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a b s t r a c t   

Bulk polycrystalline samples of hexagonal Fe2P-type Al-added Mn1.15Fe0.85P0.55Si0.45 were prepared via a 
solid-state reaction under controlled heat treatment, and their magnetocaloric properties, including mag-
netization and entropy change, were investigated. Notably, the Curie temperature, which is directly related 
to the operating temperature of magnetocaloric materials, could be systematically tuned through Al sub-
stitution at Si sites owing to the lattice engineering effect. We found an inverse relationship between the 
Curie temperature and the ratio of the c-axis lattice constant to a-axis lattice constant, which enables the 
design of magnetocaloric materials for high-performance magnetic cooling systems. 

© 2021 Elsevier B.V. All rights reserved.    

1. Introduction 

The existing cooling method based on vapor compression has 
certain disadvantages, such as low efficiency, a large volume, and the 
emission of environmentally harmful gases. In contrast, magnetic 
refrigeration based on the magnetocaloric effect not only provides 
high cooling efficiency but also offers several advantages, such as 
high stability, low noise, and eco-friendliness [1–5]. Thus, magnetic 
refrigeration is emerging as an alternative technology that can re-
place vapor-compression refrigeration. The magnetic refrigeration 
technology relies on the magnetocaloric effect, a phenomenon 
whereby the temperature of a material is changed by modulating the 
magnitude of an external magnetic field. Magnetic cooling is used in 
temperature-control systems, especially for low temperature ranges; 
however, cost-effective, high-performance magnetocaloric materials 
are required for wider application of magnetic cooling. 

Gd-, La-, Fe2P-, and MnNi-based materials have been studied 
extensively owing to their excellent magnetocaloric properties near 
room temperature [6–8]. Among them, Gd-based alloys offer many 

advantages, such as a wide driving range and low hysteresis; how-
ever, they require a high magnetic field for the operation of the 
cooling system, which is a critical problem alongside the elevated 
material cost of Gd, a rare-earth element [9–12]. Hitherto, Fe2P-type 
MnFeP-based compounds have been considered as promising can-
didates owing to their low material cost, non-toxicity, and large 
magnetocaloric effect [13–21]. However, certain challenges, such as 
controlling the magnetic transition temperature arising from the 
intrinsic first-order magnetic transition [22–27] and enhancing the 
magnetic cooling performance, remain to be overcome. 

Lattice engineering via compositional tuning is a simple and 
highly reproducible approach for inducing a change in the magnetic 
properties of a magnetic material, because the electronic and spin 
structures are largely dependent on the crystal structure. For ex-
ample, in the case of the MnFeP-based system [28,29], the magnetic 
transition temperature can be tuned by doping another element at 
the P site owing to the lattice distortion caused by an external 
magnetic field. Herein, we present experimental findings regarding 
the tunable magnetic properties of Mn1.15Fe0.85P0.55Si0.45 achieved 
via lattice engineering through Al substitution at the Si site. The 
Curie temperature (TC) of this material could be systematically tuned 
by controlling the ratio of the c-axis lattice constant (c) to the a-axis 
lattice constant (a), i.e., the c/a ratio. 
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2. Experimental section 

Ingots of Mn1.15Fe0.85P0.55Si0.45−xAlx (0 ≤ x ≤ 0.025) were prepared 
through an arc melting process using a mixture of the precursors 
(high purity (>99.9%) Mn, Fe, FeP, Si, and Al) in an Ar atmosphere. 
Powder precursors (<53 µm) of the ingots were obtained via ball 
milling and sieving, and the cold-pressed disc-type samples were 
then loaded into a vacuum-sealed quartz tube (~10−3 Torr) to prevent 
oxidation. Finally, bulk samples were obtained through sintering at 
temperatures of 1323–1423 K for 50 h. 

To investigate the phase formation behavior of the sintered 
Mn1.15Fe0.85P0.55Si0.45-xAlx ingots, we performed X-ray diffraction 
(XRD, Ultima IV, Rigaku Corp., Japan) with Cu-Kα1 radiation 
(λ = 1.54059 Å). The dependences of the DC magnetization (M) on 
the temperature (T) and magnetic field (H) were evaluated with a 
vibrating sample magnetometer in the range of T = 200–400 K and 
H = −1 to 1 T, using a physical property measurement system 
(Quantum Design, Inc., USA). 

3. Results and discussion 

First, we optimized the heat-treatment condition to obtain 
single-phase materials because of the compositional complexity of 
the MnFeP-based compounds [18,19]. Fig. 1 shows the XRD patterns 
of the sintered pristine Mn1.15Fe0.85P0.55Si0.45 samples. The XRD 
peaks could be matched well with those of Fe2P or Mn2P with a 
hexagonal structure (space group, P-62m). However, peaks of sec-
ondary phases were also clearly observed for all the samples, except 
for the sample sintered at 1373 K. This indicates that the heat- 
treatment window for generating a single phase is very narrow. It 
was confirmed that a small amount of Fe2MnSi was formed in the 

samples heat-treated at 1323, 1385, and 1398 K, whereas both 
Fe2MnSi and Mn3Fe2Si3 were produced in the sample heat-treated at 
1423 K. Thus, the heat-treatment temperature for Al-added 
Mn1.15Fe0.85P0.55Si0.45 was set at 1373 K. 

To investigate the magnetic properties of pristine 
Mn1.15Fe0.85P0.55Si0.45 sintered at 1373 K, the temperature-dependent 
magnetization (M) was assessed at H = 1 T upon warming after zero- 
field cooling (ZFC) under the same field. Using the recorded heating 
curve, the characteristic of the first-order magnetic transition was 
confirmed, as shown in Fig. 2(a), and TC was observed to be ~284 K. 
In general, the TC of (Mn,Fe)2(P,Si)-based compounds can be con-
trolled by varying the P/Si ratio or Mn/Fe ratio [14,30]. We differ-
entiated the M–T curve with respect to temperature and calculated 
the entropy change based on the fundamental thermodynamic re-
lationship given in Eq. (1): 

S T H
F T H

T
( , )

( , )= (1) 

where S(T,H) is the entropy function, and F is the Helmholtz free 
energy. As shown in Fig. 2(b), the maximum entropy change (−∆SM), 
i.e., 14.57 J kg−1 K−1, occurred at T = 279 K. 

The curves for the initial isothermal magnetization (Miso) of 
Mn1.15Fe0.85P0.55Si0.45 were also obtained in the temperature range 
of 200–280 K (in steps of 10 K between 200 and 260 K and in steps 
of 4 K between 260 and 280 K) (Fig. 3(a)). As the temperature in-
creased, the maximum magnetization at H = 1 T gradually decreased, 
and the magnetization subsequently tended to decrease rapidly near 
the magnetic transition temperature. In particular, the shape of the 
initial M–H curve changed rapidly because the ferromagnetic or-
dering disappeared due to the change in the magnetic structure with 
increasing temperature. Fig. 3(b) presents the change in the mag-
netic entropy calculated using the initial M–H curve, based on the 
Maxwell relation (Eq. (2)): 

S T H
M T H

T
dH( , )

( , )
M o

H

0

fµ= (2) 

where oµ is the magnetic permeability in vacuum, Hf is the end 
point of H for the integral (Hf = 1 T), and M T H

T
( , ) is the T gradient of M. 

The approximate M T H
T

( , ) value was calculated from the slope of two 
adjacent data points. A − ∆SM value of 14.4 J kg−1 K−1 was obtained at 
T = 268 K. A difference of ~11 K was observed between the peak 
temperature values corresponding to the M–T and M–H curves. This 
is attributed to the difference in the measurement method; the M–T 
curve was obtained under a varying temperature change, while the 
M–H curve was obtained under a static temperature. In addition, it 
was confirmed that the magnetic entropy change values calculated 
from the M–H and M–T curves did not differ significantly. 

Fig. 4(a) shows the temperature-dependent magnetization of the 
Mn1.15Fe0.85P0.55Si0.45−xAlx (x = 0.005–0.025) alloys under an external 
magnetic field of H = 1 T. After the first-order transition, the net 
magnetization of all the samples converged to almost zero at high 
temperatures. However, the Al-added samples exhibited lower sa-
turation magnetization values than the pristine Mn1.15Fe0.85P0.55Si0.45 

sample did. This is related to the change in the magnetic structure 
owing to the substitution of Al at the Si sites in the lattice. Fig. 4(b) 
shows the magnetic entropy change calculated using the M–T curve 
based on the fundamental thermodynamic relationship. The entropy 
change values of Al-added samples were smaller than that of the 
pristine Mn1.15Fe0.85P0.55Si0.45 sample; this was because of the for-
mation of the secondary phase of Mn3Fe2Si3 owing to the solubility 
limit of Al at the Si site, as shown in Fig. 5(a) [15]. It was also con-
firmed by SEM(scanning electron microscopy)-EDS(energy dispersive 
spectroscopy) that Al was substituted (Figs. S3 and S4). As shown in  
Fig. S4, it was verified that Al was evenly distributed suggesting 
substitution at Si-site. However, the variation in TC observed in Fig. 4 Fig. 1. XRD patterns of the bulk polycrystalline samples of Mn1.15Fe0.85P0.55Si0.45.  
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is an unusual feature, despite the formation of a secondary phase. To 
elucidate this, we calculated TC according to the Al content; and the 
values are plotted in Fig. 5(b). TC increases with the Al content and 
reaches a maximum value of 317 K for Mn1.15Fe0.85P0.55Si0.44Al0.01; 
thereafter, it decreases with a further increase in the Al content. This 
result is considered to be related to the structural change due to Al 
substitution at the Si site in the lattice. Therefore, we calculated the 

lattice constant a and c via Rietveld refinement of the XRD patterns; 
the extracted parameters are shown in Fig. 5(c). From the relation-
ships between TC and several structural parameters, we found an 
inverse dependence of TC on c/a, which suggests that TC can be en-
gineered using a simple compositional tuning approach based on Al 
substitution. Chemical pressure is known to be one of the causes of 
changes in TC [31,32]. Thus, the increased TC could be attributed to the 

Fig. 2. (a) Magnetization as a function of temperature for Mn1.15Fe0.85P0.55Si0.45 under an external magnetic field, H = 1 T. (b) Entropy change of Mn1.15Fe0.85P0.55Si0.45 for a 
magnetic field change of ∆H = 1 T, calculated using the fundamental thermodynamic relation. 

Fig. 3. (a) Initial isothermal magnetization curves for Mn1.15Fe0.85P0.55Si0.45. (b) Entropy change of Mn1.15Fe0.85P0.55Si0.45 for a magnetic field change of ∆H = 1 T, calculated using 
the Maxwell relation. 

Fig. 4. (a) Magnetization as a function of temperature for Mn1.15Fe0.85P0.55Si0.45−xAlx (x = 0–0.025) under an external magnetic field, H = 1 T. (b) Entropy change of 
Mn1.15Fe0.85P0.55Si0.45−xAlx (x = 0–0.025) for a magnetic field change of ∆H = 1 T, calculated using the fundamental thermodynamic relation. 
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decrease in c/a with the substitution of Al (atomic radius = 184 pm) at 
the Si (atomic radius = 210 pm) sites. 

For the Mn1.15Fe0.85P0.55Si0.45Al0.005 alloy, we evaluated the 
magnetic-field dependence of magnetization (M) by varying the 
magnetic field up to H = 1 T near TC at temperature intervals of 2 K 
(Fig. 6(a)). The saturation magnetization at H = 1 T decreased com-
pared with that of the pristine compound and was diminished due to 
thermal fluctuations with increasing temperature. Subsequently, a 
ferromagnetic to paramagnetic phase transition occurred near the 
critical temperature, resulting in a sharp decrease in magnetization.  
Fig. 6(b) presents the magnetic entropy change calculated from the 
isothermal magnetization results using the Maxwell relation. The 
−∆SM value of the Al-added sample (~10.12 kg−1 K−1) was lower than 

that of the pristine compound (−∆SM ~ 14.4 J kg−1 K−1), mainly due to 
the formation of the secondary phase; moreover, the peak tem-
perature shifted to a high value. These results suggest that the per-
formance of magnetic cooling systems can be improved while 
maintaining a high entropy change if lattice-controlled materials are 
implemented. 

4. Conclusions 

We investigated the magnetocaloric properties of bulk samples 
of hexagonal Fe2P-type Mn1.15Fe0.85P0.55Si0.45 and Al-added com-
pounds. A single-phase pristine sample was successfully obtained 
via melt solidification and subsequent pressure-less sintering at a 

Fig. 5. (a) XRD patterns of the bulk polycrystalline samples of Mn1.15Fe0.85P0.55Si0.45−xAlx (x = 0–0.025). (b) Curie temperature and the lattice constant ratio (c/a) according to the Al 
content in Mn1.15Fe0.85P0.55Si0.45−xAlx (x = 0–0.025). (c) Lattice parameters of polycrystalline Mn1.15Fe0.85P0.55Si0.45−xAlx (x = 0–0.025) at room temperature; it crystallized with a 
hexagonal P-62m structure. 

Fig. 6. (a) Initial isothermal magnetization curves of Mn1.15Fe0.85P0.55Si0.445Al005. (b) Entropy change of Mn1.15Fe0.85P0.55Si0.445Al005 for a magnetic field change of ∆H = 1 T, 
calculated using the Maxwell relation. 
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controlled temperature; however, a small amount of the secondary 
phase of Mn3Fe2Si3 was formed in the Al-added compounds owing 
to the low solubility limit of Al at the Si site. The pristine sample 
exhibited a maximum entropy change of 14.57 J kg−1 K−1 at T = 279 K 
and a Curie temperature of ~284 K. Although the maximum entropy 
change decreased after Al addition, the ratio of the c-axis lattice 
constant to the a-axis lattice constant, i.e., c/a, was found to be an 
important material parameter that controls the Curie temperature. 
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