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Based on the force–heat equivalence energy density principle, a theoretical model for magnetic metallic materials
is developed, which characterizes the temperature-dependent magnetic anisotropy energy by considering the equivalent
relationship between magnetic anisotropy energy and heat energy; then the relationship between the magnetic anisotropy
constant and saturation magnetization is considered. Finally, we formulate a temperature-dependent model for saturation
magnetization, revealing the inherent relationship between temperature and saturation magnetization. Our model predicts
the saturation magnetization for nine different magnetic metallic materials at different temperatures, exhibiting satisfactory
agreement with experimental data. Additionally, the experimental data used as reference points are at or near room temper-
ature. Compared to other phenomenological theoretical models, this model is considerably more accessible than the data
required at 0 K. The index included in our model is set to a constant value, which is equal to 10/3 for materials other than
Fe, Co, and Ni. For transition metals (Fe, Co, and Ni in this paper), the index is 6 in the range of 0 K to 0.65Tcr (Tcr is
the critical temperature), and 3 in the range of 0.65Tcr to Tcr, unlike other models where the adjustable parameters vary
according to each material. In addition, our model provides a new way to design and evaluate magnetic metallic materials
with superior magnetic properties over a wide range of temperatures.

Keywords: magnetic metallic materials, temperature dependent, saturation magnetization, modeling
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1. Introduction
Magnetic metallic materials are essential functional ma-

terials in modern society.[1] They are widely used as mag-
netic storage materials in devices, for instance, hard disks,
which serve as representative magnetic storage devices for
recording, reading, and processing data.[2–4] In addition, mag-
netic metallic materials make substantial contributions to di-
verse domains, including rail transport (electric motors in
automobiles[5]), aerospace (permanent magnet machines[6]),
medicine (magnetic resonance imaging (MRI) scanners[7]),
and beyond.[8–14] Nevertheless, magnetic metallic materials
frequently experience temperature variations in these afore-
mentioned applications. This becomes particularly critical
when the material reaches its critical temperature, as the
magnetic metallic material will then cease to function effec-
tively. Saturation magnetization, denoting the maximum mag-
netization attainable when magnetic metallic materials un-
dergo magnetization within an applied magnetic field, stands
as a critical physical parameter employed to assess material
performance.[15] A key point to note is that saturation mag-
netization is strongly influenced by temperature; it gradually
decreases as the temperature increases, and once the critical
temperature is reached, the saturation magnetization drops to

zero. Therefore, investigation of the temperature dependence
of saturation magnetization is vital to comprehend the safety
and reliability of magnetic metallic materials in practical ap-
plications. It is necessary to establish a quantitative relation-
ship between saturation magnetization and temperature. In ad-
dition, our model also furnishes some theoretical basis for the
design of magnetic devices.[16]

Experimentally, Kuz’min investigated the temperature
dependence of saturation magnetization in Sm2Fe17, employ-
ing a static magnetic field of 14 T.[17] Crangle conducted
measurements of the saturation magnetization for Fe and Ni
at varying temperatures.[18] Simultaneously, other researchers
have undertaken analogous experimental investigations on di-
verse magnetic metallic materials. These studies consistently
demonstrate that the saturation magnetization gradually di-
minishes as the temperature increases. Upon reaching the crit-
ical temperature, saturation magnetization rapidly declines to
zero. Thereafter, with further temperature elevation, saturation
magnetization exhibits no significant variations.

Theoretical studies have explored the temperature-
dependent behavior of saturation magnetization, and several
scholars have put forward models to explain this phenomenon.
Bloch’s law elucidates the reduction in macroscopic magne-
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tization stemming from the thermal excitation of spin waves
within a magnet:[19]

Ms(T ) = Ms(0)
[

1−
(

T
Tc

)α]
, (1)

where Ms(0) is the saturation magnetization at 0 K. However,
experimental data near 0 K are not easy to obtain. Here, Tc de-
notes the Curie temperature, at which the Ms becomes zero.
The index α represents Bloch’s index which, for bulk ma-
terials, has a value of 3/2. Bloch derived the T 3/2 law by
considering the magnon excitation of long-wave-length spin
waves at low temperatures. This model is exclusively appli-
cable to magnetic metallic materials at temperatures signifi-
cantly below the Curie temperature. Consequently, the subse-
quent model comparisons did not involve a comparison with
this particular model.

In the low-temperature limit, m(T ) = M(T )/M(0) can be
calculated from m(T ) = 1−ρ(T ), where ρ(T ) = (1/N)∑𝑘 n𝑘
is the sum over the wave vector 𝑘 of the spin-wave occupa-
tion number in the Brillouin zone.[20] The integral ρ(T ) =
(1/N)∑𝑘 n𝑘 at low temperatures for both quantum and clas-
sical statistics is a very well-known result. For the classical
statistics,[16]

mc(T )≈ 1− 1
3

T
Tc
, (2)

where Tc is the Curie temperature. Under the same conditions,
for quantum statistics,[16]

mq(T )≈ 1− 1
3

s
(

T
Tc

)3/2

, (3)

where s is the slope factor. Classical and quantum expressions
m(T ) can be mapped by Eq. (2) and Eq. (3)

m(τ) = (1− τ)β . (4)

Equation (4) can be employed for calculations when the
temperature approaches the Curie temperature, with τ being
equivalent to T/Tc and β approximately equal to 1/3. Like-
wise, Eqs. (2) and (3) are solely relevant at extremely low tem-
peratures, whereas Eq. (4) finds applicability in proximity to
the Curie temperature. Consequently, these models are not
subjected to comparison with our model in subsequent anal-
yses. Building upon this foundation and in alignment with
Bloch’s law, the Curie–Bloch model (C-B model) is formu-
lated as follows:[21]

m(τ) = (1− τ
q)β , (5)

where q is an empirical constant. Kuz’min considers that there
is no general analytical expression for m(τ) beyond the molec-
ular field approximation,[22] except in the two limit cases
τ→ 0 and τ→ 1. Although it has recently been shown that an

accurate description of m(τ) over the whole interval 0 < τ < 1
is provided by a combination of two (in some cases, three)
simple power laws: one for each of the temperature subin-
tervals. Kuz’min proposes an alternative form of the Curie–
Bloch model:[22]

m(τ) =
(
1− rτ

3/2− (1− r)τ p)η
, (6)

where the parameters r and p can be considered fitting
parameters,[16] with p > 3/2 and r > 0. The η here is the
same as the β in Eq. (5), and the Heisenberg critical exponent
is 1/3[23] for ferromagnetic metallic materials. The values of
r and p then depend on the form of the temperature-dependent
curve of m(τ). The analysis of Kuz’min was carried out to fit
the experimental data obtained, and it was found that the value
of the p for most magnetic metallic materials could be taken as
5/2, except for iron, where the value of the p was taken as 4.
When τ → 0, it takes the same form as in Eq. (3), whereas in
the critical region, when τ→ 1, m is proportional to Eq. (4), as
prompted by the critical behavior of the Heisenberg model.[23]

Liu[24–26] studied the influence of temperature on satura-
tion magnetization from both macroscopic and microphysical
perspectives. They conducted numerical simulations to inves-
tigate the microscopic properties of magnetic materials, pro-
viding a basis for further research on the factors affecting sat-
uration magnetization. This work laid the foundation for the
subsequent development of a temperature-dependent theoreti-
cal model of saturation magnetization with a stronger physical
background.

Equations (1), (5), and (6) are frequently employed to
compute saturation magnetization as a function of tempera-
ture. Equation (1) is familiar and used by people, and provides
reasonably accurate predictions, primarily within the extreme
low-temperature range. And the C-B model and Kuz’min
model have good prediction ability for most of the experimen-
tal data when the saturation magnetization is around 0 K and
the fitting parameters (the C-B model contains one and the
Kuz’min model contains two) in their respective models are
determined. In addition, in the Kuz’min model, the value of
fitting parameter p is not explained in the literature (the p-
value for iron is regarded as 4, while for other magnetic metal-
lic materials it is 5/2). It is also noteworthy that they depend
on choosing an experimental value in close proximity to 0 K as
a reference point. The acquisition of such experimental data at
exceedingly low temperatures is not easy to obtain, rendering
these equations less suitable for engineering applications. To
address this inconvenience, it is vital to develop a theoretical
characterization model for characterizing saturation magneti-
zation at various temperatures that are better suited for engi-
neering applications.

In this paper, a simple and highly effective model is con-
structed to accurately predict the saturation magnetization in
magnetic metallic materials at different temperatures. Our
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model demonstrates good agreement with established exper-
imental data and undergoes a comprehensive comparison with
the traditional models commonly used in the field. We propose
to use experimental data collected at room temperature and its
immediate vicinity as reference points, as these can be eas-
ily obtained by experimental means. Additionally, our model
provides a novel perspective for comprehending the intricate
correlation between temperature and saturation magnetization
in magnetic metallic materials.

2. Theoretical model
2.1. The explanation of the force–heat equivalence energy

density principle

From the perspective of material failure, both the work
done by the external stress (strain energy) and the heat ab-
sorbed from the outside contribute to the failure of the mate-
rial. There is also an equivalent relationship between the ex-
ternal stress and the contribution of the heat absorbed from the
outside to the failure of the material. It is therefore assumed
that there is a fixed maximum energy from when the material is
intact to failure. This energy consists of strain energy and heat
energy, and there is an equivalence relationship between the
two, which can be expressed by an equivalence coefficient.[27]

2.2. The justification of the force–heat equivalence energy
density principle

A large number of past works have fully verified the ra-
tionality of this hypothesis. Based on the proposed force–heat
equivalence energy density principle, we have developed a se-
ries of novel theoretical characterization models of materials;
for example, temperature-dependent models of yield strength,
ultimate tensile strength, and fatigue strength for metallic
materials.[28–30] Furthermore, the proposed force–heat equiva-
lence energy density principle has been successfully extended
to the theoretical characterization of the physical properties
of materials, such as the temperature-dependent anti-phase
boundary energy, vacancy formation energy, surface energy,
grain boundary slip energy and dislocation climbing energy
of the metallic materials,[31–35] and the temperature-dependent
band gap, refractive index and Raman frequency of semicon-
ductor materials.[36–38] These models offer a quantitative de-
scription of the properties affected by temperature due to the
change in heat energy. Additionally, by utilizing the force–
heat equivalence energy density principle as an ideological
approach, the saturation magnetization of magnetic metallic
materials can be expressed quantitatively as a function of tem-
perature.

Magnetic anisotropy energy is defined as the saturation
magnetization in the magnetic material that is required to take
different directions and change the energy. Specifically, in

an applied magnetic field, it is the magnetization energy re-
quired along the magnetic material within the different mag-
netization directions (from the non-magnetic state to the satu-
ration magnetization-state-required energy, also known as the
magnetic material in the external magnetic field magnetiza-
tion process stored energy) is different. Basically, along the
same magnetization direction, the magnetic anisotropy en-
ergy and magnetization energy are equal in numerical magni-
tude. Also, because there are relationships between the mag-
netic anisotropy energy and the magnetic anisotropy constant
and the saturation magnetization, the concept of magnetic
anisotropy energy rather than magnetization energy is used in
Eq. (7). At the same temperature, the magnetization energy
required along a magnetization direction does not change; as
the temperature increases, the heat energy increases, and the
thermal motion of atoms and molecules inside the material be-
comes more intense, resulting in the direction of the magnetic
domains becoming more chaotic, thereby reducing the satura-
tion magnetization of magnetic materials. Therefore, the mag-
netization energy required to magnetize it to a saturated state
will also be reduced.

The previous work of our research group has successfully
extended the force–heat equivalence energy density principle
to the temperature-dependent physical property characteriza-
tion of materials. Similarly, based on the equivalence prin-
ciple of the force–heat equivalence energy density principle
and combined with their theoretical method for temperature-
dependent physical property characterization, we applied it to
the temperature-dependent theoretical characterization of sat-
urated magnetization: for magnetic materials, along a specific
magnetization direction, it is assumed that there is a fixed and
constant maximum energy value corresponding to the mag-
netic material under an applied magnetic field from the state
with maximum saturation magnetization to the state with no
saturation magnetization (corresponding to 0 K to the critical
temperature). This fixed maximum energy value is composed
of the magnetization energy absorbed from the external mag-
netic field (numerically equal to the magnetic anisotropy en-
ergy) and the external heat energy absorbed, both of which
contribute to the saturation magnetization. There is also an
equivalence relationship between the two, which can be ex-
pressed by an equivalence coefficient. i.e.,

WTotal = λWT(T )+WA(T ), (7)

where WTotal is the maximum energy; WT(T ) is the increment
of the heat energy; λ is the conversion coefficient between the
heat energy and the magnetic anisotropy energy; and WA(T )
is the magnetic anisotropy energy at temperature T.

The heat energy WT(T ) at different temperatures can be
expressed as the specific heat capacity at constant pressure

WT(T ) =
∫ T

0
ρmCp(T )dT, (8)
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where ρm is the density of materials (it shows a weak tempera-
ture correlation, so its temperature correlation is ignored), and
Cp(T ) is the temperature-dependent specific heat capacity at
constant pressure.

The temperature dependence of magnetic anisotropy is
caused by heat fluctuations in magnetization.[16] Basically,
temperature can change the temperature-dependent magnetic
anisotropy by affecting the magnetization. Therefore, we ex-
tend the expression of the magnetic anisotropy energy at room
temperature to arbitrary temperature T , for tetragonal and
hexagonal crystals and triangular crystals, which can be ex-
pressed by the following equation:[39]

WA(T ) = K(T )sin2
θ , (9)

where K(T ) is the magnetic anisotropy constant at temperature
T , and θ is the angle between the direction of magnetization
and the axis of easy magnetization. The same thing applies to
cubic crystals, which can be expressed by the following equa-
tion after ignoring the higher-order terms:[40]

WA(T ) = K(T )(α2
1 α

2
2 +α

2
2 α

2
3 +α

2
1 α

2
3 ), (10)

where α1, α2 and α3 are the direction cosines of the magneti-
zation with respect to the crystal axes angle.

If Eqs. (9) and (10) are subjected to a simple mathemati-
cal transformation, the following equation can be obtained:

WA(T )/WA(T0) = K(T )/K(T0). (11)

The magnetic anisotropy constant is related to the saturation
magnetization as follows:[41]

K(T )/K(T0) = [Ms(T )/Ms(T0)]
n . (12)

This model is actually an empirical model, and scholars have
found such a power exponential relationship through a large
number of experiments. However, it should be noted that
Eq. (12) does not apply to all magnetic metal materials; it
is only applicable to rare earth metals and their intermetallic
compounds and transition metal elemental magnetic materials
that do not undergo spin reorientation internally. Basically,
it does not apply to those materials where spin reorientation
occurs due to strong crystalline anisotropy. For example, the
change in the crystalline anisotropy of Nd2Fe14B is very com-
plicated, and therefore spin reorientation phenomena are ob-
served for this material.[42,43] This will also be an issue to be
addressed in our follow-up work. Therefore, the model that is
finally established in this paper is also not applicable to ma-
terials where internal spin reorientation occurs. Here Ms(T )
and Ms(T0) are the saturation magnetization at temperature
T and the reference temperature T0, and n is a temperature-
independent index.

When T = T0, it can be obtained that

WTotal = λWT(T0)+WA(T0). (13)

When the temperature reaches the critical temperature, the sat-
uration magnetization value will be zero, as we can see from
Eqs. (11) and (12); the corresponding magnetic anisotropy en-
ergy will be zero.

When T = Tcr, it can be obtained that

WTotal = λWT(Tcr), (14)

where Tcr is the critical temperature (Curie temperature or Néel
temperature).

By combining Eqs. (13) and (14), the following equations
are obtained:

λ =
WA(T0)

WT(Tcr)−WT(T0)
, (15)

WTotal =
WA(T0)

WT(Tcr)−WT(T0)
WT(Tcr). (16)

Hence, we can derive the following equation by substituting
Eqs. (11), (15), and (16) into Eq. (13):

WA(T ) =WA(T0)

1−

∫ T

T0

Cp(T )dT∫ Tcr

T0

Cp(T )dT

 . (17)

By combining Eqs. (11) and (12) with Eq. (17), the
temperature-dependent saturation magnetization model of the
final model can be obtained

Ms(T ) = Ms(T0)

1−

∫ T

T0

Cp(T )dT∫ Tcr

T0

Cp(T )dT


1/n

. (18)

The temperature-dependent specific heat of the material de-
scribed in the text can be easily obtained from material hand-
books and references. It should be noted that Eq. (18) and the
subsequent model (Eqs. (19) and (20)) are only applicable to
rare earth metals and their intermetallic compounds and tran-
sition metal elemental magnetic materials that do not undergo
spin reorientation internally. Basically, it does not apply to
those materials where spin reorientation occurs due to strong
crystalline anisotropy.

Specifically, in our model, there is one parameter n,
whose physical meaning is not very clear; the rest of the pa-
rameters have clear physical meaning, and all are easily acces-
sible. In the C-B model, q has no clear physical meaning. In
the Kuz’min model, r and p have no clear physical meaning.
But there is no denying that the physical value of both models
is of great significance.
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3. Results

By employing Eq. (18), we predict the saturation magne-
tization for nine distinct magnetic metallic materials. Subse-
quently, these predictions are compared with the correspond-
ing experimental values, which are documented in the refer-
ence list provided within the source of the experimental data
presented in Tables 1 and 2. As previously noted, our model
possesses an advantage over their model concerning the se-
lection of reference points. Whereas their model is limited to
choosing points near 0 K, our model can select points at or near

room temperature. Data points in the vicinity of room temper-
ature are more accessible than those near 0 K. From both a
technical application and experimental cost standpoint, opting
for data at or near room temperature as the reference point is
more reasonable. Consequently, in Figs. 1 and 2, our model
employs room temperature as the reference point for calcula-
tions. At the same time, Tables 1 and 2 provide the requisite
parameters for model computation. The values for parameters
T0, Ms(T0), and Tcr are extracted from the referenced experi-
mental data, and the essential heat capacity data are sourced
from the listed reference for heat capacity.

Table 1. Material parameters for magnetic metallic materials.

Material
T0 (K) Ms(T0) (emu/g) Tcr (K) Experimental data Heat capacity

parameters
Sm2Fe17 301.25 112.06 380.00 [17] [44]
Y2Fe17 298.27 77.18 312.00 [22] [45]

Fe 292.30 217.60 1044.00 [18] [46]
Co 291.41 162.76 1385.00 [47] [46]

Ni
303.54 54.86 631.00 [18]

[46]
290.12 54.20 628.00 [48]

Dy 174.36 138.00 179.00 [49] [50]
Tb 221.08 140.44 232.00 [49] [51]

Table 2. Material parameters for magnetic metallic materials.

Material
T (K) Ms(T0) (µB/f.u.) Tcr (K) Experimental data Heat capacity

parameters

Nd2Fe17 300.38 24.14 348.00 [52] [53]
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Fig. 1. Comparison of the predicted results from our model and pre-
vious models, and experimental data of Sm2Fe17 of the temperature
dependence of the saturation magnetization.

Upon analyzing Fig. 1 and combining the C-B model
and Kuz’min model, we find that the predicted outcomes for
Sm2Fe17 from our model closely align with the experimental
results when the index n in Eq. (18) is set to 10/3. Building
upon this observation, we postulate that for other magnetic
metallic materials, n can also be approximated as 10/3. To
substantiate this hypothesis, we have generated predictions for
six distinct sets of experimental data (Y2Fe17, Nd2Fe17, Dy,
and Tb) using Eq. (18). These results are depicted in Fig. 2.

As illustrated in Fig. 2, due to the strong agreement be-

tween the predicted and experimental results, it is reasonable
to conclude that the index n can be set as 10/3. Consequently,
the definitive expression in the temperature-dependent satura-
tion magnetization model for magnetic metallic materials can
be formulated as follows:

Ms(T ) = Ms(T0)

1−

∫ T

T0

Cp(T )dT∫ Tcr

T0

Cp(T )dT


3/10

. (19)

Our model (Eq. (19)) establishes a clear correlation between
saturation magnetization and temperature. Our model relies
solely on the saturation magnetization of magnetic metallic
materials at or near room temperature or can predict its sat-
uration magnetization at different temperatures. This is ad-
vantageous compared with the other two models, which need
to choose the saturation magnetization at 0 K. It should be
noted that the reference point selected by our model has been
marked in Fig. 2, and the reference point selected by the C-B
and Kuz’min models is the first experimental data point. In
addition, the n value in our model is a fixed value of 10/3,
while the r and q values in the other two models are different
values for different materials.
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Fig. 2. Comparison of the predicted results from our model and previous models, and experimental data of four sets of the temperature
dependence of the saturation magnetization.

4. Discussion
Referring to Figs. 1 and 2, our model consistently exhibits

strong agreement with the seven sets of experimental data, as
well as with the predictions of other models. Notably, the in-
dex n in our model maintains a consistent value of 10/3 for all
the aforementioned materials, in contrast to the q in the C-B
model and the r in the Kuz’min model, which are determined
through fitting and yield distinct values for each material.

As depicted in Figs. 2(a) and 2(b), the magnetic metallic
materials, Y2Fe17 and Nd2Fe17, belong to the category of Y–
Fe–B magnets and Nd–Fe–B magnets; they are widely used in
the field of motors. From Figs. 2(a) and 2(b), it can be seen
that the prediction results of our model and the other two mod-
els are in good agreement with the experimental results. The
prediction accuracy of the Kuz’min model is slightly higher,
which may contain two fitting parameters, which can better
control the fitting accuracy. The fitting accuracy of the C-B
model is similar to ours.

Regarding the two antiferromagnetic metallic materials
Dy and Tb, as illustrated in Figs. 2(c) and 2(d), their Néel
temperatures, defined as the temperatures at which their sat-
uration magnetization reaches zero, are 179 K and 232 K,
respectively.[49] This indicates that these materials will dis-
play external magnetism below their respective Néel temper-
atures when exposed to an applied magnetic field. As seen in
Figs. 2(c) and 2(d), there are obvious differences between the

prediction results of the C-B model and the experimental re-
sults, especially for Dy; the predicted results are quite different
from the experimental results, but they are within a reasonable
margin of error. The prediction results of our model are in
good agreement with the experimental results.

In our study, we employed Eq. (19) to calculate the mag-
netic properties of three 3d pure transition metals: Fe, Ni, and
Co. It is worth noting that for Ni, we gathered experimental
data from two distinct sources. These materials are recognized
for their substantial saturation magnetization at room temper-
ature, making them suitable as magnetic metallic materials for
various applications. In addition, the Curie temperatures of
Fe and Co greatly exceed room temperature, expanding their
potential utility as magnetic functional materials at both room
and elevated temperatures. When n is taken as 10/3, it is found
that there is a slightly significant difference between the pre-
dicted results and the experimental results (the black line is
shown in Fig. 4). The maximum error between the predicted
value and the experimental value is within 7%, which is also
within a reasonable error range. However, compared to the
prediction results of the other two models, the prediction ac-
curacy of Eq. (19) is still quite different and, in some practical
applications, the prediction accuracy of the model is required
to reach a high level; therefore, 10/3 is not the best value for
Fe, Co and Ni materials. According to the literature,[54] the
possible reason for the above phenomenon is that the mag-
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netic properties of 3d transition pure metal elements (Fe, Co,
and Ni in this paper) are quite different from those of rare earth
metals and their intermetallic compounds. There are also dif-
ferences in the microscopic theories that explain the reasons
for the macroscopic magnetism of the two, and the magnetism
of the rare earth metals and their intermetallic compounds can
be explained by the local electron theory: the theory states
that the electrons are confined to a particular atom. There-
fore, the magnetism is mainly determined by the spin of the
electrons and their interaction between the atoms. These local
magnetic moments interact with each other through exchange
or other indirect interactions, resulting in the production of
macroscopic magnetism. However, the magnetic properties
of 3d transition pure metals cannot be explained by the local
electron theory, but can be explained by the traveling electron
theory: the theory assumes that 3d electrons can move freely in
the crystal, and the periodic potential field of the crystal causes
the energy of the electrons to change with the wave vector to
form a band and a band gap. The interaction between the elec-
trons causes the uneven distribution of the band and band gap
in the metal, resulting in macroscopic magnetism. The rea-
sons for the magnetic generation of the two are different, and
saturation magnetization, as an important embodiment of its
magnetism, will also differ from the law of temperature evolu-
tion. Therefore, when n is 10/3, the theoretical difference in
the generation of macroscopic magnetism is one of the reasons
why the predicted results of Eq. (19) do not agree well with the
experimental results of Fe, Co, and Ni. After researching the
literature, it was discovered that for our model, n can be either

10 or 6 within the range of 0 K to approximately 0.65Tcr, and
n can be 3 within the range of 0.65Tcr to Tcr.[55–57] The rea-
son for setting n as 6 within the range of 0 K to approximately
0.65Tcr is due to its higher prediction accuracy compared to
when setting n as 10. As shown in Fig. 3, the prediction ac-
curacy of our model with n = 6 is obviously higher than that
with n = 10. Therefore, finally, we take n to be 6 from 0 K to
0.65Tcr.

In summary, for materials other than Fe, Co, and Ni in
this paper, n is 10/3 and the predicted results are found to be
in good agreement with the experimental results. For materials
such as Fe, Co, and Ni, n is 6 in the range from 0 K to 0.65Tcr,
and n is 3 in the range from 0.65Tcr to Tcr, and the predicted re-
sults are found to be in good agreement with the experimental
results. Based on the above analysis, Eq. (18) can be rewritten
as

Ms(T )=



Ms(T0)

1−

∫ T

T0

Cp(T )dT∫ Tcr

T0

Cp(T )dT


1/6

, T ≤ 0.65Tcr,

Ms(Tx)

1−

∫ T

Tx

Cp(T )dT∫ Tcr

Tx

Cp(T )dT


1/3

, Tcr ≥ T > 0.65Tcr,

(20)

where Tx is the temperature point less than or equal to 0.65Tcr.
As shown in Fig. 4 (the yellow line is shown), the predictions
of our model (Eq. (20)) show a remarkable agreement with the
experimental results.
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Fig. 3. The predictions of n = 10 and n = 6 are compared with the experimental results in the range 0 K to 0.65Tcr for Fe, Ni, and Co.
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Fig. 4. Comparison of the predicted results from our model and previous models, and experimental data of four sets of the temperature
dependence of the saturation magnetization.

For 3d transition pure metals, it is essential to emphasize

that the value of q in the C-B model and the value of r in the

Kuz’min model (for Fe, the p-value is 4, and for Co and Ni,

it is 5/2) vary for each set of experimental data. Our model

(Eq. (20)) takes a fixed value (6 and 3) in two temperature

segments for 3d transition pure metals. Our model also has

other advantages. In practical engineering applications, it is

customary to select reference points at or near room temper-

ature as the reference point. However, the C-B and Kuz’min

models can only utilize experimental values close to 0 K as

reference points, which proves to be inconvenient for engi-

neering applications. The choice of reference points at or near

room temperature is well justified by the convenience of ob-

taining saturation magnetization values at room temperature

compared to other temperatures. This is because saturation

magnetization values at room temperature are not only easier

to obtain than at other temperatures.

In summary, when dealing with magnetic metallic mate-

rials that have a critical temperature above room temperature,

the reference point for the saturation magnetization value is at

room temperature. For materials with a critical temperature

below room temperature, such as Dy and Tb, the reference

point should be selected as close to room temperature as pos-

sible.

5. Conclusion
In summary, this study presents a temperature-dependent

theoretical model for characterizing the saturation magnetiza-
tion of magnetic metallic materials. The model has been val-
idated using experimental data from nine different magnetic
metallic materials, and the predictions show good agreement
with the experimental results. Our model has an advantage
over others as it uses experimental data near room tempera-
ture as a reference point, rather than relying solely on data
near 0 K. Obtaining experimental data at room temperature is
more convenient and requires less effort than collecting data
at 0 K. In our model, the index n remains 10/3 for available
experimental data, except for Fe, Co, and Ni, where it is 6 in
the range of 0 K to 0.65Tcr, and 3 in the range of 0.65Tcr to Tcr.
This sets our model apart from others, where adjustable pa-
rameters vary for each material. The prediction results of our
model and the other two models are in good agreement with
the experimental results from perspectives. However, there are
differences in prediction accuracy for some specific materi-
als. Additionally, our model includes a parameter n, whose
physical meaning is unclear. All the other parameters have
clear physical meanings. The C-B model does not have a clear
physical meaning for q, while the Kuz’min model lacks clear
physical meanings for r and p. Despite this, both models have
undeniable physical value, and they have advantages over our
model in terms of mathematical complexity. In addition, we
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present a new approach with theoretical basis for predicting
the temperature-dependent saturation magnetization of mag-
netic metallic materials.
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