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Abstract: This study investigated the effect of the secondary phases on multi-step phase transitions
and the magnetocaloric properties depending on the Ge content in the MnFeCoPSiGe alloys. Two-
step phase transitions were observed by the variations of the Fe,P-type hexagonal structure (first-
order) and secondary phases (second-order). The Curie temperature alters with non-linear behavior
consistent with change of the lattice parameters. In addition, the magnetic entropy change decreased
with the increase of the Ge content and, subsequently, fractions of the secondary phases. However,
the morphological variation of microstructure, distributed as a circular-type shape of the Fe,P-type
hexagonal structure in the Ge-rich matrix, increased the magnetic entropy change. Therefore, the
addition of Ge enables the control of the Curie temperature to be applicable for high temperature
operating devices. The control of the secondary phases and morphology of the microstructure are
crucial to improve the phase transition and magnetic entropy change.
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1. Introduction

Magnetocaloric materials have been mostly studied for the rare earth-based alloys
that exhibit first-order phase transitions accompanied by large magnetocaloric properties,
such as GdsSi,Ge; and La(FeSi)q3 [1,2]. However, the high cost of raw materials, such as
rare-earth elements, has limited the commercial applications of magnetocaloric materials.
Among the various magnetocaloric materials, MnFePAs alloy was regarded as suitable for
industrial applications due to its significant magnetocaloric properties [3,4]. The use of
As was proven to be harmful to humans and environments due to its toxicity; as a result,
non-metal elements such as Ge and Si are used to substitute As [5-9].

Generally, MnFePX (X = Ge, Si, and so on) alloys exhibit a Curie temperature (T;) at
near room temperature and have prominent magnetocaloric properties, comparable to that
of the GdsSiyGe; alloy. MnFePX (X = Si, Ge) alloys have a Fe,P-type hexagonal structure in
a certain composition range of additional elements. Each atom in the Fe,P-type structure
has preferred sites of 3g (Mn), 3f (Fe), 1b (P), and 2c (Si or Ge). When the additional elements
such as Si and Ge are substituted into the Fe,P-type structure, the lattice parameters can be
tuned without crystal structure change. This alteration affects the exchange interactions,
Curie temperature, and magnetic entropy change [10].

Additionally, some equilibrium impurity phases can be formed by the compositional
variations. For instance, in the case of the La-based alloy, the residual Fe atoms, which
would not contribute to the formation of the 1:13 phase, produce x-Fe phase [11]. Similarly,
in MnFePX (X = Si, Ge) alloys, impurity phases due to constituent elements can also be
generated. The residual constituent elements, which did not contribute to the formation of
the Fe,P-type hexagonal structure, produce the (Mn,Fe)«Si(Ge)y secondary phases [12-16].
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The secondary phases are located at the grain boundary of Fe,P phase and increase depend-
ing on the residual additional elements [17-19]. A reduction in magnetocaloric properties
can be due to the secondary phases. As published, most of the secondary phases show the
second-order phase transition [20,21]. Since the second-order phase transition has signifi-
cantly inferior magnetocaloric properties compared to the first-order phase transition, it is
important to reduce the secondary phases to improve the magnetocaloric properties.

Most research has studied materials that exhibit the magnetocaloric effect near room
temperature because there are many industrial applications for this, such as air conditioners
and commercial refrigerators [22]. The magnetocaloric materials with high T, above room
temperature could be widely considered as candidates for applications in spin-electronics,
magnetoresistive devices, and thermomagnetic devices [23,24]. However, there are only a
few studies about magnetocaloric materials with a high T, [25,26].

In this study, the effect of compositional variations of the Si and Ge elements on the
formation of secondary phases in MnFeCoPSiGe alloys was investigated. In addition, the
multi-step phase transitions and magnetocaloric properties depending on the secondary
phases was evaluated.

2. Materials and methods

MnFe( 99Coq,01P0.45i0.6xGex (x =0, 0.1, 0.3, 0.5, 0.6) alloys were prepared using Mn,P
(purity of 2N) lumps, and Fe (4N), Co (3N), Si (5N), and Ge (5N) chips. These alloys were
synthesized through arc-melting and melt spinning processes in an argon atmosphere.
The wheel speed of the melt spinning process was 39.3 m/s. The melt-spun ribbons were
annealed for 24 h at 1373 K under high vacuum (10~ Torr), and cooled in the chamber.

The microstructures and stoichiometric compositions were analyzed using a field
emission scanning electron microscope (FE-SEM, JEOL, Akishima-shi, Japan) with X-ray
energy dispersive spectroscopy (EDS) and electron probe micro-analysis (EPMA, CAMECA,
Gennevilliers, France). The phase analysis was carried out using X-ray diffraction (XRD,
Bruker, Germany) with Cu-Ka radiation at room temperature.

The magnetocaloric properties were measured using vibrating sample magnetome-
ter (VSM) at the physical property measurement system (PPMS, Quantum design Inc.
San Diego, CA, USA). The temperature dependence of magnetization (M-T curve) was
measured at constant magnetic field (AH = 0.01 T) in the temperature range of 150 K to
560 K. The magnetic field dependence of magnetization (M-H curve) was measured in the
magnetic field up to 2 T around Curie temperature (T.) under isothermal conditions. The
magnetic entropy change (AS;;) and relative cooling power (RCP) were derived from the
Maxwell relation under various temperatures around T, [27].

3. Results and Discussion

Figure 1 shows the microstructures of MnFe( 99Coq 01P0.45i0.6xGex (x =0, 0.1, 0.3, 0.5,
0.6) melt-spun ribbon alloys in the wheel side surface. The microstructures were observed
on BSE mode in SEM. The bright and dark contrasts correspond to the areas of heavier
and lighter elements, respectively. The Si-rich (dark gray), P-rich (light gray), and Ge-rich
(bright) regions were confirmed as shown in mapping images. The compositions of each
area, marked with the red, pink, and light blue arrows in the BSE images of Figure 1, are
summarized in Table 1. The mapping images of Fe and Mn elements confirm the overall
distribution, but with higher concentrations in some areas. The Mn elements prefer to be
located at P-rich areas, while the Fe elements are concentrated more at Si-rich or Ge-rich
areas. According to the previous report [28], the atomic bond between the Fe and Ge atoms
at 2c site is stronger than that of the Mn and Ge atoms at 1b site in Fe,P-type hexagonal
structure, hence, it is considered that the Mn-P and Fe-Si/Ge pairs are formed depending
on preferred bonding and atomic sites.
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Figure 1. FE-SEM images and corresponding mapping images of the MnFe( 99Coy 1P 45ig 6-xGex
alloys, (a) Geg g, (b) Geg 1, (c) Geg 3, (d) Geg 5, (e) Geg . Arrows indicate the rich phase regions. The
results are summarized in Table 1.

Table 1. EPMA analysis results of the MnFe( 99Coq 1P 45ip 6xGex (x =0, 0.1, 0.3, 0.5, 0.6) alloys as

marked region by arrow in Figure 1.

Element Go.o Go.1 Gos Gos Gos

(wt.%) R! p? R P B3 R P B P B P
Mn 9.15 23.96 20.58 32.55 21.43 27.19 31.33 21.02 34.43 24.24 31.55
Fe 57.38 52.19 54.36 43.89 36.43 38.48 41.01 40.45 51.68 46.34 40.14
Co 0.78 0.68 0.83 0.86 0.84 0.57 1.15 1.64 1.33 1.57 1.11
P 4.49 15.85 1.16 14.95 0.88 0.49 12.29 1.00 6.82 0.88 15.29

Si 28.20 7.33 20.5 5.16 3.60 13.22 6.36 1.59 1.31 - -
Ge - - 257 2.59 36.82 20.05 7.86 34.30 4.43 26.97 11.91

1 Red arrow, 2 Pink arrow, and 3 Light blue arrow.
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In addition, the microstructures vary depending on the increase of Ge content. Ac-
cording to the previous research, the secondary phases and precipitates, which are induced
by additional elements or heat treatment, are located at the grain boundaries of Fe,P
phases [17-19]. The microstructure of the Ge o alloy is similar to the previous study. The
Si-rich areas are distributed on the P-rich matrix. It is considered that the Si-rich phases are
located at the grain boundaries of the P-rich phases. As the Ge content increases, the Si-rich
and Ge-rich regions are separated and coexist. They exist as independent phases, not grain
boundary of the P-rich phases. Moreover, in the Geg ¢ alloy, the P-rich phases separated in
the form of a circular-type shape in the Ge-rich matrix.

The MnFe99Co0 1P 4Sip6xGex (x = 0, 0.1, 0.3, 0.5, 0.6) alloys have a Fe,P-type
hexagonal structure (space group P62m) and several secondary phases as shown in Figure 2.
Although the Ge atoms with bigger atomic radius (125 pm) are substituted for Si (111 pm)
atoms, the Fe,P-type hexagonal structure is maintained. However, the phases of the Fe,P-
type hexagonal structure between the Geg g and the other alloys changed from FeMnP 45ig 4
to FepgsMn gsPpsGep 2 phase. Moreover, the XRD patterns of the FeygsMn; P sGep 2
phase shifted depending on the Ge content. Most of the diffraction peaks shifted towards a
lower angle. It is noted that the (300) and (002) diffraction peaks show different behaviors.
The (300) peak moved to low angle and then returned to high angle. On the other hand, the
(002) peak shifted from a high angle to a low angle. The movement of the (300) and (002)
diffraction peaks signifies the change of lattice parameters [29]. The lattice parameters a and
¢ show non-linear behavior as shown in Figure 3a. The lattice parameter a increases and
then decreases, while the lattice parameter ¢ shows the opposite trend. This is consistent
with the behaviors of the (300) and (002) diffraction peaks moving from low to high and
from high to low angle, respectively. Meanwhile, the unit cell volume expanded gradually
with the interplay of the lattice parameters a and ¢, due to the size effect of the Ge atom.

* Fe,P-type hexagonal structure v (Fe,Mn);Si; ® (Fe,Mn);Ge; ® (Fe,Mn),Ge
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Figure 2. The XRD patterns of the MnFe 9g9Cog 01 P 4Sip 6xGex (x =0, 0.1, 0.3, 0.5, 0.6) alloys.

As mentioned above, each area is divided into the P-rich, Si-rich, and Ge-rich regions.
It can be matched the Fe,P-type hexagonal structure, (Fe,Mn)sSiz, and (Fe,Mn)xGey phases,
respectively. The XRD pattern of the Geg g alloy show a different behavior to the other
alloys. The diffraction peak intensity for the Fe,P-type hexagonal structure is dominant in
the alloys except for the Geg alloy. In the case of Gey g alloy, the diffraction peak intensity
of the (Fe,Mn)5Si3 phase around 45 degrees is higher than that of the Fe,P-type hexagonal
structure. However, the phase fraction of the Fe,P-type hexagonal structure in the Geg
alloy is higher than that of the (Fe,Mn)sSi3 phase as shown in Figure 3b. It is shown that
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the diffraction peaks of Fe,P-type hexagonal structure are broader than that of (Fe,Mn)5Si3
phase. The phase fraction of the Fe,P-type hexagonal structure in the Geg; alloy is the
highest of the other alloys. When the small amounts of Ge content are substituted, the
fraction of the (Fe,Mn)sSi3 phase decreases and subsequently disappears. Meanwhile, the
(Fe,Mn)3Ge and (Fe,Mn)sGes phases appear as the Ge content increases. The secondary
phases, which did not contribute to the formation of the Fe,P-type hexagonal structure, are
formed and those fractions increase depending on residual constituent elements [14-16].
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Figure 3. (a) Lattice parameters and unit cell volume, (b) phase fraction of the MnFe g9Coy 1P0.4Sig 6-xGex
(x=0,0.1,0.3, 0.5, 0.6) alloys.

In addition, the experimental conditions such as the duration, temperature of heat
treatment, or composition ratio, significantly affect the formation of secondary phases.
Generally, the (Fe,Mn)sSi3, (Fe,Mn)3Ge;, and (Fe,Mn)sGe; phases are regarded as sec-
ondary phases in Fe,P-type hexagonal structure; these phases show the second-order
phase transition [20,21]. The second-order phase transition has a continuous change in
M-T curve compared to the first-order phase transition. The gradual slope change of M-T
curve generally results in low AS;,. The magnetocaloric properties diminished with the
formation of the secondary phases depending on the variation of composition ratio [12-16].
In addition, the presence of particular elements alters the transition and increases the T,
above room temperature [30]. Hence, controlling the amounts of secondary phases plays
an important role to improve the magnetocaloric properties.

Figure 4 shows the magnetocaloric properties of MnFe( 99Cog,01P0.45ig6.xGex (x =0,
0.1,0.3, 0.5, 0.6) alloys. All the alloys indicate the two-step phase transitions. The formation
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of secondary phases as shown in the SEM and XRD results affects the behavior of phase
transition. According to Brown et al. [31], there are two occasions in the multi-step phase
transitions. One is the transition via an ‘intermediate state’, for instance, from « to
and v phase. The other is a1 —f; phase and a;— 3, phase at T; and T, respectively. In
the latter case, the transition between strong parent phase and weak daughter phase is
preserved regardless of single or multi-step transitions. Brown et al. reported about the
latter transition in (Mn,Fe),(P,Si) alloys. They used the magnetic Clausius—Clapeyron
equation as given by [31]
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Figure 4. The magnetocaloric properties of the MnFe( 99Coy 91 P 45ig 6-xGex alloys; M-T curve under
applied magnetic field (0.01 T) and S-T curve at magnetic field AH =2 T of (a,b) Geg g, (c,d) Gep 1 and
Gey 3, (e,f) Geg 5 and Geg 4 alloys.
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This transition occurs in the two steps by two almost identical phases, which have
small differences in the site ordering or phase compositions. According to the Equations
(1) and (2), integral areas of each step transition are almost identical. The (Mn,Fe),(P,Si)
alloys in the literature showed the transitions of low and high temperature phase with
the hexagonal structure. On the other hand, the MnFe( 99Coq 01P0.45ig6-xGex (x = 0, 0.1,
0.3, 0.5, 0.6) alloys in this study show the multi-step phase transitions, different from the
latter transition. It can be considered that the two-step phase transitions occurred in the
Fe,P-type hexagonal structure and secondary phases because the integral areas between
the transitions show a big difference compared to the characterization from Clausius—
Clapeyron equation.

The first step phase transition in all alloys has steeper slope than the second step phase
transition, and consequently the AS,;, of first one is higher. It is thought that the first and
second step phase transitions are determined by the Fe,P-type hexagonal structure and
secondary phases, respectively. In addition, the T, and AS,, indicate different behavior with
the addition of Ge. In the case of the T, that is increased over 370 K with the substitution of
Ge atoms compared to the Gep alloy, and the T, of the Geg 3 alloy is the highest. However,
the AS,, is the largest in the Geg 1 alloy, and that decreased with the substitution of Ge
atoms. These variations are related to the change of lattice parameters and secondary
phases [11,32,33]. The drastic change of lattice parameters from the Geg to the Geg; alloy
results in the increase of the T, to the higher temperature range. Subsequently, the non-
linear behavior of lattice parameters affects the identical variation of the T.. Moreover, the
decrease of the AS, is influenced by the increased fraction of secondary phases. The Geg 4
alloy with the highest AS;, has the lowest fraction of secondary phases. As the Ge content
increases up to the Geg 5 alloy, the AS,, drastically reduces (6.73 J/kg-K—1.72 J/kg-K) due
to the increased fraction of secondary phases. Even though the Ge ¢ alloy has the higher
fraction of the secondary phase, the AS,; increases (1.72 ] /kg-K—5.40 ] /kg-K). According
to the previous report [18], heat treatment conditions affect the microstructure and the
magnetocaloric properties in the case of Mn-based alloy. Therefore, the Gey ¢ alloy in this
study shows the different microstructure with a higher fraction of the secondary phases.
This is considered to be a result of the distribution of the phase with Fe,P-type hexagonal
structure forming the circular-type phases in the Ge-rich matrix.

In the second step phase transition by secondary phases, the (Fe,Mn)xGey phases
induce the transition around 482492 K in the Gey 3, Geg 5, and Geg ¢ alloys, meanwhile,
the (Fe,Mn)5Si3 phase induces the transition around 447 K in the Ge ; alloy. This result
is opposed by the magnetocaloric properties in the Gep alloy. As mentioned above, it is
due to the substitution of Ge. Previously, Zhang et al. reported the effect of Si/Ge ratio
in Feo;MnSiGe compounds on the magnetocaloric properties [30]. When the Ge content
increases, the T, increases. According to Candini et al., the T, of (Fe,Mn)5Si3 phase indicates
around 250-260 K [34]. In this case, as the Ge element is added, the T, increased in the phase
with the Fe,P-type hexagonal structure as well as the (Fe,Mn)5Si3 phase. In the case of the
Gey g alloy, the two steps in M-T curve observed by the phase with the Fe,P-type hexagonal
structure and (Fe,Mn)5Si3 phases, but the region of T, is similar and consequently only one
peak is shown in the S-T curve. It is thought that the AS,, of the (Fe,Mn)5Si3 phase around
320 K is too small, so the behavior of the S-T curve is different from the other alloys. The
magnetocaloric properties depending on the Ge content are summarized in Table 2.

Table 2. The magnetocaloric properties of the MnFeq 99Coyq 01P0.4Sig 6-xGex alloys.

Property Tc [ ASm | RCP
Alloys (K) (J/kg-K) (J/kg)
Geoo 262 341 114.11

Geg 1 402/447 6.73/1.11 96.35/47.22

Gegs 457/492 5.67/1.50 88.30/53.07

Gegs 392/482 1.72/1.04 25.44/68.38

Gep g 377/492 5.40/0.97 69.92/88.68
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4. Conclusions

This study evaluated the effect of the secondary phases on multi-step phase transitions
and the magnetocaloric properties of the MnFe( 9g9Coq 01P0.45i0.6.xGex (x=0,0.1, 0.3, 0.5,
0.6) alloys. When the Ge content was small, the (Fe,Mn)5Si3 phase existed in the Fe,P-type
hexagonal structure. As the Ge content increased, the secondary phases changed from
(Fe,Mn)5Sis to (Fe,Mn)5Ges and (Fe,Mn);Ge phases.

The coexistence of the phase with Fe,P-type hexagonal structure and the secondary
phases affected the magnetocaloric properties as well as the phase transition behavior.
Two-step phase transitions were observed in all alloys. The phase transitions of the first
and second step are thought to occur due to the Fe,P-type hexagonal structure and the
secondary phases, respectively.

The magnetic entropy change was the highest in the MnFe( 99Coq 01P9.45i95Geq 1
alloy, which has a lower fraction of the secondary phase. As the Ge content, and con-
sequently, the fractions of secondary phases increased, the magnetic entropy change de-
creased. On the other hand, a sharp increase in the magnetic entropy change is observed
in the MnFe 99Co¢1P94Geg¢ alloy. This is because the Ge-rich matrix has a different
microstructure distributed as a circular-type phase of the Fe,P-type hexagonal structure. In
addition, the Curie temperature over 370 K was exhibited as Ge was added. The behavior of
the Curie temperature was consistent with the non-linear change of the lattice parameters.

Therefore, the MnFe0.99C00,01P0‘4Sio,6-XGex (X =0,0.1,0.3,0.5, 0.6) alloys, which in-
dicate the high Curie temperature, can be applied to industrial applications operating at
high temperature. Moreover, the control of the formation of the secondary phase and
morphology of the microstructure are important to improve the magnetocaloric properties.
In future research, the effect of these microstructure changes on magnetocaloric properties
will be analyzed in detail and verified through additional studies, such as orientation
analysis. In order to expand the application fields, it is necessary to control the Curie
temperature below 400 K by changing the content of Ge or other constituent elements in
small amounts. This work can hopefully provide useful insights for the development of
magnetocaloric materials by tuning the secondary phase and phase transition behavior.
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