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ABSTRACT: We propose a procedure for the determination of the parameters of the 

Curie temperature distribution (TCD) in a compositionally inhomogeneous 

ferromagnetic material. Assuming a Gaussian TCD and using a mean field approach 

based on the Brillouin function, we report that with respect to the average value of the 

distribution: a) both inflection point of magnetization, 𝑇𝑖𝑛𝑓, and temperature at 

maximum magnetic entropy change curves, 𝑇𝑝𝑘
𝑀𝐶𝐸, shift to lower temperatures and b) 

temperature at maximum paramagnetic susceptibility, 𝑇𝑝𝑘
𝜒

, shifts to higher temperatures. 

Using these evolutions as a function of the TCD broadening and fitting them to a second 

order polynomial function, a self-consistent procedure to determine the parameters of 

the distribution is supplied. These predictions have been experimentally tested for a ball 

milled Fe70Zr30 amorphous alloy using thermomagnetic and magnetocaloric 

measurements. The obtained parameters using the proposed procedure agree with those 

directly measured using Mössbauer spectrometry. 
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The determination of the Curie temperature, 𝑇𝐶, defined as the temperature at which a 

ferromagnetic material loses its spontaneous magnetization, is not trivial. It is usually 

approximated to the inflection point, 𝑇𝑖𝑛𝑓, at low fields, of the magnetization curves as a 

function of temperature and magnetic field 𝑀(𝑇, 𝐻). However, the obtained value of 

𝑇𝑖𝑛𝑓 is field dependent.  

On the other hand, the knowledge of the physics underlying magnetocaloric effect 

(MCE) [1-5], defined as the adiabatic/isothermal change of the temperature/magnetic 

entropy of a system due to a change in the applied magnetic field (∆𝑇𝑎𝑑 and ∆𝑆𝑀, 

respectively), has allowed the study of several fundamental aspects of the magnetic 

transitions such as critical exponents [6, 7], nature of the transition [8] or accurate 

determination of Curie temperature [9]. In this sense, 𝑇𝐶 can be approximated to the 

temperature at which magnetic entropy change has its peak value, 𝑇𝑝𝑘
𝑀𝐶𝐸. However, it 

has been shown that both 𝑇𝐶 and 𝑇𝑝𝑘
𝑀𝐶𝐸 are not necessarily coincident and the deviation 

depends on the field [10].  

Therefore, although except in the case of mean field theories [9, 10] both temperatures, 

𝑇𝑖𝑛𝑓 and 𝑇𝑝𝑘
𝑀𝐶𝐸, are not strictly equal to the actual 𝑇𝐶, they have been used to determine 

it as the differences can be below the experimental error under conventional measuring 

conditions. However, experimental differences between 𝑇𝑖𝑛𝑓 and 𝑇𝑝𝑘
𝑀𝐶𝐸 have been 

observed not only for non-mean field systems, but even in systems with compositional 

inhomogeneities and/or structural defects [11, 12] that lead to a broad Curie temperature 

distribution [13]. Moreover it has been shown, by numerical modeling, how a normal 

distribution of Curie temperatures can shift the peaks of specific heat capacity and the 

adiabatic temperature [14] and the magnetic entropy change [15] to lower temperatures 

with respect to the average value of the distribution. 

https://doi.org/10.1016/j.jnoncrysol.2019.119460
https://doi.org/10.1016/j.jnoncrysol.2020.120047
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In fact, many production techniques lead to the formation of a non-perfectly 

homogeneous system. Indeed, certain compositional heterogeneity can be expected 

leading to a distribution of the physical properties rather than a sharp behavior 

characteristic of the theoretically pure system. This particularly affects the interpretation 

of amorphous samples or crystalline phases with broad compositional ranges. The 

knowledge of the parameters characterizing such distributions can help to reproduce a 

more realistic description of the samples’ behavior. 

Previous works using a distribution of Curie temperatures obtain the corresponding 

parameters (average value of the Curie temperature, 𝑇𝐶
̅̅ ̅, and its standard deviation, ∆𝑇𝐶) 

from a direct fitting of the temperature variation of the magnetization [16]. In this work, 

we show that even in the case of mean field approach, when a distribution of Curie 

temperatures is considered, not only 𝑇𝑝𝑘
𝑀𝐶𝐸 but also 𝑇𝑖𝑛𝑓 and the temperature at which 

paramagnetic susceptibility has its peak value, 𝑇𝑝𝑘
𝜒

, shift with respect to the average 

value of the Curie temperature distribution. This allows us to propose a quantitative 

procedure to obtain the parameters of the distribution using thermomagnetic and 

magnetocaloric measurements of the sample under study. The procedure is developed 

under the assumptions of the Brillouin equation of state and a Gaussian distribution of 

Curie temperatures. The applicability of the procedure is tested after a comparative 

study with the experimental results obtained for an amorphous Fe70Zr30 alloy prepared 

by mechanical alloying. 

 

2. Model based on a Gaussian distribution of Curie temperatures 

The proposed model should describe the behavior of the magnetization, magnetic 

susceptibility and MCE response in a compositionally inhomogeneous ferromagnetic 

https://doi.org/10.1016/j.jnoncrysol.2019.119460
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material. Assuming the existence of a non-unique Curie temperature, the Curie 

distribution has been described using a Gaussian distribution as: 

 𝜌(𝑇𝐶 , 𝑇𝐶
̅̅ ̅, ∆𝑇𝐶) =

1

√2𝜋∆𝑇𝐶
exp (−

1

2

(𝑇𝐶−𝑇𝐶̅̅ ̅̅ )2

∆𝑇𝐶
2 ) (2) 

where 𝑇𝐶
̅̅ ̅ is the average value of the Curie temperature and ∆𝑇𝐶 is the width of the 

distribution (standard deviation), respectively. 

Using this distribution of Curie temperatures, magnetization can be obtained by a 

superposition of individual Brillouin functions, 𝑀𝑆
𝑖𝑑𝑒𝑎𝑙: 

 𝑀(𝐻, 𝑇, 𝑇𝐶
̅̅ ̅, ∆𝑇𝐶) = ∑ 𝑀𝑆

𝑖𝑑𝑒𝑎𝑙(𝐻, 𝑇, 𝑇𝐶) 𝜌(𝑇𝐶 , 𝑇𝐶
̅̅ ̅, ∆𝑇𝐶)𝑇𝐶̅̅ ̅̅ +𝜖

𝑇𝐶=1 K  (3) 

where 𝜖 is the range of the distribution used in the calculation; beyond 𝑇𝐶
̅̅ ̅ + 𝜖 those 

contributions to the total magnetization are neglected.  

As temperature increases, some contributions become paramagnetic. The paramagnetic 

susceptibility 𝜒 for a single ideal contribution is zero for 𝑇 < 𝑇𝐶 and follows the Curie-

Weiss law for 𝑇 > 𝑇𝐶. Thus the general behavior of paramagnetic susceptibility has 

been built using a superposition of these contributions: 

 𝜒(𝐻, 𝑇, 𝑇𝐶
̅̅ ̅, ∆𝑇𝐶) =  ∑ 𝜒𝑖𝑑𝑒𝑎𝑙(𝐻, 𝑇, 𝑇𝐶) 𝜌(𝑇𝐶 , 𝑇𝐶

̅̅ ̅, ∆𝑇𝐶) 
𝑇𝐶̅̅ ̅̅ +𝜖
𝑇𝐶=1 K   (4) 

On the other hand, using the same idea, the magnetic entropy change can be expressed 

as: 

 ∆𝑆𝑀(𝐻, 𝑇, 𝑇𝐶
̅̅ ̅, ∆𝑇𝐶) =  ∑ ∆𝑆𝑀

𝑖𝑑𝑒𝑎𝑙(𝐻, 𝑇, 𝑇𝐶)  𝜌(𝑇𝐶 , 𝑇𝐶
̅̅ ̅, ∆𝑇𝐶) 

𝑇𝐶̅̅ ̅̅ +𝜖
𝑇𝐶=1 K   (5) 

The expressions described above were computed using Matlab for different values of 

∆𝑇𝐶 and for 𝑇𝐶
̅̅ ̅=300 K. In order to simplify the simulations, the same value of magnetic 

moment has been considered for each contribution. It has to be noticed that room 

https://doi.org/10.1016/j.jnoncrysol.2019.119460
https://doi.org/10.1016/j.jnoncrysol.2020.120047
https://doi.org/10.1016/j.jnoncrysol.2020.120047
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temperature is assumed in a first instance, 𝜖=200 K has been selected and the ∆𝑇𝐶 

values explored here are well below this value. 

Figure 1 shows a) simulated d𝑀(𝑇)/d𝑇 curves at 𝜇0𝐻=0 T using the derivative of Eq. 

3, b) 𝜒(𝑇) curves obtained from Eq. 4 and c) the simulated ∆𝑆𝑀(𝑇) curves at 𝜇0∆𝐻=1 T 

obtained from Eq. 5, as a function of the temperature for different values of ∆𝑇𝐶.With 

the increasing of ∆𝑇𝐶 the curves become broader and a shift of the peak temperature can 

be observed. While the inflection point in the temperature dependence of magnetization, 

𝑇𝑖𝑛𝑓, and the temperature corresponding to the maximum magnetocaloric effect, 𝑇𝑝𝑘
𝑀𝐶𝐸, 

shift to lower temperatures, the temperature of the peak of paramagnetic susceptibility 

𝑇𝑝𝑘
𝜒

 shifts to higher temperatures with respect to 𝑇𝐶
̅̅ ̅. 

The evolution of the peak temperatures of these magnitudes can be fitted to a second 

order polynomial function as a function of the broadening of the Curie temperature 

distribution as (see insets Fig. 1): 

 𝑇𝑖𝑛𝑓 − 𝑇𝐶
̅̅ ̅ = −1.056(5) ∆𝑇𝐶 + 0.0026(3) ∆𝑇𝐶

2
 (6) 

 𝑇𝑝𝑘
𝜒

− 𝑇𝐶
̅̅ ̅ = 0.571(9) ∆𝑇𝐶 + 0.0043(2) ∆𝑇𝐶

2
 (7) 

 𝑇𝑝𝑘
𝑀𝐶𝐸 − 𝑇𝐶

̅̅ ̅ = −0.709(15)∆𝑇𝐶 + 0.0014(4) ∆𝑇𝐶
2
 (8) 

Where the least square regression yields correlation coefficients of  𝑟2 =0.9998, 0.9999 

and 0.9995 for Eq. 6, 7 and 8, respectively and the errors are taken as the standard 

deviation. The coefficients in equations above do not depend on 𝑇𝐶
̅̅ ̅ in the explored 

range (200≤ 𝑇𝐶
̅̅ ̅ ≤400 K) and field dependences are avoided in our calculations using a 

maximum applied field of 𝜇0∆𝐻=1 T for the calculation of ∆𝑆𝑀(𝑇). Eqs. 6, 7 and 8 

yield 𝑇𝑖𝑛𝑓 < 𝑇𝑝𝑘
𝑀𝐶𝐸 < 𝑇𝐶

̅̅ ̅ < 𝑇𝑝𝑘
𝜒

. These results show that the use of both, the inflection 

point in the temperature dependence of magnetization and the temperature at which 

|∆𝑆𝑀| is maximum to determine the Curie temperature leads to an underestimation of 

https://doi.org/10.1016/j.jnoncrysol.2019.119460
https://doi.org/10.1016/j.jnoncrysol.2020.120047
https://doi.org/10.1016/j.jnoncrysol.2020.120047
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the average value of the distribution. Our simulations indicate that linear approaches 

should be good enough for ∆𝑇𝐶<40 K and simplify equations (6) to (8) as:  

𝑇𝑖𝑛𝑓 − 𝑇𝐶
̅̅ ̅ ~  − 1.017(6)∆𝑇𝐶   (𝑟2 = 0.9997); 𝑇𝑝𝑘

𝜒
− 𝑇𝐶

̅̅ ̅ ~ 0.455(14) ∆𝑇𝐶   (𝑟2 =

0.992) and 𝑇𝑝𝑘
𝑀𝐶𝐸 − 𝑇𝐶

̅̅ ̅ ~ − 0.686 (7) ∆𝑇𝐶  (𝑟2 = 0.9995).  

 

3. Comparison to experimental results 

In order to experimentally test the validity of the results derived from the proposed 

model, an amorphous alloy with Fe70Zr30 at.% composition was prepared by ball milling 

for 50 h at 350 rpm. The alloy phase structure was characterized by X-ray diffraction 

(Bruker D8 I, Cu-K𝛼 radiation) and by 
57

Fe Mössbauer spectroscopy in transmission 

geometry using a 
57

Co(Rh) source. Further milling parameters and a detailed 

microstructural evolution of the sample can be found elsewhere [17]. Magnetization 

curves were measured as a function of temperature using a maximum applied field of 

𝜇0𝐻=1.5 T in a Lakeshore 7407 vibrating sample magnetometer (resolution 2.5 emu). 

A Mettler Toledo XP 26 microbalance (resolution of 0.001 mg) was used to weight the 

samples. Saturation magnetization, 𝑀𝑆, and paramagnetic susceptibility, 𝜒, were 

obtained by fitting the experimental high-field magnetization curve to the law of 

approach to saturation [18]: 

 𝑀 = 𝑀𝑆 (1 −
𝑎

𝐻
−

𝑏

𝐻2) + 𝜒𝐻 (9) 

where 𝐻 is the internal field (demagnetizing field was corrected using a density of 7205 

kg/m
3
). Theoretically in Eq. 9, the value of the parameter 𝑎 is a measure of the 

structural inhomogeneities caused by defects within magnetic substances [19, 20] and 𝑏 

is related to the effective anisotropy [21]. Least square regression was applied to Eq. 9 

https://doi.org/10.1016/j.jnoncrysol.2019.119460
https://doi.org/10.1016/j.jnoncrysol.2020.120047
https://doi.org/10.1016/j.jnoncrysol.2020.120047
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for 𝑀/𝑀𝑆 values larger than 0.8. Magnetic entropy change has been calculated from 

isothermal magnetization curves performed with the help of the Magnetocaloric Effect 

Analysis Program [22]. Details of the correction of the demagnetizing factor and the 

MCE of the sample can be found elsewhere [23]. Figure 2 shows d𝑀𝑆/d𝑇, 𝜒 and ∆𝑆𝑀 

(at 𝜇0∆𝐻=1 T) for the studied sample with their corresponding peak temperature values. 

Combining Eqs. 6, 7 and 8 and using the experimental values (𝑇𝑖𝑛𝑓=230±3 K, 

𝑇𝑝𝑘
𝑀𝐶𝐸=237.5±2.5 K and 𝑇𝑝𝑘

𝜒
=265±3 K), the values of 𝑇𝐶

̅̅ ̅ and ∆𝑇𝐶 can be obtained. For 

example, using Eqs. 6 and 7, ∆𝑇𝐶=24±5 K. The same result is obtained with the other 

possible combinations of equations. On the other hand, introducing the calculated value 

of ∆𝑇𝐶 in one of the previous equations, 𝑇𝐶
̅̅ ̅=254±4 K is obtained. 

The distribution of Curie temperatures was experimentally measured from the thermal 

evolution of the paramagnetic fraction in Mössbauer spectra (Fig. 3). Two contributions 

were used to fit the experimental spectra: a small ferromagnetic site at ~33 T and a 

distribution of hyperfine fields (HFD). The discrete sextet represents the Fe 

environment in residual α-Fe bcc phase (~3% of Fe atoms). In the case of very low 

temperatures, the HFD is ascribed to Fe atoms in the amorphous phase with a lower 

Curie temperature than α-Fe and thus with lower hyperfine field contributions (HF<33 

T). As temperature increases, low field contributions collapse to a peak centered at 

HF~3 T. This peak actually corresponds to paramagnetic contributions. A more realistic 

model should fit these contributions using a quadrupolar distribution [17]. However, in 

order to avoid the errors derived from overlapping and taking into account that we are 

only interested in the fraction area, we have used the area of this low HF peak to 

account for the paramagnetic fraction of the sample. Moreover, the use of a unique 

distribution allows us to obtain a continuous description of the evolution of the 

Mössbauer spectra as a function of temperature.  

https://doi.org/10.1016/j.jnoncrysol.2019.119460
https://doi.org/10.1016/j.jnoncrysol.2020.120047
https://doi.org/10.1016/j.jnoncrysol.2020.120047
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The thermal evolution of the hyperfine field distributions P(Bhf) is shown in Fig. 4a. 

These P(Bhf) were fitted using three Gaussians distributions, one at HF~3 T (attributed 

to paramagnetic contribution) and two other assigned to truly ferromagnetic sites. The 

behavior of P(Bhf) (continuous and not abrupt transition above inflection point of the 

thermomagnetic curves ~230 K) has been previously reported in Fe-Zr alloys prepared 

by ball milling [24] and other techniques [25, 26]. Figure 4b shows the variation of the 

relative area of the paramagnetic component to the total area of P(Bhf) as a function of 

temperature. This component, 𝑋𝑝𝑎𝑟𝑎, has been fitted using the cumulative distribution 

function: 

 𝑋𝑝𝑎𝑟𝑎 =
1

2
 erfc (

𝑇𝐶̅̅ ̅̅ −𝑇

√2∆𝑇𝐶
)  (10) 

where erfc is the complementary error function. From the least square fitting to the data 

of figure 4b, the width and the average value of the Curie temperature distribution can 

be estimated as ∆𝑇𝐶=31±9 K and 𝑇𝐶
̅̅ ̅=252±5 K. These values are in good agreement 

with the values obtained from the proposed procedure (∆𝑇𝐶=24±5 K and 𝑇𝐶
̅̅ ̅=254±4 K) 

and supported it. Deviation found in the width of the distribution could be ascribed to a 

departure from mean field behavior of the system (both 𝑇𝑖𝑛𝑓 and 𝑇𝑝𝑘
𝑀𝐶𝐸 should shift to 

higher values [9]). On the other hand, considering Heisenberg critical exponents for a 

near neighbors interacting system, Arrot-Noakes equation of state [27], and limiting 

∆𝑇𝐶 to below 40 K, equations (6) and (7) for the shift of the peak temperatures are 

modified to: 

 (𝑇𝑖𝑛𝑓)
𝐻𝑏

− 𝑇𝐶
̅̅ ̅ ~ (−0.743 ± 0.009)∆𝑇𝐶 (11) 

 (𝑇𝑝𝑘
𝜒

)
𝐻𝑏

− 𝑇𝐶
̅̅ ̅ ~ (0.31 ± 0.02)∆𝑇𝐶 − (0.0035 ± 0.0006)∆𝑇𝐶

2
 (12) 

https://doi.org/10.1016/j.jnoncrysol.2019.119460
https://doi.org/10.1016/j.jnoncrysol.2020.120047
https://doi.org/10.1016/j.jnoncrysol.2020.120047
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with 𝑟2 =0.999 and 0.994, respectively. The subindex Hb indicates that a Heisenberg 

system is assumed. It is worth noticing that, in this case, the shift of both (𝑇𝑖𝑛𝑓)
𝐻𝑏

 and 

(𝑇𝑝𝑘
𝜒

)
𝐻𝑏

 is lower with respect 𝑇𝐶
̅̅ ̅. Using Eqs. (11) and (12) the parameters of the 

distribution can be estimated as (∆𝑇𝐶)𝐻𝑏=38±7 K and (𝑇𝐶
̅̅ ̅)𝐻𝑏=258±8 K. This leads to 

higher values than those derived from the proposed model using Brillouin equation and 

those derived from Mössbauer spectra are found in between the two models: long range 

interaction (mean field) and first neighbor interaction (Heisenberg), as expected. 

Figure 5 shows the experimental 𝑀𝑆(𝑇) data along with the simulated curves generated 

by Eq. 3 using the values determined from the fitting of 𝑋𝑝𝑎𝑟𝑎 (left) and those derived 

from the proposed procedure (right). The extreme curves defined by the error bars of the 

parameters of the distribution are also shown. The value of magnetic moment used in 

the simulations, 𝜇𝐹𝑒70𝑍𝑟30
=1.05𝜇𝐵, is the only free parameter and it is similar but below 

that found in the literature (1.19𝜇𝐵) [24]. Moreover, the ~3% Fe atoms into the residual 

α-Fe95Zr5 phase detected from Mössbauer spectroscopy [17] has been considered in the 

calculations assuming a magnetic moment of 2.2𝜇𝐵 per Fe atom. A good agreement 

between the experimental data and the simulated curves can be observed.  

 

4. Conclusions 

In this work, the thermomagnetic and magnetocaloric response in a compositionally 

inhomogeneous ferromagnetic material, characterized by a non-negligible distribution 

of Curie temperatures, are reproduced assuming a Gaussian distribution of the Curie 

temperatures and using a mean field approach based on the Brillouin function. We show 

that both the inflection point in the temperature dependence of magnetization and the 

temperature corresponding to the maximum magnetocaloric effect shift to lower 

https://doi.org/10.1016/j.jnoncrysol.2019.119460
https://doi.org/10.1016/j.jnoncrysol.2020.120047
https://doi.org/10.1016/j.jnoncrysol.2020.120047
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temperatures, while the temperature of the peak of paramagnetic susceptibility shifts to 

higher temperatures in such a case. These shifts can be fitted to a second order 

polynomial which supplies a quantitative procedure to identify 𝑇𝐶
̅̅ ̅ and the width of the 

distribution in an compositional inhomogeneous sample. The results have been tested 

by comparing with the experimental results of Mössbauer spectrometry as a function of 

temperature for an amorphous Fe70Zr30 alloy prepared by ball milling. Using this simple 

model, we succeed reproducing the results obtained from experiments.  
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Figure 1. a) Simulated d𝑀/d𝑇 curves obtained from derivative of Eq. 3 for different 

values of ∆𝑇𝐶. Inset: dependence of 𝑇𝑖𝑛𝑓 − 𝑇𝐶
̅̅ ̅ with ∆𝑇𝐶. b) Simulated paramagnetic 

susceptibility obtained from Eq. 4. Inset: dependence of 𝑇𝑝𝑘
𝜒

− 𝑇𝐶
̅̅ ̅ with ∆𝑇𝐶. c) 

Simulated magnetic entropy change curves at 𝜇0∆𝐻=1 T obtained from Eq. 5. Inset: 

dependence of 𝑇𝑝𝑘
𝑀𝐶𝐸 − 𝑇𝐶

̅̅ ̅ with ∆𝑇𝐶. All the curves have been obtained assuming that 

𝑇𝐶
̅̅ ̅=300 K. 
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Figure 2. Experimental results for mechanically alloyed Fe70Zr30 amorphous alloy. a) 

d𝑀/d𝑇 and b) paramagnetic susceptibility curves from the law of approach to 

saturation. c) Magnetic entropy change curve at 𝜇0∆𝐻=1 T. 
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Figure 3. Mössbauer spectra of Fe70Zr30 mechanically alloyed samples at various 

temperatures. The symbols correspond to the experimental data. Magenta line 

corresponds to the total fitting and the small green contribution to the remnant -Fe 

crystallites.  
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Figure 4. a) Probability distribution of hyperfine field distribution for the studied sample 

as a function of temperature. b) Evolution with temperature of the paramagnetic 

contribution. The hollow symbol corresponds to room temperature measurement from 

[17]. The discontinuous line corresponds to the fit of experimental data using the 

cumulative distribution function. 
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Figure 5. Experimental data (symbols) and simulated curves obtained from Mössbauer 

spectra (left) and from the procedure proposed here (right). The extreme curves defined 

by the error bars of the corresponding values of mean Curie temperature (𝑇𝐶
̅̅ ̅=252±5 K, 

left, 254±4 K, right) and width of the distribution are also shown. (∆𝑇𝐶=31±9 K, left, 

and 24±5 K, right) 
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Correction to “A procedure to obtain the parameters of Curie temperature distribution 

from thermomagnetic and magnetocaloric data” orginally published as J. Non-Cryst. 

Solids 520, 119460 (2019) 

A.F. Manchón-Gordón, L.M. Moreno-Ramírez, J.J. Ipus, J.S. Blázquez*, C.F. Conde, V. 

Franco, 

A. Conde 

*Corresponding author e-mail: jsebas@us.es 

We have detected a mistake in the published paper [1]. A factor of √2 was omitted in the 

Gaussian expansion used for the simulations. This implies that ∆𝑇𝐶 in equations (5), (6), (13) 

and (14) must be substituted by √2∆𝑇𝐶. As a consequence, the X-axis of the insets of Figure 1 

(a) and (b) in [1] correspond to ∆𝑇𝐶/√2. The new values derived are ∆𝑇𝐶=32±4 K and 

𝑇𝐶
̅̅ ̅=253±3 K. It is worth mentioning that the mistake found does not affect the conclusions 

presented in our previous work but the agreement between the experimental data and the fitted 

curve is improved. Figure 1 is the corrected version of figure 5 (right) in [1]. As observed, the 

fitting is improved.  
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