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The unavoidable existence of thermal hysteresis in magnetocaloric materials with a first-order

phase transition is one of the central problems limiting their implementation in cooling devices.

Using minor loops, however, allows achieving significant cyclic effects even in materials with rela-

tively large hysteresis. Here, we compare thermometric measurements of the adiabatic temperature

change DTad and calorimetric measurements of the isothermal entropy change DST when moving in

minor hysteresis loops driven by magnetic fields. Under cycling in 2 T, the Ni-Mn-In-Co Heusler

material provides a reversible magnetocaloric effect of DSrev
T ¼ 10.5 J kg–1 K�1 and DTrev

ad ¼ 3.0 K.

Even though the thermodynamic conditions and time scales are very different in adiabatic and iso-

thermal minor loops, it turns out that after a suitable scaling, a self-consistent reversibility region in

the entropy diagram is found. This region is larger than expected from basic thermodynamic con-

siderations based on isofield measurements alone, which opens new opportunities in application.

Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4984797]

Significant magnetocaloric effects can nowadays be

obtained in many different materials in magnetic field

changes of 1 to 2 T.1–3 However, it depends on the reversible

contribution whether those compounds can be implemented

into cooling machines.4 In materials undergoing a first-order

transition, the occurrence of thermal hysteresis diminishes

the reversibility of the transformation.5 The reduction of the

hysteresis is therefore a desirable goal.6 For instance in

Heusler-type compounds, narrowing the hysteresis width and

retaining large magnetocaloric effects at the same time is an

extremely challenging task.7 Instead, in the so-called minor

loops a certain hysteresis is tolerable and yet significant mag-

netocaloric effects under cycling can be achieved.8 The aim

of this paper is to deepen the understanding of the transfor-

mation processes in minor hysteresis loops in order to find

strategies to enhance their efficiency further. These findings

will bring Heusler alloys a step forward to their implementa-

tion in environmentally friendly cooling technologies.

For our experimental study, we selected the representa-

tive quaternary Heusler alloy Ni45.7Mn36.6In13.5Co4.2 because

of its outstanding magnetocaloric properties. The sample

was prepared by arc melting from high purity elements and a

subsequent heat treatment at 900� for 24 h followed by water

quenching. Magnetic measurements were carried out using a

commercial Quantum Design PPMS 14T system. For the

thermometric and the calorimetric measurements, a block

with the dimensions of 6� 3� 2 mm3 was cut from the heat-

treated ingots. Before each experiment sequence, the mate-

rial was heated to the pure austenite state and subsequently

cooled to pure martensite in order to erase the memory of the

transition.9 The adiabatic temperature change DTad was

determined directly using a purpose-built device.10 The sam-

ple temperature was measured by a thermocouple placed

inside the specimen. For the experimental determination of

the entropy change DST , a dedicated calorimeter was used.11

Isofield calorimetric measurements in magnetic fields up to

5 T were performed with heating and cooling rates of 0.6 K

min–1. The procedure for the data treatment is described in

Ref. 11. Isothermal calorimetric experiments were performed

after stabilizing times of more than 90 min. The magnetic

field sweeping rate was set to 0.16 T min–1. In order to moni-

tor minor hysteresis loops, the magnetic field of 2 T was

ramped up and down twice.

Both the magnetization M and the calorimetric signal dQ
dT

of the sample are shown as a function of temperature in vari-

ous magnetic fields in Fig. 1(a). Despite the different heating

and cooling rates during the measurements, the obtained

result agrees quite well. Increasing the magnetic field leads

to a shift of the transition to lower temperatures as can also

be seen in the magnetic phase diagram shown in Fig. 1(b).

Therefore, Ni-Mn-In-Co exhibits an inverse magnetocaloric

effect. The calorimetric curves for heating and cooling in the

upper part of Fig. 1(a) look very different. Under heating,

basically only a single broad heat flow peak is visible,

whereas the cooling of the sample results in a very spiky sig-

nal. Those spikes are due to the formation of martensite

nuclei and their avalanche-like growth in the austenite

matrix.12 However, the backward transition into austenite

takes place in a much smoother way.

Integrating the calorimetric curves over temperature

allows us to determine the entropy change of the complete

transition DSt but also the phase fraction of austenite and mar-

tensite as done for instance in Refs. 13 and 14. The respective

DSt for heating and cooling is plotted in the bottom part of

Fig. 1(b). It can be seen that the entropy change is reducing

with increasing magnetic field. This reduction is due to the

strengthening of the magnetic entropy part at lower tempera-

tures competing with the structural contribution.15a)gottschall@fm.tu-darmstadt.de
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Based on the calorimetric data and heat capacity meas-

urements, it is possible to extract the S(T, H) diagram under

heating and cooling.16 The entropy curves are plotted as

solid and dashed lines in Fig. 2 for zero field and 2 T, respec-

tively. In addition, the field-induced magnetocaloric effect,

namely the adiabatic temperature change DTad and the iso-

thermal entropy change DST are plotted as horizontal and

vertical arrows. The measurement of DTad was performed in

a rotating nested Halbach array providing a field change of

1.93 T using a maximum field rate of 42 T min–1 (Ref. 17).

Instead, DST was obtained in the calorimeter being equipped

with a superconducting magnet using a field rate of 0.16 T

min–1. It should be highlighted that all those measurements

were performed on the same specimen in order to allow a

meaningful comparison. It can be seen in Fig. 2(a) that the

different setups and experiments are in good agreement. The

horizontal (DTad) and vertical arrows (DST) starting on the

zero-field entropy curve under heating approach the 2 T

curve as expected.18

Those arrows indicate the magnetocaloric effect of the

first field application only. The reversibility was therefore

studied in a second magnetic field sequence. The cyclic DTad

and DST values are illustrated as horizontal and vertical bars

in Fig. 2(b). From thermodynamics, one would expect that

those bars reflect the enclosed area between the entropy

curves in 2 T under heating (red dashed) and in zero-field

under cooling (blue solid line).19 However, our results clearly

show that the reversibility area is in fact much larger.

Especially around a temperature of 280 K and above where no

cyclability of the first-order transition would be expected, a

significant reversible magnetocaloric effect is evident in both

adiabatic and isothermal experiments. This behavior is due to

the special characteristics of minor loops of hysteresis and

cannot be predicted from isofield measurements straightfor-

wardly.8 Thus, the optimal condition with the largest revers-

ible isothermal entropy change of DSrev
T ¼ 10.5 J kg�1 K�1 and

adiabatic temperature change of DTrev
ad ¼ 3.0 K is situated

around the mid-region with 50% martensite and austenite.

This seems to be a general rule of thumb for minor loop pro-

cesses, since similar results have been demonstrated for other

Ni-Mn-based Heusler alloys without Cobalt.20

Figure 2 only represents a partial information of the

transformation. In order to study the specific paths during the

martensitic transition, we need to plot the S(T, H) diagram in

three dimensions instead as shown in Fig. 3. The entropy

curves under heating and cooling were measured in constant

magnetic fields of 0, 1, and 2 T and are therefore lying paral-

lel to the S-T-plane. The transition region is, therefore,

shifted along the diagonal of this plane since the transforma-

tion temperature is lowered in magnetic fields. Those 6

curves consequently span a volume in which the back and

forth transition between martensite and austenite has to take

place. In addition, the transformation paths when applying a

magnetic field of 2 T under adiabatic conditions (at constant

entropy in the T-H-plane) and under isothermal conditions

(at constant temperature in the S-H-plane) are plotted as dot-

ted lines. For instance, the isothermal experiment obtained at

highest temperature of 286.6 K starts in the mostly martens-

itic state in zero field. After sweeping the magnetic field

above 0.2 T, the transition is started and a steep increase of

the entropy change is observed until the pure austenite state

FIG. 1. (a) Calorimetric signal (upper part) and magnetization (lower part)

as a function of temperature in different constant magnetic fields under heat-

ing and cooling. (b) Magnetic phase diagram and entropy change of the tran-

sition DSt in different magnetic fields obtained from calorimetric

measurements. Tt corresponds to the middle point of the transition under

heating and cooling .

FIG. 2. (a) Entropy diagram of Ni45.7Mn36.6In13.5Co4.2. The red and blue

lines indicate the S(T, H) curves in 0 T (solid lines) and 2 T (dashed lines)

under heating and cooling. The green horizontal arrows illustrate the adia-

batic temperature change of the first field application. The isothermal

entropy change DST is plotted as orange vertical arrows. (b) Magnified area

of the S(T, H) diagram. The reversible DST and DTad are shown as orange

and green bars spanning the highlighted reversibility area .

223904-2 Gottschall et al. Appl. Phys. Lett. 110, 223904 (2017)



is reached at about 0.8 T. For higher fields, the DST remains

unchanged at a constant level. At lower starting tempera-

tures, higher field changes are required to complete the trans-

formation and therefore, the plateau becomes smaller.

The adiabatic processes (green dotted lines) were initi-

ated at comparable temperatures. Due to the inverse magne-

tocaloric effect, the sample temperature decreases when

applying a magnetic field. Therefore, a horizontal path

through the S(T, H) diagram is described. In the maximum

magnetic field, the dotted lines end in the proximity of the

2 T entropy curve under heating. A video of the rotating 3D

diagram from which the specific path can be traced much

easier is provided in the supplementary material.

In Fig. 4, the paths of minor hysteresis loops are illus-

trated in a magnified section of the 3D S(T, H) diagram dis-

cussed before (compared with Fig. 3). The four horizontal

loops (green) were measured under adiabatic conditions and

the five vertical loops (orange) correspond to isothermal

measurements. Their enclosed areas are all filled half-

transparent in order to visualize the intersections of the

loops. Also for this 3D illustration with minor loops, a video

of the rotating S(T, H) diagram can be found in the supple-

mentary material. It can be seen that the magnetizing

branches (segments in the background) meet at certain

points. For the demagnetizing branch (curves in the fore-

ground), however, this is not the case. The adiabatic loops

pass through the mid regions of the three isothermal loops in

the middle. This raises the question what is the difference

between the adiabatic process under cycling compared to the

isothermal one.

In order to answer this question, we scaled the DTad and

DST curves in the way that they lie on top of each other. This

approach is an extension of previous works.21,22 The fraction

of the austenite is considered to be the ratio of the actual

value of the magnetocaloric effect divided by the DTad or

DST of the complete transition, respectively. Furthermore, an

effective temperature is introduced

Teff ¼
Tstart �

dTt

dH
� H; isothermal

Tstart þ DTad �
dTt

dH
� H; adiabatic

8>><
>>:

with Tstart at which the experiment was initiated and dTt

dH being

the shift of the transition temperature due to the magnetic

field (see Fig. 1). The results for two adiabatic and isother-

mal minor loops are compared in Fig. 5. In this scaled form,

now the curves are actually very similar showing the same

characteristics. But there is still one essential difference. In

an isothermal process, the Gibbs free energies of austenite

and martensite shift when a magnetic field is applied and

consequently, the transition temperature changes. In the adi-

abatic process, this is the case too but in addition the sample

temperature changes as well. For this trivial reason, the

minor loops for a given magnetic field change are smaller

FIG. 3. Three dimensional plot of the S(T, H) diagram. The red and blue

curves indicate the entropy in 0, 1, and 2 T under heating and cooling. The

green dotted lines are the transition paths of the first field application under

adiabatic conditions starting at different temperatures. The orange dotted

curves show the paths under isothermal conditions starting at different tem-

peratures .

FIG. 4. Magnified portion of the 3D S(T, H) diagram showing the transfor-

mation paths of selected minor loops of hysteresis under isothermal (orange)

and adiabatic (green) conditions .

FIG. 5. Scaled minor loops of hysteresis under adiabatic (green and blue)

and isothermal conditions (orange and red) with their respective starting

temperatures.
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under adiabatic conditions or in other words, a larger field

would be required in order to enter the same loop as in the

isothermal case. Since all experiments were started at zero

field (see Fig. 3), the magnetizing branches are still close to

the major hysteresis loop and consequently the paths meet at

specific points. The actual minor loop is defined by magnetic

field reversal. In a simple picture, the significant temperature

change of the material itself is hindering the progress of the

phase transformation during the field application. The shift

of the transition temperature created by the magnetic field

change needs to overcome the DTad first. In the same mag-

netic field change of 2 T, less material is transformed back

and forth in the adiabatic process due to the corresponding

temperature change of the sample. Therefore, the hysteresis

loop under cycling is smaller than in the isothermal case.

Those aspects should hold true for other materials undergo-

ing the minor loop behavior as well and therefore, special

measurement protocols need to be applied in order to prop-

erly determine their magnetocaloric effects under cycling.

In this work, we studied the reversible magnetocaloric

effect in minor hysteresis loops. It could be demonstrated

that the reversibility in Heusler alloys is significantly larger

as predicted by the S(T, H) diagram implying that it cannot

be estimated by standard isofield measurements alone. Our

results show that the transformation path of the minor loop

depends on whether adiabatic or isothermal conditions are

present. By using a scaling routine, we were able to collapse

those minor loops. This approach revealed that the transfor-

mation mechanism in minor hysteresis loops of the martens-

itic transition is equivalent for adiabatic and isothermal

processes although the DTad reduces the width of the adia-

batic loops. Despite this fact, it is interesting that the result-

ing area of the entropy diagram in which a reversible

magnetocaloric effect is possible (see Fig. 2) is actually the

same. This implies that it is feasible to estimate the cyclic

isothermal entropy change DST based on DTad data under

cycling and vice versa. Furthermore, we showed that the

optimal condition for a minor loop is fulfilled when similar

amounts of martensite and austenite coexist in the material.

In this case, the energy-intense nucleation process can be

suppressed most effectively in favor of the much easier

phase boundary motion. We conclude that under optimal

conditions of similar fractions of coexisting phases in the

material, minor loops give rise to an enhanced reversibility.

This is an important result that should open new opportuni-

ties in implementing Heusler materials in actual solid-state

cooling devices.

See supplementary material for two animated videos of

the rotating 3D S(T, H) diagrams of major and minor hyster-

sis loops.
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