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Search for low-moment magnetic materials with high spin-polarization is important for emerging
spintronics applications. In this work, we have conducted detailed growth and characterization along
with complementary first-principles calculations to investigate the structure and magnetism of Mn;FeSi,
which is a prospective inverse-Heusler material. We confirm that MnyFeSi adopts a cubic inverse-Heusler
structure, in excellent agreement with theory. The magnetic and resistivity measurements show an
antiferromagnetic behavior with a Néel temperature of 48 K, which is consistent with prior experimental
reports. We find that a low-moment state with higher ordering temperature (150—200 K) can be sta-
bilized under certain growth conditions. Supporting calculations show that Neel-type antiferromagnetic
states are energetically very close to the ferrimagnetic ground state. Our work provides evidence that
MnyFeSi may be interesting for exploring newer applications with low-moment materials, but the
ordering temperatures are low for viable practical applications.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

The search for new magnetic materials for next-generation
spintronics applications is a very important area of research.
Heusler alloys are particularly interesting as they can support, in
theory, 100% spin polarization which is highly desired in spintronics
devices that utilize the giant and tunnel magnetoresistance effect.
It is also recognized for sometime that spintronic devices can be
applied to memory technologies by incorporating the
experimentally-proven spin-transfer torque (STT) effect [1-3].
Applications in such areas dictate a broader set of properties in the
active magnetic material such as perpendicular magnetic anisot-
ropy (PMA) [4], low magnetization and damping [5,6] apart from
high spin-polarization. Realizing such properties in the bulk form is
challenging and motivated a number of theory-driven searches
[7—9] within the Heulser family [10]. Tetragonal materials that
promote high bulk PMA can suffer from low spin-polarization
[8,9,11,12] and low tunnel magnetoresistance [13—15], whereas
cubic systems with potentially nearly 100% spin-polarization [7] do
not support PMA. It is therefore quite topical to explore and expand
the experimental search to other prospective candidates, including
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antiferromagnets [16].

Inverse-Heuslers (general formula X,YZ) are emerging as a
promising sub-family in the search for low-moment systems
required for STT applications [10]. Encouragingly, recent first
principles theory calculations have identified several families
supporting low magnetization [7—9], particularly the MnyFeZ
family (Z = Al Ge, Si, In, Ga). Therefore, there is a renewed interest
in investigating such systems. The structure and magnetic proper-
ties of some of these materials have been reported. MnyFeGa is
reported to stabilize in a tetragonal structure [9], while Mn;FeAl
adopts a non-Heusler cubic structure [17]. There are some existing
experimental reports on MnyFeSi, mainly as part of the Fes_yMn,Si
family. Leitao et al. [ 18] report an antiferrmagnetic to paramagnetic
transition at 50 K with an L2; structure. Miki et al. [19] and Yoon
et al. [20] also report an AFM-PM transition at 50 K with a lattice
constant of 5.68 A from neutron diffraction measurements. Some
groups have investigated Fe;_,Mn,Si (1 < x<2) [21-23] and off-
stoichiometric MnggFe34Siig [24].

In this work, a detailed experimental characterization of
Mn,FeSi is reported motivated by prior theoretical investigations
that identified MnyFeSi as a ferrimagnetic inverse-Heusler material
[7,9,25]. The major experimental conclusion of this work is that
MnyFeSi is an antiferromagnetic inverse-Hesuler material. Our
study agrees with prior experimental reports on the magnetic
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behavior of MnyFeSi [18—20], but we additionally confirm the
theoretical prediction that MnyFeSi stabilizes in the inverse-
Heusler and not the full-Heusler phase. Additionally, quenched
bulk and thin film samples of Mn,FeSi are observed to stabilize in a
low-moment state with a high Curie temperature. Supporting first-
principles calculations show that antiferromagnetic states are
practically degenerate in energy compared to the ferrimagnetic
ground state. Our work provides evidence that Mn;FeSi can serve
as a prototype inverse-Heusler antiferromagnet and such materials
may be useful in exploring emerging applications in the area of
spintronics. In principle, this study could be extended to other
unexplored members of the MnyFeZ family (Z = Ge, In, for
example). However, we found that it is difficult to stabilize nearly
pure cubic phases of these materials using arc-melting method.
Therefore, we focused on MnyFeSi in this study.

2. Experiment

Approximately 4 g of bulk polycrystalline Mn;FeSi compound
was prepared by conventional arc-melting 99.99% pure elements in
an ultra-high purity argon atmosphere. The sample was flipped and
re-melted multiple times to ensure homogeneity. The final as-
melted ingot was cut into two halves using a slow moving dia-
mond wheel cutter. The first half of the sample was further cut into
small pieces. Pieces of the sample were then wrapped in tantalum
foil and annealed in high vacuum (~ 106 Torr) for 2—10 days at
temperatures ranging from 500 °C to 800 °C. Only the 500 °C data is
shown here since it produced the best and nearly pure phase X-ray
diffraction pattern. The second half of the ingot was remelted and
quenched immediately by dropping in cold water. Both as-
quenched and annealed samples are discussed in details. Sup-
porting thin-film growth was accomplished using a combination of
d.c and r.f magnetron sputtering with co-sputtered elemental Mn,
Fe and Si targets in a high vacuum chamber with a base pressure
better than 4 x 10~ Torr. Film thickness was verified using X-ray
reflectivity technique. The microstructure and the chemical
composition of the samples were verified using the FEI Quanta FEG
450 SEM equipped with EDS detectors. The phase purity and crystal
structure were studied by powder X-Ray diffraction (XRD) using
Rigaku SmartLab diffractometer (CuK, radiation) at room temper-
ature. Rietveld refinement of the XRD pattern was carried out using
the MATCH software based on FULLPROF software [26]. XPS anal-
ysis was not conducted as it was difficult to cleave or polish the
hard samples in-situ under high vacuum which is necessary to
remove the oxidized surface. The magnetization measurements
were performed using a superconducting quantum interference
device (SQUID by Quantum Design) magnetometer in the temper-
ature range 5—380 K in a magnetic field up to 5 T. Magnetization
measurements were taken following the zero-field cooling (ZFC),
field-cooling (FC) and field-cooled-heating (FCH) protocols. The
electrical resistivity was measured by four-probe method in the
temperature interval of 5—380 K. Resistivity measurements were
performed only on the annealed samples and not on the quenched
samples as they were brittle and harder to cut into proper shapes.
First-principles calculations was carried out using density-
functional theory as implemented in the WIEN2K package [27]
employing the PBE-GGA exchange correlation potential. Magnetic
calculations were performed on an 8-atom tetragonal unit cell
incorporating AFM ordering [28]. The energy convergence of 7 x
10~ Ry (less than 0.1 meV), and RMT values of 1.94 for Si and 2.28
for Mn and Fe were chosen. A 19 x 19 x 13 k-point grid was
employed for both FM and AFM calculations with 700 nonequiva-
lent points.

3. Results and discussions
3.1. Micro and crystal structure of MnFeSi

Structurally, the inverse-Heusler structure (XA, HgoCuTi type)
can be obtained from the full-Heusler (L2;, Cu,MnAl type) by
switching one of the X atoms with a Y atom. The Z and Y elements
are located at the (0, 0, 0) and (},1,1) respectively in Wyckoff co-
ordinates, while the X elements are at (3,2,3) and (4,4, 1) position.
First-principles calculations have highlighted several cubic and
tetragonal Manganese-based inverse-Heuslers with desirable
properties [7—9,25,29—-31].

The SEM micrographs of annealed and as-quenched bulk sam-
ples are shown in gray color in Fig. 1. The fractured surface of
annealed samples (top panel) showed a homogeneous single
composition phase with no visible secondary phase. The metallo-
graphic optical image of annealed Mn;FeSi (inset of Fig. 1 (a)) also
show large grains without voids that indicates the formation of a
homogeneous crystal structure. The SEM micrographs of as-
quenched MnyFeSi (bottom panel, Fig. ¢ and d), on the other
hand, show a granular and porous microstructure. Interestingly, the
formation of microscopic domains inside the grains are observed
(Fig. 1 (d)).

In Fig. 2, the XRD pattern of the (a) as-cast (b) as-quenched and
(c) 500 °C - 10 days annealed Mn;FeSi are shown along with their
Reitveld fits. The common Heusler diffraction peaks are clearly
identified, even for the as-cast sample, that confirms the cubic
nature of the material. The fitted lattice parameter is close to 5.68 A
which is only about 1.4% higher than the theoretical estimate of
5.60 A[7,9,25], and in excellent agreement with prior experimental
reports [19,20]. The XRD peak positions of the three samples are
tabulated in Table T1 of supplementary material. A small impurity
peak was observed in all samples close to 43.4° (indicated by *)
which could not be assigned to any Heusler diffraction peak. The
diffraction patterns obtained for samples annealed for different
times at 500 °Cis shown in Fig. S1. The relative intensity of the (111)
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Fig.1. SEM image of annealed (top panel) and as-quenched (bottom panel) Mn,FeSi at
different magnifications. Inset of (a) Metallographic image of a bulk Mn,FeSi sample
annealed at 500C for 48 h obtained by etching the sample with a marble etchant
showing clear crystallographic grains.
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Fig. 2. Room temperature XRD pattern of (a) as-cast (b) as-quenched and (c) annealed
samples and their Reitveld fitting. Inset of (b): Enlarged view of the XRD patterns of as-
quenched sample in the 20 range from 25 to 35 deg showing the (111) and (200) peaks.

peak, in particular, increases significantly after prolonged annealing
that is attributed to the enhancement of the inverse-Heusler order.
Precise structural order evaluation based on a casual inspection
of X-ray diffraction is difficult as the full (L21) and inverse-Heusler
(XA) structures are almost identical with only varying relative in-
tensity of the (111) and (200) superlattice peaks compared to the
(220) peak. The Reitveld analysis confirmed the inverse-Heusler
(XA) nature of MnyFeSi as the L2; structure produced a much
inferior agreement. Specifically, the relative intensity of the (111)
peak is higher than the (200) peak for the inverseHeusler structure
(as shown in the inset of Fig. 2(b) and in Fig. S1). The simulated
trend is opposite for the L2 structure i.e, (200) peak has a higher
relative intensity than (111), which disagrees with our experi-
mental data. We thereby conclusively confirm the theoretical pre-
diction that MnyFeSi stabilizes in an inverse-Heusler structure.

3.2. Magnetic measurements and supporting first-principle
calculations

Typically, almost all Mn-based inverse-Heuslers are predicted to
be ferrimagnetic in the ground state with unequal anti-parallel
moments at the two Mn sites whereas the magnetic moment on
the second magnetic atom (Fe in the case of MnyFeSi) is signifi-
cantly smaller and parallel to the nearest-neighbor Mn atom
occupying the (4,1, 1) position. The magnetic moment values are
practically identical in both L2 and XA structures, and, therefore, it
is hard to distinguish the crystal structure from magnetic
measurements.

The detailed site-specific moment values obtained for an 8-atom
MnyFeSi supercell are shown in Table T2 of the supplementary
material. The values are in good agreement with literature reports
[7]. Calculations on the 8-atom antiferromagnetic supercell show
that the magnetic moment at the Fe and the (J, 1, J) Mn site is
practically zero while the moment at the (1, 1, 1) Mn site is
compensated. Energetically, the perfectly compensated AFM
ordering is only 4 meV larger than the ferrimagnetic ground state
(see Table T2 and Fig. S5). This indicates that both solutions are
practically degenerate. Our experimental results are consistent
with compensated (antiferromagnetic) moments as explained
below.

The isofield M(T) curves on heating and cooling in the applied
magnetic field of H = 100 Oe for annealed (500 °C - 2 days) and as-
quenched samples is shown in Fig. 3 (a) and (b). A cusp-like
behavior in the M(T) curve was observed at low temperatures
indicating an antiferromagnetic ordering in the annealed Mn;,FeSi
alloy. The magnetization increased rapidly at low temperatures,
peaking at ~ 48 K that corresponds to the Néel temperature (Ty)
and decreased gradually above Ty on heating. This value compares
very favorably with the available reports [18—20]. It is known that
the magnetic susceptibility () follows the Curie-Weiss law in the
paramagnetic phase given by, x = T%(,P where, C is the Curie Con-
stant and 6p is the Curie-Weiss temperature. The value of fp was
obtained from the linear fit of the temperature dependence of the
inverse susceptibility x~1(T) curve in the paramagnetic region (see
Fig. S2). The negative value of §p (~ - 34 K) confirms the antifer-
romagnetic ordering of the spins in the MnyFeSi alloy. As shown in
the inset of Fig. 3(a), the field dependence of magnetization M(H) at
temperatures below and above Ty is linear, a behavior typical of
antiferromagnetic and paramagnetic materials.

A number of interesting features are also observed in the
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Fig. 3. Temperature dependence of Magnetization M(T) curves of (a) annealed (500 °C
for 2 days) and (b) as-quenched Mn;FeSi during heating and cooling process at applied
field of 100 Oe. Inset of Fig (a) and (b) show the M(H) curves for annealed and as-
quenched samples respectively.
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magnetization data. First, a bifurcation of the field-cooled and the
zero field-cooled data is noticed. It is hypothesized that it may due
to the existence of uncompensated spins/domains at the surface of
the sample that align with the external magnetic field at low
temperatures when thermal fluctuations are quenched. The resid-
ual moment could be stabilized due to defect-induced domain wall
pinning. Secondly, a small peak in the ZFC curve at around 150 K is
observed that is attributed to inhomogeneity in the sample. This
can be concluded because the peak is greatly reduced when the
sample is annealed for 10 days (see supplementary data, Fig. S3).
Additionally, it is concluded from this data that the dominant
magnetic behavior of annealed samples are not sensitive to the
annealing time as the M(T) curve of the sample annealed for 10
days @ 500 °C shows a near identical behavior to the 48-hr
annealed sample (Fig. 3(a)). Therefore, the appearance of stronger
impurity peaks after prolonged annealing has minimal bearing on
the antiferromagnetic character of MnyFeSi. This reaffirms that
antiferromagnetism is intrinsic to the Heusler phase. It is worth
mentioning that the 48 K antiferromagnetic transition temperature
is reasonably close to the 71 K theoretical estimate for the ferri-
magnetic state [32]. Therefore, overall, the most significant theory-
experiment disagreement is regarding the value of the magnetic
moment. While calculations do not completely resolve the theory-
experiment discrepancy, it is satisfactory to find that the compen-
sated states are practically degenerate to the ferrimagnetic ground
state and may explain why they can be stabilized at high growth
temperatures. Additional temperature dependent calculations
might perhaps shed further light, but was beyond the scope of this
work.

In contrast to the annealed sample, the M(T) curves of the as-
quenched MnyFeSi shows a ferrimagnetic behavior at H = 100 Oe
with critical temperature (T¢) of ~ 200 K as shown in Fig. 3(b). A
small curvature and non-saturating behavior of the M(H) curves at
T = 10 K was observed (see inset of Fig. 3(b)). The non-linearity in
M(H) curve at low field indicates that the magnetic moments are
not fully compensated in the quenched sample. However, the
estimated magnetic moment value is roughly two-orders of
magnitude smaller than first-principles estimates for the ferri-
magnetic state.

Additional synthesis of stiochiometric MnyFeSi thin-films was
performed on (001)-oriented MgO substrates at 600 °C to investi-
gate whether the 2 pg/f.u ferrimagnetic state can be epitaxially
stabilized. The magnetic behavior is shown in Fig. S4. The behavior
is strikingly similar to quenched bulk samples apart from the uptick
in the magnetization value below 20 K that is attributed to para-
magnetic defects within the MgO substrate from induced oxygen
vacancies due to the high temperature deposition process [33]. The
magnetic moment value, though higher than quenched samples, is
still only a fraction of the theoretical estimate for the ferrimagnetic
state. So taking all magnetic data together, it is concluded that
magnetically Mn,FeSi shows a compensated behavior, in agree-
ment with prior experimental reports [18—20]. Interestingly, such
theory-experiment discrepancy is also reported for MnsSi [8].

3.3. Electrical resistivity measurements

Resistivity measurements also support the presence of a strong
antiferromagnetic transition at 47-48 K. In Fig. 4, the temperature
dependence of resistivity p(T) of the optimally annealed sample is
shown at zero magnetic field. MnyFeSi shows a typical metallic
behavior with large residual resistivity (p,) = 324 uQcm at T =5 K
and residual resistivity ratio (”;%) of about 1.3. A saturation of re-
sistivity at higher temperatures in the p(T) curve was observed that
is uncommon for metallic systems. At low temperatures (T < Ty),
the resistivity decreases rapidly which can be attributed to the
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Fig. 4. Temperature dependence of Resistivity of optimally annealed Mn,FeSi. Inset:
(a) 5% vs T curve (b) T2 dependence of resistivity at low temperatures.

onset of magnetic ordering. Further evidence to this effect is ob-
tained in the g—g vs T curve as shown in the inset (a) of Fig. 4. The
clear maxima at 47—48 K matches well with the value of Ty ob-
tained from M(T) measurement (Fig. 3(a)). Therefore, it is clear that
the resistivity behavior is also consistent with the observed mag-
netic transition.

The temperature dependence of resistivity in magnetic mate-
rials is usually interpreted using the Matthiessen’s rule given by,

P(T)=po + pe_ph(T) + Pe_mag(T)

where, p(T) is the total resistivity, p, is the residual resistivity,
pe—pn(T) is the resistivity due to electron-phonon scattering (with
linear dependence in T) and p,_pqe(T) is the resistivity due to
electron-magnon scattering (with T? dependence).

o(T) = p, + AT + BT?,

where A and B are constants.

As shown in the inset (b) of Fig. 4, the resistivity of MnyFeSi
follow a T2 law at low temperatures (T < Ty) which indicates that
magnetic scattering is dominant at low temperatures. However at
high temperatures, the resistivity of MnyFeSi deviates from the
Matthiessen’s rule showing a saturation in resistivity. Such a
saturation tendency at higher temperatures has been previously
reported in other magnetic materials and explained on the basis of
lIoffe-Regel criterion [34] which is satisfied when the mean free
path approaches interatomic distances. Additionally, spin-lattice
disorder can be also important [35,36].

4. Conclusion

In conclusion, the crystal structure and magnetic behavior of
MnyFeSi are investigated thoroughly. We find that the experi-
mental crystal structure agrees very well with the predicted
inverse-Heusler ordering, while we confirm the antiferromagnetic
behavior as reported in the literature. A low-moment state with a
reasonably high Curie temperature is stabilized in quenched bulk
and thin-film samples. First-principles calculations support the
possibility of compensated magnetic states, as observed in our
experiments.
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