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Abstract: In this study, our aim is to investigate the structural, magnetic, and magnetocaloric prop-
erties of the FeNi binary alloy. The FeNi alloy with Fe65Ni35 composition was prepared by ball
milling followed by the annealing and quenching processes. A Rietveld refinement analysis of
structural results reveals that this system has coexisting cubic structural phases with a dominant
face-centered cubic phase (Fm-3m;γ-FeNi). Magnetization results of this compound indicate the
presence of ferromagnetic ordering and the magnetic transition observed around 100 K. Moreover,
an Arrott plot study provides information about the order of phase transition, which is found in
the second-order near the ordering temperature, whereas first-order nature is also noted in the
low-temperature region. The significant magnetocaloric parameters, i.e., magnetic entropy change
(∆SM~0.495 J/kg-K) and relative cooling power (88 J/kg), are noted over a wide temperature range.
The power law dependency of magnetic entropy change with the applied field is also investigated.
Due to their significant magnetocaloric performance over a wide temperature range, these multiphase
alloys may be a good candidate for room-temperature to low-temperature magnetic refrigeration.

Keywords: Fe-based binary alloy; structural properties; magnetic properties; magnetocaloric properties

1. Introduction

In recent times, the search and investigation of magnetic materials have gained
paramount importance in the field of magnetism due to their fundamental and practi-
cal utility. In order to solve the various energy and thermal management issues in our daily
lives, researchers have paid much attention to the magnetic, magnetocaloric, and other
promising functional properties of magnetic materials. The magnetocaloric effect (MCE)
is the basis of magnetic cooling, which has shown great technological potential due to its
environment-friendliness, energy-efficiency, and thermal management nature [1–11]. Vari-
ous alloys and oxide materials with a significant MCE have been extensively investigated
and documented due to their applications in magnetic refrigeration at different temperature
regions [6–19]. Materials demonstrating such effects have shown their influence on various
physical properties such as entropy, heat capacity, and thermal conductivity, as well as
reflecting the transformations taking place in the magnetic material’s spin structure [4,5].
The MCE is the intrinsic property of all magnetic materials and is known as magneto-
thermodynamic characteristics. On the basis of thermal and magnetic hysteresis, magnetic
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materials follow two types of magneto-thermal transitions: first-order transition (FOT) and
second-order transition (SOT). The nature of magnetic transition and hysteresis play crucial
roles as magnetic cooling is a cyclic process, and hysteresis can reduce the efficiency of the
magnetocaloric device. FOT materials have a good MCE in a narrow working temperature
span but exhibit temperature and magnetic hysteresis [10–19]; however, SOT materials
show a moderate MCE value over a broad working temperature span [10,14,15,19]. This
working temperature span affects the essential parameter of the MCE, known as relative
cooling power (RCP), i.e., the amount of heat transferred between the hot and cold ends
of the thermodynamic cycle [10]. Therefore, materials with a SOT are generally preferred
over a FOT due to their low hysteresis nature [1,10–19]. In this regard, researchers focus
on investigating the most cost-effective materials that have a MCE with both a FOT and
SOT. Rare earth-free transition metal-based materials are documented in such cost-effective
categories of caloric materials; in addition, these materials display good magnetic and other
related functional properties along with the magnetocaloric effect [6,7,11,20–35]. Different
compositions of Fe-M (M = transition metal) alloys have been reported through experimen-
tal and theoretical investigations that bring forth fundamental aspects and functions of the
MCE phenomenon [11,20–33]. These binary alloys offer significant advantages and poten-
tial technological opportunities as various stoichiometries of these alloys can demonstrate
remarkable diversity of physical properties.

The series of compounds in the binary alloys Fe100-xMx are well-known for their
magnetic and other related functional properties such as magnetocaloric and magnetoresis-
tance [6,22,31–33]. The crystal structure and composition of dopant play an important role
in determining the physical properties of these binary alloys. The phase diagram studies
have revealed that binary alloys exhibit various coexisting crystallographic phases [36–39].
These phases mainly depend on the stoichiometric ratio of the constituent elements and
the synthesis process, such as alloying, nanocrystallization, annealing, quenching, and
heat treatment [28,30–33]. These parameters can also be used in FeNi systems to see their
effects on physical properties such as the MCE and the order of phase transitions. FeNi
systems demonstrate low- and high-temperature magnetic properties, which depend on the
nature of the structural phase of the system [6,24,26,27,33,40,41]. It was reported that FeNi
systems with coexisting multiphase, i.e., face-centered cubic, body-centered cubic, and
spinel, have better MCE parameters over a broad temperature span [28]. In addition, not
only do coexisting crystalline phases occur in these systems, but the coexistence of magnetic
phases, i.e., antiferromagnetic and ferromagnetic, was also reported in the literature [41–44].
Thus, the existing literature advocates that the phase fractions or lattice disorders collec-
tively control the magnetocaloric parameter, the broadness of the magnetic transition, and
the disordered derived exchange interactions. Moreover, such an investigation may provide
a good understanding of the technological and fundamental aspects.

In this manuscript, we are attempting to investigate magnetic and magnetocaloric
properties driven by the coexistence of crystallographic phases in the Fe65Ni35 binary
systems. The structural results reveal that there is no oxide phase in the studied compound;
however, it exhibits a multiphase nature with the dominance of the face-centered cubic
(Fm-3m) phase along with body-centered cubic (Im-3m) and minute fractions of tetrago-
nal (P4/mmc) phases. Temperature and applied field-dependent magnetization results
reveal the evidence of a hysteresis-free ferromagnetic state at low temperatures (~100 K)
in the studied compound. The SOT nature of the material around the magnetic ordering
temperature is evident in an Arrott plot study; however, the compound also has a FOT in
the low-temperature region. Magnetocaloric properties in terms of isothermal magnetic
entropy change (∆SM) and relative cooling power (RCP) are also investigated. The results
demonstrate that this compound has a significant ∆SM over a wide temperature span and
displays good RCP values. The obtained values of MCE parameters are comparable to
those of promising refrigerant materials in this temperature range. We are also trying to in-
vestigate the magnetic nature of the compound by observing the field-dependent magnetic
entropy change followed by a power law behavior (∆SM~Hn). The value of exponent (n)
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indicates the existence of mixed magnetic correlation, i.e., the antiferromagnetic correlation
found within the ferromagnetic states. Such coexistence may arise due to the multiphase
nature of the studied compound. Therefore, the significant values of MCE parameters and
the absence of hysteresis in the whole measured temperature range satisfy the important
criterion for a magnetic refrigerant material.

2. Materials and Method

FeNi binary alloys with the composition Fe65Ni35 were synthesized by ball milling
and quenching. For this, we have taken Fe and Ni powders, procured from Sigma Aldrich
(Sigma Aldrich, St. Louis, MO, USA; purity ≥ 99.6%), as starting reagents. First, we
mixed both powders and put the mixture in a planetary ball mill for alloying in an ethanol
medium (dimension of ball mill container 250 mL, milling speed 600 rpm, ball diameter
5 mm, and powder-to-ball ratio 1:3). The milling process was carried out in the following
steps: the milling on time was 15 min and off time was 5 min. The same steps were used
periodically up to a 24 h milling time. After milling, the sample was taken out of the
ball mill container and put in the oven at 100 ◦C until we obtained the fine dry powder.
Further, the powder sample was molded into a cylindrical pellet with diameter 10 mm
and thickness 2 mm with the hydraulic press by applying 15 Mpa for 15 min. The pellet
was kept in the vertical furnace supplied with a controlled flow of hydrogen (99.999%)
gas at 950 ◦C for 6 h, followed by the quenching in silicon oil (as the hydrogen supply
was completely cut off). We used the pellet piece for further investigations. The structural
characterization and phase analysis of the alloy were carried out through X-ray diffraction
(XRD) and recorded with a PANalytical (Malvern, UK) X-pert Pro-diffractometer containing
a Cu-Kα X-ray radiation (λ = 1.54 Å) source. The microstructure of the studied compound
was investigated by a scanning electron microscope (SEM; JSM-6510, Jeol, Tokyo, Japan),
and the elemental composition was checked with an energy dispersive X-ray spectroscope
(EDAX) installed in the SEM instrument. The quenched sample’s magnetic properties were
obtained from the vibrating sample magnetometer option of the cryogen-free Versa Lab
physical properties measurement system (PPMS) by Quantum Design (Quantum Design,
San Diego, CA, USA). Magnetocaloric parameters in terms of isothermal magnetic entropy
change and relative cooling power (RCP) are derived from the isothermal magnetization
data, calculations, and protocol adopted from the literature [18,33,45].

3. Results and Discussion
3.1. Structural Study

Figure 1a shows the X-ray diffraction pattern for the quenched FeNi binary alloy.
From the initial analysis and comparison with the literature, the positions of all diffraction
peaks matched with the face-centered cubic (space group = Fm-3m) and body-centered
cubic (space group = Im-3m) phases of the FeNi alloy [27,33,41]. Furthermore, the XRD
pattern of this sample exhibits a few diffraction peaks that are not aligned with the peak
positions of both the cubic phases, suggesting the presence of additional crystallographic
phases. In order to identify the accurate crystallographic nature of the studied compound,
a Rietveld refinement analysis was performed using FullProf Suite software [46,47]. For
this, initially we performed refinement with two phases (Fm-3m and Im-3m) by involving
a pseudo-Voigt peak shape function, but the resulting calculated patterns (not shown here)
did not provide good agreement with the observed XRD pattern. Rodríguez et al. observed
Fm-3m and P4/mmm crystallographic phases through in-depth XRD and X-ray absorption
experiments in the ball-milled FeNi system [48]. Therefore, we performed the refinement
by considering various combinations of the different crystallographic phases (structure and
space group) and peak shape functions. Finally, the goodness-of-fit and values of R-factors
between the observed and calculated patterns were significantly improved with the Pearson
VII peak shape function and three phases, i.e., Fm-3m (face-centered cubic), Im-3m (body-
centered cubic), and phase I4/mmm (tetragonal). The resulting refinement diffraction
pattern is shown in Figure 1a. The refined structural parameters and phase percentage
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obtained by a Rietveld fitting are summarized in Table 1. From the phase diagram study,
generally, FeNi-based systems have contained different phases depending on the Fe/Ni
composition, heat treatments, as well as nucleation and growth mechanisms [49–54]. In the
present study, the weight fraction of the third (P4/mmm) phase is very low, i.e., 1.55 % (as
shown in Table 1); this phase is also reported in the ball milled FeNi system [48]. These
additional phases may form during the annealing/quenching process when the sample
cools from its high temperature to room temperature. Additionally, multiple phases in
the FeNi system are not uncommon; literature reports advocate that these systems often
establish more than one crystallographic phase [27,33,48,50–52], and some groups even
reported the occurrence of three phases simultaneously [28]. Moreover, on behalf of the
theoretical, experimental, and phase diagram studies, it is a well-known fact that these
binary alloys are found in different types of structural unit cells, including face-centered,
body-centered, tetragonal, and hexagonal [25,26,31,46–48], which are completely consistent
with the present study. In order to analyze the microstructure, the sample is characterized
with SEM, and the resulting micrograph of the quenched sample is shown in Figure 1b.
The microstructure clearly displays two contrasting regions forming a light gray matrix
with dark patches in between. This advocates for the occurrence of two separate phases
in the compound; intrigued by this finding, we carefully checked the elemental compo-
sition of both regions through EDAX, as shown in Table 2. The EDAX results indicate
equal amounts of Fe and Ni from both areas, which signify that both regions belong to
FeNi phases. It is well established in the available literature that cubic phases of FeNi
consist of equimolar amounts of Fe and Ni elements [33,40,43,48], which is consistent with
the present observations. Conversely, the occurrence of contrasting regions in the micro-
graphs could be simply attributed to the difference in the densities and packing fractions
of the cubic phases of FeNi. Nevertheless, the microstructural analysis confirmed that the
two contrasting regions contain micrograins of at least two unresolved cubic phases. How-
ever, we did not find significant signatures of the third phase in the microstructure, which
could be due to the minute amount of this phase in the sample.

3.2. Magnetization Study

Figure 2a shows the temperature-dependent magnetic response curve obtained under
zero-field-cooled cooling (ZFC), field-cooled cooling (FCC), and field-cooled warming
(FCW) conditions at the 100 Oe applied field. From the obtained magnetization curves, it
has been observed that, on decreasing the temperature, a small bifurcation between the ZFC
and FCW plots is noted around 200 K, increasing up to the lowest measured temperature.
The exact magnetic ordering temperature, i.e., around ~100 K, is shown in the derivative of
ZFC magnetization (shown in Inset 1 of Figure 2a). Moreover, the ZFC and FC curves are
not merged completely even at the highest possible measured temperature, which clearly
indicates that this compound does not completely achieve the paramagnetic state. Even
though most reports on FeNi compounds state that they exhibit magnetic ordering above
room temperature or at very high temperatures [6,24–28,32,33], a few compositions, such
as the NiFe2 metallic compound, show the ordering around 138 K [40]. In our case, it
arises at a comparatively lower temperature, and, interestingly, this magnetic ordering
is shifted towards higher temperatures with increasing applied field (Insets I and II of
Figure 2a), suggesting the dominance of ferromagnetic nature in this compound. The
low-temperature magnetic ordering can originate due to the dominance of the Fm-3m
phase; other phases do not affect the magnetic behavior as much because they have high-
temperature magnetic ordering. However, competition between both phases may adjust the
effective exchange interactions and provide a broadening to the magnetic transition that is
enhanced with the applied field, as evident in the insets of Figure 2a. This type of behavior
is not unusual in Fe-based binary systems. Several microscopic magnetic studies exist in the
literature where these systems have additional magnetic states along with ferromagnetic,
low-temperature antiferromagnetic, ferrimagnetic, and glassy magnetic states [38–41,49].
Additionally, the FCC and FCW curves demonstrate a slight deviation between them, which
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confirms the presence of weak thermal hysteresis in the sample. Furthermore, an interesting
feature—a crossover in ZFC and FCC curves—has also been observed, indicating the
presence of various magnetic states in the sample.
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Table 1. Structural and fitting parameters obtained from a Rietveld refinement.

Refined Parameters Cubic Fm-3m
(Fe65Ni35)

Cubic Im-3m
(Fe70Ni30)

Tetragonal I4/mmm
(FeNi)

a (Å)
3.5818(4) 2.8630(5)

2.5161(3)
b (Å) 2.5161(3)
c (Å) 3.6212(4)

Phase fraction (%) 61.96(0.93) 36.49(0.59) 1.55(0.25)
Goodness-of-fit 1.13
Bragg R-factor 2.31 2.1 10.51

RF-factor 1.10 1.2 12.13

Table 2. Elemental composition of both regions obtained from the EDAX analysis.

Element Line Type K Ratio Wt% Wt% Sigma

Region 1
Fe K series 0.02858 69.15 0.57
Ni K series 0.01178 30.85 0.57

Region 2
Fe K series 0.02700 74.73 0.51
Ni K series 0.00844 25.27 0.51
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Figure 2. (a) Temperature-dependent magnetization plot in various conditions, i.e., zero-field-cooled
cooling (ZFC), field-cooled cooling (FCC) and field-cooled warming (FCW) of Fe65Ni35 alloy. Inset I:
M-T plot at different fields. Inset II: Derivative of M-T plot at different fields. (b) Magnetic hysteresis
loop at 50 K and 300 K for Fe65Ni35. Inset: M-H plot enlarged view to see the magnetic hysteresis.
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In order to obtain better insight into the magnetic nature of the compound, investigat-
ing the isothermal magnetization as a function of the applied magnetic field is necessary,
along with conducting a temperature-dependent magnetization study. Isothermal mag-
netization (M) behavior as a function of the applied magnetic field (H) was obtained up
to ±30 kOe in the temperature range of 50 K to 400 K. Representative curves at different
temperatures (50 K and 300 K) for Fe65Ni35 are shown in Figure 2b. The shape and nature
of the magnetic isotherms display that this compound exhibits a hysteresis-free magnetic
state, either because it is soft ferromagnetic or a mixture of antiferromagnetic/ferrimagnetic
along with ferromagnetic. Such a nature is expected in multiphase systems because of their
different crystallographic sizes and/or presence of various magnetic exchange interactions.
The room temperature plot also shows a small amount of ferromagnetic character, and this
effect is analogous to our temperature-dependent results, where this compound does not
attain a complete paramagnetic state.

In the following section the magnetic state of the compound is discussed with the scien-
tific reasoning based on the available literature. FeNi alloys mostly have magnetic ordering
at high temperatures, which is known to be ferromagnetic in nature [6,27,28,33,54]. How-
ever, several theoretical and experimental investigations also determined the antiferro-
magnetic or ferrimagnetic and glassy nature of the magnetic state in Fe-based binary
alloys [41–44,53,54]. Therefore, such a magnetic state might stabilize in the face-centered
cubic matrix at the low-temperature region, where small-scale FeNi clusters could be de-
veloped and compete with other phases. The existence of these face-centered cubic iron
clusters may be responsible for different magnetic states in the sample. In addition, differ-
ent magnetic (low spin and high spin) phases also play a significant role in the occurrence
of the various magnetic states [41,43,44]. It depends on the crystallographic (face-centered,
tetragonal, and body-centered) nature of the compound. The available literature suggests
that if the face-centered phase exists in a high spin phase, it becomes ferromagnetic, while
the low spin case demonstrates antiferromagnetism below 20 K [41,54]. However, a few
groups have reported that antiferromagnetism appears in face-centered cubic iron below
70 K [41,54]. The low value of magnetization also supports the coexistence of a low
spin phase in the compound prepared in this study. In the present case, we obtained
a multiphase compound (as discussed in the structural study), so there is a possibility for
a significant amount of face-centered FeNi low spin phase along with other foreign phases
to precipitate during the annealing and quenching process. Competition between these
phases may provide the driving force for originating the different magnetic correlations
and developing the different magnetic states in the sample, which is clearly evident in the
microscopic methods mentioned elsewhere [42].

3.3. Arrott Plot Study

In order to confirm the nature of the transition in the vicinity of magnetic ordering,
the H/M vs. M2 plot is derived from the virgin magnetic isotherms (Figure 3a). Both
resulting plots are shown in Figure 4. This plot is known as an Arrott plot (Figure 3b)
and exhibits negative and positive slopes for first- and second-order phase transitions. As
noted from the figure and Banerjee’s criterion of phase transition [55], a positive slope is
observed near the magnetic ordering temperature, indicating that this phase transition is
second-order. However, the curvature of the plot is changed below the magnetic ordering
temperature. This curvature further increases with decreasing temperatures. Below the
magnetic ordering temperature, it appears that the sample is trying to achieve a first-order
transition. To confirm the exact temperature where the first-order transition started, we
analyzed the Arrott plot data in terms of magnetic free energy F (M, T). Landau’s expression
for free energy is written as [15,56]:

F(M, T) =
C1

2
M2 +

C3

4
M4 +

C5

6
M6 + . . . − HM (1)
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where C1, C3 and C5 are the Landau coefficients; these coefficients are calculated by using
the following equation [15]:

H/M = C1 (T) + C3(T)M2 + C5(T)M4 (2)
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The coefficient C3 determines the order of phase transition; it has a positive or negative
value for the second-order and first-order, respectively [15]. We have calculated the value
C3 from the H/M vs. M2 plot fitted in Equation (2). The calculated values were plotted as
a function of temperature (shown in Inset of Figure 3b). The curve shows a positive value
above 88 K; below this, it changes its sign and converts into a negative value. Below
88 K, the studied material follows the first-order nature of phase transition. From the above
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analysis, it is apparent that this compound has two types of phase transitions. Such results
are not uncommon in binary alloys. FeNi binary systems also have an antiferromagnetic
nature at low temperatures [41,42,44,54]. The origin of this first-order transition may arise
due to the presence of a small antiferromagnetic correlation within the ferromagnetic
correlation. These results make an analogy with our magnetization results.
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3.4. Magnetocaloric Study

We further investigated the sample by measuring the temperature and field response
of the magnetocaloric effect in terms of ∆SM and RCP. The ∆SM is derived from the magnetic
isotherms using a similar procedure as described in the literature reports [31,42]. Figure 4a
displays the temperature response of ∆SM at different fields. FeNi systems have shown
a considerable amount of the ∆SM over a wide temperature range of 54 to 275 K, with
a maximum value of~−0.495 J/kg-K. Here, we observed that the ∆SM curve demonstrates
a slight shift in peak temperature (where ∆SM have maximum value) towards higher
temperature compared with magnetic ordering temperature; this is not uncommon in
first- and second-order coexisting phase systems; similar nature is also reported in the
literature [15,19]. From the viewpoint of the ∆SM value, we get a significant value in
such binary systems. To some extent, this compound has a large value of ∆SM from the
previously reported FeNi system [33], even though it has a small magnetization value
(M = 40 emu/g). However, it shows some large ∆SM values because it exhibits a larger
change in magnetization (∆M/∆T), which was crucial in the ∆SM calculations. In addition,
mixed phases, either crystallographic or magnetic (first- or second-order), provide the
driving force for broadening magnetocaloric parameters in this compound. Moreover,
the compound does not exhibit magnetic hysteresis in this temperature range, satisfying
another essential criterion for a magnetic refrigerant material. As observed from the
resulting curve, the ∆SM vs. temperature curve was shown to be asymmetric around the
peak temperature. This behavior occurs in those compounds that show the absence of long-
range ordering [1,15,19] and spin fluctuations [1,15,57]. To identify this, we tried to fit the
∆SM vs. applied field curve with spin fluctuation fitting as reported in the literature [1,53].
We did not achieve the best fit because it was found to be good in the paramagnetic
region, but in our case, FeNi systems have a paramagnetic phase at very high temperatures;
therefore, we discarded the spin-fluctuation nature of this compound.

To understand the intrinsic nature of the sample, we fitted the field response of the
∆SM curve with a power law fitting ∆SM~Hn [15,16,31,54,55]. Figure 4b displays the
resulting plot for the sample at different temperatures. All of the curves near the magnetic
ordering temperature exhibit power law behavior, with exponent n ranging between 0.89
and 1.7 as determined by power law fitting. The present exponent values are higher than
those obtained in ferromagnetic systems, i.e., 0.66 [16,54,55], while they get less value from
the antiferromagnetic system, ~2 [17,18,33,58,59]. These values of n clearly suggest that
this sample has mixed magnetic states that are ferromagnetic and antiferromagnetic in
nature. Interestingly, it was observed from the curve fitting that this power law behavior
slightly deviates at a low applied field (up to 5 kOe) below 70 K. Additionally, the value
of n shows an increasing pattern as the temperature decreases. The behavior mentioned
above might be due to the dominance of either first-order natural magnetic transitions or
antiferromagnetic correlations within the ferromagnetic correlations. The antiferromagnetic
nature of the FeNi system at low temperatures is reported theoretically and experimentally
in the literature [41,43,44]. Therefore, this compound has a mixed antiferromagnetic and
ferromagnetic magnetic state, which can originate due to the mixed crystallographic phases.
The antiferromagnetic correlation within the ferromagnetic states and vice versa is well
reported in the literature [18,19]. Such weak antiferromagnetism and ferromagnetism
originate due to changes in the spin alignment of the sample, governed by the various
crystallographic or magnetic clusters present in the sample. An Arrott plot study also
supports the existence of first- and second-order natures in the studied compound.

In order to check the practical utility of any material that can be used as a magnetic
refrigerant, the relative cooling power (RCP) is an important parameter that needs to be
examined. It measures the portion of heat transfer between cold and hot reservoirs in an
ideal refrigeration cycle. RCP is calculated as the product of maximum ∆SM (∆Smax

M ) and
the full width of the half-maximum of the peak in ∆SM (∆TFWHM) [10].
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∆SM (∆Smax
M ) and the full width of the half-maximum of the peak in ∆SM

(∆TFWHM) [10,15,33]:
RCP = ∆Smax

M × δTFWHM (3)

Here, δTFWHM = Thot − Tcold, Thot and Tcold are the temperatures corresponding to
the half-maximum value of the ∆SM peak value around both sides of the temperature axis.
The RCP value as a function of the applied field change is displayed in Figure 5a. At the
maximum applied field (∆H = 30 kOe), the RCP value is 88 J/kg. The observed values
are comparable to other reported magnetic refrigerants. Figure 5 shows that both RCP
(Figure 5a) and ∆SM (Figure 5b) values do not show any sign of saturation up to the 30 kOe
applied field; enhanced performance can be anticipated at higher applied fields. We also
try to fit the ∆SM and RCP peak values, at different applied fields, with power law fitting.
The exponent value indicates that this compound shows a coexisting magnetic correlation.
Therefore, coexisting phase formation again reaffirms and makes an analogy with magnetic
and Arrott plot results.

Magnetochemistry 2023, 9, x FOR PEER REVIEW 11 of 14 
 

 

coexisting phase formation again reaffirms and makes an analogy with magnetic and Arrott 
plot results. 

 
Figure 5. Magnetocaloric parameters as functions of applied magnetic field change: (a) RCP vs. H 
plot; (b) ΔSMPeak vs. H plot. Power law fitting (~Hn) is displayed by solid line. 

4. Conclusions 
In summary, we present a systematical investigation of the structural, magnetic, and 

magnetocaloric studies of the Fe65Ni35 alloy. A Rietveld refinement analysis of structural 
results reveals the coexistence of Fm-3m, Im-3m, and P4/mmm crystallographic phases. 
Temperature and magnetic field response of magnetization results confirm the ferromag-
netic ordering at the low-temperature region, which is governed by the coexisting nature 
of the crystallographic phase. The second- and first-order natures of the magnetic order-
ing are also confirmed by an Arrott plot and Landau expression of free energy. Results 
demonstrate that the second-order nature of the sample is found near the magnetic order-
ing temperature; at the same time, the first-order nature was also observed below 88 K. 
Significant magnetocaloric parameters over a wide temperature span are also observed in 
temperature-dependent magnetocaloric studies. The short-range magnetic exchange in-
teractions with mixed magnetic correlations are reaffirmed by the power law behavior of 
field-dependent magnetic entropy change. The applied field-dependent ΔSM and RCP 
confirm the non-saturated nature of the compound. Therefore, based on the above inves-
tigations, the coexisting phase-controlled magnetic and magnetocaloric investigations of 
these alloys are beneficial to understanding the fundamental and technological aspects of 
such magnetocaloric materials. 

Figure 5. Magnetocaloric parameters as functions of applied magnetic field change: (a) RCP vs. H
plot; (b) ∆SM

Peak vs. H plot. Power law fitting (~Hn) is displayed by solid line.



Magnetochemistry 2023, 9, 8 12 of 14

4. Conclusions

In summary, we present a systematical investigation of the structural, magnetic, and
magnetocaloric studies of the Fe65Ni35 alloy. A Rietveld refinement analysis of structural
results reveals the coexistence of Fm-3m, Im-3m, and P4/mmm crystallographic phases.
Temperature and magnetic field response of magnetization results confirm the ferromag-
netic ordering at the low-temperature region, which is governed by the coexisting nature
of the crystallographic phase. The second- and first-order natures of the magnetic order-
ing are also confirmed by an Arrott plot and Landau expression of free energy. Results
demonstrate that the second-order nature of the sample is found near the magnetic order-
ing temperature; at the same time, the first-order nature was also observed below 88 K.
Significant magnetocaloric parameters over a wide temperature span are also observed
in temperature-dependent magnetocaloric studies. The short-range magnetic exchange
interactions with mixed magnetic correlations are reaffirmed by the power law behavior
of field-dependent magnetic entropy change. The applied field-dependent ∆SM and RCP
confirm the non-saturated nature of the compound. Therefore, based on the above inves-
tigations, the coexisting phase-controlled magnetic and magnetocaloric investigations of
these alloys are beneficial to understanding the fundamental and technological aspects of
such magnetocaloric materials.
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