
REVIEW OF SCIENTIFIC INSTRUMENTS 84, 073907 (2013)

Direct magnetocaloric characterization and simulation
of thermomagnetic cycles

G. Porcari,1,2,a) M. Buzzi,1,b) F. Cugini,1 R. Pellicelli,1 C. Pernechele,1 L. Caron,2 E. Brück,2

and M. Solzi1
1Department of Physics and Earth Sciences, University of Parma, Viale G.P. Usberti n.7/A (Parco Area delle
Scienze), 43124 Parma, Italy
2Fundamental Aspects of Materials and Energy (FAME), Faculty of Applied Sciences, Delft University of
Technology, Mekelweg 15, 2629 JB Delft, The Netherlands

(Received 12 April 2013; accepted 1 July 2013; published online 29 July 2013)

An experimental setup for the direct measurement of the magnetocaloric effect capable of simulat-
ing high frequency magnetothermal cycles on laboratory-scale samples is described. The study of
the magnetocaloric properties of working materials under operative conditions is fundamental for
the development of innovative devices. Frequency and time dependent characterization can provide
essential information on intrinsic features such as magnetic field induced fatigue in materials un-
dergoing first order magnetic phase transitions. A full characterization of the adiabatic temperature
change performed for a sample of Gadolinium across its Curie transition shows the good agreement
between our results and literature data and in-field differential scanning calorimetry. © 2013 AIP
Publishing LLC. [http://dx.doi.org/10.1063/1.4815825]

I. INTRODUCTION

Recently, concern over limited energy resources has
driven scientists to explore new, more efficient, and envi-
ronmentally friendlier energy conversion processes and de-
vices. In this context, energy conversion machines based on
the magnetocaloric effect (MCE) represent one of the most
promising areas to be developed.1–4

The MCE is the entropy or temperature variation in
isothermal or adiabatic conditions, respectively, resulting
from the perturbation of the system due to the action of a mag-
netic field.2, 5 The MCE is maximum across magnetic critical
processes such as second and especially first order magnetic
phase transitions.6–9 Devices making use of the MCE around
phase transitions, must therefore be designed considering the
effects of first order transformations. The applicability of even
the most promising working material is still constrained by
unsolved issues. Reduction of the intrinsic hysteresis due to
first order magnetic phase transitions, the minimization of
induced structural fatigue due to continuous magnetic field
cycling, and a better understanding of the interplay between
thermal transport properties and the MCE still pose design
challenges.10–15

Therefore, the need for novel thermal devices has been
continuously pushing scientists to carefully analyze the ther-
mal behavior of magnetic critical processes. During the
last years the realization of several in-field calorimetric
techniques16–29 contributed both to a better understanding of
the thermomagnetic behavior of the most promising com-
pounds showing first order phase transitions and to encourage
the development of new materials.15, 30

Thus, the study of the time and frequency dependence of
the MCE constitutes the next step to be taken.
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This means that beyond a complete thermomagnetic
characterization (i.e., comparing cp(T, H), �sT(T, �H), and
�Tad(T, �H) values measured using different calorimetric
techniques as well as magnetometry),28, 29, 31, 32 the analysis of
the MCE under operating conditions is essential to bridge ma-
terial science and device engineering. Such technique should
provide insightful information on the impact of fatigue effects
and thermal transport-properties on MCE materials.

In the present work, we describe an innovative experi-
mental setup to study the MCE of laboratory-scale samples
capable of simulating operating conditions. This technique,
based on an adiabatic temperature-change probe, allows high
frequency thermomagnetic cycling of systems with mass val-
ues ranging between 10−2 g and 10−1 g. The capabilities as
well as the mass sensitivity of the �Tad probe are described.
This feature, which is seldom reported, together with the com-
parison of the directly measured MCE data with in-field dif-
ferential scanning calorimetry (DSC) show the performance
of this instrument.

II. EXPERIMENTAL SETUP

The direct measurement of the magnetocaloric
temperature-change must be performed under adiabatic
conditions: this can be done in different ways. The most
common way is to guarantee adiabaticity by changing
the magnetic field fast enough so that no considerable
thermal exchange can occur. Fast sweeps (10−2 s-10−1 s)
are intrinsic of pulsed fields,33 while slower ones (10−1

s-100 s) are performed mechanically moving the probe
or the magnet31, 34–39 or by switching on and off an
electromagnet.33, 40–45 The typical sensors used to measure the
temperature-change itself are thermocouples31, 33, 35, 37–42, 44, 45

or high precision thermoresistances with weak magnetic field
dependence.34, 36, 43

0034-6748/2013/84(7)/073907/7/$30.00 © 2013 AIP Publishing LLC84, 073907-1

Downloaded 07 Aug 2013 to 131.180.130.178. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://rsi.aip.org/about/rights_and_permissions

http://dx.doi.org/10.1063/1.4815825
http://dx.doi.org/10.1063/1.4815825
http://dx.doi.org/10.1063/1.4815825
mailto: giacomo.porcari@fis.unipr.it
mailto: G.Porcari@tudelft.nl
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4815825&domain=pdf&date_stamp=2013-07-29


073907-2 Porcari et al. Rev. Sci. Instrum. 84, 073907 (2013)

FIG. 1. Sketch of the measurement probe. Panel (a) Top feedthrough, clip assembly, and slide seal, panel (b) lower connector and vacuum chamber.

The experimental setup described here is built to fit dif-
ferent cryostats and to simplify the procedure of sample
change, a similar idea was proposed in Ref. 46.

We have designed and realized a measurement probe
equipped with 10 electrical connections and a vacuum cham-
ber able to work in pressures of 10−4 mbar (see Fig. 1). The
wiring was carefully arranged in twisted pairs to reduce the
inductive voltage pickup due to the variable magnetic field as
much as possible. The body was built from a 3 mm seamless
brass tube while on the top a purpose-designed feedthrough
decouples the electric connector (Fischer DBEE model) from
the pumping system (Fig. 1(a)). The vacuum chamber (ex-
ternal diameter φ7 mm) can be attached to the bottom end
of the probe through a screw. The reduced dimensions allow
the use of this probe in MPMS R© Quantum Design cryostats.
Epoxy resin able to work at low temperatures is used to se-
cure the lower connector (a 7 pin Fischer) to the main body
(Fig. 1(b)). The slide seal assembly shown in Figure 1(a) is
a modified version of the original one by Quantum Design.
While its dimensions are the same, a mechanical constraint
is added inside to prevent the o-rings from getting loose dur-
ing the fast insertion of the probe in the magnetic field region.
An additional flange is needed to fit this probe in different
cryostats with a KF inlet.

A. Adiabatic temperature-change probe

The heart of the probe is the thermoresistance and the
sample housing (Fig. 2(a)). A CernoxTM bare chip character-
ized by a mass of 3 mg and time response of 0.135 s is used to
measure the sample temperature.47 Its magnetoresistance has
been reported to be significant just at low temperatures and in
high applied magnetic fields.25, 48, 49 The CernoxTM is glued
using epoxy resin on a fiberglass board equipped with gold
contacts to preserve it from mechanical stresses (Fig. 2(b)).
The gold bonding is made through thermocompression di-
rectly on the bare chip (Fig. 2(b)). The fiberglass board is fixed
in a PEEK housing, while the sensor chip is put downwards
to protect the wires (Fig. 2(a)). A cavity in the PEEK avoids
any contact between the CernoxTM chip surface and the probe.
The external diameter of the sample holder is 4.5 mm while
its housing size (respectively, width and depth) is 3 × 2 mm.
The sample is in contact with the back side of the CernoxTM

through a thermoconductive paste (Arctic Ceramique k ∼ 7
W m−1 K−1). The sample is then glued in two points on the
fiberglass with GE-Varnish to minimize heat losses through
the probe. The CernoxTM is powered by an ac current of a
few μA at 1 kHz and its voltage signal is filtered by a lock-in
amplifier whose time constant is set to 10 ms.

In the preliminary experiments, the adiabatic
temperature-change characterization is performed turn-
ing on and off a low inductive electromagnet while the probe
does not move. The magnetic field sweep rate is detected by a
solenoid placed between the poles (Fig. 3(a)). The peak value
of the external field (μ0H = 1.92 ± 0.05 T) is measured by
a Lakeshore 460 3-channel Hall effect gaussmeter. It can be
seen (Fig. 3(a)) that the magnetic field reaches 95% of its
maximum value in 1 s, while the average field sweep rate
turns out to be 1.8 T s−1. The temperature in this case is
controlled by means of a continuous flow cryostat (purchased
from “Très Basses Températures - TBT” group Air Liquide).

B. Brayton thermomagnetic cycles setup

The described probe can be used to simulate thermo-
magnetic cycles consisting of two adiabatic and two isofield

FIG. 2. (a) Adiabatic temperature-change probe, (b) CernoxTM bare chip
glued on the supporting plate, (c) sketch of the adiabatic temperature-change
probe with sample.
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FIG. 3. Temporal evolution of the magnetic field and effective sweep rate for
the two cases: (a) the electromagnet is turned on, (b) the pneumatic actuator
places the sample in the high field region of the magnet.

branches. A pneumatic cylinder is then used to insert and ex-
tract the sample in and out of the magnetic field. The cylin-
der “running” time is about 0.15 s (see Fig. 3(b)) while the
average magnetic field sweep rate is μ0dH/dt = 10 T s−1.
Note that in these conditions the working limit of this temper-
ature sensor is approached since its time response is 135 ms
while the magnetic field sweeps in about 150 ms. The cryo-
stat is a continuous flow Oxford Instruments CF1200 while
the magnetic field source is an electromagnet whose maxi-
mum magnetic field is 1.85 T. The simulated Brayton cycle
consists of two stages at different magnetic field and tempera-
ture. To accurately control the temperature in the out-of-field
region (outside the sample space), a cryostat insert has been
designed and realized (Fig. 4). The insert is a tube made of
two copper regions (one between the poles of the electromag-
net and the other outside) thermally insulated one from the
other using a Tufnol R© section (Fig. 4). The temperature at
which the sample is extracted and inserted is changed through
two Omega Kapton Insulated Flexible Heaters able to power
up to 20 W.50 Different cycling frequencies can be achieved
controlling the temperatures of the two field regions and the
relaxation rates. In these experiments, the vacuum chamber is
not used and the sample is directly exposed to the heat ex-
change medium which is helium gas. In this configuration,
however, helium is not flowing through the sample space and
it helps the system to relax to the outer temperature mainly
through conduction. Thermal radiation between the probe and
the surrounding walls also plays a not negligible role on the
temperature profile during the isofield branches. The main dif-
ference with real applications is then that we do not exchange
heat through convection with a flowing fluid.

FIG. 4. Drawing of the cryostat insert. This attachment allows to control the
system temperature in the zero field region.

III. RESULTS AND DISCUSSION

A. Direct adiabatic temperature-change measurement

The material used to test the present setup was a Goodfel-
low 99.9% pure Gadolinium plate. The CernoxTM bare chip is
mainly made of sapphire.47 Its mass (mCx = 3 mg) takes into
account not only the substrate but also the gold plating, con-
tacts and film itself. The CernoxTM heat capacity at room tem-
perature can be estimated at about 1 mJ K−1, which is compa-
rable to that of a Gadolinium sample of 3.5 mg (considering
cpGd = 300 J kg−1 K−1 across its Curie temperature). When
studying the MCE of small samples, the balance between their
heat capacity and that of the sensor cannot be neglected. This
effect, which leads to measure a �Tad lower than what is ex-
perienced by the material, is systematic so it can be taken into
account if the specific heat of the sample is known. A simple
proportion allows to estimate the size of this effect

�TadGd
(T ) = �TadCx

(T )
mCxcpCx

(T ) + mGdcpGd
(T )

mGdcpGd
(T )

, (1)

where �TadGd
(T ) is the effective adiabatic temperature-

change experienced by the sample due to the action of the
field, while �TadCx

(T ) is the temperature variation of the sen-
sor which is what we are actually measuring. Then in Eq. (1),
cpCx(T) is the CernoxTM specific heat and mGd is the Gadolin-
ium sample mass. This equation allows the correction of the
measured �TadCx

values for low heat capacity systems. The
Gadolinium specific heat value cpGd(T) in this branch is an
average between the in-field and the zero field specific heat
curves which were directly measured by means of a home
made in-field differential scanning calorimeter.

The studied Gadolinium sample is chosen large enough
(110 mg) to minimize this effect. Its magnetocaloric adia-
batic behavior for a field span of μ0�H = 1.65 T is shown in
Figure 5. In this graph, the regions where the magnetic field is
turned on (heating) and off (cooling) are shown. The measure-
ment error (±0.15 K) is due to the sensor electric noise and
corresponds to a resistance resolution of ±0.01 �.29, 51 The
shape of the relaxation branch (after the temperature peak)
reported in Figure 5 reflects non-ideal adiabatic conditions:
this effect on the obtained data is discussed subsequently. The
magnetic field profile (corresponding to Fig. 3(a)) superim-
posed to the acquired temperature data is zoomed in in the
inset of Figure 5: its vertical axis is rescaled on the expected
�Tad value deduced on the basis of in-field DSC data. This
profile thus describes the expected temperature vs. time mea-
surement profile. This comparison shows that the shape of the
curve at the transition depends on the magnetic field profile
rather than on non-ideal adiabatic conditions. This inset also
shows the temperature data obtained when taking into account
the thermoresistance heat capacity (Eq. (1)). The correction
in this case is less than 2.5% of the measured peak value. The
data reported hereinafter have been corrected.

The magnetic field dependence of the MCE measured at
the temperature of maximal response (292 K) is displayed
in Figure 6. The horizontal axis is the internal field, which
is calculated from a demagnetizing factor of N = 0.3 along
the measurement direction. It is worth noticing that this is re-
quired for a proper comparison with literature data.31, 32, 52, 53
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FIG. 5. Direct �Tad measurement across the Curie temperature of a
Gadolinium sample in μ0�H = 1.65 T both switching the field on and off.
(Inset) Superimposed magnetic field profile (white triangles) normalized on
the maximum expected �Tad and the temperature profile obtained taking into
account the sensor heat capacity (red thin profile). Yellow circles are the raw
data.

The inset shows the MCE as function of (μ0H)2/3: the slope
of this curve (A = 3.02 ± 0.03 KT−2/3) constitutes a further
marker of the material quality.52

The temperature behavior of the MCE of the Gadolin-
ium sample for a field sweep of μ0�H = 1.65 T is shown
in Figure 7. The comparison between the “heating” and the
“cooling” �Tad(T) curves does not reveal, at least for these
magnetic fields sweeps, any influence of eddy currents as sug-
gested in Ref. 34. Excluding skin effects (the magnetic field
is assumed to fully penetrate the sample at these time scales),
it can be estimated that the heat produced by eddy currents
could contribute about 10−2 K, thus falling within the mea-
sured �Tad(T) errorbars.

The directly measured �Tad values are superimposed in
Figure 7 to the estimate of the same quantity derived from
in-field DSC. This cross characterization is needed since the
MCE of rare earths elements is strongly affected by their de-
gree of purity, thus making it difficult to compare our results

FIG. 6. �Tad vs. magnetic field at 292 K. Our characterization (yellow cir-
cles) is compared with values shown in Ref. 52 (� symbol), Ref. 53 (★ sym-
bol), and Ref. 54 (� symbol). (Inset) Demonstrates the linear μ

2/3
0 H 2/3 de-

pendence of the �Tad curve.

FIG. 7. �Tad vs. temperature for magnetic field change of μ0�H = 1.65 T
(triangles). This measurement is compared with in-field DSC performed on
the same sample for a μ0�H = 1.7 T field variation (purple line).

with literature data.54, 55 The specifications of the in-field DSC
technique are described in Ref. 29. The calorimetric charac-
terization for Gadolinium is performed using a sweep rate of
0.03 K s−1 at (internal) magnetic fields of μ0Hi = 0 T and
μ0Hf = 1.7 T. The effective relative error was deduced to
be within 0.6%. This is mainly due to slightly unstable vac-
uum conditions which affect the specific heat baselines of the
in-field and zero field temperature scans with different sys-
tematic errors.56 The demagnetizing field is estimated to be
0.3 T for the direct �Tad measurements and 0.14 T for
the DSC analysis since the sample orientation with re-
spect to the field direction is different in the two cases.
Figure 7 clearly shows the good agreement between the out-
comes of the two techniques. Looking at the MCE peaks, the
direct probe yields �Tad = 4.04 ± 0.37 for a magnetic field
span of μ0�H = 1.65 T, while from calorimetry �Tad = 4.29
± 0.77 K is obtained for a magnetic field change of μ0�H
= 1.7 T. Both techniques are in good agreement within the
error. The uncertainty of the direct �Tad turns out to be much
lower than that of DSC. This point supports the use of a purely
adiabatic technique instead of indirect isofield or isothermal
methods to obtain a precise estimation of the �Tad.29

For ideal adiabatic conditions, Eq. (1) gives an exact de-
scription of the relation between the adiabatic temperature-
change and the measured value. We therefore expect the mea-
sured �Tad to be a strong function of the sample mass. The
latter has been checked by measuring Gd samples of different
masses (as displayed in Fig. 8). We also include in Fig. 8 the
expected �Tad which takes into account the CernoxTM heat
capacity as described in Eq. (1). It can be checked how for
samples with heat capacities down to 0.03 J K−1 heat losses
can be neglected. This effect is pronounced across second
order transitions, and in case of gadolinium it appears even
larger because of its low specific heat.

The curve reported in Figure 8 can thus be consid-
ered as the (mass) sensitivity of the described technique for
Gadolinium. A more general sensitivity curve is shown in
Figure 9 where the temperature-change is normalized to its
maximum value. This is useful to compare the mass depen-
dence of the measured �Tad for systems with different MCE.
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FIG. 8. �Tad vs. gadolinium sample mass at 292 K for a magnetic field
change μ0�H = 1.7 T (circles). The expected �Tad as deduced from Eq. (1)
(red line).

In this plot, the white circles represent a curve corresponding
to the expected �Tad peak values across an inverse martensitic
transformation of a Ni–Co–Mn–Ga Heusler alloy. Its specific
heat behavior is shown in Figure 10. As predicted in this case,
the full effect can also be measured on a sample of 30 mg
without the need of any correction due to the presence of la-
tent heat (inset of Fig. 10).

Another way to visualize Eq. (1) is drawn in inset of
Figure 9. This curve represents the more general sensitivity
curve of this technique, which applies to a generic sample as
function of the ratio between sample and CernoxTM heat ca-
pacities. A similar trend of the expected �Tad values has been
discussed in Ref. 35 as function of the system diffusivity.

B. Thermomagnetic cycles

The temperature dependence of the entropy of our
Gadolinium sample at internal fields of μ0H = 0.17 T and
μ0H = 1.65 T is shown in Figure 11.

The specific heat profiles at μ0H ∼ 0 T, μ0H = 0.17 T,
and μ0H = 1.65 T are reported in the inset. Here, our
DSC measurements are compared with data obtained from

FIG. 9. Relative �TadCx
/�Tadsample

vs. mass for Gadolinium (black) and
Ni45Co5Mn30Ga20 Heusler (white). (Inset) Normalized �Tad vs. sam-
ple/sensor heat capacity ratio. These curves describe the sensitivity of the
�Tad probe.

FIG. 10. Specific heat and MCE (in inset) as measured on a 30 mg piece
Ni45Co5Mn30Ga20 Heusler alloy for μ0�H = 1.7 T.

Ref. 54. Looking at the zero-field measurements it can be
noticed how the specific heat curves for the two commercial
polycrystalline samples are in good agreement (our cp error-
bar is estimated to be within 3%) while the effect of impuri-
ties can be appreciated from the difference with the cp profile
of the single crystal. The specific heat curve at 0.17 T shows
then how the effect of a relatively weak applied field broadens
considerably the measurement made in zero-field.

This temperature and magnetic field dependence is used
to obtain the �Tad calorimetric profile in the curve of
Figure 7 (however with the low field curve measured at 0 T).
As an example of a simple thermomagnetic cycle, we include
in this entropy-temperature diagram the loop that the system
will follow during the direct measurement experiment. The
cycle of Figure 11 consists of two adiabatic and two isofield
branches thus reproducing an idealized Brayton cycle.2

In Figure 12, we show four different thermomagnetic cy-
cles performed on the Gadolinium sample of 110 mg near
its Curie temperature for different hot and cold cycle tem-
peratures (Th and Tc) and frequencies. Th and Tc are the set
points at which the sample is extracted and inserted from
and in the magnetic field, respectively. The frequency of the

FIG. 11. Temperature dependence of entropy in μ0H = 0.17 T and μ0H
= 1.65 T. The thermomagnetic cycle of Figure 12(b) is shown. (Inset) cp

curves compared with data from Ref. 54.
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(a) (b)

(d)(c)

FIG. 12. Thermomagnetic cycles derived from direct �Tad characterization at different frequencies. Figures (a)–(c) show the Gadolinium magnetocaloric be-
havior for different Th and Tc temperatures of the cycle. Figure (d) shows the system temperature relaxation for a controlled asymmetric background temperature.

thermomagnetic cycles is a function of both the relative posi-
tion of Th and Tc as well as the temperatures of the in-field
(μ0H = 1.65 T) and out-of-field (μ0H = 0.17 T) regions
which affects the relaxation rate of the isofield branches.

The reproducibility of the effect on subsequent branches
for every experiment is striking. The absence of hysteresis is
verified since no differences are observed comparing the first
�Tad branch and the following ones. The effective internal
field change is: μ0�H ∼ 1.5 T.

The measured �Tad = 3.4 ± 0.35 K at 292.5 K (panel (a))
turns out to be in agreement with both the values of Figure 6
and with the calorimetric estimation of 3.54 ± 0.72 K. This
result shows the reliability of the CernoxTM sensor also at the
sweep rate utilized with this setup.

To increase the operational frequency up to 0.33 Hz, a
faster thermal relaxation was needed (panels (b) and (c)). In
these two cases (referring to the MCE induced by increasing
field), the measured �Tad is 3.22 K and 3.15 K at 289.5 K and
289 K while the DSC �Tad estimations for the same temper-
atures are 3.42 ± 0.63 K and 3.38 ± 0.62 K, corresponding
to a 6% deviation from the expected values. This result also
shows the good instrument operation at relatively high ther-
mal relaxation rates. In Figure 12(d), while performing the
measurement, the temperature of the out-of-field region was
changed in order to show how the non-ideal adiabaticity of the
isofield branches can be controlled depending on the heater
power. This feature allows to adequately change the cycles
time period depending on the particular characterization re-
quirement.

In this setup, the loop frequency can be increased by
changing the two controlled temperatures of the cryostat in-
sert shown in Figure 4. In particular for the examples of

Figure 12, the in-field region is kept at lower temperatures
than the out-of-field one. The system heats up when it is put
in the magnetic field but it suddenly starts to cool down. As
soon as its temperature equals the “virtual” Th, the sample is
extracted from the field. This setup thus does not constitute an
effective magnetic refrigerator.

However, the key point lies in the possibility to analyze
the behavior of low mass laboratory-scale samples when ex-
posed to external fields in nearly operative conditions.

As highlighted in recent works, the impact of hystere-
sis on the magnetocaloric properties of first order materi-
als should always be discussed.35, 57–59 This instrument could
give information about the reversibility of magnetic phase
transitions as well.

Furthermore, the control of the cycle temperature range,
field span, and frequency could help studying fatigue on the
material structure induced by application and removal of the
magnetic field.

Comparison of the thermomagnetic cycles of materi-
als with different thermal conductivities could show whether
different thermal transport properties pose a limit to the
maximum achievable cycle frequency.

IV. CONCLUSION

The study of the MCE under operating conditions is nec-
essary to advance both working materials development and
prototype design. This is achieved through the performance
of realistic thermomagnetic cycles, allowing the time and fre-
quency dependent characterization of the MCE under operat-
ing conditions.
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The described technique based on an adiabatic
temperature-change probe yields results in good agree-
ment with both DSC measurements and values reported in
literature. The mass sensitivity of the �Tad probe is reported.

In this work, we show the next step towards the complete
characterization of MCE materials for applications, address-
ing the yet overlooked issue of the interplay between thermal
conductivity and the MCE as well as fatigue effects. This ap-
proach could be insightful in describing processes close to
the critical point between first and second order behaviors,60

shown by the most promising materials for applications.61–63
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