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Outline 

• Why go back to Fe2P? 
(Fe,Mn)2(P,A)                Fe2P 

 

•  Fe2P 
         structure 

           what is in literature 

           polycrystal 
         single-crystal 

  anisotropy & MCE intermezzo 
           anisotropy & the nature of Fe2P’s magnetic moments 
 
• Conclusions 
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(Mn,Fe)2-δ(P,X) 
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Fe2P 
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For xðMnÞ ¼ 0:55 and 0.6, a ferromagnetic behaviour was confirmed but TC

drops gradually to the lowest temperatures. When the magnetic applied field varies
from 0 to 3T, the change of magnetic entropy measured for xðMnÞ ¼ 0:55 is 2.8 J/
kgK at T$515K whereas for xðMnÞ ¼ 0:6, it is 2.14 J/kgK at T$410K as shown in
Fig. 6a. A field variation can induce a shift temperature of about 2 and 1.2K in these
compounds. For larger Mn content (xðMnÞ ¼ 0:65, 0.7, 0.75, 0.875), the
compounds exhibit smoothly weaker and weaker magnetocaloric efficiency when
the transition temperature shifts down to room temperature as shown in Figs. 6a and
b. Additionally, the ðMnxCo1%xÞ2P system is characterised by a second but reverse
sign magnetocaloric effect, arising at the lowest temperatures because of the
existence of a so-called long-range antiferromagnetic phase for the Mn-richest
compounds [6].

5.2. Fe2P

At low temperatures Fe2P is ferromagnetic. However, it exhibits an important
magnetocaloric effect with respect to the first-order of ferromagnetic–paramagnetic
transition occurring at 217K as shown in Fig. 7. At 219K when the applied field
varies from 0 to 1.3 T, the measured change of entropy is 2.5 J/kgK, close to
that observed for gadolinium metal (a ‘‘standard’’ for magnetic refrigeration) that is
3 J/kgK at 295K.

5.3. Substitution in FeðFe1%xMxÞP

Fe can be advantageously substituted in Fe2P by a small amount of metal M ¼ Ni,
Ru, Rh, Pd, Pt belonging to the late rows of d-elements, thus inducing a marked
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Fig. 7. Variation of the magnetic entropy versus field as measured on Fe2P.
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Polycrystalline Fe2P 

 0

 20

 40

 60

 80

 100

 100  150  200  250  300  350  400

M
 (A

m
2 /k

g)

T (K)

0.05 T

0.5 T

1 T

7 T

polycrystal



7 Challenge the future Delft Days on Magnetocalorics 2013 

Polycrystalline Fe2P 
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N. H. DUNG et al. PHYSICAL REVIEW B 86, 045134 (2012)

in the magnetic moments upon heating also contributes to the
nonlinear variation of the inverse susceptibility at temperatures
below TO. Using the Curie–Weiss law, the effective moment
per formula unit (µeff) can be derived from the Curie constant
(C) by:

C = µ0Nµ2
eff

3kB
, (1)

where C is taken as inverse slope of the χ−1-T curve, N is
the number of formula units per mass unit, µ0 is the magnetic
constant, and kB is the Boltzmann’s constant. The Curie–Weiss
fit above 630 K leads to a µeff of about 4.2 µB for the x = 1.25
sample.

The Rhodes–Wohlfarth ratio qc/qs
21,22 is frequently used

to distinguish between local moment and itinerant-electron
ferromagnetism. Here, qc and qs are deduced from the Curie
constant and from the low-temperature saturation magnetiza-
tion, respectively, by using the formulas:

µ2
eff = Natqc(qc + 2)µ2

B (2)

and

µs = qsµB, (3)

where Nat is the number of magnetic atoms per formula unit
and µs is the average ordered moment per magnetic atom at low
temperature. For the x = 1.25 sample, the magnetization data
and neutron diffraction measurements at 5 K give values for µs
of 1.9 and 2.1 µB, respectively. Assuming magnetic moments
on the 3g and 3f sites, we obtain a qc of 2.1 from Eq. (2). The
ratio qc/qs of about 1 seems to give an indication of localized
magnetism.21,22 Our calculation for MnFeP0.85Ge0.15 using the
data reported by Yabuta et al.20 also leads to the ratio qc/qs of
1. These results are in contradiction with the generally agreed
description of the hexagonal Fe2P-based alloys as itinerant-
electron magnetic compounds. We propose that this deviation
from the Rhodes–Wohlfarth plot may arise from the large
difference between the high- and low-moment phases at low
and high temperature, respectively (see Fig. 9).

The low-moment phase, which has only magnetic moments
on the 3g sites, only exists in the paramagnetic state at
high temperature. It would become ferromagnetic at the para-
to ferromagnetic transition temperature of the low-moment
phase (T LM

C ) in the vicinity of θp. However, the ferromagnetic
state of the low-moment phase is apparently not energetically

FIG. 9. (Color online) Sketch of the magnetic moments near
the first-order magneto-elastic transition in hexagonal Mn-Fe-P-Si
compounds. The itinerant moments are not to scale.

preferred, which indicates that the high-moment phase pos-
sesses a lower free energy under the same condition. From
the Rhodes–Wohlfarth plot,21 qc/qs of an itinerant-electron
ferromagnetic system with TC = 400 K is roughly estimated
to be about 1.7. For the x = 1.25 sample, since the low-moment
phase has T LM

C somewhat lower than 400 K, we may assume
that the ratio qc/qs of the low-moment phase is 1.7. On the
other hand, when we assume for the low-moment phase only
magnetic moments on the 3g sites, qc is found to be about 3.3.
We therefore deduce qs ∼ 1.9, and µs ∼ 1.9 µB. This value of
µs reflects the magnitude of the ordered Mn(3g) moments
of the low-moment phase at low temperature. Hence, the
first-order magneto-elastic transition for the x = 1.25 sample
produces the Fe/Mn(3f ) moments of 1.5 µB and the Mn(3g)
moments of 2.6 µB.

The following physical picture evolves from our results:
At high temperatures above TO, Mn on the 3g sites carries
magnetic moments, and the 3f sites are predominantly in
the bonding state. At lower temperatures, due to ferromag-
netic exchange interaction between the Mn(3g) moments the
Fe/Mn(3f ) moments experience a local field that supports
the nonbonding high-moment state. Furthermore, it can be
seen that magnetic order is enhanced upon cooling. The
high-temperature magnetic disorder at T > T ∗ changes into
a short-range magnetic order in the range of T ∗ > T > TC
before developing into a long-range magnetic order at T <
TC (see Fig. 9). The enhanced magnetic order which gives
rise to an increase in the exchange field therefore supports
the formation and evolution of the Fe/Mn(3f ) moments.
The exchange fields are critical for the moment formation
and for the development of ferromagnetic order which occur
at TO and TC, respectively. The short-range magnetic order
therefore plays an important role in the mechanism of the first-
order magneto-elastic transition in the hexagonal Mn-Fe-P-Si
compounds. An external magnetic field can also support the
nonbonding high-moment state and make the transition happen
at higher temperatures (see Fig. 10). The value of d TC/dB is
estimated to be about 3.0–3.5 K/T for the x = 1.25 sample.

FIG. 10. (Color online) Temperature dependence of the magne-
tization measured in different magnetic fields (from 1 to 5 T) upon
cooling and heating for Mn1.25Fe0.70P0.50Si0.50. The inset shows the
field dependence of the transition temperature derived from the M-T
curves measured upon cooling.

045134-6

Dung et al. PRB 86, 045134 (2012) 
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Single-crystalline Fe2P 
c-direction 
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Entropy changes 
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Single-crystalline Fe2P 
a-direction 
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Field dependence of TC 
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DT max
ad ¼

TDSmax

Cp
¼ T

Cp

M satH max

ð@T c=@HÞHmax
¼ T

Cp

M sat

ð@T c=@HÞ
ð5Þ

The maximum adiabatic temperature change occurs
when the two opposing trends in DT max

ad vs. @T c=@H
coincide:

T
Cp

M sat

ð@T c=@HÞ
¼ @T c

@H
Hmax )

@T c

@H
¼ M satT

CpH max

! "1
2

¼ g

ð6Þ
which leads to Eq. (3). A discussion of the RCP within
the above model is given in Appendix A (online).
In particular we find that for
@T c=@H < g; jDSmaxjjDT max

ad j ¼ jDSmaxDT wj ¼ M satH max.
However, for @T c=@H > g:

jDT max
ad DSmaxj ¼ TDS2

Cp
¼ TM sat

Cpð@T c=@HÞ2
ð7Þ

3. Magnetic refrigerant comparison

Much of the magnetic refrigerant literature has fo-
cused on the field-induced isothermal entropy change,
DS. This is probably because of the relative ease with
which magnetization measurements can be made, from
which DS can be obtained using Eq. (1) under the cor-
rect circumstances. As a result, recent reviews [26–31] fo-
cus on DS. A plot of DS vs. Curie temperature for
l0H max ¼ 1 or 2 Tesla in a large range of material sys-
tems arguably reveals few clear features (Fig. 5 of [31];
Fig. 4 of [28]). Meanwhile there are few straightforward
comparisons of DT ad for different materials in the litera-
ture, especially at permanent magnet field strengths.

The situation is changing with the development of
several new facilities around the world for measuring
DT ad, employing either a contacted or a contactless ap-
proach [32,33]. Also, even if DS and DT adðT Þ data have
historically been shown in 2 Tesla and 5 Tesla field
changes, the advances in scaling theory mentioned in
Section 2.1, in particular for continuous phase transition
materials, allow a rescaling of some data down to per-
manent magnet field strengths. The question remains
how to best use these data. The identification of a figure

of merit for magnetic refrigerants is not clear and has
been raised at symposia over the past 5 years. Ulti-
mately, it is impossible to separate the refrigerant from
the device; a good material implemented poorly is no
solution. However, the “best” material will allow the
most headroom for device-centred losses. One goal
might therefore be to obtain a cost-trivial material with
optimal properties, even over a small temperature range,
so that multiple compositions can give excellent perfor-
mance over the range required in application.

Here I therefore plot jDT max
ad j vs. jDSmaxj in Fig. 2 for

materials with MCEs in the room temperature range
(270–320 K) in order to construct an Ashby map [34]
for magnetic refrigerants. An ideal material will occupy
the upper right area. I have focused on popular materi-
als with a reversible MCE with the exception of those
that, as now discussed, inform future work despite their
history-dependent MCE (MnAs [35], Fe–Rh [36,37]).
Several clues as to how to compare materials emerge.
Despite having a sharp, first-order transition, MnAs
scores poorly as its DT max

ad is very low for
l0Hmax < 2:5 Tesla, due to the large transition hystere-
sis. The second-order ferromagnets, Gd and La(Fe,Co)-
Si, appear to the left of the plot, their entropy change
values limited by the lack of sharpness of their phase
transition. First-order materials (hydrogenated La–Fe–
Si and Mn–Fe–P-based) are slightly to the right. Fe–
Rh is a notable exception in that its DT max

ad is remarkably
high, as highlighted by Zverev et al. [21].

Let us focus now on the proximity of @T c=@H to g.
The high value of DT max

ad in Fe–Rh can be understood
in terms of its value of l$1

0 @T c=@H % $7 KT$1. Let us
use realistic values in Eq. (6) of M sat % 120 Am2 kg$1,
a formula weight of 159 a.m.u. and

Fig. 1. If the rate of change in a magnetic phase transition temperature
with magnetic field, @T c=@H , is large (left) or small (right), then two
quite different entropy vs. temperature scenarios arise. In between
these cases is an optimal value of @T c=@H ¼ g that optimizes DT max

ad ,
leading to Eq. (3). In each case, the black line is in zero field; the red
dashed line is in a finite field Hmax.

Fig. 2. jDT max
ad j vs. jDSmaxj for several room-temperature refrigerants in a

field change in 2 Tesla. Data are taken from: Gd [38]; Gd5Si2Ge2 [39,40];
Fe–Rh [36,37]; LaðFe1$xCoxÞ11:9Si1:1 [41]; LaðFe0:88Si0:12Þ13Hy [42];
LaFe11:74$yMnySi1:26H1:53 [43]; LaðFe1$xMnxÞ11:7Si1:3Hy [44]; MnAs
[35]; MnFe(P,As) [28]; MnxFe1:95$xP1$ySiy [45]; La0:6Ca0:4MnO3 [46];
and La1$xAgyMnO3 [47]. Diamonds are experimental data. Error bars
arise from the variation in magnetothermal properties across a series of
compositions. Theoretical DT max

ad and DS max are shown for @T c=@H
values that are: < g (solid line), > g (dashed line) and at optimum
@T c=@H ¼ g (filled circles) for Fe–Rh, La–Fe–Si and Mn–Fe–P-based
materials. Maximum theoretical values of DT max

ad and DSmax using
experimental values of @T c=@H ð< gÞ are given by hollow circles.

568 K. G. Sandeman / Scripta Materialia 67 (2012) 566–571

Sandeman Scripta Materialia 67, 566 (2012) 
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However… 

• Crystals are not flawless 
           impurities, asymmetries…  
 
•  External magnetic fields are not 100% 

homogeneous over the sample 
volume 

   and 
 

• Alignment is rarely perfect 
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The magnetization in all directions 
needs to be measured. 
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Track the rotation of the 
magnetization… 
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The magnetization in all directions 
needs to be measured. 
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Entropy Change 
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Magnetization anisotropy 
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Magnetic Anisotropy 

 0

 1

 2

 3

 0  50  100  150  200  250
 0

 1

 2

 3

K 1
 (T

2 )

T (K)

K 1
 (1

06  J
/m

3 )

from HAN with c � µ0H
c � µ0H : M || and M � µ0H

Fujii et al. JPSJ 43, 41 (1977)



20 Challenge the future Delft Days on Magnetocalorics 2013 

Conclusions 

•  Full MCE characterization of high purity stoichiometric 
samples 

•  Low ΔSM ~ 4 J/kgK (0 – 5 T) 
• Huge dTC/dμ0H 
• Magnetization anisotropy 
            localized character of the moment 

• Anisotropy plays a crucial role in the MCE for single crystals
 both components of the magnetization must  be checked! 

PHYSICAL REVIEW B 88, 094440 (2013)  
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