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Abstract

The efficient use of reversible thermal effects in magnetocaloric, electrocaloric, and elastocaloric materials is a
promising avenue that can lead to a substantially increased efficiency of refrigeration and heat pumping
devices, most importantly, those used in household and commercial cooling applications near ambient
temperature. A proliferation in caloric material research has resulted in a wide array of materials where only
the isothermal change in entropy in response to a handful of different field strengths over a limited range of
temperatures has been evaluated and reported. Given the abundance of such data, there is a clear need for a
simple and reliable figure of merit enabling fast screening and down-selection to justify further detailed
characterization of those material systems that hold the greatest promise. Based on the analysis of several wellknown materials that exhibit vastly different magnetocaloric effects, the Temperature averaged Entropy
Change is introduced as a suitable early indicator of the material's utility for magnetocaloric cooling
applications, and its adoption by the caloric community is recommended.
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The efficient use of reversible thermal effects in magnetocaloric, electrocaloric, and elastocaloric
materials is a promising avenue that can lead to a substantially increased efficiency of refrigeration
and heat pumping devices, most importantly, those used in household and commercial cooling
applications near ambient temperature. A proliferation in caloric material research has resulted in a
wide array of materials where only the isothermal change in entropy in response to a handful of
different field strengths over a limited range of temperatures has been evaluated and reported.
Given the abundance of such data, there is a clear need for a simple and reliable figure of merit
enabling fast screening and down-selection to justify further detailed characterization of those
material systems that hold the greatest promise. Based on the analysis of several well-known materials that exhibit vastly different magnetocaloric effects, the Temperature averaged Entropy
Change is introduced as a suitable early indicator of the material’s utility for magnetocaloric cooling applications, and its adoption by the caloric community is recommended. Published by AIP
Publishing. https://doi.org/10.1063/1.5004173

INTRODUCTION

Magnetocaloric materials exhibit a substantial and, in
the absence of hysteresis, reversible change of entropy (temperature) when exposed to a change in the external magnetic
field isothermally (adiabatically), commonly referred to as
the magnetocaloric effect (MCE).1–3 The magnetocaloric
functionality is most commonly characterized by calculating
the isothermal entropy change, DS, from either isothermal or
isofield magnetization data,4 and the resulting DSðT ÞDH;T is
typically reported as a function of temperature for one or
several different, fixed field strengths in the vicinity(ies) of
spontaneous magnetic phase transition(s), where the entropy
changes reach the maximum.5,6 When the magnetic ordering/disordering transformation is second-order, the absolute
value of the cusp-like entropy change peaks at the Curie
(Neel) temperature, broadening and increasing in magnitude
with the values of jDSj often being proportional to DH2/3.7 In
first order materials, on the other hand, a rapidly rising, narrow peak in the entropy change observed at the transition
temperature in low fields becomes a broad plateau spanning
a widening range of temperatures as DH increases, exhibiting only a minor rise in the jDSj.8
The majority of laboratory-scale devices demonstrated
for cooling around room temperature employ an active magnetic regenerative cycle.9 In this mode of operation, the material itself acts as a regenerator. The (simplified, without
considering the variable temperature profile across the regenerator) operating cycle for an active magnetic regenerator constructed from a material exhibiting a direct magnetocaloric
effect, i.e., for which DS < 0 when DH > 0, has four steps:
1. The material is adiabatically magnetized, which decreases
field-sensitive component(s) of the total entropy of the
material and causes its temperature to rise by
þDT ðT ÞDH;S ;
0021-8979/2018/123(3)/034902/8/$30.00

2. A heat exchange fluid is pumped from the cold side of the
device to the hot, carrying the heat generated in the magnetization step to the hot side of the device, simultaneously cooling the regenerator itself;
3. The material is adiabatically demagnetized, which
increases its entropy and causes the temperature of the
material to fall by DT ðT ÞDH;S ;
4. A heat exchange fluid is pumped from the hot side of the
device to the cold, where the chilled fluid absorbs heat
from the source on the cold side of the device while
returning the regenerator temperature to the initial state.
The amount of heat moved from the cold end to the hot
end in one cycle depends on DSðT ÞDH and DT ðT ÞDH of the
magnetocaloric material, heat capacities and thermal conductivities of both the magnetocaloric material and heat
exchange fluid, the cycle frequency, the amount of heat
exchange fluid pumped during the cycle, and the geometry
of the device and the magnetocaloric material.9 The efficiency depends on all of the above properties, as well as the
thermodynamic cycle, the amount of work done to magnetize/demagnetize the material and pump the fluid, and the
efficiency of heat exchangers.
Due to the relative ease with which the operating parameters of the device can be changed compared with the material properties, optimization studies typically focus on which
operating parameters yield the optimum performance for a
given refrigerant and magnet assembly.10 This work is far
from trivial, given the highly temperature dependent properties of the magnetocaloric refrigerant itself. The dependence
of regenerator performance on material properties is demonstrated by improved performance of multi-layer regenerators
over single-layer regenerators11–14 and explored in further
detail using 1-D regenerator models, which allow the material properties to be varied systematically.15,16 In addition to
studying the device performance, Eriksen et al. set out to
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make a device operate as efficiently as possible17 while also
characterizing how the work is distributed in the device.18
Generally, device-related studies demonstrate that there
is a long list of desired properties for the magnetocaloric
refrigerant material. It must have the following:
•

•

•

•

A large jDSj, since this determines the amount of heat that
will be generated (absorbed) in the material during adiabatic magnetization (demagnetization);
A moderate heat capacity so the heat generated by the
magnetization results in a large temperature change in the
material, hence accelerating heat exchange;
High thermal conductivity so the heat generated or
absorbed through changes in entropy of the material can
be transported to the heat exchange fluid, and
Chemical and mechanical stability so it can last for millions of cycles.

Fundamental physics restricts the extent to which some of
the properties relevant to magnetocalorics can possibly be
tuned. For example, there is a well-known fundamental limit,
also known as the Dulong-Petit rule,19 which establishes molar
lattice heat capacity as 3R (R is the universal gas constant)
above the corresponding Debye temperature, which for most
metals is below room temperature. Further, the total available
molar magnetic entropy is limited to R ¼ Rlnð2J þ 1Þ, where
J is the total angular momentum for the lanthanides, or the total
spin for the 3d transition metals.20 Also, the sum rule21 shows
that the change in thermal energy, given by DSðT ÞDH;T integrated over all temperatures, can be no larger than the change
in magnetic energy imparted to the material by the magnetic
field, given by the product of the magnetic field strength, H,
and the saturation magnetization, M0 ,
ð1


DSðT ÞDH;T dT  HM0 :
(1)
0

It should also be noted that this rule represents a tradeoff in the shape of the magnetic entropy change curve. Since
the integral in the above equation [i.e., the total area under
the DSðT ÞDH;T curve] is limited by the available magnetic
energy, if a high entropy change is desired, then it must
occur over a narrow temperature window. Conversely, if a
wide temperature window is desired, then the maximum
entropy change must be sacrificed.
With the discovery of several materials that exhibit the
giant magnetocaloric effect,22–24 a popular strategy for constructing devices is to use multiple layers of materials with
very high entropy change, arranged in such a way that their
temperature ranges overlap.9,11,14,25–27 This circumvents the
material limitation, providing both a high value of magnetic
entropy change and a large temperature span for the device.
A typical value for a temperature span for a single layer in
such a device is about 2–3 K.26–28
Continued development of materials for caloric heat
pumps can be accelerated with guidance from an appropriate
figure of merit (FOM). To be useful for accelerating development, a FOM should provide as much predictive power as
possible from as little information as possible. In the following sections, several FOMs suggested and employed in the
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past are reviewed. The challenges of using the FOMs are discussed, and a new FOM, the Temperature averaged Entropy
Change (TEC), which overcomes these challenges is proposed. Advantages of TEC as an early indicator of material’s
potential are demonstrated through comparison of wellknown materials using TEC and some of the earlier FOMs.
Although the bulk of this discussion is rooted in magnetocaloric materials, TEC can also be easily calculated and
employed for initial assessment of electrocaloric, elastocaloric, and multicaloric materials.
EXISTING MATERIAL-BASED FIGURES OF MERIT

Working within the physical limitations, many researchers have proposed optimization procedures or FOMs
intended to guide material development. Using a simplified
model of total entropy vs. temperature and magnetic field
curves8 and the sum rule,21 Zverev et al.29 claim that the
optimum performance of a material is obtained when the isothermal entropy change, DSðT ÞDH;T , curve has an aspect ratio
given by the ratio of the Curie temperature, TC , and the zero
field heat capacity at that temperature, cp ,
width
DTw
TC

¼
;
cp
height DSmax
DH;T

(2)

where DTw is defined loosely as the width of the DSðT ÞDH;T
peak. For second order materials, this term does not have a
firm definition; however, in first order materials, the width of
the peak can be approximated by8
DTw ﬃ DH

@TC
:
@H

(3)

For the optimum aspect ratio, the argument is that DTw
is equal to the maximum adiabatic temperature change
max
, which gives the value of the optimum adiabatic temDTDH;S
perature change as
max
DTDH;S
joptimal


1
M 0 TC H 2
¼
:
cp

(4)

Sandeman extends this argument to estimate the maximum adiabatic temperature change for various values of the
magnetic entropy change and compares the idealized curves
with several real materials.30 Ultimately, rather than proposing a single FOM, Ref. 30 concludes that economical materimax
als with high values of both DSmax
DH;T and DTDH;S will be
necessary for successful devices.
Qian et al.31 propose comparing the latent heat of the
phase change, L, with the energy required to change the temperature of the refrigerant by the desired lift temperature of
the device, DTlift . For magnetocaloric materials, this takes
the form
cm ¼

max
TC DSmax
DTDH;S
L
DH;T
¼
ﬃ
:
cp DTlift
DTlift
cp DTlift

(5)

The authors of Ref. 31 argue that the best material will
have more energy available from the latent heat of the phase
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change than what is required to change the temperature of
the material, giving this figure a value greater than unity. It
should be noted that this FOM aims to find materials suitmax
rather than in a device
able for a direct use of DTDH;S
employing regeneration. Qian et al. also highlighted the
difficulty of defining a single FOM by proposing that this
figure should serve to measure the magnitude of the effect,
while another should serve to measure the efficiency of the
effect. For this second figure, they refer to the study by
Moya et al.32
Moya et al. described the caloric efficiency for magnetocaloric, elastocaloric, and electrocaloric materials. For magnetocaloric materials, they compare the efficiencies for both
electromagnets and permanent magnets. The efficiency, g,
they define for magnetocaloric materials with permanent
magnets generating the magnetic field is the ratio of the
volume-normalized latent heat of the phase change to the
volume-normalized energy of magnetizing the sample
g¼

DSmax
DH;T TC
;
ðH
l0 MdH

(6)

0

where l0 is the magnetic permeability of vacuum. This definition of the thermodynamic efficiency of the material does
not require any information about the potential device it will
be used in (i.e., temperature span). It is important to note that
this efficiency is very much a property of the material. When
constructing a device, the force (and hence the energy)
needed to magnetize and demagnetize the sample will
strongly depend on the geometry and the configuration of the
device.33,34
One of the challenges of using these metrics is that aside
from the efficiency defined by Moya et al., they rely on an
accurate measure of the heat capacity to calculate the adiabatic temperature change. Non-adiabatic heat capacity measurements are known to have systematic errors based on
commercially available analysis techniques.35 Differential
scanning calorimetry is also susceptible to systematic errors
in the measurement of DSðT ÞDH;T based on the definition of
the baseline.36 Accurate measure of DSðT ÞDH;T using either
method requires heat capacity measurements extending
down to very low temperatures,37 making data acquisition
time-consuming. These challenges have resulted in highly
specialized, one-of-a-kind equipment for gathering reliable
heat capacity data using a semi-adiabatic technique that is
not available commercially.38 As a result, only a select few
research groups are able to obtain reliable heat capacity data
measured in the presence of magnetic field and extending to
room temperature.
Equipment for measuring magnetization, on the other
hand, is much more accessible, though it only results in the
isothermal entropy change, DSðT ÞDH;T . Although heat
capacity measurements may provide more precise values
of DSðT ÞDH;T at low temperatures, near ambient temperature, the precision of the two methods is comparable.4
Hence, the majority of potential magnetocaloric materials
are characterized by only measuring magnetization, then
calculating and reporting DSðT ÞDH;T . This highlights a clear

need for a simple, yet meaningful FOM that does not
require extensive characterization of a potential magnetocaloric material.
Wood and Potter39 outlined two such FOMs that
describe the magnitude and efficiency of the magnetocaloric
effect for a given material. They used refrigerant capacity as
a measure of the magnitude of material performance. Unlike
most metrics that focus on the work the refrigerant can do,
the refrigerant capacity, Q, is the work done on the refrigerant that can reversibly move heat from one temperature to
another
Q ¼ DSðTcold ÞDH;T DTlift ;

(7)

where Tcold is the temperature on the cold side of the device.
According to Ref. 39, optimal performance is achieved in a
reversible thermodynamic cooling cycle, where the change
in entropy at the hot temperature is equal to the change in
entropy at the cold temperature. Wood and Potter illustrate
that for a given Tcold < TC , constraining the DSðTcold ÞDH;T
¼ DSðThot ÞDH;T uniquely identifies an optimal hot side temperature Thot also defining DTlift . Additionally, for a given
field and material, there is one value of Tcold that gives a
maximum value of the refrigerant capacity, Qmax . Although
this quantity most rigorously applies to a material at uniform
temperature as pointed out by Smith et al.,40 it still identifies
certain characteristics of materials that are desirable for a
regenerative device.
To quantify the material efficiency, Wood and Potter
then normalize the refrigerant capacity by the positive work
done on the refrigerant by the magnetic field and call this the
Coefficient of Refrigerant Performance (CRP),39
CRP ¼

DSðTcold ÞDH;T DTlift
;
ðH
l0 Vm MðTC ; H ÞdH

(8)

0

where Vm is the volume of the refrigerant. This is a measure of the material efficiency (and not the device) again
because the force needed to magnetize and demagnetize
the material will strongly depend on the geometry and
device configuration. The CRP is a description of how efficiently a material can convert magnetic energy into thermal energy.
Very similar to the refrigerant capacity is the Relative
Cooling Power (RCP) defined as the product of DSmax
DH;T and
the temperature range at which the value of the entropy
change becomes half of the maximum, dFWHM , also known
as the full width at half maximum (FWHM),5
RCP ¼ DSmax
DH;T dFWHM :

(9)

All of the proposed FOMs aim to provide some indicator
of which material properties will result in a device that performs well, so Niknia et al.41 propose using simulated device
performance to select the most useful figure of merit. They
use their one dimensional regenerator model to predict performance of a single layer of several known materials as
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TABLE I. Comparison of existing figures of merit evaluated for a field
change of 0 to 1 T for two canonical materials: LaFeSi23 and Gd.44,45 Note:
the calculation of RCPmax relied on saturation magnetization, measured at 5 T.

Gd
La(Fe0.88Si0.12)13

RCPmax mJ cm3
(J kg1)

RCP mJ cm3
(J kg1)

Qmax mJ cm3
(J kg1)

2125 (269.00)
924 (128.31)

578 (73.21)
613 (85.12)

342 (43.27)
356 (49.39)

well as simulated materials based on the properties of
MnFePAs. For a given material, they probe the space of
operating conditions to identify the maximum exergetic
cooling power.42 Ultimately, they find the FOM that best
correlates with maximum exergetic cooling power provided by a single layer of material to be what they call
RCPmax ,
ð1
DSðT ÞDH;T dT  M0 H:
(10)
RCPmax ¼
0

It should be noted, however, that a device using multiple
layers of LaFeSiH achieved an exergetic cooling power of 173
W T1 L1 (Ref. 26), while an excellent device using a single
layer of Gd achieved, e.g., 85 W T1 L1.43 Table I shows that
the values of the previously discussed FOMs are unable to capture the potential advantage of using multiple layers of material, i.e., the values of the FOMs are comparable despite the
disparity in device performance.
To capture this possible enhancement in performance
from layering multiple materials, the FOM needs some flexibility to be able to objectively evaluate materials for either a
single-layer or multiple-layer regenerator. A sensible strategy for providing this flexibility is to include the temperature
span the material can or is intended to cover explicitly in the
FOM. Here, we propose two strategies for deciding a reasonable temperature span over which to evaluate materials: (1)
DTlift characteristic of a single layer in a device; (2) DTlift
commensurate with DTad exhibited by the best first order
materials known today in magnetic fields created with permanent magnets.
Following the first strategy, a 3 K temperature span typical for both demonstrated and simulated devices using first
order materials will be used. The temperature span for a
single-layer device could also be used; however, this span
will depend on the ultimate application for the device (e.g.,
air conditioning or freezing). A high value of the proposed
FOM will highlight materials that can be most promising for
applications over this range and therefore should be fully
evaluated. Since this temperature range has been tuned to a
certain class of materials, however, a low value of the FOM
in this regime does not necessarily imply that a material cannot be suitable for other magnetocaloric applications. This
temperature span is worth considering since materials with a
small DTw have the potential to achieve a higher DSmax
DH;T than
those with a larger DTw .
Following the second strategy, a 10 K temperature span
will be used. This span is intended to address the challenges
of initially assessing materials with a small DTw , i.e., where
strict control over the TC of each layer is required in order to

observe the full benefit of all the layers.28 Materials with a
slightly larger DTw will be less sensitive to variability in the
TC for a single layer. This could simplify the manufacturing
processes for synthesizing the materials and assembling
regenerators, making these materials competitive, especially
if they have an advantage in other material properties, such
as heat capacity or thermal conductivity. As will be discussed below, the selection of 10 K temperature span also
provides a correlation between the proposed FOM and the
DT ad for the best first-order phase transition magnetocaloric
materials known today.
To summarize, the questions addressed by the existing
FOMs are, “how large is the caloric effect?” and “how efficiently does a given material convert the magnetic field work
into heat?” As has become apparent, there is another question that needs to be addressed, that is, “how large is the
caloric effect over a useful temperature range?” Ultimately,
the full characterization of a material will be necessary to
make any attempt at predicting its performance in a specific
device. That being said, answering these questions will help
guide research toward the most promising materials for further characterization.
A SIMPLE MATERIAL-BASED FIGURE OF MERIT

The Temperature averaged Entropy Change (TEC) is
proposed as a simple, material-based FOM. It is calculated
over a range of temperatures, DTlift , that a material can reasonably support in response to a given field change DH when
it forms either a single layer in a layered regenerator or constitutes the entire regenerator itself
9
8
DT
Tmid þ 2lift
>
>
>
>
ð
=
<
1
max
DSðT ÞDH;T dT : (11)
TECðDTlift Þ ¼
>
DTlift Tmid >
>
>
;
:
DTlift
Tmid 

2

The value of the temperature at the center of the average, Tmid , is chosen by sweeping over the available
DSðT ÞDH;T data and selecting the value that maximizes
TECðDTlift Þ for the given DTlift , similar to the evaluation of
the maximum energy product of a permanent magnet.46
Since DSðT ÞDH;T curves for first order materials are frequently asymmetric, the value of Tmid may lie to one side or
the other of the TC . Since the entropy change at the TC is a
maximum, however, it will always be contained within the
integration bounds. Figure 1 shows how the integral average
entropy change for a field change of 1 T behaves for three
well-known, illustrative materials: a material with a high
entropy change over a narrow temperature range,
La(Fe0.88,Si0.12)13,47 a material with a high entropy change
over a wide temperature range, FeRh,48 and a material with a
low entropy change over a very wide temperature range,
Gd.44,45
The entropy change curves in Fig. 1 are shifted in temperature by Tmid . Since Curie temperatures are often tunable,23,49–51 this shift facilitates the evaluation of materials
with Curie temperatures that differ slightly from the target
application and comparison of materials with slightly
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FIG. 1. Materials with a large entropy
change over a narrow window are the
most promising for layered regenerators, while materials with a wider temperature profile can be competitive if
fewer layers or even a single layer is
desired. The plotted values of
DSðT ÞDH¼1T;T are obtained by digitizing published data taken from Ref. 47
for La(Fe0.88,Si0.12)13, Ref. 48 for
FeRh, and Refs. 44 and 45 for Gd.

different Curie temperatures. When comparing materials
with different Curie temperatures, however, care should be
taken to ensure that the comparison is meaningful.52
Since Tmid is determined numerically to maximize TEC;
the values will change slightly for different values of DTlift .
For example, since the DSðT ÞDH;T for La(Fe0.88,Si0.12)13 falls
faster on the low temperature side of the peak, shifting the
integration window towards slightly higher temperatures
maximizes the value of the integral average for a DTlift of
10 K. This means that the DSðT ÞDH;T curve ends up further to
the left in the plot showing TECð10Þ than in the plot showing
TECð3Þ, as illustrated by the vertical black lines in Fig. 1. At
low fields, where first order materials are far from their saturation, this shift makes little difference in the value of the
integral in Eq. (11). At higher fields, however, the magnetic
entropy change curve widens out asymmetrically around the
peak value. When this is the case, it becomes very important
to allow the center of the integration range to vary from the
peak entropy change temperature. This shift ensures that the
integral average remains representative of the overall shape
of the curve.
Figure 2 shows the field dependence of the TECð3Þ,
TECð10Þ, RCP, and Qmax . For TECð3Þ, the field dependence
is very similar to that of the peak entropy change, for
TECð10Þ, the curves flatten out slightly, and in the limit of
very high temperature lifts, the field dependence becomes
linear in accordance with the sum rule. The RCP and Qmax
show that all three materials exhibit a strong MCE; however,
the TECðDTlift Þ provides additional information. It shows
that both La(Fe0.88,Si0.12)13 and FeRh are more promising
than Gd for temperature spans relevant to layered regenerators. The TECð3Þ shows that La(Fe0.88,Si0.12)13 is the most
promising for a layered regenerator where each layer spans
3 K.
Although the magnetic field dependence is not the same
for all materials, the values of TEC for several materials can
be easily compared for a given field. Table II gives the values of TECð3Þ, TECð10Þ, RCP, and Qmax for several materials, all at l0 DH ¼ 1 T. The entries in the table are sorted by
descending values of TECð3Þ.
Both the RCP and Qmax tend to overestimate the merit
of materials with a very broad magnetocaloric response but
small entropy change.40,52 This is illustrated in Table II for

FIG. 2. Magnetic field dependence of the Temperature averaged Entropy
Change at (a) 3 K and (b) 10 K temperature lifts, (c) Relative Cooling
Power, and (d) maximum refrigerant capacity for La(Fe0.88Si0.12)13 (䊉),47
FeRh (䉱),48 and Gd (䊏).44,45

034902-6

Griffith et al.

J. Appl. Phys. 123, 034902 (2018)

TABLE II. Temperature averaged Entropy Change for a DTlift of 3 and 10 K compared with the Relative Cooling Power and maximum refrigerant capacity for
a magnetic field change of 1 T.

Material
Gd5Si0.5Ge3.5
La(Fe0.88Si0.12)13
Ni49.26Mn36.08In14.66
(multicaloric, combined)
FeRh
LaFe11.66Mn0.14Si1.2H1.65
Gd5Si2Ge2
MnFe0.95P0.595B0.075Si0.33
Gd
LaFe11Co0.8Si1.2
La0.813K0.16Mn0.987O3

TECð3Þ mJ cm3 K1
(J kg1 K1)

TECð10Þ mJ cm3 K1
(J kg1 K1)

RCP mJ cm3
(J kg1)

Qmax mJ cm3
(J kg1)

References

158 (19.96)
125 (17.36)
121 (15.13)

86.9 (11.00)
65.6 (9.11)
52.6 (6.58)

810 (102.6)
613 (85.12)
470 (58.77)

405 (51.27)
356 (49.39)
241 (30.11)

53
47
54

109 (11.09)
82.9 (12.19)
75.3 (9.91)
54.9 (9.15)
24.1 (3.05)
23.6 (3.37)
8.34 (1.49)

89.0 (9.08)
39.1 (5.75)
52.4 (6.89)
36.3 (6.05)
23.0 (2.91)
22.7 (3.24)
8.23 (1.47)

1092 (111.44)
332 (48.89)
547 (71.99)
354 (59.02)
578 (73.21)
574 (81.94)
435 (77.62)

565 (57.61)
176 (25.85)
274 (36.00)
178 (29.60)
342 (43.27)
290 (41.47)
298 (53.28)

48
49
55
51
44
50
56

La0.813K0.16Mn0.987O3. Even though the maximum entropy
change is only about 1.5 J kg1 K1, the values of the RCP
and Qmax are both higher than those of gadolinium and even
LaFe11.66Mn0.14Si1.2H1.65. This material is not expected to
be useful, as properly reflected by TECð3Þ and TECð10Þ,
since the small entropy change coupled with large molar
heat capacity will likely be washed out by irreversible losses
even at moderate temperature spans in any actual device.
Similar caution should be used when comparing materials at
higher values of DTlift . Considering the DTlift of 10 K, many
of the materials given in the table do not have a useful
response over such a wide window, so they may not perform
well individually at this value of DTlift .
Ni49.26Mn36.08In14.66 exhibits both magnetocaloric and elastocaloric effects. Fitting the entropy change data for the elastocaloric and magnetocaloric effects for Ni49.26Mn36.08In14.66 with
an asymmetric Lorentzian peak57 allows the two effects to be
accounted for together. Combining the applied fields for multicaloric materials like this could increase the TEC significantly.
Although the two effects are generally not expected to be
additive, this optimistic estimate illustrates the possible advantages of applying multiple fields to the same material, especially
if a magnetostructural transition cannot be completed by a limited single field, but adding a second one completes the
transformation.

Although the TEC specifically excludes the requirement
of direct or indirect measurement of the DTad , the choice of
max
DTlift around 10 K clearly correlates with DT ðT ÞDH;S for the
best magnetocaloric materials known today. The analysis of
max
the relationship between DSðT ÞDH;T and DT ðT ÞDH;S by
Pecharsky et al.8 and later by Sandeman30 shows that for
materials with moderate dependence of Curie temperature on
max
applied magnetic field, @TC =@H; the DT ðT ÞDH;S is approximately equal to DTw , while for materials with larger
max
@TC =@H, the DT ðT ÞDH;S is less than the DTw . The best
known materials that exhibit the giant magnetocaloric effect
have values of @TC =@H around 4–6 KT1,30 and at fields
achievable using permanent magnets, l0 H  2 T, the experimax
mentally measured DT ðT ÞDH;S for the best materials known
today is around 6–8 K.58 Setting the DTlift at 10 K will capture the entire width of the DSðT ÞDH;T curve for these materials. For materials with comparable DSmax
DH;T , the TEC
increases with increasing DTw , which will in turn correspond
max
to larger values of DT ðT ÞDH;S . At the same time, by constraining DTlift at 10 K for fields of 2 T and below, we avoid
max
overestimating of DT ðT ÞDH;S from the peak width for materials with very high @TC =@H (such as FeRh where @TC =@H
¼ 8.5 KT1).48 Figure 3 shows the correlation between
max
TECð10Þ and DT ðT ÞDH;S for the current pool of highestperforming magnetocaloric materials. It immediately follows

FIG. 3. (a) Values of the entropy change averaged over a lift temperature of 10 K correlate most strongly with the product of the maximum entropy change and
the maximum adiabatic temperature change. (b) Strong correlation still exists between the adiabatic temperature change and the entropy change averaged over
10 K normalized by the maximum entropy change. (c) Linear regression of the entropy change averaged over 10 K and the adiabatic temperature change for a
single material under different applied field changes. Values shown are for FeRh (䉱),48 Gd5Si2Ge2 (䉲),55 La(FexSi1x)13 (䊉),47 La(Fe0.88Si0.12)13Hx (䊊),23
LaFexMnySizH1.65 (þ),49 MnFe0.95P0.595B0.075Si0.33 (䉬).51
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that TECð10Þ provides the much needed, predictive FOM
based on a single measured or calculated isothermal entropy
change dataset.
DISCUSSION

Despite significant effort to distill the response of magnetocaloric materials down to a single parameter, the simple
truth of the matter is that these materials are complex. It
should be telling that the nondimensionalization of Sarlah
and Poredos59 resulted in no fewer than five dimensionless
parameters, the majority of which are temperature dependent, field dependent, or both. In any attempt to compare
magnetocaloric materials with each other, let alone other
refrigerants, their temperature- and magnetic field-dependent
properties must be considered while also keeping in mind
other important parameters such as thermal conductivity,
corrosion resistance, and mechanical properties. As discussed previously, even allowing for two parameters can
leave room for misinterpretation.
One important material property that will affect the value
of the TEC is hysteresis, i.e., the dependence of MCE on the
magnetic field and temperature history. The TEC can be estimated with a single set of isofield (heating or cooling) or isothermal (magnetization or demagnetization) magnetization
measurements and used as a guide to determine whether a
material merits the effort of full characterization (including
hysteresis). With a complementary magnetization dataset, the
energy lost to hysteresis can be calculated from, e.g., the area
between the magnetization and demagnetization curves;60,61
however, the relationship between this energy loss and the
impact on the MCE is not clear. More directly, Guillou
et al.62 show that if the change in transition temperature due
to hysteresis is larger than the change in transition temperature
due to the changing magnetic field, then the material will not
exhibit a cyclable DTad . Heat capacity measurements, the
challenges of which have been discussed above, can be used
to parameterize more detailed material models.63 These models can provide hysteresis-corrected DSðT ÞDH;T ,64 which can
be used to calculate hysteresis-corrected TEC. Through this
progression, the TEC can provide a useful comparison
between materials at each level of characterization.
As detailed above, the TEC provides a quantity that is
easy to calculate with a minimum amount of information
available for any given caloric material, including elastocaloric and electrocaloric materials, without any modifications (a given, fixed change of stress/strain or electric field
still applies). By restricting the temperature range being considered, the potential superiority (or inferiority) of one material compared with another can be solidly established. The
most sensible way to apply this restriction is by considering
the proposed end use of the material. The value of DTlift can
be tailored to the proposed application of the material. Since
each material has a unique temperature profile, different
applications may very well favor different materials.
CONCLUSION

The temperature averaged entropy change over 10 K is
suggested as a simple, easy-to-evaluate figure of merit based

J. Appl. Phys. 123, 034902 (2018)

solely on the field-induced isothermal entropy change data
commonly available and reported for caloric materials. This
figure provides the benefit of quickly rejecting materials that
exhibit overly broad DSðT ÞDH;T with low absolute entropy
changes that is lacking in other FOMs, such as RCP and
Qmax , and is applicable for early assessment of the potential
of all known types of caloric materials, regardless of the
nature of the driving field. Most importantly, the suggested
temperature averaged entropy change can be easily extended
to gauge utility of multicaloric materials, i.e., those that
respond to more than a single field trigger. Restricting the
temperature range of consideration by using existing prototypes and modeling as a practical guide clarifies and
strengthens the argument of which materials should be considered for further characterization, development, and scaleup. This metric can provide an early indicator for which
materials hold the most promise for application in layered
devices for magnetocaloric cooling around room temperature. Given the relative ease with which magnetization data
can be measured compared with heat capacity, this metric
can help in identifying materials that merit further study.
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