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Abstract

To enhance the wide-temperature-range magnetocaloric performance of (Mn,Fe),(P,5i)
alloys, the effects of Mg-Co co-doping on their structural and magnetocaloric proper-
ties were systematically investigated. Mn 5, CoyFeq 9P 5Sip.48Mgo.02 alloys were pre-
pared by the arc melting method. The results show that Mg-Co co-doping can tune
the lattice parameters and ferromagnetic coupling between Mn and Fe atoms. The
Mn; ¢3Cog.02Fep 9P 5Si0.48Mgo02 alloy exhibited an effective refrigeration capacity of
425.4J-kg~! and an effective working temperature span of 52 K. During the temperature-
induced ferromagnetic transition, coupling between the magnetic moment of Fe-Si layers
and the crystal lattice drives a magnetoelastic transition, leading to a giant magnetocaloric
effect. The Mg-Co co-doping strategy effectively tunes the crystal structure and local elec-
tron density distribution of the Fe-Si layer, thereby influencing the total magnetic moment
and magnetothermal properties of the alloys.

Keywords: wide-temperature-range magnetocaloric properties; (Mn,Fe),(P,Si) alloys;
Mg-Co co-doping

1. Introduction

Magnetic refrigeration technology is considered a promising alternative to conven-
tional gas-compression refrigeration due to its low carbon emissions, safety, and reliability.
Giant magnetocaloric effect materials are used in magnetic refrigeration prototype to
achieve the purpose of refrigeration. Up to now, materials with giant magnetocaloric effect
have been discovered, including Gd [1], Gd(5i,Ge)4 [2], Ni-Mn-X-based [3-5], La(Fe,Si)13 [6],
and (Mn,Fe),(P,Si) [7] alloys. Among them, (Mn,Fe),(P,Si) alloys have abundant raw mate-
rials, low cost, and broad application prospects. In addition to their giant magnetothermal
effect, (Mn,Fe),(P,Si) alloys have a large hysteresis effect [8] and a narrow effective tem-
perature span [9]. A large hysteresis effect will significantly weaken the refrigeration
efficiency of the magnetic refrigeration prototype in practical application, while a narrow
effective working temperature span will limit the system temperature span of the magnetic
refrigeration prototype. Generally, magnetic materials with first-order phase transition
(FOPT) have large MCE, but with large thermal hysteresis and phase transformation stress,
while magnetic materials with second-order phase transition (SOPT) have small MCE with
negligible thermal hysteresis stress. When they are under the critical state between FOPT
and SOPT, magnetic alloys might achieve large MCE and small thermal hysteresis, which
is beneficial for magnetic refrigerators. Recently, it has been found that some types of
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large-atom doping [10-13] can bring the material to the critical state of phase transition
from FOPT to SOPT, so as to reduce thermal hysteresis and increase the effective working
temperature span.

In our earlier work [14], Mg doping was found to notably increase the effective tem-
perature span and reduce thermal hysteresis in (Mn,Fe),(P,Si) alloys, though without
improving the effective refrigeration capacity. It has also been found that a proper amount
of Co doping can improve the magnetic and magnetocaloric properties of (Mn,Fe),(P,51)
alloys [15]. In order to further improve the wide-temperature-range magnetocaloric proper-
ties of (Mn,Fe),(P,Si) alloys, the Mg-Co co-doping method was used to regulate the magne-
tocaloric properties of the alloys, and the effects of Mg-Co co-doping on the magnetoelastic
transition mechanism of the alloys were clarified through first-principles calculations.

2. Materials and Methods

The alloy ingots Mny g5, CoyFeg 9P 5510.48Mgo.02 (v = 0, 0.01, 0.02, 0.03) were prepared
by vacuum arc melting. Raw materials included Mn (99.9 wt.%), Fe (99.9 wt.%), FesP alloy
(95.8wt.%), Si (99.9 wt.%), MgMn; alloy (99.9 wt.%), and Co (99.9 wt.%). As Mn metal is
easily volatilized in the smelting process, an additional 5% Mn was added to compensate
for the loss. After the ingots were broken into an appropriate size, they were put into a
quartz tube and sealed with Ar gas. The quartz tube with the ingots was placed in a heat
treatment furnace and annealed at 1100 °C x 72 h.

Crystal structure was characterized in a multi-position automatic injection X-ray
diffractometer (XRD) for X'Pert Powder produced by Panalytical Company (Malvern, UK).
The test conditions were as follows: the target of Cu Ko, the wavelength of 0.154056 nm,
the angle range of 20°~70°, and the speed of 3°/min. The refinement of crystal structure
was performed by Rietveld Refinement Method with Rietica software (version 4.2) [16].
The refined parameters included background, phase content, lattice parameters, atomic
occupation and peak pattern. The phase and element distribution were characterized
by scanning electron microscopy (SEM) of Phenom ProX Desk (Thermo Fisher Scientific,
Waltham, MA, USA). The DSC (differential scanning calorimeter) test with N2 atmosphere
is performed on the DSC 25 model made by TA Instruments (New Castle, DE, USA). The
magnetic measurements were made using the Quantum Design PPMS (San Diego, CA,
USA) equipped with a vibration sample magnetometer (VSM). To eliminate the initial effects
of the sample, the sample was pre-cooled to 150 K before magnetic measurements. M-H
curve was measured by Loop method [17] to avoid the influence of magnetization history.

The density of states (DOS) was calculated based on density functional theory (DFT)
using Castep module in Materials Studio software 2023. The Perdew-Burke-Ernzerhof
(PBE) exchange correlation functional with the ultra-soft pseudo potential and generalized
gradient approximation (GGA) was used in the calculation process. The Broyden-Fletcher-
Goldfarb-Shanno (BFGS) method was used to optimize the geometric structure. The
criterion of force convergence in the optimization process was 5 x 1072 eV /A. The cut-off
energy was 520 eV, the K-point grid was 2 x 2 X 4, and the energy convergence criterion
was 107 eV/atom.

3. Results and Discussion
3.1. Phase Structure Analysis

Figure 1 shows the XRD figure of Mny ¢5_,CoyFeg 9P 55ip.4sMgo.02 (y = 0, 0.01, 0.02,
0.03) alloys at room temperature. As shown in Figure 1, Fe,P main phase and a small
amount of (Mn,Fe)35i and (Mn,Fe)sSi3 impurity phases were formed in all samples. The
addition of Co does not affect the formation of Fe,P main phase. Among them, the
hexagonal Fe,P paramagnetic phase (PM) and Ferromagnetic phase (FM) are present in
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all samples. Since the ferromagnetic phase is below the phase transition temperature, the
presence of the coexistence of FM and PM in the room-temperature XRD pattern indicates
that the Curie temperature (T.) of the samples might be near room temperature.
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Figure 1. XRD patterns of Mny o5, Coy FenoPo 5510.48Mgo 02 (¥ = 0, 0.01, 0.02, 0.03) alloys at room temperature.

In order to further investigate the variation of crystal structure and phase composition
for Mn1.05,yCoyFe0,9P0.5Si0.48Mg0,02 (y =0, 0.01, 0.02, 003) alloys, Rietveld refinement
method was utilized to refine XRD data. Figure 2 shows Rietveld refinement patterns
of Mny ¢3Coq.02Fep.9Po 55i9.48Mgp 02 alloys. The other samples’ refinement patterns can be
found in Figure S1 in Supplementary Documents. Table 1 lists the mass percentage of
each phase for Mny g5, CoyFen 9P 55i0.4s8Mgo.02 (¥ = 0, 0.01, 0.02, 0.03) alloys and refined
structural parameters for Fe,P-PM phase. As shown in Table 1, with the increase of Co
content y from 0 to 0.03, the content of main phase, including FM and PM phase, gradually
decreases from 96.76 wt.% to 89.63 wt.%, while the content of impurity increases from
3.24 wt.% t0 10.37 wt.%. The addition of Co obviously promotes the formation of (Mn,Fe)3Si
impurity. As the Co doping amount y increases from 0 to 0.03, the lattice parameters a
and b gradually decrease from 6.049(0) A t0 6.039(6) A, while the lattice parameter c first
decreases from 3.480(6) A to 3.476(3) A and then increases to 3.477(6) A. In addition, the
cell volume v gradually decreases from 110.29(6) A3 10 109.86(0) A3 with the increase of Co
doping y from 0 to 0.03. The change of cell parameters shows that the Co atoms enter into
the lattice of Fe,P main phase.

Table 1. The mass percentage of each phase for Mn; o5, CoyFeo 9P 55i0.48Mgo.02 (v = 0, 0.01, 0.02,
0.03) alloys and refined structural parameters for Fe, P-PM phase.

y 0 0.01 0.02 0.03
Fe,P-PM (wt.%) 54.24 45.90 65.43 69.05
Fe,P-FM (wt.%) 42,52 46.42 24.40 20.58

(Mn,Fe);Si (wt.%) 0.76 5.12 5.48 7.31
(Mn,Fe)sSis (wt.%) 2.48 2.56 4.69 3.06

https:/ /doi.org/10.3390/magnetochemistry12020017


https://doi.org/10.3390/magnetochemistry12020017

Magnetochemistry 2026, 12, 17 40f 18

Table 1. Cont.

y 0 0.01 0.02 0.03

aand b (A) 6.049(0) 6.041(5) 6.040(9) 6.039(6)

c(A) 3.480(6) 3.476(3) 3.476(4) 3.477(6)

o (A3) 110.29(6) 109.88(7) 109.86(8) 109.86(0)
Ryp (%) 1.51 1.66 1.60 1.73
Rup (%) 2.04 2.13 2.05 2.29
x> 147 1.15 113 1.31
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Figure 2. Rietveld refinement patterns of Mn; g3Cog 0Feg9Pg 55i.48Mgp o2 alloys.

Figure 3 shows the backscattered electron images of Mny 5, CoyFeg 9P 55i0.48Mgo.02 alloys
and the EDS (Energy Dispersive Spectrometer) maps images of Mn; g3Coq g2Fep 9P 5519.48Mgo.02
alloy. As shown in Figure 3d-i, without considering the influence of pores, Mn, Fe, Co and
Mg elements are relatively evenly distributed, while P and Si elements are not. Combined
with backscattered electron images, it can be found that the light gray area of rich P elements
is the main phase of Fe,P, while the dark gray area of rich Si elements is the (Mn,Fe)3Si and
(Mn,Fe)sSi3 impurity phase. The elliptic impurity phase is uniformly distributed in the matrix
of the main phase. With the increase of Co doping amount, the number and morphology of
impurity phase have little change, but the crack defects in the alloy become less, which may
be related to the decrease of Curie temperature. As can be seen from Figure 1, with the Co
doping amount y increasing from 0.01 to 0.03, the relative intensity of the diffraction peak of
Fe,P-FM phase in the XRD patterns gradually decreases, which indicates that there are less
ferromagnetic phases and more paramagnetic phases in the alloy at room temperature, and the
Curie temperature of the alloy is lower. It has been reported [18] that the ferromagnetic phase of
quenched (Mn,Fe),(P5i) alloy usually has a large number of cracks and other defects, which is
mainly due to the occurrence of paramagnetic to ferromagnetic phase transition, during which
there is a large stress and cracks are easy to initiate and expand at those defects.
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Figure 3. Backscattered SEM images of Mny 5, CoyFeoPo5Sig4sMgo.o2 alloys (a) y = 0.01,
(b) y =0.02, (c) y = 0.03 and (d—i) the corresponding EDS maps of the Mn; n3Coq 02Feq 9P 5519 48Mgo.02
alloy. The scanning zone is the red box in (b).

3.2. Magnetocaloric Properties Analysis

Figure 4 shows (a) Temperature dependence of magnetization for Mn o5,,Coy,FeooPp5-
SigagsMgoe (v = 0, 0.01, 0.02, 0.03) alloys (the solid/dashed line represent the heat-
ing/cooling process respectively) and (b) DSC curves of Mn; g5, CoyFeg 9P 55i0.4sMgo.02
(y =0, 0.01, 0.02, 0.03) alloys. Table 2 lists phase transition temperature (Tt—H and T—C
calculated respectively from DSC date of heating and cooling process), thermal hysteresis
(ATpys and AThys* calculated respectively from M-T plots and DSC date), and latent heat
(L) of Mny g5, CoyFen 9P 5Sip.48Mgo.02 (v = 0, 0.01, 0.02, 0.03) alloys. As shown in Table 2,
with the increase of Co doping y from 0 to 0.01, the Curie temperature (T¢) of the alloy
increases from 319 K to 337 K. When the amount of Co doping is further increased to
0.03, T¢ of the alloy gradually decreases from 337 K to 300 K. This shows that the Curie
temperature of (Mn,Fe),(P,5i) alloys can also be regulated by Co doping method. In the
(Mn,Fe), (P,Si) alloy system, the alloy undergoes a magnetoelastic transformation, and the
changes in magnetic properties and structural parameters are coupled together [19]. In
other words, the lattice parameter c of the alloy is closely related to the ferromagnetic
coupling between the magnetic atomic layers. The smaller the lattice parameter c is, the
stronger the ferromagnetic coupling between Mn and Fe atoms. The ferromagnetic state
tends to be stable, and the Curie temperature of the alloy is higher. As shown in Table 1,
with the increase of amount of Co doping, the lattice parameter c of first decreases and then
increases, while T first increases and then decreases, which is consistent with the above
magnetoelastic transition theory. As shown in Table 2, with the increase of Co doping
content y from 0 to 0.02, AT}y of the alloy first increases from 35 K to 44 K, and then
decreases to 30 K. When the Co doping content further increases to 0.03, AT}y basically
stabilizes at about 30 K. The thermal hysteresis of (Mn,Fe),(P,Si) alloy is mainly related
to the amount of impurity phase and first-order magnetic phase transition [8]. It can be
seen from Table 1 that with the increase of Co doping, impurity phase content in the alloy
gradually increases by about 10%. The higher impurity phase content is, the larger the
energy barrier of the phase transition and the larger the thermal hysteresis of the alloy
is. However, after Co doping, the thermal hysteresis of the alloy increases first and then
decreases. This may be due to Co doping can also affect the degree of first-order magnetic
phase transition. Co doping may weaken the first-order magnetic phase transition of the
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alloy, resulting in a weaker structural change during the magnetic phase transition process,
and then resulting in a decrease in thermal hysteresis of the alloy after further doping Co.
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Figure 4. (a) Temperature dependence of magnetization for Mn; g5, CoyFe 9Py 55ip48Mgo.02 (v =0,
0.01, 0.02, 0.03) alloys (the solid /dashed line represent the heating/cooling process respectively) and
(b) DSC curves of Mn1.05,yCOyFe().gP0.5Si().48Mg0.02 (y =0,0.01, 0.02, 0.03) alloys.

Table 2. Phase transition temperature (Ti—H and T—C calculated respectively from DSC date of
heating and cooling process), thermal hysteresis (ATpys and ATyys* calculated respectively from
M-T plots and DSC date), and latent heat (L) of Mn; g5, CoyFep 9Po5510.48Mgo.02 (v = 0, 0.01, 0.02,
0.03) alloys.

CoContenty Tc(K)  AThys(K) TeHEK)  TeC(K)  AThy* (K L(gh)

0 319 35 305 278 27 15.1
0.01 337 44 325 290 35 27.6
0.02 315 30 305 276 29 24.1
0.03 300 32 299 270 29 12.8

As shown in Figure 4b, the DSC curves of Mg-Co co-doped samples are all wide, and
there is no sharp characteristic peak type of first-order magnetic phase transition, which
indicates that Mg-Co co-doped samples still exhibit the characteristics of second-order
magnetic phase transition. It can be seen from Table 2 that the change rules of phase
transition temperature and thermal hysteresis obtained by DSC are consistent with the
results of the thermomagnetic curves. With the increase of Co doping amount, the latent
heat first increases and then decreases. When Co doping amount y is 0.01, the maximum
latent heat of the alloy is 27.6 J-g~!. This shows that the energy produced during the
temperature-induced magnetic phase transition of the alloy can be increased by proper
Co doping. Proper Co doping has little effect on the peak width of the DSC curve, but
increases the peak height of the DSC curve and thus increases the latent heat, which implies
that the alloy doped with Co will have greater effective cooling capacity.

Figure 5 shows Magnetization (M) versus magnetic field (H) curves of Mn; o5, CoyFego-
Po5Sip.48Mgo2 (¥ =0, 0.01, 0.02, 0.03)alloys. After Co doping, the area surrounded by magne-
tization curve and demagnetization curve decreases, and the hysteresis of the alloy decreases
obviously. Table 3 lists the average magnetic hysteresis loss (HL,y), maximum isothermal
magnetic entropy change (—ASyy), refrigeration capacity (RC), effective refrigeration capacity
(RCef), effective working temperature span (ATgrs) and the peak temperature of maximum
magnetic entropy change for Mny o5, CoyFeo 9Po.55i0.4sMgo.02 (¥ = 0, 0.01, 0.02, 0.03) alloys
at 5 T magnetic field. As shown in Table 3, with the increase of Co doping from 0 to 0.03,
the average hysteresis loss of the alloy gradually decreases from 45.4 J-kg~! to 4.5 kg~ L.
Considering the instrument error, the Mg-Co co-doped alloy is basically free of hysteresis. In
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addition, it can be found from Figure 5 that with the increase of Co doping, the saturation
magnetization of the alloy increases first and then decreases. It indicates that a small amount
of Co doping can increase the magnetic moment of the alloy, while excessive Co doping will
weaken the magnetic moment of the alloy. As for the reasons about this phenomenon, it will
be discussed in the section of Computation result discussion. This is basically consistent with
the research results of literature [15].
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Figure 5. Magnetization (M) versus magnetic field (H) curves of Mny g5, CoyFen 9P 55i0.4sMgo.02
alloys (a) y =0, (b) y = 0.01, (c) y = 0.02, and (d) y = 0.03.

Table 3. The average magnetic hysteresis loss (HL,y), maximum isothermal magnetic entropy
change (—ASy), refrigeration capacity (RC), effective refrigeration capacity (RCe), effective working
temperature span (ATgts) and the peak temperature of maximum magnetic entropy change for
Mnj o5, CoyFeg.oPo55i0.48Mgo.02 (v = 0, 0.01, 0.02, 0.03) alloys at 5 T magnetic field.

Co Content y (JiLgafl) q.iﬁi“?w (Jf;l) (Jl'zkcgeffl) A(IIE)T ’ (113
0 454 94 337.1 291.7 46 290

0.01 13.5 11.1 386.3 372.8 44 318

0.02 6.9 10.8 432.3 4254 52 307

0.03 4.5 7.7 378.7 374.2 63 293

Figure 6 shows the temperature dependence of isothermal magnetic entropy change
of Mny g5, CoyFepoPo55i0.48Mgo.02 (v = 0, 0.01, 0.02, 0.03) alloys. The isothermal magnetic
entropy change can be derived from Maxwell relationship and magnetization curve data,
as shown in Equation (1). For samples with Co doping of 0, 0.01, 0.02 and 0.03, the
maximum isothermal magnetic entropy changes during magnetization are 9.4,11.1, 10.8 and
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7.7 J-’kg 1K1, respectively. With the increase of Co doping, the maximum isothermal
magnetic entropy of the alloy increases first and then decreases. As shown in Figure 6,
the magnetic entropy curve of all samples are broader, which indicates that the alloy will
have a wider working temperature span. This shows that a small amount of Co doping can
increase the magnetic entropy change of the alloy and maintain a wider magnetic entropy
change peak pattern, so as to have a greater effective cooling capacity. However, after
excessive Co, the magnetic properties of the alloy become weaker, resulting in the decrease
of magnetic entropy.
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Figure 6. The temperature dependence of isothermal magnetic entropy change of Mn1 g5,,Coy FegoPp5-
Sig4gMgp 2 alloys (a) y =0, (b) y = 0.01, (c) y = 0.02, and (d) y = 0.03 in magnetization process (filled
symbols) and demagnetization process (open symbols).

The ATy in Equation (2) represents the temperature span, and T;q is approximated
as the temperature corresponding to the maximum magnetic entropy change.

In order to further evaluate the attenuation situation of average magnetic entropy
change for magnetocaloric materials under different temperature span, the Temperature
averaged Entropy Change (TEC) [20] of Mn g5, CoyFep9P055i0.48Mgo.02 (v = 0, 0.01,
0.02, 0.03) alloys is calculated by Equation (2). Figure 7a shows the TEC curves of
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Mn; g5-,CoyFen 9Po55i0.48Mgo.02 (v = 0, 0.01, 0.02, 0.03) alloys under 5 T magnetic field. At
the same temperature span, the TEC value of the alloy increases first and then decreases
with the increase of Co doping, and the TEC value reaches the maximum when Co doping
content is 0.02. When the amount of Co doping is constant, the TEC value decreases with
the increase of temperature span. When the temperature span ATy_c increases from 5 K
to 50 K, the TEC values of alloys with Co doping v of 0, 0.01, 0.02 and 0.03 decrease by
24%, 23%, 21% and 16%, respectively. This shows that with the increase of Co doping, the
alloy is less and less sensitive to the change of temperature span, and there will be a wider
effective working temperature span.

Thot
RC = / ASy,dT @3)
Tcold
RCeff = RC — HL, (4)
375
(b) ——T,
77 Temperature span
350
325 1
<
=
300+ -
2751
6 T T T T T T T T T T 250 T T T T
0 5 10 15 20 25 30 35 40 45 50 55 0 0.01 0.02 0.03
ATyc(K) Co content y

Figure 7. (a) The TEC curves of Mny o5, CoyFeg 9Po5510.48Mgo.02 (v = 0, 0.01, 0.02, 0.03) alloys under
5 T magnetic field and (b) Co content y¥ dependence of effective working temperature span (ATgTs)
and peak temperature (Tp) for Mny g5, CoyFep 9P 55i0.4sMgo.02 (¥ = 0, 0.01, 0.02, 0.03) alloys.

In order to further evaluate the magnetocaloric performance of Mn; o5-,Co,Feg 9P -
Sig4gMgp g2 alloys, the cooling capacity (RC) and effective refrigeration capacity (RCe) are
calculated by Equations (3) and (4). The effective working temperature span (ATgrs) is
the half-height width of the isothermal magnetic entropy curve. As shown in Table 3, the
RC of the alloy gradually increases from 337.1 J-kg ™! to 432.3 J-kg~! as the Co doping
content y increases from 0 to 0.02. The RC of the alloy decreases to 378.7 ]-kg~! when the
Co doping amount is further increased to 0.03. When hysteresis loss is considered, the
variation trend of the RC is similar. The RC of the alloy increases from 291.7 J-kg ! to
425.4J-kg~! with the increase of Co doping y from 0 to 0.02. When the amount of Co doping
is further increased to 0.03, the RC is reduced to 374.2 J-kg~!. The magnetic entropy
change increases after proper Co doping, the average hysteresis loss is further reduced,
and the magnetic entropy peak pattern still remains wide, which lead to the enhancement
of the effective cooling capacity.

Figure 7b shows Co content y dependence of effective working temperature span
(ATgts) and peak temperature (Tp) for Mny o5, CoyFeg.oPo 55i0.4sMgo.02 (v = 0, 0.01, 0.02,
003) alloys. The ATETS of MI’Il_05_yCOyFEQ_9P0.5810.48Mg0.()2 (]/ =0, 0.01, 0.02, 003) alloys
is 46 K, 44 K, 52 K and 63 K, respectively. With the increase of Co doping amount, the
ATgrs of the alloy decreases slightly at first, and then increases gradually. In addition,
with the increase of Co doping amount, the Tp is first increased and then decreased, which
is basically located near the room temperature, and the degree of change is small. Con-
sidering RCef, Tp and ATgts, Mny 03C00.02Feq 9Po 5510 48Mgo 02 alloys have excellent wide
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temperature range magnetocaloric performance, it would have the potential to be used
in the room temperature magnetic refrigeration equipment with wide temperature span.
Figure 8 shows the comparison of present RCqss and ATgrs with some room tempera-
ture magnetocaloric materials reported in the literature [21-32]. The RCq¢ and ATgrs of
Mn; n3Coq.02Fen 9P 5510.48Mgp 02 alloys are greater than that of the classic room temperature
magnetocaloric materials Gd. Furthermore, Table 4 lists the main magnetocaloric prop-
erty parameter of Mny o5, CoyFe(9Po.55i0.48Mgo.02 (¥ = 0, 0.01, 0.02, 0.03) alloys and some
reported MCE materials. From Table 4, one can see that Mn g5_,,CoyFe(.9Po.55i0.4sMgo.02
alloys have average magnetocaloric performance although having large temperature span.
It is note that choosing an excellent MCE material is difficulty because these parameters are
mutually constrained and form a trade-off relationship. Therefore, these materials can only
be selected based on the actual situation.

500

U H=5T . —a—1 ——8
This work ——2 =9
400 —k A3 10
7 —v—4 —A—11
a—a —0—5 12
—_~ 6 13
"o 300 - 714
o —
o —0
%
O’ 200+
R
100 v
AA
0

150 200 250 300 350 400
T(K)

Figure 8. The comparison of present effective refrigeration capacity (RCef) and effective working
temperature span (ATgrs) with some room temperature magnetocaloric materials reported in the lit-
erature [21—32] (1 Ni45CO5MI’136In1343C110_7 [20], 2 Ni5046Mn28Ga21_4 [21], 3 La0.8CeO.2Fe11_4Sil_6 [22],
4 LaggCepaFer14Si16Bo1 [22], 5 Gd [23], 6 NigpCoipMnySnip [24], 7 NispMngglnye [25],
8 NizMny 95Cro o5In [26], 9 Nisg 3Mnp; 3Gang 4 [27], 10 MinspNizsCozSng [28], 11 Lag 5Pro 5Feq1.45i1.6Hoo [29],
12 M111.2F60‘8P0'6810'4BO'05 [30], 13 Ni30 (FeCO)20Mn37Ti13 [31], 14 This WOI'k.)

Table 4. The magnetocaloric property parameters comparison of some reported MCE materials and
Mnl.05_yCOyF€0‘9P0‘5Si0'48Mg0‘02 (y =0, 0.01, 0.02, 003) alloys.

Samples Tc (K) (J.k;éls‘ E*l) (].113;1) ATpys (K) A(T;g)TS Ref.

y=0.02 315 10.8@5T 432.3 30 52 This work
Mn; 3Fe( ¢Po.55ip 5 138 10.5@5T 440 - - [33]
Mn; 7Fe( 3P.63Sig 37 110 11.5@5T - - - [34]
Mn; 15Feq g5P0.50Si0 45B0.05 244 17@2T - 11.5 - [35]
(Mng sFeq 5)1.85P0.5Si0.5 302 24.1@5T - 27 - [36]

Figure 9 shows the Arrot plots of Mn; g5, CoyFep 9P 55i0.48Mgo.02 alloys (a) y = 0,
(b) y=0.01, (c) y = 0.02, and (d) y = 0.03 derived from isothermal magnetization curves.
Based on Banerjee criterion [37], the presence of negative slope in the Arrot curve indicates
that the material has first-order magnetic phase transition characteristics, while the presence
of positive slope indicates that the material has second-order magnetic phase transition
characteristics. As shown in Figure 8, the Arrot curves of all samples only have positive
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slope, and they all exhibit second-order magnetic phase transition characteristics, which is
consistence with the characteristics of DSC curves. There is almost no magnetic hysteresis
after Co doping, but there is also a small thermal hysteresis, which may be related to the
(Mn,Fe)3Si and (Mn,Fe)sSi; impurity phases in the alloy after Co doping. The impurity
phase obstructs the motion of magnetic domains, which increases the energy barrier of
magnetic phase transition and leads to the appearance of thermal hysteresis.

16k 18k
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Figure 9. The Arrot plots of Mn g5, CoyFe 9P0.55i0.4sMgo .02 alloys (a) y = 0, (b) y = 0.01, (c) y = 0.02,
and (d) y = 0.03 derived from isothermal magnetization curves.

3.3. Computation Result Discussion

Figure 10 shows the schematic diagrams of (a) ferromagnetic (FM) structural
model for MnpsFeyyPgSijq compound, (b) antiferromagnetic (AFM) structural model
for Mny4FepsPgSijq compound, (c) structural model for MnysFe 4 PgSijsMg compound
and (d) structural model for Mn,3CoFep;PgSijsMg compound. The crystal structure of
(Mn,Fe),(PSi) alloy is hexagonal structure of Mn-P layer and Fe-Si layer arranged alter-
nately along the c-axis. As shown in Figure 10a,b, in order to simulate the magnetic
characteristics of the ferromagnetic state, the magnetic moment directions of the Fe and Mn
atomic layers are set to be parallel in the same direction. In order to simulate the magnetic
characteristics of the paramagnetic state, the paramagnetic state is simplified to an antifer-
romagnetic configuration, where the magnetic moments of adjacent Fe layers and adjacent
Mn layers are set to be antiparallel [38,39]. As shown in Figure 10c,ina 2 x 2 x 2 supercell
structure, an Si atom is replaced with an Mg atom to simulate the Mg-doped structure. As
shown in Figure 10d, ina 2 x 2 x 2 supercell structure, one Si atom is replaced by an Mg
atom and one Mn atom is replaced by a Co atom to simulate the Mg-Co co-doped structure.
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Figure 10. The schematic diagrams of (a) ferromagnetic (FM) structural model for Mny4Fe)4PgSii6
compound, (b) antiferromagnetic (AFM) structural model for Mny,Fey4PgSiis compound, (c) structural
model for Mny4Feps PgSijsMg compound and (d) structural model for Mny3CoFey4PgSijsMg compound.

The crystal structure information at the lowest energy of the system can be obtained
through structural optimization, and the relevant calculation results are shown in Table 5.
When the Mny4Fep;PgSijg alloy changes from ferromagnetic state to antiferromagnetic
state, the lattice parameters a and b decrease from 6.423 A to 6.375 A, while the lattice
parameter ¢ increases from 3.198 A to 3.269 A. The results show that the alloys undergo
anisotropic magnetoelastic transformation, which is consistent with the experimental
results. In addition, the binding energy of the ferromagnetic state is smaller than that of the
antiferromagnetic state, which indicates that the ferromagnetic state is more stable. After
large atom Mg doping, the lattice parameters a and b increase, ¢ decreases, and the crystal
cell expands. This is consistent with previous work [14]. After Mg-Co co-doping, the lattice
parameters g and b decrease, ¢ increases, and the crystal cells shrink.

Table 5. Computed lattice parameters (a, b and c), binding energy per formula unit, covalent
bond length, total magnetic moments per formula unit and atomic magnetic moments for different
compositions in the FM and AFM configurations.

. . c Binding Energy Fe-Si Bond utot pMn pure
Composition aandb (A) (&) (eV/f.u) Length (A) (up/far) (1) (1)
MnasFePsSis 6.423 3.198 ~16.12 2411 4.44 3.16 1.56
(FM)
Mny,Fexs PgSize _
(AFM) 6.375 3.269 15.96 2.394 0 3.08 0.09
MnasFexPsSiisMg 6.508 3.131 —15.40 2433 141 3.15 153
(FM)
Mnp,Fep, PgSi;sMg _

(AEM) 6.425 3.259 15.20 2.407 0 3.10 0.22
M“23C°1(:1§§j[1;85“5Mg 6.496 3.135 ~16.03 2.429 436 3.15 1.55
Ml’l23COF824PgSil5Mg o

(AEM) 6.411 3.256 15.83 2.402 0 3.11 0.07
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In order to deeply understand the magnetic differences of (Mn,Fe),(P,5i) alloy under
different magnetic states, the density of state (DOS) diagrams of the ferromagnetic (FM)
and antiferromagnetic (AFM) states of MnFeP( 335ig ¢7 units were calculated, as shown
in Figure 11a,b. The MnFeP 335ig ¢7(FM) exhibits a large net magnetic moment, while
the MnFePy 335ip¢7 (AFM) exhibits almost zero net magnetic moment. The total DOS
curve is close to the d-orbital DOS curve, suggesting that the magnetic properties of the
(Mn,Fe),(P,Si) alloy are mainly derived from the unpaired electrons in the d-orbital. In
the FM state, the Mn 3d orbital PDOS displays obvious spin polarization near the Fermi
level, with distinct separation between spin-up (1) and spin-down () electron occupation
peaks (seen on Figure 11c). This corresponds to a high atomic magnetic moment of 3.16 uB
(listed in Table 4), indicating that a large number of unpaired 3d electrons endow Mn with
stable, strong magnetic contributions. In the AFM state, the spin polarization of the Mn 3d
orbital is only slightly weakened, with the spin up (1) and spin down (J.) peaks maintaining
a certain degree of separation, and the atomic magnetic moment marginally decreases
to 3.08 uB. On the other hand, from Figure 11d and Table 4, during the ferromagnetic to
antiferromagnetic transition, the Fe atomic magnetic moment decreases from 1.56 up to
0.09 pup. The rapid decrease of magnetic moment of Fe atom is probably related to the
change of crystal structure during magnetic transformation. During the magnetic phase
transition, the reduction of lattice parameters a and b results in a shorter distance between Fe
and Fe. This short Fe-Fe distance at antiferromagnetic state may lead to excessive overlap of
3d orbits between adjacent Fe atoms, weakening the spin magnetic moments generated by
the spin electrons in the 3d orbits, and ultimately rapidly decreasing the magnetic moments
of the Fe atom. In addition, the magnetic moment of Mn atom is greater than that of Fe
atom regardless of ferromagnetic state or antiferromagnetic state. This mixed magnetic
phenomenon of alternating arrangement of the strong magnetic Mn-P layer and the weak
magnetic Fe-Si layer is consistent with the results of the literature [40]. The strong magnetic
properties of the Mn-P layer in both the ferromagnetic and antiferromagnetic states allow
the Curie temperature of the (Mn,Fe),(P,5Si) alloy to be adjusted to near room temperature.
During the ferromagnetic to antiferromagnetic transition, there is a strong coupling effect
between the obvious magnetic moment reduction of Fe-Si layer and the change of crystal
structure, which makes (Mn,Fe),(P,Si) alloy perform the giant magnetocaloric effect.

As shown in Table 4, after doping Mg atom, the magnetic moment of Mn atom in the
ferromagnetic structure changes little while the magnetic moment of Fe atom decreases
from 1.56 up to 1.53 pp. The decrease of the total magnetic moment of Mg doped system
is caused by the decrease of the magnetic moment of Fe atom. After Mg-Co co-doping,
the magnetic moment of Mn atom in the ferromagnetic state does not change while the
magnetic moment of Fe atom increases from 1.53 ug to 1.55 ug. When Co is doped, one
Mn atom is replaced by one Co atom. Since the magnetic moment of Mn atom (3.15uB) is
significantly larger than that of Co atom (1.11uB), the total magnetic moment of the system
will be diluted. Because the magnetic moments of Mn and Fe are arranged in opposite
directions, Co doping would decrease the Mn atoms, then to enhance the total magnetic
moment of the system. From other view point, this is equivalent to enhance the magnetic
moment of Fe. On the one hand, Co doping might dilute the total magnetic moment of the
system die to its small magnetic moment. Therefore, when the amount of Co doping is
small, the enhancement effect of Co doping is dominant, which increases the total magnetic
moment of the system. When the amount of Co doping is too much, the dilution effect of
Co doping on the total magnetic moment of the system is dominant, which will reduce the
total magnetic moment of the system.
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Figure 11. (a) The partial and total DOS plots of MnFeP( 335i( ¢7-FM, (b) The partial and total DOS
plots of MnFeP 335ig 67-AFM, (c) The total DOS plots of Mn atom, and (d) The total DOS plots of
Fe atom.

As shown in Figure 12, the ELF (Electron Localized Function) value ranges from 0 to 1,
when the ELF value of a region is 0, it indicates that the electrons are completely delocalized
or have no electrons, and when the ELF value of a region is 1, it indicates that the electrons
are completely localized. The regions of higher ELF value will be more localized electrons,
and it will perform stronger covalent bonding. During the magnetic phase transition,
the local electron density between Fe and Si atoms increases, which indicates that the
antiferromagnetic Fe-5i covalent bond is stronger. There may be competition between the
electrons around Fe for contributing magnetic moments and for p—d orbital hybridization to
form covalent bonds [10]. The strengthening of Fe-Si covalent bond leads to the weakening
of magnetic moment of Fe atom.

When Mg atoms are doped in Fe-Si layer, the localized electron density of Fe and Si
atoms around Mg atoms changes obviously. An area of high localized electron density
appears around Mg atoms, which will strengthen the nearby Fe-Si covalent bond strength,
resulting in a decrease in the magnetic moment of Fe atoms. After Mg-Co co-doping, the
area of high localized electron density around Mg atoms decreases. This indicates that
the Fe-S5i covalent bond strength is weakened and the magnetic moment of Fe atom is
enhanced. When the amount of Co doping is small, the increase of the magnetic moment
of Fe atom will lead to the increase of the total magnetic moment of the ferromagnetic alloy,
and the magnetic moment change during the magnetic phase transition will be greater,
which will increase the magnetic entropy change of alloys.
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Figure 12. The ELF contour maps of (a) MnysFe;4PgSij¢-FM on the Fe-Si layer, (b) MnysFepsPgSiq6-
AFM on the Fe-Si layer, (c¢) MnysFey4PgSijsMg-FM on the Fe—Si layer, (d) MnysFey4PgSijsMg-AFM
on the Fe-Si layer, (e) Mny3CoFe4PgSijsMg-FM on the Fe-Si layer, (f) Mny3CoFepsPgSijsMg-AFM
on the Fe-Si layer.

4. Conclusions

Mg-Co co-doping effectively tunes the crystal structure and magnetocaloric properties
of (Mn,Fe)z(P,Si) alloys. Mn1,03C00_02Fe0,9P0.5SiO,48Mg0,02 alloy achieves a high Rceff of
425.47-kg~! and a broad ATgrs of 52 K. These large magnetocaloric effect might stem from
strong magnetostructural coupling in the Fe-5i layer, which can be modulated by co-doping
through electronic and structural modifications. This work demonstrates a viable strategy
for designing high-performance magnetocaloric materials for wide-temperature-range
magnetic refrigeration.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390 /magnetochemistry12020017/s1, Figure S1: Rietveld refinement
patterns of Mny g5 ,CoyFeg.oPo 55i0.4sMgo.02 (v = 0, 0.01, 0.02, 0.03) alloys.
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Abbreviations

The following abbreviations are used in this manuscript:

PM Paramagnetic phase

M Ferromagnetic phase

AFM Antiferromagnetic

EDS Energy Dispersive Spectrometer

T+-H Phase transition temperature calculated from DSC date of heating process
T-C Phase transition temperature calculated from DSC date of cooling process
ATpys  Thermal hysteresis calculated respectively from M-T plots

AThys*  Thermal hysteresis calculated respectively from DSC date

L Latent heat

Tc Curie temperature
M Magnetization

H Magnetic field

ASym Magnetic entropy change

RC Refrigeration capacity

RCo¢ Effective refrigeration capacity

HLay Magnetic hysteresis loss

ATgrs  Effective working temperature span
TEC Temperature averaged Entropy Change

ELF Electron Localized Function
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