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In this work we report measurements and comparisons of the structural, magnetic and transport
properties of a series of Mn50Fe50�xSnx alloys (x¼10, 15 and 20). We found that while the lower Sn
composition sample stabilized in β-Mn-type crystallographic phase, the higher Sn composition alloys
contained both β-Mn-type as well as Mn3Sn-type hexagonal DO19 phases. Through d.c. and a.c. magnetic
property measurements we have established the existence of a ferromagnetic transition near room
temperature followed by a spin reorientation at lower temperature in the Mn3Sn-type crystallographic
phase of the alloys. Our resistivity study also revealed an interesting behavior with negative temperature
coefficient (TCR) in these alloys.
1. Introduction

Manganese based alloys show many interesting magnetic
properties that are important to study for understanding the
fundamental aspects of magnetism as well as for applications. In
recent years Mn based non-collinear antiferromagnets with tri-
angular spin structure have caught some attention for their unu-
sual magnetic properties [1–3]. Mn3Sn is one such alloy, recently
discovered to show large anomalous Hall Effect in conjunction
with antiferromagnetism [1]. It is a non-collinear antiferromagnet
with inverse triangular spin structure and Néel temperature
TN¼420 K [4–7]. This structure is stabilized by Dzyaloshinskii-
Moriya interaction [8–10] which coincidentally also brings about a
weak ferromagnetism in the system. The triangular spin structure
modulates to form a helical magnetic state below 270 K [4]. On the
other hand, Fe3Sn has the same crystallographic structure as
Mn3Sn, but is a ferromagnet [11,12] with TC¼725 K and has re-
cently been proposed as a new material for permanent magnet
[11]. Therefore, even if Mn3Sn and Fe3Sn are isostructural their
magnetic properties are strikingly different and so it would be
interesting to study how the magnetic properties evolve in alloys
where Mn3Sn and Fe3Sn phases coexist. In pseudo-binary alloys
where Fe atoms replace Mn ones, coexistence of both the ferro-
magnetic and anti-ferromagnetic phases were reported in earlier
yay).
studies for the lower Fe concentration side of the phase diagram
[12,13]. Ferromagnetic and anti-ferromagnetic ordering tempera-
tures were found to be weakly dependent on the Sn concentration
[13]. In this work, we report on the study of structural, magnetic
and transport properties in the higher Fe concentration region of
the phase diagram.
2. Experimental methods

Three samples with nominal compositions Mn50Fe50�xSnx

(x¼10, 15 and 20), were prepared by arc melting high purity
(Z99.9%) constituent elements in a tri-arc furnace under flowing
Ar atmosphere. To achieve better homogeneity we turned over and
re-melted the ingots several times. These were then sealed in
quartz ampoules and annealed at 925 °C for 6 days followed by
quenching in water. Parts of the ingots were sliced with a low
speed diamond saw for use in resistivity and magnetization
measurements. A few such pieces were also crushed and ground
into fine powders for X-Ray Diffraction (XRD) studies in a Rigaku™
MiniFlex II machine with Cu Kα X-ray source. Compositional
homogeneities of the samples were checked using Energy Dis-
persive X-ray analysis (EDX). Backscattered Scanning Electron
Micrographies (B-SEM) for phase analysis were done in a JEOL™
JSM 6360 instrument. DC magnetic measurements were per-
formed in a Lake Shore™ Vibrating Sample Magnetometer (VSM)
and a Quantum Design™ SQUID-VSM. Linear and harmonic AC
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susceptibilities were measured in a laboratory set up with a.c.
excitation field of 3 Oe, under the same cooling and heating rates
of 2 K/min. Resistivity measurements were done in an Oxford™
OptistatAC-V PT closed cycle refrigerator under a steady 1 K/min
heating rate, using a 4 probe ac (111.11 Hz) set up.
3. Results and discussion

EDX results confirmed that compositions of the prepared
samples were within the intended range with good compositional
homogeneity. XRD patterns, given in Fig. 1(a), show that the pre-
pared samples were made up of two crystallographic phases: β-
Mn-type cubic A13 structure and Mn3Sn-type hexagonal DO19

structure in which the Mn sites were randomly occupied by either
Mn or Fe atoms. In a β-Mn structure, the unit cell contains 20
atoms which are divided over two non-equivalent crystallographic
sites in Wyckoff positions 8c and 12d. While Mn atoms occupy
both the sites in pure β-Mn structure, in the doped β-Mn alloys
magnetic atoms like Fe or Co occupy the 8c sites and non-mag-
netic ones like Al or Sn replace the Mn atoms at the 12d sites re-
spectively [14–17]. B-SEM micrographs, shown in Fig. 1(b)–(d),
display the growth of one phase over the other as the amount of
Sn was increased. Combining the XRD and B-SEM data, we can
conclude that starting from pure β-Mn-type phase in the x¼10
system, as the amount of Sn was increased in the system the
Mn3Sn-type phase grew and increased at the cost of the other
phase.

Zero field cooled (ZFC) and field cooled (FC) magnetization
measurements for all samples are shown in Fig. 2(a)–(c). For the
x¼10 sample, only ZFC was measured because it showed only
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Fig. 1. (a) XRD patterns of Mn50Fe50�xSnx (x¼10, 15 and 20) alloys measured with Cu K
correspond to the β-Mn-type phases. (b)–(d) show the B-SEM images of the same samp
paramagnetic behavior throughout the measurement temperature
range. β-Mn's are known to be frustrated magnets with triangular
spin structure and no long range magnetic ordering [18]. We also
found that this sample comprising only the β-Mn-type structure
showed no magnetic ordering down to 80 K (shown in Fig. 2(a)).
For the other two samples (x¼15 and 20) there was a ferromag-
netic transition (TC) near room temperature followed by a spin
reorientation at lower temperature (T*) (shown in Fig. 2(b) and
(c)). Similar spin reorientation phenomena were observed in
Mn3Sn before [4]. The decrease in TC from the value (725 K) of
pure Fe3Sn to room temperature must be due to admixture with
the Mn3Sn and β-Mn phases. Bifurcation of ZFC-FC magnetizations
below T*, signifying irreversibility, occurred most probably due to
the presence of spin reordered clusters in the ferromagnetic
background. These magnetization measurements indicate that the
magnetic transitions observed in higher Sn concentration alloys
originated from the Mn3Sn-type crystallographic phase. Iso-
thermal magnetizations below the TC (shown in Fig. 3(a) and (b))
were typical of a ferromagnetic system and these saturated quickly
with negligible hysteresis. However, at temperatures below T*,
hysteresis loops widened and saturation field as well as the sa-
turation magnetization increased. This indicates that at these
temperatures, those disordered spins had to reorient due to ex-
ternal magnetic field, thus contributing towards increased
magnetization.

Low field a.c. susceptibility measurements of these higher Sn
concentration samples (shown in Fig. 4(a) and (b) respectively)
confirmed that the ferromagnetic transitions did occur near room
temperature. With decreasing temperature, susceptibility slowly
decreased below TC and fell rapidly near T*. A.C. susceptibilities in
the heating and cooling cycles did not match exactly and we found
α X-ray source. *marked peaks correspond to the Mn3Sn-type and unmarked peaks
les respectively.
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Fig. 2. ZFC and FC magnetization vs. temperature for Mn50Fe50�xSnx, (a) x¼10, (b) x¼15, and (c) x¼20 alloys.
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Fig. 3. Isothermal magnetization loops of (a) Mn50Fe35Sn15, and (b) Mn50Fe30Sn20 alloys. Insets show magnified views near the origin for both the alloys.

Fig. 4. Linear (a,b), and second (c) and third harmonic (d) a.c. susceptibilities of Mn50Fe35Sn15 and Mn50Fe30Sn20 alloys. Arrows indicate the directions of temperature
changes during measurements.
that hysteresis existed between them below TC. Furthermore, it is
expected that the 2nd harmonic of a.c. susceptibility would show
negative divergence in a ferromagnetic transition, however, there
would be no such change across a spin glass transition. Spin glass
transition rather shows a characteristic negative divergence at spin
freezing temperature in the 3rd harmonic of a.c. susceptibility
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Fig. 5. Frequency dependence of the real part of the 1st harmonic of a.c. susceptibility in the x¼15 and x¼20. Figures (a,c) represent cooling and (b,d) represent the heating
branches. Plots are successively shifted up by 0.1 in the Y-scale for clarity.

Fig. 6. Resistivity ratios and TCRs of Mn50Fe50�xSnx, (a) x¼10, (b) x¼15, and (c) x¼20 alloys.
[19,20]. Signals of 2nd harmonics from the Sn rich samples indeed
showed (shown in Fig. 4(c)) negative divergences at the transition
near room temperature and confirmed ferromagnetic nature of the
transition. However, there was no change near T*. 3rd harmonics
of the a.c. susceptibility (shown in Fig. 4(d)) showed negative
cusps near T* and confirms the glassy nature of transition. It is to
be noted that 2nd as well as the 3rd harmonics measurements also
showed irreversibility in T* between heating and cooling cycles.

Frequency dependence of a.c. susceptibility for the two higher
Sn composition samples (x¼15 and 20) revealed a very interesting
behavior, as shown in Fig. 5(a)–(d). In a spin glass system, spin
freezing temperature depends on the frequency of the excitation
field and moves to higher temperature region with increasing
frequency. While there was a strong frequency dependence of the
peaks near T*, the dependence happened to be just the opposite of
what would be expected for a spin glass or similar relaxing sys-
tems. However, there were hysteresis of the peaks during heating
and cooling, but again we find a reversal in trend. This behavior is
unexplained at present.
Resistivity (ρ) of all samples showed (Fig. 6(a)–(c)) a small but
negative temperature coefficient of resistance (TCR). The room
temperature values of ρ, ρ(300 K), were also on the higher side,
being about 382, 410 and 428 mΩ cm for x¼10, 15 and 20 samples
respectively. Coupled with the fact these were higher than the
Mott-Ioffe-Regel limited value of 308 mΩ cm for these systems,
these high values imply a bad metallic behavior. For x¼15 and 20
samples, ρ (as well the TCR) showed a kink (anomaly) with a
change in slope at T*. Similar behavior in resistivity of Mn3Sn alloy
was observed before by Tomiyoshi et al. [21] and was attributed to
the transition from weak ferromagnetic to helical anti-ferromag-
netic state. In addition, the lowest x sample comprising only of the
β-Mn-type crystallographic phase showed a similar negative TCR
behavior, however no break similar to the other two alloys was
found in the resistivity curve. This substantiates that the anomaly
in resistivity curve at T* was related to the observed spin reor-
ientation of the Mn3Sn-type crystallographic phase. The negative
temperature dependence of resistivity was observed earlier also in
Al substituted β-Mn alloys [22] and therefore might have



originated from the β-Mn-type crystallographic phase in our sys-
tems, however the reason for this behavior is still not clear.
4. Conclusions

We have done detailed structural, magnetic and transport
studies of Mn50Fe50�xSnx (x¼10, 15 and 20) alloys. Through
structural characterization using XRD and B-SEM studies we have
established that while the lower Sn composition samples retained
the structural properties of β-Mn phase, the higher Sn composi-
tion samples stabilized in the mixed crystallographic phases of β-
Mn-type and Mn3Sn-type. The β-Mn phase remained para-
magnetic in the measured temperature range while the other
phase resulted in ferromagnetic transition near room temperature
followed by an irreversible spin reorientation at lower tempera-
tures. Signatures of spin reorientation were also found in re-
sistivities in the form of change in slope in the resistivity curve.
Resistivity of these alloys predominantly showed bad metallic type
behavior that originated from the β-Mn-type crystallographic
phase.
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