Mn2-Mn1-Mn1-Mn2 chains going along the Al chains
in the Al0–Al2 layer (Figure 4b).

Several structural studies of Mn4Al11 and its doped derivatives were reported pre-
viously [35–40], including the X-ray structural analyses in the reports of Bland [37],
Kontio et al. [38], Singh et al. [35], and Noor et al. [36]. While the basic features of the
crystal structure determined in our work, such as crystal symmetry, cell parameters and
the number of crystallographic sites, are consistent with the previous reports, the atomic
parameters differ between the works leading in some cases to the different description of
the structure as a whole.
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Figure 4. The Al network in the crystal structure of Mn4Al11: top view of the fragment between
y = 0.32 and 0.68 composed of Al3–Al5 atoms (a); top view of the fragment between y = 0.62 and
1.38 composed of Al0–Al5 atoms (b); slightly tilted view along the c-axis (c); slightly tilted view along
the a-axis (d). The Al atoms are shown in grey. Different Al chains are marked with different colors to
visually differentiate them. The Mn atoms are semitransparent and shown in purple.

The first structural analysis of Mn4Al11 performed by Bland [37] was made on crystals
obtained from a Zn flux, which resulted in a small amount of Zn incorporated in the crystal.
Despite the observed presence of Zn in the crystals, the report of Bland did not include Zn
atoms in the refinement. Surprisingly, both the position of Mn atoms and Mn-Mn distances
are comparable to the present work. The coordinates of some Al sites, however, noticeably
differ, which could be due to Zn for Al substitution.

The second structural investigation was performed by Kontio et al. [49], where the
crystals were obtained mechanically from the solidified and annealed arc-melted Mn4Al11

lump. Most of the differences with the work by Kontio et al. [49] lie in the description of
the Mn2 site, which is not fully occupied in the earlier report and shifted in the z direction
leading to the large difference in calculated Mn2-Mn2 distances of around 0.1 Å (see Table
S1 in Supporting Information).

This difference between Mn-Mn distances in the structural model by Kontio et al. [49]
suggests that Mn1 and Mn2 atoms form isolated infinite Mn chains Mn1-Mn1-Mn2-Mn2,
with long separations between Mn2 atoms in the different chains. In our study, we found
that there is much less difference between intrachain and interchain Mn-Mn distances in
the stoichiometric Mn4Al11. Specifically, intrachain and interchain Mn2-Mn2 distances
differ by only 0.25 Å, and not by 0.45 Å, as inferred from the previously reported data [49]
(see Table S1 in Supporting Information).

Given the similarities in the description of the Mn2 site between our work and the work
of Bland, it seems that the flux techniques used in the present work and by Bland [48] yield
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crystals with the stoichiometric Mn content, while the technique used by Kontio et al. [49]
indeed yields non-stoichiometric crystals, likely due to the loss of volatile Mn during the
arc-melting stage. Unfortunately, we were unable to verify the effect of Mn vacancies on
the interatomic distances, since our attempt of synthesis of Mn-deficient crystals from the
Sn flux using a lower initial Mn content yielded perfectly stoichiometric crystals virtually
identical to those obtained from the samples with the initially stoichiometric Mn:Al ratio
(Tables S1 and S2 in Supporting Information).

Since the crystal used by Kontio et al. [38] was mechanically extracted from the
annealed arc-melted lump, the difference in the atomic parameters could also be due to
the lower quality of the crystal itself. The recent report by Xian et al. [39] showed that
the crystals of the Mn4Al11 can be twinned along the b*-axis and the (1 0 −1) direction,
while the electron diffraction studies performed by Yoshida [40] shows possible stacking
faults. This view is also supported by a high value of the R-factor (0.067) achieved by
Kontio et al. [38] and large differences in the atomic displacement parameters, despite the
refinement of the occupancies of the sites.

Two recent structural investigations by Singh et al. [35] and Noor et al. [36].
were performed on the samples heavily doped by Ge and Cr, namely Mn4Al10Ge and
Mn2.26Cr1.74Al11, respectively. Due to the high level of doping and different synthetic tech-
niques used in these works, it is difficult to draw any conclusions based on the comparison
between the structural models. It should be noted that Singh et al. [46] use different naming
of the Al sites and present the atomic parameters for only five out of six Al sites.

3.2. Magnetic Properties of Mn4Al11

Magnetization measurements of Mn4Al11 single crystals showed relatively low mag-
netization throughout the entire measured temperature range (Figure 5 and Figure S6 in
Supporting Information). The magnetic moment per one Mn atom did not exceed 0.01 µB

even in 5 T field.
Above 170 K, the compound exhibits Curie–Weiss behavior. Approximation by the

Curie–Weiss law yielded the effective moment µeff of 1.2 µB per one Mn atom and negative
Weiss temperature θW ranging from −92 to −96 K depending on the orientation of a crystal
(Figure S7 in Supporting Information).

The magnetic susceptibility χ(T) reaches a local maximum at 100 K, after which it
starts decreasing slowly upon further cooling. A sign of the phase transition, however,
only appears at a lower temperature of 65 K, where we observe a pronounced kink in the
susceptibility in all fields up to 5 T (Figure 5a,b and Figure S6a,b in Supporting Information).
This temperature also marks an onset of a divergence between the susceptibility curves for
different orientations of the crystal. The susceptibility perpendicular to the b*-axis χ⟂  (T)
experiences a noticeable drop right below 65 K, while this effect is much less pronounced
for the susceptibility along the b*-axis χ||(T). This suggests the antiferromagnetic ordering
of the magnetic moments in the ac plane.

At 50 K, susceptibility begins to increase again upon cooling, suggesting changes
in the magnetic structure or the presence of paramagnetic centers. Since the magnetic
susceptibility increases with the magnetic field in this region, indicating field-induced spin
reorientation processes, the former appears to be more likely.
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Figure 5. Magnetic properties of Mn4Al11: magnetic susceptibility of a single crystal in different
orientations (a) and of several randomly oriented single crystals (b); magnetic moment as a function
of the magnetic field at different temperatures of a single crystal (c) in different orientations and of
several randomly oriented single crystals (d).

The presence of the susceptibility maximum above the Neel temperature is a charac-
teristic sign of low-dimensional magnetic systems with strong local antiferromagnetic inter-
actions [71–73]. In the intermetallic compounds, similar behavior was previously observed
in our studies of the Fe32+δGe35−xEx (E = Si, P, As) family of compounds, which showed
a low-dimensional transition metal substructure [25,74–76]. In the case of Fe32+δGe33As2

and Fe32+δGe35−xPx, we also observed an increase in the magnetic susceptibility at low
temperatures, which was suggested to be a result of the establishment of a non-collinear
order [74–76]. It is worth noting, however, that all Fe32+δGe35−xEx (E = Si, P, As) com-
pounds exhibited a large degree of magnetic frustration with the frustration parameter
f = TN/|θW|~3 [25,74–76]. In the case of Mn4Al11, the values of TN and |θW| are much
closer to each other (f ~1.5), indicating the absence of strong magnetic frustration.

Previous magnetization studies of Mn4Al11 performed by Dunlop and Grüner [34]
using powder samples showed an overall similar shape of the magnetic susceptibility
curve with a clear maximum at 100 K and an upturn, which starts below 40 K. Dunlop and
Grüner [34] concluded the latter to be a result of an off-stoichiometry or an impurity; on
the contrary, our results show that the upturn is very likely to be an intrinsic property of
the compound. However, the susceptibility curves obtained by Dunlop and Grüner [34]
are smooth in the vicinity of 65 K, and no other anomalies in the magnetic susceptibility
indicating the magnetic ordering were observed in the earlier report.

The paper by Dunlop and Grüner [34] also mentions magnetic diffraction studies
performed at 4.2 and 300 K, which corroborate the absence of a long-range magnetic order.
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According to the authors [34], the diffraction pattern collected at 4.2 K did not display any
additional Bragg peaks or noticeable changes in the intensities of structural reflections
compared to the diffraction pattern at 300 K. Since no additional details were provided
about the neutron diffraction results, and the neutron diffraction patterns themselves were
not presented in the paper [34], we can only speculate on whether the long-range order
was really absent in the samples of Dunlop and Grüner.

Given the low effective magnetic moment of about 1.2 µB/Mn estimated from the
Curie–Weiss fit and the metallic nature of the system, the Mn magnetic moment in the
ordered state may be in the range of a few tenths of the Bohr magneton. In the cases
of complex low symmetry magnetic structures with low magnetic moments, magnetic
reflections may have very low intensities with long exposure times and large amounts of
compounds that are required to obtain the complete diffraction pattern [76].

The absence of any magnetic susceptibility anomaly near 65 K also does not exclude
the formation of the long-range magnetic order. Similar smooth behavior of magnetic
susceptibility near the TN was observed for previously mentioned Fe32+δGe35−xEx (E = Si,
P, As) [25,74–76]. A clear indication of the phase transition in these cases could only be
obtained by comparing the curves obtained in different magnetic fields or orientations of
the crystals, or by heat capacity and neutron diffraction measurements [25,74–76].

The second possibility is that the properties of the compound are very sensitive to
the changes in the composition and the presence of off-stoichiometric structural defects,
which were observed in some similar compounds. In the case of Al-based intermetallic
alloys, one of the most well-known examples is the FeAl alloy, where magnetic ordering is
absent in the structurally ordered alloy but can turn up due to the anti-site defects [66], for
instance, if the sample is obtained through rapid quenching. Analogous Ga-based CoGa
alloy also shows similar behavior, with anti-site defects being responsible for the magnetic
ordering [67,68].

In the cases of related p-element-rich compounds such as Mn4Si7, Fe2Ge3 and FeGa3,
which are known to display off-stoichiometry, different samples can show noticeably
different magnetic behavior [29,77–82]. Mn4Si7 can exhibit excess in Mn, which can lead
to weak ferromagnetism [29,77], while stoichiometric Mn4Si7 is diamagnetic [29]. In the
case of FeGa3, the presence of additional Fe in the interstitial positions or in one of the Ga
sites results in weak ferromagnetic behavior [78,79], which the stoichiometric compound
lacks showing diamagnetic response [78]. Different samples of Fe2Ge3 prepared by similar
techniques demonstrate either temperature-dependent paramagnetism [80], or temperature-
independent paramagnetism [81], or even weak ferromagnetism [82].

Given the lack of data on the characterization of samples presented by Dunlop and
Grüner [34], additional studies aimed at reproduction of their results are necessary to
correctly determine the origin of the observed discrepancies between the works.

4. Conclusions
Single crystals of Mn4Al11 were grown using Sn as a flux and characterized com-

prehensively by X-ray diffraction, energy dispersion spectroscopy, and magnetization
measurements. Despite the use of Sn, both elemental analysis and crystal structure refine-
ment showed the crystals to be stoichiometric and Sn-free. A high quality of the obtained
crystals shows that the use of an additional element as a flux does not necessarily lead to
contamination of target crystals with the impurity element and may even be preferable
over the self-flux techniques.

While our results confirm the general view of the crystal structure and the magnetic
behavior, we observed notable discrepancies with the literature data, which can be due
to the structural defects in the samples used in previous works. Atomic coordinates
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and consequently interatomic distances determined in this study differ noticeably from
the literature data leading to the different description of the Mn substructure. Magnetic
measurements showed low magnetization and the appearance of the antiferromagnetic
transition at 65 K, which was not previously reported for off-stoichiometric or lightly
doped samples.

Given the lack of information presented in the literature and the observed discrep-
ancies between our results and the literature data, additional experiments are required to
evaluate and properly compare the results presented in the different works. Specifically,
additional experiments are needed to verify the results obtained on the arc-melted samples
to determine to which extent the properties of compound are affected by structural defects
and possible off-stoichiometry. New synthetic techniques for Mn4Al11 also need to be
developed, which will enable one to control both the presence of structural defects and
the composition.

However, the results presented and discussed in this paper illustrate that, while
the T-E intermetallic compounds present a great platform for tailoring physical behavior,
their structure and properties can be quite sensitive to the quality of the samples and
the choice of a preparation technique; therefore, special attention needs to be paid to the
thorough characterization of the samples and further to relate the observed properties
with fine details of the crystal structure. In the case of Mn4Al11, this is exemplified by the
possible dependence of magnetic properties upon the occupancy of the Mn positions and
the concomitant substructure of manganese.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cryst15080714/s1; Table S1: Crystallographic and refinement
parameters for the Mn4Al11 single crystal obtained from the Mn3.8Al11Sn44 sample; Table S2:
Atomic coordinates and displacement parameters for the Mn4Al11 single crystal obtained from
the Mn3.8Al11Sn44 sample. The occupancies of the sites were constrained at unity (see text); Table S3:
Comparison between interatomic distances in the crystal structure of Mn4Al11 calculated using our
data (the crystal from the Mn4Al11Sn44 sample) and the data published by Bland [37] and Kontio
et al. [38]. Differences in the reported distances that are above 0.03 Å are marked in bold; Figure S1:
Optical microphotograph of the Mn4Al11 crystals; Figures S2: EDX element mapping of a Mn4Al11

single crystal: backscattered electron image (a), images in Al Kα (b), Mn Kα (c), combined spectrum
from all measured points (d,e), close up of the region containing Sn L-lines, which are shown in green
(e) The recorded spectrum is shown in yellow, the calculated spectrum is shown in red; Figure S3:
EDX element mapping of a Mn4Al11 single crystal with small Sn chunks attached to it: backscattered
electron image (a), images in Al Kα (b), Mn Kα (c) and Sn Lα (d); Figure S4: EDX spectrum of a
Mn4Al11 single crystal with a Sn chunk attached to it. The recorded spectrum (Spectrum 1) is shown
in yellow, the calculated spectrum is shown in red. The inset shows backscattered electron image
of the crystal; Figure S5: Powder X-ray diffraction pattern of the crushed Mn4Al11 crystals from the
Mn4Al11Sn44 sample. The inset shows the region between 39.5 and 46.4 degrees. The upper black
dots represent the experimental diffraction pattern, and the red line shows the calculated pattern
obtained from a le Bail fit. Peak positions are given by the ticks. The difference plot is shown by the
black line in the bottom part. The X-ray pattern shows minor amounts of Mn5Al8 and residual Sn
flux; Figure S6: Magnetic properties of Mn4Al11: magnetic susceptibility of a single crystal along
the b*-axis (a) and perpendicular to it (b); magnetic moment as a function of the magnetic field at
different temperatures of a single crystal along the b*-axis (c) and perpendicular to it (d); Figure S7:
The inverse magnetic susceptibility of Mn4Al11: the inverse magnetic susceptibility of a single crystal
along the b*-axis (a) and perpendicular to it (b). The red line represents the Curie–Weiss fit above
170 K using the Curie–Weiss law χ = C/(T − θW). The refined Curie–Weiss parameters are shown
on the graph. The effective moment per Mn atom µeff/Mn was calculated as µeff/Mn =

√
3kBC

nMn NAµB
,

where nMn is the number of Mn atoms in the formula unit, kB is the Boltzmann constant, NA is the
Avogadro number, and µB is the Bohr magneton.

https://www.mdpi.com/article/10.3390/cryst15080714/s1
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