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ABSTRACT
The Sm2(Fe1−xMnx)14B (0 ≤ x ≤ 0.3) rare earth alloy was prepared by a reduction-diffusion method, and a corresponding reduction-diffusion
model was established. The crystal structure, microscopic morphology, and magnetic properties were systematically characterized to investi-
gate the effect of Mn doping. The results show that the diffusion of Sm into FeB proceeded with the formation of the Sm2Fe14B phase from
the very beginning of the reaction. Sm2(Fe1−xMnx)14B alloy undergoes a transition from the ferromagnetic phase (x = 0) to the paramagnetic
phase (x = 0.2), and the average magnetic moment of Fe decreases from 2.066 to 0.719 μB as observed by 57Fe Mössbauer spectroscopy. In
addition, the Curie temperature decreases rapidly from 620 to 230 K. In other words, a wide temperature-regulation of TC can be achieved
by adjusting the Mn content, which is attributed to the fact that Mn doping greatly weakens the atomic exchange interactions. These results
provide value for potential applications of Re–Fe-based alloys in room temperature magnetic refrigeration.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0179884

I. INTRODUCTION

Intermetallic compounds containing samarium (Sm) and iron
(Fe) have attracted much attention due to their huge magnetostric-
tion. Specifically, the binary compound Sm2Fe17 and the metastable
phase SmFe7 exhibit a planar magnetic anisotropy,1–6 which can be
transformed into uniaxial magnetic anisotropy by introducing car-
bon or nitrogen into the interstitial positions of the crystal lattice.
Since the Sm–Fe system appears to be interesting from the viewpoint
of finding new high-performance hard or soft magnetic materials, it
is important to do more research on the various kinds of systems. For
Sm2Fe14B alloy, it exhibits strong planar anisotropy and outstanding
magnetostrictive properties, it has drawn the attention of numer-
ous theoretical and experimental researchers.7–15 Consequently,
various fabrication methods, including magnetron sputtering, melt-
spinning and so on, have been employed for the investigation of
Sm–Fe–B alloys.

In this work, the Sm2(Fe1−xMnx)14B alloy was prepared using
a low-cost reduction-diffusion (R/D) method. We investigated the
phase formation behavior through XRD and SEM analyses, and
established a corresponding R/D model. The single-phase diffu-
sive motion of rare earth atoms during diffusion reactions is
demonstrated. We utilized VSM, 57Fe Mössbauer spectroscopy,
and density functional theory calculations to investigate the struc-
tural and magnetic properties of Sm2(Fe1−xMnx)14B series with
different Mn concentrations. The preferential occupancy infor-
mation of Mn atoms was obtained through calculations. At
x = 0.2, a coexistence of ferromagnetic and paramagnetic phases
was observed in the room temperature 57Fe Mössbauer spectrum,
accompanied by a significant increase in magnetic entropy. This
not only enhances our understanding of the physical properties
of (Sm–Fe)-series compounds but also provides new insights into
the cause of the increase in magnetic entropy in magnetothermic
materials.
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II. EXPERIMENTS
Mn-doped Sm2(Fe1−xMnx)14B alloys (0 ≤ x ≤ 0.3) were pre-

pared using a reduction-diffusion method. The raw materials
Sm2O3, MnO2, Fe, FeB, and Ca were thoroughly mixed using
mechanical stirring in a vacuum environment. The reduction pro-
cess was carried out at 1120 K, followed by a diffusion process
at 1420 K, resulting in the formation of Sm2(Fe1−xMnx)14B alloys.
Subsequently, it was ball-milled and washed to remove calcium.
The remaining CaO and unreacted Ca were removed using a 5%
ammonium acetate solution.

The phase constitution of the sample was identified using a
PANalytical X’Pert Pro diffractometer (conditions: Cu Ka radia-
tion, 40 kV and 40 mA, 2⊖ range 10–90○, and step 0.016). The
microstructures and chemical compositions of the samples were
analyzed by a scanning electron microscope (SEM, Apreo S) with
energy dispersive x-ray spectroscopy (EDS). The room-temperature
hysteresis loops were obtained through a vibrating sample magne-
tometer (Micro-Sense EV9), which can reach a magnetic field of
up to 2 T. The Curie temperature was determined using a custom-
designed measurement setup. A permanent magnet was placed at
the top of a thermogravimetric analyzer (TGA) to record mass
changes, allowing us to obtain the Curie temperature. Transmission
Mössbauer spectroscopy studies were performed using a conven-
tional constant acceleration drive with a 57Co source. The absorbers
were prepared in powder form (10 mg of natural Fe/cm2). The
velocity calibration was performed with α-Fe at room temperature.
The temperature dependence of magnetization was measured using
a Physical Property Measurement System (PPMS) from Quantum
Design, Inc.

All calculations were performed using the WIEN2k
package.16,17 The full-potential linearized augmented plane-
wave (FLAPW) method was adopted, and the generalized gradient
approximation (GGA) (Perdew–Burke–Wang form) was employed
for the exchange-correlation potential. Throughout the present
calculation, we take RMT = 2.45, 2.03, 1.8, 2.1 AU for Sm, Fe, B,
Mn ions, respectively. The potential and the charge density in
the MT-spheres were expanded in the spherical harmonics with
lmax = 10.0. The plane-wave cut-off parameter (Rmt × Kmax) was 7.0,
and the magnitude of the largest vector Gmax was 14.0. The energy
convergence relative to the number of K points was checked that
the above parameters are reliable.

III. RESULTS AND DISCUSSION
Products obtained after different reduction and diffusion times

were characterized by x-ray diffraction, as shown in Figs. 1(a) and
1(b). With increasing reduction time, Sm2O3 gradually transformed
into SmO and Sm2O, eventually converting to pure Sm, while gen-
erating CaO. The iron content remained relatively constant. As the
diffusion time increased, the diffraction peak of Sm2Fe14B gradually
intensified, accompanied by a significant decrease in the intensity of
the Fe diffraction peak, which completely disappeared at t = 5 h. The
major observed diffraction peaks corresponded to Sm2Fe14B and
CaO. This implies the successful formation of the Sm2Fe14B alloy
after 5 h of diffusion, achieving complete diffusion between Sm and
FeB. The conversion process of Sm2Fe14B alloy can be represented
by Eqs. (1)–(4). In addition, for the reduction-diffusion process, the

control of reduction time and diffusion time is particularly impor-
tant, which will affect the final product. Less reduction time will lead
to the lack of rare earth content during diffusion. Less diffusion time
will result in insufficient diffusion, and longer diffusion time will
result in volatilization of rare earth elements and failure to obtain
the desired phase,

Sm2O3 + Ca = 2 SmO + CaO, (1)

2 SmO + Ca = Sm2 O + CaO, (2)

Sm2 O + Ca = 2 Sm + CaO, (3)

Sm + Fe + FeB→ Sm2 Fe14 B. (4)

The XRD refinements of the x = 0, 0.1, 0.2, and 0.3 obtained
at room temperature are presented in Fig. 1(c). Table I gives the
lattice parameters and the steadiness indices for the refinement
outcomes. It can be seen that Sm2Fe14B alloys crystallizes in the
tetragonal Nd2Fe14B-type structure. When Fe is substituted by Mn
to x = 0.3, the tetragonal Nd2Fe14B-type structure of major phase
is not changed. As shown in Fig. 1(d), the lattice parameters a,
c and unit cell volume increase with increasing Mn substitution
amount, which is attributed to the atomic radius of Mn being larger
than Fe.

To investigate the formation process of the Sm2Fe14B alloy,
SEM images of the reduction-diffusion products at different dif-
fusion times (0, 1, 2, 4, and 5 h) were obtained, as shown in
Figs. 2(a)–2(e). The dark gray, gray, and black areas in each image
represent the Fe phase, Sm2Fe14B phase, and CaO phase, respec-
tively. Researchers observed that the diffusion process of rare-earth
metal toward transition metal is a unidirectional reaction process.5,18

The elemental mapping images of Sm2Fe14B after four hours of dif-
fusion are presented in Figs. 2(f)–2(i). The single-phase diffusion of
elemental Sm into FeB can be demonstrated in terms of brightness
and darkness. As the diffusion time increases, the radius of the Fe
core gradually reduces, shrinking to merely 1–2 μm after four hours
of diffusion.

As the diffusion of Sm and FeB to form the Sm–Fe–B alloy is
a progressive process from outside to inside, an unreacted shrinking
core model with spherical particles is used to illustrate the entire R/D
reaction. Table II lists the thicknesses of the Sm2Fe14B compound
layer at different reaction times. Here, D0 represents the initial radius
of the iron particle, D signifies the radius of the iron core at reaction
time t, and (D0 − D) denotes the layer thickness of the Sm2Fe14B
alloy. Based on Table II, the square of the thickness of the Sm2Fe14B
alloy layer [(D0 − D)2] is plotted against reaction time t as depicted
in Fig. 3. Thus, the relationship between the thickness of the alloy
layer and reaction time can be expressed by

(D0 −D)2 = 89.97 t. (5)

Therefore, assuming that the particle is an ideal sphere ball, the
complete reaction time for 20 μm iron powder particles is 4.45 h. In
the experiment, the diffusion of the 20 μm Fe powder was completed
in 5 h, which is consistent with the calculation results of the model.
This model has certain guiding significance for Fe with different
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FIG. 1. (a) XRD patterns of the sample after 1, 2, 3, and 4 h of reduction at 1120 K. (b) XRD patterns of the sample after 1, 2, 3, 4, and 5 h of diffusion at 1420 K. (c) The
XRD patterns and their refinements of Sm2(Fe1−xMnx)14B (0 ≤ x ≤ 0.3) alloys along with their lattice parameters and cell volume (d) a, c, and V.

TABLE I. Refined structural parameters of XRD patterns of Sm2(Fe1−xMnx)14B.

Parameters x = 0 x = 0.1 x = 0.2 x = 0.3

a (Å) 8.7765(5) 8.7862(7) 8.7922(8) 8.8144(9)
c (Å) 12.0793(9) 12.097(1) 12.098(1) 12.123(1)
V (Å3) 930.4(1) 933.9(2) 935.2(2) 941.9(3)
Rwp 3.0% 5.0% 3.39% 3.82%

particle sizes as raw materials for reduction diffusion processes. All
samples in this experiment were prepared using this model as a
reference.

The preferred position of Mn in Sm2Fe14B was determined by
first-principles density functional calculations. This serves as the
foundation for subsequent fitting of the 57Fe Mössbauer spectra of
doped samples. The substitution energy of Mn in Sm2(Fe, Mn)14B,

i.e., the change in the formation energy of Mn-substituted Sm2(Fe,
Mn)14B with respect to Sm2Fe14B is19

Esub = ESm2(Fe1−xMnx)14B − ESm2Fe14B − EMn + EFe. (6)

ESm2(Fe1−xMnx)14B and ESm2Fe14B are the total energy per unit cell
in the ground state, respectively. EFe and EMn are the total energies
per atom in the ground state for metallic Mn and Fe, respectively.

The total energy calculations indicate that the substitution
energy of Fe by Mn varies significantly at the different Fe sites (see
Table III). With the exception of the 4e site, the substitution energy
of Mn at other sites is positive, indicating an unfavorable scenario
for the substitution of Mn. However, at the 4e site, the substitu-
tion energy for Mn is negative (−0.7824 eV), suggesting a favorable
condition for Mn substitution. In other words, Mn tends to occupy
preferentially the sites of 4e site, followed by 8j2 and 16k1 sites, while
avoiding the 4c, 8j1, and 16k2 sites.
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FIG. 2. SEM photographs of Sm2Fe14B alloys for different reaction times: (a) 0 h, (b) 1 h, (c) 2 h, (d) 4 h, and (e) 5 h. The corresponding elemental mapping images of
Sm2Fe14B after diffusion for 4 h (f)–(i).

TABLE II. Thickness of Sm2Fe14B alloy layer for different reaction times.

Reaction time (t/h) 0 1 2 4

(D0 − D) (μm) 2.1 7.97 14.37 18.75
(D0 − D)2 (μm2) 4.41 63.52 206.5 351.56

Based on the results of the first principle density functional cal-
culations, Mn predominantly occupies the 4e and 8j2 sites, followed
by the 4c and 16k1 sites. On this basis, the Mössbauer spectra of Mn-
doped samples were fitted. The fitting results are self-consistent and
are shown in Fig. 4. The hyperfine parameters and near-neighbor
atomic environments of different Fe sites for Sm2(Fe1−xMnx)14B
(x = 0, 0.2) are listed in Table IV. The spectra evolve from the
original symmetric six-line peak (x = 0) to a double peak (x = 0.3)
with increasing Mn concentration, indicating that the sample under-
goes a magnetic transition process from a ferromagnetic phase to a
paramagnetic phase. The precursor (x = 0) is fitted with six sets of
six-line sub-spectra, corresponding to six nonequivalent Fe sites in
the 2:14:1 tetragonal phase. In addition, the relaxation frequency of

FIG. 3. Plot of (D0 − D)2 vs reaction time.

the small particle size is higher than the Larmor frequency of the
57Fe nucleus, causing these particles to produce a double-peaked sig-
nal in the Mössbauer spectrum.20 For the 2:14:1 phase, generally,
the major contribution to the hyperfine field is the Fermi contact
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TABLE III. The substitution energy Esub (eV/atom) for the different Fe sites in Sm2(Fe,
Mn)14B.

Site 16k1 16k2 8j1 8j2 4c 4e

Esub (eV/atom) 0.2334 0.2838 0.2726 0.2325 0.2402 −0.7824

term, whose transferred field from the iron near-neighbors depends
upon their number.21 Since B atoms behave as electron donors to
Fe atoms according to the crystalline electric field effects, B atoms
are considered to be able to reduce Bhf of near Fe atoms.21–24 The
number and distance between Fe and its nearest B neighbors, as
well as the size of the Wigner–Seitz volume, were further investi-
gated.23 It can be concluded that the maximum of Bhf occurs at the
8j2 site because it has the largest Fe coordination as well as the largest
Wigner–Seitz volume. The second largest Bhf occurs at the 16k2 site
as the distance of 16k2 − B is far greater than that of 16k1 − B, and
following that is the 16k1 position. By extension, the order of the
hyperfine fields can be determined as follows: Bhf(8j2) > Bhf(16k2)
> Bhf(16k1) > Bhf(4e) > Bhf(8j1) > Bhf(4c). In Sm2(Fe0.9Mn0.1)14B,
the Fe at sites 4e and 8j2 has been mostly replaced. The four
inequivalent Fe sites in the 2:14:1 phase is mainly 4c, 8j1, 16k1, and
16k2. The Bhf at four Fe sites takes the order of Bhf(8j1) > Bhf(4c)
> Bhf(16k2) > Bhf(16k1). The substitution of Fe atoms by Mn at the
4e and 8j2 positions has an impact on the environment of other sites,
thereby leading to changes in the hyperfine fields. As the Mn con-
tent increases further to 0.2, it can be observed that both six-line
and doublet spectra are present in the sub-spectrum. This indicates
the coexistence of ferromagnetic and paramagnetic phases in the

TABLE IV. Hyperfine parameters of the x = 0 and the x = 0.2 at room temperature.
The IS is relative to the α-Fe.

IS QS Bhf Phase
Atomic

environment

x = 0

−0.0537 −0.1532 27.2735 4c 8Fe, 4Sm, 0B
−0.1593 0.4004 29.9074 4e 9Fe, 2Sm, 2B
−0.4113 −0.2726 27.8575 8j1 9Fe, 3Sm, 0B

0.0014 0.4378 35.1641 8j2 12Fe, 2Sm, 0B
−0.1764 −0.6273 30.9767 16k1 10Fe, 2Sm, 1B
−0.1655 0.0097 31.6887 16k2 10Fe, 2Sm, 0B

IS QS Bhf Phase
Atomic

ratio (%)

x = 0.2

0.0491 0.0635 9.6583 8j1 12.9
0.0493 −0.0353 12.7836 16k2 7.4
−0.095 57 −0.2043 <4 Ferromagnetic phase 32.6
−0.0017 0.7809 Paramagnetic phase 47.1

alloy and that the ferromagnetic phase occupies only 20.3%. In other
words, the Curie temperature of Sm2(Fe0.8Mn0.2)14B is located near
room temperature. When x reaches 0.3, only two doublet spectra can
be observed in the sub-spectrum, indicating that the alloy has com-
pletely transitioned into a paramagnetic state at room temperature.
For the Sm2(Fe1−xMnx)14B alloys with x values of 0, 0.1, and 0.2,
the average Fe magnetic moments at each site were determined as
2.066, 1.233, and 0.719 μB, respectively, using a conversion factor of

FIG. 4. Mössbauer spectra for Sm2(Fe1−xMnx)14B alloys with different Mn content at room temperature.
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15 T/μB.21,25 This is a consequence of the increase in the content of
the paramagnetic phase (blue shaded area).

The Curie temperatures of Sm2(Fe1−xMnx)14B (0 ≤ x ≤ 0.3)
alloys were measured as shown in Fig. 5(a). With the increase
in x, the Curie temperature decreases from 620 to 230 K. When
x = 0.2, the Curie temperature decreases to 300 K, which is near room
temperature, which is consistent with the conclusion drawn by the
Mössbauer spectrum. The magnetization curves of this sample were
measured at different temperatures [see Fig. 5(c)] and the magnetic
entropy was calculated by Eq. (7).26 The maximum value of magnetic
entropy is close to room temperature. This indicates that the sample
can be used as a potential room temperature magnetic refrigeration
material. Figure 5(d) is Arrott plots of Sm2(Fe1-xMnx)14B alloys. It
can be clearly seen that the experimental point near TC shows a
straight line with positive slope instead of an S-shaped curve.27–29

This indicates that the process belongs to the secondary phase tran-
sition, in this case a magnetic phase transition. The hysteresis loops
of Sm2(Fe1−xMnx)14B alloys were measured at 300 K [see Fig. 5(b)],
with saturation magnetization values of 23.3234, 13.3339, 5.3064,
and 0.3057 μB/f.u., respectively. There is a significant decrease in
saturation magnetization intensity at room temperature due to a
rapid decrease in Curie temperature. According to Belorizky’s view-
point,30 In the Re2Fe14B series materials, TC is directly related to
the exchange interaction between atoms [see Eq. (8)]. The exchange

interaction between iron atoms (Fe–Fe coupling) is stronger than the
one between iron and rare-earth (R–Fe coupling) sublattices, as well
as the exchange interaction within the rare-earth (R–R coupling)
sublattice,

ΔSM = (T, H) = SM(T, H) − SM(T, 0) = ∫
H

0
(∂M
∂T
)

H
dH, (7)

TC =
1
2
(Θ0 +ΘR) +

1
2

√
(Θ0 +ΘR)2 + 4(Θ2

RFe −Θ0ΘR), (8)

where Θ0 represents the exchange interaction between iron atoms,
ΘR represents the exchange interaction between iron and rare-earth,
and ΘRFe represents the exchange interaction between rare-earth and
rare-earth.

A major change in magnetism can be attributed to the inter-
action coupling of magnetic particles. In Re–Fe–based compounds,
it is predominantly determined by Fe–Fe interactions.30 When
Mn substitutes for Fe in Sm2Fe14B, partial Fe–Fe interactions are
replaced by Mn–Mn or Fe–Mn interactions,6 thereby weakening the
ferromagnetic interactions between Fe atoms, resulting in a signifi-
cant decrease in the Curie temperature. Therefore, we have achieved
a wide-range modulation of the Curie temperature by altering the
interatomic exchange interactions.

FIG. 5. Curie temperature (a) and magnetic hysteresis loops (b) of Sm2(Fe1−xMnx)14B (0 ≤ x ≤ 0.3) alloys. Magnetization isotherms (c) and Arrott plots (d) of
Sm2(Fe0.8Mn0.2)14B.
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IV. CONCLUSIONS
In this study, a series of Sm2(Fe1−xMnx)14B (0 ≤ x ≤ 0.3) samples

were synthesized by the reduction-diffusion method. Based on the
studies of structural and magnetic properties, the main conclusion
is presented as follows:

(1) Based on kinetic analysis, we concluded that the relationship
between the thickness of the Sm2Fe14B alloy layer growing
on the iron crystal surface and the reaction time conforms to
the parabolic law. The growth model is defined as (D0 − D)2

= 89.97 t. This offers valuable guidance for the production of
samples using the reduction-diffusion process.

(2) For the Mn occupation, based on density functional theory
calculations, it is determined that Mn atoms preferentially
occupy the 4e, 8j2, and 16k1 sites of Fe while avoiding the
4c, 8j1, and 16k2 sites.

(3) For the Mössbauer spectrum, the spectral line changes
from a six-line peak to a double peak, realizing a mag-
netic transition. Correspondingly, the Curie temperature of
Sm2(Fe0.8Mn0.2)14B decreases from 620 to 230 K, which is
attributed to the doping of Mn atoms significantly weak-
ening the interatomic exchange interactions. Furthermore,
a significant increase in magnetic entropy is observed in
Sm2(Fe0.8Mn0.2)14B at room temperature. This provides
new insights into the application of rare-earth iron-based
materials in room-temperature magnetic refrigeration.

Collectively, our work provides a comprehensive understand-
ing of the inner relationships among site occupation and mag-
netic properties of Sm2(Fe1−xMnx)14B. This will soon drive the
application of rare-earth alloys in room-temperature magnetic
refrigeration.
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