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ABSTRACT

We have studied the impact of demagnetizing fields on the magnetocaloric effect of commercial-grade gadolinium plates. Adiabatic temper-
ature changes (ΔT) were measured for magnetic fields applied along the parallel and perpendicular directions of the plates. The differences
in the obtained ΔT values were accounted for by differences in the internal field due to demagnetizing effects. A combination of calorimetric
measurements under a magnetic field and thermometric measurements has enabled us to obtain Brayton cycles for the two different
magnetic field orientations. It has been found that the refrigerant capacity for a Brayton cycle working at 1.6 T around room temperature
reduces from RC ¼ 9:4 to RC ¼ 5:5 J kg�1 when the demagnetizing factor changes from ND = 0.035 to ND ¼ 0:928 for the parallel and
perpendicular configurations, respectively. It has been shown that it is possible to obtain significant demagnetizing field-induced
magnetocaloric effects by rotating the sample in a region of a constant applied magnetic field. The refrigerant capacity of a Brayton cycle
around room temperature for a 1:6T constant applied magnetic field is RC ¼ 0:6 J kg�1. The feasibility of these demagnetizing field-induced
effects has been confirmed by direct thermometric measurements, which reveal adiabatic temperature changes of 1 K when the sample is
rotated between the perpendicular and parallel configurations.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0161334

I. INTRODUCTION

The magnetocaloric effect refers to the reversible isothermal
entropy change (ΔS) or adiabatic temperature change (ΔT) experi-
enced by a magnetic material when applying or removing a mag-
netic field. This effect becomes particularly large when the material
is in the vicinity of a phase transition, and it can be effectively used
in magnetic refrigeration.1,2 While magnetic refrigeration has been
successfully used at low cryogenic temperatures for decades, more
recently, there has been a lot of interest in using this technique for
close-to-room temperature refrigeration to develop environmentally
friendly cooling systems which can replace current devices based
on harmful fluids.3

Gadolinium has a Curie temperature close to room temperature
(TC � 293 K) and has been the benchmark material for magnetic
refrigeration. However, the discovery of a giant magnetocaloric effect
associated with a first-order magnetostructural transition in

Gd5Si2Ge2 boosted the research in this field,4 and a plethora of new
compounds with giant caloric effects close to room temperature has
been discovered since then.5 Nevertheless, despite these new discov-
eries, the vast majority of cooling prototypes still use Gd as the
cooling material,6 mostly due to the excellent reproducibility of its
magnetocaloric effect.

While the actual ΔS and ΔT values are a good proxy to quan-
tify the magnetocaloric properties of a given material, the perfor-
mances of the material working in a refrigerating cycle are better
quantified by the refrigerant capacity (RC), which is provided by
the enclosed area on the S–T diagram, and determines the heat
that can be extracted in a cooling cycle.7 As a rule of thumb, it is
expected that ΔS, ΔT , and RC will increase with increasing mag-
netic field. Still, also geometry plays a relevant role, especially in
those circumstances in which significant demagnetizing effects
are present. Therefore, a maximum applied field and optimal
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geometry must be balanced to obtain the best magnetocaloric
performance.

Several authors have previously studied the effect of demagne-
tizing fields on the magnetocaloric effect of Gd. Zverev et al.8 ana-
lyzed how the demagnetizing factor influenced the experimental
measurement of the Curie temperature of Gd and proposed a pro-
cedure to determine the so-called “true” TC . The effect of demag-
netization on ΔT measurements was also reported for Gd sheets
and stacks of Gd plates.9–11 A significant dependence of ΔT on the
sample orientation was found, which was accounted for by the
demagnetization factor. Furthermore, mean-field theory was used to
study the performances of a regenerative Brayton cycle.12 In this
work, we combine adiabatic thermometry with calorimetry under a
magnetic field to determine the effect of demagnetizing fields on
ΔT and ΔS values of commercial graded Gd plates. In addition, we
have also computed the impact of demagnetizing fields on the
refrigerant capacity of Brayton cycles corresponding to different
orientations of the sample within the magnetic field. The analysis
of these cycles suggests that magnetocaloric effects associated with
the demagnetizing field can occur by simply rotating the sample in
a constant externally applied magnetic field region. A simple rotat-
ing device has been used to verify this suggestion experimentally.
Adiabatic temperature changes of ΔT ¼ 1:0+ 0:1 K have been
measured by rotating the sample in a 1.6 T uniform constant mag-
netic field.

II. EXPERIMENTAL DETAILS

Sheets of gadolinium were obtained commercially from Stanford
Advanced Materials, with a claimed purity of 99.9% (3N) Gd. From
these sheets, samples with dimensions 20� 20� 0:25 mm3 for direct
magnetocaloric effect measurements and a needle-like sample with
dimensions 1:5� 20� 0:25 mm3 for magnetization and specific heat
measurements were cut using a low-speed diamond saw.

Adiabatic temperature measurements were conducted using a
custom-built experimental setup, schematized in Fig. 1, which is an
upgraded version of that reported in Ref. 13. The sample was put
in contact with one of the faces of a Peltier module used to control
the operating temperature. The opposite face of the Peltier module
was in contact with an aluminum bar, which acted as a heat sink.
Conductive thermal paste was used to improve thermal contact
between the Peltier module and the bar. The ensemble was ther-
mally isolated by a polystyrene shield. The bottom end of the bar
was immersed in an iced water bath. The operating temperature
was fixed by tuning the current through the Peltier element. The
ensemble of the Peltier module and sample was placed between the
poles of an electromagnet, which allowed applying a homogeneous
magnetic field at maximum rates of 2 and �1.1 Ts�1. The magnetic
field was measured by a Hall sensor placed next to the sample.
Experiments were conducted under two different geometries, illus-
trated in Fig. 1 (right panels): magnetic field applied parallel to the
surface of the sample (parallel configuration, upper right panel)
and magnetic field applied perpendicular to the surface of the
sample (perpendicular configuration, bottom right panel). The
maximum available magnetic field was 1.6 and 1.9 T for the parallel
and perpendicular configurations, respectively. Gd samples were
mounted in sandwich mode consisting of two sheets of

20� 20� 0:25 mm3 with a thermocouple inserted between the
two sheets. To minimize the thermal influence of the thermometer
on the temperature measurement, a fast response fine-gauge type K
thermocouple of 0.075 mm wire diameter was used. For the parallel
configuration, we have also conducted selected experiments using
an infrared thermographic camera (InfraTec 8300). Adiabaticity
relies on the ratio between the characteristic time constant associ-
ated with the application and removal of the field and the time
constant associated with the heat exchange between the sample and
surroundings. In our setup, these two time constants differ by
two orders of magnitude, which ensures a good adiabaticity of the
process.

Specific heat measurements were conducted using a Quantum
Design PPMS 9T device with the magnetic field applied along the
longest direction of the sample using a vertical puck. Specific heat
was measured by the relaxation method at 5 K temperature steps
within the temperature range 230–390 and 2 K steps in the vicinity
of the phase transition for applied magnetic fields of 0 and 1.6 T.
Magnetization measurements of the needle-like samples were
carried out with a Quantum Design MPMS3 VSM. The tempera-
ture dependence of the magnetization was measured within the
temperature range 100–400 K, for a temperature rate 0.2 Kmin�1,
for applied magnetic fields of 0.01, 0.1, and 1.6 T.

III. RESULTS AND DISCUSSION

A. Magnetocaloric adiabatic temperature changes

Figure 2(a) shows a typical example of the measured adiabatic
temperature changes. In these measurements, the temperature of

FIG. 1. Schematics of the experimental setup. ① Magnet coils, ② stepper
motor, ③ aluminum bar, ④ thermal bath, ⑤ and ⑥ thermocouples, ⑦ Peltier
module, and ⑧ sample. Figures on the right illustrate the sample’s orientation in
parallel (top panel) and perpendicular (bottom panel) configurations.
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the ensemble (sample and Peltier element) was smoothly swept
from 280 to 320 K at a rate of 0.02 K s�1, while the magnetic field
was continuously cycled. The inset illustrates the temperature
change corresponding to a magnetic field cycle: the field was
rapidly applied, which resulted in a sudden temperature increase
(ΔT); afterward, the sample was allowed to partially thermalize for
about 60 s, and the field was rapidly removed, resulting in a sudden
temperature decrease. A partial thermalization for about 60 s was
finally allowed prior to the subsequent application of the magnetic
field. The compilation of ΔT data for different magnetic field
change values and temperatures around the Curie point is shown
in Fig. 2(b) for the parallel configuration and Fig. 2(c) for the per-
pendicular configuration. Positive values correspond to the applica-
tion of the field, and negative values to the removal of the field. For
the parallel configuration, data obtained using the infrared camera
[open symbols in Fig. 2(b)] are in good agreement with those mea-
sured with the thermocouple [solid symbols in Fig. 2(b)]. The fact
that positive and negative ΔT peaks in Fig. 2(b) show more asymmet-
ric mirroring is attributed to differing experimental thermalization
rates, which promoted larger thermal gradients during the parallel
configuration characterization. On the one hand, positive peaks are
shifted systematically to lower temperatures as positive adiabatic

temperature changes are read by applying the field after a cooling
process. On the other hand, negative peaks are shifted toward higher
temperatures as they are collected by removing the field after a
heating process. For the two configurations and each applied field, a
maximum temperature change (jΔTjmax) is obtained for a tempera-
ture close to the Curie point, where jΔTjmax monotonously increases
with increasing magnetic field, as shown in Fig. 3(a).

A comparison of the results obtained for the perpendicular and
parallel configuration evidences that jΔTjmax values for the perpendic-
ular case are significantly lower than for the parallel case. Noticeably,
for the perpendicular case, it is possible to reach the highest magnetic
field of 1.9 T, for which jΔTjmax ¼ 3:0 K is still lower than
jΔTjmax ¼ 3:5 K achievable at a lower field (1.6 T) in the parallel con-
figuration. The lower jΔTjmax values obtained for the perpendicular
case must be ascribed to a lower internal magnetic field (Hint), result-
ing from an increased demagnetizing field when the external field
(Happ) is applied along the short dimension of the sample.

The average internal field can be computed as

Hint ¼ Happ � NDM, (1)

where ND is the demagnetizing factor and M is the magnetization.
The demagnetizing factor for a two-sheet sandwich has been com-
puted according to the expressions given in Ref. 14, where the
thickness corresponds to the total thickness of the sandwich. For
the magnetic field applied parallel to the surface, this results in
ND ¼ 0:035, and for the magnetic field perpendicular to the
sample, ND ¼ 0:928.

FIG. 2. (a) Time dependence of the temperature recorded by the sample’s ther-
mocouple, resulting from the application and removal of a 1.6 T external mag-
netic field, during continuous heating of the setup. The inset shows a detail of
the temperature record for a magnetic field cycle. (b) and (c) Compilation of the
adiabatic temperature changes recorded during application (positive values) and
removal (negative values) of selected magnetic fields, as indicated in the
legends, for the parallel (b) and perpendicular (c) configurations. Solid symbols
stand for data from the thermocouple, while open symbols stand for data from
the infrared camera. Lines are guides to the eye.

FIG. 3. Absolute value for the adiabatic temperature change as a function of
the externally applied magnetic field (a) and as a function of the power of the
internal magnetic field (b) (see text for details). Blue symbols correspond to the
parallel configuration, and red symbols to the perpendicular configuration. Up
triangles stand for positive values, measured upon field application, while down
triangles stand for negative values, measured upon field removal. Open circles
correspond to data from the literature,9 and the dashed line corresponds to a
H2=3 fit to our data. Panel (b) includes an upper horizontal axis with the μ0Hint
values on the corresponding (μ0Hint)

2=3 scale for better comparison with the
μ0Happ values displayed in panel (a).
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In order to compute the internal magnetic field, we have mea-
sured the temperature dependence of the magnetization in a
needle-like sample, with a magnetic field applied along the longest
direction of the sample. For this configuration, demagnetizing
fields can be considered negligible (ND = 0.018). Figure 4 shows
magnetization as a function of temperature for applied magnetic
fields of 0.01, 0.1, 1, and 1.6 T. The obtained magnetization values
are slightly lower than those reported for high-purity Gd,15 proba-
bly due to a lower purity of our sample. At the critical temperature,
it is expected that the change of temperature induced by adiabatic
application or removal of the field depends on the field as
ΔT � Hx , where the critical exponent x ¼ 1=βδ,16 with β and 1=δ
being the critical exponents relating the order parameter with
reduced temperature and with field along the critical isotherm,
respectively. Due to the influence of long-range dipolar effects, Gd
is known to show mean-field critical behavior to a good approxi-
mation.17 Therefore, it is expected that β ¼ 1=2 and δ ¼ 3, which
give rise to x ¼ 2=3. In light of this behavior, Fig. 3(b) illustrates
the plot of jΔTjmax against (μ0Hint)

2=3, where the field is the
average internal field obtained after adjusting for demagnetization
effects. Within the errors, all data nicely collapse on a straight line
that corroborates the mean-field behavior of the studied sample.
Note that results reported in Ref. 9 have also been included in the
plot, which show pretty good agreement with our data. It must be
noted that the prefactor obtained from the fit of the straight line in
Fig. 3(b) is slightly lower than the prefactor that has been deter-
mined using the Brillouin mean-field approach in Ref. 18. The dis-
crepancy is probably due to the fact that our studied sample is not
a high-purity Gd sample.

B. Magnetocaloric cooling cycles

To compute the performance of a magnetocaloric material in
a refrigerating cycle, it is necessary to determine the temperature
dependence of the entropy under applied magnetic field, which can

be obtained from the integration of the specific heat Cp(T) curves.
We have measured the temperature dependence of Cp in the
absence of a magnetic field and for a magnetic field of 1.6 T
applied along the longest direction of the needle-like sample.
Results are shown in Fig. 4. Overall, our data are in agreement with
the reported data, although the values are slightly lower than those
corresponding to high-purity Gd.15 This is in line with the likely
lower purity of our sample.

Entropy curves, referenced to the entropy value Sref at a refer-
ence temperature T0, are readily obtained as

S(T , H)� Sref (T0, 0) ¼
Ð T
T0

Cp

T dT . T0 has been chosen at 365 K,
where Cp (0 T) � Cp (1.6 T) (see Fig. 4), and the material is well
above the Curie point, in the paramagnetic phase. Results are
shown in Fig. 5 and its inset for H ¼ 0 (black line) and
μ0H ¼ 1:6 T (semitransparent blue line). The directly measured ΔT
values for the parallel configuration [Fig. 2(b)] have been included
(blue line) using the S(T , 0) entropy curve as a reference and by
horizontally shifting it according to the measured value at each
temperature, as corresponds to an adiabatic process. Results are in
agreement with the values computed from Cp (1.6 T) data

FIG. 5. Temperature dependence of the entropy (referenced to its value at
T0 ¼ 365 K) computed from specific heat data in the absence of magnetic field
(black line) and under a 1.6 T applied magnetic field (semitransparent blue line).
The blue and red lines correspond to the entropy curves computed from the
entropy values at zero magnetic field and the measured adiabatic temperature
changes for the parallel and perpendicular configurations, respectively (see the
text for details). The inset shows a zoomed version of the region of interest
around the Curie point. The shaded regions indicate Brayton cycles at 1.6 T
departing from T ¼ 294 K. The blue cycle (C1) corresponds to the parallel con-
figuration, while the red cycle (C2) corresponds to the perpendicular configura-
tion. The green cycle (C3) corresponds to the Brayton cycle associated with the
demagnetizing fields, resulting from the rotation of the sample from parallel to
perpendicular configurations in a 1.6 T uniform constant applied magnetic field
(see the text for details).

FIG. 4. Magnetization as a function of temperature for selected values of the
applied magnetic field (as indicated in the legend), and the temperature depen-
dence of the specific heat measured in the absence of magnetic field (black
symbols) and under a 1.6 T applied magnetic field (blue symbols).
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(semitransparent blue line). Such a good agreement provides a
method to compute the entropy curve under the presence of
demagnetizing fields (corresponding to the perpendicular configu-
ration) by adding the measured ΔT(T) data [Fig. 2(c)] to the
S(T , 0) curve. The result of this procedure is shown in Fig. 5 as a
red line.

The performance of Gd has been evaluated for a Brayton
cycle. The cycle starts at T ¼ 294 K by adiabatically applying a
magnetic field, resulting in a temperature increase. Afterward, heat
is exchanged with the surroundings while the magnetic field is kept
constant. Once the sample has reached T ¼ 294 K again, the mag-
netic field is removed, decreasing the sample’s temperature. In the
final step of the cycle, the sample absorbs heat from the refrigerated
area and returns to room temperature. The corresponding Brayton
cycles for the parallel and perpendicular configurations are indi-
cated in blue (C1) and red (C2) in the inset of Fig. 5, which shows
a zoomed version of the figure at the room temperature window.
The loop corresponding to the perpendicular configuration (C2) is
considerably smaller than that corresponding to the parallel one
(C1). For the parallel case, the refrigerant capacity amounts to
RC ¼ 9:4 J kg�1, while for the perpendicular case, it amounts to
RC ¼ 5:5 J kg�1, indicating that demagnetizing effects lead to a
41% reduction in RC.

Interestingly, as shown in the inset of Fig. 5, it is possible to
envisage a Brayton cycle in which the externally applied field is
kept constant. In this cycle, the temperature and entropy changes
are due to the change in the internal magnetic field, resulting from
demagnetizing effects associated with the change in the orientation
of the sample. Such a demagnetizing field-induced cycle is indi-
cated by the green region (C3) in the inset of Fig. 5. The maximum
estimated adiabatic temperature change for a 1.6 T constant applied
field is ΔT ¼ 0:9+ 0:1 K, with a corresponding refrigerant capac-
ity RC ¼ 0:6 J kg�1.

C. Direct measurements of the demagnetizing
field-induced magnetocaloric effect

We have experimentally validated such a demagnetizing
field-induced magnetocaloric effect by performing direct measure-
ments of the adiabatic temperature change when the sample is
rotated under a 1.6 T constant applied magnetic field. In these
experiments, the upper end of the aluminum bar was attached to a
stepper motor, and the bottom end was immersed in cold water.
The sample was first heated up to 310 K and allowed to freely
slowly cooldown to room temperature. During such a slow cooling
process, the sample was cycled many times from perpendicular to
parallel configuration as follows: starting with the sample in the
perpendicular configuration, it was rotated to the parallel one
within less than 0.08 s, it was then kept in that position for 20 s,
and it was subsequently rotated back (in less than 0.08 s) to the
perpendicular position, where it was held for 20 s. Typical data for
the measured temperature changes are illustrated in Fig. 6(a). It is
observed that the sample heats up when rotated from the perpen-
dicular to the parallel configuration, in agreement with the increase
in the internal field, while it cools down when rotated from the
parallel to the perpendicular configuration due to the decrease in
the internal field. The compilation of ΔT data as a function of the

base temperature of the ensemble is shown in Fig. 6(b). As
expected, the maximum magnetocaloric effect occurs close to the
Curie point, where jΔTjmax ¼ 1 K. This value is in excellent agree-
ment with the value derived from the Brayton cycle (Fig. 5). The
recorded values for the positive ΔT (perpendicular to parallel con-
figuration) are systematically slightly larger than negative ΔT (par-
allel to perpendicular configuration), probably due to minor
dissipative effects.

IV. SUMMARY AND CONCLUSIONS

In summary, we have studied the impact of the demagnetizing
fields on the magnetocaloric response of commercial-grade Gd
plates in which the magnetic field was applied along the perpendic-
ular and parallel directions of the plate. As expected, demagnetizing
fields are found to reduce the sample’s adiabatic temperature
change significantly. It is found that the refrigerant capacity of a
Brayton cycle working at 1.6 T around room temperature is
reduced by 41% when the demagnetizing factors change from
ND ¼ 0:035 (for a field applied parallel to the plate) to ND ¼ 0:928
(for a field applied perpendicular to the plate). These results

FIG. 6. (a) Example of the recorded temperature changes when the sample is
rotated between perpendicular and parallel configurations under a 1.6 T constant
applied magnetic field. Sketches show the samples’ relative position in relation
to the applied magnetic field at each time period. (b) The absolute value of the
measured adiabatic temperature changes as a function of temperature for a
1.6 T constant applied magnetic field. Red symbols stand for positive values cor-
responding to the rotation from perpendicular to parallel configurations, and blue
symbols stand for negative values corresponding to the rotation from parallel to
perpendicular configurations. Lines are guides to the eye.
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evidence the importance of finding a balance between the strength
of the externally applied field and an optimal geometrical configu-
ration. Finally, we have shown that it is possible to design a refrig-
eration cycle associated with the demagnetizing effects by simply
rotating Gd plates in a constant externally applied magnetic field
region. Direct thermometry measurements reveal adiabatic temper-
ature changes of 1 K when the sample is rotated under a uniform
constant μ0Happ ¼ 1:6 T. Present results found for Gd, the bench-
mark magnetocaloric material, are extensive to other giant magne-
tocaloric materials, and they are expected to be useful in designing
future cooling and heating devices.
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