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Abstract—A polycrystalline alloy ingot of La0.6 Ce0.4 Fe11.5 Si1.5 was prepared by an arc-melting method. Magnetic
measurements of magnetization M as a function of field H and temperature T show a ferromagnetic–paramagnetic
phase transition at a Curie temperature TC = 170 K. Interestingly, curves of H/M versus M 2 have a positive slope at
low field (H ≤ 10 kOe), which corresponds to a second-order phase transition (SOPT), but a negative slope at high field
(H > 10 kOe), which corresponds to a first-order phase transition (FOPT). The magnetic entropy change Sm (T ) under
different ranges of field change H , calculated from M(H ) isotherms, has a maximum |Smax | around TC that increases
in magnitude with increasing H . Refrigerant capacity (RC), indicative of magnetic cooling efficiency, also increases
with increasing H . Curves of Sm (T )/Smax versus θ = (T − TC )/(Tr − TC ), where Tr is the reference temperature,
collapse into a universal curve when H ≤ 10 kOe. In contrast, curves of Sm (T )/Smax versus θ do not reduce to a
universal curve when H > 10 kOe. These suggest a coexistence of FOPT and SOPT properties in the alloy.
Index Terms—Magnetism in solids, electromagnetics, soft magnetic materials, magnetic instruments.

I. INTRODUCTION
The magnetocaloric effect (MCE) is heating or cooling of a
magnetic material under the change of external magnetic field.
Physical quantity describing MCE is adiabatic temperature change.
The MCE exhibited is usually maximized when the material is near
the magnetic ordering temperature. This is related to a magnetic
entropy change (Sm ) under the application of an external magnetic
field. Recently, the MCE has attracted the attention of researchers and
can be referenced in a large number of publications. The reviews
in the MCE were made by Gschneider [2005] and recently rather
extensively by Phan and Yu [2007] and Franco [2012]. Magnetic
refrigeration based on the MCE is currently a promising technology, which can replace the conventional technology based on gaseous
compression/expansion cycles [Tishin 2003, Gschneidner 2008]. It is
appreciated because it is more efficient, inexpensive, and environmentally friendly. So far, Gd metal has been used as a prototypical refrigerant for room-temperature magnetic cooling because it has a Curie
temperature TC = 294 K and an MCE [Gschneidner 2005, Wang
2005] with a maximum value of Sm , |Smax | = 10.2 J kg−1 K−1
under an applied magnetic field change H = 50 kOe [Gschneidner
2005]. Experimental results obtained from Gd-related alloys (such
as Gd-Si-Ge, Gd-Co, etc.) [Pecharsky 1997, Provenzano 2004] have
indicated a bright scenario of the magnetic refrigeration technology.
However, Gd-containing alloys usually have very high costs due to the
scarcity of raw materials along with a strict manufacturing technology.
Many magnetocaloric materials [Gschneider 2005, Phan 2007, Franco
2012], including As-based alloys, Heusler alloys, La(Fe, Si)13 -type
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alloys, and as well as perovskite manganites have been investigated
for magnetic refrigeration applications. It has been also reported
that materials undergoing a first-order phase transition (FOPT) show
giant MCE with a large Sm value, e.g., Ni-Mn-In alloys with
|Smax | = 35−40 J · kg−1 · K−1 at H = 50 kOe [Pathak 2007,
Dubenko 2009], and Ni-Mn-Ga-based alloys with |Smax | = 40−
60 J · kg−1 · K−1 at H = 50 kOe [Dubenko 2009]. However, this
MCE only occurs in a narrow temperature range. In contrast, materials with a second-order phase transition (SOPT) offer moderate Sm
values, but these Sm values are stable over a wide temperature range
so their refrigerant capacity (RC) values can be larger than those of
FOPT materials. With such features, it is essential to investigate the
influence of phase transformations on the MCE. Additionally, detailed
analyses for Sm (T, H ) data would provide important information
about magnetic properties of materials [Chandra 2012]. To get a clear
idea about the performance of materials used in magnetic refrigeration devices, it is necessary to understand how their MCE evolves in
desired temperature and magnetic-field ranges.
In this work, we present a coexistence of FOPT and SOPT properties with the large |Smax | and RC values in the La0.6 Ce0.4 Fe11.5
Si1.5 alloy. We point out that the La0.6 Ce0.4 Fe11.5 Si1.5 alloy undergoes SOPT under low-field (H ≤ 10 kOe), whereas it exhibits
characters of a FOPT material under high-field (H = 10−30 kOe).

II. EXPERIMENT
An alloy ingot sample with a composition of La0.6 Ce0.4 Fe11.5 Si1.5
was prepared from La, Ce, Fe, and Si metals (3N purity) by an
arc-melting method in an Ar ambience. After that, the alloy was
sealed in a quartz tube and annealed at 1323 K for 48 h. in an Ar
ambience. The crystal structure of the sample at room temperature
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Fig. 1. (a) MZFC (T ) and its (b) d M/dT versus T curves for La0.6 Ce0.4
Fe11.5 Si1.5 alloy under an applied magnetic field 30 Oe.

was checked by using on X-ray diffractometer (Bruker AXS, D8
Discover), used a Cu − K α radiation source (λ = 1.5406 Å). X-ray
diffraction pattern (not shown) indicates that sample is single phase
La0.6 Ce0.4 Fe11.5 Si1.5 in the cubic NaZn13 -type structure with a
space group of Fm3c, without any trace of secondary phases. Based
on the XRD data, the lattice parameters for alloy were calculated,
a = 11.456 A and V = 1503.485 A3. The magnetization measurements versus temperature (T = 50−350 K) and magnetic field (H =
0−30 kOe) were performed on a vibrating sample magnetometer
(VersaLab—Quantum design) using a warming mode. Here, the temperature interval between magnetic field isotherms was 2 K near the
phase transition temperatures.
Fig. 2. (a) M (H ) and (b) H/M versus M 2 curves at some representative temperatures around TC for La0.6 Ce0.4 Fe11.5 Si1.5 alloy.

III. RESULTS AND DISCUSSION
Fig. 1 shows temperature dependence of zero-field-cooled (ZFC)
MZFC (T ), and its d M/dT curves for La0.6 Ce0.4 Fe11.5 Si1.5 alloy
under an applied magnetic field of 30 Oe. It appears that the sample
exhibits a ferromagnetic (FM)–paramagnetic (PM) phase transition at
around 170 K. By performing dM/dT versus T curve, the TC value
of this sample is found to be 170 K. However, there is a small hump
at temperature above 200 K. This suggests that the sample is magnetically inhomogeneous. To further understand the magnetic property
and the phase transition type in the sample, we have recorded isothermal magnetization M (H ) curves at various temperatures in a range
of 140–200 K with increasing step of 2 K. Fig. 2(a) shows M (H )
curves for La0.6 Ce0.4 Fe11.5 Si1.5 alloy at several representative temperatures around the FM–PM phase transition. The magnetization
increases most abruptly in weak applied field (H < 3 kOe) and then
approaches to saturation for above 4 kOe. At a given H , the magnetization value decreases with increasing temperature. However, at
temperatures ranging from 164 to 180 K, besides a decrease in magnetization with increasing temperature, a sudden change in slope of
the M(H ) curves at high-field can be observed. This suggests an existence of magnetical inhomogeneity and/or the additional presence of
anti-FM interactions.
To assess the nature of the phase transitions, H/M versus M 2
curves were constructed; see Fig. 2(b). According to Banerjee’s
[1964] criteria, the slope of H/M versus M 2 curves indicates the
nature of the FM–PM transition: if some of the H/M versus M 2
curves show a negative slope at some points, the transition is of the
FOPT, whereas a positive slope corresponds to the SOPT. Clearly, the
H/M versus M 2 curves at low field (H ≤ 10 kOe) exhibit a positive

slope, corresponding to the SOPT, whereas a negative slope corresponding to the FOPT was observed at high field (H > 10 kOe).
This indicates that a coexistence of FOPT and SOPT properties in
La0.6 Ce0.4 Fe11.5 Si1.5 alloy.
Based on the M(H ) data above, the MCE of La0.6 Ce0.4 Fe11.5 Si1.5
alloy can be assessed upon the Sm calculated from the Maxwell
relation as follows:
H
max

Sm (T, H ) =
0


∂ M(T, H )
dH
∂T
H

(1)

where H = Hmax is an applied magnetic field change. Fig. 3(a)
shows Sm (T ) curves for magnetic-field changes H = 5−30 kOe
with step of 5 kOe. As a function of temperature, Sm (T ) curves
reach a maximum value at around the FM–PM phase transition. The
absolute values of Sm increase gradually with increasing H . With
H = 10, 20, and 30 kOe, |Smax | values are found to be 13.2, 26.0,
and 33.2 J · kg−1 · K−1 , respectively, as shown in Table 1, indicating a giant MCE. The values of |Smax | for La0.6 Ce0.4 Fe11.5 Si1.5
alloy are also plotted as a function of H in Fig. 3(b). These values
are higher than those obtained from other La(Fe, Si)13 -type alloys
reported [Hu 2001, Jia 2009, Chen 2014, Boutahar 2014]. Together
with |Smax |, there is another useful parameter to assess the MCE
of a magnetic material, which is refrigerant capacity (RC) defined as
[Wood 1985]
Thot
RC(δT, Hmax ) =

Sm (T, Hmax )dT
Tcold

(2)
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Table 1. Experimental values for La0.6 Ce0.4 Fe11.5 Si1.5 alloy compared to those of Gd and some La(Fe, Si)13 -type alloys.

Fig. 3. (a) Sm (T ) under H = 5−30 kOe (with step 5 kOe).
(b) |Smax | and RC versus H . (c) and (d) Sm (T )/Smax versus
θ1 curves. (e) and (f) Sm (T )/Smax versus θ2 curves in log–log scale.

where δT = Thot − Tcold , with Tcold and Thot viewed as corresponding to their full width at half maximum of the −Sm (T ) curve.
Depending on H , the RC value is found to be 66.0, 130.0, and
199.2 J kg−1 for H = 10, 20, and 30 kOe, respectively, as shown
in Fig. 3(b) and Table 1. For a comparison, Table 1 also shows the
|Smax | and RC values of Gd [Gschneidner 2005, Wang 2005] and
La(Fe, Si)13 -type alloys reported in recent publications [Hu 2001,
Jia 2009, Chen 2014, Boutahar 2014]. To compare the magnitude of
the MCE of different magnetic materials and under different applied
magnetic field change, the ratios of |Smax |/H and RC/H
could be used. In our case, the ratio of |Smax |/H = 1.1−1.3 J ·
kg−1 · K−1 kOe−1 obtained for La0.6 Ce0.4 Fe11.5 Si1.5 alloy is higher
than those obtained from other La(Fe, Si)13 -type alloys, such as
LaFe13−x Six [Hu 2001, Jia 2009, Chen 2014, Boutahar 2014] and
La0.8 Ce0.2 Fe11.7 Si1.3 [Jia 2009], as well as Gd [Gschneidner 2005,
Wang 2005]. However, the ratio of RC/H = 6.6 obtained for
La0.6 Ce0.4 Fe11.5 Si1.5 alloy is very close to those obtained for other
La(Fe, Si)13 -type alloys [Hu 2001, Jia 2009, Chen 2014, Boutahar
2014].
More recently, a new criterion for determining the nature of a
transition has been proposed by Franco and Conde [2010] upon the
rescaling of entropy change curves. Universal behavior manifested
in the collapse of Sm (T ) data points measured under different
H values after a scaling procedure has been established for SOPT

materials. In contrast, when applied to an FOPT material, this behavior is broken down [Franco 2010]. This criterion of Sm (T ) data
has been confirmed in several magnetocaloric materials as an additional method to confirm the FM–PM phase transition in the materials
undergoing either FOPT or SOPT [Bonilla 2010]. According to
entropy scaling method, if a material exhibits a single magnetic phase
transition, all Sm (T ) data measured under different H values are
constructed by plotting Sm (T )/Smax versus θ, where θ is the
temperature variable defined by
θ1 = (T − TC )/(Tr − TC )

(3)

where Tr is the reference temperature corresponding to a certain
fraction f that fulfills Sm (Tr )/Smax = f . However, if a material
consists of multiple phase transitions, two reference temperatures Tr 1
and Tr 2 are selected for each of the curves (one below and the other
above TC ), and the temperature axis is rescaled as
⎧
⎨ −(T − TC )/(Tr 1 − TC ), T ≤ TC
θ2 =
(4)
⎩ (T − T )/(T − T ), sT > T .
C
C
C
r2
The choice of f , and using either TC or T P (temperature at
the peak of the Sm (T ) curve) in (3) and (4) do not affect the
actual construction of the universal curve [Franco 2010, Bonilla
2010]. However, a combination of the Banerjee [1964] criteria and
the universal curve method [Franco 2010] to assess the order of
a magnetic-phase transformation will be more accurate. In this
work, we identified TC as the value of T P and selected f = 0.6
when constructing the universal curve for La0.6 Ce0.4 Fe11.5 Si1.5
alloy at several values of H = 2−10 kOe with step of 2 kOe
and H = 10−30 kOe with step of 5 kOe. Fig. 3(c)–(f) shows the
normalized magnetic entropy change versus the rescaled temperature
θ1 and θ2 . Clearly, all the Sm (T ) data points measured under
low-applied magnetic-field change (H = 2−10 kOe) are collapsed
into a unique curve in the whole temperature range in both case of the
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rescaled temperature θ1 and θ2 . On the contrary, the Sm (T ) data do
not follow a universal curve for the magnetic entropy change under
high-applied magnetic-field change (H = 10−30 kOe). These
features once again demonstrate the coexistence of SOPT at low-field
and FOPT at high field as mentioned above.

IV. CONCLUSION
We have presented detailed analyses on temperature and magneticfield dependences of Sm for a La0.6 Ce0.4 Fe11.5 Si1.5 alloy.
Experimental results demonstrated the coexistence of SOPT at low
field and FOPT at high field in the sample. The value of |Smax |
in the −Sm (T ) curves has been observed, which corresponds to
FM–PM phase transition. With H = 10−30 kOe, |Smax | values
are found to be 13.2−33.2 J · kg−1 · K−1 , corresponding to RC =
66.0−199.2 J · kg−1 . These values are compared with those of some
La(Fe, Si)13 -type alloys. However, the ratio of |Smax |/H = 1.1−
1.3 J · kg−1 · K−1 · kOe−1 obtained for La0.6 Ce0.4 Fe11.5 Si1.5 alloy
is higher than those for other La(Fe, Si)13 -type alloys. Additionally,
the universal curves of all Sm (T ) data points measured with different H values were constructed by plotting Sm (T )/Smax versus
θ1 and θ2 . We pointed out that the Sm (T ) data can be collapsed
into a unique curve under low field. However, they do not follow a
universal curve under high field. These features prove a large magnetic entropy change in La0.6 Ce0.4 Fe11.5 Si1.5 alloy exhibiting the
coexistence of first- and second-order phase transition properties.
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