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An experimental setup, based on a non-contact temperature sensor, is proposed to directly 

measure the magnetocaloric effect of samples few micrometers thick. The measurement of 

the adiabatic temperature change of foils and ribbons is fundamental to design innovative 

devices based on magnetocaloric thin materials or micro-structuring bulk samples. The 

reliability of the proposed setup is demonstrated by comparing the measurements performed 

on a bulk gadolinium sample with the results obtained by an experimental setup based on a 

Cernox bare chip thermoresistance and by in-field differential scanning calorimetry. We 

show that this technique can measure the adiabatic temperature variation on gadolinium 

sheets as thin as 27 µm. Heat transfer simulations are added to describe the capability of the 

presented technique. 

 

 

I. INTRODUCTION 

 

Solid-state magnetic refrigeration around room temperature is a promising technology for 

replacing the conventional gas compression/expansion technique. This technology not only 

permits to eliminate hazardous gases, which are at the basis of actual refrigerators, but it 

allows also an improvement of energy efficiency and the development of more compact and 

less noisy devices.1, 2 If we consider the growing demand of energy for refrigeration (for food 

conservation, comfort of living spaces and medical applications) and the concerns for 

ongoing environmental changes the great interest of research towards the development of this 

new technology is clear.3 

At the basis of magnetic refrigeration is the magnetocaloric effect (MCE),4,5 which is a 

variation of entropy (ΔSiso) or of temperature (ΔTad) in a magnetic material due to the change 

of an applied magnetic field in isothermal or adiabatic conditions, respectively.6 This effect is 
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maximum across magnetic phase transitions where the magnetization change, as a function of 

temperature or magnetic field, is larger. In the last decade there has been a sharp increase in 

the research of new materials, showing a giant MCE across first order magnetic transitions 

near room temperature,3 and in the development of many magnetic refrigeration prototypes.7 

An indirect characterization of the MCE can be performed by calorimetry under magnetic 

field8,9 or by magnetization measurements.10 Both these techniques require numerical 

processing of experimental data which usually generates a significant uncertainty (even 20-

30%)11,12 on the final estimations of ΔTad (T,H). The MCE, considered as an adiabatic 

temperature variation, can be also directly measured during the variation of an applied 

magnetic field. Many experimental setups have been proposed, which are all based on the 

principle of measuring the sample temperature, in quasi-adiabatic conditions, while the field 

is turned on or off. This allows to reduce the experimental errors13 and to observe directly the 

thermodynamic response of the material to the magnetic stimulus, the most valuable specific 

parameter concerning practical magnetocaloric applications.14,15 The realization of nearly-

ideal adiabatic conditions is the trickiest aspect of such techniques. Fast sweeps, obtained 

turning on or off an electromagnet13,16 or by the application of pulsed fields16 or otherwise by 

moving the sample inside a steady field,17,18 can improve the adiabatic conditions during the 

measurement. Generally, the temperature measurements are performed with 

thermocouples16,18 or high precision thermoresistances, little influenced by the magnetic field 

change.13,17 Some experimental setups based on non-contact temperature measurement 

techniques, like thermoacoustic methods19, 20 or thermography21  have also been proposed. 

Both these techniques, thanks to the absence of contact between sample and sensor, can be 

suitable for the characterization of thin samples, although some drawbacks still limit their 

use. Thermoacustic methods estimate the magnetic field induced temperature change by 

superimposing to a magnetic ac field a static or slowly sweeping dc field. The ΔT values 

obtained by using these techniques are proved to be accurate, nevertheless they are far from 

probing the material’s response in operating conditions (i.e. under fast sweeping fields).  

Thermocameras characterized by a good temperature resolution (dTmin < 0.1 K) are 

appropriate for a spatially resolved study of the material’s surface temperature, while often 

they are expensive and  not handy to simulate thermomagnetic cycles, due to the presence of 

moving mechanical parts.   

In the last years, for the development of real working refrigeration devices, it has been 

highlighted the importance of reporting further properties of materials (such as thermal and 

electric conductivity and mechanical hysteresis) and of studying their response in repeated 
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thermomagnetic cycles.13,22,23 At the same time, the idea of designing micro-structures able to 

optimize the heat transfer1 and of realizing solid state (micro-)miniaturized cooling devices14, 

24 boosted the need of studying the MCE in low-dimensional materials as thin sheets, ribbons 

and thin films. In recent literature many works can be found treating growth, structural and 

magnetic characterization of materials of such kind.25-31 Some tries to directly measure the 

MCE in these systems have been explored,21,32-34 however, till today this field is rather 

lacking, due to the intrinsic difficulties of this type of measurement. A handy instrument, 

which does not need of a complex post-measurement elaboration, has not yet been proposed. 

In this work we present a new experimental setup, based on a non-contact commercial 

temperature sensor, a thermopile, for the direct MCE measurement on very thin samples. This 

sensor is mechanically stable, cheap, it is characterized by a good sensitivity and a low noise. 

The small sensor response time and the absence of contact with the sample give the 

possibility of reducing the measurement time and of achieving good quasi-adiabatic 

conditions. These benefits permit the use of this sensor for characterizing thin samples and 

for studying the MCE in high frequency cycles. The capability of this technique is shown by 

measuring gadolinium samples down to 20 m thick. In the final part we present a guideline 

to figure out the time-scale required to measure thinner samples.  

 

 

II. EXPERIMENTAL SETUP 

 

The structural part of the realized instrument is composed of a long plate of copper, water-

cooled, which acts as a multipurpose optical bench, on which one can align the temperature 

sensor and the sample holder (see Fig. 1). The plate is inserted in a cylindrical vacuum 

chamber (diameter: 22 mm, maximum vacuum: 10-5 mbar), placed in between the poles of a 

low-inductive electromagnet which is able to generate a magnetic field sweep up to 2.4 T. 

The time taken by the field source to reach the maximum field (Hmax) is about 1 s while the 

time constant of the exponential rise (63% of Hmax) is lower than 0.3 s. The temperature 

measurement is performed with a commercial thermopile sensor (ZTP-135SR of General 

Electric Company©) composed of a 0.7x0.7 mm2 photo-absorbing membrane placed on the 

top of a serially-interconnected array of 60 thermoelectric junctions. The cold junctions are 

placed in contact with a heat sink at the base of the sensor. The thermopile is locked in a 

hermetically-sealed package, with a silicon window allowing the transmission of 6 µm to 16 
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µm radiation (thermal IR radiation). The output voltage reflects the difference between the 

sample temperature, placed in front of the sensor window, and the temperature of its base. 

The output signal is amplified and filtered with a notch filter (f0=50 Hz) and a low-band filter 

(ft: 200 Hz) then acquired through a DAQ (BNC-2120 of National Instruments) at a sampling 

frequency of 10 kHz. It was verified that the magnetic field does not perturb the thermopile 

response. A short spike of electric noise appears however during the field change. This noise, 

independent of the sensor signal, is subtracted from the measurements. The repeatability of 

the temperature measurement has been verified by iterating the observation of a copper plate 

whose temperature was changed and stabilized with a resistive heater and a Pt100 sensor. The 

time constant of the sensor (τ=27 ms) has been experimentally estimated by placing an 

optical chopper between the sensor window and a copper plate kept at a constant temperature 

(source of constant IR radiation). In this way the sensor receive an IR square-wave. The time 

constant is considered as the time needed for the sensor signal, at every half-period, to reach 

63% of its maximum value (see Fig.2). It has to be noticed that the minimum time required 

for achieving the maximum signal value is about 85 ms and hence the operative frequency 

limit in case of simulation of thermomagnetic cycles should be about 6 Hz. 

 

 

 

FIG. 1. Sketch of the experimental setup. (a) Vacuum chamber with the optical copper bench. (b) 

Copper box with sensor (on the right side), sample and copper finger (on the left side). (c) Top view 

of the sketch b).   
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FIG. 2. Response curve of the thermopile exposed to a square wave, obtained chopping the IR 

radiation emitted from a copper plate kept at a constant temperature. The time constant of the sensor 

is the time needed for the signal to reach 63% of its maximum value.  

 

The sensor and the sample are placed in a copper box (8x9x7 mm3 – see Fig. 1), closed on the 

top with a brass plate thermally connected to the box by a thermoconductive paste (Arctic 

Silver® Ceramique, k = 7 Wm-1K-1). The sensor is inserted in a face of the box and thermally 

connected with it in order to keep both at the same temperature. The sample is suspended at 

the centre of the box with a frame of nylon wires. This solution permits to reduce the thermal 

contact between the sample and the environment and so to minimize the heat lost because of 

conductive dissipation. The sample is placed 1 mm away from the sensor so that a minimum 

surface of 4.5x4.5 mm2 is enough to fully cover the view angle of the sensor. This helps to 

reduce the error due to background radiation. The longer axis of the sample is positioned 

parallel to the magnetic field to minimize the effects of shape anisotropy. A thermoelectric 

module, located under the box and in contact with the water-cooled plate, and a Pt100 sensor 

allow to control and stabilize the box temperature (Tb) between 260 K and 350 K (see Fig. 1). 

The thermoconductive paste ensures a good thermal contact between the box and the module.  

The heat flux radiated by the sample, thus the voltage signal of the thermopile, is ruled by the 

surface emissivity, which is peculiar of every measured specimen. A solution to overcome 

this drawback could be to cover the surface with a thin layer of black paint in order to 

maximize and standardize the emissivity for every sample to be measured. This allows using 

the same calibration when measuring different materials.21,35 In this way however we 

measure the temperature change of the black paint. As suggested in ref. [36] and [37] the 

calibration may be repeated for each sample, not painted, in order to observe the direct effect 

of the sample surface. In our case the calibrations are performed, for each sample, placing in 



 

6 
 

contact with the back side of the sample, by a thermoconductive paste, a thermally controlled 

copper finger (thermal bath) with a Pt100 sensor and a resistive heater. An ITC503 

temperature controller (Oxford Instruments) is used to stabilize the temperature of the finger, 

independently of Tb (which is kept constant), within 0.01 K. The calibrations are obtained 

sweeping the temperature (heating and cooling) with a rate lower than 0.5 Kmin-1 to 

minimize the thermal gradient between copper finger and sample. The short temperature 

range (about 5 K above Tb) of every calibration makes possible to fit the obtained V(T) curve 

with a linear function T(V)=aV+b. Small variations of the coefficients have been observed on 

repeating the calibration. This contributes with an error of 0.1 K to the measured temperature. 

To reduce the error due to background IR radiation we repeated the calibration at every Tb. 

During the measurement of the adiabatic temperature variation, the copper finger is removed 

from the box and the sample remains thermally insulated from the environment.  

 

 

III. EXPERIMENTAL RESULTS 

 

The instrument reliability has been tested by measuring the ΔTad (T) of a gadolinium bulk 

sample (Goodfellow 99.9% pure, dimensions: 5x3x2 mm3, mass: 252 mg) induced by an 

internal magnetic field change µ0ΔH=1.75±0.1 T. This value was estimated considering a 

demagnetizing factor of 0.2 and an external magnetic field of 1.9±0.1 T. Figure 3 shows the 

good agreement between the measured ΔTad (T) values and those obtained on the same 

sample by a previously described setup for direct measurement13, based on a Cernox bare-

chip temperature sensor, and by in-field differential scanning calorimetry (DSC).13 It can be 

also appreciated from figure 3 that the direct techniques show smaller error-bars when 

compared to those obtained from calorimetry12,13, which have been calculated following the 

standard method described in Ref. [11]. In particular the error bars of Tad deduced from the 

in-field DSC measurement (dashed lines in Fig. 3) result from error propagation in the 

integration of specific heat12. This confirms the suitability of the direct techniques for 

estimating the magnetocaloric effect.  
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FIG. 3. ΔTad (T), in a µ0ΔH=1.75±0.1 T, for a bulk sample of gadolinium obtained from: present setup 

(triangles), probe based on a Cernox temperature sensor presented in Ref. [13] (squares) and in-field 

DSC (line) also described in Ref. [13]. The dashed lines represent the error-bars on Tad deduced 

from elaboration of DSC measurement. 

 

The adiabatic temperature variation of a gadolinium sheet with decreasing thickness (down to 

13 µm) has been measured to probe the capability of this experimental setup. We preferred to 

smooth progressively the same starting sheet (Goodfellow, 99.9% purity, thickness: 100 µm, 

surface: 5.77.0 mm2) to rule out the effect of unknown impurities content when comparing 

the Tad  of samples with different thicknesses. Figure 4 shows a single measurement of ΔTad 

at 292 K of a sample 58±2 µm thick (mass: 18.0±0.1 mg) for a magnetic field change 

µ0H=2.0±0.05 T. The magnetic field profile, measured with a Lakeshore 460 3-channel 

Hall-effect gaussmeter, is superimposed to the measurement. It can be appreciated that the 

sensor does not introduce a relevant delay in the measurement since its response time is faster 

than the magnetic field rise-time. The ΔTad obtained (3.9±0.2 K) is in agreement with other 

data reported in literature,20,38 considering the strong dependence of the effect from the 

presence of impurities and Gd oxide,39 emphasized in this case by the large surface-to-

volume ratio.  

The measured ΔTad of the same sheet with five different thicknesses (80±2 µm, 58±2 µm, 

37±2 µm, 27±2 µm, 13±2 µm) for µ0ΔH = 1.00±0.05 T and 2.00±0.05 T is reported in figure 

5. All the measurements have been performed at 292.0±0.2 K. It can be observed that the 

measured values (3.8±0.2 K, 2.2±0.2 K) are constant within the experimental error down to 

27 µm. The thinner sample (13 µm) shows a decrease of the measured effect due to the heat 

lost during the field sweep (field rise time t~1 s).  
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FIG. 4. Direct ΔTad  measurement of a gadolinium sheet (58 µm thick) in µ0ΔH=2.0 T both switching 

the field on and off. The magnetic field profile (red line) is superimposed to the temperature profile of 

the sample (yellow points).  

 

 

FIG. 5. ΔTad of a gadolinium sheet as a function of its progressively reduced thickness for µ0ΔH = 1.0 

T (yellow squares) and 2.0 T (red circles). The result of a numerical simulation of the thermodynamic 

system (black line) is superimposed to the experimental data. 

 

We have performed, then, heat transfer simulations to better explain the experimental results 

and to make a prediction about the possibility of measuring thinner samples. We have 

considered that the thermal conductance within the material is much higher than the one 

between sample and environment. This fact has allowed us to assume a spatially uniform 

temperature inside the sheet. Two contributions to the heat exchange have been taken into 

account: the MCE as a heat source developing inside the sheet for a time interval equal to the 

rise time of the external field and the heat dissipated through radiation. The first quantity has 

been calculated by using the isothermal entropy change (ΔSiso) obtained from magnetic 

measurements: 𝑄𝑀𝐶𝐸 = 𝛥𝑆𝑖𝑠𝑜𝑚𝑇, where m is the sample mass. Its time rate (equation 1) has 
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been obtained considering that the temperature variation is proportional to the applied field as 

reported in ref. [40]. 

 

𝑊𝑀𝐶𝐸(𝑡) = 𝑄𝑀𝐶𝐸
1

𝐻𝑚𝑎𝑥
2/3

𝑑𝐻(𝑡)2/3

𝑑𝑡
                                                                                             (1) 

 

The second contribution is the heat radiated from the sample surface:  

 

𝑊𝑖𝑟𝑟(𝑡) = 𝜀𝜎𝑆(𝑇(𝑡)4 − 𝑇𝑏
4)                                                                                                  (2) 

 

where S is the sample surface, ε=0.3 its emissivity, cp = 315 Jkg-1K-1 its specific heat, 13 Tb the 

box temperature and σ the Boltzmann constant. The temperature profile of the sample as a 

function of time has been calculated using equation (3). 

 

𝑇(𝑖 + 1) − 𝑇(𝑖) =
(𝑊𝑀𝐶𝐸−𝑊𝑖𝑟𝑟)∆𝑡

𝑐𝑝𝑚
                                                                                        (3) 

 

The emissivity  of gadolinium has been obtained through a best-fit, based on Eq. (3), of the 

decreasing part of the measured T(t), corresponding to the thermal relaxation after the peak 

value (see Fig. 6).  

The result for a 27 µm thick gadolinium sheet (mass=8.4±0.1 mg) and a magnetic field 

change µ0ΔH=1 T is shown in figure 6. The simulation follows the experimental data during 

the whole period of the experiment. This outcome highlights that the quasi-adiabatic 

conditions achieved with this setup are good enough to consider radiation as the main source 

of heat losses. 
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FIG. 6. Experimental (yellow points) and simulated (red line) temperature profiles of a gadolinium 

sheet (thickness: 27µm) during and after the magnetic field ramp (µ0ΔH=1.0 T).   

 

The simulation has been repeated changing the thickness of the sheets to obtain estimation of 

the maximum expected ΔTad. This calculation, reported in figure 5 (black lines), confirms that 

just below a thickness of 20 µm the radiation heat losses avoid a correct estimation of the 

sample temperature change. To measure even thinner samples it is necessary to reduce the 

rise time of the magnetic field sweep together with the total measurement time-scale. The 

simulation presented above can be used to predict the fraction of detectable ΔTad as a function 

of the measurement time-scale. Keeping fixed the sheet surface (S=5.6x7.0 mm2), the 

simulation has been repeated, for every thickness, decreasing the time constant (τ) of the 

exponential field sweep: 𝐻(𝑡) = 𝐻𝑀𝑎𝑥(1 − 𝑒−
𝑡

𝜏) . The sensor response time has been 

considered negligible compared to τ. Figure 7 shows the fraction of ΔTad, which may be 

picked up in samples of gadolinium with thickness between 1 mm and 10 nm and with 

magnetic field time constants ranging from 102 s to 10-4 s. The black points represent the 

maximum time scale required to measure at least 95% of the ΔTad for a given thickness. This 

threshold is imposed by a relative experimental error of about 5%. The area under this curve 

shows the combination of field time constant and sample thickness that allows the almost full 

measurement of ΔTad. The five cyan points drawn in figure 7 represent the experimental 

measurements on the five thicknesses of the gadolinium sheet. As experimentally verified, 

four of these are enough to measure, within the experimental errors, about 95% of the ΔTad. 

The thinnest sample, instead, falls significantly above the curve. In this case we report ΔTad 

=3.3±0.2 K, equal to 87% (±5%) of ΔTad measured in the thicker sample, for which the heat 

dissipation during the field sweep is negligible. Inset of figure 7 has been added to underline 

the proportionality between the time constant required to measure at least 95% of ΔTad and 

the sample volume-to-surface ratio (V/S). This outcome can be obtained by integration of 

equation (3). The MCE is approximated as linearly dependent to the external magnetic field 

while the heat emitted through radiation is considered proportional to the temperature 

difference between sample and environment. 

 

𝑡95% = (1 − 95%)
2𝑐𝑝𝜌

𝜀𝜎𝑇𝑏
3

𝑉

𝑆
                                                                                              (4) 
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This relation pinpoints that, for samples with larger heat capacity and lower transition 

temperature, the full ΔTad can be measured with longer time constants of the field change. On 

the other hand, in samples characterized by larger surface, higher emissivity and higher 

transition temperature, radiation losses will be more pronounced, thus requiring faster field 

sweeps. In the case of first order transitions, which may be as well measured with this setup, 

the presence of latent heat would increase the ratio between the heat generated inside the 

sample and that dissipated from it, improving the quasi-adiabatic conditions and allowing the 

measurement of even thinner samples. This analysis, reproducible for other sample 

dimensions, materials and field sweeps, helps to figure out useful clues to design new 

experimental setups able to measure thinner systems.  

 

FIG. 7. Simulation of the detectable fraction of ΔTad as a function of the sample thickness and time 

constant of the field change in case of gadolinium sheets. The black points mark 95% of ΔTad, while 

the cyan points are the experimental results also reported in figure 5. Inset: linear dependence of the 

time constant of the field sweep as a function of the volume to surface ratio. 

  

IV. CONCLUSION 

 

In this work we present a new experimental setup, based on a commercial thermopile sensor 

able to directly measure the magnetocaloric effect of bulk and thin sheet samples. This non-

contact technique allows to reproduce good quasi-adiabatic conditions needed to pick up the 

absolute ΔTad in gadolinium sheets as thin as 27 µm without the need of a complex post-

measurement elaboration. Simulations of the measurement system confirmed the 

experimental results and predict the time-scale of the magnetic field change required for 

measuring thinner samples. These calculations moreover show that in case of first order 

materials even thinner samples could be successfully measured thanks to the contribution of 

latent heat.  
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We believe that this technique is an ideal solution both to directly measure the MCE of 

samples with reduced thickness and to reproduce high frequency (up to 6 Hz, as deduced 

from the total response time of the sensor) thermomagnetic cycles for testing the material 

response in operating conditions. The use of thermopiles moreover can be extended to 

measure directly other caloric effects in thin samples. The proposed non-contact technique, 

when studying Electrocaloric, Barocaloric and Elastocaloric effects,41 may become an 

undeniable solution to isolate the temperature sensor from electric or mechanic stresses thus 

improving the measurement quality and the lifetime of the technique.  
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