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 a b s t r a c t

The usefulness of modeling magnetocaloric materials expands from the understanding of 
their behavior to the prediction of new materials, playing a fundamental role in the opti-
mization of their performance. In contrast with other areas of magnetic materials research, 
micromagnetic simulations of magnetocaloric materials are scarce due to the difficulty 
of modeling the material in the vicinity of the transition. To solve this limitation, we 
propose to use the Landau–Lifshitz–Bloch micromagnetic simulations to study the mag-
netocaloric effect associated with a second-order ferromagnetic↔paramagnetic transition. 
Following our proposed methodology and considering material parameters in a mean-field 
framework, we obtain reliable isothermal entropy change curves for monocrystalline and 
polycrystalline configurations, where we consider different anisotropic contributions. The 
robustness of the method was evaluated, yielding results that agreed with previous ex-
perimental and theoretical observations. Our study shows that micromagnetic simulations 
are a powerful tool for analyzing second-order magnetocaloric materials with complex 
microstructures.

The increased energy consumption of cooling systems, combined 
with existing energy losses, promotes the search for new energy-efficient 
and green refrigeration technologies [1,2]. In this context, solid-state 
magnetic refrigeration has been extensively studied in recent decades 
[3,4]. This technology exploits the magnetocaloric effect (MCE), which 
is quantified by the reversible adiabatic temperature change or the 
isothermal entropy change (Δ𝑠iso) when a magnetic material is sub-
jected to a variable magnetic field [5]. A deep understanding of the link 
between performance and material characteristics is key to the design 
of better magnetocaloric materials (MCMs). This understanding can be 
achieved through several modeling approaches that focus on different 
length scales. At one extreme lie atomistic models, which are widely 
used to obtain different structural and magnetic parameters of materi-
als [6–10], although there are also works to reproduce or predict the 
MCE [11–16]. Unfortunately, these models are limited to a reduced 
size of material because of their time-consuming nature. At the other 
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extreme are the macroscopic models based on different thermomag-
netic models or equations of state, such as the Landau, Bean-Rodbell 
or Arrott-Noakes approaches [17–19]. Despite the demonstrated util-
ity of both approaches, they either fail to describe or overly simplify 
various relevant characteristics of real samples, such as magnetic do-
mains or granular structure, that nonetheless can have a substantial im-
pact on the MCE [20–24]. Neglecting such characteristics in the models 
has two deleterious effects: on the one hand, if material optimization 
significantly relies on microstructural engineering, their influence can-
not be adequately described. On the other hand, data analysis is also 
affected by these simplifications, in particular the field dependence of 
Δ𝑠iso [25–29].

Microscopic models appear to be an optimal alternative between 
these two extreme approaches, as they allow magnetic materials with 
complex microstructures to be replicated [30,31]. However, there have 
been limited attempts for MCMs mainly due to the limitations of de-
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Fig. 1. (a) Temperature dependence of the LLB inputs: magnitude of the zero-field reduced magnetization (up) and zero-field reduced longitudinal susceptibility 
(down). Inset: Temperature-dependent uniaxial anisotropy constant, square symbols for experimental data [41]. (b) Equilibrium magnetization at 280K and 0.001T
for a monocrystal composed of 128 × 128 × 128 cells. (c) Polycrystalline sample with microstructure generated by Voronoi tessellation (each grain region is colored 
to distinguish it).

scribing the material around its transition temperature. In this sense, 
the work in [32] stands out, where micromagnetic modeling based on 
the Landau-Lifshitz-Gilbert equation was employed in the ferromagnetic 
(FM) range up to temperatures close (but below) the Curie tempera-
ture (𝑇C). However, the behavior for higher temperatures, including 
the paramagnetic (PM) range, was extrapolated by fitting previous mi-
cromagnetic results in the FM range to the Arrott-Noakes equation of 
state. Alternatively, we propose the study of the MCE of a ferromag-
netic material undergoing a second-order FM↔PM transition employing 
micromagnetic simulations based on the Landau-Lifshitz-Bloch (LLB) 
equation [33,34] in the whole temperature range. This equation has 
turned out to be highly useful in various contexts close to the critical 
temperature, such as heat assisted magnetic recording [35–37], ultra-
fast dynamics induced by laser excitation [38,39], or domain wall mo-
tion in thermal gradients [40]. Using LLB micromagnetic simulations, 
we reproduced the MCE for monocrystalline and polycrystalline materi-
als and evaluated the influence of sample geometry, magnetocrystalline 
anisotropy, and microstructure on Δ𝑠iso. Additionally, we paid special 
attention to the field dependence analysis, i.e., universal curve and ex-
ponent 𝑛.

To perform this study, we implemented the classical LLB equation 
into a customized micromagnetic software based on MuMax3 [40,42] 
to obtain the total equilibrium magnetization (𝑴) of a ferromagnetic 
material around its 𝑇C for different applied fields (𝑯). Further details of 
the micromagnetic LLB simulations are included in the supplementary 
material. Temperature-dependent material inputs for the simulations for 
each micromagnetic cell such as the magnitude of the reduced magneti-
zation at zero applied field (𝑚0) and the longitudinal reduced magnetic 
susceptibility for zero applied field (𝜒∥, 0

) need to be introduced. We 
employed the mean-field-based Brillouin theory in the classical limit for 
both inputs [43]:
𝑚0 = (𝑥) , (1)

𝜒∥, 0 =
𝜇′(𝑥)

𝑘𝐵𝑇
(

1 − 3𝑇C′(𝑥)∕𝑇
) , (2)

where  and ′ are the Langevin function and its derivative, respec-
tively, 𝑥 = 3𝑚0𝑇C∕𝑇 , 𝜇 the atomic magnetic moment, and 𝑘𝐵 the Boltz-
mann constant. The inputs with chosen material parameters (described 
in this section) are depicted in Fig. 1(a). The Brillouin theory ensures 
the critical behavior of the magnetization near the transition being char-
acterized by the mean-field critical exponents 𝛽 = 0.5 and 𝛿 = 3. In ad-
dition, it yields the critical scaling for Δ𝑠iso and reproduces the charac-
teristic value of 2/3 for the exponent 𝑛 at 𝑇C [26]. Other inputs based 
on different macroscopic model, measurement, or ab-initio calculation 
can also be used without compromising the validity of our approach. 
It must be emphasized that the present study is restricted to second-

order MCMs without magnetoelastic contribution. Accordingly, owing 
to the intrinsic characteristics of second-order transitions, neither ther-
mal/magnetic hysteresis associated to the transition nor phase coexis-
tence is considered. For the simulations, cubic micromagnetic cells with 
4 nm edges were used for different sample geometries. This cell size 
is smaller than the exchange length ensuring the continuum approxi-
mation is valid and properly characterizes the changes in magnetiza-
tion according to the parameters of the selected material. Additionally, 
this size is large enough to limit the thermal fluctuations for the ex-
plored temperature range. As an example, the equilibrium magnetiza-
tion solution for 128 × 128 × 128 cells is shown in Fig. 1(b). We consid-
ered material parameters similar to those of the AlFe2B2 alloy, an inter-
esting rare-earth-free second-order MCM for room temperature appli-
cations [44–47]. Thus, 𝜇 = 1𝜇B, 𝑇C = 300K, saturation magnetization 
(𝑀sat) of 407 kAm−1 (80Am2 kg−1), and exchange stiffness at 0K (𝐴0) 
of 1.4 pJm−1. Given the narrow temperature span examined in this study 
and the good reproducibility of the experimental data [41], we consid-
ered a uniaxial magnetocrystalline anisotropy in which the first-order 
anisotropy constant (𝐾u) decreases linearly with temperature and van-
ishes at 𝑇C (inset of Fig. 1(a)). It should be emphasized that alternative 
methods, including the standard Callen-Callen scaling law as well as ex-
perimental or ab-initio based data sets [48–52], can be straightforwardly 
incorporated into our approach. The different granular microstructures 
of the polycrystalline samples were generated by the Voronoi tessel-
lation method implemented in MuMax3 [53] (an example is shown in 
Fig. 1(c)).

To evaluate the MCE, Δ𝑠iso is calculated from the total magnetization 
through the Maxwell relations following a discrete approximation to:

Δ𝑠iso = 𝜇0 ∫

𝑯𝐟

𝟎

( 𝜕𝑴
𝜕𝑇

)

𝑯
⋅ d𝑯 , (3)

where 𝑯𝐟  is the final applied magnetic field [54]. The scaling behavior 
of Δ𝑠iso is tested by the phenomenological universal curve [25,26]. This 
curve is constructed by rescaling both Δ𝑠iso and temperature axis for 
different magnetic field changes. First, Δ𝑠iso is normalized by its peak 
value for each field (Δ𝑠pkiso). Second, for rescaling the temperature axis, 
the reference temperatures (𝑇r) are defined as the temperature for which 
the normalized value of Δ𝑠iso is the same in both FM and PM ranges 
(0.7 in this study). Once 𝑇r is obtained for each field, the temperature 
axis is rescaled as (𝑇 − 𝑇pk )∕(𝑇r − 𝑇pk ) where 𝑇pk is the peak tempera-
ture. The field dependence exponent 𝑛 is calculated following a discrete
approximation to:

𝑛 =
𝜕 ln(|Δ𝑠iso|∕|Δ𝑠iso(1 T)|)

𝜕 ln(Δ𝐻∕(1 T))
, (4)

where Δ𝐻 is the magnitude of the applied magnetic field change.
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Fig. 2. Temperature dependence of the (a) longitudinal reduced magnetization, (b) isothermal entropy change, (c) phenomenological universal curve, and (c) 
exponent 𝑛 for different applied fields and field changes. The hollow symbols correspond to the micromagnetic results, while the solid lines corresponds to the 
Brillouin solutions.

The simulations were conducted using external conditions similar to 
the experimental ones to calculate (3) and (4). A temperature step of 
1K around 𝑇C is selected. For the magnetic field, we simulated up to 
40 fields from 0.001 T to 2 T following a quadratic progression. First, 
we simulated a monocrystalline material without anisotropy, thus, re-
sulting in a homogeneously magnetized material. Therefore, the simula-
tion results can be compared with those from macroscopic models with 
single-domain magnetization. For this comparison, we selected the Bril-
louin theory in the classical limit to ensure consistency with the inputs 
used and because it has proven highly useful in the modeling of MCMs 
[55]. The simulation results are depicted as hollow symbols in Fig. 2, 
while the corresponding results of the Brillouin theory are plotted as 
solid lines. An excellent agreement was observed between them for all 
the physical quantities explored even for 2T. For the longitudinal re-
duced magnetization (𝑚

||

), the deviations with respect to the Brillouin 
theory are below 0.1% in the temperature and field ranges explored 
(Fig. 2(a)). For Δ𝑠iso, the deviations are found to be below 1.9%, be-
ing more significant around 𝑇C and for the largest applied field changes 
(Fig. 2(b)). These minor deviations have a negligible influence on sub-
sequent field dependence analysis, as can be observed from the excel-
lent collapse of the universal construction (Fig. 2(c)). The exponent 𝑛
showed the expected behavior for a mean-field Curie transition: 1 for 
𝑇 << 𝑇C, 2 for 𝑇 >> 𝑇C, and 2/3 at 𝑇C (Fig. 2(d)). From the simula-
tions 𝑛(𝑇C) = 0.696, which deviates a 4.5% from the theoretical value. 
This deviation is moderate considering that to calculate the exponent 
𝑛: 1) the initial magnetization data is derived twice and 2) a discrete 
approach is followed. Similar deviations are found for the Brillouin cal-
culations under the same conditions. These findings demonstrate that 
the simulations successfully replicate the MCE. From now on, the com-
parison with Brillouin theory cannot be established as we will incor-
porate different energy density contributions that lead to non-uniform
magnetization.

We next examined the effect of the demagnetizing field on the MCE. 
For that, we simulated a monocrystalline material with different sample 
geometries and field orientations. The micromagnetic solver allows the 
introduction of the demagnetizing field by using a discrete convolution 
of the magnetization with a demagnetizing kernel [42], allowing the 
calculation of the demagnetizing field even for non-uniform magnetiza-
tion states. However, we calculated the corresponding effective demag-
netizing factor (𝑁) associated with the relevant axis for each case in 
the uniform state, using it solely as a label for the corresponding case. 
The values of 𝑁 corresponding to each geometry are tabulated in the 
supplementary material. As an example of a given geometry, the mag-
netization data for low applied fields for a cubic sample composed of 
128 × 128 × 128 cells (label 𝑁 = 0.33) are shown in Fig. 3(a). The de-
magnetizing field reduces the total magnetization of the sample in the 
FM range compared to the uniform state. This effect is overcome for 
applied fields slightly above the demagnetizing one (∼ 55mT at 280 K. 
Next, for 𝑁 = 0, 0.33 and 0.77 cases, Δ𝑠iso, universal construction, and 
exponent 𝑛 are shown in panels (b), (c), and (d) of Fig. 3, respectively. 
Δ𝑠iso is reduced by the effect of the demagnetizing field, showing an 
almost constant reduction in the FM range that vanishes slightly above 
𝑇C. In addition, the larger the demagnetizing factor, the larger the devia-
tions. These deviations saturate for fields slightly above the demagnetiz-
ing field, becoming almost field independent after that (e.g. achieving a 
reduction of 0.07 J kg−1 K−1 for the 𝑁 = 0.77 case at 280K). For fields of 
technological interest, such as 1 T, its relative effect is moderate around 
the peak (e.g., deviations of about −3% for the 𝑁 = 0.77 case). In addi-
tion, they degrade the universal collapse for low applied field changes 
and low temperatures, although its effect is negligible for fields clearly 
above the demagnetizing one. Finally, the demagnetizing field signifi-
cantly overestimates the exponent 𝑛 for 𝑇 ≤ 𝑇C (achieving deviations of 
about 100% for low fields). Similarly to the previous results, the devia-
tions increase as the demagnetizing factor increases and the temperature 
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Fig. 3. (a) Temperature dependence of the longitudinal reduced magnetization for low applied fields for a sample with cubic geometry. Temperature dependence of 
the (b) isothermal entropy change, (c) phenomenological universal curve, and (d) exponent 𝑛 for different samples and orientations with corresponding demagnetizing 
factor label.

Fig. 4. (a) Temperature dependence of the longitudinal magnetization for low applied fields along easy and hard directions. Calculated (b) isothermal entropy 
change, (c) phenomenological construction, and (d) exponent 𝑛 for different applied field changes along easy and hard axis.
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Fig. 5. Isothermal entropy change (left) and exponent 𝑛 (right) for: 1) polycrystal (pc) with randomly orientated grains and monocrystal (mc) for both easy (e.o.) 
and hard (h.o.) orientations [(a) and (b)], 2) polycrystal with randomly orientated grains with different exchange coupling between grains, 𝐶 [(c) and (d)] and 3) 
oriented polycrystal with different mean grain size, 𝐷 [(e) and (f)]. Corresponding phenomenological construction of panel (a) data is shown in as an inset (same 
scale and units as previous plots).

decreases. The magnetic field change strength tends to diminish the de-
viations, although their effects are still notable even for 1T (e.g. ∼ 14%
for the 𝑁 = 0.77 case at 280K). There is also a significant effect at 𝑇C
characterized by a linearly increasing relationship between 𝑛(𝑇C) and 𝑁
(see Figure S.2.1 of the supplementary material). These deviations from 
the expected theoretical values (e.g ∼ 5% for the 𝑁 = 0.77 case) can lead 
to erroneous interpretations of the critical exponents. These conclusions 
agree with previous theoretical and experimental results [56–58], which 
highlight the importance of reducing the demagnetizing fields to obtain 
an accurate physical interpretation.

In the following, we included the magnetocrystalline anisotropy as 
previously described. A thin square sheet of 512 × 512 × 8 cells with an 
in-plane uniaxial anisotropy axis is chosen to avoid additional demagne-
tizing effects, as both easy and hard orientations lie in the sample plane. 
The physical quantities explored are shown in Fig. 4. The magnetiza-
tion along the easy orientation coincides with the total magnetization 

magnitude, whereas the values for the hard orientation are consider-
ably reduced for low fields (Fig. 4(a)). They show an increasing trend 
with temperature until the anisotropy field is overcome. After that, the 
magnetization is the same for both easy and hard axes. The larger the 
applied field, the lower the temperature required to saturate the mag-
netization. For Δ𝑠iso two differentiated responses in the FM range are 
observed according to the applied field orientation, being smaller for 
the hard orientation than for the easy one (Fig. 4(b)). These differences 
decrease as the temperature increases, vanishing at 𝑇C. For the univer-
sal construction, two different curves associated with each applied field 
orientation are observed (Fig. 4(c)). This behavior is found experimen-
tally, as shown in [59]. For the exponent 𝑛, applying the field along the 
hard axis causes strong deviations in the FM range from the theoretical 
value of 1 (about ∼ 100%), similar to the effects of shape anisotropy but 
without influence at 𝑇 = 𝑇C (Fig. 4(d)). Alternatively, this anisotropic 
MCE can be exploited in devices with rotating fields [16,60]. Our ap-
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proach also accounts for this behavior as shown in the supplementary 
material.

Finally, granular microstructures with different crystalline orienta-
tion distributions were explored. A thin square sheet is used to avoid 
additional in-plane demagnetizing effects. The MCE is simulated for a 
randomly oriented polycrystal with a mean grain size (𝐷) of 25 nm and 
100% exchange coupled grains (𝐶 = 100%). Δ𝑠iso and exponent 𝑛 are 
depicted in panels (a) and (b) of Fig. 5, respectively, together with the 
previously characterized monocrystal response. As experimentally ob-
served for randomly oriented grains, the polycrystal response for both 
Δ𝑠iso and exponent 𝑛 is the average of the easy and hard responses of the 
monocrystal [61]. The universal construction is depicted in the inset of 
panel (a) (same representation range as before). An excellent collapse 
is observed, which is an interesting result despite the double universal 
curve observed for the uniaxial monocrystal (see Fig. 4(c)). This demon-
strates the robustness of the phenomenological construction for poly-
crystalline samples. We have also analyzed the influence of exchange 
coupling between grains by reducing it from fully coupled to decou-
pled, as shown in panels (c) and (d) of Fig. 5. Decoupling the grains 
causes a slight reduction in Δ𝑠iso (e.g. a reduction about 10% for 1T and 
280K) that vanishes at 𝑇C. However, its effect on the exponent 𝑛 is more 
significant, increasing the values in the FM range (∼ 40%). These devia-
tions decrease with increasing temperature, vanishing at 𝑇C. The lower 
the field change, the larger the effect. Notably, with this grain bound-
ary modeling, we avoid the addition of secondary material, which also 
tends to diminish the total effect per mass (or per volume) and hide the 
real grain boundary influence. Finally, we decided to align all the grains 
along the same orientation to check the influence of the mean grain size 
without the undesired effect of not fully random distributed orientations 
in the case of large grains. The responses for grain-oriented distributions 
with 25 nm and 150 nm mean sizes are illustrated in panels (e) and (f) of 
Fig. 5, respectively. No significant differences were observed for either 
the orientation or applied field changes. These results indicate that grain 
size effects are negligible, while grain boundary effects are minimal for 
Δ𝑠iso but significant for exponent 𝑛.

To conclude, we have shown that using micromagnetic simulations 
based on the LLB equation, we were able to reproduce the MCE asso-
ciated with a second-order FM ↔ PM transition. Using parameters sim-
ilar to those of AlFe2B2, a rare-earth-free magnet with notable room-
temperature response, we calculated the magnetocaloric response in 
monocrystal and polycrystal configurations. This latter case exempli-
fies the virtues of our proposed methodology, being challenging to ana-
lyze through macroscopic or atomic approaches. The effect of the shape 
and magnetocrystalline anisotropy on Δ𝑠iso is analyzed, paying spe-
cial attention to the field-dependence behavior through the universal 
curve and exponent 𝑛. The results obtained are in agreement with pre-
vious experimental or theoretical approaches, demonstrating the capa-
bility of micromagnetic simulations to characterize second-order MCMs 
with complex microstructures. We expect that this work provides an 
opportunity to further extend the presented approach towards the de-
scription of first-order MCMs by including magnetoelastic and kinetical
effects.
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