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CHAPTER 3. A SETUP FOR DIRECT MEASUREMENT OF ADIABATIC TEMPERATURE
CHANGE IN MAGNETOCALORIC MATERIALS

In this chapter, we discuss a homemade prototype and a measurement setup for the direct
measurement of magnetocaloric effect (MCE). The direct adiabatic temperature change

(i.e. MCE) is measured on a standard Gadolinium sample.

3.1 Introduction

Refrigeration plays a pivotal role in modern life, significantly improving daily living stan-
dards and driving human progress. However, it accounts for over 18% of global energy
consumption, and that continues to rise as refrigeration technologies expand in develop-
ing regions [1-3]. Currently, nearly a fifth of global electricity use is dedicated to space
cooling, with the annual demand exceeding 2000 terawatt-hours (TWh) [4]. The global
demand for cooling is projected to increase significantly in the coming years. This growth
is driven by rising temperatures due to climate change and factors such as population
growth, urbanization, etc. [1]. The increasing energy demand and environmental chal-
lenges of traditional gas compression systems underscore the need for new sustainable
alternatives and must be consistently upgraded. The gas-compression-based systems used
in heating, ventilation, and air conditioning pose several issues. They use excessive en-
ergy, have low efficiency, and depend on harmful refrigerants such as chlorofluorocarbon
(CFC) and hydrochlorofluorocarbon (HCFC) [5]. These refrigerants contribute to strato-
spheric ozone depletion and global climate change [6—8]. Magnetic refrigeration stands
out as a promising solution with its high efficiency and lower electricity consumption [9—
11]. Magnetic refrigeration depends on the magnetocaloric effect (MCE), which induces
either an adiabatic temperature change (A7) or an isothermal entropy change (AS;s,)
in magnetic materials when the magnetic field is altered [12, 13]. As shown in Figs.
3.1(a,b), the MCE-based technique is among the most efficient solid-state caloric meth-
ods, alongside the elastocaloric (eCE), barocaloric (BCE), and electrocaloric (ECE) tech-
niques [14, 15]. This approach can achieve energy efficiencies above 60%, far surpassing
the ~40% Carnot efficiency of leading commercial gas-compression-based systems [5].
Furthermore, magnetocaloric systems are a sustainable technology, as they avoid the use

of hazardous refrigerants such as HCFC during operation. Similarly to the gas compres-
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sion cycle, a refrigerant cycle also operates by cyclically varying the magnetic field [15]. A
magnetic cooling system consists of four key elements: a magnetocaloric (MC) material,
a magnetic field source, a mechanism to move the material or switch the field on/off, and
a heat exchanger. Although MCE was discovered in 1881, significant progress was made
in 1997 when Pecharsky and Gschneidner identified an intermetallic Gd-Si-Ge material
that exhibited a substantial AT,; near room temperature. This material was identified as
demonstrating a giant magnetocaloric effect [16]. MCE is a material property that arises
from spin-phonon interactions. Under adiabatic conditions, the total entropy of the mate-
rial (phonon and magnetic contributions) remains conserved. The application or removal
of a magnetic field alters the magnetic entropy, causing a corresponding change in phonon
entropy and the temperature of materials. The temperature change depends on the proper-
ties of materials and the strength of the applied magnetic field. This direct measurement of
AT, helps evaluate the cooling efficiency of MC. AS;,, can be calculated using isother-
mal magnetization measurements as a function of the field and it can be used to estimate
AT,q when combined with temperature and field-dependent heat capacity (C'yy) measure-
ments. This is the indirect method to determine the MCE. This approach is well-known,
and instruments for magnetization and heat capacity measurements are widely available.
As a result, indirect measurements of the MCE are commonly reported. Pecharsky et al.
evaluated the error associated with this method and found that it can reach approximately
15% for pure Gd [17]. Indirect measurements are often preferred for their accessibility de-
spite the potential inaccuracies. To measure AT,  directly, an experiment setup is needed
to record the temperature change under adiabatic conditions when the magnetic field is
altered. Although many prototypes of magnetic refrigerators have been developed over
the past two decades, creating competitive magnetocaloric devices still requires better-
performing MC materials and innovative technical solutions [13, 15, 18]. In addition to
basic research on the magnetic properties of materials, finding efficient cooling elements
necessitates measuring their MC performance. In this regard, experimental setups have
been designed where the sample temperature is typically measured using standard temper-

ature sensors such as thermocouples [19-26] or high-precision thermoresistances [27, 28].
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Figure 3.1: (a) Typical solid-state caloric energy conversion and its advantages compared
with traditional vapour-compression technique [8]. (b) Research publications for different
caloric effects from 2000 to 2024 (data taken from scopus journal).

The magnetic field change is usually achieved by switching an electromagnet or super-
conducting magnet on and off [19, 23, 25, 28, 29], moving the sample relative to a field
source [20, 26-28], or by using pulsed magnetic fields [19, 22, 30, 31]. Although this
procedure appears straight forward but the AT, is less frequently reported in the litera-
ture compared to AS;,,. This is primarily because suitable commercial instruments are

not readily available.

This chapter introduces a prototype utilizing a permanent magnet and a measurement setup
with an electromagnet, both designed to measure the direct AT,,. The prototype demon-
strates how permanent magnets can generate the required magnetic field variation by mov-
ing the magnet closer to the sample and determine the direct AT,4. The electromagnet-
based setup ensures precise control of the magnetic field for accurate measurements. To-
gether, these systems provide a practical approach for studying the MCE under controlled

conditions. The real-time data was recorded using the LabView program.

3.2 Experimental setup

MCE can be measured using two experimental approaches: (1) direct measurement of
AT,q4, and (2) indirect estimation by isothermal AS;,, (discussed in detail in Chapter 1).
In direct MCE measurements, the sample can be exposed to the magnetic field in two
ways: (a) by keeping the magnet stationary while moving the sample in and out of the

magnetic field or (b) by fixing the sample and changing the magnetic field. Here, in this
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study, a prototype using a permanent magnet is developed to measure direct A7}, at room
temperature. A direct AT,; measurement setup based on electromagnet is also designed,
which measures the direct AT,,; from ambient temperature to 100 K. In these setups, a
polycrystalline Gd with 99.9% purity is used as a MC material (obtained from a com-
mercial source). Real-time temperature data is recorded using a Lakeshore temperature
controller. The temperature sensor is placed directly on the Gd sample to reduce ambient
effect. This arrangement of sensor allows for more accurate data, as the measured tem-
perature changes are directly related to the physical behavior of materials in the magnetic
field [32]. Most of the reported direct adiabatic temperature measurement setups use ther-
mocouples to measure the temperature [33—35]. In this work, a PT100 temperature sensor
is used instead, as thermocouple readings can be disturbed by varying magnetic fields.
The PT100 sensor is preferred for its low magnetic field-induced errors and aftordability.
The minimal thermal losses also make it possible to measure MCE using samples with a

mass of ~10 mg.

3.2.1 Prototype using permanent magnet

For direct measurement of AT,,, a measurement system should have three important ele-
ments (1) a temperature sensor/thermometer to measure the sample temperature over time;
(2) a magnetic field source or a permanent magnet with a mechanical machine to move
the sample in and out of the magnetic field; (3) a sample holder with a temperature sensor,
which can maintain adiabatic condition. The real image of the prototype is shown in Fig.
3.2(a). In the prototype, a 0.5 T permanent magnet is placed in a non-magnetic stainless
steel jacket, which is suspended on a screw rod. This screw rod is connected to a 250-watt
DC motor and is designed to enable the magnet to achieve maximum linear speed. This
design increases the frequency at which the magnetic field can be applied to and removed
from the sample. The actual image of the sample holder is shown in Fig. 3.2(b). It is con-
structed from teflon to reduce heat loss via conduction and features ¢11 mm diameter hole
for sample placement. The Gd sample is mounted inside the sample holder with a PT100

sensor and positioned at the center of the holder. Inset (i) of Fig. 3.2(b) shows a zoomed
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Figure 3.2: (a) Real image of the prototype. (b) Real image of the sample holder. Insets
show a magnified view of the Gd sample with the sensor.

view of the sample, while inset (ii) displays the PT100 sensor glued with GE varnish to en-
sure good thermal contact between the sample and the sensor. This setup helps minimize
errors during temperature measurements. The four-probe connecting wires are connected
to the temperature controller, which reads the real-time temperature. The temperature
readings from the controller are recorded directly and plotted as a function of time using
the LabVIEW program. The prototype directly measures AT,,; near room temperature.
In this design, a fixed sample method is used, while a permanent magnet is periodically

moved to vary the magnetic field.

3.2.2 MCE Measurement setup using electromagnet

The real image of the measurement setup is shown in Fig. 3.3. It consists of an elec-
tromagnet with a magnetic power supply capable of generating a 1 T magnetic field at

the center of the magnet bore. The sample holder can be inserted inside the bore. The
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Figure 3.3: Real image of the MCE measurement set up. Inset shows a zoomed view of
the sample space in the bore of the electromagnet.

magnetic field is applied by varying the current in the electromagnet coil using a power
supply. This allows the magnetic field to be applied to the sample in a controlled and vari-
able manner. The sample holder is enclosed in a stainless steel cylinder, where a vacuum
can be created up to 10~® mbar using a rotary pump. The evacuated cylinder is neces-
sary to maintain adiabatic conditions, which minimize heat exchange between the sample
and its surroundings during the application or removal of the magnetic field. However,
achieving complete thermal insulation contradicts the requirement to control, stabilize,
and adjust the sample temperature before measuring A7,,;. A balance must be found be-
tween these opposing requirements. Alternatively, heat dissipation can be minimized by
performing rapid measurements using fast magnetic field changes. The actual image of
the sample holder is shown in Fig. 3.4. It is equipped with a spiral heater designed to
create a uniform temperature environment (up to 100 K), depending on the experimental
conditions. A type K thermocouple is used to measure the temperature of the sample en-
vironment. The Gd sample is placed at the center of the spiral heater and sample holder,
as shown in the inset of Fig. 3.4. To minimize heat loss through the sample holder, Gd is
suspended using a teflon thread, and a PT100 sensor is directly glued to the surface of the
Gd to ensure good thermal contact with the sample. Using this setup, the direct MCE can
be measured at room temperature as well as at higher temperatures up to 100 K for both

small and large samples. It is cost-effective and can be easily assembled in a laboratory,
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Figure 3.4: Real image of the sample holder. Inset shows the zoomed view of the sample
and sensor inside the heater coil.

facilitating research on the development of MC.

3.3 Measurement process and results

The measurement process for the AT,, in the prototype setup is illustrated as a pictorial
representation in Fig. 3.5(a). This diagram provides a clear visual representation of how
the temperature of the sample is monitored during the application or removal of the mag-
netic field. In Fig. 3.5(a), step (i) shows the initial position of the magnet and sample,
where the magnet is far from the sample and the sample remains at room temperature. As
the magnet moves towards the sample quickly, using the screw rod and motor arrangement,
the temperature of the sample begins to rise [step (ii)]. This increase in temperature is a
result of the application of the magnetic field. Afterward, the sample and magnet remain

in the same position for 30 seconds to allow for thermal relaxation [step (iii)]. During this
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Figure 3.5: (a) Magnetocaloric effect measurement process. (b) Adiabatic temperature
change as a function of time measured in prototype for a number of field cycles.

time, the sample temperature stabilizes. Finally, in step (iv), the magnet is moved away
from the sample, causing the temperature of the sample to decrease and return to its initial
value. The data measured on pure Gd using the MCE prototype is shown in Fig. 3.5(b)
for several magnetic field cycles. T, represents the temperature when the magnetic field
is applied to the sample, and T}, represents the temperature when the magnetic field is

removed from the sample. The direct AT, is measured to be ~ 0.35 K under a magnetic

field of 0.24 T.

The measurement process of AT, in the MCE measurement setup using an electromagnet
is shown as a flowchart in Fig. 3.6. The experiment begins by setting the temperature to
room temperature (300 K) and the magnetic field to 0 Oe to ensure the sample is in its initial
state. Next, the temperature is set to a desired value 7; (near the transition temperature)
using a heater. This temperature is maintained constant by the heater coil inside the sample
holder during the experiment, meaning the initial sample temperature is 7; (in the present

study, the initial sample temperature is ambient temperature). The magnetic field is then
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Figure 3.6: Flow chart of the measurement steps in the magnetocaloric effect measurement
setup.

applied using a computer-controlled electromagnet power supply. As the magnetic field
changes within the bore of the magnet, the temperature of the sample starts to increase and
is continuously measured by the attached PT100 temperature sensors. This setup measures
both the temperature change and the magnetic field in real time during the application and
removal of the magnetic field. A Lakeshore temperature controller is used to record the
temperature from the temperature sensor. The experiment proceeds by repeating these
four steps multiple times during each magnetic field cycle. Fig. 3.7 shows the MCE data
measured over several magnetic field cycles. The estimated value of the AT, is ~ 1.6

K at a 0.9 T magnetic field. Recently, AT, was reported for a pure polycrystalline Gd
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Figure 3.7: Adiabatic temperature change as a function of time measured in magne-
tocaloric effect measurement set up for a number of field cycle.

sample. Depending on the measurement method and the purity of the sample, the reported
values range from 9 to 12 K for a magnetic field of 5 T [19, 20, 36, 37]. Kuz’min et al.
reported AT,; =10.1 K for a field span of 4.7 T [33]. For a single crystal of Gd, AT,4 =
9.5 K was reported when the magnetic field was aligned parallel to the [1010] direction.
Our measured values of AT, for the polycrystalline Gd sample agree well with these

results, using both the prototype and the measurement setup.

3.4 Conclusion

In this work, a simple prototype using a permanent magnet is designed to measure the di-
rect AT,4 at room temperature. A homemade measurement setup using an electromagnet
is also prepared to measure direct MCE in the temperature range from ambient temper-
ature to 100 K. Both setups use a PT100 temperature sensor to measure the temperature
change because of its accuracy in magnetic fields and low thermal losses. The prototype
measures AT,y ~ 0.35 K at 0.24 T magnetic field span, while the MCE measurement setup
measures ~1.6 K at 0.9 T field for standard Gd material. These setups are cost-effective
and can be easily prepared in the laboratory to enhance research in the development of

magnetocaloric materials.
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