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ARTICLE INFO ABSTRACT

The effects of Fe substitution on Mn site of Mn,Sn compound was investigated by means of scanning electron
microscopy with X-ray energy dispersive spectrometer, X-ray diffraction, magnetization and magnetocaloric
measurements. The produced Mn,_,Fe,Sn series (0.50 < y < 1.75) presented two phases, a major non-stoi-
chiometric Mn,_,Sn and a minor Mn3Sn, respectively, with Fe content replacing Mn in each phase. The lattice
parameters a and ¢ of Mn,_,Sn and Mn3Sn phases decrease approximately linearly with Fe concentration while
their transition temperatures increase covering a wide temperature range from 177 K to 546 K (major phase T¢;)
and 260 K to 704 K (minor phase Tc,) resulting in alloys with two distinct values of T¢. The magnetization
measurements show a ferromagnetic coupling and saturation magnetization increases along the series. The heat
flux analyses determined second order of magnetic transitions and magnetocaloric effect was calculated with
|AS| around 1 J/kg.K. The cooling power was estimated in 85 J/kg. Both values were for uoAH = 2 T. Thereby,
for technological devices which have their efficient improved using layered materials, Mn,_,Fe,Sn alloys are
valid candidates since the association of its properties allow to yield a powerful magnetic and magnetocaloric
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material, and, besides, they are low cost, non-toxic, absent of rare-earth and easy to manufacture.

1. Introduction

Mn-based compounds have been considered as promising materials
[1-4] for magnetic refrigeration [5,6], either because Mn has the
highest magnetic moment among 3d transition elements [4] or because
it is abundant on Earth’s crust making it cheaper than rare-earth ele-
ments and less impactful to the environment. Some studies have in-
vestigated the crystalline, magnetic and magnetocaloric properties of
Mn-Fe-Sn ternary materials with NioIn (B85) type structure [7] and
hexagonal P63/mmc symmetry such as (Mn;_4Fe,),;Sns [8],
(Mn; _sFe)esSnzs [9], Mn; esFeo2Sn [10], (Mn;_Fe)sSnz [11],
Mn; sMysSn (M = Cr, Mn, Fe, Co) [12] and Fes_,Mn,Sns [13]. One of
the key features of those compounds is that their magnetic properties
are easily adjusted by the concentration of its elements and, as so, they
can be rather useful in order to develop materials with targeted appli-
cations, such as thermomagnetic motors [14-21] or magnetic re-
frigerators [22,23]. Regarding those technologies, recent research
shows the importance of table-like magnetocaloric effect (MCE)
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encompassing large temperature ranges arising from layered [24,25]
and composite [26-28] magnetocaloric materials.

According to Mn-Sn phase diagram [29], the Mn,Sn alloy (in the
nominal stoichiometry of 66.7 at.% Mn) at 800 °C, presents itself in a
biphasic field of compositions, with coexistence of both the Mn3Sn
phase and a non-stoichiometric Mn,_,Sn phase, where the latter is
predominant by the lever rule. The Mn,_,Sn is a high temperature
phase that synthetizes within a variable stoichiometry where the
amount of Mn can vary from 65 at.% at 480 °C to 68 at.% at 884 °C. Due
to this feature the synthesis of a single phase Mn,_,Sn is very unlikely
to occur and a small quantity of the MnsSn phase is expected to parasite
any attempt of growth the Mn,_,Sn phase.

Mn, _,Sn, Ni,In-type [8,9,30-33], and Mn3Sn, NizSn-type [34-49],
compounds have been reported as ferrimagnetic and antiferromagnetic
phases, respectively, with non-collinear magnetic ordering which
usually involves competition between (ferro/ferri)magnetic and anti-
ferromagnetic exchange interactions between Mn moments, located at
different lattice sites. Consequently, the Mn,_,Sn phase has low
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Fig. 1. Backscattered SEM images and observed phases for the samples with: (a) y = 0.50, (b) y = 1.50.

saturation magnetization moment and a usually complex magnetic or-
dering. It is supposed that replacing Fe, in the Mn sites, should increase
the number of ferromagnetically coupled Fe-Fe or Fe-Mn pairs,
breaking the antiferromagnetically coupled Mn-Mn element [12] and
giving rise to a ferromagnetic ordering, since Fe element has ferro-
magnetic state. Besides that, Fe radius is smaller than Mn, promoting an
easy substitution of Fe in the same site occupied by Mn and decreasing
the interatomic distance.

In this work we propose a systematic study of the effects of the Fe
substitution at the Mn site of the Mn,_,Fe,Sn alloy, in the
0.50 = y < 1.75 range, in order to explore the combination of factors
as the low cost and environmental impact of Mn-Fe-Sn system and the
possibility of producing a material with easily tunable magnetic prop-
erties for new technologies. The phase relations and crystallographic
data will be analyzed by EDS and XRD techniques, and the system
magnetic, calorimetric and magnetocaloric properties will be obtained
and discussed as follows.

2. Materials and method

Mn,_,Fe,Sn (0.50 < y = 1.75, with Ay = 0.25) polycrystalline
samples were prepared from high purity elements (> 99.99%). Each
composition was melted in an arc-furnace under high purity argon at-
mosphere. Molten buttons were turned and re-melted at least three
times to ensure homogeneity. Samples were encapsulated in a high
purity argon atmosphere, heat-treated at 800 °C for 10 days and sub-
sequently water quenched. Samples were characterized by Scanning
Electron Microscopy (SEM) and X-Ray Diffraction (XRD). Scanning
electron micrographs were obtained in a JEOL JSM-6010LA equipped
with an Energy Dispersive Spectrometer (EDS) used to obtain an atomic
semi-quantitative analysis. The XRD diffractograms were obtained with
a Bruker D8 Advance AXS X-ray diffractometer using CuKa radiation
and a NiKp filter. Refinement was performed with the aid of the Bruker
AXS’s TOPAS 4.2 software by Rietveld method.

Magnetic and magnetocaloric effect measurements were carried out
in a Quantum Design Magnetic Properties Measurement System (QD-
SQUID MPMS) while specific heat was evaluated using a Peltier setup in
a Physical Properties Measurement System (QD-PPMS). Peltier element
works as a heat flux sensor and measures the amount of heat that goes
through the sample using the reliable temperature and magnetic field
platform provided by the PPMS. Rectangular pieces (m = 500 mg,
length = 7 mm, width = 5 mm and thickness = 2 mm) of Mn-Fe-Sn
samples were cut and glued on the top plate of the Peltier using a
thermal conducting epoxy. Measurements were made from 20 K to
330 K under magnetic fields up to 5 T. Further experimental details
about the setup are at [50,51].

3. Results and discussion
3.1. SEM and EDS results

Full set of backscattered SEM images revealed that Mn,_,Fe,Sn
alloys are homogeneous for all y values: all the images show essentially
two distinct areas with different tones of gray with some small scattered
black dots. The EDS results proved the Fe presence in both areas and
provided the average values of Mn, Fe and Sn concentration. For the
light gray area, it was found that the average sum of the values for Fe
and Mn concentrations resulted in values 2 times the Sn content,
(MnFe), _,Sn, maintaining the 2 to 1 stoichiometric ratio observed in
primitive Mn,_,Sn phase. For the dark gray zones, the average sum of
Mn and Fe concentrations is 3 times the Sn content, (MnFe)sSn, also
preserving the 3 to 1 stoichiometric ratio observed in original Mn3Sn
phase. In all samples, for both phases, the fully substitution of Mn by Fe
was not observed and the Mn-Fe ratio was very close to the nominal.
Black spots are minor oxides found within the samples and were not
counted as a third phase.

From the microscopy analysis, it is very clear that the major phase
within these samples is the Mn,_,Sn phase with a smaller and variable
amount of a minor Mn3Sn phase, regardless the Fe content. Some of the
SEM images obtained are shown in Fig. 1a and b, for samples with
y = 0.50 and 1.50. Two distinct phases are observed, the Mn,_,Sn and
Mn3Sn, both with Fe presence as indicated by EDS analysis.

Henceforth, Mn,_,Sn and Mn3Sn phases will be referred to as 2:1
and 3:1 phases, respectively.

3.2. XRD results

Rietveld refinements were performed for the Mn,_,Fe,Sn system
always following the same refining strategy. Ni,In-type hexagonal
structure (ICSD No. 104976) corresponding to 2:1 phase and NisSn-type
hexagonal structure (ICSD No. 104978) related to 3:1 phase, both with
the same P63/mmc space group, provided a good fit in all samples.
Quantitative Phase Analysis, (QPA), performed by Rietveld refinement,
indicate that 2:1 phase appeared in major amount, in agreement with
SEM images and EDS results. Lattice parameters a and ¢ of 2:1 and 3:1
crystalline structures were calculated by Rietveld refinement for the
samples and their dependence with Fe concentration is shown in Fig. 2a
and b. Since Fe atomic radius is smaller than the Mn, both a and ¢
decrease with increasing y, as expected.

3.3. Magnetization

Magnetization behavior as a function of the temperature of the
Mn,_,Fe,Sn system is shown at Fig. 3, where we observe that all
samples presented more than one magnetic transition. As pointed out
by SEM images, EDS and quantitative phase analysis prepared samples
have 2:1 as the major phase and as magnetic transitions have ferro-or
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Fig. 2. Fe concentration dependence of hexagonal lattice parameters a and c (a) for the Mn, _,Sn phase in the 0.50 < y < 1.75 range; (b) for the Mn3Sn phase in the
0.50 = y =< 1.75 range. The errors bars are shorter than the size of the symbol and because of that they are not pointed on the graphs.
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Fig. 3. M(T) curves for the Mn,_,Fe,Sn series obtained under a 0.02 T mag-
netic field in the ZFC protocol.

Table 1
Fe concentration dependence of T¢; and Tc; for Mn, _Fe,Sn (0.50 < y < 1.75)
alloys.

y 0.50 0.75 1.00 1.25 1.50 1.75
Tar (K) 177 204 284 383 468 546
Tz (K) 260 367 464 553 628 704

ferrimagnetic characteristics, we associated the lower Curie (T¢;)
temperature to the major phase because it should present a greater
change to the magnetization. Table 1 shows the Curie temperatures
along the series, where T¢; stands for the transition temperature of the
major phase (lower values) and T, for the minor phase (higher values).
Mn; soFep50Sn presented three distinct transitions, one very clear, at
177 K, and two others at 233 K and 260 K that could be due to in-
homogeneity within the sample as its T is very sensible to the lattice
position of Mn and Fe atoms [12] and there was not third phase de-
tected by SEM, EDS and XRD analysis. We can also notice that the
transition temperatures increase with Fe concentration and neither of
those samples presented thermal hysteresis (not show), which could be
an indication that the transitions are of second order.

By evaluating the transition temperature of both 2:1 and 3:1 phases
found within the samples, we drafted a magnetic phase diagram, shown
in Fig. 4. There, white area stands for the paramagnetic (PM) state of
both phases, black hatched area represents the ferromagnetic state of
the major phase (FM;) and red hatched area implies the ferromagnetic
state of the minor phase (FM,). Below the black line (T¢; values), both
phases are FM and their magnetization overlaps. Looking at the phases
delimiting curves, we observe that both transition temperatures in-
crease monotonically towards higher Fe concentration. The 2:1 phase

7004 =DO=T,, (Major phase Mn, Sn)
—0O—T_, (Minor phase Mn_Sn)
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S 400
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Fig. 4. Magnetic phase diagram encompassing both phases found within our
samples. The black and red lines are, respectively, the transition borders of the
2:1 and 3:1 phases and the hatched areas represent the magnetic state of the
compounds (PM stands for paramagnetic and FM for ferromagnetic). (For in-
terpretation of the references to colour in this figure legend, the reader is re-
ferred to the web version of this article.)

presents a slow T¢ increase at low Fe concentration followed by an
almost linear behavior towards Mng ,sFe; 75Sn sample while for the 3:1
phase we have a parabolic arc trend towards the Fe side.

An interesting feature of the Mn,_,Fe Sn system is that the transi-
tion temperature presents a large variation with the substitution of Fe
for Mn. One can tune the magnetic transition of the major phase over an
expressive 369 K range, between 177 K and 546 K, which includes room
temperature and its surroundings. This aspect is an advantage because
it allows the possibility of creating composites or multilayer compounds
to work on cascade thermomagnetic devices such as motors or re-
frigerators that operate over a wide temperature span. For both phases,
these transitions are strongly dependent on alloy composition and are
tunable by Fe content.

Fig. 5a shows isothermal M(H) curves for the series, measured at
4 K, where we observe that the saturation magnetization (M) increases.
This behavior is illustrated in Fig. 5b and although the Fe moment is
smaller than the Mn moment, the My increase is related to the dis-
placement produced by the Fe atom in the Mn (2d) site, which gradu-
ally transforms the ferrimagnetic coupling into a ferromagnetic one, as
shown by Shiraishi et al. [9]. Also, for y < 1.00, the series presents a
critical field around 0.25 T. As Fulgsby et al. [12] point out, those Mn
based Ni,In-type compounds usually present Mn-Mn pairs aligned both
parallel and antiparallel, depending on which site the Mn occupies. This
critical field suggests that the magnetic field can weaken the Mn-Mn
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Fig. 5. (a) Isothermals of magnetization M(H) carried out at 4 K up to 5 T, for Mn,_ Fe,Sn (0.50 < y < 1.75) alloys; (b) Saturation magnetization behavior curve,

showing a M increase up to 'y = 1.25 followed by maximum aty = 1.75.

antiparallel pairs turning some of them into a parallel alignment.
However, the field does not appear to be enough to completely trans-
form the ferrimagnetic behavior to a ferromagnetic one. Samples with
y = 1.50 seem to have achieved a maximum saturation magnetization
which could imply that, at this Fe-Mn ratio, the samples are ferro-
magnetic. We also measured magnetic hysteresis (not show) of these
samples and, up to y = 0.75, we observe a coercive field of about 1 kOe
that reduces to 0.3 kOe for the y = 1.00 sample and subsequently
vanishes for the rest of the series.

3.4. Specific heat and magnetocaloric properties

Magnetization measurements showed no thermal hysteresis for
those compounds indicating a probable second order magnetic transi-
tion (SOMT) and to confirm this hypothesis, we performed heat flux
measurements with a Peltier system. The results are shown at Fig. 6a for
samples with y = 0.50, 0.75 and 1.00 measured under zero magnetic
field up to 330 K. As we expected, the transitions are of second order
and appear at the curves as a very smooth change in cp slope for
y = 0.50 and 0.75 samples and as a broad hill at the y = 1.00 alloy.

Magnetic field influence over the specific heat is show at Fig. 6b for
samples with y = 0.75 and 1.00. Following the characteristics of a
SOMT, we observe a broadening of the transition and a shift of T¢ to
higher temperatures. The effect of the magnetic field, however, is not
expressive and we should expect small values arising from the magnetic
entropy variation for these compounds. We calculated the AS through
M(T)(zrc) curves measured at magnetic fields up to 2 T and the results
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Fig. 7. Temperature dependence of magnetic entropy change, AS(T), for
y = 0.50, 0.75, 1.00 and 1.25 samples.

are show at Fig. 7 for samples with 0.50 < y < 1.75. The values ob-
tained (Table 2) are in agreement with those found for other Mn-Fe-Sn
alloys such as the (Mn;_,Fe,)sSn3 [11] and Mn3_,Fe,Sn, [52] reaching
modest values around 1.1 J/kg for a 2 T magnetic field variation. Al-
though the series magnetic entropy variation seems low, in comparison
with other materials, if we look to its relative cooling power [53,54] we

100 90
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Fig. 6. (a) Specific heat of samples with y = 0.50, 0.75 and 1.00 measured with a heat flux setup with a Peltier element at poH = 0. (b) Influence of the magnetic

field over the specific heat of samples with y = 0.75 and 1.00.
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Table 2

Magnetocaloric effect comparison with literature data. All number stands for a
magnetic field variation of 2 T (except for the Mn, 4Fey ¢Sn,, which had only
5 T numbers at the reference).

Compound Tc (K) —ASpeak (J/kg.K)  RCP (J/kg) References
Gd 294 4.9 180.8 [51]
Mnj 4Feq ¢Sny 268/185 3.3 (HoAH = 5T) 204.2 [52]
(HoAH = 5T)
(Mng ssFeg 45)sSns  298/259 1.1 66.1 [11]
Mn; soFeq 505N 177 1.0 88.4 This work
Mn; »sFeq 75Sn 204 1.1 80.2 This work
Mn; goFeq.00Sn 284 1.0 85.8 This work
Mnyg 7sFe; 25Sn 383 1.2 85.2 This work

can see that it reaches a reasonable value of 85 J/kg under the mod-
erate 2 T magnetic field change. As the series covers an extensive
temperature range, it is possible to consider a multilayer compound or
even a possible composite capable of work in such range. Besides that,
since these materials present low cost, are easily manufactured, have
constant cycling stability and a good temperature span, they can be
considered to applications at magnetic refrigeration systems or even
thermomagnetic motors.

4. Conclusions

We carried out systematic studies on crystallographic, magnetic,
calorimetric and magnetocaloric properties for Mn,_,Fe,Sn alloys.
Through the analyses of SEM images, we concluded that our samples
are biphasic in the 0.50 < y =< 1.75 range. EDS semi-quantitative
analysis indicated the presence of Mn,_,Sn and Mn3Sn phases and
pointed out that the Fe substitution occurred accordingly with the
nominal values, i.e. Fe replaced the same Mn atoms sites, maintaining
the 2:1 and 3:1 original stoichiometry. Also, from SEM images and EDS
analysis, we observed that Mn,_,Sn phase is predominant in all sam-
ples. XRD data were analyzed through Rietveld refinement and the best
fitting was reached when the Mn,_,Sn and MnsSn phases were ad-
justed with NiyIn and NizSn-type structures (hexagonal P63/mmc), re-
spectively. As expected, a monotonic decrease of the lattice parameters
a and ¢ with increasing Fe concentration was observed for both major
and minor phases. The quantitative phase analysis, by Rietveld refine-
ment, also pointed out Mn,_,Sn as the major phase, in agreement with
SEM and EDS analysis. Magnetization measurements corroborate with
the ferrimagnetic behavior showed in previous studies for Mn-Fe-Sn
alloys, with an indication of ferromagnetic coupling at the Fe-rich
samples leading to an increase of saturation magnetization found at the
measured magnetization isotherms. Neutron diffraction investigations,
however, are needed to confirm how Fe replacement in Mn sites im-
pacts the magnetic arrangement in each found phase. The series ex-
hibited two transitions where the lower Curie temperature was attrib-
uted to the 2:1 phase (T¢;) and the higher to the 3:1 phase (Tco). Tcy
and Tc, increased with Fe concentration through all samples. T¢; in-
creased from 177 K towards 546 K and T, increased from 260 K to
704 K. The series transition temperatures are easily adjusted with the
right Fe-Mn ratio and they cover a wide range of 369 K (T¢;) and 444 K
(Tco), including room temperature and its surroundings, which moti-
vated us to the calculation of the magnetocaloric effect for a possible
application in magnetic refrigeration. Specific heat measurements
where performed and they confirmed the second order character of the
magnetic transitions. The magnetic entropy variation results, for the
0.50 < y =< 1.75, attained values around 1.1 J/kg.K, for a pOAH of 2 T,
and the RCP reached a moderate 85 J/kg value. All these combined
findings suggest the Mn, _ Fe,Sn series materials as possible candidates
for magnetic refrigeration and thermomagnetic motors since these
technologies require layered materials to improve their performance.
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