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Highlights:

 We studied the magnetocaloric effect in polycrystalline bilayers thin films 
of La1-xSrxMnO3, deposited by pulse laser deposition on silicon 
substrates.

 The temperature range where the magnetocaloric effect develops is 
enhanced.

 MCE is independent of the stacking sequence and the substrate of the 
films.

 It is possible to combine the magnetocaloric effect qualities of 
nanocomposites and thin films.
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Due to their large surface-volume ratio, thin films are 

good candidates for magnetocaloric effect applications 

in refrigeration devices. With this aim, we studied the 

magnetic and magnetocaloric properties of the bilayers 

manganite thin films, La0.88Sr0.12MnO3 / La0.75Sr0.25MnO3 

and La0.75Sr0.25MnO3 / La0.88Sr0.12MnO3, and their control 

single layer films, La0.75Sr0.25MnO3 and La0.88Sr0.12MnO3. 

These films were grown by pulsed laser deposition on 

silicon substrates, resulting in polycrystalline films with 

average grain size of 35nm. We found that, for the ~

bilayers, the temperature range of the magnetocaloric 

effect can be broadened without reducing the refrigerant 

capacity. Therefore, it is possible to combine the 

magnetocaloric effect qualities of nanocomposites and 

thin films in order to improve the performance and 

expand their potential use in refrigeration devices
Keywords

Magnetocaloric Effect / Thin films/ Polycrystalline / Manganites/ Bilayers

The magnetocaloric effect (MCE) is known as the adiabatic temperature (T) 

change in a material when a magnetic field is applied [1], and can be indirectly 

evaluated from the magnetic entropy change . Both magnitudes are ∆𝑆𝑀(𝑇)

related through the expression as , where C is the specific heat ∆𝑇𝑎𝑑 = ―
𝑇
𝐶∆𝑆𝑀 [1]

of the material. The main motivation to study the MCE is the possibility to design 

and build new refrigeration devices based on this phenomenon. In 1997 

Pecharsky and Gschneidner found giant MCE in Gd5(SixGe1-x)4 alloys at room 

temperature [2] [3]. This discovery sparked a great interest in the scientific 

community looking for optimal materials for solid state refrigeration. In that sense, 

new compounds were proposed, like Mn based samples [4], Heusler alloys [5], 
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LaFe (Si, Al) systems [6], and mixed valence manganese oxides, called 

manganites [7] [8]. 

Manganites are perovskites of general formula R1−xAxMnO3, where R is a rare 

earth element and A is an alkaline metal. Using different combinations of these 

elements it is possible to obtain compounds with very different properties. 

Additionally, the strong coupling between magnetic, electronic, and structural 

properties, promotes large entropy changes with moderate magnetic fields [7]. 

Therefore, manganites are good candidates for MCE based devices, and their 

behavior has been thoroughly studied in bulk systems [9] [10] [11] [12]. 

Particularly for the La1-xSrxMnO3 family (LSMO), the ferromagnetic Curie 

temperature, TC, can be tuned within a broad temperature range, including room 

temperature, by choosing an appropriate proper Sr content [13]. Since the 

maximum magnetic entropy change is reached at Tc [7] [14], the LSMO system 

appears to be a good candidate for devices operating in the vicinity of room 

temperature.

Although part of the MCE community is focused on developing a macroscopic 

refrigerator apparatus, in order to introduce an ecological alternative to the 

current gas-based refrigeration systems [14] [15], other efforts are directed to 

micro and nanodevices, to meet specific refrigeration requirements [16]. When 

the scale is reduced, the influence of the morphology and the device geometry 

on the MCE-based properties becomes fundamental to improve the heat 

exchange for MCE applications [17] [18] [19] [20].  Within this context, an 

important parameter for MCE devices design is the temperature range where the 

effect is appreciable.  A strategy to increase the temperature range of the MCE 

is the use of composite materials [21] [22]. Composite-based devices have shown 
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the capability to enhance the MCE temperature width due to their inherent 

microstructure, in which TC is spatially defined by the local composition. Thus, 

grain size is a relevant parameter to define the MCE properties in composites 

[22].

However, a disadvantage of powder composites is that heat exchange mainly 

develops between grains of different compositions, which results in a lack of 

efficiency for the MCE. Thus, other strategies to widen the temperature range of 

MCE is by using multilayer thin films for the design of micro and nanodevices for 

magnetic refrigeration [16]. It was demonstrated that thin films can improve the 

temperature span, and their geometry optimizes the heat exchange between the 

active material and the surroundings, decreasing the duration of the cooling 

cycles [17] [23]. In the case of multilayers, it is expected that each layer 

contributes independently to the MCE. Thus, by stacking layers of different 

composition it would be possible to yield a device with an expanded temperature 

range and sizable MCE. In the case of epitaxial thin film multilayers, the stacking 

sequence and stress induced by the substrate affect both the magnitude and 

temperature range of the MCE [24] [25]. 

In this work we explored the MCE in La0.88Sr0.12MnO3 (LSMO12) and 

La0.75Sr0.25MnO3 (LSMO25) single and bilayers thin films, deposited by pulsed 

laser ablation on silicon substrates. A schematic diagram of the studied samples 

is shown in Fig. 1. We analyzed the influence of the morphological parameters of 

the studied compounds on the magnetic properties, magnetic entropy change, 

and temperature width, relevant for the MCE. We demonstrate that the 

nanocrystalline structure induced by this technology friendly substrate combines 

the advantages of thin films and nanocomposites.
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Figure 1 (color should be used in print): Sketched illustrating the composition, 

denomination and thickness of the samples studied. In the case of the bilayers, 

the thickness corresponds to the whole film including, both compounds.

Experimental

Thin films of La1-xSrxMnO3, with x = 0.12 and x = 0.25, were deposited by pulsed 

laser deposition using the 266 nm harmonic of a Nd:YAG laser with a pulse 

frequency of 10 Hz and a fluence of 1 J/cm2. The deposition conditions were 

850°C and 0.1 mbar of O2 pressure. After the deposition, the film was cooled to 

room temperature at 100 mbar of O2, in order to reduce the amount of oxygen 

vacancies and improve its magnetic properties [26]. The LSMO films were 

deposited on 1µm thermal oxide Si substrates, resulting in Volmer-Weber type 

polycrystalline growth [27]. 

Grazing incidence X-ray diffraction (XRD) and X-ray reflectometry (XRR) 

measurements were performed using a Panalytical Empyrean diffractometer, in 
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order to determine the crystalline structure and the thickness of the films. 

Morphology was characterized by scanning electron microscopy (SEM). 

Magnetization as a function of the temperature and magnetic field (+/- 3000 Oe), 

applied parallel to the substrate, was measured in a commercial vibrating sample 

magnetometer Versalab (50 K – 400 K) and a PPMS (10 K – 400 K), both 

manufactured by Quantum Design.

Results and discussion

From XRD results (Fig. 2a) we studied the structural properties of the samples. It 

was observed a pseudo cubic polycrystalline structure with a lattice parameter    

a  3.88 Å for all the samples. XRR for the bilayer films displayed the interference 

pattern associated to the total thickness of the sample. It is not being possible to 

distinguish one layer from the other due to their similar electronic densities (Fig. 

2b). This fact was confirmed by cross section SEM images (Fig. 2c) where only 

the interface with the substrate is visible, but no interface between LSMO12 and 

LSMO25 can be distinguished. The SEM image in Fig. 2d confirms the 

polycrystalline growth, showing the presence of grains. From these images we 
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calculated an average grain size of 35 nm on the surface of the thin films (inset 

of Fig. 2d). 

Figure 2(color should be used in print): (a) XRD patterns for single layer thin 

films (LSMO12 and LSMO25) and for bilayers thin films (LSMO12/25 and 

LSMO25/12). Additional Bragg peaks in LSMO12/25 and LSMO25/12 

correspond to silicon (#) [28] and metallic Ag (*) [29], corresponding to the 

silicon substrate and the silver paint used to stick the substrate to the heater 

during the PLD deposition of the film, respectively. (b) XRR measurements for 

both bilayer thin films and single layer thin films. (c) SEM image for LSMO2512 
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cross section showing no evidence of the interface. (d) SEM image for 

LSMO1225. Inset: grain size distribution.

Field cooled magnetization measurements with H = 1000 Oe are shown in Fig. 

3. For the bilayer films, two bumps are observed, which agree with the 

paramagnetic (PM) to ferromagnetic (FM) transition temperatures TC of the 

corresponding single layer films (175 K for LSMO12 and 295 K for LSMO25).  

The Inset of Fig. 3 displays the derivative , M/T, in order to compare the PM-

FM transitions of the films with the presence of both transitions in the bilayers.  

Figure 3 (color should be used in print): Magnetization normalized at 50K 

(M/M50K) versus temperature (T) of the single layer (LSMO12, LSMO25) and the 

bilayer (LSMO1225, LSMO2512) films. Inset: Derivative, M/T, as a function of 

T.

Measurements of M(H) present a typical FM hysteresis behavior for all samples, 

as shown in Fig. 4 at 50 K. As can be observed in Figs. 3 and 4, the magnetic 

behavior of the bilayer samples is independent of the stacking order of the layers. 

The inset of Fig. 4 displays the temperature dependence of the coercive field Hc. 
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It decreases to Hc = 0 near TC, as expected. This results in a smaller magnetic 

hysteresis at low temperatures than the reported for other magnetic materials [30] 

[31]. No trace of two separate coercive fields appears at low temperatures for the 

bilayers, suggesting a FM coupling between layers, resulting in a single and still 

abrupt Hc, whose values lies between the ones for the single layers. 

It can be observed in Fig. 4 that a magnetic field of 1000 Oe is enough to saturate 

the magnetization of all films. This reduces the energy needed to perform a 

refrigeration cycle, an advantage over bulk manganites [32]. The saturation 

magnetization, MSAT, is smaller than the expected values, 3.88 µB/Mn and 3.75 

µB/Mn for x= 0.12 an x =0.25 respectively. This difference is attributed to magnetic 

disorder at the surface of the grains, resulting in a magnetic dead layer of   2 nm 

for each grain [33]. The grain surface favors the presence of oxygen vacancies, 

generating antiferromagnetic Mn+2-Mn+2 bonds, which compete with the Mn+3-O-

Mn+4 double exchange interaction. Furthermore, the FM grain core is surrounded 

by a magnetically frustrated surface state [34] [35] [36]. Additional evidence of 

magnetic frustration at the dead layer is the considerable difference between the 

field-cooled-warming and zero-field-cooled magnetization measurements (Fig.5). 

Note that these measurements were performed with H=500 Oe which is higher 

than Hc(T) (see Inset of Fig. 4) in order to avoid coercive field effects [37]. 
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Figure 4 (color should be used in print): Magnetization M versus applied 

magnetic field H measured at T = 50 K for the LSMO films. Inset: temperature 

dependence of the coercive field Hc extracted from the M(H) curves measured at 

different temperatures.

Figure 5 (color should be used in print): Comparison between the field cooled 

warming (FCW) and the zero-field cooled (ZFC) M(T) results measured at 

H=500 Oe for (a) the bilayers, (b) LSMO12 and (c) LSMO25. Note: The 

presence of the peak around 50 K is due to oxygen contamination inside the 

MPMS chamber [38].

In order to study the MCE, M(H) curves were measured at different 

temperatures, and the isothermal magnetic entropy change  was calculated ∆𝑆𝑀

with the expression . Figure 6 displays -∆𝑆𝑀 =
1

∆𝑇∫𝐻
0 [𝑀(𝐻´,𝑇 + ∆𝑇) ―𝑀(𝐻´,𝑇)]𝑑𝐻´

 obtained with H=3000 Oe. It can be observed that for LSMO12 and ∆𝑆𝑀(𝑇)

LSMO25, the maximum of -  coincides with TC. In the case of the ∆𝑆𝑀(𝑇)

bilayers, two well distinguished peaks appear, associated to each layer 

transition temperature. This feature was previously reported for epitaxial bilayer 
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manganite thin films [25], where the MCE is strongly influenced by the strain 

mismatch with the substrate. In contrast, in our study,  is independent of ∆𝑆𝑀(𝑇)

the stacking sequence of the films for polycrystalline bilayers, expanding the 

possibilities for the combination of chemical compounds in the multilayers. 

Since only about half of the film thickness is contributing to the MCE at each TC, 

the apparent reduction in the magnitude of -  for the bilayers is mainly an ∆𝑆𝑀(𝑇)

artifact related to the mass normalization of the sample. A similar behavior can 

be observed for the magnetization derivative (inset of Fig. 3). The adiabatic 

temperature change for each layer should be comparable to the corresponding 

single layer film. In order to confirm this fact, inset of Fig. 6 displays the addition 

of the curves of -  obtained for LSMO12 and LSMO25 (Note that 0.5 ∆𝑆𝑀(𝑇)

correction factor was needed due to the thickness difference between the single 

layer and bilayer samples). Comparing with the one obtained for LSMO2512, 

the behavior of both curves are very similar. However, within the temperature 

range between the transitions of both single layers, -  is larger for ∆𝑆𝑀(𝑇)

LSMO2512 as compared with LSMO12+25. This effect would suggest the 

presence of magnetic inhomogeneities originated on a gradient of compositions 

at the interface between LSMO12 and LSMO25 [39] [40]. The temperature 

range where the effect develops is usually determined by the full width at half 

maximum ( ) of - . In the case of the bilayers, they present two well 𝛿𝑇𝐹𝑊𝐻𝑀 ∆𝑆𝑀(𝑇)

distinguishable peaks. In order to calculate their , it was considered the 𝛿𝑇𝐹𝑊𝐻𝑀

lower T bound of   of the peak at 170K and the higher T bound of  𝛿𝑇𝐹𝑊𝐻𝑀 𝛿𝑇𝐹𝑊𝐻𝑀

of the peak at 300K, following the criteria previously reported in [25].

 Table 1 displays TC and   extracted from the results of Fig. 6.  An 𝛿𝑇𝐹𝑊𝐻𝑀

important increment of  for the films compared with bulk samples is 𝛿𝑇𝐹𝑊𝐻𝑀

observed, associated with the broadening of the PM-FM transition in the thin 

films. Smaller grain size and oxygen vacancies present in the films are 

responsible for this effect [41]. Within this context, temperature averaged entropy 

change (TEC) is usually evaluated to compare the MCE properties of the 

materials [42]. It can be estimated from  curves as ∆𝑆𝑀(𝑇) 𝑇𝐸𝐶(∆𝑇𝑙𝑖𝑓𝑡) =
1

∆𝑇𝑙𝑖𝑓𝑡
𝑚𝑎𝑥

, where  is selected to maximize TEC and  was {∫𝑇𝑚𝑖𝑑 +
∆𝑇𝑙𝑖𝑓𝑡

2

𝑇𝑚𝑖𝑑 ―
∆𝑇𝑙𝑖𝑓𝑡

2

|∆𝑆𝑀|𝑑𝑇} 𝑇𝑚𝑖𝑑 ∆𝑇𝑙𝑖𝑓𝑡
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chosen to be 10 K (TEC(10)). Table 1 shows the values of TEC (10) calculated 

for all the thin films and bulk samples for 3000 Oe. These results are in good 

agreement with others perovskite systems [43] [44] [45] [46] [47]. Moreover, the 

temperature range where the MCE becomes important for the bilayers is almost 

twice the single layer ones, including both  peaks at each TC. They are ∆𝑆𝑀(𝑇)

separated by an intermediate interval of T where  does not depend on ∆𝑆𝑀(𝑇)

temperature. This fact could be exploited in the design of a refrigeration device 

with a constant performance within the temperature interval between the 

transitions.

Figure 6 (color should be used in print): Isothermal change of the magnetic 
entropy (-S) vs T, obtained at H= 3000 Oe. Lines are guides for the eye. Inset: 
Comparison between -   for LSMO25+12 and LSMO1225. ∆𝑆𝑀(𝑇)

Sample Name Tc 

[K]

-ΔSMax 

[J/kg K]

 𝛿𝑇𝐹𝑊𝐻𝑀

[K]

RC 

[J/kg]

TEC (10) 

[J/kg K]

LSMO12 170 0.20 73 12 0.67

LSMO25 295 0.21 60 11 0.67

LSMO12/25 170 / 300 0.09 / 0.09 200 (*) 14 (*) 0.27/0.33
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LSMO25/12 170 / 300 0.09 / 0.09 200 (*) 15 (*) 0.3/0.3

Bulk x = 0.12 

[17]

290 0.47 27 10 1.17

Bulk x = 0.25 345 0.55 21 8 1.3

Table 1: Comparison between Tc, , -ΔSmax, TEC (10) and RC for the 𝛿𝑇𝐹𝑊𝐻𝑀

thin films and their corresponding bulks. (*) Note: for the bilayers, it was 

considered the lower T bound of  of the peak at 170K and the higher T 𝛿𝑇𝐹𝑊𝐻𝑀

bound of  of the peak at 300K.𝛿𝑇𝐹𝑊𝐻𝑀

The refrigerant capacity (RC) is a usual way to quantify how good a system is for 

refrigeration, defined as  [48]. This quantity expresses how 𝑅𝐶 = ― ∫𝑇2

𝑇1
∆𝑆𝑀𝑑𝑇

much heat is transferred from the hot reservoir (T2) to the cold one (T1) in an ideal 

refrigeration cycle. These temperatures, T1 and T2, are chosen to correspond with 

the . Table 1 shows the RC for all films, which are in good agreement with 𝛿𝑇𝐹𝑊𝐻𝑀

values previously reported [17].  Furthermore, it can also be estimated from the 

addition of -   for LSMO12 and LSMO25, as displayed in the Inset of Fig. ∆𝑆𝑀(𝑇)

6., which yield RC = 12.5 J/Kg. It can be observed for the bilayers that RC is 

slightly larger than the value obtained for the single layer films and LSMO25+12. 

This result suggests that the RC increment for the bilayers is mainly due to the 

magnetic inhomogeneities between the PM-FM transition temperatures of 

LSMO25 and LSMO12 films.

An alternative strategy widely explored to expand  is the composites  of 𝛿𝑇𝐹𝑊𝐻𝑀

polycrystalline powders [49] [50] which allows the mix of different chemical 

compositions to establish a working temperature range of interest. Particularly, 

an improvement of the MCE characteristics, relative to the bulk composite of the 
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same compounds, was previously reported for nanocrystalline manganite 

composites with grain size comparable to the one of the films displayed here [22]. 

In that case a unique broad  peak of the same order of magnitude of ― ∆𝑆𝑀(𝑇)

our bilayers was observed (see Table 1), in contrast with the two well 

distinguished peaks observed in our bilayer thin films.  Moreover, thin films are 

more efficient than composite morphology for heat exchange. 

Conclusions

This work reports the magnetocaloric properties of nanocrystalline bilayers 

manganite thin films, deposited by PLD on silicon substrates. These multilayer 

thin films present low saturation field and small magnetic hysteresis, which are 

important conditions for MCE applications. In contrast to manganites 

nanocomposites powders, the spread of the temperature range of  shows ∆𝑆𝑀(𝑇)

two well distinguished peaks corresponding to the transition temperatures of each 

layer. It was previously attributed to a characteristic of epitaxial multilayer thin 

films and composites, with grain size greater than hundreds of nm. However, in 

contrast with epitaxial thin films, no interfacial strain effect is present, and the 
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MCE is independent of the stacking sequence and the substrate of the films, for 

nanocrystalline multilayers thin films [25]. 

Thus, we have demonstrated that it is possible to combine the advantages of thin 

films and nanocomposites. On one hand, it is possible to increase the 

temperature range where the magnetocaloric effect develops. On the other hand, 

thin films morphology can be exploited to optimize the heat exchange.

Moreover, fabrication conditions for polycrystalline thin films allow access to 

larger substrates and the incorporation of any intermediate layer between the 

MCE compounds, as a dissipation material or as the one to be refrigerated. 

Therefore, this work opens the path to more versatile designs for micro and 

nanoscale applications. 
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