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Abstract

Here we present the results of an investigation of some magnetic and thermal properties of the compounds

MnFeP0.45As0.55, MnFeP0.47As0.53, and Mn1.1Fe0.9P0.47As0.53 which can be regarded as possible magnetic refrigerants

for room temperature applications. Magnetization measurements are performed in the temperature range 250–330K, in

magnetic fields up to 5T. The coexistence of the magnetic and structural first-order phase transitions is revealed in all

three samples, suggesting its key role in the large values observed for the magnetocaloric effect. The adiabatic

temperature change measured directly was up to 4.0, 3.4, and 4.2K for a magnetic field change of 1.45T.

r 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Modern society relies very much on readily available

cooling. The world market for small units is currently

about 140 million units per year. The vapor-compres-

sion cycle has dominated the refrigeration market to

date because of its advantages: high efficiency, low

toxicity, low cost, and simple mechanical embodiments.

As much as 90% of the world’s heat pumping power, i.e.

refrigeration, water chilling, air conditioning, various

industrial heating and cooling processes among others,

is based on the vapor-compression-cycle principle.

Alternatives for this technology are needed due to

environmental concerns (ozone depletion, greenhouse

effects, flammability). The ideal cooling machine would

be a compact, solid-state, silent, energy-efficient heat
- see front matter r 2004 Elsevier B.V. All rights reserve
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pump, which does not require maintenance. Magnetic

refrigeration based on the MCE may be the solution.

In recent years, environmental aspects have become

an increasingly important issue in the design and

development of refrigeration systems. Especially in

vapor-compression systems, the banning of CFCs and

HCFCs because of their environmental disadvantages

has made way for other refrigeration technologies,

which until now have been largely ignored by the

refrigeration market. As environmental concerns grow,

alternative technologies, that use either inert gases or no

fluid at all, become attractive solutions of the environ-

ment problem. A significant part of the refrigeration-

industry R&D expenditures is now worldwide oriented

towards the development of such alternative technolo-

gies to replace vapor-compression systems in a mid- to

long-term perspective.

Refrigerators should consume as low amounts of

energy as possible. Magnetic refrigeration has intrinsi-

cally a high energy-efficiency, because it involves the

alteration of entropy in quantum-mechanical systems
d.
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where no friction exists as demonstrated in experiments

that aim at ultra-low temperatures. Magnetic refrigera-

tion research strongly revived recently due to new

developments both on the machine design and materials

properties. The world’s first room-temperature, perma-

nent-magnet-based, magnetic refrigerator was built in

America and, in Japan, Chubu and Toshiba released

their high-efficiency cooler also based on permanent

magnets [1]. Magnetic refrigeration has three prominent

advantages compared to compressor-based refrigera-

tion. First there are no harmful gasses involved, second

it may be built more compactly as the working material

is a solid, and third magnetic refrigerators generate

much less noise.

Following the discovery of a sub-room-temperature

giant MCE in the ternary compound Gd5(Ge1�xSix)4
(0.2pxp0.5) by Pecharsky and Gschneidner [2], there is

a strongly increased interest from both fundamental and

practical points of view to study the MCE in Gd-based

materials [3–5]. The common feature of these com-

pounds is that they undergo a first-order structural and

magnetic phase transition, which leads to a giant

magnetic-field-induced entropy change, across their

ordering temperature. Many other materials have been

studied with respect to their magnetocaloric properties.

Here, we will mention only a few of them; for a recent

review of various aspects of magnetic refrigeration, see

the book of Tishin and Spichkin [6]. The perovskite

oxides La1�xCaxMnO3 show considerable MCE values

[7,8]. Transition metal-pnictides such as MnP1�xAsx [9]

and chalcogenides like Cr3Te4 [10] have been studied.

The nearly equiatomic alloy FeRh undergoes a magnetic

and structural order-order transformation and exhibits a

giant MCE between 296 and 316K but its MCE is

irreversible and disappears after the first application of

the magnetic field [11,12]. The Heusler alloys Ni–Mn–

Ga show large magnetic-entropy changes that are due to

an abrupt change of the magnetization near the

martensite-to-austenite structural transition [13,14].

The compound La(Fe,Co)11.83Al1.17 with a very low

rare-earth content also shows a considerable magneto-

caloric effect near room temperature [15]. The MCEs in

most transition-metal-based alloys are lower than in

lanthanide-based alloys for the same temperature range,

especially if one takes into account the fact that DT also

depends on the specific heat of the compound [16]. This

makes them unlikely candidates for use as magnetic

refrigerant materials below room temperature. How-

ever, above room temperature there exist only a very

limited number of rare-earth compounds exhibiting

magnetic ordering, a prerequisite for showing large

magnetocaloric effects. Fortunately, there exist many

Mn compounds, such as MnAs [17], which display a

variety of structural and magnetic phase transitions in

the relevant temperature range. For a working material

in a magnetic refrigerator, it is however essential that the
phase transition is also reversible, which implies that

field- or temperature-induced transitions should show

little or no hysteresis.

Recently, we discovered a new class of magnetic

refrigerant materials for room-temperature applications,

described in an article published in Nature [18]. The new

materials are manganese–iron–phosphorus-arsenic

(MnFe(P,As)) and related compounds [19,20]. Also,

interstitial modifications of the compounds La(Fe,Si)13
and La(Fe,Al)13 with hydrogen, carbon, and nitrogen

[20–26] have attracted much attention. These new

materials have important advantages over existing

magnetic coolants: they exhibit a large magnetocaloric

effect (MCE), larger than that of Gd metal, which is

used in the refrigerators mentioned above, and the

operating temperature can be tuned from below 200 to

about 400K by adjusting the chemical composition or

the content of interstitial atoms.

Hysteresis effects and the difficulty of measuring

specific heat at a first-order phase transition complicate

the comparison of different magnetocaloric materials.

Direct measurements of the adiabatic temperature

change are an experimental technique that serves a

way to get an immediate value of the MCE, omitting the

intermediate calculation. The direct measurements of

the MCE of Gd5(Ge,Si)4 and La(Fe,Si)13 were per-

formed earlier [27,28]. Here we report on direct

measurements of the MCE in MnFe(P,As) compounds.
2. Experimental

Polycrystalline samples of MnFeP0.45As0.55, MnFe-

P0.47As0.53, and Mn1.1Fe0.9P0.47As0.53 were prepared by

ball-milling and solid-state reaction method as pre-

viously reported [18]. The magnetization measurements

were carried out in a SQUID magnetometer Quantum

Design MPMS5S in the temperature range 5–400K and

magnetic fields up to 5T. The direct measurement of the

magnetocaloric effect was carried out under adiabatic

conditions with a continuous registration of the

temperature change upon a fast increase of the applied

magnetic field. The rate of the field change was up to

0.4T s�1. The accuracy of the measurements was about

5–20% depending on the temperature interval. A

comprehensive description of this experimental techni-

que is available in the review [6].
3. Results

The temperature dependence of the magnetization of

the compounds MnFeP0.45As0.55, MnFeP0.47As0.53, and

Mn1.1Fe0.9P0.47As0.53 measured in a field of 10mT is

presented in Fig. 1. The abrupt change of the

magnetization together with the temperature hysteresis



ARTICLE IN PRESS

240 255 270 285 300 315 330
0

1

2

3

4

5

6

7

10 mT

Mn1.1Fe0.9P0.47As0.53
MnFeP0.47As0.53
MnFeP0.45As0.55

M
 (

A
m

2 /
kg

)

T (K)

Fig. 1. Temperature dependence of the magnetization for

MnFeP0.45As0.55, MnFeP0.47As0.53, and Mn1.1Fe0.9P0.47As0.53
measured with increasing and decreasing temperature in a field

of 10mT.
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Fig. 2. (a) Magnetization isotherms of MnFeP0.45As0.55, (b)

MnFeP0.47As0.53, and (c) Mn1.1Fe0.9P0.47As0.53 on field increase.
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reveals the first-order character of the phase transition.

Additional magnetic states other than the ferromagnetic

and the paramagnetic ones are not observed. The

thermal hysteresis is more pronounced for the

sample with higher contents of As. From the measure-

ments performed with increasing temperature, we

determine the Curie temperatures as 306, 293, and

289K for MnFeP0.45As0.55, MnFeP0.47As0.53, and Mn1.1
Fe0.9P0.47As0.53, respectively. The isothermal magnetiza-

tion curves collected at a certain temperature in an

external magnetic field are shown in Figs. 2(a), (b),

and (c) for Mn1.1Fe0.9P0.47As0.53, MnFeP0.47As0.53, and

MnFeP0.45As0.55, respectively. The form of the curves

collected below the Curie temperature is typical for a

soft ferromagnetic material, but above the Curie

temperature more complicated behavior is observed.

For magnetic fields above a certain critical value, which

strongly depends on temperature, the magnetization

suddenly rises. This feature indicates that there is a

phase transition from the paramagnetic to the ferro-

magnetic state triggered by the external magnetic field.

The hysteresis of the magnetization isotherms reveals

that the phase transition is of first order. The critical

field of this phase transition rises with temperature

as fast as 0.2, 0.2, and 0.175TK�1 for Mn1.1Fe0.9P0.47
As0.53, MnFeP0.47As0.53, and MnFeP0.45As0.55, respec-

tively. These observations agree well with the results

published by other groups [29,30].

From the magnetization results, we have calcu-

lated the isothermal entropy change arising from the

change of the external magnetic field under isothermal

conditions up to 2T. Results for all three

samples are shown in Fig. 3. The maximum values

for the entropy change are about 13, 15, and

20 J kg�1K�1 for MnFeP0.47As0.53, MnFeP0.45As0.55,
and Mn1.1Fe0.9P0.47As0.53, respectively. For these calcu-

lations the validity of the Maxwell relations needs to be

assumed. Utilization of this technique in the vicinity of a

first-order phase transition was an object of serious

criticism [31]. However, there are a number of justifica-

tions for this procedure [32,33]. Of course, we realize

that the Maxwell relations can not be used strictly in the

vicinity of the transition, but the experimental value of

the isothermal entropy change is a mean value obtained

for a whole sample. In accordance with our experimental
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Fig. 3. Magnetic entropy changes of MnFeP0.45As0.55,

MnFeP0.47As0.53, and Mn1.1Fe0.9P0.47As0.53 for magnetic field

changes of 0–1 and 0–2T.
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Fig. 4. Directly measured adiabatic temperature change of

MnFeP0.45As0.55, MnFeP0.47As0.53, and Mn1.1Fe0.9P0.47As0.53.

The magnetic field grows from 0 to 1.45T.
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Fig. 5. Adiabatic temperature change of MnFeP0.45As0.55 and

Mn1.1Fe0.9P0.47As0.53 as a function of applied magnetic field. A

number of curves were presented in the vicinity of TC.
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data, the phase transition does not occur at once;

therefore the entropy change most likely is a continuous

function of the temperature and the results of the

calculations by means of the Maxwell relation may be

accounted for by a sort of interpolation procedure. This

procedure does not guarantee a high accuracy but

provides a reasonable estimate of the exact values of the

continuous function.

We also performed direct measurements of the

adiabatic temperature change resulting from a fast

increase of the external magnetic field. The adiabatic

temperature change resulting from a field change of

1.45T, as a function of temperature, is presented in

Fig. 4. The field dependencies collected at a number of

temperatures are shown in Fig. 5. The largest values of

temperature change due to a magnetic field rising from 0

to 1.45 T are 4.0K for MnFeP0.45As0.55, 3.4K for

MnFeP0.47As0.53, and 4.2K for Mn1.1Fe0.9P0.47As0.53.

Data collected at 1.45 T in isothermal magnetization

measurements are also plotted in Fig. 4. So we can see a

good agreement between the data obtained under the

different experimental conditions. The curves presented

in Fig. 5 can directly be correlated with the magnetiza-

tion isotherms, and the strong temperature change

occurs when the magnetization curves are steep. For

temperatures below TC, dT tends to saturate and above

TC the large MCE appears only above certain values of

the external magnetic field.
4. Discussion

As pointed out above, the magnetic properties

observed on MnFeP1�xAsx prepared by solid-state

reactions agree well with data published by other
authors [29,30]. The behavior of the magnetization in

the vicinity of the Curie temperature reveals the first-

order character of the phase transition, and above the

Curie temperature this transition is triggered by the

external magnetic field. Looking at Fig. 5, where the

MCE is plotted as a function of the external field, we can

see for the experiments carried out above the tempera-

ture of the order–disorder transition that the adiabatic

temperature change is very small up to a certain critical

field. Therefore, we can conclude that the large values of

MCE in the vicinity of the Curie temperature are

directly related to the first-order phase transition. The

isothermal entropy change calculated by means of the

Clausius–Clapeyron relations reaches 14 J kg�1K�1 for
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MnFeP0.45As0.55, 13.2 J kg
�1K�1 for MnFeP0.47As0.53,

and 13.4 J kg�1K�1 for Mn1.1Fe0.9P0.47As0.53, respec-

tively. These values are the entropy changes directly

related to the first-order phase transition itself. We find

that the two former quantities are almost equal to the

largest isothermal entropy change, derived by means of

the Maxwell relation, but the third quantity differs in

magnitude almost twice. Possibly, it means that in the

two former samples the contribution of the entropy

change arising from the paraprocess in the total value is

considerably less than that in the third sample. Alter-

natively, it could mean that there is some additional

source of the entropy change in the third sample as

observed for a number of rare-earth-based intermetallic

compounds [34].

The values observed for the isothermal entropy

change are rather large. For Gd, usually considered as

a model material for magnetic-refrigeration applications

near room temperature, the isothermal entropy change

originating from the change of the external magnetic

field from zero up to 2T is only 4 J kg�1K�1. In

materials where a first-order phase transition is triggered

by the applied magnetic field, values of up to 30 J kg�1K

are reported for the compound MnAs [35]. The

adiabatic temperature change originating from the

change of the external magnetic field reaches 2.9KT�1

for pure Gd, 2.9KT�1 for La(Fe,Si)13, and 3KT�1 for

Gd5Ge2Si2 and for MnAs [28,35–38]. As noted above,

the isothermal entropy change for the Mn1.1Fe0.9
P0.47As0.53 sample is 20 J kg

�1K�1 in the magnetic field

rising up to 2T and the adiabatic temperature

change is 2.9K per 1T. Furthermore, the curves in

Fig. 5 are not saturated up to the highest field applied

in our experiment, 1.45T. This means that higher values

of the adiabatic temperature change will occur for

higher maximal magnetic field. As mentioned above, the

first-order phase transition in MnFe(P,As) is isostruc-

tural and accompanied by only a very small volume

change. This is in contrast to the structural transitions

observed for Gd5Ge2Si2 and MnAs, and the large

volume change in La(Fe,Si)13. This brings along

much less thermal- and field-hysteresis for the former

compounds, which can be of great significance for

fast-cycling refrigerators. Furthermore, the values of the

adiabatic temperature change remain stable. After 10

cycles of magnetization/demagnetization, it changes less

than 1%.

The value of DM and DS depends only weakly on the

concentration of Fe and Mn in the compounds Mn2�x

FexP0.5As0.5 in the range of x ¼ 0:821:2 and the ratio of
P/As at x ¼ 0:35� 0:65 (see Refs. [18–20,39]). As a

result our direct measurements of MCE value also

demonstrate a weak concentration influence on DT

values (see Fig. 4). Taking into account that the TC

values in the compounds can be strongly changed by

changes of composition, we have the possibility of
designing complex tunable working bodies which can

operate in a wide temperature region without degrada-

tion of the value of the adiabatic temperature change.

Because these materials exhibit only small volume

changes during the phase transition and are chemically

inert, these compounds can perform during long-life

cycle without loss of efficiency due to structure and/or

content degradation.

So we can conclude that the overall properties of the

MnFeP1�xAsx compounds make these materials cur-

rently the most promising magnetic refrigerants in

room-temperature applications.
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