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Abstract

We propose a calculation scheme which integrates micromagnetic simulations and the Arrott-Noakes equation for the
investigation of the influence of microstructure and magnetocrystalline anisotropy on the magnetocaloric effect (MCE)
in second-order magnetic phase transition materials. Using the Arrott-Noakes equation, the micromagnetic simulation
results are extrapolated to temperatures above Curie temperature and applied to MCE calculations. With Co2B as
model material, we found that increasing magnetocrystalline anisotropy facilitates higher isothermal entropy changes
(∆ST). The grain size reduction results in increased ∆ST for constant saturation magnetization (MS), while ∆ST

decreases for a reduction of MS with reduced grain size.
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As the global energy consumption, especially for cool-
ing, is expected to increase, the research for more energy
efficient cooling devices is of high interest. Magnetic cool-
ing devices show Carnot efficiencies of up to 60 % and
are therefore considered as a promising alternative to con-5

ventional gas compression cooling devices. [1–3] Besides
higher efficiency, magnetic cooling devices are free of re-
frigerant gases. Since the discovery of the giant magne-
tocaloric effect (MCE), [4] several promising material sys-
tems, e.g., La-Fe-Si-, [5–8] Fe2P-based, [9–12] and Heusler10

alloys, [13, 14] have been studied extensively for potential
application in MCE refrigeration. [15] In these systems,
MCE properties, such as the isothermal entropy change
∆ST and adiabatic temperature change ∆Tad , are tun-
able by elemental substitutions.15

However, there are other properties that can affect the
MCE of a material system. Liu et al. [16] reported about
the influence of the annealing process, i.e., the microstruc-
ture, on the transition temperature and hysteresis in La-
Fe-Si alloys. Gottschall et al. [17] showed a sharpening20

of the phase transition in the first-order phase transi-
tion (FOPT) materials with decreasing grain size. Fries
et al. [18] recently investigated the effect of magnetocrys-
talline anisotropy on the MCE in Co2B.

Modeling of the MCE is of high interest, as a systematic25

experimental study of the relation between microstructure,
magnetocrystalline anisotropy, and the MCE would in-
clude complex synthesis routes and annealing processes.
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There are different approaches for modeling the MCE.
For FOPT materials first-principle calculations [19–21] are30

used to obtain exchange coupling energies and magnetic
moments, which are inserted in thermomagnetic models
like the Bean-Rodbell [22] model. Thermodynamic mod-
els, which describe the system by a set of macroscopic
variables, can be used for FOPT [23, 24] and for second-35

order phase transition (SOPT) [25–27] materials. The
Arrott-Noakes equation (ANE) is an equation of state
widely used for SOPT materials. [28] However, the above
mentioned models cannot account for the microstructure.
Magnetic microstructures can be taken into account in40

micromagnetic simulations. [29–31] They are based on
the Landau-Lifshitz-Gilbert (LLG) equation and take the
magnetocrystalline anisotropy K, the exchange constant
A, and the saturation magnetization MS as input param-
eters. But as MS is zero above TC, micromagnetic simula-45

tions are generally limited to temperatures below TC.

In this work, we combine now micromagnetic simu-
lations with the ANE for investigating the influence of
microstructure and magnetocrystalline anisotropy on the
MCE in Co2B nanograins in the size range of 5 to 100 nm.50

In doing so, we can vary the grain size, boundary thick-
ness, and anisotropy constant K and calculate ∆ST .
In detail, we propose three steps for the calculation of
∆ST . Firstly, micromagnetic simulations with varied mi-
crostructures and magnetocrystalline anisotropy are per-55

formed for temperatures up to TC . Secondly, the magneti-
zation curves from the micromagnetic simulations are used
to determine the parameters of ANE. Finally, the param-
eterized ANE is used to calculate ∆ST according to the
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Maxwell relations. [32]60

The ANE is an equation of state, which phenomeno-
logically describes the temperature and field dependence
of the magnetization of SOPT materials in the vicinity of
TC. In the ANE, the magnetization is described by(

H

M

) 1
γ

= a(T − TC) + bM
1
β , (1)

with a and b as characteristic constants for the material
under study. The critical exponents β and γ can be ob-
tained through the Kouvel-Fisher method [33] which is
based on the equations

M0(T ) ·
[
dM0(T )

dT

]−1

=
T − TC
β

, (2)

χ−1
0 (T ) ·

[
dχ−1

0 (T )

dT

]−1

=
T − TC
γ

. (3)

The spontaneous magnetization M0 and initial susceptibil-
ity χ0 can be determined by linearly fitting the Arrott plots
(M2.5 vs. (H/M)

0.75
). Since micromagnetic simulations

only work below TC, the direct fitting of the ANE by using
micromagnetic results produces unreasonable results. To65

overcome this problem, we make use of the experimental
data. More specifically, as a and b are material-specific,
we make the assumption that they do not strongly depend
on microstructure, and determine a and b by using the
experimental data. The microstructure-related β and γ70

can be obtained by using the micromagnetic results and
the aforementioned Kouvel-Fisher method. As a proof of
concept of the proposed methodology, we take a typical
SOPT material (Co2B) as the model material.

Applying the Kouvel-Fisher method to the results from75

Fries et al. [18] and creating the corresponding Arrott plots
(see Fig. 1 in supplementary), we determine β and γ to be
0.307 and 1.118, respectively. According to literature, the
values for β and γ should be in the range of 0.4 and 4/3,
respectively. The value 4/3 corresponds to the solution80

for the three-dimensional Heisenberg model, [34] while 5/4
corresponds to the solution for the Ising model. [35] If γ
is closer to 5/4 or 4/3 than to the unity, it would imply
short-range correlations in the spin-orientation, which are
not considered in the molecular field model. [33] Using the85

obtained β and γ, we fit the experimental data with the
ANE and get a = 0.379 and b = 2.07 ·10−17. With all four
parameters obtained, we plot the ANE in comparison with
the experimental data (see Fig. 2 in supplementary). Our
results agree well with the experimental data in Ref. [18] so90

that we will use the obtained a and b values to investigate
the influence of microstructure andK on the MCE of Co2B
nanograins.

Micromagnetic simulations are performed using the Ob-
ject Oriented MicroMagnetic Framework (OOMMF). [36]95

We create the model geometry with a microstructure com-
posed of 4×4×4 cube-shaped Co2B grains and straight
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Figure 1: Simulated magnetization curves for varied grain size with a
grain boundary thickness of 4 nm (top) and for varied grain boundary
thicknesses with a grain size of 40 nm.

grain boundaries. The grain sizes range from 5 to 100
nm, while the grain boundary thicknesses range from 0
to 10 nm. In all cases the mesh size is set as 2 nm. The100

grain boundaries are assumed to be non-magnetic. The
saturation magnetization (M0) and magnetocrystalline
anisotropy (K) of Co2B strongly depend on temperature
and are taken from the measurements by Fries et al. [18]
The exchange constant (Aex) of Co2B is assumed to be 1105

pJ/m and in the considered range independent of temper-
ature.

In order to calculate ∆ST, the initial magnetization is
set to be random, so that the net magnetization of the
sample is zero. The magnetization process is simulated110

by applying an external magnetic field in the x-direction,
which is parallel to the [100]-direction of the Co2B grains.
For temperatures higher than 100 K, Co2B exhibits the
easy-plane anisotropy, spanned by the [100] and [010] di-
rection. Thus, the magnetic field is applied parallel to an115

easy axis.

The magnetic field is increased from 0 up to 2 T by in-
crements of 10 mT. As these simulations are isothermal,
the same procedure is repeated for temperatures from 300
up to 415 K in increments of 5 K. The Curie temperature120
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(TC) of Co2B is 420 K. The magnetization reversal process
during the micromagnetic simulation can be seen in Fig. 3
in the supplementary. The resulting magnetization curves
are shown in Fig. 1. As expected, the magnetization de-
creases for smaller grains and thicker grain boundaries. In125

both cases, the volume ratio of grain to grain boundary
decreases, resulting in less magnetic material per unit vol-
ume.

In order to calculate ∆ST we need to extrapolate our
micromagnetic simulation results to temperatures above130

TC. We apply the Kouvel-Fisher method to obtain a set
of β and γ values for each grain size and grain boundary
thickness. The trends can be seen in Fig. 2. The largest β
and γ values of 0.308 and 1.35, respectively, are obtained
for small grains of 5 nm and decrease monotonically to-135

wards 0.306 and 1.12. For the variation of grain boundary
thickness, β decreases monotonically from 0.307 for 10 nm
to 0.305 for 0 nm. γ ranges between 1.12 and 1.15 with a
minimum for 1 nm thick grain boundaries. However, for
thicker grain boundaries γ increases monotonically. Based140

on these observations, the size of the grains is expected to
have a larger impact on the MCE calculations than the
thickness of the grain boundary. Physically, the larger
variation of γ implies that the sensitivity of the system
to an external field H depends more on the size of the145

grains. Edge and corner effects are more pronounced in
smaller grains, as the surface to volume ratio increases for
decreasing grain size.
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Figure 2: β and γ as a function of grain size (top) and grain boundary
thickness (bottom).

Inserting the obtained parameters into Eq. 1, ∆ST can
be obtained by the Maxwell relation

∆ST =

∫ Hext

0

(
∂M

∂T

)
H

dH . (4)

∆ST as a function of temperature for the different mi-
crostructures is shown in Fig. 3. The inset shows the150

measured entropy change in poly-crystalline Co2B and in
a Co2B single crystal in an external field of 2 T. [18]

With the assumptions made and the simple microstruc-
tures generated, our simulation results agree well with the
experimental data. We obtain ∆ST values between −1.7155

and −3.2 Jkg−1K−1 at TC, compared to −1.4 Jkg−1K−1

for the single crystal measurement with the external field
parallel to the easy axis and −1.2 Jkg−1K−1 for the poly-
crystalline sample. Larger ∆ST values are expected as the
change of magnetization with temperature in the vicinity160

of TC is larger for the ANE curves (see Fig. 2). In addi-
tion, the generated microstructures are free of defects and
impurities. The magnetization is free to rotate and align
with the external field, resulting in larger

(
∂M
∂T

)
H

values
and thus larger theoretic entropy changes. Consequently,165

the calculated ∆ST curves show a sharper behavior around
TC.

As expected from the obtained γ values, ∆ST varies
only slightly for different grain boundary thicknesses. The
largest ∆ST is found for 10 nm grain boundaries with -170

1.94 Jkg−1K−1. For smaller boundaries ∆ST decreases,
showing a minimum of -1.82 Jkg−1K−1 for 1 nm. This rec-
onciles with the minimum of γ in Fig. 2. We conclude, that
the thickness of the non-magnetic grain boundary has only
a minor influence on the MCE and is no important param-175

eter for its optimization.
In contrast, the variation of the grain size significantly

influences the obtained ∆ST . For larger grains ∆ST tends
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Figure 3: Specific isothermal entropy change ∆ST calculated via the
ANE as a function of grain size and grain boundary thickness. The
inset shows the experimentally measured entropy change in Ref. [18].
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to saturate towards -1.8 Jkg−1K−1, while for smaller grains
∆ST increases, reaching -3.25 Jkg−1K−1 for 5 nm grains.180

As expected from Fig. 2, the change in ∆ST is more signif-
icant for the variation of grain size than for the variation
of boundary thickness. Due to the increased volume to
surface ratio, edge and corner effects will be stronger in
smaller grains. Therefore, at the same external field the185

magnetization in smaller grains will be more sensitive to
temperature, increasing

(
∂M
∂T

)
H

. Hence, we speculate that
finer microstructures enhance the MCE.

Recent experiments on the relation between the parti-
cle size and the MCE showed that ∆ST decreases with190

decreasing particle size [37–39]. However, they also re-
ported that the magnetic properties change alongside the
particle size change, e.g. smaller MS values for smaller
particles, which results in smaller ∆ST. In our simula-
tion results in Fig. 3, we only consider ideal grains with195

the same MS. However, if we consider the significantly
reduced MS with decreased grain size, we also computa-
tionally address that smaller grains lead to smaller ∆ST

values (see Fig. xx in supplementary), consistent with the
experimental reports [37–39]. Therefore, with reasonable200

inputs, our calculation methodology is reliable.
We also calculated ∆ST for the external magnetic field

along the hard axis (see Fig. 4 in supplementary). Consis-
tent with the experimental results, ∆ST at 2 T is smaller
compared to the case with the external magnetic field205

along the easy axis, as higher fields are required to fully
reverse the magnetization along the hard axis and the tran-
sition is not so sharp.

Besides investigating the influence of the microstructure
on the MCE, our proposed methodology can also be used210

to examine the influence of magnetocrystalline anisotropy
K. That the anisotropy of the system has an influence on
the MCE can be seen in the inset of Fig. 3. ∆ST of a Co2B
single crystal measured in an external field parallel to the
easy axis is 0.4 Jkg−1K−1 larger than in a field parallel to215

the hard axis.
In the same way as for the microstructure variation,

we perform micromagnetic simulations up to 415 K for
scaled K values that retain the relative temperature de-
pendence. K is scaled with a factor s that ranges from 0220

to 5 (see Fig. 4 in supplementary), where 0 corresponds to
the isotropic case. We use the Kouvel-Fisher method to
obtain β and γ, and calculate ∆ST using Eq. 1 and Eq.
4. a and b are taken as the same values as before. We are
aware that varying an intrinsic property like the magne-225

tocrystalline anisotropy may also influence the parameters
a and b. Nevertheless, we are confident to show the prin-
ciple relation between the magnetocrystalline anisotropy
and the MCE. The results for ∆ST are shown in Fig. 4.

∆ST is the lowest for the isotropic case (s=0) and in-230

creases with larger scaling factors (i.e. larger K). This
is related to the anisotropy energy which linearly depends
on K and therefore scales with s. For larger anisotropy
energies, the misalignment of magnetic moments with the
easy directions costs more energy and the system tends to235
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Figure 4: Comparison of ∆ST for scaled magnetic anisotropy con-
stants K.

align faster with the external field. ∆ST ranges from −1.4
to −1.95 Jkg−1K−1 and is found to saturate for larger K,
showing almost identical results for s equal to 2 and 5.

In summary, we have proposed a new methodology for
calculating MCE in SOPT materials from micromagnetic240

simulations. We combine mircomagnetic simulations with
the ANE to extrapolate the simulation results to temper-
atures at and above TC. Experimental data is used to ob-
tain the material-specific parameters a and b of ANE, while
the critical exponents β and γ of ANE are determined by245

using mircomagnetic simulations and the Kouvel-Fisher
method. Assuming a and b to be constant for the model
material Co2B, we determined β and γ by using micromag-
netic simulations results of different microstructures and
anisotropy constants. ∆ST calculated by our methodol-250

ogy shows good agreement with the experimental results
on Co2B. It is found that ∆ST increases with decreas-
ing grain size, increasing grain boundary thickness, and
increasing K.

Our proposed methodology is supposed to help optimiz-255

ing the MCE by tuning the microstructure in SOPT ma-
terials. We are confident, that our approach can be used
to predict the trend of the MCE with respect to the mi-
crostructure. This allows for a more systematic synthesis
of microstructures with a predicted higher MCE. Our re-260

sults imply that the MCE can be enhanced by reducing the
grain size in poly-crystalline SOPT materials, when the
magnetic properties of the grains are not changed by the
size reduction. If MS is significantly reduced by decreas-
ing the grain size, smaller grains could also lead to smaller265

∆ST. In any case, results shown in this work serve as a
proof of concept of our new methodology. More extensive
calculations with more complex microstructures, including
different grain sizes, shapes, and orientations as well as dif-
ferent grain boundary properties have to be performed to270

gain further insight on the relation between microstructure
and the MCE.
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