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Abstract: The rare earth-free MnsGes compound shows magnetocaloric properties similar to those
of pure Gd; therefore, it is a good candidate for magnetic refrigeration technology. In this work,
we investigate the influence of chemical substitution on the crystal structure and the magnetic,
thermodynamic, and magnetocaloric properties of a polycrystalline MnsGe3 compound prepared by
induction melting. For this purpose, we replaced 5% of the Mn with Cr or Co and 5% of the Ge with B
or Al. The additional chemical elements were shown not to change the crystal structure of the parent
compound (space group P63/mcm, No. 193). In the case of the magnetic properties, all samples
remained ferromagnetic with the ordering temperature (T¢) lower than for the original compound
(Tc =295(1) K). The exception was the sample with B, where we observed an increase in T¢ by 3 K.
The maximum value of the magnetic entropy change, | ASy, |MAX (for a magnetic field change of 5 T),
decreased from 7.1(1) for Mn5Gej to 6.2(1), 6.8(1), 4.8(1), and 5.8(1) | kg*1 K~ for the alloys with B,
Al, Cr, and Co, respectively. The adiabatic temperature change (AT,q) (for a magnetic field change of
1 T) was determined from the specific heat measurements and was equal to 1.1(1), 1.2(1), 1.2(1), 0.8(1),
and 0.8(1) K for Mn5Ges, MnsGe; g5Bg.15, MnsGey s5Alg 15, Mny 75Crg 25Ges, and Mny 75Cog 25Ges,
respectively. The obtained data were compared with those from the literature. It was found that the
substitution allowed for tuning of the ordering temperature in a wide temperature range. At the
same time, the reduction in the magnetocaloric parameters” values was relatively small. Therefore,
the produced Mn;Ges-based alloys allow for the expansion of the operation temperature range of the
parent compound as a magnetocaloric material.

Keywords: Mns5Ges; magnetocaloric effect; refrigeration capacity; adiabatic temperature change;
magnetic refrigeration

1. Introduction

The magnetocaloric effect is a phenomenon that leads to a change in the tempera-
ture of a magnetic material under the influence of an external magnetic field [1], and it
can be employed in various devices (e.g., refrigerators) operating over a wide tempera-
ture range [2]. It has been shown that household appliances based on this technology
(e.g., refrigerators and air conditioners) can consume less electricity and be more environ-
mentally friendly, as they do not work with greenhouse or ozone-depleting gases. New
materials with suitable properties are necessary for the development of magnetic cooling
technology [3-5]. The search for such materials has been going on continuously for many
years. Materials that exhibit a large magnetocaloric effect around room temperature include
Gd [6,7], Gd5(Si,Ge)y [8,9], FeRh [10,11], La(Fe,Si,X)13Hy [12], La(Fe,Si)13 [13], Ni-Mn-In
Heusler alloys [14,15], Mn-Fe-P-As alloys [16], and MnAs alloys [17].
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The same technology can be used to build coolers that operate at low temperatures,
which can be used to liquefy helium, hydrogen, or natural gas [18]. Therefore, magne-
tocaloric materials capable of working in a wide temperature range are also being sought.
The such hitherto known materials include many intermetallic alloys and compounds (e.g.,
Laves phases [19,20]), especially those containing rare earth elements [21-24].

Another subgroup of magnetocaloric materials with high potential are the compounds
and alloys containing Mn [25-28]. This is because the value of MCE strongly depends on
the value of the magnetic moment, which is particularly high for Mn and thus also for Mn-
based materials. One of the most interesting compounds based on Mn is Mn5Ges, which
has attracted attention in many research fields for more than 50 years, e.g., in magnetic
domain structure studies [29] or in spintronics as a possible efficient spin-injector due to
the high spin-polarization of MnsGes and compatibility with Ge-based technology [30-35].
Mn;5Gejs is a promising magnetocaloric material because it is a soft ferromagnet showing
second-order phase transition with a Curie temperature (I'c) near room temperature, a
large magnetic entropy change of ASy, = 7-9 ] kg~! K~! for a magnetic field change of
5T [36-38], and an adiabatic temperature change of AT,4 = 1 K for a magnetic field change
of 1 T [36]. This compound, owing to its physical properties, may be used in magnetic
refrigerators [39,40]. The attractive properties of MnsGes initiated studies of, for example,
off-stoichiometric Mns,Ges.« alloys [41] or systems modified chemically by introducing
elements such as Co [42-45], Fe [42,44-47], or Ni [48] into the Mn position or by replacing Ge
with §i [49,50], Ga [51], Sb [52], Al [53], Ag [54,55], or even Fe [56]. Moreover, simultaneous
substitutions of Fe for Mn and Si for Ge have also been attempted [57,58]. The goal of all
these modifications was to increase the application potential of MnsGes. In addition, due
to the high price of pure Ge (>1000 USD/kg), the cost of raw materials for an MnsGes
compound is too high for commercial application in terms of magnetic refrigeration [5].
Therefore, partial replacement of Ge with cheaper elements may not only improve its
magnetocaloric properties, but also reduce the cost.

In this work, we joined the trend of investigating the effect of chemical composition
modification on the magnetocaloric properties of the MnsGes compound. For this purpose,
we prepared samples with novel substitutions or with a level of modification not yet
investigated. The alloys with the chemical composition MnsGe; g5B0 15, MnsGe, g5Alg 15,
Mny 75Cr0 25Ge3, and Mny 75Cog 25Ges were examined from the point of view of their
structural, magnetic, thermodynamic, and magnetocaloric properties. It was found that
any changes in the stoichiometry of the starting material had a considerable effect on its
properties. The most interesting results were obtained for the compound MnsGe; 5By 15.

Unlike previous studies in the literature where arc-melting was used for synthesis,
here the induction melting process was used to obtain the materials studied.

2. Materials and Methods

Polycrystalline samples of (Mn; —xMex)s(Ge; —yOey)3 (Me = Co, Cr; Oe = B, Al; x, y = 0.05)
alloys were synthesized by induction melting of pure (i.e., Mn, 99.9%; Ge, 99.9999%; Co,
99.998%; Cr, 99.99%; B, 99.999%; Al, 99.999%) constituent elements in a water-cooled copper
hearth under a high-purity argon atmosphere. Pellets of approximately 2 g each were
remelted and flipped several (at least five) times to ensure homogeneity. No additional
Mn was added to the initially calculated mass. However, Mn was remelted before adding
it to the batch to improve its quality. The total mass loss for each sample was less than
0.1%. Afterwards, no further heat treatment was applied. The density of the samples was
determined by the Archimedes method at room temperature. To measure the mass of the
samples, a Radwag (Radom, Poland) XA 110.4Y.A electronic scale was used.

The phase purity of all the compounds was checked by Rietveld analysis of the X-ray
diffraction (XRD) patterns collected at room temperature. A diffractometer with a Bragg—
Brentano configuration equipped with a Cu-K« radiation source was used. The structure
refinement was carried out by employing the program FullProf (version 6.30) [59].
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Scanning electron microscopy (SEM) images and the elemental compositions were
obtained using an FEI Nova NanoSEM 650 with an energy-dispersive spectroscopy (EDS)
attachment. An electron energy of 30 keV was used for imaging and excitation of the
characteristic radiation of the elements. Analysis of the EDS data was performed with the
license software delivered with the instrument using the P/B ZAF (standardless) method.

Magnetic field and temperature dependent magnetization data were collected using a
Physical Property Measurement System (PPMS, Quantum Design, San Diego, CA, USA)
equipped with a vibrating sample magnetometer (VSM). Measurements of magnetization
as a function of temperature were made in two modes. First, the zero-field cooling (ZFC)
mode was used, i.e., the sample was first cooled down to 2 K without magnetic field and
then the measurement was performed during heating. Next, the field cooling (FC) mode
was employed in which the sample was cooled in a constant non-zero magnetic field down
to the lowest temperatures while the magnetization measurement was performed. Both
measurements were made in the temperature range from 2 to 400 K.

Measurements of the specific heat in the temperature range from 260 to 380 K were
made using the 27 relaxation method with the heat capacity option of the PPMS. Samples
of ~10 mg were attached to the platform with Apiezone H.

3. Results and Discussion

First, the structures of the obtained samples were determined. The room temperature
XRD patterns for all studied (Mn; —xMex)5(Ge; —yOey )3 alloys are presented in Figure 1. The
Rietveld refinement of the powder XRD patterns of all the compounds showed a hexagonal
crystal structure with a space group P63/mcm (No. 193). In this structure, Mn atoms
occupied two positions, 4d (1/3,2/3, 0) and 6g (x1, 0, 1/4), whereas Ge atoms occupied
only the 6g (xp, 0, 1/4) sites [60]. Exemplary results of the Rietveld analysis are shown in
Figure 1a,b for selected samples (modified by B and Co substitution). The lattice parameters
estimated for all of the compounds from the refinement are shown in Table 1. It was found
that the lattice parameters values did not change significantly, and for the Co substitution,
they were comparable with those from the literature [42,44,45]. In addition to the main
diffraction peaks originating from the hexagonal structure, some small peaks (marked by
the star symbol in Figure 1) assigned to minor unknown impurity phases can be observed
for some of the samples.

As shown previously, the average size of the crystallites, D, can strongly influence the
magnetic and magnetocaloric properties of different materials [36,61,62]. Therefore, for
comparative studies, it is preferred to study materials with crystallites of similar size. D was
calculated from the standard Scherrer formula: D = 0.89A/Bcosf;, where A is the X-ray
wavelength, B is the full width at half maximum of a peak, and 6, is the Bragg angle [63].
The values of D for the (Mn; _xMex)5(Ge; —yOey)3 alloys are listed in Table 1. It turns out
that for our samples, the values of D were very similar and close to 50 nm.

Table 1. The estimated chemical composition, the lattice parameters (g, c) values, the unit-cell volume
(V), the average crystallite size (D), and the theoretical (d;) and experimental (d) densities for the
(Mn; _xMex)s5(Ge; —yOey); alloys.

Alloy Estimated Composition a(A) c(A) V(A% D@mm) di(g/em®  d(g/em®)
MH5G63 Mn5'04(g)G€2'96(8) 7203(2) 5041(1) 2265(1) 52(8) 7.243 704(6)
Mn5(Ge0_95B0_05)3 Mn5_08(8)GeZ_gl(g)BO'n(g) 7204(8) 5041(6) 2265(5) 48(3) 7.097 669(5)
Mn5(Ge0.95A10.05)3 Mn5.04(8)Ge2.83(8)A10.13(8) 7209(3) 5037(3) 2267(2) 49(3) 7.238 695(2)
(Mn0_95Cr0.05)5Ge3 Mn4_88(8)Cro_zz(B)Gez_go(g) 7209(17) 5042(12) 2269(1) 45(5) 7.268 690(9)
(MHO.95CO0,05)5G63 Mn4.76(8)COO.25(8)G62.99(8) 7197(15) 5030(11) 2256(1) 41(4) 7.284 692(4)
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Figure 1. (a) XRD data obtained at room temperature for all of the studied (Mn; —xMex)s5(Ge; —yOey)3
alloys. Vertical ticks at the bottom indicate the Bragg maxima positions for Mn5Gejs labeled with the
Miller indices at the top. Stars mark the peaks due to the impurity phases. Panels (b,c) show examples
of Rietveld refinement for the selected Mn5Gejp g5B 15 and Mny 75Co 25Ges alloys, respectively. The
solid line through the experimental points represents a fitted model. The difference between the
experimental and theoretical curves is represented by the bottom solid green curve.

The experimentally determined density (d) values were in good agreement with those
obtained from the diffractogram analysis (see Table 1). The observed differences between
the experimental and theoretical values resulted from the imperfections of the actual sam-
ples in the form of cracks or voids and were less than 6%. Density measurements allowed
for the determination of the entropy change values in volumetric units (mJ cm=3 K1),
which is more meaningful for design and construction purposes [64,65].

The EDS measurements were carried out at different spots along the samples. The
refined average compositions for all the obtained samples are summarized in Table 1. The
chemical composition ratio was in good agreement with the nominal one.

The temperature dependencies of the magnetic susceptibilities of these compounds
in the ZFC mode and in the field of 0.1 T are shown in Figure 2. The magnetic transition
temperatures (T¢c) for each alloy were determined from the derivative of the ZFC magneti-
zation (Figure 3a) and are given in Table 2. The T¢ values for all tested alloys were smaller
than for the parent compound (T¢ = 295(1) K), except for the sample containing B, for which
a 3 Kincrease in Tc was observed. The largest reduction in T¢ was seen for the samples
with Co (281(1) K) and Cr (288(1) (K)). The T¢ values are in good agreement with those
presented in the literature (see Table 5). In addition, for the sample (Mng 95Co0q 05)5Ges, the
obtained T¢ value was higher than that obtained by Kim et al. (T¢ =273 K) [42] and by
Kang et al. (T¢ =266 K) [45]. These results suggest that the magnetic properties of MnsGes
are sensitive to the synthesis conditions.



Magnetism 2022, 2

60

T T T T T T . I
——— FC
30} -
o —h—
£
Q9 20+ -
§ @ MnSGez ssBo 15
B = MnSGez ssAlo 15 i
i e Mn4 7scro 25(383
- O Mn4 75009 25Ges
O - MI:ISGEG 1 " 1 " Il A
0 100 200 300 400

7(K)

Figure 2. Temperature dependence of the field cooled (FC) magnetization of the (Mn; —xMex)s(Ge1 —yOey)3
alloys in the magnetic field of 0.1 T.

Table 2. The magnetic properties of the (Mn; _xMex)s(Ge; —yOey)s alloys: values of the magnetic
Curie temperature (T¢), the paramagnetic Curie-Weiss temperature (@cw), the effective magnetic
moments (M) per Mn atom, and the saturation magnetization (cs) per Mn atom at 4 K.

Alloy Tc (K) Ocw (K) Hett (Lp/Mn) og (ug/Mn) at4 K
MnsGes 295(1) 307(1) 2.09(2) 2.60(8)
MI’I5(G€0_95B0_05)3 298(1) 310(1) 186(3) 232(1)
Mns5(Geg.o5Al0.05)3 294(1) 304(1) 1.95(1) 2.57(7)
(Mn0_95Cr0_05)5Ge3 288(1) 304(1) 1.90(2) 2.10(1)
(Mn0_95C00_05)5Ge3 281(1) 294(1) 196(5) 251(2)

The inverse susceptibility data (Figure 3b) were fitted with the Curie-Weiss (CW) law:

_ Napgy

where ¢ is the effective magnetic moment, and Ocyy is the paramagnetic Curie-Weiss
temperature. The effective magnetic moment per Mn ion was calculated and is provided
in Table 2. Figure 3b indicates that above the ordering temperatures, the CW law was
well obeyed. The values of ¢ and Ocw estimated from the CW fit are also given in
Table 2. For all alloys, the value of p¢ was practically the same, approximately 2 ug. This
value, as in many other materials containing Mn, was lower than the theoretical value for
Mn?* ion (5.92 ug) due to the influence of the crystal field [66]. For the pure MnsGes, the
value of i,,.¢s Was in good agreement with previous measurements [51,67]. The performed
chemical modifications led to a small decrease in the y,¢ value compared to that of the
pure sample. Moreover, the obtained p.¢ values were typical of other Mn-based alloys
and compounds [68-70]. It was also observed that the used substitutions resulted in the
lowering of @cw. Similar magnetic behavior and changes in Tc and magnetization were
found for other Mn5Ge3-based alloys [41,43,71].

X 1)



Magnetism 2022, 2

61

Fu,H=0.1TZFC
| O MnsGe Al

285 0.15
Q Mn Cro_sze3

4.75

dmidT
(o]

w, A M(mol/emu)
w

L (a) MnSGezeﬁBOlS
280 300 320 300 350 400
7 (K) T (K)

Figure 3. (a) The derivative of magnetization (dM/dT) versus temperature; (b) temperature depen-
dence of upH /M between 260 and 400 K. The solid lines represent the fits of the Curie-Weiss law to
the data between 360 and 400 K for selected compositions of the (Mn; _xMex)5(Ge1 —yOey)3 series.

Figure 4 shows the field dependence of the magnetization o(upH) measured at T = 4 K.
The values of the characteristic parameters for the starting compound MnsGejs, such as
saturation magnetization (0g = 2.60(8) pg/Mn), saturation field (noHs = 1.5(1) T), and
coercivity field (upHc~10 mT), are in good agreement with literature values [72]. The value
of g decreased as a result of all the chemical composition changes made (see Table 2),
consistent with results reported earlier [41,43,49,52]. On the other hand, a small amount
of B or Al in the place of Ge reduced pgHs to 1.2(1) T, making these samples easier to
magnetize. From the inset of Figure 4, it is evident that after the chemical modification no
hysteresis loop appeared in the samples studied.
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Figure 4. The first quadrant of the magnetization loop for (Mn; _xMex)s5(Ge1—yOey)3 alloys at 4 K.
Inset: close-up of the weak-field range for the sample with B.
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Figure 5 shows the Arrott plots [73] for the alloys with Co and Cr as examples. The
positive slopes of the Arrott plots indicate that the paramagnetic (PM) to ferromagnetic
(FM) transitions were of the second order.
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Figure 5. The Arrott plots, M?2 vs. upH/M, measured in the temperature range around T¢ for the
selected samples.

To calculate the isothermal entropy change, ASy,, the standard Maxwell equation was
used [3,5,74]:

HoH
ASu (T, uoH) = /O (6M/6T)dH. @)

The temperature dependencies of the ASy, calculated from M(pyH) for different sam-
ples are presented in Figure 6. For all materials, AS,(T) showed a negative value and
the plot of this dependence took the shape of a symmetrical peak located at Tc. Such
properties of the AS(T) curve are typical of materials showing a second-order phase
transition from the PM to the FM state, which is in line with the analysis of the Arrott plots.
The Mn5Gej parent compound showed the highest value of | ASy, | for a magnetic field
change of 5T as | ASp | MAX = 71(1)] kg~! K~! at 300(1) K. For the remaining materials,
the | ASy, IMAX value was lower (see Table 3). The greatest reduction was observed for the
sample with Cr, for which the value of | ASy, | MAX decreased by 32% compared to that of
the starting material. On the other hand, for the Al sample, the | ASy, |MAX value was only
4% lower than that of Mn5Gej;. The temperature at which the | ASy, | MAX occurred also
shifted towards lower values for modified materials. The exception was the sample with B
for which the temperature of | ASy, | MAX (Thax = 302(1) K) was higher than for the pure
compound Mn5Gejz, as the Tc.

We also calculated the relative cooling power (RCP) according to the equation
RCP = |ASy, IMAX 5 ATewrm, where ATgwim is the full-width at half-maximum of
AS;. RCP determines the amount of heat that can be transferred between cold and hot
reservoirs and is one of the parameters determining the performance of magnetocaloric
materials [1]. As with the | ASy, IMAX value, the materials after the chemical modification
showed lower RCP values than the original compound (see Table 3). This was mainly due
to the lower | ASy, IMAX value of these materials.
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Table 3. Magnetocaloric performance of the (Mn; —xMex)5(Gej —yOey)3 alloys: the maximum entropy
change (| ASm | MAX) in mass (] kg*1 K1) and volumetric (m] cm~3 K~1) units, the adiabatic
temperature change (AT,q), the relative cooling power (RCP), and the temperature-averaged entropy
change (TEC) for temperature lifts, AT} = 3, 5, and 10 K. The values of all the parameters were
collected for different values of the magnetic field change (upAH).

Al HoAH | ASyy | MAX AT,q RCP TEC(3) TEC(5) TEC(10)
oy (M) Jkg 1K1 (mJ cm—3 K1) (K) Jkg™ Jkg K1) (Jkg 1K1 (kg 1K

MnsGe; 5 7.1(1) 50(1) - 390(6) 7.2(1) 7.2(1) 7.1(1)

3 5.1(1) 36(1) - 209(5) 5.1(1) 5.1(1) 4.9(1)

1 2.3(1) 16(1) 1.1(1) 46(2) 2.3(1) 2.2(1) 2.1(1)

Mns(Geo.o5Bo.05)3 5 6.2(1) 41(1) - 366(7) 6.2(1) 6.2(1) 6.1(1)
3 4.6(1) 31(1) - 198(5) 4.6(1) 45(1) 4.4(1)

1 2.2(1) 15(1) 1.2(1) 53(3) 2.2(1) 2.1(1) 2.0(1)

Mns(Geo.95Al0.05)3 5 6.8(1) 47(1) - 381(6) 6.8(1) 6.8(1) 6.7(1)
3 4.7(1) 33(1) - 212(5) 4.8(1) 4.8(1) 4.7(1)

1 2.2(1) 15(1) 1.2(1) 57(3) 2.12) 2.1(1) 2.0(1)

(Mng.95Cro.05)5Ges 5 4.8(1) 33(1) - 302(7) 4.8(1) 4.8(1) 4.7(1)
3 3.4(1) 23(1) - 160(5) 3.4(1) 3.3(1) 3.3(1)

1 1.5(1) 10(1) 0.8(1) 39(3) 1.4(1) 1.4(1) 1.4(1)

(1\/]1‘10‘95COO'05)5G83 5 58(1) 40(1) - 365(7) 58(1) 58(1) 58(1)
3 3.9(1) 27(1) - 203(5) 3.9(1) 3.9(1) 3.8(1)

1 1.4(1) 10(1) 0.8(1) 45(3) 1.4(1) 1.4(1) 1.4(1)

The RCP value is easy to calculate, which is why it is often reported in publications
and makes it easier to compare the performance of individual magnetocaloric materials.
However, as it is determined for a wide range of temperatures, it is of little use in the
construction of specific devices. Therefore, another magnetocaloric parameter called tem-
perature averaged entropy change (TEC) has been proposed [75]. The value of the TEC
was calculated using the formula [75]:

1 Tinid +AThig /2
TEC(ATlift) = ATl'ft /
1

ASm(T)dT}, ®)

maxr ..
d
m { Timid —AThige /2
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where ATy and Thiq denote the temperature lift and averaged temperature, respectively.
The values of TEC for ATy equal to 3, 5, and 10 K for the studied materials are collected in
Table 3. For individual materials, the TEC values were close to the maximum | AS, | MAX
value for a given value of nyAH. This behavior is typical of materials with a second-order
phase transition [75].

The dependencies of | ASy, | MAX, RCP, and TEC(5) on the magnetic field change 1y AH
are plotted in Figure 7. From these graphs, one can read the value of the magnetocaloric pa-
rameters for any value of uyAH. For all parameters, we observed the power-type dependence
~pAH". From the fitting of the | ASy, IMAX and RCP data, the values of the critical exponents
could be determined with the following relations: | ASy, | MAX(110AH) ~pgAH+(1/9(1-1/B))
and RCP(uyAH) ~pgAHI+1/9) [76]. At first, from the relation RCP(pyAH), we determined
the value of 6 = 1/(n — 1). Then, using the obtained value of § and the parameter of the
fit determined from the relation | ASy, | MAX(uyAH) ~pgAH", the value of B was calculated
according to the formula g =1/(1 — d(n — 1)). The obtained exponents B, §, and n (for

| ASm IMAX(119AH)) and their expected values based on the relevant theoretical models are

collected in Table 4. For Mns(Geg 95Bg.05)3, Mn5(Geg 95Alg 05)3, and (Mng 95Coq 05)5Ges, the
obtained values of n and J were closest to the 3D Heisenberg model, while for the MnsGe;
and (Mng 95Crp 95)5Ges alloys, they were closest to the mean-field model [77]. For TEC(5),
the values of the critical exponent were very similar to those obtained for | AS, |MAX
and equal to 0.72(2), 0.67(2), 0.72(2), 0.75(2), and 0.86(3) for MnsGe3, MnsGe; g5B 15,
Mn5Ge2_85Alo,15, Mn4.75Cr0.25Ge3, and Mn4,75C00.25Ge3, respectively.
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X
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4
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z
=
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<
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'Tﬁ . MnS(GeDQSBGUS)J
2 300 m wn(Ge Al ),
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o

TEC(5) (J kg K™)

1A (T)

Figure 7. (a) The curves of ASy vs. pyAH; (b) RCP vs. pgAH; (¢) TEC(5) vs. pgAH for the
(Mn1 _xMex)5(Ge1—yOey)s alloys. The lines show the results of the fit with the ~pyAH"-type de-
pendency, where 7 is a critical exponent.
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Table 4. The critical exponent values §, 6, and 7 for the (Mn; —xMex)5(Geq -y Oey)3 alloys.

B é n

Heisenberg model 0.365 4.807 0.626
Ising model 0.325 4.815 0.568

Mean-field 0.5 3 0.66

Tricritical mean-field model 0.25 5 0.40
Mn;5Geg 0.48(4) 3.8(3) 0.71(2)
Mn5 (G€0_95B0'05)3 038(2) 48(2) 065(2)
Mns5(Gego5Alg 05)3 0.38(2) 5.9(3) 0.72(1)
(Mn0_95Cr0_05)5Ge3 0.48(3) 4.2(2) 0.74(2)
(Mn0‘95C00,05)5Ge3 06].(9) 45(8) 086(3)

Table 3 summarizes the magnetocaloric properties of all the studied alloys. No en-
hancement of the magnetocaloric effect was observed for any of the samples tested when
the chemical composition of the Mns;Ge; was modified by 5%.

To gain more information about the magnetocaloric properties of the (Mn; —xMex)5(Ge; —yOey)3
alloys, the phenomenological universal curve can be constructed by normalizing the
entropy change to AS’ = ASy/ASyMAX and rescaling the temperature axis below and
above Tc:

_ITc 1<,
0= { Japler © = @)
T, Tc T > TC

where T and T, are the temperatures at which ASy, = ASMAX /2 [76]. Figure 8 shows the
0 dependence of AS’ for a magnetic field change of 5 T. The peaks of the curves collapsed
onto the same universal curve, which is associated with the FM ordering transition of
the second order and reveals a universal behavior of the (Mn; _xMex)s5(Ge1 —yOey)s alloys.
Similar results have been obtained in other studies [37,38].
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Figure 8. Magnetocaloric universal curves of the (Mn; —xMex)5(Geq—yOey)s alloys for a magnetic
field change of 5 T.

Additionally, the specific heat (Cp,) data (Figure 9) were used to calculate the adiabatic
temperature change AT,q = —ASm x T/Cp [78]. For this purpose, the maximum value
of —ASp and the Cp, value at Tc were used. The obtained values of the magnetocaloric
parameters are summarized in Table 3. For all samples, the AT,4 value fluctuated around
1 K for ppAH =1 T. For the samples with Al and B, the AT,4 value was slightly higher
(by ~0.1 K) than for pure MnsGes, but the difference was within the estimated measurement
error. For the samples containing Cr and Co, the values of AT,4 were clearly lower but in
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line with previous results of direct measurements by Kang et al. [45]. Thus, for all of the
abovementioned chemical modifications, the decrease in the AT,4 value was due to the
blurring of the magnetic transition and lower magnetic entropy.

k—l—'rv‘fnSGe3 { ' ‘
+Mn5Ge2 5580.15 ) 630
300 ﬁMnSGeZBSAIDJS
N"N -O- Mn4.75cr0 ZSGES 600
e &
<
T <R0 570
g o
= ~
—
Q
510
240t ‘
270 280 290 300
T(K)
Figure 9. Specific heat vs. temperature near the phase transition of the studied

(Mnj _xMey)5(Geq —yOey )3 samples. The lines in the figure are a guide for the eye.
y=ty P & 8 Y/

For some composites, an enhancement of the magnetocaloric properties was ob-
served [79]. Therefore, we calculated the magnetic entropy change for an exemplary
composite according to the equation: ASy,“°™P(T) = (1 — 2)ASWI(T) + zASH(T), where
ASm!(T) and AS,"(T) represent the experimental data for the composite components. In
Figure 10, the calculated result (for selected z = 0.4 value) is compared with the experimen-
tal data for the MnsGez and (Mng 95Cog 05)5Ges samples. Although the maximum value
of ASm, was reduced to ~5 ] kg~! K~1, the composite sample showed a broad table-like
magnetocaloric effect in a wide temperature range. Therefore, the RCP value was enhanced
in this case up to 405(9) J kg !, and the magnetocaloric properties were improved.

8

T T
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Figure 10. The calculated temperature dependence of the magnetic entropy change ASy, for the
((Mnyg 095C00.05)5Ges)0.6(Mns5Ges)p 4 composite material (dashed line) compared with the results for
its constituent compounds. The results are presented for a magnetic field change of 5 T. The solid

lines in the figure are a guide for the eye.
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Finally, we summarize the present and literature data for the Mn;Ge; and Mn;Ges-
based alloys. In Table 5, the values of the ordering temperature (T¢c), the maximum entropy
change (1 ASy, IMAX), and the relative cooling power (RCP) for a magnetic field change of 1 T
and 2 T are collected. We chose the | ASy,, IMAX and RCP values for a field changes of 1 T
and 2 T because they are most often presented in the publications and are the closest to the
values of the magnetic field changes that can be used in actual devices. In addition, Figure 11
shows a graph with the | AS;,, IMAX values (for a magnetic field change of 2 T) as a function
of T¢ for various samples of the Mn;Ge3 compound and its alloys. The data were divided
into groups according to the type of element modifying the chemical composition. This
graph clearly shows that by using an appropriate modification of the chemical composition,
it is possible to significantly expand the operating range of the magnetocaloric material
based on MnsGes; a practically constant value of |ASy, IMAX ~35]kg™! K1 can be
achieved in the range from 280 to 303 K. The graph also shows a clear trend of changes in
the magnetocaloric properties due to the modification of the chemical composition. The
points are arranged in a convex arc that has an extremity that is determined by the pure
MnsGe; compound. By substituting different chemical elements, we can modify the Tc. For
example, the addition of Ni in the place of Mn leads to a lower T¢, while the addition of Sb
in place of Ge can increase the T¢c. The second important conclusion is that the | ASy, | MAX
value did not increase as a result of the known chemical composition modifications. In
practice, the | AS,, IMAX value for MnsGes-based alloys is always lower than for the parent
compound. In a few cases, the observed increased |ASy, | MAX value may result from
measurement errors not included in the calculation. The collected data also show how
the parameter values are distributed for Mn5;Ge; samples obtained by different authors.
The T¢ values range between 293 and 300 K, | ASy | MAX values (for pgAH =2 T) range
from 3.6 to 4.1] kg’1 K~1, and RCP values (for ugAH =2 T) range from 100 to 145 ] kgfl.
These differences result from different microstructural properties of different samples such
as slightly different stoichiometries, different crystallites size, and different shapes of the
sample for magnetic measurements. Figure 11 can be used as a signpost for further research
on the improvement of the magnetocaloric properties of the MnsGe; compound in terms
of chemical composition modification.

B Mn,Ge, (pristine) @ Cr-substituted <« Sb-substituted @ Al-substituted

€ Ni-substituted Fe-substituted Si-substituted @ Cr-substituted

® Co-substituted Ga-substituted Y Ag-substituted W B-substituted
< 40t # .
o 2] ® 0o B
o 35¢ G PN 0:’ = < 1
e A T - ‘ ’ ‘ v ‘
: " Y <]

E L}
0 25+ .
a7 & . * _
20f wAH=2T .

260 270 280 290 300 310
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Figure 11. Maximum values of magnetic entropy change | ASm | MAX for different samples of Mn5Ge3
and Mn5Ge3-based alloys for a magnetic field change of 2 T taken from the literature (see Table 4). In
the graph, the data for Mn5Ge3-based alloys are grouped according to the type of the substituted
chemical element. The values obtained for the samples of the present work are marked with red
crosses. The symbols within the rectangle correspond to the samples with an almost constant
| ASm |MAX value in a wide temperature range.
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Table 5. The ordering temperature (T¢c), the maximum entropy change (1 ASmy

| MAX)

, and the relative

cooling power (RCP) for a1 T and 2 T magnetic field change for MnsGe; and MnsGes-based alloys.

Alloy Tc (K) uoAH (T) | ASy IMAX RCP (J kg1 References
Jkg 1K1
Mns5Ges 295(1) 1 2.3(1) 46(2) This work
2 3.9(1) 125(1) This work
MnsGes 295 1 2.06 - [43]
2 3.66 - [43]
MnsGes 293 1 25 43 [71]
MnsGes 293 1 221 - [48]
2 3.67 125 [48]
MnsGes 296 2 3.65 - [47]
Mn;5Ges 298 2 3.8 133 [52]
MnsGes 297.2 2 3.7 - [53]
1 2.3 - [53]
MnsGes 299.8 1 2.6 - [55]
2 4.1 - [55]
MnsGes 296 1 2.5 (|| c axis) - [39]
1 2.15 (Lc axis) - [39]
MnsGes 299 1 2.6 (|| c axis) - [40]
1 2.0 (Lc axis) - [40]
2 4.0 (|| c axis) 145 [40]
2 3.6 (Lc axis) 104 [40]
Mny oGes 281 1 1.91 46 [41]
Mn;5Ges 290 1 2.38 48 [41]
Mns1Ges g 302 1 2.91 58 [41]
Mns;Gej (thin film) - 1 1.59 64 [80]
MnsGes (thin film) - 1 1.75 81 [80]
(Mn; —xMex)5Ges
Mn4_75Cr0_25Ge3 288(1) 1 1.5 (1) 39(1) This work
2 2.5(1) 99(1) This work
Mny g5Feq g5Ges 296 2 3.58 - [47]
Mny oFeo1Ges 296 2 3.50 - [47]
Mn4.85Fe0‘15Ge3 296 2 3.63 - [47]
Mny 75Feq 25Ges 299 2 3.87 130 [44]
MI‘I4_75F€0_25G€3 311 1 1.59 42 [42]
MII4F€1G€3 320 2 3.1 - [57]
Mn4,95C00_05Ge3 285 1 1.85 [43]
2 3.34 - [43]
Mn4‘1C00‘1Ge3 285 1 2.00 - [43]
2 3.57 - [43]
Mn4_85C00_15Ge3 280 1 2.15 - [43]
2 3.86 - [43]
Mn4_75C00_25Ge3 281(1) 1 14(1) 45(1) This work
2 2.8(1) 122(1) This work
Mn4,75C00,25Ge3 266 2 3.52 136 [44]
Mn4_75C00_25Ge3 273 1 2.81 43 [42]
MI’I4.95N10'05G€3 285 1 2.2 53 [71]
Mn4.95Ni0~05G63 283 1 2.13 - [48]
2 3.55 135 [48]
Mn4_925NiO,075Ge3 279 1 2.02 - [48]
2 3.40 130 [48]
Mn4_9Ni0,1 Ge3 275 1 191 - [48]
2 3.21 132 [48]
Mny 9Nig;Ges 268 1 1.2 49 [71]
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Alloy Tc (K) uoAH (T) | ASp I MAX RCP (Jkg—1)  References
Jkg 'K &
Mn4_875NiO.125Ge3 272 1 1.83 - [48]
2 3.13 138 [48]
Mny g5Nij 15Ges 265 1 1.72 - [48]
2 2.93 129 [48]
MH4.8Ni0'2GE3 264 1 1.64 - [48]
2 2.83 130 [48]
MI’I4.75N10.25G€‘3 261 1 1.57 - [48]
2 2.64 124 [48]
Mn4_975Nio.025Ge3 288 1 2.20 - [48]
2 3.60 130 [48]
MH4.6N10~4G83 260 1 1.38 - [48]
2 2.41 - [48]
MI’I5(G€1,YO€Y)3
Mn5G82.85B0.15 298(1) 1 22(1) 53(1) This work
2 3.5(1) 121(1) This work
Mn5G,32,85A10V15 294(1) 1 22(1) 57(1) This work
2 3.6(1) 131(1) This work
MI‘15G62_5A10.5 293.9 1 2.0 - [53]
2 3.3 - [53]
MnsGe, Aly 283.0 1 14 - [53]
2 23 - [53]
MH5G62'5SiO'5 299 2 24 - [50]
MnsGe; Siy g 283 2 2.2 - [50]
Mn5Ge1_5Sil.5 258 2 1.8 - [50]
Ml’l5Gel‘osi2'0 198 2 1.7 - [50]
M115G62_9F60.1 299 2 2.53 88 [56]
Mn5Ge2.7Ga0_3 302 2 3.2 112 [51]
Mn5Ge2v4Ga0,6 292 2 3.5 123 [51]
MnsGej 1Gag g 274 2 3.2 128 [51]
MnsGe; 9Agg 1 302 2 3.72 123.1 [54]
MH5G62.9Ag0.1 295.1 1 2.5 - [55]
2 39 - [55]
Mn5Ge2_9Sb0.1 304 2 3.4 129.2 [52]
MH5G62‘BSb0.2 307 2 3.3 1254 [52]
Mns5Ge; 7Sbg 3 312 2 2.9 127.6 [52]
(Mn;_xMex)5(Ge—y Oey)3
Mn4Fe1Ge2.gSi0,2 320 2 34 - [57]
MH4F91G62.4Si().6 319 2 2.9 - [57]
MngyFe;Ge,Si 318 2 2.0 - [57]
Mn4_4Fe0.6GeSi2 182 2 1.9 - [58]
Mn4.3Fe0.7GeSiZ 200 2 35 - [58]
Mny > Feg sGeSis 196 2 3.7 211 [58]
Mny 1 Feg 9GeSip 211 2 2.7 192 [58]

4. Conclusions

In this work, the effect of chemical composition modification on the magnetocaloric

properties of MnsGe3 was investigated. The following samples were prepared by in-

duction melting: MH5G93, Mn5(Ge0,95B0,05)3, MI’I5(G€0_95A10'05)3, (Mno,95Cr0,05)5Ge3, and
(Mng 95Co00 05)5Ges. The X-ray diffraction measurements revealed that the tested materials
crystallized in the same hexagonal crystal structure (space group P63/mcm, No. 193) as
the parent MnsGez compound. According to the magnetic measurements, all the studied
compositions show soft ferromagnetic properties at room temperature. Modification of the
chemical composition changed the Curie temperature from T = 295(1) K for the starting
compound to 298(1), 294(1), 288(1), and 281(1) K for the alloys with 5% of B, Al, Cr, and
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Co, respectively. The magnetic entropy change, characterizing the magnetocaloric effect,
was reduced from —AS, =7.1(1) ] kg’1 K~ for the starting material to 6.2(1), 6.8(1), 4.8(1),
and 5.8(1) ] kg~! K~! for the alloys with B, Al, Cr, and Co substitution, respectively. For
the samples with Al and B, the adiabatic temperature change AT,4 value was practically
the same as for the parent compound, i.e., 1.1(1) K (for a magnetic field change of 1 T).
However, for the samples with Co and Cr, the value of AT,4 decreased by 27%, i.e., down
to 0.8(1) K. For all the performed chemical composition modifications, the RCP values were
also reduced. Therefore, there was no enhancement of the magnetocaloric properties in the
studied materials. The prepared samples fit well with the general trend of changes in the
magnetocaloric properties of the Mn5Ges compound as a result of the modification of its
chemical composition. Analysis of the literature data showed that appropriate modification
of the chemical composition makes it possible to obtain a set of alloys with very similar
magnetocaloric properties over a wide temperature range (i.e., 280-303 K). Therefore, a
promising track to improve the MCE performance seems to be preparation of composites.
An exemplary simulation of the ((Mng 095C0y,05)5Ge3)o.6(MnsGes)p 4 composite based on
the experimentally measured components built a broad table-like magnetocaloric effect
that improved the relative cooling power by 4%.
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