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Abstract

We present a calculation of magnetothermal properties and magnetocaloric effect (MCE) for the ferromagnetic elements:
Fe, Co, and Ni. In particular, we calculated the temperature and field dependences of magnetization, heat capacity, entropy,
isothermal entropy change AS,,, adiabatic temperature change AT, ,, and the two figures-of-merit: the relative cooling pow-
ers RCP(S) and RCP(T). We have used the mean-field theory in calculating the magnetization, magnetic heat capacity, and
magnetic entropy. The lattice and electronic contributions to the total heat capacity and entropy were calculated using standard
relations to subsequently calculate AT,;. Those contributions depend on the Debye temperature ©p, and the coefficient of the
electronic heat capacity vy, respectively. The Maxwell relation is used to calculate AS,, and AT,,. As an example of our results,
the maximum AS,, for the three elements, in 6 T, is between 0.17 to 0.36 J/mol K and the maximum AT, is between 0.46 to
1.5 K/T for the same field change. The relative cooling power RCP(S) is in the 15-36 J/mol range for the three elements in a
6 T field. Also, the relative cooling power, RCP (T), is in the 162—-1044 K 2 range for the same field. For Fe and Co the RCP
(T) per Tesla values, i.e., 139 and 174 K2 /T respectively are comparable to that of Gd and other Gd-based magnetocaloric
materials. The behavior of the magnetization, magnetic heat capacity, and magnetic entropy shows that the phase transition
in these three elements is of the second order. The universal curve and Arrott plots further support this conclusion.
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1 Introduction

The interest in the physical properties of the 3d elements is
an old endeavor [1 and the references therein]. For example,
studies on the magnetic, electronic, and elastic properties
have been reported [2—10]. Works on the phase transition in
Fe under pressure [2] and the dependence of the magneti-
zation on temperature for iron nanoparticles [3] have been
done.

Classical models, e.g., a model based on the premises of
classical statistical mechanics, have been used to investigate
the anisotropic magnetic properties of the 3d elements and
their compounds [4, 10] and the size-dependent magnetic
properties of elements, e.g., Fe and Gd [5, 6]. Recently, the
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anisotropic magnetocaloric effect (AMCE) in Fe has been
reported [6]. Both of the mean-field model and a Hubbard-
like model Hamiltonian, where electron—electron interac-
tion is taken into account within the mean-field theory, were
reported [7, 8]. The effect of high magnetic field on the
magnetocaloric effect was reported by Tishin [9].

In the present paper, we present a detailed calculation, for
Fe, Ni, and Co, of the magnetic, magnetothermal, e.g., heat
capacity and entropy, and the magnetocaloric properties:
the isothermal change in entropy and the adiabatic change
in temperature. The relative cooling powers are also calcu-
lated and compared with bench-mark Gd and other Gd-based
compounds. The nature of the magnetic phase transition in
these elements is also investigated, in the light of the tem-
perature and field dependences of the aforementioned prop-
erties, together with the Arrott plots and universal curves.
At the end, we report on the temperature dependence of the
magnetization and the isothermal change in entropy, for
amorphous Fe, and compare these properties with its coun-
terparts in crystalline Fe.
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2 Model and Analysis

In the mean-field theory (MFT) [11-17], the interaction
between the magnetic moments is taken into consideration and
is represented as a uniform internal (mean) field. The origin
of the internal field, as described by Heisenberg, is the scalar
product of spin operators. The internal field could be evalu-
ated, from the magnetization, through a self-consistent calcu-
lation, unlike systems of non-interacting moments, e.g., para-
magnetic systems where no internal field exists. The effective
field is the sum of the external applied field and the internal
field. There are some limitations, however, of the mean-field
model at very low temperatures due to spin waves excitation
and around the Curie temperature due to critical fluctuations.
Albeit this limitation, the mean-field theory proved to be suit-
able in handling different crystalline and amorphous systems
with up to three sublattices.
The effective magnetic field H,; of any of the elements:

Fe, Ni, and Co can be expressed as follows:

H,(T) = H + d|n,M(T)] 1)

where H is the external applied magnetic field and M(T) is the
magnetic moment at temperature 7. The factor d = N,puz /A
converts the atomic moment from 5 to Gauss, where A is the
atomic mass in g per mole, p is the density in g/cm?, N, is
Avogadro’s number and the molecular field coefficient 7, is
dimensionless, and the symbol # stands for either Fe, Co, or Ni.

The magnetic moment M (7, H) of any of the three ele-

ments is given by the equation:
M(T,H) = M;B,(x) 2)

where B,(x) is the Brillouin function:

2J+1 2J+1 1 X
S coth( ) - 55coth( )
B==5; 27 275\ 27 )
_ MH
KT @
J is the total angular momentum quantum
number.
M; = gugJ the magnetic moment per atom.

From the following Maxwell relation, the magnetic
entropy change is calculated [11]:

oS(T)\ _ [ oM(T)
oH ), \ orf /J,

Hy
AS,(T) = /H 2D dH ®)
0
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The above integral could be cast into a summation by
using the well-known trapezoidal rule [18, 19]:

Mi+1(Hi+1» Ti+1) Mi(Hi’ Ti)AHi
Ty T,
(6)
The total heat capacity C,,, includes three contributions:
the magnetic heat capacity C,,, the lattice heat capacity C,,
and the electronic heat capacity C, [20].

AS (T) Zl+1

Cmt = Cm + Cl + Ce (7)

First, from the temperature derivative of the magnetic
energy, we can calculate the magnetic contribution to heat
capacity:

Uy = =5, MT) ®)
C, (T ol 9
A1) = = ©)

From the integration of the magnetic heat capacity, the
magnetic entropy may be calculated as follows:

T
S, (T) = / “Dar (10)
0

The theoretical maximum of the magnetic entropy is
given by [11]

S, (max) =R Ln(2J + 1) 1r)

where R is the gas constant.
Second, the lattice contribution to heat capacity is cal-
culated from the Debye model [21, 22]:

=9N, k(—) / (12)
(e¥ — 1)

where y = 0p/7 and 8, is Debye temperature.
Third, the electronic heat capacity is proportional to
temperature and is given by [23]:

C. = 1.T = (#2/3)N, N(E)T (3

where y, is the electronic heat capacity coefficient and N (Ef)
is the density-of-states at Fermi energy.

From Gibb’s free energy, the Landau—Ginsburg theory
is expressed as follows [24, 25]:

F = % A(TM? + %tB(T)M4 + éC(T)M6 -MH (14)
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The magnetic entropy change is:

dF\ _ _1dA) o 1dB(D)
ar

2 dT 4 dT
(15)
From the equilibrium condition at 7, % = 0 the magnetic
equation of state is:

H =AM +B(T)M> + ... (16)
L A(T) + B(T)M? + 17)
7

where A(T) and B(T) are Landau’s coefficients.
The adiabatic temperature change [20, 26] can be calculated
from the following:

Hf

AT, - / T__OMT.H
C,(T.H oT
H

0

(18)

By using the Arrott-Belov—Kouvel (ABK) [27-29], the
Arrott plots, i.e., the M? vs H/M plot, in the ferromagnetic
region at different temperatures close to 7, can be used to
estimate the spontaneous magnetization and the Curie tem-
perature. The Arrott plots are also used to determine the
order of the phase transition involved, i.e., a second-order
(SOPT) or a first-order phase transition (FOPT), from the
sign of the plots slopes. Namely, positive slopes indicate
SOPT, whereas negative slopes or s-shaped slopes indicate
FOPT [30, 31].

The relation between AS,, /AS?* and @ is well known as
the universal curve [32], one may choose the reference tem-
perature T, such that:

AS, (T,) = 0.7A87«* (19)
where 0 is defined by:
0=(T-T)/(T,-T,) (20)

The relative cooling power RCP(S) [17, 33] is defined as
follows:

RCP(S) = AS,,,(T) X 6T pyypm 2D
where 6T gy, 1s the full width at half maximum of the mag-
netic entropy change curve and AS,,,(T) is the maximum
magnetic entropy change.

Another figure-of-merit for the magnetocaloric materials is

the RCP (7) defined as [33, 34]:
RCP(T) = AT, X 6Ty (22)

where 6Ty, is the full width at half maximum of the AT,
vs. T plot.

3 Results and Discussion
3.1 Magnetization
Figure la—c display the calculated magnetic moment as

function of temperature for Fe, Ni, and Co respectively
in fields of 0 and 5 T. The magnetic moment at very low
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Fig. 1 a Magnetic moment dependence on temperature, in 0 and 5 T,
for Fe. b Magnetic moment dependence on temperature, in 0 and 5 T,
for Ni. ¢ Magnetic moment dependence on temperature in 0 and 5 T,
for Co
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Fig.2 Magnetic specific heat of Ni vs. temperature, in different fields

temperatures and the Curie temperatures of these three
elements agree very well with experimental data, e.g., the
magnetic moments are 2.2, 0.6, and 1.7 pg and T, values are
1040, 630, and 1400 K respectively. Although the data in
Fig. 1 are well known, we have found it necessary to show
in order to demonstrate the fair success of the MFT theory.
It is well known that both AS,, and AT, do depend on the
temperature derivative of the magnetization at constant field
and therefore on the MFT-calculated magnetization.

3.2 Magnetic Heat Capacity and Entropy

The magnetic contribution to heat capacity has been calcu-
lated from the magnetic energy (Eqgs. 8 and 9). The magnetic
specific heat of Ni is shown in Fig. 2 in a temperature range
up to 700 K. The field dependence, at T,, is clearly that of
materials with SOPT [35]. The magnetic specific heat of Fe
and Co show similar behavior.

The temperature dependence of the magnetic entropy of
the three elements, in zero field, is shown in Fig. 3. The
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o
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Fig.3 Magnetic entropy of Fe, Ni, and Co, in zero field
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with those calculated from the Eq. 11 e.g. [36]. The agree-
ment is excellent as shown in Table 1.

3.3 The Isothermal Change in Entropy

The temperature dependence of the isothermal change in
entropy for field changes 2, 4, 6, and 8 T, calculated from
Maxwell relation via the trapezoidal method (Eqgs. 5 and 6),
is shown in Fig. 4a—c.

Table 2 lists both AS and RCP values in a 6 T field
change. Moreover, the features of the temperature and field
dependences of AS are those of SOPT materials [35].

We listed in Table 2 the isothermal change in entropy [18]
and the corresponding (Eq. 21) RCP values in J/mol, for the
three elements, in a 6 T field.

de Oliveira [37] used an itinerant electron model to study
MCE in Fe, Co, Ni, and YFe;. For the three elements, he
reported AS,,,, of nearly: 8, 4, and 4 J/kg Kina 2.16 T field.
These are 0.447, 0.235, and 0.236 J/mol K respectively. These
values are about 2—3 times larger than our mean-field values.

3.4 The Adiabatic Change in Temperature

The adiabatic change in temperature for the three elements
is shown in Fig. 5a—c in different magnetic fields.

The values of AT,,, (K) for the three elements, as
reported by De Oliveira [37], are in the range 2.5-5 K for
fields in the range 2.16-3 T. Our values are in the range
1-7 K for fields in the range 2—4 T.

The RCP/AH values shown in Table 3 are to be com-
pared with those of known materials, in the same units of
course, e.g., 161.2 for Gd in 6 T, 96.0 for Gds Si , o6 Ge; o4
in 5T, 109.2 for GdsSi, in 5 T, and 145.1 for Gd,Bi; in
10 T [33, 38].

3.5 High Field Effects
Figure 6a shows AS,, for Fe in fields up to 300 T. Two features

of this figure are firstly, the peak temperature 7., coincides
with T, even for these high fields using the present mean-field
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Fig.4 a Isothermal change in entropy for Fe in different fields. b Iso-
thermal change in entropy for Ni in different fields. ¢ Isothermal
change in entropy for cobalt in different fields

calculation. This has been reported by [39], using numerical cal-
culation, but for much lower fields (<1.5 T). However, Franco

Table 2 Maximum isothermal entropy change and RCP(S), in 6 T, for
the three elements

Element St (K) AS,,. [J/mol.K] RCP (J/mol)
Fe 101.2 0.3572 36.15
Ni 89.9 0.1738 15.62
Co 113 0.2309 26.09

10t

AT[K]
o

1300 1250 1300 1350 1400 1450 1500
T[K]
C

Fig.5 a Adiabatic change in temperature vs. temperature for Fe in
different fields. b Adiabatic change in temperature vs. temperature for
Ni in different fields. ¢ Adiabatic change in temperature vs. tempera-
ture for cobalt in different fields

et al. showed, by using the Heisenberg model, that T}, > T...
Secondly, the curves become more flat, i.e. the FWHM of any
given curve, in case of using high fields, becomes larger.

The adiabatic change in temperature, in high fields, has
been studied by Tishin [9]. Figure 6b shows our results for
Fe in fields of 20, 40, 60, and 100 T. It is clear from that the

@ Springer
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Table 3 Adiabatic change in temperature, RCP (T) in 6 T field and
RCP (T) per tesla

Element  8pyy (K) AT, (K) RCP(K?») RCP/AH (K¥T)
Fe 92 9.09 836.28  139.38

Ni 57.1 2.844 162.39 27.065

Co 121 8.63 104423 174.038

maximum of AT, shifts as the field increases. The same
trend is found for Co.

3.6 Arrott Plots and the Universal Curves

The Arrott plots are used to study the nature of the phase
transition [28, 29] and the itinerant nature [9] of the elec-
trons in Fe, Co, and Ni. Weak itinerant nature was found
for Fe. The straight lines of the same slopes and the values
of M? in zero field (Fig. 7) are indicative of weak itinerant
nature according to Eq. 23 [40]. We have found that the
percentage error between M? values in zero field is in the
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Fig.6 a Isothermal entropy change vs. temperature, for Fe, in fields
of: 20, 100, and 300 T. b Adiabatic change in temperature vs. tem-
perature, for Fe, in fields of: 20, 40, 60, and 100 T
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3.4-19% as calculated from the mean-field theory and from
the following equation:

M(H,T)* = M(0.0) [(1 - T—2> + (23)

2xoH
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Figure 8a, b display the universal curves for Fe and Ni
respectively. The features are clearly those of SOPT. In
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Fig. 8 a The universal curve for Fe. b The universal curve for Ni
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Fig.9 The magnetization dependence on temperature, in zero field,
for amorphous Fe

materials with FOPT, the low temperature (O <0) curves
do not collapse but clearly diverge as the field changes [41].

3.7 Amorphous Fe

The amorphous alloys are known to have advantages in
the field of magnetic refrigeration due to several factors
[42]. Because of these advantages, we have calculated
the temperature dependence of the magnetic moment in
amorphous Fe using the mean-field model as well. Figure 9
displays our calculation. The exchange coefficient between
Fe atoms in the amorphous case is much less (~30%) than
its crystalline counterpart as reported by Grinstaff [43].
Both of the magnetic moment, at very low temperatures,
and the Curie temperature are significantly reduced rela-
tive to crystalline Fe. In particular, 7, is about 580 K and
the magnetic moment is about 1.6 pg.
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Fig. 10 The isothermal change in entropy for amorphous Fe

We have calculated the isothermal entropy change for
a-Fe. The results are shown in Fig. 10. The curves also
have their maximum at 7, but their maxima AS are close
to those of crystalline Fe, in the same field.

The absence of data on the total heat capacity of a-Fe,
up to our knowledge, does not enable us to calculate the
adiabatic change in temperature and compare it with that
of crystalline Fe.

4 Conclusions

We have calculated the thermomagnetic and the magneto-
caloric properties for Fe, Co and Ni using the mean-field
theory. The isothermal entropy change AS,, has been cal-
culated using Maxwell’s relation. The highest ordinary
AS,, for Fe, Co, and Ni, respectively, is 0.3, 0.23, and 0.17
J/molK for a magnetic field change of 6 T. The adiabatic
temperature change AT, for Fe, Co, and Ni respectively,
is 9, 8.6, and 2.8 K for a magnetic field change of 6 T. The
relative cooling power RCP (T) is fairly comparable to
those of Gd and some Gd-based MCE materials. Amor-
phous Fe has much less Curie temperature and a smaller
spontaneous magnetic moment than its crystalline counter-
part; however, its isothermal entropy change is comparable
to crystalline Fe. The temperature and field dependences
of the magnetization, magnetic entropy, magnetic specific
heat, Arrott plots, and universal curves showed that the
phase transition in these three elements is of the second
order. The mean-field theory proved to be appropriate for
calculating the abovementioned properties.

Funding Open access funding provided by The Science, Technology &
Innovation Funding Authority (STDF) in cooperation with The Egyp-
tian Knowledge Bank (EKB).

Declarations
Conflict of Interest The authors declare no conflict of interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

@ Springer


http://creativecommons.org/licenses/by/4.0/

1462

Journal of Superconductivity and Novel Magnetism (2023) 36:1455-1463

References

10.

11.

12.

13.

14.

15.

16.

17.

18.

Wohlfarth, E.P.: Editor. Handb. Ferromagn. Mater. 1, 1 (1990).
https://doi.org/10.1016/S1574-9304(05)80116-6

Zeng, Z.Y., Hu, Cui.E., Chen, Q., Cai, L.C., Jing, F.: Magnetism
and phase transitions of iron under pressure. J. Phys. Condens.
Matter. 20, 425217 (2008). https://doi.org/10.1088/0953-8984/
20/42/425217

Zhang, D., Klabunde, K.J., Sorensen, C.M., Hadjipanayis, G.C.: Mag-
netization temperature dependence in iron nanoparticles. J. Phys. Rev.
58, 14167 (1998). https://doi.org/10.1103/PhysRevB.58.14167

Aly, S.H., Yehia, S., Soliman, M., EL-Wazzan, N.: A statis-
tical mechanics-based model for cubic and mixed-anisotropy
ferromagnetic systems J. Magn. Magn. Mater. 320, 276 (2008).
https://doi.org/10.1016/j.jmmm.2007.5.033

Aly, S.H.: A theoretical study on size-dependent magnetic
properties of Gd particles in the 4-300 K temperature range. J.
Magn. Magn. Mater. 222, 368 (2000). https://doi.org/10.1016/
S0304-8853(00)00510-2

Halool, N.A., Aly, S.H., et al.: The anisotropic magnetocaloric
effect and size-dependent magnetic properties of iron particles.
J. Supercond. Nov. Magn. 35, 2881-2888 (2022). https://doi.
org/10.1007/s10948-022-06320-7

De Oliveira, N.A., von Ranke, P.J.: Theoretical aspects of the
magnetocaloric effect. Phys. Rep. 489, 89 (2010). https://doi.
org/10.1016/j.physrep.2009.12.006

De Oliveira, N.A.: Magnetocaloric effect in systems of itinerant
electrons: application to Fe Co, Ni, YFe2 and YFe3 compounds. J.
Alloys. Compd. 403, 45 (2005). https://doi.org/10.1016/j.jallcom.
2005.05.014

Tishin, A.: Magnetocaloric effect in strong magnetic fields. Cryogen-
ics. 30, 127 (1990). https://doi.org/10.1016/0011-2275(90)90258-E
Khedr, D.M., Aly, S.H., Shabara, R.M., Yehia, S.: On the mag-
netization process and the associated probability in anisotropic
cubic crystals. J. Magn. Magn. Mater. 430, 103 (2017). https://
doi.org/10.1016/.jmmm.2017.01.011

Tishin, A.M., Spichkin, Y.I.: The magnetocaloric effect and its
applications. 1-3 (2003). ISBN: 0-7503-0922-9. https://doi.org/
10.1201/9781420033373

Huang, R.W., Zhang, Z.W., Bin, H., Zhang, K.A., Sun, X.K.,
Chuan, Y.C.: Molecular field theory analysis of magnetic prop-
erties and the temperature dependence of the exchange field of
RFel0V2 (R = Nd, Gd, Dy, Tb, Er, Ho, Tm, Lu) compounds.
119(1-2), 180-186, (1993). ISSN03048853. https://doi.org/10.
1016/0304-8853(93)90519-8

Abu Elnasr, R., Aly, S.H., Yeshia, S., et al.: Magnetothermal
properties and magnetocaloric effect in R3Co11B4. Supercond.
Nov. Magn. 35, 2555-2562 (2022). https://doi.org/10.1007/
$10948-022-06298-2

Kervan, S.: Exchange interactions in Gd1-xCexMn2Ge2 com-
pounds. J. Alloys Compd. 368(1-2), 8—12 (2004). https://doi.
org/10.1016/jjallcom200307012

Herbst, J., Croat, J.: Magnetization of R6Fe2 3 intermetallic
compounds: molecular field theory analysis. J. Appl. Phys. 55,
3023-3027 (1984). https://doi.org/10.1063/1.333293

Amaral, J.S., Amaral, V.S., Das, Sanjoy.: The mean-field the-
ory in the study of ferromagnets and the magnetocaloric effect.
(2011). https://doi.org/10.5772/21595

Xiang-Mu, Z., Rui-Wang, H., Zhong-Wu, Z.: Molecular field
theory analysis of R3Col11B4 compounds. J. Magn. Magn.
Mater. 241, 131-136 (2002). https://doi.org/10.1016/S0304-
8853(01)01051-4

Pecharsky, V.K., Gschneidner, K.A.: Magnetocaloric effect from
indirect measurements magnetization and heat capacity. J Appl
Phys. 86(1), 565-575, (1999). ISSN 0021-8979

@ Springer

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Amaral, J.S., Amaral, V.S.: On estimating the magnetocaloric
effect from magnetization measurements. J. Magn. Magn.
Mater. 322(912), 15527 (2010). https://doi.org/10.1016/j.jmmm.
2009.06.013

de Oliveira, N.A., Von Ranke, P.J.: Theoretical aspects of the
magnetocaloric effect. Phys. Rep. 489, 89-159 (2010). https://
doi.org/10.1016/j.physrep.2009.12.006

Anderson, O.L.: A simplified method for calculating the Debye
temperature from elastic constants. J. Phys. Chem. Solid. 24,
909-917 (1963). https://doi.org/10.1016/0022-3697(63)90067-2
Debye, P.: On the theory of specific heats. Ann. Phys. 344, 789—
839 (1912). https://doi.org/10.1002/andp.19123441404

Kittel, C., McEuen, P., McEuen, P.: Introduction to solid state
physics. Wiley, New York 7 edition (1996). ISBN: 0—471-11181-3
Amaral, V.S., Amaral, J.S.: Magnetoelastic coupling influence on the
magnetocaloric effect in ferromagnetic materials. J. Magn. Magn.
Mater. 272, 2104 (2004). https://doi.org/10.1016/j.jmmm.2003.12.870
Phong, P.T., Dang, N.V., Bau, L.V., An, N.M., Lee, 1.J.: Landau
mean-field analysis and estimation of the spontaneous magneti-
zation from magnetic entropy change in La0.7Sr0.3MnO3 and
La0.7Sr0.3Mn0.95Ti0.0503. J. Alloys Compd. 698, 451-459
(2017). https://doi.org/10.1016/j.jallcom.2016.12.235

Smith, A., Bahl, C., Bjgrk, R., Engelbrecht, K., Nielsen, K.K.,
Pryds, N.: Materials challenges for high performance magneto-
caloric refrigeration devices. Adv. Energy. Mater. 2, 1288-1318
(2012). https://doi.org/10.1002/aenm.201200167

Dunhui, W., Shaolong, T., Songling, H., Jing, Z., Youwa, D.:
The magnetic phase transition and the low-field Arrott plots of
(GDxDy1-x)Co2 compounds. J. Magn. Magn. Mater. 268(1-2),
70-74, (2004). ISSN 0304-8853 https://doi.org/10.1016/S0304-
8853(03)00474-8

Yeung, 1., Roshko, R.M., Williams, G.: Arrott-plot criterion
for ferromagnetism in disordered systems. Phys. Rev. B. 34,
34563457 (1986). https://doi.org/10.1103/PhysRevB.34.3456
Neumann, K.U., Ziebeck, K.R.A.: Arrott plots for rare earth alloys
with crystal field splitting. J. Magn. Magn. Mater. 140-144(2),
967-968, (1995). ISSN 0304-8853. https://doi.org/10.1016/0304-
8853(94)00559-1.

Banerjee, B.K.: On a generalized approach to first and second
order magnetic transitions. Phys. Lett. 12, 16—-17 (1964). https://
doi.org/10.1016/0031-9163(64)91158-8

Emre, B., Dincer, 1., Elerman, Y.: Magnetic and magnetocaloric
results of magnetic field induced transitions in La, _ Ce Mn,Si,
(x=0.35 and 0.45)compounds. J. Magen. Magen. Mater. 322(4),
44853 (2010). https://doi.org/10.1016/j.jmmm.2009.09.074
Wang, G.F., Ren, W., Yang, B.Y.: Study on magnetocaloric effect
and phase transition in La, ;(LaCe), ;Fe Al;, 5_,Si, 5 alloys. Inter-
metallies. 136, 1072699 (2021). https://doi.org/10.1016/j.intermet.
2021.107269

Gschneidner, K.A. Jr., Pecharsky, V.K.: Intermetallic compounds:
principles and practice, ch.25. Magnetic refrigeration. John Wiley
& Sons (2002). https://doi.org/10.1002/0470845856.ch25
Gschneidner, K.A. Jr., Pecharsky, V.K.: Magnetocaloric Materi-
als. Journal Article. Annu. Rev. Mater. Sci. 30(1), 387429 (2000).
https://doi.org/10.1146/annurev.matsci.30.1.387

Lyubina, J.: Magnetocaloric materials for energy efficient cool-
ing. J. Phys. D: Appl. Phys. 50, 053002 (2017). https://doi.org/10.
1088/1361-6463/50/5/053002

Tanoue, S., Gschneidner, K.A., Jr., McCallum, R.W.: A study of
the magnetic properties of Gd3Pd4 in applied magnetic fields.
J. Magn. Magn. Mater 103, 129 (1992). https://doi.org/10.1016/
0304-8853(92)90246-K

de Oliveira, N.A.: Magnetocaloric effect in systems of itinerant elec-
trons: application to Fe, Co, Ni, YFe2 and YFe3 compounds. J. Alloys
Compd. 403, 45 (2005). https://doi.org/10.1016/j.jallcom.2005.05.014


https://doi.org/10.1016/S1574-9304(05)80116-6
https://doi.org/10.1088/0953-8984/20/42/425217
https://doi.org/10.1088/0953-8984/20/42/425217
https://doi.org/10.1103/PhysRevB.58.14167
https://doi.org/10.1016/j.jmmm.2007.5.033
https://doi.org/10.1016/S0304-8853(00)00510-2
https://doi.org/10.1016/S0304-8853(00)00510-2
https://doi.org/10.1007/s10948-022-06320-7
https://doi.org/10.1007/s10948-022-06320-7
https://doi.org/10.1016/j.physrep.2009.12.006
https://doi.org/10.1016/j.physrep.2009.12.006
https://doi.org/10.1016/j.jallcom.2005.05.014
https://doi.org/10.1016/j.jallcom.2005.05.014
https://doi.org/10.1016/0011-2275(90)90258-E
https://doi.org/10.1016/j.jmmm.2017.01.011
https://doi.org/10.1016/j.jmmm.2017.01.011
https://doi.org/10.1201/9781420033373
https://doi.org/10.1201/9781420033373
https://doi.org/10.1016/0304-8853(93)90519-8
https://doi.org/10.1016/0304-8853(93)90519-8
https://doi.org/10.1007/s10948-022-06298-2
https://doi.org/10.1007/s10948-022-06298-2
https://doi.org/10.1016/jjallcom200307012
https://doi.org/10.1016/jjallcom200307012
https://doi.org/10.1063/1.333293
https://doi.org/10.5772/21595
https://doi.org/10.1016/S0304-8853(01)01051-4
https://doi.org/10.1016/S0304-8853(01)01051-4
https://doi.org/10.1016/j.jmmm.2009.06.013
https://doi.org/10.1016/j.jmmm.2009.06.013
https://doi.org/10.1016/j.physrep.2009.12.006
https://doi.org/10.1016/j.physrep.2009.12.006
https://doi.org/10.1016/0022-3697(63)90067-2
https://doi.org/10.1002/andp.19123441404
https://doi.org/10.1016/j.jmmm.2003.12.870
https://doi.org/10.1016/j.jallcom.2016.12.235
https://doi.org/10.1002/aenm.201200167
https://doi.org/10.1016/S0304-8853(03)00474-8
https://doi.org/10.1016/S0304-8853(03)00474-8
https://doi.org/10.1103/PhysRevB.34.3456
https://doi.org/10.1016/0304-8853(94)00559-1
https://doi.org/10.1016/0304-8853(94)00559-1
https://doi.org/10.1016/0031-9163(64)91158-8
https://doi.org/10.1016/0031-9163(64)91158-8
https://doi.org/10.1016/j.jmmm.2009.09.074
https://doi.org/10.1016/j.intermet.2021.107269
https://doi.org/10.1016/j.intermet.2021.107269
https://doi.org/10.1002/0470845856.ch25
https://doi.org/10.1146/annurev.matsci.30.1.387
https://doi.org/10.1088/1361-6463/50/5/053002
https://doi.org/10.1088/1361-6463/50/5/053002
https://doi.org/10.1016/0304-8853(92)90246-K
https://doi.org/10.1016/0304-8853(92)90246-K
https://doi.org/10.1016/j.jallcom.2005.05.014

Journal of Superconductivity and Novel Magnetism (2023) 36:1455-1463

1463

38.

39.

40.

41.

Pecharsky, V.K., Gschneidner Jr, K.A.: Magnetic Materials. 30, 387429
(2000). https://doi.org/10.1146/annurev.matsci.30.1.387

Franco, V., Conde, A.: Scaling laws for the magnetocaloric effect
in second order phase transitions: from physics to applications for
the characterization of materials. Int. J. Refrig. 33, 465 (2010).
https://doi.org/10.1016/j.ijrefrig.2009.12.019

Mohn, P.: Magnetism in the solid state. Springer (2006). http://
library.jsu.ac.ir/dL/search/default.aspx?Term=828 & Field=0&
DTC=109

Ho, T.A.,Lim, S. H., Phan, T. L., Yu, S.C.: Universal curves in assess-
ing the order of magnetic transition of La0.7—xPrxCa0.3MnO3 com-
pounds exhibiting giant magnetocaloric effect. J. Alloys Compd. 692,
687 (2017). https://doi.org/10.1016/j.jallcom.2016.09.097

42.

43.

Elkenany, M.M., Aly, S.H., Yehia, S.: Magnetothermal proper-
ties and magnetocaloric effect in transition metal-rich Gd-Co and
Gd-Fe amorphous alloys. Cryogenics. 123, 103439 (2022). https://
doi.org/10.1016/j.cryogenics.2022.103439

Grinstaff, M.W, Salamon, M.B., Suslick, K.S.: Magnetic proper-
ties of amorphous iron. Phys. Rev. B. 48, 269 (1993). https://doi.
org/10.1103/PhysRevB.48.269

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1146/annurev.matsci.30.1.387
https://doi.org/10.1016/j.ijrefrig.2009.12.019
http://library.jsu.ac.ir/dL/search/default.aspx?Term=828&Field=0&DTC=109
http://library.jsu.ac.ir/dL/search/default.aspx?Term=828&Field=0&DTC=109
http://library.jsu.ac.ir/dL/search/default.aspx?Term=828&Field=0&DTC=109
https://doi.org/10.1016/j.jallcom.2016.09.097
https://doi.org/10.1016/j.cryogenics.2022.103439
https://doi.org/10.1016/j.cryogenics.2022.103439
https://doi.org/10.1103/PhysRevB.48.269
https://doi.org/10.1103/PhysRevB.48.269

	Magnetothermal Properties and Magnetocaloric Effect in the 3d Ferromagnetic Elements: Fe, Co, and Ni
	Abstract
	1 Introduction
	2 Model and Analysis
	3 Results and Discussion
	3.1 Magnetization
	3.2 Magnetic Heat Capacity and Entropy
	3.3 The Isothermal Change in Entropy
	3.4 The Adiabatic Change in Temperature
	3.5 High Field Effects
	3.6 Arrott Plots and the Universal Curves
	3.7 Amorphous Fe

	4 Conclusions
	References


