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the first order transition. The second order transi- 
tion is located by a maximt~ in the susceptibility at 
the critical external field. 

The behavior depicted in Fig. 2 is accentuated in 
Fig. 3, which illustrates the dichroism as a function 
of internal magnetic field for the same nineteen iso- 
therms. The transformation to internal magnetic field 
was accomplished by least squares fitting the dichroism 
in the mixed phase in Fig. 2 to determine the demagne- 
tization factor, and ntmlerically computing the internal 
magnetic field at each data point according to 

where H is the internal magnetic field, and H E is the 
external magnetic field. The demagnetization factor 
was determined for eleven temperatures between 9.95 K 
and 19.48 K, and was found to deviate from the average 
by at most 2%, thus illustrating that the factor of 
proportionality between dichroism and magnetization is 
temperature independent. As a function of temperature 
the internal field dependence of the dichroism illus- 
trates the physical behavior of the tricritical system. 
At 16.94 K the simultaneous spin-flip of the large 
blocks of magnetic moments in the antiparallel layers 
is manifested by a discontinuity in the dichroism at 
the critical internal field. As the temperature is 
increased, thus reducing the ferromagnetic coupling 
within the layers,  the discontinuity in the dichroism 
becomes smaller. This behavior is i l lus t ra ted  by iso- 
therms at 18.58K, 19.48K, and 20.22K. At tempera- 
tures beginning with 20.82 K the t ransi t ion is second 
order, for the finite discontinuity occurring at the 
critical field at low temperatures is replaced by a 
continuous dichroism. This continuous behavior above 
T t is associated with the flipping one-by-one of the 
magnetic moments in the antiparallel layers. The 
line of these second order transitions is traced out by 
the susceptibility maximt~ at the critical internal 
field. 

Fig. 4 illustrates the normalized critical magne- 
tic circular dichroism versus temperature. In the 
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first order region the two data points for each temp- 
erature depict the dichroiam at the onset and termina- 
tion of the vertical discontinuity depicted in Fig. 3. 
The two branches are denoted by M' and M-. In the 
second order region the single data point at each temp- 
erature denotes the value of the dichreism on the 
line, and this branch is labeled by M I. The tricriti- 
cal point occurs at T~ -- 20.79 -+ 0. ii K and )4 _ = 0.38 _+ 
0.01. There are several interesting feature~ of the 
data in Fig. 4. First, both branches in the first 
order region appear to approach the tricritical point 
linearly. The tricritical point exponents associated 
with the total magnetization are described by 

: A+(cr t -T)/Tt) B÷ and : 

((T t -T) /T~8- .  I0 From the data in  Fig. 4 we obtain 
8+ = 1.03+0.05 for 8 .3x i0  -s <- (T t -T) /T  t < 1.06x10 - l  
and 8_ = 1.13+0.14 for 8.3x10 "3 < (T t -~)/T t < 
6.3 x 10 "z . According to a Landau analysis these expo- 
nents are given by B+ = B. = 1.00. Secondly, the 
slopes of the branches M + and Ml at the t r i c r i t i c a l  
point are not equal. We obtain dCM+/N~/d(T/Tt) -- 
7.0 +0.3 and d(M~/Mt)/dCr/Tt) = 4.1 -+0.2, whereas a 
Landau analysis predicts that the slope of the total 
magnetization on the upper branch of the first order 
transition should be equal to that on the ~ line at 
the tricritical point. 

The internal critical magnetic field versus temp- 
erature phase diagram is illustrated in Fig. S. This 
figure is a plot of the critical internal field at each 
temperature at which the spin-flip transition occurs in 
Fig. 3. This data illustrates that at the tricritical 
point the f i r s t  order branch of this phase diagram 
intersects  the I branch with a continuous slope. A 
Landau description predicts that  the slope and magni- 
tude of these branches should be continuous at the t r i -  
c r i t i c a l  point,  and such behavior appears to be the 
case in Fig. 5. 

Megnetic Circular Dichroism of Fe CI~ vs. 
Internol Megnetic Field for Different Temperatures 
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Fig. 3: Normalized magnetic circular dichroism versus internal magnetic 
field for nineteen isotherms near the tricritical point. 
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ABSTRACT 

Magneto-optic measurements of the tricritical 
behavior of FeCI2 are presented. These measurements 
utilize the magnetic circular dichroism of a near 
infrared absorption of the Fe ++ ions in order to deter- 
mine the total magnetization as a function of tempera- 
ture and magnetic field near the tricritical point. 
The resultant description of the magnetic tricritical 
behavior is consistent with most predictions of a 
classical Landau analysis, and is found to exhibit a 
remarkable similarity with the tricritical behavior of 
3He-~He mixtures. 

INTRODUCTION 

MAGNETIC TRICRITICAL BEHAVIOR OF FeCl 2 

J. A. Griffin* and S. E. Schnatterly 
Joseph Henry Laboratories 

Princeton University 
Princeton, New Jersey 08540 

critical temperature Tt, above which the transition is 
second order up to the Neel temperature T N. The point 
in the metamagnetic phase diagram at which this field- 
induced transition chsnges from first to second order 
has been labeled a tricritical point3, and it is the 
cooperative behavior associated with this special point 
that is responsible for the current interest in meta- 
magnetic systems. 

Optical techniques have frequently been utilized 
as a probe for studying many aspects of magnetism and 
magnetic materials. One aspect which has recently 
received considerable interest is the field-dependent 
behavior of highly anisotropic antiferromagnetic sys- 
tems and their resultant tricritical cooperative phe- 
nomena. In this paper we will describe the applica- 
tion of magneto-optic techniques to the study of the 
magnetic tricritical behavior in FeCl 2 . Although we 
have observed the effects of magnetic ordering in 
measurements of optical absorption and of magnetic 
circular dichroism from the near ultraviolet to the 
near infrared, we will concentrate here only on the 
infrared circular dichroism I . These measurements, 
which utilized the dichroism of an absorption band of 
the Fe ++ ion, are used to monitor the temperature and 
magnetic field dependence of the total magnetization. 
The optical data is then used to construct magnetic 
phase diagrams of total magnetization versus tempera- 
ture and of internal magnetic field versus temperature, 
and to extract tricritical point exponents associated 
with the total magnetization. The resultant tricriti- 
cal behavior of FeCI 2 exhibits a striking similarity 
with that of 3He-~He mixtures, and is found to agree in 
most respects with the predictions of a classical 
Landau analysis. 

METAMAQ~TIC BEHAVIOR 

Metamagnetic FeCI_ is a highly anisotropic anti- . ferromagnet which conslsts of hexagonal layers of Fe ++ 
magnetic moments. 2 Within these layers there is a 
strong ferromagnetic exchange coupling which aligns the 
magnetic moments in a parallel arrangement, and between 
the layers there is an antiferromagnetic coupling. The 
overall magnetic order is that of antiferromagnetically 
aligned ferromagnetic layers. The magnetic moments are 
strongly confined to the hexagonal c axis (perpendicu- 
lar to the layers) by an anisotropy energy that exceeds 
both the ferromagnetic and antiferromagnetic exchange 
energies. The fact that this anisotropy exceeds the 
antiferrc~mgnetic exchange and that there is ferromag- 
netic coupling within the layers results in the rather 
interesting field-dependent behavior. 

In the presence of a sufficiently strong magnetic 
field applied perpendicular to the layers, there is an 
antiferromagnetic to paramagnetic phase transition. 
Due to the strong anisotropy this field-induced transi- 
tion involves a spin-flip in which the initially anti- 
parallel planes flip directly to the paramagnetic con- 
figuration, without the spin-flop phase present in many 
antiferromagnets. Due to the ferromagnetic coupling 
within the layers this spin-flip transition is first 
order at finite temperature, and it results in a finite 
discontinuity in the total magnetization. The first 
order nature of the transition persists up to the tri- 

EXPERIMENTAL TE[}]NIQUE 

Magnetic circular dichroism is the field-induced 
difference in absorption coefficients for left and 
right circularly-polarized light for a geometry in 
whic~ the magnetic field and incident beam are paral- 
lel.~ Measurements of the infrared dichroism of FeCl2 
were made by placing the sample in the bore of a super- 
conducting solenoid with optical access parallel to the 
magnetic field. The sample, a flat plate, was mounted 
so that its hexagonal c axis was parallel to the mag- 
netic field and was masked in order that the incident 
beam was limited to the central portion of the plate, 
across which the internal magnetic field is homogeneous. 
The incident monochromatic beam was passed first 
through a linear polarizer, next through a rotating 
phase plate, next through a mechanical chopper, and 
finally through the sample. The suitably analyzed 
intensity at the detector is proportional to 

-2~Ld -2~Rd 
e - e 

-2%d -2C~.Rd (i) 
e + e 

from which the circular dichroism 

MCD(X,T,~ - %- % (z) 

is  obtained. The reso lu t ion  of the op t i ca l  system used 
in the experiment was approximately 0.2% of the satu-  
rated paramagnetic dichroism, and th i s  resolu t ion  has 
been extended to approximately 0.05% using op t i ca l  
bridge techniques. 

The temperature of the sample was ca re fu l ly  con- 
t r o l l e d .  For th i s  purpose the sample was placed in a 
cy l i nd r i ca l  holder equipped with op t i ca l  windows on 
each end and which was f i l l e d  with ~He exchange gas. 
No e f fec t s  due to sample heating by the incident  beam 
were found to occur. The temperature of the holder was 
measured by a ca l ib ra t ed  four-wire germanit~n res i s tance  
thermometer and an ac res i s tance  bridges before and 
a f t e r  each magnetic f i e l d  scan. In order to control  
the sample holder temperature during the f i e l d  scan, a 
magnetic f ield-independent  SrTiO 3 capacitance thermo- 
meter was used in an ac capacitance bridge temperature 
con t ro l l e r .  6 This technique el iminates the coupling of 
temperature and magnetic f i e l d  which occurs due to the 
magnetoresistance present in germanit~a or carbon r e s i s -  
tance thermometers. Using th is  scheme, the sample 
temperature was constant to approximately 3 mK along 
each isothermal f i e l d  scan. 

EXPERIMF2CrAL RESULTS 

Fig. 1 illustrates the optical absorption of FeCI 2 
in zero magnetic field at four temperatures. The low- 
est optical transition occurs at approximately 1.45 
microns, and is a phonon-assisted electric dipole tran- 
sition between the cubic field split components, the 
lower ST2g and the upper 5E~, of the free ion SD term. 
The doublet structure arise~ from the Jahn-Teller effect 
in which the two-fold orbital degeneracy of the SE 
level is lifted by even-parity phonons.7 This tra~si- 
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Detailed measurements of the magnetization and sublattice magnetization of I"eCl& in a
magnetic field have been performed by use of polarized- and unpolarized-neutron-diffrac-
tion techniques. The phase diagram so determined is found to bear a close resemblance
to that of 3He- He mixtures near the tricritical point although there are a number of im-
portant differences which seem to require, at the minimum, an extension of present theo-
ries of tricritical phenomena.

In 1935 and 193V Landau' gave a phenomenolog-
ical theory for thermodynamic systems exhibit-
ing a line of first-order transitions going over
continuously into a line of second-order transi-
tions. Three decades later, Graf, Lee, and Rep-
py' showed that just such a situation occurs in
'He-4He mixtures where, at the junction point,
the superfluid A. line goes continuously into the
phase-separation line. Shortly thereafter, Grif-
fiths' considered in more detail the general 'He-
4He phase diagram and he showed that the junc-
tion point actually occurs at the intersection of
three lines of second-order transitions. He
thence proposed the name trinitica/point for
this special point on the phase diagram. Grif-
fiths further suggested that tricritical points
might occur in a wide variety of physical sys-
tems and, in particular, in metamagnets such
as FeCl, . " In this case it is proposed that one
has a simple isomorphism between thermodyna-
mic variables with, for example, magnetization
M(H, T)- X, the 'He concentration, and sublat-
tice magnetization M, (H, T)- i/I, the superfluid
order parameter. In this Letter we report a de-
tailed neutron-diffraction study of FeCL, in a

magnetic field. As we shall show, FeC1, does
indeed exhibit tricritical behavior and, further-
more, the phase diagram around the tricritieal
point bears a close resemblance to that of 'He-
4He mixtures. There are, however, a number
of quantitative discrepancies with theory which
necessitate both an extension of the existing
theories together with further experiments.
%e consider first the magnetic properties of
FeC1„ the experimental technique, and the sali-
ent results. We shall then discuss the current
theoretical predictions in the context of the re-
sults. The crystal structure, magnetic proper-
ties, and critical behavior of FeC1, in zero mag-
netic field have been extensively discussed by
Birgeneau, Yelon, Cohen, and Makovsky. ' From
the vantage point of critical phenomena, FeCl,
may be viewed as being composed of hexagonal
sheets of ferromagnetically coupled 5 =1 Ising
spins with successive planes weakly coupled anti-
ferromagnetically. At low temperatures as a
function of increasing internal field H , (we shall.
assume that all fields are applied along the crys-
talline e axis), FeC1, undergoes a first-order
transition from an antiferromagnetic (A/f) to a
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tice magnetization M, (H, T)- i/I, the superfluid
order parameter. In this Letter we report a de-
tailed neutron-diffraction study of FeCL, in a

magnetic field. As we shall show, FeC1, does
indeed exhibit tricritical behavior and, further-
more, the phase diagram around the tricritieal
point bears a close resemblance to that of 'He-
4He mixtures. There are, however, a number
of quantitative discrepancies with theory which
necessitate both an extension of the existing
theories together with further experiments.
%e consider first the magnetic properties of
FeC1„ the experimental technique, and the sali-
ent results. We shall then discuss the current
theoretical predictions in the context of the re-
sults. The crystal structure, magnetic proper-
ties, and critical behavior of FeC1, in zero mag-
netic field have been extensively discussed by
Birgeneau, Yelon, Cohen, and Makovsky. ' From
the vantage point of critical phenomena, FeCl,
may be viewed as being composed of hexagonal
sheets of ferromagnetically coupled 5 =1 Ising
spins with successive planes weakly coupled anti-
ferromagnetically. At low temperatures as a
function of increasing internal field H , (we shall.
assume that all fields are applied along the crys-
talline e axis), FeC1, undergoes a first-order
transition from an antiferromagnetic (A/f) to a

VOLUME 33, NUMBER 18 PHYSICAL REVIEW LETTERS 28 OCTOBER 1/74

paramagnetic (para) state. Above a critical tem-
perature of -21 K, however, the A/f-para tran-
sition appears to become continuous. 4 The Noel
temperature in zero field is -23.6 K. ln a real
experiment, it is, of course, the applied field,
H

pp 9
which is varied. Hill, and Hpp are rel ated

by"
H. , =H„, -4~mS(H. „r),

where M(H „T)is the magnetization and N is
the demagnetizing factor. Unfortunately, in ex-
periments reported to date' the samples have
been highly nonellipsoidal in shape thence giving
rise to a large distribution in internal fields.
Hence, no detailed information could be obtained
about the tricritical behavior.
The experiments reported here were performed

on a triple-axis spectrometer at the Brookhaven
National Laboratory high-flux beam reactor.
The sample was an ellipsoidal platelet of dimen-
sions 2.4x1.1&&0.09 cm' with the crystalline c
axis perpendicular to the flat face. The crystal
was masked with cadmium so that only the cen-
ter 25% was illuminated with neutrons. The es-
timated spread in the demagnetizing field from
geometrical effects was thus less than 10 0 at
the tricritical point. The crystal was mounted
with its (010) axis vertical in a variable-tem-
perature cryostat and the cryostat in turn was
mounted on a conventional magnet with the field
in the horizontal plane directed along the sample
(00l) direction. The sublattice magnetization
could be determined in the usual fashion from
the intensity at the (201) superlattice position
while the magnetization was determined from the
flipping ratio of polarized neutrons at the (300)
nuclear reflection. This simultaneous access to
both the ordering and nonordering densities rep-
resents a considerable advantage of the neutron-
scatte ring technique.
The experiments consist mainly of a series of

scans either in H, at a fixed temperature or
vice versa. At low temperatures as H, is in-
creased the superlattice intensity I(2013 decreas-
es gradually up to a critical field H, (1) at which
point there is a discontinuity in dI/dH, signal-
ing a first-order transition into the mixed A/f-
para state. The intensity, I(201), then decreas-
es linearly with increasing H, up to a critical
field, H,P&(2), at which point I(201) vanishes and
the crystal enters a homogeneous paramagnetic
state. The field difference, H, (2) —H, (1),
is just the demagnetizing-field difference 4m%
&&[1II(H,(2), T) —M(H. ,(l), T)] for the two states.
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FIG. 1. Reduced magnetization versus temperature
in FeCl2 along the first-order phase-separation line
and the second-order A. line. The solid (dashed) lines
are guides to the eye.

As the temperature is increased the mixed-
phase region decreases in size until beyond about
21.15 K the transition appears to be of second or-
der. Measurements of the magnetization along
the phase boundaries so determined may then be
carried out with the use of polarized neutrons.
We consider here only the results around the tri-
critical point/ Happ 10 200 0, T, = 21.15 K. The
normalized magnetization as a function of tem-
perature along the phase boundaries is shown in
Fig. 1. It is immediately evident that the Feel,
phase diagram does indeed bear a striking re-
semblance to the X-T phase diagram in 'He- He
mixtures. We shall discuss this correspondence
in detail below. The thermodynamic variable
conjugate to the magnetization M(H „T)is the.
internal field H, Using Eq. (1) and the results
shown in Fig. 1 one may immediately construct
the H. ,-T diagram. By definition, the upper and
lower lines of the phase-separation curve must
collapse onto a single line. The resultant H. ,-T
phase diagram is given in Fig. 2. The phase-
separation line is seen to be continuous with the
A. line through the tricritical point.
As an additional check, we also monitored the

strength of the A/f critical fluctuations along the
upper phase boundary, at the position (1.98, 0,
0.99), just off the (2, 0, 1) Bragg peak. The criti-
cal-scattering intensity is found to decrease
gradually as one moves up the A. line. However
at T =21.15+0.1 K there is a distinct break in the
slope with the critical scattering then decreas-
ing rapidly in intensity with further decrease in
temperature. This is a clear signature of the
crossover from a second- to a first-order tran-

1099

Vox,UME 33, NUMssR 18 P 8YSIGAI, RK VI KW I.KITER S 28 OcroazR 19?4

1.0

0.7

cU 04
O

0.2
&i

0.1
0.07 I

0.002 0.004 0.007 0.01 0.02 0.04 0.07 0.1 0.2
1 —T/ Tt

l

0.4 0.7 3.0

6
19 20 21

TEMPERATURE (K)
22

FIG. 3. Square of the normalized sublattice magneti-
zation versus reduced temperature along the A/f side
of the first-order line. Here T& ——21.15 K. The solid
line corresponds to the power law, Eq. (2) .

FIG. 2. Internal field versus temperature in FeC12
along the first-order phase-separation line and the
second-order A. line. The solid line is a smooth curve
drawn as a guide to the eye.

sition and it thus serves to locate independently
the tricritical point at T=21.15 K, II, =10200
0 for our sample.
We have also carried out a wide variety of

measurements of the staggered magnetization
M, (H, T) along various paths in the H, -T plane
in order to test the concept of smoothness. These
results are discussed in detail in a separate pub-
lication. ' We consider here explicitly, however,
the discontinuity in the sublattice magnetization,
DM„across the first-order phase-transition
line. This should exhibit characteristic tricriti-
cal behavior with respect to the tricritical tem-
perature T,. The results of these measurements
are shown in log-log form in Fig. 3. Here we
take T, =21.15 K, the value deduced both from
Fig. 1 and from the critical-scattering measure-
ments discussed above. Over the reduced-tem-
perature range 4x10 '&1—T/21. 15&2x10 ' the
square of the normalized sublattice magnetiza-
tion is found to follow the simple power law

(SM,/M, )' = 1.5(1—T/21. 15)'". (2)

We now discuss the results given in Figs. 1-3
in the context of the current theories of tricriti-
cal phenomena. It has been demonstrated' by
Riedel and Wegner and by Bausch that for lattice
dimensionality d& 3 the tricritical point ought to
be characterized by classical critical exponents.
For d =3 the classical power laws should be modi-
fied by logarithmic correction terms. In the M-
T plane the Landau theory predicts that the three
phase-boundary lines will approach the tricriti-
cal point linearly, that is, P=1, with the second-

order A. line joining onto the paramagnetic-phase-
separation line with no discontinuity in slope.
From Fig. 1 it is evident that this latter predic-
tion is explicitly contradicted in FeCL„a similar
result is found in 'He-'He mixtures. The upper
two lines in Fig. 1 do seem to approach the tri-
critical point linearly; however, the A/f first-
order line deviates considerably from linearity
up to at least 20.9 K, that is 1 —T/T, =0.01. In-
deed over the reduced-temperature range 0.1
& 1 —T/T, & 0.01 an exponent P„-0.36 rather
than 1 seems to be appropriate. Along the first-
order line the Landau theory also predicts that
the discontinuity in the sublattice magnetization
should obey the power law hM, 'cc 1 —T/T„ that
is 2P, =1, compared to our result, Eq. (2), 2P,
=0.38. These exponents are accurate, over the
temPerature range covered, to about 10%%uc. There
appears, therefore, to be a serious conflict be-
tween the classical theory and experiment along
the A/f first-order line for both the magnetiza-
tion and the sublattice magnetization, unlike the
case of He'-He' mixtures. ' There is, of course,
always the possibility that for some as yet un-
known reason the asymptotic behavior is only at-
tained very close to T, along this particular path. '
We should note, however, that along all other
paths across the A. line the sublattice magnetiza-
tion exhibits the predicted power-law behavior
for 1 —T/T, or 1-H/H, & 10 ', whereas here we
have a significant discrepancy at 1 —T/T, -4
&10 '. Clearly, this requires further experimen-
tal and theoretical study. Unfortunately, any
significant improvement of our neutron measure-
ments of the phase-separation line near T, is un-
likely; the first-order transition manifests it-
self as a discontinuity in dI(201)/dH, and this
point becomes very difficult to locate accurately
beyond 21.0 K. However, it may be possible to



2 

Real tricritical material #2: La-Fe-Si 

Mechanism of the strong magnetic refrigerant performance of LaFe13−xSix

Michael D. Kuz’min and Manuel Richter
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Electronic structure calculations reveal the presence of several shallow minima and maxima in the energy-
vs-magnetization curves, which otherwise are surprisingly flat. The main implication—a fast magnetization
and/or demagnetization process with little hysteresis—is of primary importance for the performance of
LaFe13−xSix in magnetic cooling devices.

DOI: 10.1103/PhysRevB.76.092401 PACS number!s": 75.30.Sg, 71.20.Be, 75.50.Bb

The latest decade has witnessed a spectacular upsurge of
interest in room-temperature magnetic refrigeration. The
boom of research activity and the general expectation of an
approaching technological breakthrough were brought about
by the discovery of several materials with a so-called giant
magnetocaloric effect.1–3 Common to all these materials is
that they undergo a first-order magnetic phase transition
around room temperature. This gives rise to a sharp depen-
dence of the magnetization on temperature near the transition
point, which should also result in a large magnetic entropy
change, if the Maxwell relation, !S /!B=!M /!T, were to be
relied on. The latter cannot be taken for granted, however,
because in the vicinity of a first-order phase transition a basic
assumption of standard thermodynamics—that the system is
continually at thermal equilibrium—usually fails. This fail-
ure manifests itself in slow dynamics and hysteresis, both of
which hinder the use of the new materials in magnetic refrig-
erators, where high operation frequency and low hysteretic
losses are essential.

LaFe13−xSix occupies a special place among the magnetic
refrigerants of the new generation.4,5 While enjoying in full
measure the benefits of a first-order phase transition,
LaFe13−xSix does not seem to have the disadvantages inherent
therein. The most serious difficulty—hysteresis—is practi-
cally overcome in melt-spun LaFe13−xSix ribbons,6 which of-
fers the prospects of rapid magnetic cycling without loss of
efficiency. Further strong points of LaFe13−xSix are the abun-
dance of its main constituents, iron and silicon, and the pos-
sibility of adjusting the Curie point by varying x and/or by
hydrogenation.6,7

A naturally arising question, what brings about this un-
usual combination of features characteristic of first- and
second-order phase transitions that makes LaFe13−xSix so
uniquely distinct, is addressed in this paper. As a method for
our study we chose density-functional electronic structure
calculations. These were carried out using the full-potential
local-orbital program !FPLO,8 version 5.00-19" in its scalar-
relativistic mode. The exchange and correlation potential in
the local spin-density approximation !LSDA" was taken in
the form due to Perdew and Wang.9 The valence basis states
included 5spd and 6sp of La, 3spd and 4sp of Fe, as well as
3spd of Si. A reciprocal space mesh containing 72 k points
within the irreducible wedge of the Brillouin zone was used
to perform the self-consistent electronic structure calcula-
tions. For the one-step calculation of the density of states
!DOS" the number of k points was increased to 2769.

LaFe13−xSix has the NaZn13-type cubic structure !space

group Oh
6-Fm3c" with eight formula units per conventional

cell. The La atoms occupy the 8a sites ! 1
4

1
4

1
4

", while Fe and Si
are distributed at random between the 8b sites !000" and the
96i sites !0yz".10 For simplicity we restricted ourselves to a
special case of x=1 and further assumed that the 8b sites are
occupied solely by silicon, while iron is located exclusively
on the 96i sites. The internal positions of the latter were fixed
at y=0.179 and z=0.116, as inferred from the powder neu-
tron diffraction data.10 For the lattice parameter a various
values were taken, ranging from the experimental one,
aexper#11.5 Å, down to the LSDA equilibrium value,
aLSDA#10.9 Å !the latter is where the total energy computed
in the LSDA is a minimum".

Our main effort was concentrated on so-called fixed-spin-
moment !FSM" calculations, in which the numbers of va-
lence electrons in both spin channels are fixed, rather than
determined self-consistently as in the usual spin-polarized
calculations. The FSM method, first proposed and imple-
mented by Schwarz and Mohn over two decades ago,11 is a
standard technique for visualizing the presence of magneti-
cally distinct states in a system.

Figure 1!a" displays four representative E!M" curves cal-
culated at the indicated values of the lattice parameter. Here
M stands for the spin moment—the difference between the
assumed electron occupation numbers in the majority and
minority spin channels, while E is the computed total energy.
The most salient feature of the curves in Fig. 1 is the pres-
ence of several shallow minima at certain stable abscissae,
M #7, 11, 21, and 25!B per formula unit. According, as the
lattice parameter increases from 11.1 Å to 11.4 Å, the global
minimum in the E!M" dependence migrates from $7 to
25!B / f.u. This movement is essentially discontinuous: every
time a new local minimum emerges in a set position, it co-
exists with the old one and eventually assumes the role of
global minimum, while the former global minimum fades
away.

Such FSM curves—with several shallow minima and
maxima—-are characteristic of the entire iron-rich end of the
LaFe13−xSix series, not just of the x=1 system. This point is
illustrated in Fig. 1!b", where a similar dependence for the
hypothetical end compound LaFe13 is presented. This also
suggests that the dubious preferential site occupation !as-
sumed merely to avoid computationally tedious structural
disorder" plays no major role here.

The reason why the curvature of the FSM profiles in Fig.
1 changes sign several times can be best explained with the

PHYSICAL REVIEW B 76, 092401 !2007"
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help of the Stoner model of itinerant magnetism. In this
model the reciprocal susceptibility, !M

−1=E!!M", is given by a
simple formula12

!M
−1 = "B

−2!DM
−1 − I" , !1"

where I#0.5 eV is the Stoner parameter and DM is the ef-
fective DOS at the Fermi level, defined by

DM =
4

DM+
−1 + DM−

−1 . !2"

The Stoner theory adopts the rigid-band approximation,
whereby the DOS of a spin-polarized state is obtained from
the nonmagnetic DOS D!E" by simply shifting the latter
along the energy axis. Accordingly, the entering into Eq. !2"
DOS at the Fermi level in the majority and minority sub-
bands are given by DM±= 1

2D!EF,M±", where the shifted
Fermi levels are determined from an obvious condition,

$
EF,0

EF,M±

D!E"dE = ±
M

2
, !3"

EF,0 being the Fermi energy of the unpolarized state. The
somewhat heavy use of the subscript M in Eqs. !1"–!3" is to
emphasize that the quantities defined therein are functions of
the independent variable M, the spin magnetic moment.

Turning now to LaFe12Si, its nonmagnetic DOS is pre-
sented in Fig. 2. The arrows mark the positions of the shifted
Fermi level in the majority and/or minority subbands, the
numbers corresponding to the labeling of the minima in

Fig. 1. In reality there is a finite interval of allowed M values
around each arrow, wherein !M #0 and E!M" is curved up-
wards. The exact equilibrium positions within the intervals
depend on the assumed value of the lattice parameter a. The
allowed intervals are interlaid with forbidden ones, wherein
the DOS at the Fermi level in both spin channels is so high
that DM exceeds I−1 and consequently !M is negative. Such
forbidden values of M correspond to unstable states. The
instability criterion, IDM #1, is known as the generalized
Stoner condition.12

Recapitulating, the Stoner theory links the oscillatory be-
havior of the FSM profiles of LaFe12Si !Fig. 1" to a series of
high peaks and deep valleys in its DOS !Fig. 2". Earlier it
was suggested13 that the magnetic instability in LaFe13−xSix
might be akin to that in face-centered-cubic !fcc" iron, where
several magnetically distinct phases had been predicted.14

This view was supported by an argument that the iron atoms
situated on the 96i sites form icosahedral clusters similar to
the coordination polyhedra in the fcc structure. Examining
the DOS of fcc iron,15 we found no narrow peaks or valleys
that could enable us to draw a parallel between fcc Fe and
LaFe13−xSix. The preferred values of the atomic moments
are also dissimilar: thus, the third minimum in Fig. 1!a"
!#1.75"B /Fe atom" corresponds to a prominent maximum
in the E!M" dependence of fcc iron.14 The two compounds
are still broadly analogous, in the sense that the magnetic
instability in both of them is governed by the generalized
Stoner criterion, IDM #1.

Our next goal is to find out what the FSM profile of an
ideal magnetic refrigerant should look like. With this end in
view, let us first clarify what determines the relative cooling
power !RCP" of a refrigerant with a single first-order transi-
tion. An intersection point of the temperature dependences of
the free energies of the two phases involved defines the tran-
sition temperature T0, Fig. 3!a". The negative slopes of the
two curves are the entropies S1,2, the respective magnetiza-
tions being M1,2. Assume for definiteness that M2#M1.
Then a magnetic field B will suffice to induce a transition
from phase 1 to phase 2 anywhere within the interval be-
tween T0 and T0+$T, where $T is determined from an ob-
vious condition, $T!S1−S2"=B!M2−M1". This will be ac-
companied by an entropy change of $S%S2−S1, see Fig.
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Real tricritical material #2, continued: La-Fe-Si 

A candidate magnetic refrigerant at room temperature: La(Fe,Si)13 

Fujita et al., 2003 La(Fe,Si)13 cubic crystal structure 

~11.6 Å 

Real tricritical material #3: Fe2P 

Similar effects modeled and seen 

constants than the critical one. On the other hand, FeI is non-magnetic at smaller lattice
constants, but a small moment of about 0.3!B is induced on FeI by the effective
exchange field created by FeII moments. Strictly speaking, the induced moment on
FeI atom is due to the hybridization between the orbitals on FeI and FeII atoms.
Nevertheless, we simply say that the FeI moment is induced by the effective exchange
field created by the FeII moment. At larger lattice constants, FeI suddenly becomes
magnetic as shown in Fig. 2. Due to the effective exchange field of the FeI moments,
further 0.4!B is induced on the FeII atoms compared to the m values for smaller lattice
constants.

In order to confirm these predictions, the FSM calculations have been carried out
for several lattice constants, where c=a is fixed to the observed one. In Fig. 3 results
for the magnetic energy, !EðMÞ ¼ Eð0Þ $ EðMÞ, are shown as a function of the total
moment M. We observe that for larger lattice constants two minima of !E at about
M ¼ 5 and 9!B/cell exist, whereby the unit cell contains three FeI and three FeII
atoms. In Fig. 4 the values of local moments,m(FeI) andm(FeII), are shown as a function
of M. Small and negative moments of m(FeI) are obtained in the region of small M.
In Fig. 5 m(FeI) is plotted as a function of m(FeII). Rapid increases of m(FeI) are seen
at two points, say m(FeIIÞ % 1:2 and 1.5!B/atom for the observed lattice constant,
a ¼ 5:877 Å. This fact means that a metamagnetic transition of m(FeI) occurs due to
the effective exchange field of m(FeII).

The first-order transition observed at TC for Fe2P may be related to the metastable
state of m(FeI). With increasing temperature, the ferromagnetic moment m(FeII)
decreases and then, the effective exchange field created by m(FeII), also decreases.
When this field decreases, the magnetic moment m(FeI) collapses at the critical field
of the metamagnetic transition. By this the FeII may also lose its moment. The collapse
of m(FeI) is very similar to that observed in the anti-metamagnetic transition occurring
in some heavy rare-earth (R) and Co compounds RCo2 (Bartashevich et al., 1997;
Dubenko et al., 1997; Hauser et al., 2000). Without external magnetic fields,
Co moments in RCo2 are metamagnetically induced in the opposite direction to the
rare-earth moment. When the magnetic field is applied in the opposite direction to
the exchange field, the effective field acting on Co moments decreases. The collapse
of Co moments takes place at a certain applied field, where the effective field reaches
a critical value (metamagnetic transition). This is the so called anti-metamagnetic
transition. Therefore, the first-order transition of Fe2P is considered to be a kind of

FIGURE 3 Calculated values for !EðMÞ ¼ Eð0Þ $ EðMÞ in mRy per unit cell as a function of the total
moment M (in !B/unit cell) for lattice constants a ¼ 5:8, 5.825, 5.85 and 5.877 Å.
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FIRST-ORDER TRANSITION OF Fe2P AND
ANTI-METAMAGNETIC TRANSITION

H. YAMADA* and K. TERAO

Faculty of Science, Shinshu University, Matsumoto 390-8621, Japan
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A fixed-spin-moment (FSM) calculation is carried out for Fe2P using the linear muffin-tin orbital method. It
is found that the Fe atom at the 3f site shows a metamagnetic behavior, while the Fe atom at the 3g site is
ferromagnetic. In order to study the magnetic properties of this compound at finite temperatures, a simple
model based on the Landau–Ginzburg theory is proposed, by taking into account the effect of spin fluctua-
tions. The Landau parameters included in this model are estimated from the results obtained by fixed-spin
moment band-calculations. It is shown that the first-order transition at TC observed for Fe2P is attributed
to the metamagnetic Fe atoms at the 3f site. The present mechanism of the first-order transition is connected
with the anti-metamagnetic transition observed in some rare-earth and Co compounds.

Keywords: Electronic structure of Fe2P; First-order transition of Fe2P; Anti-metamagnetic transition

1. INTRODUCTION

The hexagonal Fe2P compound with space group D3
3h (P!662m) is a ferromagnet with a

Curie temperature of TC ! 200K at which the transition is of first order (Fujii et al.,
1977). The Fe atoms occupy two inequivalent atomic sites: type-I (3f ) and type-II
(3g) sites. Polarized neutron diffraction measurements for a single crystal at 77K
yield the magnetic moments 0.92 and 1.70!B/atom on FeI and FeII at type-I and II
sites, respectively (Fujii et al., 1988b). The paramagnetic susceptibility does not show
a Curie–Weiss law (Fujii et al., 1977). It is said that the first-order transition of Fe2P
is caused by the lattice distortion due to the magneto-elastic effects as proposed by
Bean and Rodbell (1962). The aim of the present paper is to propose different mechan-
ism for the first-order transition in Fe2P, which we associate with the metastable
magnetic state obtained from electronic structure calculations.

The electronic structures of the present compound have been calculated by Ishida et
al. (1987); Fujii et al. (1988a). They obtained the ferromagnetic moments of FeI and
FeII, being rather close to the observed values. This means that Fe2P is an itinerant-
electron ferromagnet. Then the magnetic properties at finite temperature could be
explained by conventional spin-fluctuation theory by Moriya (1985). By taking into

*Corresponding author. Tel.: þ81-263-342461; Fax: þ81-263-343071;
E-mail: hyamada@gipac.shinshu-u.ac.jp
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ferromagnetic. In order to study the magnetic properties of this compound at finite temperatures, a simple
model based on the Landau–Ginzburg theory is proposed, by taking into account the effect of spin fluctua-
tions. The Landau parameters included in this model are estimated from the results obtained by fixed-spin
moment band-calculations. It is shown that the first-order transition at TC observed for Fe2P is attributed
to the metamagnetic Fe atoms at the 3f site. The present mechanism of the first-order transition is connected
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yield the magnetic moments 0.92 and 1.70!B/atom on FeI and FeII at type-I and II
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is caused by the lattice distortion due to the magneto-elastic effects as proposed by
Bean and Rodbell (1962). The aim of the present paper is to propose different mechan-
ism for the first-order transition in Fe2P, which we associate with the metastable
magnetic state obtained from electronic structure calculations.

The electronic structures of the present compound have been calculated by Ishida et
al. (1987); Fujii et al. (1988a). They obtained the ferromagnetic moments of FeI and
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Magnetocaloric principles: not new! 

“These are some examples of the type of things that are to be found by those who 
inquire into the subject of entropy. We consider it a rich field for further investigation.” 

William Giauque, Nobel Prize Lecture, 1949 
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Magnetocaloric principles: not new! 

e.g. demagnetising a 
paramagnetic salt - the rubber 
band equivalent 

2µB1 
Increase 

magnetic field 
adiabatically 

2µB2 

Despite bigger energy difference 
between states, occupation is same 
(due adiabatic application of field)"
"
So this new arrangement represents a 
higher characteristic, thermodynamical 
temperature"

No phase transition here!
(ie no forced or 

spontaneous change of 
state)!

The cycle 

K. G. Sandeman, Mag. Tech. Int. 1 30-32 (2011)"

Magnetocaloric principles 

T Tc 

M 

T Tc 

M 

Tt 

Inverse Inverse 

What makes a good magnetic refrigerant? 

Cheap 
d-metal magnetism 
 
First order transition 
because ∆Tad of second order 
transtion is too low (if d-metal 
alloy) 
 

ΔTad (H,T ) =
TΔS
Cp

Proximity to (tri)critical point 
Minimise energy loss from 
hysteresis 
 

MnFe(P,Z) 
La(Fe,Co,Mn,Si)13 

H 

T TC 

∂H
∂T

1st order 

2nd 
order 

of phase line is also 
important (see next) 
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What are the limits? 
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H=0
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S
Large |∂Tc/∂H | "

Small |∂Tc/∂H | "

Δ
0

∞

∫ S(T,Hmax )dT =MsatHmax
Refrigerant Sum Rule K. G. Sandeman, Scripta Materialia 67 566-571 (2012)!

An Ashby plot for magnetic refrigerants 
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data 
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with error bars 
indicating 
compositional 
variations 

Fe-Rh has 
AFM-FM 
transition 

La-Fe-Si and Mn-Fe-P 
are two most 
promising room 
temperature systems 

K. G. Sandeman, Scripta Materialia 67 566-571 (2012)!

An Ashby plot for magnetic refrigerants 
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Adding 
limits: 
 
Open circles: 
theoretical 
limits using 
experimental 
dTc/dH 
 
Closed circles: 
theoretical 
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dTc/dH values 
that optimise 
∆Tad 
 

K. G. Sandeman, Scripta Materialia 67 566-571 (2012)!
In 2 Tesla, the value of µ0 | ∂Tc/∂H |  
which is optimum is µ0η~ ±7 KT-1  "

SSEEC www.sseec.eu 

!

Materials Research Aims:  
Identification, synthesis, modelling & 
production of magnetocaloric materials 
 

Scope of the project: 



5 

SSEEC www.sseec.eu 

Cooling engine  
(design 

integration) 

Manufacture 
(plates, 

particles) 

Fabrication and 
characterisation 
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Production 
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Feedback between 
the steps in this 
multidisciplinary 
research chain is 
essential 

Strategies for coupling magnetism to the lattice 

1)  Don’t bother!  (Gadolinium, second order phase transitions) 

2)  Push a second order magnetic transition towards a bi/tricritical point (b!0+) 

3)  Push a first order transition towards a bi/tricritical point (b!0-) 
 
In (2) or (3) we can either:  

•  Use a magneto-elastic transition (no change of crystal symmetry) 
•  La(Fe,Si)13, (Mn,Fe)2P, FeRh, CoMnSi, Mn3GaC 

•  Use a magneto-structural transition (change in crystal symmetry) 
•  Shape memory alloys, Gd5Ge4, CoMnGe 

Some examples   

Some Examples… 

The original giant magnetocaloric: Gd-Si-Ge 

Structures differ by number of Si-Ge 
bonds made or broken 

V.K. Pecharsky and K.A. Gschneidner Jr.,  
Appl. Phys. Lett. 70, 3299 (1997)  
Phys. Rev. Lett. 78, 4494 (1997).  
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La(Fe,Si)3 

Fujita et al., 2003 

La(Fe,Si)13 contd. 
Curie temperature ~ 190 K 

!
Left: Volume fraction of constituent phases as a function of annealing temperature for bulk 
alloys (closed symbols determined by SEM images, open symbols determined by Rietveld 
refinement). Right: Phase concentration in melt spun ribbons as a function of annealing 
temperature. Annealing time for all samples was 2 hours.  

Liu et al., Acta Materialia (2011)"

Tuning transition temperature 
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Magnetic entropy change as a function of temperature of: La(Fe0.915CoxSi0.085)13 (left) and five LaFe11.74-yMnySi1.26H1.53 
alloys with different y (right) for a magnetic field change of 1.6 T. The entropy change is higher than that seen in 
gadolinium (Gd, left plot only). 

La-Fe-Co-Si La-Fe-Mn-Si-H 

Barcza et al., IEEE Trans. Magn. (2011)"Katter et al., private communication"

Hydrogen stability 

Barcza et al., IEEE Trans. Magn. (2011) 
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Tuning Tc  and controlling H desorption 

!

!

!
•  With C, desorption temperature is 

increased to 500 K (x = 0.1) and 540 
K (x = 0.2).  

•  C stabilizes the H in LaFe11.6Si1.4CxHy 
alloys 

•  Important as the materials should be 
stable over extended periods of time 

•  Even small losses in H content 
translate to large decrease in the 
working temperature as set by Tc. 

  
 

C. de Texeira J. Appl. Phys. 111 07A927 (2012)  

Machinability of La-Fe-Si material 

MFP-1056, TC = -14°C
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]

magnetocaloric passive state
a-Fe = 71 %

magnetocaloric active state
a-Fe = < 2%

reversible conversion

good machinability

good magnetocaloric properties

difficult to machine

tensile stress
=> cracks

In order to be able to machine parts made of sintered La-Fe-So-Si the 
materials has to undergo the Thermal Decomposition and Recombination 
(TDR) process.  

How to avoid 
cracking during 
machining 

(Mn,Fe)2P-based materials 

11Challenge the future

MnFeP1-x Asx

Hexagonal Fe2 P type of structure

Bacmann, JMMM 1994

Space group:

P62m

Mn
 

3g sites

Fe 3f sites

P/As 1b&2c sites

_

[L.!Lundgren!and!P.!Nordblad!UPTEC!8025!R!Mars!(1980)]!

Lundgren and Nordblad, 1980 

Slow cooled 
Quenched 

[Fujii!et!al.!J.!Phys.!Soc.!Jpn.,!43:1,!1977]!

Fujii et al., 1977 

Change of c/a ratio across first order phase transition 

(Mn,Fe)2P-based materials 

Tegus et al., Nature (2002) 
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(Mn,Fe)2P-based materials 
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shall also contain a series of different materials as depicted 
in Figure  4  to utilize the full temperature span from room 
temperature up to the temperature of the heat source. As 
can be seen from Figure  4 , to achieve a really constant mag-
netic entropy change, one will need to prepare many different 
materials with only slightly varying composition. Because the 
entropy change observed in a fi eld change from 0-1 T is already 
rather large, this generator without moving parts can work effi -
ciently. This is due to a magnetic-fi eld-induced transition with 
a very small magnetic hysteresis, which occurs in these com-
pounds at low fi elds, as displayed in  Figure    6   for the compound 
Mn 1.30 Fe 0.65 P 0.50 Si 0.50 . The extremely small magnetic hysteresis 

is in line with the observed small  ∆ T hys , indicating a low energy 
barrier for nucleation of the FOMT.   

   3. Conclusions 
 Combining weak and strong magnetism in a single mate-
rial opens the possibility to effectively couple spin and lattice 
degrees of freedom. In this way we simultaneously achieved 
giant magnetocaloric effect and a small thermal hysteresis in 
Mn-Fe-P-Si compounds of hexagonal Fe 2 P-type structure by 
varying Mn:Fe, P:Si. We demonstrate that the working tem-
perature can be controlled between 210 and 430 K by concur-
rently changing Mn:Fe and P:Si ratios. The combination of 
several alloys with slightly different compositions in one active 
magnetic regenerator will allow for effi cient magnetic refrig-

eration with large temperature span. The 
fact that we use materials that are not only 
globally-abundant and non-toxic but can also 
be industrially-mass-produced via a simple 
powder-metallurgical method, makes Mn-Fe-
P-Si compounds particularly attractive. The 
discovery of these high-performance low-cost 
magnetic refrigerants paves the way for com-
mercialization of magnetic refrigeration and 
magnetocaloric power-conversion. Addition-
ally, the insight into the importance of the 
coexistence of strong and weak magnetism 
enables us to search specifi cally for novel 
magnetocaloric materials. 

   4. Experimental Section 
 First principle electronic structure calculations 
were performed using the localized spherical 
wave method (LSW) [  22  ]  using the scalar relativistic 
Hamiltonian. The local density exchange and 
correlation potential was used inside space fi lling 
and therefore overlapping spheres around the 

    Figure  4 .     Isothermal magnetic entropy change under a fi eld change of 
0-1 T (open curves) and 0-2 T (solid curves) for some typical Mn x Fe 1.95-

x P 1-y Si y  compounds with from left to right x  =  1.34, 1.32, 1.30, 1.28, 1.24, 
0.66, 0.66 and y  =  0.46, 0.48, 0.50, 0.52, 0.54, 0.34, 0.37, respectively. The 
data of Gd metal under a fi eld change of 0-1 T (open diamond) and 0-2 T 
(solid diamond) are included.  
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    Figure  5 .     Concept of a magnetocaloric generator with an active shunt consisting of a series 
of materials with gradual changing Curie temperatures (adapted version of a design by 
Brillouin [  21  ] ).  

    Figure  6 .     Magnetic isotherms of Mn 1.30 Fe 0.65 P 0.50 Si 0.50  in the vicinity of 
the Curie temperature.  
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shall also contain a series of different materials as depicted 
in Figure  4  to utilize the full temperature span from room 
temperature up to the temperature of the heat source. As 
can be seen from Figure  4 , to achieve a really constant mag-
netic entropy change, one will need to prepare many different 
materials with only slightly varying composition. Because the 
entropy change observed in a fi eld change from 0-1 T is already 
rather large, this generator without moving parts can work effi -
ciently. This is due to a magnetic-fi eld-induced transition with 
a very small magnetic hysteresis, which occurs in these com-
pounds at low fi elds, as displayed in  Figure    6   for the compound 
Mn 1.30 Fe 0.65 P 0.50 Si 0.50 . The extremely small magnetic hysteresis 

is in line with the observed small  ∆ T hys , indicating a low energy 
barrier for nucleation of the FOMT.   

   3. Conclusions 
 Combining weak and strong magnetism in a single mate-
rial opens the possibility to effectively couple spin and lattice 
degrees of freedom. In this way we simultaneously achieved 
giant magnetocaloric effect and a small thermal hysteresis in 
Mn-Fe-P-Si compounds of hexagonal Fe 2 P-type structure by 
varying Mn:Fe, P:Si. We demonstrate that the working tem-
perature can be controlled between 210 and 430 K by concur-
rently changing Mn:Fe and P:Si ratios. The combination of 
several alloys with slightly different compositions in one active 
magnetic regenerator will allow for effi cient magnetic refrig-

eration with large temperature span. The 
fact that we use materials that are not only 
globally-abundant and non-toxic but can also 
be industrially-mass-produced via a simple 
powder-metallurgical method, makes Mn-Fe-
P-Si compounds particularly attractive. The 
discovery of these high-performance low-cost 
magnetic refrigerants paves the way for com-
mercialization of magnetic refrigeration and 
magnetocaloric power-conversion. Addition-
ally, the insight into the importance of the 
coexistence of strong and weak magnetism 
enables us to search specifi cally for novel 
magnetocaloric materials. 

   4. Experimental Section 
 First principle electronic structure calculations 
were performed using the localized spherical 
wave method (LSW) [  22  ]  using the scalar relativistic 
Hamiltonian. The local density exchange and 
correlation potential was used inside space fi lling 
and therefore overlapping spheres around the 

    Figure  4 .     Isothermal magnetic entropy change under a fi eld change of 
0-1 T (open curves) and 0-2 T (solid curves) for some typical Mn x Fe 1.95-

x P 1-y Si y  compounds with from left to right x  =  1.34, 1.32, 1.30, 1.28, 1.24, 
0.66, 0.66 and y  =  0.46, 0.48, 0.50, 0.52, 0.54, 0.34, 0.37, respectively. The 
data of Gd metal under a fi eld change of 0-1 T (open diamond) and 0-2 T 
(solid diamond) are included.  
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  1. Introduction 
 Limited resources and the wish for improved prosperity call for 
effi cient use of energy. The UN Advisory Group on Energy and 
Climate Change recommends a target of 40% improved effi -
ciency by 2030. [  1  ]  Materials research can contribute signifi cantly 
to reach this target. Magnetic refrigeration offers potential to 
achieve a 50% higher energy-effi ciency compared to vapour 
compression refrigeration. [  2  ]  This makes magnetic refrigeration 
a technology that attracts growing attention. Magnetic refrig-
eration is based on the magnetocaloric effect (MCE); solid 
magnetic materials heat up or cool down when an external mag-
netic fi eld is applied or removed, due to the entropy transfer 
 ∆ S between the magnetic system and the crystal lattice. In a 
reversed process heat can be transformed into electricity with 

a thermomagnetic generator. [  3  ]  This device 
can be used to generate electricity from 
‘waste heat’, heat that currently is released 
unused into the environment. Effi cient 
magnetocaloric materials could therefore 
contribute signifi cantly to a reduction in 
energy consumption. However, up to now 
no suitable magnetic materials were avail-
able to operate between room temperature 
and 400K. 

 Following the discovery of giant MCE in 
Gd 5 (Si,Ge) 4 , [  4  ]  a number of magnetocaloric 
materials [  4–10  ]  with a fi rst-order magnetic 
phase transition (FOMT) have been inten-
sively explored. In these materials, the 
FOMT enhances the magnetocaloric effect 
in the vicinity of the magnetic phase tran-
sition. The maximum isothermal entropy 
change is therefore often signifi cantly 
greater than that of the benchmark mate-
rial Gd [  11  ]  that presents a second-order 

magnetic phase transition. Combining giant magnetocaloric 
materials with different T C  in series, a higher effi ciency and 
a greater temperature span than that of Gd is obtained. [  12  ]  For 
optimal performance the materials used in such a composite 
regenerator need to have very similar magnetocaloric proper-
ties, to achieve a constant entropy change as function of tem-
perature. [  13  ]  The large thermal hysteresis frequently associated 
with the FOMT seriously hampers the application in a refriger-
ation cycle. [  14  ]  Thermal and fi eld hystereses are intrinsic proper-
ties of a fi rst-order material. However, the size of this hysteresis 
may strongly depend on microstructure or strain in the system. 
Here we report on a novel mechanism for FOMT derived from 
fi rst principle electronic structure calculations. The intercala-
tion of weak and strong magnetism in adjacent lattice planes 
induces a large magneto-elastic effect and giant magnetocaloric 
effects. With this mechanism we can generate exceptionally 
favourable magnetocaloric properties in broad regions of the 
Mn-Fe-P-Si system. 

   2. Results and Discussion 
 Fe 2 P and related alloys have attracted attention for quite some 
time, [  15  ]  on replacing more than 10% of P by Si in Fe 2 P the 
hexagonal crystal lattice is transformed into an orthorhombic 
one. [  16  ]  To avoid the hexagonal to orthorhombic transforma-
tion we replaced Fe on the 3g sites by Mn to form a compound 
with very interesting properties. MnFeP 0.5 Si 0.5  with a FOMT 
near room temperature, crystallizes in the hexagonal Fe 2 P type 
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 Mixed Magnetism for Refrigeration and Energy Conversion 

 The effi cient coupling between lattice degrees of freedom and spin degrees 
of freedom in magnetic materials can be used for refrigeration and energy 
conversion. This coupling is enhanced in materials exhibiting the giant mag-
netocaloric effect. First principle electronic structure calculations on hexag-
onal MnFe(P, Si) reveal a new form of magnetism: the coexistence of strong 
and weak magnetism in alternate atomic layers. The weak magnetism of Fe 
layers (disappearance of local magnetic moments at the Curie temperature) 
is responsible for a strong coupling with the crystal lattice while the strong 
magnetism in adjacent Mn-layers ensures Curie temperatures high enough 
to enable operation at and above room temperature. Varying the composition 
on these magnetic sublattices gives a handle to tune the working temperature 
and to achieve a strong reduction of the undesired thermal hysteresis. In this 
way we design novel materials based on abundantly available elements with 
properties matched to the requirements of an effi cient refrigeration or energy-
conversion cycle. 

Dung et al., Adv. Eng. Mat. (2011) 

Curie temperature and hysteresis dependence 
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temperatures are low (for example, ZrZn 2 :33 K; Ni 3 Al: 23–58 K 
depending on composition). To the best of our knowledge no 
other cases of mixed magnetism have been described before. 
It is directly related to the giant magneto-caloric effect, because 
in solids the existence of magnetic moments competes with 
chemical bonding. [  20  ]  The loss of the magnetic moments of iron 
enables the strong coupling to the lattice above the Curie tem-
perature resulting in the discontinuity of the  c/a  ratio leading 
to the FOMT. On the other hand, the strong magnetism of 
the manganese layers ensures a Curie temperature near room 
temperature. 

 Experimentally we studied the effect of changing the lattice 
sites occupations. The hexagonal Fe 2 P type of structure is found 
to be stable over a broad range of compositions. Similar to the 
orthorhombic compound [  16  ]  T C  increases with increasing Si 
content. This increase in T C  is probably caused by an increase 
in magnetic moments that is seen from our theoretical calcula-
tions. These calculations indicate that mainly the Fe moment 
on 3f sites is enhanced. Neutron diffraction experiments are 
planned to test this fi nding experimentally. When increasing 
the Mn content in MnFe(P, Si) compounds, T C  decreases (see 
 Figure    3   a ). This fi nding may be astonishing at the fi rst glance 
as Mn appears to carry a larger moment than Fe. However, the 
excess Mn atoms have to occupy the 3f sites now where they can 
develop only a relatively low moment of 1.25  µ  B  compared with 
1.54  µ  B  of Fe atoms on these sites. Additionally, it is well known 
that Mn alloys tend to order antiferromagnetically below a crit-
ical Mn–Mn distance. The distance between 3g and 3f sites is 
clearly below this critical distance and therefore Mn on 3f sites 
will not contribute to the strong ferromagnetism. On the other 
hand an increase of the Fe content results in an increase of T C . 
The excess Fe will occupy the 3g sites where Fe always carries a 
large magnetic moment, and T C  of hexagonal Fe 2 P 0.8 Si 0.2  510 K 
exceeds the T C  of the Mn containing alloy [  16  ]   

 Both Fe substitutions on the Mn sublattice or Mn substi-
tutions on the Fe sublattice, as well as an increase in Si con-
tent, are benefi cial in that they give rise to a decrease in  ∆ T hys  
(Figure  3 b). From these trends we derive that a large  ∆ S m  
coupled with a small  ∆ T hys  can be obtained by balancing the 
Mn:Fe ratio and the P:Si ratio. Furthermore, T C  can be tuned 
by changing the Mn:Fe and P:Si ratios simultaneously to keep 
both a large  ∆ S m  and a small  ∆ T hys . These trends also hold 
for slightly non-stoichiometric compounds. By concurrently 
changing Mn:Fe and P:Si ratios in Mn x Fe 1.95−x P 1−y Si y  com-
pounds, the working temperature can be controlled between 
210 and 430 K for x  =  1.35, y  =  0.46 and x  =  0.66 and y  =  0.42, 
respectively, while the transition remains steep and the  ∆ T hys  
remains small (1-1.5 K). 

 The entropy changes as function of temperature, derived 
from magnetic isotherms through the Maxwell relations, [  5  ]  
are displayed in  Figure    4  . The absolute value of  ∆ S m  reaches 
18 Jkg  − 1 K  − 1  around both 215 and 350 K, under a magnetic fi eld 
change of 0–2 T. The peak values are rather stable (between 
12.8-18.3 Jkg  − 1 K  − 1 ) throughout the whole temperature range 
from 220 to 380 K. These values are about 4 times greater 
than that of Gd (see the data included in Figure  4 ) for tuneable 
temperatures. Note that for the same effect more than twice 
the fi eld change namely 0–5 T were required for MnFe(P,As) 
reported earlier. [  7  ]  Thus, with the current materials much 

cheaper magnets may be employed in magnetocaloric refrigera-
tors. Because the large effect is observed over a broad range of 
compositions, one can achieve an equally large MCE over a wide 
temperature interval by cascading several alloys with slightly 
different compositions in one active magnetic regenerator. [  13  ]  
Another important parameter to characterize the magnetoca-
loric effect is the adiabatic temperature change. From specifi c 
heat measurements in applied magnetic fi eld we derive for 
Mn 1.24 Fe 0.71 P 0.46 Si 0.54  an adiabatic  ∆ T of about 3K at 320K for a 
fi eld change of 1T. This result is very close to earlier results on 
Mn 1.1 Fe 0.9 P 0.47 As 0.53  and Gd. [  4  ,  5  ]   

 Because the effect is still large above the boiling point of 
water, the materials can be used in magnetocaloric genera-
tors ( Figure    5  ) based on the Faraday induction law to trans-
form abundant waste heat into electricity. This generator [  21  ]  

    Figure  3 .     Partial phase diagram of the quaternary (MnFePSi) system 
(a) illustrating the composition dependence of the magnetic ordering 
temperature T C  (K) for Mn x Fe 2−x P 1−y Si y  compounds. (b) Composition 
dependence of the thermal hysteresis  ∆ T hys  (K) for Mn x Fe 2−x P 1−y Si y  
compounds.  
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temperatures are low (for example, ZrZn 2 :33 K; Ni 3 Al: 23–58 K 
depending on composition). To the best of our knowledge no 
other cases of mixed magnetism have been described before. 
It is directly related to the giant magneto-caloric effect, because 
in solids the existence of magnetic moments competes with 
chemical bonding. [  20  ]  The loss of the magnetic moments of iron 
enables the strong coupling to the lattice above the Curie tem-
perature resulting in the discontinuity of the  c/a  ratio leading 
to the FOMT. On the other hand, the strong magnetism of 
the manganese layers ensures a Curie temperature near room 
temperature. 

 Experimentally we studied the effect of changing the lattice 
sites occupations. The hexagonal Fe 2 P type of structure is found 
to be stable over a broad range of compositions. Similar to the 
orthorhombic compound [  16  ]  T C  increases with increasing Si 
content. This increase in T C  is probably caused by an increase 
in magnetic moments that is seen from our theoretical calcula-
tions. These calculations indicate that mainly the Fe moment 
on 3f sites is enhanced. Neutron diffraction experiments are 
planned to test this fi nding experimentally. When increasing 
the Mn content in MnFe(P, Si) compounds, T C  decreases (see 
 Figure    3   a ). This fi nding may be astonishing at the fi rst glance 
as Mn appears to carry a larger moment than Fe. However, the 
excess Mn atoms have to occupy the 3f sites now where they can 
develop only a relatively low moment of 1.25  µ  B  compared with 
1.54  µ  B  of Fe atoms on these sites. Additionally, it is well known 
that Mn alloys tend to order antiferromagnetically below a crit-
ical Mn–Mn distance. The distance between 3g and 3f sites is 
clearly below this critical distance and therefore Mn on 3f sites 
will not contribute to the strong ferromagnetism. On the other 
hand an increase of the Fe content results in an increase of T C . 
The excess Fe will occupy the 3g sites where Fe always carries a 
large magnetic moment, and T C  of hexagonal Fe 2 P 0.8 Si 0.2  510 K 
exceeds the T C  of the Mn containing alloy [  16  ]   

 Both Fe substitutions on the Mn sublattice or Mn substi-
tutions on the Fe sublattice, as well as an increase in Si con-
tent, are benefi cial in that they give rise to a decrease in  ∆ T hys  
(Figure  3 b). From these trends we derive that a large  ∆ S m  
coupled with a small  ∆ T hys  can be obtained by balancing the 
Mn:Fe ratio and the P:Si ratio. Furthermore, T C  can be tuned 
by changing the Mn:Fe and P:Si ratios simultaneously to keep 
both a large  ∆ S m  and a small  ∆ T hys . These trends also hold 
for slightly non-stoichiometric compounds. By concurrently 
changing Mn:Fe and P:Si ratios in Mn x Fe 1.95−x P 1−y Si y  com-
pounds, the working temperature can be controlled between 
210 and 430 K for x  =  1.35, y  =  0.46 and x  =  0.66 and y  =  0.42, 
respectively, while the transition remains steep and the  ∆ T hys  
remains small (1-1.5 K). 

 The entropy changes as function of temperature, derived 
from magnetic isotherms through the Maxwell relations, [  5  ]  
are displayed in  Figure    4  . The absolute value of  ∆ S m  reaches 
18 Jkg  − 1 K  − 1  around both 215 and 350 K, under a magnetic fi eld 
change of 0–2 T. The peak values are rather stable (between 
12.8-18.3 Jkg  − 1 K  − 1 ) throughout the whole temperature range 
from 220 to 380 K. These values are about 4 times greater 
than that of Gd (see the data included in Figure  4 ) for tuneable 
temperatures. Note that for the same effect more than twice 
the fi eld change namely 0–5 T were required for MnFe(P,As) 
reported earlier. [  7  ]  Thus, with the current materials much 

cheaper magnets may be employed in magnetocaloric refrigera-
tors. Because the large effect is observed over a broad range of 
compositions, one can achieve an equally large MCE over a wide 
temperature interval by cascading several alloys with slightly 
different compositions in one active magnetic regenerator. [  13  ]  
Another important parameter to characterize the magnetoca-
loric effect is the adiabatic temperature change. From specifi c 
heat measurements in applied magnetic fi eld we derive for 
Mn 1.24 Fe 0.71 P 0.46 Si 0.54  an adiabatic  ∆ T of about 3K at 320K for a 
fi eld change of 1T. This result is very close to earlier results on 
Mn 1.1 Fe 0.9 P 0.47 As 0.53  and Gd. [  4  ,  5  ]   

 Because the effect is still large above the boiling point of 
water, the materials can be used in magnetocaloric genera-
tors ( Figure    5  ) based on the Faraday induction law to trans-
form abundant waste heat into electricity. This generator [  21  ]  

    Figure  3 .     Partial phase diagram of the quaternary (MnFePSi) system 
(a) illustrating the composition dependence of the magnetic ordering 
temperature T C  (K) for Mn x Fe 2−x P 1−y Si y  compounds. (b) Composition 
dependence of the thermal hysteresis  ∆ T hys  (K) for Mn x Fe 2−x P 1−y Si y  
compounds.  
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temperatures are low (for example, ZrZn 2 :33 K; Ni 3 Al: 23–58 K 
depending on composition). To the best of our knowledge no 
other cases of mixed magnetism have been described before. 
It is directly related to the giant magneto-caloric effect, because 
in solids the existence of magnetic moments competes with 
chemical bonding. [  20  ]  The loss of the magnetic moments of iron 
enables the strong coupling to the lattice above the Curie tem-
perature resulting in the discontinuity of the  c/a  ratio leading 
to the FOMT. On the other hand, the strong magnetism of 
the manganese layers ensures a Curie temperature near room 
temperature. 

 Experimentally we studied the effect of changing the lattice 
sites occupations. The hexagonal Fe 2 P type of structure is found 
to be stable over a broad range of compositions. Similar to the 
orthorhombic compound [  16  ]  T C  increases with increasing Si 
content. This increase in T C  is probably caused by an increase 
in magnetic moments that is seen from our theoretical calcula-
tions. These calculations indicate that mainly the Fe moment 
on 3f sites is enhanced. Neutron diffraction experiments are 
planned to test this fi nding experimentally. When increasing 
the Mn content in MnFe(P, Si) compounds, T C  decreases (see 
 Figure    3   a ). This fi nding may be astonishing at the fi rst glance 
as Mn appears to carry a larger moment than Fe. However, the 
excess Mn atoms have to occupy the 3f sites now where they can 
develop only a relatively low moment of 1.25  µ  B  compared with 
1.54  µ  B  of Fe atoms on these sites. Additionally, it is well known 
that Mn alloys tend to order antiferromagnetically below a crit-
ical Mn–Mn distance. The distance between 3g and 3f sites is 
clearly below this critical distance and therefore Mn on 3f sites 
will not contribute to the strong ferromagnetism. On the other 
hand an increase of the Fe content results in an increase of T C . 
The excess Fe will occupy the 3g sites where Fe always carries a 
large magnetic moment, and T C  of hexagonal Fe 2 P 0.8 Si 0.2  510 K 
exceeds the T C  of the Mn containing alloy [  16  ]   
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Shape memory alloys 

Parent and martensitic structures of Ni-Mn-based Heusler alloys. "
a)  Parent L21 structure (Fm3m). Black:  4(a), white: 4(b) and grey: 8(c) positions. "
b)  The relationship with the tetragonal L10 unit cell is shown "
c)  Tetragonal unit cell viewed from top. "
d)  The 10M structure constructed from nanotwinned variants of the L10 structure. "
e)  14M-modulated structure. “M” refers to monoclinicity which results from the distortion 

associated with modulation. "
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Shape memory alloys: tuning hysteresis 
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convergence of the thermal hysteresis towards zero for alloy
compositions approaching l2¼ 1. Despite the fact that a variety of
sample preparation methods and measurement techniques were
used in the investigation of the different samples, the overall trend
of decreasingDTvalues for alloy compositions approaching l2¼ 1
is compelling. Other parameters (e.g., elastic modulus, interfacial
energy density, and latent heat of transformation) are not expected
to vary significantly for the investigated alloys, and thus are
concluded to have only a negligible effect on DT.[7]

The transformation behavior in the investigated quaternary
Ti–Ni–Cu–Pd system is dominated by the Pd content, as evident
from the large composition region showing a B2!B19Pd phase
transformation (Fig. 1) and the strong dependence of the R(T)
characteristic on the Pd content (Figs. 2 and 3). The strong
influence of Pd on the transformation characteristics and lattice
parameters and thus l2 can be rationalized by the substitution
behavior of Pd, which is known to occupyNi sites, irrespectively of
concentration,[22] andhasa comparatively larger atomicvolume. In
contrast, Cu atoms show no site preference[22] and have
comparable atomic volume to that of Ni. Thus, for additions of
Cu, the sensitivity of DT to l2 is nearly one order of magnitude
smaller than that for Pd.[6]

In order to transfer the identified thin-film Ti–Ni–Cu–Pd
compositions to bulk, we performed a systematic synthesis of bulk
alloys based on the composition–structure–property relationship
determined using the combinatorial thin-film approach, that is,
the strong correlation of phase-transformation properties on the
Ni to Pd ratio, while Ti andCu contents remain constant (Fig. 3). A
direct scale-up of the thin-film compositions is not possible due to
the uncertainty associated with the determination of the
composition of the transforming phase in the thin film (see
Experimental), thin film stresses, and the usually smaller grain
sizes in thin films as compared to their bulk counterparts.[23,24]We
thuspreparedTi–Ni–Cu–Pdbulkmaterials byarc-meltingwith the
described systematic compositional variation and characterized
their phase-transformation behavior. The most common char-
acterization technique for bulk alloys, differential scanning
calorimetry (DSC), was found to be inadequate for characterizing
and comparing phase transformations with exceedingly small DT,
due to the inherent delay of the measurement signal (see
Experimental and Supporting Information, Fig. 2).[23]

Thus, we used the temperature-dependent alternating current
potential drop method (ACPD) technique, which we have
previously established as a reliable method for comparative
measurements of transformation temperatures and hysteresis for
bulk alloys.[23] For comparison, Ti50Ni50 (l2¼ 0.969),[25]

Ti50Ni35Cu15 (l2¼ 0.995),[25] and Ti50Ni39Pd11 (l2¼ 1.008) alloys
were also prepared and characterized by the same methods as the
quaternary Ti–Ni–Cu–Pd SMAs. Earlier measurements have
established both Ti50Ni35Cu15 and Ti50Ni39Pd11 as the alloys with
the lowest l2 values within the corresponding ternary system.[25]

Figure 5a shows the normalized R(T) curves of the bulk alloys
(equally scaled and offset for clarity). These curves confirm the
remarkable decrease in DT as the alloy compositions approach
l2¼ 1 and, indeed, immeasurably small or near-zero thermal
hysteresis was found for the alloy Ti50.2Ni34.4Cu12.3Pd3.1.

The characteristic shapes of the R(T) curves for ternary
and quaternary bulk alloys closely resemble those observed
for thin films (Fig. 3). The reversible phase transformation for
the quaternary Ti50.2Ni34.4Cu12.3Pd3.1 alloy was confirmed by
temperature-dependent X-ray diffraction (XRD(T)), as shown
in Figure 5b. The XRD(T) spectra recorded during heating
from 0 to 120 8C show a phase transformation from an
orthorhombic martensite (B19Cu) to austenite (B2) between 60
and 70 8C and no precipitates. Similarly, the reverse phase
transformation was observed to occur during cooling (not shown
here). Thus, we have demonstrated the ability to transfer the thin-
film results to bulk, based on the composition–structure–property
relationship determined using the combinatorial thin film
approach.

In order to relate the decrease in DT to the functional fatigue
characteristics, we investigated the functional stability of Ti50Ni50,
Ti50Ni35Cu15, Ti50Ni39Pd11, and Ti50.2Ni34.4Cu12.3Pd3.1 by thermal
cycling using DSC. Figure 6a–d shows compilations of 20 DSC
cycles for the binary and ternary alloys and 80 DSC cycles for
Ti50.2Ni34.4Cu12.3Pd3.1. Insets highlight the shifting of the DSC
curves upon thermal cycling (Fig. 6b–d), which is most clearly
visible for the Ti50Ni50 alloy (Fig. 6a). The shifting of the
transformation temperature during each cycle is associated with
an increase in dislocation density (transformation plasticity).
Stress fields around the dislocations introduced by thermal cycling

www.afm-journal.de
www.MaterialsViews.com

Figure 4. Thermal hysteresis values in Ti–Ni based SMAs. a) DT for
Ti–Ni–Cu–Pd alloys and b) ternary Ti–Ni–X alloys (X¼Cu [6], Pd [6], Au
[7], Pt [7]) plotted against l2. The dashed line indicates as-measured values
for l2, color-coded data points are corrected for residual strain (see
Experimental for details). Lines are guides to the eye.
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Identification of Quaternary Shape Memory Alloys with
Near-Zero Thermal Hysteresis and Unprecedented
Functional Stability

By Robert Zarnetta,* Ryota Takahashi, Marcus L. Young, Alan Savan,
Yasubumi Furuya, Sigurd Thienhaus, Burkhard Maaß, Mustafa Rahim,
Jan Frenzel, Hayo Brunken, Yong S. Chu, Vijay Srivastava, Richard D. James,
Ichiro Takeuchi, Gunther Eggeler, and Alfred Ludwig

1. Introduction

Within the class of materials showing a reversible martensitic
phase transformation and a shape memory effect (SME), NiTi
enjoys widespread and growing use in a variety of applications.

Owing to its unique combination of proper-
ties: ductility, strength, corrosion resis-
tance, biocompatibility, robust pseudoelas-
ticity, and one- and two-way SME, it is
commercially used in medical and actuator
applications. Despite such attributes, there
remain undesirable functional and struc-
tural fatigue properties of NiTi. Functional
fatigue of shape memory alloys (SMAs)
resulting in changes of physical, mechan-
ical, and shape memory (SM) properties[1]

during cyclic thermal or mechanical load-
ing is related to irreversible processes, that
is, generation of dislocations,[2,3] which take
place during the martensitic phase trans-
formation. Only recently, the mechanism
for themultiplication of dislocations during
martensitic transformations has been
uncovered, based on transmission electron
microscopy (TEM) investigations on single-
crystal NiTi.[4] Accumulation of these

defects eventually causes internal crack formation and growth,
leading to catastrophic failure for many applications.[1,5]

The number of dislocations generated during the phase
transformation is believed to be closely related to the geometric
compatibility at the developing interface between austenite (high-
temperature phase) andmartensite (low-temperature phase). Due
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Improving the functional stability of shape memory alloys (SMAs), which
undergo a reversible martensitic transformation, is critical for their
applications and remains a central research theme driving advances in shape
memory technology. By using a thin-film composition-spread technique and
high-throughput characterization methods, the lattice parameters of
quaternary Ti–Ni–Cu–Pd SMAs and the thermal hysteresis are tailored. Novel
alloys with near-zero thermal hysteresis, as predicted by the geometric non-
linear theory of martensite, are identified. The thin-film results are
successfully transferred to bulk materials and near-zero thermal hysteresis is
observed for the phase transformation in bulk alloys using the temperature-
dependent alternating current potential drop method. A universal behavior of
hysteresis versus the middle eigenvalue of the transformation stretch matrix
is observed for different alloy systems. Furthermore, significantly improved
functional stability, investigated by thermal cycling using differential scanning
calorimetry, is found for the quaternary bulk alloy Ti50.2Ni34.4Cu12.3Pd3.1.
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Hysteresis can potentially be minimised by 
controlling interfacial strain 

Zarnetta et al., Adv. Func. Mat. (2010) 

What about antiferromagnets? 

Fe-Rh still holds the record for the one-shot ∆Tad per Tesla of applied field. 
A ~1µB moment develops on the Rh in the FM state! 

1258 J. S. KOUVEL 
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FIG. 1. (a) Magnetization in 7-kOe field vs temperature for 
designated as Mx; (b) total entropy change 

(dS), entropy change (llS) lat, and their difference, vs 
mean cntlcd temperature. 

ments were first made in a fixed 7-kOe field, and our 
results shown in Fig. 1 (a) indicate that Torit for the 
abrupt magnetic transition is decreased by Pd substitu-
tion and increased by Pt or Ir substitution, as observed 
earlier by Walter.9 The average Torit value obtained 
with increasing and decreasing temperature for each 
alloy is listed (as Tor it) in Table I; also listed is the 
Curie temperature (Tc) and the magnetization differ-
ence between the two magnetic states near T orit• 
We then repeated these measurements in fixed fields of 
2 and 12 kOe and observed in each case a linear field 
dependence of Torit. Substituting the values thus ob-
tained for aTcrit/aH (shown in Table I) and those for 

into Eq. (1), we computed the total entropy change 
for each alloy. These values are listed in Table I 
and are plotted vs Torit in Fig. 1 (b), where they define 
a fairly smooth curve. 

If a strong volume dependence of the net exchange 
forces in these alloys were the prime cause for their 
abrupt magnetic transitions, Kittel's exchange-inver-
sion modepo would be expected to apply. The entropy 
change would then derive entirely from the lattice and 
be proportional to as was previously found for 
for the antiferromagnetic-ferrimagnetic transition in 

9 P. H. L. Walter, J. Appl. Phys. 35, 938 (1964). 
10 C. Kittel, Phys. Rev. 120,335 (1960). 

Mn2-xCrxSb.H By evaluating a(Ao)2 from the data on 
our alloys and scaling its values to the (AS) 1at value 
given above for FeRh1.08, we have determined the 
(AS) 1at vs T exit curve shown in Fig. 1 (b). This curve 
clearly differs in shape as well as magnitude from the 

vs Terit curve. Moreover, the difference between 
AS and 1at (also plotted in the figure) rises to a 
peak near 500oK, which is not far below the Curie 
points of these alloys. This behavior supports the notion 
expressed above that 1at represents an excess 
magnetic entropy in the ferromagnetic state. 

The source of the anomalous magnetic entropy in 
FeRh, we believe, lies in the unique role of the Rh 
atoms. In the antiferromagnetic state, the arrangement 
of the Fe moments is such3.4 that the net exchange 
field .they produce at any Rh site is zero. Hence, any 
localIzed moments on the Rh sites would experience 
only their presumably weak interactions with each 
other, thus giving rise to a highly temperature-depend-
ent susceptibility. However, the measured susceptibility 
of FeRh is essentially constant from just below Torit 
down to nOK.I We therefore conclude that no localized 
Rh moments exist in the antiferromagnetic state. This 
conclusion, allowed (though not specified) by the 
neutron-diffraction data,3.4 was also reached recently 
from group theoretical arguments.I2 But we must now 
justify the sizeable Rh moment (",0.9 J.lB4) in the 
ferromagnetic state of FeRh just above Torit. In this 
case, the ferromagnetic ally aligned Fe moments are 
bound to produce an appreciable exchange field at each 
Rh site, and we contend that this exchange field induces 
a magnetic moment in each Rh atom, probably by a 
process similar to that for the induced Pd moments in 
dilute Pd(Fe) alloys.i3 To the extent that the exchange-
induced Rh moments in FeRh can be thermally excited 
they will contribute to the magnetic entropy of the 
ferromagnetic state, thus raising it above that of the 
antiferromagnetic state, particularly at higher tem-
peratures. This is qualitatively in accord with our 
experimental results illustrated in Fig. 1 (b). A detailed 
comparison of these and other properties of FeRh and 
its pseudobinary variants with the predictions of the 
exchange-inversion model, modified by the concept of 
exchange-induced moments, is currently in progress. 

Valuable discussions with I. S. Jacobs and capable 
experimental assistance from Jean Kenyon and C. C. 
Hartelius are gratefully acknowledged. 

11 H. S. Jarrett, Phys. Rev. 134, A942 (1964). 
12 Cs. Hargitai, Phys. Letters 17, 178 (1965). 
13 G. G. Low, Proceedings of the International Conference on 

Magnetism, Nottingham, 1964 (The Institute of Physics and 
The Physical Society, London, 1965), p. 133. 
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A large % of ∆S is due to electronic entropy 582 K. Kreiner et al. /Journal of Magnetism and Magnetic' Materials 177 181 (1998) 581 582 
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Fig. 1. Concentrationdependenceoftheelectronic-specific-heat 
coefficient 7 or the DOS at the Fermi energy N(Er) in states/eV 
for an FeRh formula unit; for 0 ~< x ~ 0.035 the AF range and 
for x > 0.4 the FM state is stable at low temperatures. The 
arrows indicate the field-induced enhancement of 7 for the 
transition AF --+ FM at low temperatures. 
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Fig. 2. Specific heat plotted as Cv/T versus T 2 for various 
x-values; full lines are fits in the temperature range from 2 K up 
to 25 K with the equations given in the text displayed, however, 
only up to about 12 K. Inset: Cp/T versus T 2 plots ofx  = 0.035 
for various fields. 

magni tude  as those for the (Fe,Ni),,gRhs, system. Fur -  
thermore,  we refer to earlier results of Tu et al. [-8] where 
for Fes0 aRhso+a, depending upon  6, ei ther  in the A F  or 
in the F M  state similar results have been obtained.  There  
is some scat ter  of the data in the l i terature summar ized  in 
Ref. [1] which may arise from c o m p o u n d s  just  in the 
concen t ra t ion  range of the A F - F M  t rans i t ion  as e.g. the 
specimen with x = 0.04 (Fig. 1), where presumably  spin 
f luctuat ions enhance  the electronic specific heat. Apar t  
from that ,  we conclude from bo th  the general  t rend of the 
data  as a funct ion of field as well as a function of the 
concen t ra t ion  that  the electronic specific heat  enhance-  
ment  A7 -~ 3-3.5 mJ/g at K 2 is an  intr insic feature of the 
A F - F M  t rans i t ion  in FeRh-based  alloys. Note,  the ex- 
per imental  results for AN(E0 between the A F  and  F M  
state are in ra ther  good agreement  with the above-men-  
t ioned calculat ions by Koenig  [-6], however,  the experi- 
menta l  N(Ef) values in the A F  state are slightly larger 
than  those calculated [6] which may be a t t r ibuted  to an 
enhancemen t  by spin fluctuations. 

As the free-energy difference AF = A U -  TAS  be- 
tween the A F  and F M  state should  vanish at TAF FM 
and consider ing as a first step the electronic cont r ibu-  
t ion only, we obtain for A U = U v M - - U A v = ( T v M - -  

T 2 7AV) AV VM -~ 0.27 + 0.31 kJ/g at using TAF FM "~300 K. 
Taking  into account  the exper imenta l  volume change of 
1% at TAr FM by the change of the Debye tempera ture  
(Ok~- 390 K and  LT OVM ~ 375 K), we ob ta in  due to the 
different entropies  up to TAr vM a lattice con t r ibu t ion  of 
AU _~ 0.2 kJ /g  at. This yields a total  energy difference 
between the A F  and the metas table  F M  state of abou t  
0.5 kJ/g at which is in agreement  with estimates f rom 
magne t i sa t ion  data  [-8] and  with the measured  la tent  
heat  (not shown) associated with the first-order A F - F M  
t rans i t ion  at TAF_FM for x = 0.02, while the energy differ- 
ence between the F M  and AF state calculated by 
Moruzzi  et al. [-7] of 1 .75mRy cor responding  to 
1.1 kJ/g at is significantly larger. 

This work was partly suppor ted  by the Russian Foun-  
dat ion for Fu n d a m en t a l  Research (Project  97-02-16504). 

R e f e r e n c e s  

F M  state. As can be seen this change ofT(x) for x > 0.035 
is of the same order  as tha t  observed for the field-induced 
A F  F M  t rans i t ion  for specimens with x = 0.03 and 
x = 0.035: A,, = 7vM -- 7AV ~ 3 3.5 mJ/g at K 2. A typical 
example for the enhancemen t  of the low-temperature  
specific heat  by the external  field with A7/7 = 150% is 
shown in the inset Fig. 2. External  fields of 11 T are 
not  sufficient to induce the A F  F M  transi t ion for Ni 
concent ra t ions  below 3°/,, and  T < 60K.  Note,  our  
previous result of the field-induced t ransi t ion of 
Fe49(Rho.92Pdo.os)51 with AT/7 - 178% where ]'av = 1.8 
and the field-induced ,'vM = 5 mJ /g  at K 2 is of same the 
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Methods of measurement 

Direct 
 - adiabatic temperature change, ∆Tad 
 - field-induced latent heat measurement (the first order part of ∆S) 
 
Indirect 
 - magnetisation vs. temperature and field -> estimated isothermal 
entropy change 
 - heat capacity, integrated -> isothermal entropy change and/or 
adiabatic temperature change 

Measurement: estimation of ∆S  from magnetisation 
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The magnetocaloric effect (MCE) is the basis for magnetic
refrigeration, and can replace conventional gas compression
technology due to its superior efficiency and environment

friendliness1–3. MCE materials must exhibit a large temperature
variation in response to an adiabatic magnetic-field variation
and a large isothermal entropic effect is also expected. In this
respect, MnAs shows the colossal MCE, but the effect appears
under high pressures4. In this work, we report on the properties
of Mn1−xFexAs that exhibit the colossal effect at ambient pressure.
The MCE peak varies from 285 K to 310 K depending on the Fe
concentration. Although a large thermal hysteresis is observed,
the colossal effect at ambient pressure brings layered magnetic
regenerators with huge refrigerating power closer to practical
applications around room temperature.

The magnetocaloric effect (MCE) is important because of its
potential applications in the domestic and industrial refrigeration
markets. The effect is evaluated by two parameters, the adiabatic
temperature variation !Tad, and the isothermal entropic variation
!Siso for a material subjected to a magnetic-field variation1. A
large !Siso is important, because it is proportional to the material
refrigerating power1. The possibility of tuning the transition
temperature is also a key point to develop efficient active magnetic
regenerator refrigerators1–3.

For the materials exhibiting the conventional MCE, where the
magnetic transitions are of the second-order type, the contribution
to !Siso is only of magnetic origin1–3,5. On the other hand, when
a first-order transition occurs, the MCE is giant6–10 and !Siso

also includes a considerable contribution from the lattice through
the latent heat5,11,12. Up to now, no material exhibiting either the
conventional or the giant MCE (GMCE) shows an entropic effect
surpassing the magnetic limit posed by the relation R ln(2J + 1)
(refs 1–3), where R is the gas constant and J is the total angular
momentum of the magnetic ion.

Recently, we disclosed the colossal MCE (CMCE) in MnAs
under pressure4, which exhibits a maximum !Siso 2.6 times the
magnetic limit for MnAs. To account for such a great value for
!Siso, we proposed a model where a large contribution to the
MCE is extracted from the lattice by the field variation through
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Figure 1 The effect on magnetization from Fe substitution for Mn in MnAs.
Magnetization curves as a function of temperature for an applied magnetic field of
0.02 T (the lines are guides for the eye).

the strong magnetoelastic interaction present in MnAs4,13,14. This
lattice effect, however, is not to be mistaken as the latent heat
lattice contribution11,12 observed in the case of the GMCE. In
the case of the CMCE materials the latent heat contribution is
only a fraction of the observed entropic effect4. The colossal
effect is of prime importance for applications because of the
huge potential refrigerating power of the material. In addition,
tunable CMCE will allow the use of layered regenerators15 with
overall refrigerating powers far greater than possible with materials
exhibiting conventional or GMCE.

Other materials such as Gd5Ge2Si2 (ref. 16), MnFeP0.8Ge0.2

(L. Caron et al., to be published) and the manganite La0.8Sr0.2MnO3

(ref. 17) exhibiting similar properties (for example, strong
magnetoelastic interaction) were studied under pressure, but none
showed the CMCE. Measurements for La(Fe1−xSix)13Hy (ref. 18)
show that pressure decreases the Curie temperature, TC, and
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data (symbols).

increases !Siso, but the MCE remains in the giant effect range.
We then focused our search on MnAs derivatives, obtained by
doping it with several atoms, with two aims. One aim was to reduce
hysteresis and the other was to obtain the same effect at lower or
at ambient pressure. We studied substitutions of Sb for As, because
these compounds exhibit the giant effect with small hysteresis, TC

is tuned by the Sb amount, and they have strong magnetoelastic
interaction9,10. Indeed, the compound MnAs0.95Sb0.05 showed the
CMCE (A. de Campos et al., to be published) with the same features
observed in MnAs, both under pressure. We stress that on these
substitutions, a low solubility of the dopants and the precipitation
of a second phase (A. de C., A. A. C., S. G. and A. I. C. Persiano,
presented in First IIR Int. Conf. On Magnetic Refrigeration at Room
Temperature Montreux, Switzerland, 27–30 September 2005) are
always observed.

We also studied substitutions in the Mn site in MnAs. We
selected Fe due to the similarities between iron and manganese
and their mutual solubility19, simplifying the doping process.
Given the small difference in the atomic radii, we expected
that the substitution of Fe for Mn should emulate the pressure
effect observed in MnAs. Indeed, TC shifts to lower temperatures
(Fig. 1), the thermal hysteresis markedly increases (Fig. 2) and the
saturation magnetization shows a sudden decrease (Fig. 3a) as x
increases in Mn1−xFexAs.

The entropic MCE was measured in the vicinity of the
transition using the isothermal magnetization curves (Fig. 3b) and
we found it to have the colossal character (where the entropy
is above the entropy magnetic limit), even at ambient pressure
(Fig. 4). It is clear that the introduction of Fe produces results
similar to an applied hydrostatic pressure in MnAs. A drastic
drop of the MCE is observed in Mn1−xFexAs for x > 0.0125
(Fig. 4), accompanied by a drop in MS as well as by a change
from ferromagnetic to antiferromagnetic-like behaviour20 (Fig. 3a,
x = 0.0175). We note that for the case of MnAs, the MCE
completely disappears as pressure increases above a critical value4.

The behaviour and values of the refrigerating power for the
Fe-doped compounds are similar to those observed for MnAs
at ambient pressure. The difference is that the refrigerating
power observed in the colossal effect is concentrated in a small
temperature interval, meaning that for this small temperature
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Figure 3 Behaviour of Mn1−xFexAs magnetization at low temperatures and
around the Curie point. a, Magnetization of Mn1−xFexAs as a function of applied
magnetic field and Fe content at 7 K, measured with increasing field. Note the onset
of antiferromagnetic-like behaviour for x > 0.015. b, Isothermal magnetization
curves around the magnetic transition for x= 0.006. The curves shown are for
increasing field and temperature.

difference between a hot and a cold reservoir it is possible to extract
a large amount of heat. This material is of particular importance
as it exhibits the CMCE in the temperature range between 285 and
310 K. The design of layered active magnetic regenerators with large
refrigerating power is favoured by the possibility of tuning TC by
the Fe concentration, in a relatively large temperature interval. It is
just necessary to consider that each layer ‘works’ in a temperature
interval centred at the peak of the CMCE.

The analysis of the Rietveld refinements confirmed the
hexagonal NiAs-type structure for the ordered phase and the
orthorhombic MnP-type structure for the paramagnetic phase.
The Fe substitution for Mn leads to a decrease of the lattice
parameters and of the unit cell volume, corroborating a
correspondence between external pressure and chemical pressure
(Fe concentration), for both phases. Values for an equivalent
pressure for each Fe content were obtained using the P versus
TC relations established by Menyuk et al.20. From these equivalent
pressures and the unit cell volume contraction we estimated the
equivalent compressibility of the doped compounds, obtaining an
average value of 2.7×10−11 Pa−1, consistent with Menyuk’s value of
4.55×10−11 Pa−1 for MnAs (ref. 20).

An important question is whether the iron doping is just
promoting a volumetric effect or if the electronic structure of the
compound is also being altered (note that the colossal effect found
in Gd5(Si1−xGex)4 (ref. 6) as a consequence of chemical pressure
has no counterpart on Gd5Ge4 under external pressure (Z. Arnold,
presented in Course Held at the Physics Institute of the State
University of Campinas—Unicamp January 2005)). In fact, low-
temperature specific heat measurements reveal the same electronic
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Figure 4 The colossal effect for Mn1−xFexAs as a function of temperature and
Fe content for a magnetic field variation of 5 T. The measurements were carried
out with increasing temperature. The symbols correspond to experimental data. The
dashed lines through the experimental points are guides to the eye. The solid lines
are the theoretical model results. The inset shows the Grüneisen parameters for the
MnAs and Mn1−xFexAs compounds. The lines in the inset are linear fits to the
experimental data.

coefficient for both MnAs and Mn1−xFexAs, indicating that there
is no alteration of the density of electronic states at the Fermi
level caused by the presence of Fe. Applying the model previously
proposed to explain the CMCE (ref. 13) in MnAs to this case
(Fig. 4), we are able to reproduce the experimental data reasonably
well. As is typical for the model, it provides a larger temperature
window for the effect than the experiment. The calculation results
show the Grüneisen parameters for Mn1−xFexAs to vary at a fairly
slower rate (0.49×10−8 Pa−1) than for MnAs (−1.74×10−8 Pa−1)
(Fig. 4, inset), besides a change of signal of this rate. This is an
indication that the presence of Fe is causing more than just the
chemical pressure. Nevertheless, TC variation for the Fe-doped
material obtained by application of external pressure is compatible
with the value for pure MnAs (1.75 × 10−7 K Pa−1 for x = 0.003,
1.69 × 10−7 K Pa−1 in average for all x and 1.64 × 10−7 K Pa−1 for
x = 0). Therefore, the correspondence between pressure and Fe
content in principle supports the idea that the main role of the
Fe atoms is to cause a linear decrease of the unit cell volume.
Nevertheless, further analysis should be carried out to clarify
this aspect.

The discovery of the series of compounds Mn1−xFexAs with
CMCE at ambient pressure and with transition temperatures
tuned by the Fe content opens up the possibility of the
construction of layered active magnetic regenerator refrigerators
with refrigerating powers unthinkable up to now. They also operate
in the temperature range from 310 K to 285 K, a very important
temperature interval for domestic and industrial applications.
This new material, together with others to be discovered with
similar properties in a wider temperature span, can reshape the
perspectives of practical applications of magnetic refrigeration
technology in our society. An important matter to be addressed in
future research of these materials is how to reduce or even eliminate
the thermal hysteresis, which is still too large to allow direct use of
this new material.

METHODS

The samples for this work were prepared using a method we developed that
avoids the long reaction-sintering heat treatments reported in the literature9,10.
First, a mother Fe–Mn alloy was arc melted under argon atmosphere. Each
compound was then prepared with all the Fe coming from the mother alloy
plus the appropriate amounts of pure Mn and As to complete the 1:1 ‘MnAs’
stoichiometry. All materials were in pieces, and the total amount of each sample
was 5 g. The materials sealed in a quartz tube under vacuum were heat treated
in a resistive furnace at 1,070 ◦C for 2 h to assure the melting and thorough
mixing of the components, and were then quenched to room temperature. The
tube containing the sample was then reheated to 800 ◦C for 48 h and
subsequently water quenched to ambient temperature.

Samples were characterized by metallographic analyses, X-ray diffraction
and magnetic measurements before the measurements to determine the MCE
were carried out. All Fe-doped samples formed a single phase, as shown by
both metallography and X-ray diffraction, and confirmed by the magnetization
as a function of temperature for a 0.02 T applied magnetic field. Transition
temperatures were determined through the minimum of the temperature
derivative of the curves M ×T for the 0.02 T applied field.

The MCE was measured using magnetic measurements obtained from a
commercial superconducting quantum interference device magnetometer and
numerically integrating the Maxwell relation (∂S/∂H)|T = (∂M/∂T)|H ,
where S is the total entropy of the material, M is its magnetization and H is the
external applied magnetic field.

Received 18 March 2006; accepted 7 August 2006; published 3 September 2006.
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∆Tad: e.g. in a spin reorientation 
compound 
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Pressing equipment (VAC) was used to fabricate magnetically-aligned solid 
samples of approximately 9 × 9 × 4 mm size.  

Comparing measurement techniques 

 
 

Peltier 

(a) M(T) curves measured directly (VAC) 
and extracted from M(H) curves (IC/IFW).  
(b) Entropy change ∆S calculated from the 
M(T) curves shown in (a). 

 

   

(a)  INRIM: Cp(T) at different H fields 

(b)  comparison of 3 different zero-field Cp(T)  

IC-PPMS 
INRIM 
IFW-PPMS 

www.sseec.eu 

Results of comparison, II 

 

Good agreement between ΔTad(T) curves 
~ 10% difference in peak ΔTad. Could be demag 

factor or pressing of pellet for upper curve.  

Direct 

Indirect 
 

Result of averaging heat capacity over a 
large temperature window (~2%Tbath) 
causes the sharp change in heat 
capacity to instead resemble broad 
behaviour observed in the pellet. 

 

www.sseec.eu Measurement: phenomenological scaling 

Parker, 1984) and the experimental data (Franco et al., 2006a,

b) were found. Nevertheless, it has been recently shown that
there exists a universal curve for the field dependence of the
magnetic entropy change in materials with a second
order phase transition, which can be constructed phenome-
nologically without knowing the critical exponents of the
material or its equation of state and which is not restricted to
the mean field case. This phenomenological procedure has
been successfully applied to different families of soft
magnetic amorphous alloys (Franco et al., 2006c, 2007a) (for
which it was initially developed) and subsequently extended
to rare earth based crystalline materials (Franco et al., 2007b,

2009a; Dong et al., 2008).
The purpose of this work is to give a detailed overview of

the procedure to construct this phenomenological universal
curve, showing also an alternative construction which does
not require a detailed knowledge of the experimental data at
the peak entropy change. A theoretical justification for the
existence of the universal curve and of the validity of this
phenomenological procedure will also be overviewed. We will
focus our attention on practical applications of this universal
curve: (1) to make extrapolations up to fields or temperatures
which are not available in the laboratory, (2) to detect the

existence of overlapping magnetic phenomena, and (3) to
enhance the resolution of the measurements close to the
temperature of the peak, being a procedure to reduce the noise
in the measurements without distorting the shape of the
peak. Nevertheless, as real samples depart from the ideal
cases contemplated in the theory, this originates some limit
cases to the applicability of this universal curve. By studying
materials with some magnetic impurity phases in them, or
situations in which the sample does not reach technical
saturation, a modified universal curve can be constructed,
adding new practical functionality to the method, like the

extraction of the information arising from the main magnetic

phase, eliminating that coming from the minority impurity
phase, or the ability to compare the results of samples with
different (or even unknown) shapes.

2. Phenomenological universal curve

The virtue of the phenomenological universal curve is that
either if a single magnetic material is measured up to different
maximum applied fields, or if different materials with similar
values of their critical exponents (essentially, but not limited
to, alloys of the same compositional series), their DSMðH;TÞ
curves can be rescaled onto a single curve which does not
depend on field and in which the different temperature
dependencies of the different alloys are unified (Fig. 1).

The phenomenological procedure for the construction of
this curve is shown in Fig. 2 with the help of simulated data for

a mean field model calculated for different maximum applied
fields. The basic assumption of the method is that if there is
a universal curve, equivalent points of the different experi-
mental curves should collapse onto the same point of the
universal curve. Therefore, the key is to identify which are the
equivalent points of the different curves for different fields. As
there is no doubt that the peaks (which in the mean field case
coincide at the Curie temperature, TC) should be in equivalent
conditions, we can assume that points which are at a certain
level with respect to the peak are also in equivalent magnetic
states. The temperatures of these points, which are marked by

crosses in Fig. 2, will be denoted as reference temperatures Tr,
and their identification constitutes the first step of the
procedure. The value of the factor selected for this identifi-
cation is arbitrary, not affecting the procedure (in the case of
Fig. 2, the choice has been DSMðTrÞ ¼ 0:7DSpk

M ). The second step
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similar values of the critical exponents; lower: phenomenological universal curve corresponding to these experimental data.
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is the normalization of the curves with respect to their
maximum. Finally, the temperature axis is rescaled in such

a way that the reference temperatures are all at q ¼ 1 by using

q ¼ ðT# TCÞ=ðTr # TCÞ (1)

It is therefore shown that by imposing the position of two
points of each of the curves (those at TC and at Tr), which
implies three free parameters, the whole curve collapses in
a single universal curve. In the case that the critical exponents
of the material are different, i.e. the material is from
a different universality class, the shape of the curve will be
altered. Most notably, the position of the peak will be dis-
placed with respect to TC. However, it has been shown that
using either TC or Tpk in Eq. (1) does not alter the construction
of the universal curve (Franco et al., 2009b).

3. Field dependence of DSM

It can be assumed that the field dependence of the magnetic
entropy follows a power law of the field:

DSMfHn (2)

with an exponent which depends on temperature and field
which can be locally calculated as:

n ¼ dlnjDSMj
dln H

(3)

Fig. 3 shows, for a mean field model, the typical evolution of
the n(T ) curves calculated for different values of the

maximum applied field. At low temperatures, well below TC, n
has a value which tends to 1, which indicates that although

the magnetization curves depend on temperature at these
temperatures, this dependence is essentially field indepen-
dent. At temperatures well above TC, n tends to 2 as a conse-
quence of the Curie–Weiss law. At T¼ TC, n has a minimum.
For the mean field case n(TC)¼ 2/3, as predicted by
Oesterreicher and Parker (1984). However, for any other case,
the value of the minimum is different from that and is related
to the critical exponents of the material (Franco et al., 2006c):

nðT ¼ TCÞ ¼ 1þ 1=dð1# 1=bÞ ¼ ð1# aÞ=D (4)

There were experimental evidences that the values of n also
collapse when plotted against the same rescaled temperature
axis for which the normalized values of DSM collapse (Franco

et al., 2007c, d). This allows for an alternative construction of
the universal curve, which does not rely on the magnitude of
DSpk

M and therefore is useful when data close to the peak are
not dense enough. The procedure consists in identifying the
reference temperatures as those which have a certain value of
n. In Fig. 3 this value has been arbitrarily selected as n(Tr)¼ 1.5
and is marked as a dashed line in the n(T ) curves. Once the
reference temperatures are selected, the rescaled temperature
axis is constructed using Eq. (1) and the normalization of the
DSM curves can either be done using DSpk

M , as indicated in the
previous section, or as DS0M ¼ DSM=DSMðTrÞ. This latter method

has been used in Fig. 3.
It is worth mentioning that when the critical exponents of

the material are not of the mean field case (i.e. different from
b ¼ 0:5; g ¼ 1; d ¼ 3), the temperature at which n has its
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Back to materials… 

Plates of La-Fe-Si material, made by Vacuumschmelze (Germany) 

Moving forward 35 years… 
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La-Fe-Co-Si refrigerants 

!

Target for prototype II achieved! 

!

Flat plates machined by EDM 

Prototype III 

Final device matches weight and size requirements!  (Same as gas compressor) 

!

Where else to look for large changes of entropy? 
Elastocalorics 

•  Strain-driven changes in sample volume 
•  Large at, e.g. martensitic phase changes 
•  Hysteresis requires care! 

Barocalorics 
•  Similar, but 3D hydrostatic pressure applied 
•  MCE materials often yield a “BCE” 

e.g. 0.06 K/MPa in FeRh  

Electrocalorics 
•  Electric field, applied to bulk or to thin film FE/AFE 

materials 

attribute to heating caused by rapid loading, which is due to
slip and other dissipating mechanisms as commonly
observed in metallic compounds.

The measured non-adiabatic temperature changes of the
wires with different diameters can be used to derive the
adiabatic temperature change, DTadiabatic, which can be
compared to the theoretical maximum value obtained using
the relation DTtheory¼ L/Cp, where L and Cp denote the latent
heat and the heat capacity, respectively. Figure 3 summarizes
the measured DTunloading of the wires with different diameters,

and the fitting curve using an equation, which takes into
account the fact that temperature loss is inversely propor-
tional to the surface area of the wire. The fitting parameters
show that the extrapolated jDTadiabaticj¼ 20.8 "C. This num-
ber is in good agreement with the theoretical maximum
value, DTtheory¼ 21.8 "C, using the latent heat (12 kJ/kg) and
the heat capacity (0.55 kJ/kg- "C) measured by differential
thermal calorimetry (DSC) for a 3 mm wire. The correspond-
ing work per unit volume is 78 MJ/m3, which is six times
that of a state-of-the-art VC refrigerant (12.9 MJ/m3, calcu-
lated using latent enthalpy of 195 kJ/kg at 20 "C and the
applied stress of 1.4 MPa, with the density of its saturated
vapor of 66 kg/m3).6

Figure 4 shows the stress-strain curves for a 3 mm diam-
eter NiTi wire under tension and compression. The COP is
obtained by dividing the latent heat by the mechanical

FIG. 2. Temperature and Stress curves as function of time for a NiTi wire
with 3 mm diameter under tensile test. The wire temperature increases
25.5 "C spontaneously upon loading, and decreases #17 "C within about
10 s of loading/unloading.

FIG. 3. The temperature change of NiTi wires with various diameters under
tensile tests. The temperature changes were measured when the applied
stress is removed. The fitting curve indicates the theoretical DTadiabatic of
#20.8 "C.

FIG. 4. Stress strain curves for two pieces of 3 mm diameter wires during
the tension (178 cm long sample) and compression tests (1 cm long sample).
The areas underneath the loading curve for tension and compression are
about 29 and 25.6 MJ/m3, respectively; the areas enveloped by the loading/
unloading curve are about 21.1 and 6.6 MJ/m3, respectively.

FIG. 1. Thermal images of a nitinol wire being stressed and subsequently
relaxed.

073904-2 Cui et al. Appl. Phys. Lett. 101, 073904 (2012)

Downloaded 12 Jan 2013 to 129.31.247.32. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions

Cui et al., APL (2012) 

dG = −SdT + XidYi
i
∑

Magnetocaloric 

Barocaloric 

Elastocaloric 
= −SdT −MdH +Vdp−εdσ +PdE...

Electrocaloric 
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3. Results and discussion 

The temperature dependence of the thermic ex- 
pansion of the alloy AI/I is shown in fig. 1. In the 
temperature range 291-321 K the AI/I value expe- 
riences a change by 0.27%. The quickest change of 
AI/I occurs at 315.6 K. This temperature one con- 
siders as the AF-F  transition critical temperature Tk. 
Extrapolation of the shown curve to Tk indicates a 
relative change of the sample length during the tran- 
sition [ (Ir--I~)/lAF]T=2.609× 10 -3. 

Alloy electroresistance p versus temperature rela- 
tions are shown in fig. 2 for a sample heated in the 

~2 

'O 
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AF-F  transition range under various tensile stresses 
e. The transition temperatures Tk for various a are 
determined as the ones where the derivatives dp/dT 
have a minimum value. In an unstressed state ( a = 0 )  
the AF-F  transition critical temperature is the same 
as the one determined from the AI/I(T) plots. The 
line TkoffiTk+(dTk/da)a, where Tk=315.4 K and 
( d T k = / d e )  = - 1.975 X 10 - s  K m e / N ,  calculated 
using the least-squares method, is a good approxi- 
mation for the Tk(a) dependence. 

The data of  elastocaloric effect versus temperature 
are shown in fig. 3. As one would expect, under con- 
ditions close to adiabatical ones the applied exten- 
sion in the AF-F  transition range causes an abrupt 
cooling of the FeRh alloy sample. The temperature 
jump value AT strongly depends on the initial sam- 
ple temperature, and increases as a increases. While 
a increases, the peak of the AT(T)  plot shifts to- 
wards lower temperatures. The maximum values of  
the effect and the temperatures, at which they have 
been observed, are listed in table 1. 

For the first-order AF-F  transition, induced by a 
tensile stress, the Clapeyron-Clausius equation takes 
the following form, 

dTk /da=  - ( AI/ I) ( dAS)-1, (I) 
Fig. 1. Temperature dependence of the linear dilatation in 
Fed9Rhsl alloy: ( o ) heating, (.) cooling. 
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Fig. 2. Temperature dependence of the resistivity of Fe4~Rhst el- Fig. 3. Temperature dependence of the elastocaloric effect for 
loy: (o) 0, (A) 56, (D) 151, (v) 238, (<>) 336, (~) 433, (~) Fe4~Rhs~ alloy under various tensile s ~ :  (A) 56, (D) 151, 
529 MN/m 2. (v)  238, (<>) 336, ( , )  433, (4)  529 MN/m 2. 
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observed in metallic compounds.

The measured non-adiabatic temperature changes of the
wires with different diameters can be used to derive the
adiabatic temperature change, DTadiabatic, which can be
compared to the theoretical maximum value obtained using
the relation DTtheory¼ L/Cp, where L and Cp denote the latent
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account the fact that temperature loss is inversely propor-
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lated using latent enthalpy of 195 kJ/kg at 20 "C and the
applied stress of 1.4 MPa, with the density of its saturated
vapor of 66 kg/m3).6

Figure 4 shows the stress-strain curves for a 3 mm diam-
eter NiTi wire under tension and compression. The COP is
obtained by dividing the latent heat by the mechanical

FIG. 2. Temperature and Stress curves as function of time for a NiTi wire
with 3 mm diameter under tensile test. The wire temperature increases
25.5 "C spontaneously upon loading, and decreases #17 "C within about
10 s of loading/unloading.

FIG. 3. The temperature change of NiTi wires with various diameters under
tensile tests. The temperature changes were measured when the applied
stress is removed. The fitting curve indicates the theoretical DTadiabatic of
#20.8 "C.

FIG. 4. Stress strain curves for two pieces of 3 mm diameter wires during
the tension (178 cm long sample) and compression tests (1 cm long sample).
The areas underneath the loading curve for tension and compression are
about 29 and 25.6 MJ/m3, respectively; the areas enveloped by the loading/
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↓ T 5308 K, D555.0 K/GPa, D9554.0 K/GPa,c0At the conditions P$P , T $T , the alloy released froml s l
21 21t 57.0 K, ≠t /≠P521.0 K/GPa, DS(T )517.5 J kg K ,the pressure in AF-phase passes into F-phase completely. 0 c0

21 21 21 21For example, the alloy released from the pressure in state C 5470 J kg K , C 5489 J kg KA0 F0

69 passes into state 1. In this case, the temperature change (21)
in magnitude is the same as the one in which the alloy is

↑ %loaded by the pressure P in state 1: DT (T $T )5l S s l One can see from Fig. 2 that in order to induce a
T 2T . Using Eq. (6) we have↑cP s complete F–AF transition adiabatically it is necessary tol

apply a pressure well above the critical one. This can be
↑↓ interpreted as meaning that when the pressure is applied toDT (T $ T )5 T hexp[[DS(T )1DC ln[(TS s l s c0 c0

the FeRh alloy in F-phase at T $T isothermally, thes c0↑1DP ) /T ]] /C ]2 1j (19)l c0 F0 alloy emits energy to the surroundings in the form of the
↑latent heat of transition at P5P (T ). However, to inducec s

the transition at the same T adiabatically, more externalIt follows from Eq. (19) that the temperature decreases s
mechanical energy must be applied to overcome thedown to T 9 as the alloy is adiabatically released from the

↑↓ exuding heat energy. At the same T $T , the pressure P ,pressure P$P at T$T : s c0 ll l which is necessary to induce the complete transition F–AF
↑ ↑ ↑under adiabatic conditions, is larger than P by P 2P .T 95 T exph[2DS(T )2DC ln[(T /T )] /C ]2 1j (20) c l cc0 c0 F0 ↑The pressure P only shifts the critical transition tempera-c

↑ ↑ture from T up to T , and the addition pressure P 2Pc0 s l c
adiabatically induces the transition in the true sense at T .s

3 . Results and discussion Results of the calculations show that in order to induce
the complete transition in adiabatic conditions at T it isc0

↑In Fig. 2, the dependence P (T ) and the phase-equilib- necessary to apply the pressure of |0.21 GPa. At pointl
↑ ↓ ↑ ↑rium curves P (T ) and P (T ) up to 1.0 GPa are presented. (T , 0.21 GPa), the slope dP /dT519.63 MPa/K, (dP /c c c0 l l

21The calculations have been carried out by Eqs. (2), (10) dT ) 550.94 K/GPa, and at point (348 K, 1.00 GPa),
↑ ↑ 21using the following experimental data obtained in Refs. dP /dT519.72 MPa/K, (dP /dT ) 550.71 K/GPa.l l

[1,3,6]: By Eqs. (15), (16) using the data (21) we obtain
jT 5327 K and P (T )50.35 GPa, and by Eqs. (18), (19)l l l

↑ jwe have DT (T )511.68 K, DT (T )512.24 K, andS,max c0 S lj jDT 514.97 K at P 51.00 GPa which is close to theS l
expected value of change in the temperature of the alloy
when the complete transition is induced by applying or
releasing pressure in adiabatic conditions.

jThe values obtained for DT give hope that theS
difference in the temperature of about 27 K near room
temperature between high and low heat reservoirs can be
reached when organizing the heat transfer cycles based on
adiabatic inducement of the AF↔F transition by applying
and releasing pressure within the limits of 1.0 GPa. In this
connection, one of the encouraging factor is that the
critical temperature of the transition may vary from 143 K
up to 408 K when changing the Rh concentration within
47–63 at.% and from 155 to 585 K by 3d-, 4d-, 5d-metal
impurities [8–10].
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Conclusions   

There’s lots of interesting physics, chemistry and materials science 
in magnetocaloric (MCE) materials!  
 

 
Structural and calorimetric characterisation is key and can shed light 
on what triggers the onset of (tri)criticality 
[Theoretical modelling can help to predict new materials – not shown 
here 
See, e.g. Z. Gercsi et al., Phys. Rev. B 83 174403 (2011)] 
 
Building a magnetic fridge is an inter-disciplinary challenge that 
continues to provide challenges in physics, materials science, metallurgy, 
mechanical engineering, corrosion and other areas. 
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