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We studied the influence of Al doping on the crystal structure and magnetocaloric properties of
Mn;, oFeq gP1_xGeAl, compounds prepared by spark plasma sintering, with x =0.24, 0.25, 0.26 and y =0,
0.004, 0.008, 0.010 or 0.12. These compounds have the same Fe,P-type structure (space group P62m)
as the undoped system, and we found that the addition of Al had significant effects on the hexagonal unit
cell of the compound and its physical properties. As y increased, the lattice parameter a and cell volume
increased, the lattice parameter ¢ decreased, the thermal hysteresis (ATyys) decreased, and the Curie tem-
perature (T.) became significantly higher than at y = 0. The variations of Tc and ATy correlated almost
linearly with variation in the c/a ratio, indicating that T, can be increased with Al doping. In addition,
Al doping did not have any adverse effects on other magnetocaloric properties, such as the entropy
change, adiabatic temperature change, and the temperature range of the coexistence of the paramagnetic
and ferromagnetic phases. We also found that the magnetocaloric properties of Mn;FeqsPi_xGeAl,
compounds could be improved by homogenous annealing. The particular composition Mn; >FeqgPo 74
Geg26Alo 010 exhibited a T. close to room temperature (292.2 K) with a hysteresis of ATy 2.1 K, making
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it a very promising material for magnetic refrigeration around room temperature.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Magnetic refrigeration based on the magnetocaloric effect
(MCE) offers a potentially energy saving and environmentally
friendly way to replace vapor-compression refrigeration [1,2].
Many new materials with giant MCEs near room temperature have
been investigated, e.g. Gds(Si\Gej_x)s, La(Fej_,Six);3, and
MnFe(P;_,My) with M = As, Si, or Ge [2-7]. Of these, MnFePGe is
one of the most promising candidates for practical applications
because it has competitive advantages such as low fabrication
costs and environmental benefits. However, to be viable as a
practical magnetorefrigerant material, it needs to have a very large
MCE under modest applied fields (<2 T), a small hysteresis and
magnetostriction, as well as a continuously adjustable T. near
room temperature.

* Corresponding author at: Institute of Microstructure and Property of Advanced
Materials, Beijing University of Technology, Beijing 100124, China.
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For the MnFePGe system, Trung et al. reported that T, can be
tuned by adjusting the P/Ge ratio or the Mn/Fe ratio [8]. In par-
ticular, T, increases with decreasing Mn content, but the hysteresis
also increases; whereas T. increases approximately linearly with
increasing Ge concentration but causes a decrease in the entropy
change when x = 0.25. Leitdo et al. reported that the T, of the Fe
rich side of the (Mn,Fe),(P,Ge) system is easy to tune by a careful
manipulation of the Fe and Ge content, but the ferro-paramagnetic
transition sharpness decreases and the entropy changes for modest
fields (under 2 T) becomes very low [9]. Morrison et al. reported
that a partial substitution of Al on the Si site of La(FepggSio.12)13
can broaden the magnetic transition, but it also causes a decrease
in the entropy change, which is an undesirable effect [10]. Wang
et al. found that partial substitution of Al for Ga in Ga;_xAl,CMn3
compounds has the same effect [11]. Guetari et al. found that the
T, of PryFeq7_,Al, compounds can be shifted to room temperature
through compositional engineering [12]. The effect of Al doping
on the crystal structure and magnetocaloric behavior of MnFePGe
compounds has not been reported so far. In the present study,
numbers of Al-doped compounds were prepared. The effect of Al
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doping on the crystal structure, magnetic properties, and
magnetocaloric behavior of Mn; ;FeqsP;_xGe,Al, compounds was
investigated.

2. Experimental procedure

Mn, ;Feq sPy_xGe,Al, compounds with x = 0.24, 0.25, 0.26 and y = 0.004, 0.008,
0.010, and 0.12 were prepared by mechanical alloying followed by spark plasma
sintering (SPS). Mn (>99.99 wt.%), Fe (>99.99 wt.%), Al (>99.99 wt.%) and red-P
(>99.99 wt.%) powders and Ge (>99.9999 wt.%) chips were mixed and ball milled
for 1.5 h under an Ar atmosphere in a high energy Pulverisette 4 mill. The as-milled
powders were then collected into a carbon mold and fast sintered into a 20 mm dia-
meter cylindrical sample at 1173 K under 30 MPa using the spark plasma sintering
technique. Homogenizing annealing of the sintered samples was performed at
1203 K for 72 h. The density of the sample was examined by the Archimedes
method. The crystal structures and phase purity of the as-milled powders and the
sintered samples were examined using X-ray diffraction (XRD) with Cu Ko radia-
tion, and the data were analyzed by the Rietveld method. SEM (FEI Quanta 200)
was used to investigate the microstructure of the compounds. Magnetic measure-
ments were performed in a Quantum Design-VersaLab over the temperature range
from 200 to 350 K at interval of 5 K with a maximum magnetic field of 3 T, recorded
during field increase and temperature decrease. Calorimetric measurements were
carried out in a NETZSCH Instrument DSC 204F by warming and cooling at 5 K/
min. The temperature and the enthalpy were calibrated using Indium as a standard.
The direct measurement of the adiabatic temperature change was carried out using
equipment at the Baotou Research Institute of Rare Earths [13,14].

3. Results and discussion

Fig. 1 shows the XRD patterns of (a) the as-milled powders and
(b) the SPS sintered bulk materials, of Mn; 5Feq gPo74Geg26Al,. The
hexagonal Fe,P-type crystal structure, space group P62m, exists in
all the samples with or without Al doping, indicating that the Fe,P
phase formation is not affected by the Al doping. The diffraction
peaks of the as-milled powders broadened, indicating that the sizes
of the crystallites are very small, but the diffraction peaks of the
bulks are sharp and resolution-limited, demonstrating that the
crystallites enlarged during the sintering. Very little FesMn,Geg
or MnO impurity phases were found in the bulk samples.

The XRD measurements for the structural analysis were carried
out at 323 K, a temperature at which all of the samples were in the
paramagnetic phase (PM). The refined crystallographic data for the
bulk Mn; ;Feq gP;_,GexAl, are given in Table 1. Fig. 2 shows the lat-
tice parameters, the c/a and the unit-cell volume as a function of Al
content. The lattice parameter a increased and the lattice para-
meter ¢ decreased with increasing Al content, leading to a decrease
in the c/a ratio. However, the unit cell volume increased with
increasing Al content, demonstrating that the Al had indeed
entered the main Fe,P phase of interest. We noticed that the sam-
ples with Al contained fewer impurity phases than the undoped
materials.

Fig. 3 shows the backscattered electron SEM images of
Mn1.2F60V3P0_74G60_25 and Mn1.2FEO.3P0V74GCOV25A10_010. A Comparison
of the two images shows that overall more pores are present in the
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sample without Al doping (Fig. 3a), especially inside the grains.
This is reflected by a difference in the density of the two samples.
Specifically, the sample with Al doping had a greater density
(6.7292 g/cm?) than that in the Al-free sample (6.7044 g/cm®).
Micro-cracks were found in the Al doped sample, but they did
not harm the magnetocaloric properties.

Typically MCEs are calculated with the Maxwell relations using
magnetization isotherms. But spike-like entropy change curves
may come out in the vicinity of the Curie temperature T. when
first-order transitions are present and two phases coexist in the
transition process. The equation for calculating AS should be mod-
ified in such cases [15,16]. In the present alloy system, the strongly
first order transition occurs from a paramagnetic (PM) to a ferro-
magnetic (FM) phase and can be induced either by temperature
or by an applied magnetic field. The two phases coexist during
the transition process. Our investigation revealed that the two pro-
cesses exhibit identical evolutions regarding the crystal and mag-
netic structures, indicating that the entropy changes can be
compared [17]. In this study calorimetric measurements with dif-
ferential scanning calorimetry (DSC) were used to directly measure
the latent heat and the entropy change during the temperature
induced phase transformation. DSC is also a reliable way to mea-
sure the T, and thermal hysteresis (ATyys) associated with the tran-
sition. The DSC measurements for these compounds were found to
be almost the same whether we used rates of 1 K/min or 5 K/min
[17], so we used the more conservative 5 K/min rate in this paper.
Fig. 4(a) shows the warming and cooling curves of the bulk
Mn; oFeq gPo.74Geg26Al, compounds. For each sample, the
endothermic peak in the warming curve and the exothermic peak
in the cooling curve indicate the respective temperature of the fer-
romagnetic (FM)-paramagnetic (PM) phase transitions, i.e. the
Curie temperatures of the transitions. The temperature difference
between the two peaks is ATyys. Fig. 4(b) shows the temperature
dependence of the phases transformation entropy Spsc for the com-
pounds. These results were derived from Fig. 4(a) by applying an
integral calculation process to each DSC warming and cooling
curve.

The interval (AT.ex) between the starting and ending tem-
peratures of the transition indicates the range (marked in
Fig. 4(b)) over which the two phases coexisted. AT.qex is related
to the strength of the external magnetic field required to complete
the FM-PM transitions [18] and is used to calculate the phases
transformation entropy change —ASpsc. A smaller ATcpex iS desir-
able for practical applications. The magnetocaloric properties
derived from the DSC measurements are provided in Table 1.

Fig. 5 shows the variations in T, AThys, ATcoex, and —ASpsc as a
function of the Al content for the Mn;,FeogPo74Geg26Al, (¥ =0,
0.004, 0.008, 0.010, 0.012) compounds. By comparing the data for
Mn1'2Feo'gP0'74Geo'26Aly in Flg 5 and Table 1, we found that
y=0.010 appears to be the optimal concentration for Al doping.
With an increase in Al content from O to 0.010, the entropy Spsc
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Fig. 1. XRD patterns of (a) the as-milled powders at room-temperature and (b) the sintered bulks of Mn; ;Feg gPo 74Geo26Al, at 323 K.
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Table 1

0, 0.004, 0.008, 0.010, 0.012) compounds as a function of Al content.

0.24, 0.25, 0.26; y

—ASpsc (J/kg K)

215

Magnetocaloric properties and crystallographic data of bulk Mn; xFeg gP1_xGexAly, (x

V(A%

a(A) c (A) (cla)

—+ASpsc (J/kg K)

25.4

Impurity phase (%)

2.7
1.2

PMP (%)
13.0

ATCOQX ( K)

ATpys (K)

2.9
2.7

Tc (K)
2774
287.2
288.6
292.2

Sample

111.5858(6)
111.7650(14)
111.7555(11)
111.8190(5)
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Fig. 2. Variation in the lattice parameters a and c, the c/a, and the unit-cell volume
as a function of the Al content for the PM phase at 323 K.

curves shift to higher temperatures, but their values are almost
unchanged; T. increased 14.8 K from 277.4K to 292.2 K, while
the thermal hysteresis ATy, decreased from 2.9 to 2.1 K. However,
with a further increase to 0.012, the magnetocaloric properties of
the compound deteriorated seriously. —ASpsc decreased from
21.2]/kgK to 14.4 J/kg K, ATceex increased from 9.5K to 18.8 K,
ATyys increased from 2.1K to 3.5K, and T. increased by 2.2 K.
Based on these results, we used 0.010 for the Al doping of
Mn; ;Feq gP1_xGey (x = 0.25, 0.24) compounds.

Like Fig. 4(b), Fig. 6 shows the temperature dependence of the
phases transformation entropy for the Mn;,FeqgP;_GeAly,
(x=0.25,0.24; y = 0 and 0.010) compounds. All the magnetocaloric
properties are also given in Table 1. For Mn;yFeqgPg 75Geg25Aly,
(y=0, 0.010), —ASpsc increased from 21.9]/kgK to 23.1]/kgK,
ATyys decreased from 3.7 K to 3.4 K, but T increased 5.9 K from
276.5K to 282.4K. For MH1'2Feg.3P0V7GGeQ.24A1y (y =0, 0010),
—ASpsc was almost the same, ATy decreased from 5.4K to
49K, T, increased 10.3 K from 260.8 K to 271.1 K.

Our previous study confirmed that the entropy change is direct-
ly related to the FM phase fraction [19], as expected; i.e. a higher
FM phase fraction corresponds to a larger entropy change. Because
each sample has a different FM phase fraction, a fair comparison of
the entropy change —ASpsc has to take this into account. For this
reason, a normalized value of the entropy change, —+ASpsc, was
introduced. In this work, we used the temperature dependent
XRD measurement to obtain the FM phase fraction during the
FM-PM transition and also calculated the amount of the impurity
phase percentage (if any). —xASpsc can then be normalized from
—ASpsc using the following formula:

—ASpsc

— % ASpsc = (1 — PMP%)(1 — Impurity Phase%)

Fig. 7 presents the temperature dependence of the content of
the paramagnetic phase percentage calculated from X-ray diffrac-
tion for the (a) Mnj,FeqgPo75GegasAl, (y=0, 0.010) and (b)
Mn; ;Feq gPo76Geo24Al, (y=0, 0.010) compounds. The relevant
data are given in Table 1. Note that the PM volume fractions in
Mn oFeg gPo75Gep.25 and Mnj FeqgPo75Geg2s5Al0.010 at the begin-
ning of the transition were 20.3% and 14.1%, respectively. This
means that 6.2% more FM phase was transformed to the PM phase
in Mn >Feq gPg75Geg25Alp010 compared with its undoped counter-
part Mn; ;Feq gPg 75Geg2s. Because of this increase in the FM phase,
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Fig. 3. The BSE images of (a) Mn; >Feq gPg74Geg2s and (b) Mn; 2FeqsPo74Geg 26Al0.010-
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Fig. 4. The warming and cooling curves (a) and the temperature dependence of the PM-FM phases transformation entropy Spsc (b) of the bulk Mn; >Feg gPo.74Geo 26Aly (¥ = 0,
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205 . . . . . —
__ 290} .
< ° e
L2 285} .
280+ .
e .. . .
20— : : . : . 3
_15¢ _
é A-I—COSX(l'() ’,’
10+ e o E
< *~— ®
5r AThys(K) 1
[ = —y N
= ® T . . ry . .
%) 24r Normalized oo
- =
3 20 L | % |
0 Observed i
%] \
Uf)ﬂ &
16} N
< n
0.000 0.002 0.004 0.006 0.008 0.010 0.012
y(Al)

Fig. 5. T, ATpys, ATcoex and —ASpsc as a function of Al content for the Mn; ;Feqs-
Po.74Geg 26Al, (¥ = 0, 0.004, 0.008, 0.010, 0.012) compounds.

—ASpsc increased by about 5.5% from 21.9 J/kg K to 23.1 J/kg K, but
the values for the normalized —*ASpsc were even closer, i.e. 27.9 ]/
kg K and 27.1 J/kg K.

The structural refinement results showed that, as the Al content
increased, the shape of the unit cell changed and the volume
increased, with the smaller c/a ratio resulting in a higher T, for
the compounds, in agreement with previous reports in [8]. In order
to demonstrate the effect of variations in c/a on the magnetocaloric
properties, the variation in T, (left axis) and ATy (right axis) as a
function of the variation in c/a with the doping of 0.010 Al in
Mn; 5Feq gP1_xGexAl, is shown in Fig. 8. As can be seen from the fig-
ure, the amount of variation in T. and ATy, corresponded almost
linearly with the variation in c/q, i.e. the greater the variation in
the c/a ratio, the greater the variation in T. and ATyys.

For Mnq >Feq gP;_xGey (x = 0.24, 0.25, 0.26), Ge acted the same as
Al in terms of its effect on the lattice parameters a, ¢ and unit-cell
volume. Fig. 9 displays the variations in c/a, T., and unit-cell vol-
ume (V) as a function of Ge content for the Mn; ;FeqsP1_xGexAl,
compounds. This figure shows that, as the c/a ratio decreased with
an increase in Ge, the unit cell volume and T, increased with or
without Al doping. Furthermore, Fig. 10 shows the variations in
unit-cell volume (V) and T, as a function of c/a for the Mn; ;Feq -
P,_.Ge,Al, compounds. Compounds with or without Al doping
exhibited the same correlations between c/a, unit-cell volume
and T..

By studying the magnetic exchange interactions in B-, Si-, and
As-doped Fe,P using first-principles theory, Delczeg-Czirjak et al.
suggested that doping the P sublattice with elements with fewer
valence electrons induces a c/a-ratio decrease which manifests in
a T. increase [20]. Based on our results, we suggest that the Al
atoms doped in the Mn, ;FeqgP;_ Ge,Al, compounds occupy the
Ge/P sites in this structure.

In this study, we employed VSM to measure the magnetic prop-
erties of the compounds. Isothermal magnetization curves of
Mn; FeqsPo74Geo26 and Mny ;FeqsPo74Geg26Aloo0s Were mea-
sured in magnetic fields up to 3 T and the results are presented
in Fig. 11. The magnetic entropy changes, —AS,,, then can be
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obtained using the Maxwell relation. Fig. 12 shows the —AS,, of
Mn; oFeosP1_Ge Al (a) (x=0.26, y=0, 0.008); (b) (x=0.24,
y=0, 0.010) compounds as the field changes stepwise from 1 to
3 T. We observed that the magnetic entropy change was essentially
unaltered with varying Al content. Both VSM and DSC results show
that Al doping did not decrease the entropy change of the MnFePGe
compound. Fig. 12(b) also shows that the —AS,,, of Mn; >Feq gPg 76-
Geg24Aly, was close to the saturated value for ~2 T near T, a finding
which indicates that the critical field for the transition is
approximately 2 T.

The entropy changes derived from DSC and VSM are related to
the FM-PM transitions induced by temperature and magnetic field,
respectively. Our previous work showed that, in the MnFePGe sys-
tem, the crystal and magnetic structures of the FM phases induced
by temperature and magnetic field are almost identical; hence, the
entropy changes measured from these two methods should be
comparable [17]. This was largely true in the present work. For

y(Al)=0

0.25 0.26

x(Ge)

0.24

Fig. 9. Variation in c/a, T, and unit-cell volume (V) as a function of Ge content for
the Mn, ;Feo sP;_.Ge,Al, compounds (x = 0.24, 0.25, 0.26 and y =0, 0.010).

example, for Mn; >Feq gPo76Geg.24Alg 010 —ASm was 22.8 J/kg K and
—ASpsc was 21.5]J/kg K.

The adiabatic temperature change, AT.q is another important
property for a magnetorefrigerant material, and Fig. 13 shows
the direct measurement of AT,q for Mn; 2Feq gPo 76Geg24Aly, (¥ =0,
00]0) and Mn1_2Fe0,3P0,75Ge0,25Aly (y =0, 0010) The peak of AT.q
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Fig. 10. Variation in unit-cell volume (V) and T. as a function of c/a for the
Mn; ;Feq sP;_xGeyAl, compounds (x = 0.24, 0.25, 0.26 and y = 0, 0.004, 0.008, 0.010,
0.012).

shifted to higher temperature (higher T.) with Al doping, but its
value remained at ~2.6 K, indicating that Al doping does not affect
ATaq.

In our previous study the PM to FM phase transition in the as-
sintered sample was incomplete, and the origin of the untrans-
formed PM phase was at least partially due to the small crystallite
sizes in the sample. Proper annealing treatments can increase the
crystallite size and improve the compositional homogeneity. Here
the Al doped compounds were annealed and their magnetocaloric
properties were analyzed. Fig. 14 shows the temperature depen-
dence of the entropy of Mn,FeqgPo76Gep24Alp010 as-sintered
and after annealing at 1203 K for 72 h. After annealing, the T.
and ATy were unchanged, but the temperature range of the
two-phase coexistence (AT..ex) decreased from 6.2K to 4.5K, a
significant improvement of ~27%. At the same time, the entropy
change (—ASpsc) of MnyFeqsPo76Gep24Alp010 increased from
21.5]/kg K to 23.0J/kg K, an improvement of ~7%.
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Fig. 13. Temperature dependency of the adiabatic temperature change of
Mn; Feq gP1_xGeyAl, compounds (x =0.24, 0.25; y =0, 0.010) in a 1.5 T field.
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Fig. 15. (a) Temperature dependence of the magnetic entropy change of Mn; »FeqgPo76Geo24Al0010 compounds in the as-sintered and annealed samples measured in a
magnetic field of 0, 1, 2 and 3 T; (b) temperature dependency of the adiabatic temperature change of Mn; ;Feq gPo76Ge024Al0.010 With a field change of 1.5 T.

Fig. 15(a) shows the magnetic entropy change of
Mn >Feq gPo76Geg.24Alp 010 for the as-sintered and after annealing,
measured using the VSM method. The temperature dependence
of the adiabatic temperature change is presented in Fig. 15(b),
which shows that the magnetic entropy change in the annealed
Mn; >Feq gPo76Gep.24Alp 010 Was higher than that in the as-sintered
sample. This finding agrees with the DSC result reported
in Fig. 14. It also shows that the —AS, of the annealed
Mn >Feq gPo76Gep.24Alp 010 Was almost fully saturated under 2 T
near T, but the as-sintered sample was much less so. AT,q was
about 2.7 K (0-1.5 T) regardless of the heat treatment, as indicated
in Fig. 15 (b).

4. Conclusions

Bulk Mn; ;FeqgP;_xGe,Al, compounds were prepared through
ball milling followed by the SPS method. The effect of Al doping on
the crystal structure and magnetocaloric properties were investigat-
ed, with the structural analysis suggesting that the Al atoms doped
in Mn, yFeq gP;_xGesAl, compounds occupy the Ge/P sites in the
structure. We found that with Al concentrations up to 0.010, c/a
decreased, but T. was higher, and ATy, narrowed. The amount of
variation in Tc and ATy, corresponds almost linearly with variations
in c/a. Other magnetocaloric properties, including the entropy
change, temperature range of the two-phase coexistence, and
adiabatic temperature change, were almost unchanged. This is very
important for the practical applications of this system. These results
indicate that the Curie temperature of these materials can be
increased, with no adverse effect on other magnetocaloric proper-
ties. Furthermore, appropriate annealing improves the concomitant
magnetocaloric properties of the Mn; ;Feq sP1_xGexAl, system.
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