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Phase transitions and magnetocaloric effects in intermetallic
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Since the discovery of giant magnetocaloric effect in MnFeP;_,As, compounds, much valuable work has been per-
formed to develop and improve Fe,P-type transition-metal-based magnetic refrigerants. In this article, the recent progress
of our studies on fundamental aspects of theoretical considerations and experimental techniques, effects of atomic substitu-
tion on the magnetism and magnetocalorics of Fe,;P-type intermetallic compounds MnFeX (X=P, As, Ge, Si) is reviewed.
Substituting Si (or Ge) for As leads to an As-free new magnetic material MnFeP;_,Si(Ge),. These new materials show
large magnetocaloric effects resembling MnFe(P, As) near room temperature. Some new physical phenomena, such as huge
thermal hysteresis and ‘virgin’ effect, were found in new materials. On the basis of Landau theory, a theoretical model was
developed for studying the mechanism of phase transition in these materials. Our studies reveal that MnFe(P, Si) compound
is a very promising material for room-temperature magnetic refrigeration and thermo-magnetic power generation.
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1. Introduction

Magnetic refrigeration as an emerging green technol-
ogy challenges conventional refrigeration. Recently, research
on magnetic refrigeration at room temperature has achieved
much, both in developing new magnetic refrigerant materials
and new prototype machines.|'~7! Magnetic refrigeration relies
upon the magnetocaloric effect (MCE) in some magnetic ma-
terials. Therefore, materials with giant MCE are essential for
developing room-temperature magnetic refrigeration.

Generally, the heavy rare-earth elements and their com-
pounds with high magnetic moments are considered to be the
best candidate materials for providing large MCE near room
temperature. Gadolinium and its alloys are the best read-
ily available materials for magnetic refrigeration near room
temperature. Gadolinium metal®°! undergoes a second-order
magnetic phase transition which does not involve magnetic
and/or thermal hysteresis, but its alloys Gds(Gel,xSix)z;[lO]
undergo a combined first-order structural and magnetic phase
transition, which leads to a giant magnetic-field-induced en-
tropy change in the vicinity of their ordering temperatures.

The discovery of the giant MCE in GdsSiyGe,!*! com-
pounds has triggered vast interest in magnetic cooling near
room temperature. In 1998, the first near-room-temperature
magnetic refrigerator was demonstrated by Zimm at Amer-

U These two events

ican Astronautics Technology Center.
attracted interest from both scientists and companies who
started developing new kinds of room-temperature materials

and magnetic-refrigerator designs. Since then, the research
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on magnetic refrigerant materials with first-order phase tran-
sition has been strongly intensified worldwide. Hu et al. dis-
covered the giant MCEs in the NaZn;3-type La(Fe;_,Siy);3
compounds and systematically studied the effects of rare-earth
doping, interstitial atoms, and high pressure on the MCE of the
compounds.'>"'71 Gao et al. found that the La;_,Ca,MnO3
(x = 0.2) compound exhibits a large magnetic entropy change
near room temperature in a low field change.l”! On the other
hand, the large MCE was also found in some transition-metal-
based compound systems. Wada et al. found the large mag-
netic entropy change of MnAs;_,Sb, compounds and reduced

g 18191 Tegus er al. dis-

its thermal hysteresis by Sb dopin
covered the giant MCEs in MnFeP;_,As, compounds with
first-order phase transition, and found that the Curie temper-
ature of the compounds is tunable around room temperature
by changing P/As ratio.! The spontaneous magnetization of
MnFeP;_,As, compounds is about 4Lp per chemical formula
at 5 K [20-23]

After the discovery of the giant MCE in MnFeP 45Asg 55,
the toxic element As was successfully removed from this and
similar compounds by substituting Si and Ge for As. Though
the new compound MnFe(P, Ge) or MnFe(P, Si) exhibits large
MCE, some unexpected and anomalous effects were found.
First, there exists a much lower ordering temperature, namely
‘virgin’ effect, when cooling the sample for the first time
from its high-temperature paramagnetic (PM) state to a low-
temperature ferromagnetic (FM) state. Neutron diffraction
study showed that this effect is most likely to be related to
strain effect in the samples.”* Fortunately, it has been shown
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that this ‘virgin’ effect has no influence on the MCE perfor-
mance in the MnFe(P, Si, Ge) compounds upon further tem-
perature cycling. The second phenomenon is an anomalously
large thermal hysteresis of the magnetization between the
warming and cooling cycles. Although the mechanism of this
large thermal hysteresis is not yet completely clear, some ways
for reducing the thermal hysteresis have been found by chang-
ing the compositions and by using a proper heat-treatment pro-
cess. A further important issue is how to correctly determine
the magnetic entropy change when this quantity is derived
from isothermal magnetization measurements at different tem-
peratures. Substantial problems are involved when determin-
ing magnetic entropy changes from the mentioned magnetic
measurements in conjunction with the Maxwell relation, but
a unified procedure is still lacking. In particular, the assess-
ment of MCE in the compounds with large thermal hystere-
sis presents problems. Recently, a new method has been de-
veloped for obtaining reliable values of the magnetic entropy
change, in which these problems are circumvented.!”>! In this
paper, review of the studies on the phase transition and mag-
netocaloric effects in the Fe,P-type intermetallic compounds
MnFeX (X =P, As, Si, Ge) is presented.

2. Sample preparation

In previous work,260-28]

phosphite—arsenide MnFeX
(X=As, P) compounds were prepared by a several-step solid-
state reaction method. In our work, the MnFeX (X=P, As, Si,
Ge) compounds were synthesized by a mechanically activated
solid-diffusion method. The starting materials, Mn chips or
powder, Fe powder, Si and Ge chips, red P or Fe,P (purity
99.5%), As pieces or FeAs; compounds, were ball milled un-
der vacuum (about 10~7 mbar) in a vibrating-ball mill or in a
planetary ball mill with a protection gas. During the milling
process, solid-state reactions are initiated through repeated de-
formation and fracture of the powder particles. In order to ob-
tain homogeneous samples, 5-100 grams of the starting ma-
terials were ball milled for up to 200 h. After milling, the
powder was pressed into pellets and sealed in quartz ampoules
in Ar atmosphere of 100-200 mbar. Then, the ampoules were
heated at 1100 °C for 240 h, followed by annealing at 550—
850 °C for 20-50 h. Finally, they were slowly cooled down
to ambient temperature. In the whole process, the heating and
cooling rate is 180 °C per hour.

3. Assessment of magnetic-entropy change in
MnFe(P, As, Ge, Si) compounds

For the determination of entropy change associated with
MCEs derived from magnetic measurements, a proper pro-
cedure appears to be essential. This is true, especially for
materials where the magnetic phase transition is of first or-
der and hence is accompanied by thermal hysteresis. As

an example, we have presented the results for some of the
MnFeSig »5P¢ 75_Ge, compounds where the magnetic tran-
sition goes hand in hand with a substantial lattice distortion
and the first-order phase transition involves a particularly large
thermal hysteresis, which is in this case higher than 20 K.
MnFeSig »5Pg 75—Ge, compounds with nominal compositions
x = 0.08, 0.10, and 0.12 were prepared by the method de-
scribed in Section 2. The temperature and magnetic-field de-
pendence of the magnetization were measured in the tempera-
ture range from 100 to 375 K and in magnetic field up to S T
using an SQUID magnetometer (MPMSS5).

The temperature dependence of the magnetization mea-
sured with increasing temperature at 50 mT is shown in Fig. 1.
The transition temperatures, T;, up to which the FM phase re-
mains metastable, are found to be 275, 293, and 323 K for the
compounds with x = 0.08, 0.10, and 0.12, respectively. This
transition temperature increases with increasing Ge content.
The inset in Fig. 1 shows the thermal hysteresis behavior of
one of these compounds, MnFeSig »5Pg 64Geo. 1, in more de-
tail. Upon cooling for the first time from 293 K (curve 1),
a transition occurs at temperature of about 100 K lower than
T;,. This behavior (which is called the ‘virgin® effect®*) is ir-
reversible. In the next (curve 3) and all subsequent cooling
curves measured during thermal cycling, this effect has dis-
appeared and the transition invariably occurs at 7. = 269 K.
This temperature is somewhat lower than the transition tem-
perature found in heating curves (293 K, curve 2). The width
of the thermal hysteresis between warming and cooling cy-
cles, being a signature of the first-order character of the tran-
sition, is about 24 K for this compound. In fact, this means
that the high-temperature PM phase remains metastable down
to T =269 K.
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Fig. 1.  Temperature dependence of the magnetization of

MnFeSip 5P 75-+Ge, compounds measured in a field of 50 mT
with increasing temperature. The inset shows the thermal hystere-
sis behavior of MnFeSig 25Pg64Gep.1. The sweep rate used for the
measurements is 2 K/min.

The magnetic entropy change has been derived from a set
of isothermal magnetization data using the Maxwell relation.
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The isothermal magnetization curves were measured at differ-
ent temperatures, increasing with a step of 1 K. This method
(here called Method 1) is frequently used to derive the con-
comitant magnetic-entropy change. The results are shown in
Fig. 2(a). It can be seen that due to the first-order phase tran-
sition, a large MCE occurs in a very narrow temperature in-
terval. The maximal entropy change for x = 0.08 reaches 39
and 110 J/(kgK) in fields changing from O to 2 T and 5 T, re-
spectively. According to a new method developed by Caron
et al. 1> the isothermal magnetic-entropy change obtained by
means of Method 1 does not represent a correct determina-
tion of the MCE. A correct assessment would require a special
measurement procedure (called Method 2). Specifically, be-
fore performing each of the individual isothermal magnetiza-
tion measurements, the sample has to be warmed up to a tem-
perature located well within the PM regime. Then, the sample
has to be carefully cooled in zero field back to the starting tem-
perature of the subsequent isothermal curve. In this way, the
uncertainty in the initial state of the sample resulting from the
hysteresis can be eliminated. The results obtained by using
Method 2 are shown in Fig. 2(b). The values of the magnetic-
entropy changes observed with this method are much smaller
(but still large) than those obtained by means of Method 1.
For example, the maximum magnetic-entropy changes of the
compound with x = 0.08 are 110 J/(kgK) (by Method 1) and
35.8 J/(kgK) (by Method 2) for a field change from 0 to 5 T.
There have been some arguments about the origin of this large
discrepancy. Actually, the overestimated values obtained by
Method 1 are an artifact due to the application of the Maxwell
relation to path-dependent isothermal magnetization data.
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Fig. 2. Isothermal magnetic-entropy change of MnFeSig 5P 75-+Gex
compounds obtained by (a) Method 1 and (b) Method 2.

A comparison between the results obtained by two differ-
ent experimental methods has been made, and we have demon-
strated that the values of the corresponding maximum entropy
changes can show extreme differences, i.e., differing by a fac-
tor of 3 or even more. Here, we should emphasize that the se-
lection of a correct procedure when measuring the isothermal
magnetization curves is essential for the correct assessment of

MCE in first-order phase transition materials. These results
may be helpful for understanding conflicting results for max-
imum entropy values reported in the literature, and may also
be helpful for searching novel materials showing large MCEs.

4. Hysteretic behaviors of MnFeX (X=P, Si, Ge)
compounds

4.1. Theoretical considerations

Landau theory is a simple and successful theory for de-
scribing phase transitions. In the framework of this theory,
the Gibbs free energy of a magnetoelastic coupling system in
the presence of external pressure and magnetic field H = 0 is
written as

1
¢=2g0+Ac>+Bc*+Co®+Dwc® + po+ ﬁwz, 1)

where o, w, K, and p represent the spontaneous magneti-
zation, relative volume change, compressibility, and applied
pressure, respectively. The parameters A, B, and C are the
Landau coefficients, and D represents the coefficient of the
third-order coupling between the strain and magnetization. In
equilibrium state (dg/dw = 0 and dg/dc = 0), we obtain

0 =—K(Do>+p), 2)
- _B/+(B/2 _ 12A/C)1/2

o’ = C , 3)

where A’ = A — DK p, and B' = 2B — D?K. Equation (2) shows
that the relative volume change depends not only on applied

pressure p, but also on magnetization, indicating the existence
of magnetoelastic effect in the system. This result is same as
that in the Bean—Rodbell model *"!

According to this model, the first-order phase transition
is characterized by a set of temperatures, which limit the
metastable phase regime as follows: 7j is the Curie—Weiss
temperature at which the theoretical magnetic susceptibility
becomes infinite; 7; is the lowest temperature for which the
paramagnetic phase can exist; and 7} is the highest tempera-
ture for which the ferromagnetic phase can exist. The high-
temperature PM phase remains metastable until A’ = 0. If
A=Ay (T —Tp), then

DK
T. =To+ 2P 4
0

This formula indicates that 7; depends linearly on pressure if
only the third-order coupling between the strain and magneti-
zation exists (D # 0). The low-temperature FM phase remains
metastable until B> = 12A'C, and Tj, is determined by

(2B — D?*K)?
Th=T+——
h=Tc+ 12A,C (%)
Then, the value of thermal hysteresis is given by
AT =T, — T, = AT + AT, (6)
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where AT} = B?/(4A0C), and AT, = D*K?/(12A¢C) —
BD?K /(2A¢C). Tt is clear that the thermal hysteresis consists
of two parts: (i) AT} is contributed from the competing effect
of the magnetizations with different power in the conventional
Landau theory; (ii) AT; is an additional contribution from the
coupling of strain and magnetization. If D = 0, then AT, = 0.
This implies that the coupling between the magnetization and
strain may play an important role, resulting in large thermal
hysteresis of MnFeP_,T; (T = As, Ge, Si) compounds.

4.2. Experimental results and discussion

The MnFeP,_, T, (T = As, Ge, Si) compounds were pre-
pared by ball milling and solid-state reaction method, as de-
scribed in Section 2. GdsSi 7Ge; 3 is a single crystal grown by
using a floating-zone technique in an NEC image furnace.[?]
The Lag sCeq2Feq1.4Si; ¢ sample was prepared by an arc melt-
ing method followed by a proper heat treatment. The magne-
tization measurements were carried out in a quantum design
SQUID magnetometer.

Figure 3 shows the temperature dependence of the mag-
netization of six selected compounds. It can be seen that there
are mainly three phase-transition temperatures, Ty, Ty, and T,
in MnFeP_,T; (T = As, Ge, Si) compounds. The 7, is the
transition temperature at which the ‘virgin’ effect occurs, 7y, is
the transition temperature observed in the increasing temper-
ature cycle, and T is the transition temperature in the second
(or further) cooling cycle. The transition temperatures, Ty,
Ty, Tc, and the thermal hysteresis, AT, of the selected com-
pounds are listed in Table 1. It can be seen that the ‘virgin’
effect occurs only in the Mn-based compounds, while no ‘vir-
gin’ effects are observed in the GdsSi; 7Ge, 3 compound or
in LaggCepoFe11.4Si1¢ compound. Furthermore, our recent
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Fig. 3. Temperature dependence of the magnetization of the se-

lected compounds. (a) MnFePg sAsg2Sio.3; (b) Mny 1Feg 9Py s2Aspas;
(c) Mny 1 Fep9Po.84Geo.16; (d) MnFePy 56Si0.44; (€) GdsSiy 7Gez 35 ()
Lag sCeo.2Fer1.4Si1.6-

Table 1. The transition temperatures, Ty, Ty, T¢, and the thermal hys-
teresis AT of the selected compounds.

Compound /K TJ/K TWK (AT =T,-T.)/K
MHFCPO‘SASO.zsiog 233 263 283 20
Mn1A1F60‘9P0_52ASO‘4 262 273 277 4

Mn Feg 9Py .84Geo 1 168 212 226 14
MHFCPO‘SGSi0'44 123 188 225 37

GdsSi 7Gey 3 - 260 265 5.0
LaggCeooFe14Siis - 184 1865 2.5

studies showed that the ‘virgin’ effect occurs not only in Fe,P-
type compounds, but also in other Mn-based compounds, such
as MnAs and MnCoGeB compounds.

This ‘virgin’ effect is a new phenomenon. Accord-
ing to a neutron diffraction study of the MnFePg¢Sig4
compound,?*3% the ‘virgin® effect is somehow derived from
the intrinsic strain effect in the samples. It is necessary to fur-
ther study the ‘virgin’ effect. However, one should realize that
whether a ‘virgin’ effect exists in the samples investigated or
not, especially in the Mn-based compounds, is still not clear.
Otherwise, it may lead to some confusing results. Therefore,
we suggest that if you work on Mn-based compounds, it is
better first to be sure that whether the samples investigated
contain ‘virgin’ effect or not.

Thermal hysteresis is an intrinsic property of first-order
phase transition. As shown in Figs. 3(a)-3(f), all these materi-
als mentioned above involve a certain size of thermal hystere-
sis. For example, there exists a thermal hysteresis of 37 K in
MnFeP 56Sig 44 compound.*!! This is much larger than the
MCE in this compound. Figure 4 shows the hysteretic behav-
ior of the Mnj Feg9Pg g2Gep 13 compound in a field of 5 T,
in several heating and cooling cycles, which are labeled with
numbers 1-4. The maximum thermal hysteresis is observed
for a full cycle from FM state to PM state, and then from PM
state to FM state. In the other cycles 1-3, the magnetization
curves at cooling process are different, and depend on the his-
tory of the cycles. This result shows that the magnetic behavior
is strongly dependent on the history of the cycles. Therefore,
a question arises, whether the first-order phase transition ma-
terials can be used in a real magnetic refrigeration cycle or
not. The solution to the question lies in whether it is possible

1.2

1.0f

0.6

M/a.u.

0.2

220 230 240 250 260 270
T/K

Fig. 4. Temperature dependence of the magnetization of
Mn; 1 Feg 9Po.32Gep.13 compound measured in a field of 5 T for
several warming and cooling cycles.
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to tune the thermal hysteresis as small as possible. In the case
of Gds(Si,Ge)s compound, addition of a small amount of Fe
can significantly reduce the thermal hysteresis or even elimi-
nate it without losing the large MCE.3?! In the case of La(Fe,
Si)13 compound, replacement of Fe by Co and an addition of
C can also reduce the thermal hysteresis.’>34! In recent years,
we have studied the relationship between the thermal hystere-
sis and the compositions, applied field and applied pressure in
MnFe(P, As, Si) compounds. Our results show that the thermal
hysteresis can be tuned by changing compositions, in some

cases even by making the thermal hysteresis less than 1 K.

A field-induced first-order transition is important to pro-
duce large magnetic entropy change. The existence of field
hysteresis, over a range of temperature above the Curie tem-
perature (7;), provides clear evidence of the first-order na-
ture of the PM-FM phase transition in the compounds men-
tioned above. Figure 5(a) displays the magnetization of the
MnFeP 5Asg 5 compound measured at 301 K (7. = 282 K).
It can be seen that there is no field-induced transition until a
maximum field of 1 T. Therefore, the lines of increasing field
and decreasing field linearly overlap with each other, indicat-
ing that the sample is in the PM state. In a field of 2 T, we
observe a field-induced phase transition from the PM state to
the FM state, and a field hysteresis of about 0.16 T between the
increasing field and decreasing field curves. For higher applied
field up to 5 T, the field-induced transitions overlap with each
other, and there are no differences in field hysteresis with 2-T
field curves. It is important to notice that the transition starts
at a field of 1.5 T and completes at 2 T. This means that if one
expects to obtain a large MCE in this compound at 301 K, a
field larger than 1.5 T is needed. As shown in Fig. 5(b), substi-
tuting Si for As makes the field hysteresis pronouncedly large.
In this case, for example, at 270 K we can see a field-induced
transition starting from 3 T, but it is not completed until 5 T. In
the decreasing field process, the compound remains in the FM
state, and the field change does not lead to atomic level spin
disorder. Therefore, the increasing field and decreasing field
process is a magnetically irreversible process. In the increas-
ing field process, a large MCE is produced by field-induced
transition. However, in the decreasing field process, we could
not observe the same large effect. Now, most prototype ma-
chines operate with a maximum field of 1.5 T, which is a re-
alistic situation for applications, and can be reached by per-
manent magnet arrangements. This suggests that the materials
with small field hysteresis and small critical field (< 1.5 T) are

needed for practical applications.
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Fig. 5. (a) Field-induced phase transition and field hysteresis of

MnFeP 5Asy s compound measured at 310 K. (b) Magnetization loops
of MnFeP( 5As(2Sip3 compound measured at 270 and 280 K, respec-
tively.

The results in this section lead to the following conclu-
sions.

1) An abnormal phase transition behavior, the ‘virgin’ ef-
fect, is found in some Mn-based compounds. The origin of
the effect is not clearly understood yet. It is worth checking
whether a ‘virgin’ effect exists in any investigated compounds,
in order to avoid some confusing results.

2) The thermal hysteresis exists in all first-order phase
transition materials. The large size of the thermal hysteresis
and the heat-cycle history dependence of magnetization make
these materials unsuitable for magnetic cooling applications.
However, the thermal hysteresis can be tuned by changing
compositions. If we select a proper substitution element, the
thermal hysteresis can be reduced to less than 1 K. The first-
order phase transition materials could be used as refrigerants
at the expense of heat loss.

3) Field-induced phase transition is important for getting
large MCE. For a first-order phase transition material, at a
given temperature 7, if there is a reversible field-induced tran-
sition, then there is a reversible MCE. For the magnetic field
generated by permanent magnets (maximum field of 1.5 T),
the materials with small field hysteresis and small critical field
(< 1.5 T) are needed.

4) Analysis based on Landau theory shows that the cou-
pling between the magnetization and strain plays an important
role in the phase transition of these materials, and contributes
an additional part to the thermal hysteresis.

5. Atomic substitution effects on magnetic and
magnetocaloric properties of MnFe(P, Si)
compounds

From the raw-material cost and production point of view,
the MnFe(P, Ge) compounds appear to be unattractive for prac-
tical applications, because of high price of Ge. Therefore,
the replacement of As by Si in MnFe(P, As) compounds be-
comes one of the most prominent studies in moving toward
making high-performance room-temperature magnetic refrig-
erants. Some efforts have been made to reduce thermal hys-
teresis and to optimize performance by tuning compositions.
In this section, we report on the effects of Mn/Fe ratio change,
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P/Si ratio change, and Co substitutions on the MCE in this
compound system.

5.1. Mn, 3Fe7P;_,Si, compounds

Figure 6 shows temperature dependence of the magne-
tization of Mnj 3Feq7P;_,Siy measured in an applied field
of 0.05 T with increasing temperature and subsequently with
decreasing temperature. Clearly, the Curie temperature de-
creases with decreasing Si content, showing that the P/Si ratio
change plays an important role in tuning the Curie tempera-
ture. The thermal hysteresis (ATpys) derived from these data is
displayed in Table 2. It can be seen that ATy increases with
increasing phosphorus content. The value of ATy is 10.4 K
for x = 0.45. The sharp change in magnetization and the large
thermal AT}y indicate that the transition is of the first order.
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Fig. 6. Temperature dependence of the magnetization of

Mn; 3Feo 7P;_,Siy, measured in a field of 0.05 T in warming and
cooling processes.

Table 2. Curie temperature, maximal magnetic entropy change, and
thermal hysteresis of Mn; 3Fe( 7P;_,Si, compounds.

X T./K —ASmax/Tkg 1K1 AThys/K
0.55 320 93 23
0.54 312 8.0 2.6
0.50 272 6.4 5.0
045 209 11.3 10.4

The magnetic entropy change, —AS, (T, AB), was numer-
ically derived from the isothermal magnetizations based on the
Maxwell relation. The results are shown in Fig. 7. For an
external-field change from 0 to 1.5 T, the maximum value of
the entropy change is about 11.3 J/(kgK) for x = 0.45.
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Fig. 7. Temperature dependence of the magnetic entropy change in

Mn; 3Feg 7P| _,Siy compounds at B = 1.5 T with x = 0.55, 0.54, 0.50,
and 0.45.

In conclusion, the variation of P/Si ratio offers a possibil-
ity of tuning the Curie temperature and thermal hysteresis in
Mn; 3Feq 7P,Si;_, compounds.

5.2. M, 3Fe( 7_s5P0.45Sip.ss compounds

Dung et al.®> reported that a small reduction of Fe con-
tents is useful to gain good performance of MnFePysSig s
compounds. In order to more specifically study the opti-
mal compositions and properties, we studied the effects of a
slight change of Fe contents on the magnetic properties of the
Mn; 3Feq 7Py.45Sip.55 compound.

Figure 8 shows the scanning electron microscopy (SEM)
image of the Mn; 3Feq 7Pg.45510.55 compound. It can be seen
that the compound mainly consists of one single phase (gray

areas) and some holes (black areas) about 5%.

Fig. 8. SEM image of Mn 3Fe 7P 45Si0.55 compound.

Figure 9 shows the temperature dependence of the mag-
netization of Mnj 3Feq 7_sP¢.45Si0.55 compounds, when heat-
ing the as-prepared sample and in subsequent cooling pro-
cess. The Curie temperature and thermal hysteresis of the
compounds are listed in Table 3. Note that the thermal hys-
teresis of the compounds can be reduced to 1 K when the Fe

content is 0.68 and 0.66.
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Fig. 9. Temperature dependence of the magnetization of

Mn, 3Fe( 7_5P045Sips5s compounds measured in a field of

0.05T.

The temperature dependence of magnetic entropy
changes in Mn 3Fe( 7_5Po.455i9.55 compounds are shown in
Fig. 10. The maximum value of magnetic entropy change is
in the range from 7.3 to 7.9 J/(kgK) when & increases from 0
to 0.06, for a field change from O to 1.5 T. These results show
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that the Curie temperature of the compounds is very sensitive
to Fe content, and a proper reduction of Fe contents is even
useful to reduce thermal hysteresis in these compounds.

10
AB=15T
st
‘M ——§=0.00
,T' 6F —— 6=0.02
) —— 0=0.04
=3 —— 0=0.06
Q 4+ — 6 =0.08
g
)
<
I2r
250 270 290 310
T/K

Fig. 10. Isothermal magnetic entropy change of Mn; 3Fe(;_5Po45Sio 55
compounds in a field change from 0 to 1.5 T.

Table 3. Curie temperature, thermal hysteresis, and maximal isother-
mal magnetic entropy change in Mn; 3Fe( 7_5Po.45Si9 55 compounds
for a field change from O to 1.5 T.

) T./K AThys/K —ASmax/Tkg 1K1
0.00 284 3.0 7.7
0.02 305 1.0 73
0.04 307 1.0 7.9
0.06 300 1.5 73
0.08 290 3.0 5.6

In conclusion, the Curie temperature can be tuned from
284 K (6 = 0) to 307 K (8 = 0.04) by reducing the Fe con-
tents. An optimization of Fe contents is useful to increase 7
and to reduce thermal hysteresis.

5.3. Mn, 3Fe( 7_,Co,Pg 46Sip.54 compounds

The temperature dependences of the magnetization
curves of the Mn; 3Feg 7_,Co,Pg.46Sip.54 compounds with x =
0, 0.025, 0.05, and 0.1 measured in warming and cooling pro-
cesses in a field of 0.05 T are shown in Fig. 11. It can be seen
that the thermal hysteresis depends on Co content, but the de-
pendence is quite weak.

30
2070200~
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IbD 20F
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L - =0.05
= 10 7Zj =0.10
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Fig. 11. Temperature dependence of the magnetization of
Mn; 3Feq7_Co,Pg.46Sip 54 measured in a field of 0.05 T when
warming the as-prepared sample and in subsequent cooling pro-
cess.

Table 4. Thermal hysteresis ATyys, maximal isothermal magnetic en-
tropy change —ASyax (at B = 1.5 T), and adiabatic temperature change
ATyq (at B=1.48 T) in Mn 3Fep 7y CoxP¢ 46Sip.54 compounds.

X AThys/K —ASmax/Ikg ! -K ™! AT,/K
0 2.8 8.3 22
0.025 3.0 7.6 2.0
0.050 3.0 7.2 2.2
0.10 2.6 5.7 -

Figure 12(a) displays the temperature dependence of
—ASy, for the compounds Mnj 3Fe( 7-Co,Pg.46Sig.54 (x =0,
0.025, 0.05, 0.1). The magnetic entropy change decreases a
little for Co substitution, compared with the change in the
Mn 3Feo7Pg 4651954 compound, but the width of the ASp,
peak becomes broad with increasing Co content. Figure 12(b)
shows the temperature dependence of adiabatic temperature
change of Mn1.3Fe0,7_XC0XP0‘45Sio.54 (x = 0, 0.025, 0.05) for
a field change from O to 1.48 T. The direct measurement of adi-
abatic temperature change was performed at Baotou Institute
of Rare Earths. The maximal AT,q is about 2.2, 2.0, and 2.2 K
for x =0, 0.025, and 0.05, respectively, which is larger than the
reported values for the LaFe;;CogoSij.; compound.?®) The
parameters are listed in Table 4.
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Fig. 12. (a) Isothermal magnetic-entropy changes of compounds

M1’11_3F60_7,XC0XP044(,Si0454 (X = 0, 0.025, 0.05, 0.1) fOI‘ a ﬁeld

change from 0 to 1.5 T. (b) Temperature dependence of adiabatic

temperature change (AT,q) of Mn; 3Feg 7-C0,Pg 46Sip 54 (x =0,
0.025, 0.05) for a field change from O to 1.48 T.

In conclusion, Mnj 3Feq7_,CoPg46Sig 54 (x = 0, 0.025,
0.05, 0.1) compounds show large MCE in the temperature
range from 247 to 298 K. A significant reduction of ther-
mal hysteresis and tunable 7. for the compounds have been
achieved by tuning the compositions.

5.4. Specific heat studies on MnFe(P, Si) compounds

Specific-heat studies are very important for understand-
ing the heat effects in phase transition. Because of the la-
tent heat of first-order phase transition, it is very difficult to
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measure the specific heat of first-order phase transition mate-
rials with conventional methods. Here, we report specific-heat
measurements of MnFe(P,Si) compounds by using differential
scanning calorimetry (DSC), which has the advantages of easy
implementation, shorter measurement time, smaller samples,
and high accuracy.

Figure 13 shows the specific heat of Mn;_Fe P 51 Sig 49
(x=0.8,0.85,0.9,0.95, 1.0) compounds. With the increase in
Fe content, the peak at specific heat moves from 280.8 K for
x = 0.8 to 345.7 K for x = 1.0. On the basis of Debye model,
analysis of the specific heat of these compounds has been
made. The electronic contribution to the specific heat is taken
as C. = 0.0167 1371 The lattice contribution to the specific heat
() is obtained by fitting the experimental data. As shown in
Fig. 14, the best fit value of Debye temperature is 450 K for
the Mnj sFeq gPg 51Sip49 compound. The magnetic contribu-
tion to the specific heat is obtained by using Ciy, = Gy, — €y —Ce.
The results are shown in Fig. 15 for the Mn; 2Feq P 51Si0.49
compound. The magnetic entropy change ASy, of these com-
pounds have been determined from the 7' — Sy, curves. The
phase transition temperature, magnetic entropy change, and
latent heat of the Mn,_Fe, P 51Sip.49 compounds are listed in
Table 5.
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Fig. 13. Temperature dependence of specific heat of Mn,_Fe,Pg 51 Sig.49
compounds.
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Fig. 14. Temperature dependence of specific heat of Mn; ,Feg gPg 51 Sio.49
compound at the Debye temperature of 450 K.
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Fig. 15. Temperature dependence of magnetic specific heat and mag-
netic entropy of Mnj 2Feg gPg 51Sip.49 compound.

Table S. Phase transition temperature, entropy change, and latent heat
of the Mny_,Fe Py 5:Sip49 compounds. Latent heat was derived by
using L = ASp T¢..

x T./K ASp/J-mol 1. K1 L/kJ-mol~!
0.8 280.8 75 2.1
0.85 308.8 8.1 25
0.9 315.1 8.4 2.7
0.95 322.0 9.8 3.2

1.0 345.7 10 35

The DSC study of the heat effects in MnFe(P, Si) com-
pounds with transition temperatures close to room temperature
is a more informative and reliable method than magnetization
isotherms. This method provides an effective and easily ac-
cessible means to obtain MCE data of the first-order transition
materials, especially useful for designing a cascade system.

6. Summary and outlook

We have systematically investigated the MCEs and rele-
vant physical properties in the Fe,P-type MnFe(P, T') (T=As,
Ge, Si) compounds. In this paper, the recent developments in
sample preparation, structural, magnetic, and magnetocaloric
properties, and phase transition in the Fe,P-type intermetallic
compounds MnFeX (X=P, As, Ge, Si) were reviewed.

(1) For the determination of magnetic entropy change in
first-order phase transition materials as derived from magnetic
measurements, a proper measurement procedure and a correct
assessment appear to be essential for searching and investigat-
ing new magnetic refrigerants.

(2) The toxic element As has been successfully replaced
by either Ge or Si. The new material MnFeX (X=P, Ge) or
MnFeX (X=P, Si) shows large MCEs, resembling those ob-
served in MnFeX (X=P, As) near room temperature.

(3) Some new phenomena, such as the ‘virgin’ effect and
huge thermal hysteresis, were found in the MnFeX (X=P, Ge)
and MnFeX (X=P, Si) compounds. A theoretical model based
on Landau theory is proposed to investigate the origin of the
thermal hysteresis and the mechanism of the phase transition.
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(4) Considering the raw-material cost and the safety of
both production and environment, the MnFe(P,Si) compounds
appear to be more attractive for practical applications. An
effective tuning of the compositions, such as Mn/Fe ratio
change, P/Si ratio change, a proper reduction of Fe contents,
and atomic substitution of Fe by Co, could lead to the proper-
ties that are needed for applications. In addition, the MnFe(P,

Si) compounds show excellent thermomagnetic power gener-

ation properties.[38

Finally, the Fe,P-type intermetallic compounds MnFeX
(X=P, As, Ge, Si) are some of the most attractive room-
temperature magnetic refrigerants, and may have applications
in thermomagnetic electricity generation.
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