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The multicaloric effect is described by a temperature or entropy change of a material triggered by external stimuli
applied or removed simultaneously or sequentially. The prerequisite for this is a material exhibiting multiple ferroic
states. However, direct measurements of the effect are rarely reported. Now for this reason, we built a measurement
device allowing to determine the adiabatic temperature change in pulsed magnetic fields and, simultaneously, under
the influence of uniaxial load. We selected the all-d-metal Heusler alloy Ni-Mn-Ti-Co for our first tests because of its
enhanced mechanical properties and enormous magneto- and elastocaloric effects. Ni-Mn-Ti-Co was exposed to pulsed
magnetic fields up to 10T and uniaxial stresses up to 80 MPa and the corresponding adiabatic temperature changes were
measured. With our new experimental tool, we are able to better understand multicaloric materials and determine their

cross-coupling responses to different stimuli.

I. INTRODUCTION

Magnetic cooling is a refrigeration technique that is based
on the so-called magnetocaloric effect, the change in temper-
ature of a material caused by a magnetic field'3. Besides
the magnetocaloric cooling*=®, there are also other effects that
can be utilized for solid-state refrigeration, namely the baro-
79 elasto-19-12 and electrocaloric effects'>!#. They describe
a temperature change induced by an external stimulus, such
as hydrostatic pressure, uniaxial load, or an electric field, re-
spectively. In most cases, one requires a ferroic material that
is susceptible to an external stimulus. In many materials, these
ferroic states are coupled as, for instance, in ferromagnets that
are also ferroelastic. In general, they are referred to as mul-
tiferroic materials and their change of temperature caused by
several fields is described by the multicaloric effect'>~18.

The coupling between the different order parameters is the
origin for the multifunctionality of these materials. How-
ever, their experimental characterization is challenging, which
can often only be done in purpose-built measurement devices
and, because of the multidimensionality of the phase diagram,
these measurements are very time consuming. For this reason,
there are not many reports in the literature on the fascinating
properties of multicaloric materials'®->2. Only very few mul-
tiferroics are known that are magnetoelectric and those that do
exist often show only very weak coupling effects. This is in
contrast to the group of magnetoelastic materials, especially
magnetic shape-memory alloys with a first-order phase transi-
tion that involves a strong coupling and which are, therefore,
predestined to have large multicaloric effects. However, the

¥Electronic mail: t.gottschall @hzdr.de

existence of thermal hysteresis is inherent in these compounds
that undergo a first-order transition. This implies that the tran-
sition might not be induced in a cyclic way when the magnetic

field change is too small to overcome the hysteresis®>.

Almost all magnetocaloric demonstrators use permanent
magnets to provide the field, which limits the practical flux
density to about 1T in such a device’*. For many materials
such as Heusler alloys, this rather small field change is not
sufficient to allow a cyclic operation?>. However, in a mul-
ticaloric approach it is possible to bypass the hysteresis with
a second stimulus, for instance, hydrostatic pressure, whereby
the effective driving force becomes larger?~28. Another ap-
proach is to exploit the thermal hysteresis of first-order mate-
rials in a multicaloric cooling cycle instead of avoiding it*°.
In the hysteresis-positive approach, the magnetic field needs
to be sufficiently high to transform the material completely.
Then, due to the appropriately tuned thermal hysteresis, the
reverse transition does not take place during demagnetization.
After locking the material in the ferromagnetic phase, the heat
can be extracted from the cooling compartment in the absence
of the magnetic field. To return the material to its original
state, a loading unit is required. The great advantage of the ex-
ploiting hysteresis cycle compared to a conventional magne-
tocaloric one is that the irreversibility of the magnetostructural
transition allows reducing the magnetized volume to a mini-
mum, which means that the amount of expensive permanent
magnets, and with that the costs, can be reduced drastically.
Due to the reduction in the magnetized volume, higher mag-
netic fields can be generated and thus larger cooling effects
can be achieved. However, the exploration of this refrigera-
tion concept as well as multicaloric materials themselves are
still at their beginning.

In this work, we have built a new measurement device with



which we can determine the multicaloric effect of materials
directly. We make use of the pulse-field facility at the Dresden
High Magnetic Field Laboratory (HLD-EMFL).

Il. EXPERIMENTAL DETAILS

As the first object of investigation we have chosen the
all-d-metal Heusler compound with the nominal composition
Ni37.0Co13.0Mn345Tij55. The material was synthesized by
arc melting of high-purity elements whereby the ingot was
turned several times and melted again. A small part of the
Heusler alloy was then brought into cylindrical form by suc-
tion casting. Subsequently, the compound was heat treated at
a temperature of 1323 K for 96 h followed by quenching in wa-
ter. The polycrystalline rod with a diameter of 3mm was then
cut into two pieces with heights of 2 and 4mm which were
then polished in order to obtain plane-parallel front surfaces.

Magnetization as a function of temperature in various mag-
netic fields was measured using a PPMS (Physical Property
Measurement System) operated with a heating and cooling
rate of 2Kmin~!. For the measurement of the adiabatic tem-
perature change in pulsed magnetic fields and under constant
uniaxial load, we designed an insert that is illustrated in Fig. 1.
Main parts of the insert are made of non-magnetic Cu-Be to
ensure sufficient mechanical stability. In the current inves-
tigation, we placed the thermocouple (not shown in Fig. 1)
between the two pieces of the sample bonded with silver
epoxy in order to achieve best thermal response. The differ-
ential thermocouple was made from copper and constantan
wires with a thickness of 25um. The reference thermocou-
ple junction was placed near a Pt100 thermometer in order
to determine the absolute temperature. The length change
of the Heusler alloy along the magnetic field and load di-
rection was monitored by a strain gauge with a grid size of
0.78 x 1.57mm? that was attached to lateral surface of the
sample. The strain gauge was read out by means of a Wheat-
stone bridge circuit. The mechanical load is transmitted to the
sample via two pistons made of the high-performance poly-
mer Torlon. The uniaxial load is tuned from the outside (left
side in Fig. 1) by a long screw. In order to be able to work
in a regime of quasi-constant load, packs of disk springs of
stainless steel — in total 160 pieces — were introduced. The
back pressure is built up by the closure at the end of the in-
sert. Here, a piezoelectric force sensor of the type CLP/3kN
from the company HBM is placed. The sensor charge, that is
proportional to the uniaxial load is monitored by a Keithley
6517B Electrometer.

A heater is located below and above the sample. It is con-
trolled by a Lakeshore 350 temperature controller using the
reading from the Pt100 thermometer located in close proxim-
ity to the sample. To ensure adiabatic conditions, the insert
is placed in a high-vacuum tube. Magnetic-field pulses of 2,
5, and 10T were generated in a solenoid®*3!. The data was
recorded with an oscilloscope with a sampling time of 2ps.
The maximum field is applied in within 13ms. In order to re-
set the material, we used the discontinuous measurement pro-
tocol as described in Ref. 32. Before the pulse experiment, we
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FIG. 1. (a) Photo of the uniaxial load insert for pulsed magnetic
fields. The sample is located in the field center of the magnet. The
right side of the image corresponds to the bottom of the insert. Both
the magnetic field and the uniaxial pressure are directed along the
cell. (b) Sketch of the whole insert.

heated the sample to 310K to reach the austenite phase, then
we cooled to 235K to the martensite state and finally we were
approaching the target temperature. This ensures the repro-
ducibility of the measurements.

In addition to the pulsed-field experiments, we performed
temperature sweeps with a heating and cooling rate of
0.2Kmin~! recording the thermoelectric voltage and the
strain-gauge resistance with Keithley 2000 Multimeters as
well as the force-sensor reading with a Keithley 6517B Elec-
trometer.

I1l. RESULTS AND DISCUSSION
A. Temperature-driven transition

In Fig. 2, the magnetization of the Heusler alloy
Ni37,0Coy3.0Mn34 5Ti;5.5 is plotted as a function of tempera-
ture in different magnetic fields showing the typical behav-
ior of inverse magnetocaloric Heusler alloys’®. The low-
temperature martensite phase with low magnetization trans-
forms into the ferromagnetic austenite. This martensitic tran-
sition is accompanied by a sharp change of the magnetization.
Since a magnetic field favors the phase with higher magnetiza-
tion — the austenite phase — the transformation shifts towards
lower temperatures as the applied magnetic field is increased.
On the basis of the magnetization data, linear fits before, in
the central part, and after the transition can be used to de-
termine the austenite and martensite start and finish tempera-
tures. This results in an average shift of the transition by about
dT,/uodH = —2.2KT~! in the considered magnetic fields
and a thermal hysteresis of 10K. Thus the Ni-Mn-Ti-Co sam-
ple behaves similar to other Ni-Mn-based Heusler alloys>*.



This value also represents the upper limit for the achievable
magnetocaloric effect per field change®. The average values
for the transformation temperature for heating and cooling in
the zero field are 273.6 and 261.3 K, respectively.

In the following, the results of the multicaloric measure-
ment insert are presented. We performed temperature sweeps
with a heating and cooling rate of 0.2Kmin~! in the absence
of a magnetic field and recorded the strain, the force, and
the thermoelectric voltage of the thermocouple which is illus-
trated in Fig. 3. These data sets are useful to characterize the
transition under the influence of uniaxial load. The strain as a
function of temperature is shown for the stress-free case and
for 40MPa in Fig. 3(a), the strain gauge failed unfortunately
for higher loads. Under cooling, the sample shrinks during the
martensitic transformation. This effect is related to the change
of the crystal symmetry from cubic austenite into tetragonal
or monoclinic martensite and the resulting change in volume
and length®. Without uniaxial load, a strain of about —0.5 %
appears, whereas a much larger strain of —1.7 % is observed
under 40MPa. This effect is caused by the adaptation of the
martensite to the stress condition. Martensite variants with
their shorter a or b axes aligned along the loading direction
are preferred to those oriented with their longer ¢ axis parallel
to the pressure direction®’.

This large change of the sample volume and length during
the martensitic transition leads to an increase of the transi-
tion temperature when being subjected to uniaxial load. It
appears, however, that further effects play a role when stress
is applied. In addition to a shift, we also observe an enormous
broadening of the transition which is nicely seen in Fig. 3(b).
In this diagram, the signal of the thermocouple that was con-
tacted to the sample is shown as a function of temperature.
From these baseline-subtracted curves for heating and cool-
ing, we obtain information similar as from differential ther-
mal analysis (DTA). A relatively sharp peak is visible in the
stress-free case [red curves in Fig. 3(b)]. This is caused by the
latent heat that must be absorbed or released during the transi-
tion. With increasing uniaxial load, the peak maximum shifts
towards higher temperature by about 45K GPa~! for heating
and 55K GPa~! for cooling.

Further information can be obtained from the piezoelectric
force-sensor data shown in Fig. 3(c). Here, the curve in the
stress-free case was omitted due to highly noisy data. The
dataset shows the shift of the transition towards higher tem-
peratures, which is in good agreement with the strain gauge
and thermocouple data. It should be noted that due to the
large shrinkage of the sample, the uniaxial load, applied at
room temperature, decreases. For the example of 40 MPa, a
20 % reduction of ¢ by 8 MPa is observed. With a total sam-
ple height of 6mm and a strain of —1.7 %, the force reduction
can be determined based on the spring constant of the disk
spring stack, k ~ 625N mm~"!. Based on the diameter of the
sample of 3mm, the theoretical change of the uniaxial load
is 8.8 MPa being in very good agreement with the measure-
ment. Due to the limited installation space, it is therefore not
possible to ensure conditions of constant load with such large
strains. However, the force sensor can be used to estimate
the shrinkage of the sample under a load 80 MPa to a value
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FIG. 2. Magnetization of the Heusler alloy Ni37 ¢Co;3,0Mn34.5Ti|5.5
as a function of temperature in static magnetic fields of 0.1, 2, 5, and
10T.
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FIG. 3. (a) Strain € for heating and cooling as a function of temper-
ature without a mechanical load applied and in 40 MPa. (b) Thermo-
couple signal which allows an estimate of the transition temperature
and the width of the transition. (c) Signal of the force sensor that
has been normalized to the change of uniaxial load as a function of
temperature due to the length change associated with the transition.

The sample temperature was changed at a rate of 0.2 Kmin~!.

of —3.4%, which is in agreement with information from the
literature38.



B. Magnetic-field-driven transition

The typical time dependence of the pulsed magnetic field is
shown in Fig. 4(a). The time to reach the maximum magnetic
field is shorter - namely 13 ms - than for the reduction of the
field. This shape of the pulse is always the same regardless
of the field strength, which results in a maximum field-sweep
rate of 1400Ts~! for a 10T pulse. Despite this rapid field
change, the thermocouple reacts quasi instantaneously, which
is an indication of good thermal coupling with the sample. In
order to erase the memory of the material, we used the discon-
tinuous measurement protocol*?. Without uniaxial load and at
a starting temperature of 265K, the Heusler alloy cools down
by about —17.7K when being exposed to a magnetic field of
10T [Fig. 4(b)]. After 100ms, the field is close to zero again
but the temperature does not return to the initial value. This
effect is related to the thermal hysteresis of the material re-
sulting in a partial irreversibility of the transition. It is worth
noting that the sample temperature remains almost constant at
AT,q = —3.3K. If the thermal conduction between the sample
and the piston was playing a role on the time scale of a few
100ms, the temperature would rise again to the initial value.
Since this is not the case, this confirms that adiabatic condi-
tions are achieved to a very good extent during the experiment.

Increasing the starting temperature to 270K (Fig. 4(c))
leads to a slight reduction of the AT,q and a plateau evolves
indicating that the transition is completed. This will be dis-
cussed in more detail later. The final temperature change af-
ter the pulse is larger compared to the measurement done at
265K because of the hysteresis, less material transforms back
when being demagnetized. Under a uniaxial load of 40 MPa
at the same start temperature [Fig. 4(d)], the adiabatic temper-
ature change is further reduced and also the plateau becomes
smaller.

The strain measured during the magnetic-field pulse shows
a peculiar behavior [left axes on Figs. 4(b) - (d)]. For a start
temperature of 265K without load, a length change can only
be detected 16ms after the pulse started, that means after the
maximum magnetic field has been reached. Then, a rather
sharp elongation by 0.8% is observed, which returns to a
value of 0.4 % after a period of rest. In comparison, at a start
temperature of 270K [Fig. 4(c)], there is no strain recovery
and the overall length change is much smaller. Under uniax-
ial load the sample reacts with a small length reduction in-
stead and relaxes back to zero slowly [Fig. 4(d)]. The cause
of this length reduction the delay in the three experiments can
only be speculated. Even in the stress-free case some residual
force is present. The sample is in direct contact with the pis-
tons and the springs behind them (see Fig. 1). Consequently, a
large mass has to be moved for a length change of the sample
to happen. The inertia of this mass could, therefore, be the
reason for the delayed response of the strain gauge. Further
studies are required to clarify this behavior.

In the following, we will consider the magnetic-field depen-
dence of the adiabatic temperature change in pulses of 10T.
In Fig. 5(a), at a starting temperature of 265K, the largest
temperature change (AT,q value of —17.7K) is obtained with-
out load (red curve). Comparing the curve shape with earlier
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FIG. 4. (a) Time dependence of the magnetic field in the coil. The
rise time of the field accounts for 13 ms. (b) - (d) The strain € of the
sample during the experiment is shown on the left and the adiabatic
temperature change AT,q on the right axes.

works, it seems that the transition is just completed in a field
of 10T3%. This becomes clearer in Fig. 5(b), where at a start
temperature of 270K the adiabatic temperature change satu-
rates at the maximum field. For the down sweep, the tem-
perature remains almost constant until about 7T [Fig. 5(a)] or
reveals even a slight decrease down to about 4 T, due to the re-
maining conventional magnetocaloric effect of austenite [Fig.
5(b)] until the backward transition into martensite is initiated.
The hysteresis in field accounts for about 5 to 6T, which is
a reasonable result considering a thermal hysteresis of about
10K and alﬁeld-induced shift of the transition temperature of
—2.2KT™.

For uniaxial stresses of 40 and 80 MPa, the maximum AT,q4
reduces but, notably, the magnetic hysteresis is reduced too.
This is mainly caused by the field-decreasing branches — re-
lated to the martensite formation — since the curvature for the
up sweeps is almost identical in the different examples plotted
in Fig. 5. There is no indication of a reduced hysteresis based
on our temperature-driven experiments discussed earlier (see
Fig. 3). This reduction may be related to minor-loop processes
of the hysteresis that work better under uniaxial load but also
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FIG. 6. Adiabatic temperature change AT,q in magnetic-field pulses
of (a) 10T and (b) 2 and 5T for different starting temperatures and
uniaxial loads. Negative values of AT,4 are associated with the field-
induced martensitic transition whereas positive temperature changes
are caused by the conventional magnetocaloric effect of ferromag-
netic austenite.

time-dependent effects of the martensite formation cannot be
excluded. In any case, the coupling between the thermocouple
and the sample was sufficiently good with and without uniax-
ial load, which is proven by experiments shown in Fig. 5(c).

With zero load and at 275K, the sample is almost completely
in the austenite phase and, consequently, we observe a small
conventional magnetocaloric effect with a negligible hystere-
sis. Therefore, the sample heats up by about 2.4K in 10T
and cools down reversibly. Under uniaxial load at this start
temperature, the material is at least partially in the martensite
phase and a field-induced transition takes place. At 80 MPa,
there appears even a AT,q of —9K. However, it remains un-
clear where the change in slope at about 7T in the up sweep
at this load comes from.

In Fig. 6, the adiabatic temperature change at the maximum
field of 2, 5, and 10T pulses is plotted as a function of the start
temperature for the three different uniaxial loads. The con-
ventional magnetocaloric effect of the ferromagnetic austen-
ite is not affected by the load at all as can be seen at 300K.
If there is any uniaxial-pressure dependence on the austenitic
Curie temperature, which is beyond 340K, it is not noticable
in the adiabatic temperature change near room temperature.
For 10T in the stress-free case, a sharp negative peak with a
maximum at 265K is observed [Fig. 6(a)]. Between 270 and
275K, the first-order transition is completed and the inverse
magnetocaloric effect turns into a small conventional one in
the austenite phase. By applying uniaxial pressure, the peak
height reduces and at the same time it broadens significantly.
We find that the load influence on AT,4 is most pronounced
at higher temperatures. Below 255K, there is almost no dif-
ference in AT,q between the pulsed-field measurements at dif-
ferent loads. In 2 and 5T [Fig. 6(b)], a very similar picture
emerges as for the 10T case.

Two effects play a decisive role in explaining the observed
behavior. The broadening of the transition under the influence
of uniaxial load can be attributed to the formation of heteroge-
neous mechanical-stress fields as has been reported for other
shape-memory alloys®**?. For this reason, certain regions of
the sample are subject to a different shift in the transformation
temperature in the strained state, which broadens the peak of
the magnetocaloric effect and reduces its height. Furthermore,



the shift towards higher temperatures itself causes a weaken-
ing of the magnetic contribution to the total entropy. This is
why the driving force of the magnetocaloric effect dT;/podH
has to decrease and higher magnetic fields are necessary to
fully induce the transition*!. This also contributes to the de-
crease of the adiabatic temperature change in the magnetic-
field changes under consideration. However, the reduction of
the magnetic entropy by uniaxial load must result in an in-
crease of the maximum possible magnetocaloric effect. To
observe this behavior, much higher pulsed magnetic fields are
required than those applied in this first experiment. We will
continue to investigate this aspect in future studies.

IV. CONCLUSION AND OUTLOOK

Using a specially designed device, we could directly de-
termine the multicaloric effect under uniaxial load and pulsed
magnetic fields. We were able to show that, despite the techni-
cally challenging setup, such measurements are possible with
high quality. This can be realized by the short pulse dura-
tion of the magnet, which practically prevents heat exchange
between sample and piston during the pulse. However, the
large sample size that we used and especially its large trans-
formation strain of several percent led to a load change of
about 20%. Nonetheless, for the investigated Heusler alloy
we could show a very decisive influence of the uniaxial load
on the transformation characteristics and on the adiabatic tem-
perature change. For example, the magnetic hysteresis of AT q
reduces but at the same time the transition broadens and also
the overall effect decreases. This can be attributed both to
a reduction of the magnetic contribution to the total entropy
and to the formation of heterogeneous stress fields under the
influence of uniaxial load.

In the next steps, we will further improve our measurement
setup by focussing on the detection of the strain in the sample
installed. Another promising goal is to allow for the readout of
the piezoelectric force sensor not only under static conditions
but also in pulsed fields. Here, we can rely on our in-house ex-
perience of polarization measurements on ferroelectric mate-
rials. The insert can also be utilized in order to study materials
for the exploiting hysteresis cycle. Magnetic field pulses and
mechanical load can be applied in an alternating manner with
the advantage that the available magnetic field is sufficiently
high to transform all candidate materials completely. In any
case, the interplay of mechanical stresses and magnetic fields
poses many questions for fundamental research and also chal-
lenges for transferring this into practical and efficient caloric
devices.
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