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a b s t r a c t

In the development of SmFe12-based rare-earth permanent magnets, it is yet to establish a pathway to 
liquid-phase sintering producing nonmagnetic grain-boundary subphases. Here, phase equilibria of the Sm- 
Fe-Cu ternary system are examined computationally to explore such a pathway and grain-boundary sub
phases of SmFe12-based magnets through Gibbs free energies for various phases. A key quantity, the mixing 
enthalpy is examined from first principles. We show that the B2 Sm-Cu-Fe is a candidate for a nonmagnetic 
subphase, where the solubility of Fe into Sm-Cu is better described by the cluster-expansion method finding 
attractive Cu-Fe interaction within the B2 sublattice. In addition, it is found that the liquid phase of Sm-Cu 
slightly including Fe directly equilibrates with SmFe12, which is consistent with experiments. We point out 
the possibility of liquid-phase sintering of the SmFe12-based magnets using this liquid phase without sig
nificant composition changes by the solidification. The mechanism of attractive interaction between Fe and 
Cu in B2 Sm(Cu, Fe) is clarified from the viewpoint of electron theory.

© 2023 Elsevier B.V. All rights reserved. 

1. Introduction

As attempts to develop new rare-earth permanent magnets be
yond Nd2Fe14B-based magnets, SmFe12 have been studied in
tensively [1–16]. Even though magnetic properties such as the 
magnetization and the anisotropy field of SmFe12 are superior to 
those of Nd2Fe14B, insufficient structural stability has been one of 
the most severe problems, which has been becoming gradually 
overcome as discussed below [6–9]. However, the design of SmFe12- 
based magnets also suffers from identifying an appropriate grain- 
boundary subphase, a crucial component of microstructures. As an 
additive element for the grain-boundary phase, a few elements in
cluding Cu have been studied [15,16]. In particular, it has been de
monstrated that SmFe11Ti equilibrates with Cu-41 at% Sm at 1273 K 
[16]. Even though this finding is promising, phase equilibria for a 
wide temperature range are yet to be obtained. Such information 
should be helpful to design the sintering process of magnets. In 
addition, details of atomic interactions and atomic structures within 

the subphase are expected to be helpful for further optimization of 
microstructures.

Since SmFe12 is a metastable phase in the Sm-Fe binary system, it 
must be stabilized by adding various elements such as Ti, V, Mo, Al, 
and Ga through Fe-site substitutions, and Zr, Y, and Gd for sub
stituting Sm sites [9,17–20,21]. Although Ti is an effective element to 
stabilize the compound, the processing temperature is higher than 
1273 K [22,23]. From the viewpoint of the liquid-phase sintering to 
achieve optimum microstructures, it requires the two-phase equi
libria between the SmFe12 and liquid phases. The two-phase equi
libria are interrupted by the formation of other compounds in 
ternary and binary sub-systems, e.g., Fe2Ti in the Fe-Ti binary system. 
Due to the Fe2Ti precipitations, SmFe12 does not have direct tie-lines 
to the liquid phase [16,22,23]. Among additive elements, Ti, Mo, and 
Zr have binary compounds with Fe, while V, Al and Cu are free from 
such compounds in the Fe-rich region of the binary phase diagram. 
As fundamental knowledge, it is of importance to examine if SmFe12 

can be in equilibrium with the liquid phase in ternary phase dia
grams such as Sm-Fe-Cu, before proceeding to multicomponent 
phase diagrams of quaternary or more in consideration of all pos
sible factors at once.

Even if main-phase single crystals have high magnetizations, high 
anisotropy fields, and high Curie temperatures, permanent magnets 
do not exhibit high performance without having appropriate 
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microstructures, because microstructure interfaces play significant 
roles in preventing the magnetic domain-wall motion. While micro
structure interfaces have been examined on the atomic scale ob
taining insights into magnetic couplings between constituent phases 
[24–26], identification of phase equilibria requires quantification of 
the Gibbs free energy. Even though there have been successful at
tempts to evaluate the Gibbs free energy from first principles [27–36], 
such evaluations for general cases with sufficient precision can be 
computationally demanding due to, e.g., effects of the positional en
tropy due to displacements [37], and effects of anharmonic lattice 
vibrations such as the lift of the dynamical instability at finite tem
peratures. In contrast, the modeling of the Gibbs free energy to re
produce experimental phase equilibria, known as the CALPHAD 
(CALculation of PHAse Diagrams) approach [38], has been successful 
in providing thermodynamical database for multicomponent phase 
diagrams of, e.g., elements relevant to Nd-Fe-B permanent magnets 
[39]. Since Gibbs-energy functions are required for phases with ex
perimentally unavailable compositions, the CALPHAD approach 
combined with first-principles calculations is effective [40–44]. Thus, 
such an approach should be promising also in the exploration of 
grain-boundary subphases of SmFe12-based permanent magnets by 
examining phase equilibria through phase diagrams.

In this study, the ternary phase diagram for Sm-Fe-Cu is studied by 
the CALPHAD approach together with first-principles calculations. For 
compounds relevant to SmFe12-based permanent magnets, CALPHAD 
Gibbs free energies are constructed with mixing enthalpies from first 
principles. Various phases including B2 Sm-Cu-Fe and SmFe12 are ex
amined using dilute alloys that is slightly off-stoichiometric. In addition, 
mixing enthalpies for the B2 phase are evaluated by the first-principles 
cluster-expansion method [45,46], where the calculated Gibbs energy 
results in phase equilibria more consistent with experiments [15,16]. We 
show that the liquid phase with compositions in the vicinity of Cu-45at% 
Sm-1at%Fe directly equilibrates with SmFe12 above 1053 K opening up 
the possibility of the liquid-phase sintering. At lower temperatures, the 
equilibrating phase becomes nonmagnetic B2 Sm-Cu-Fe that is suitable 
as the grain-boundary phase. Since B2 Sm-Cu-Fe is much more stable 
than the amorphous phase, the grain-boundary phase may be crystalline 
depending on the cooling rate. Finite solubility of Fe into the B2 Sm-Cu 
phase comes from attractive interaction between Cu and Fe within the 
B2 sublattice, which is in contrast with repulsive one in binary Cu-Fe. 
The mechanism of the attractive interaction is the stabilization of Fe 
minority-spin states with lower single-electron energies compared with 
the case of binary SmFe.

2. Computational details

We performed spin-polarized first-principles calculations to ob
tain total energies of the endmembers with the structures shown in 
Fig. 1 and their substituted solid solutions. The total energy of 
density functional theory (DFT) was self-consistently minimized 
using the frozen-core all-electron projector-augmented wave [47]
(PAW) method as implemented in the VASP code [48–50]. The ex
change-correlation energy functional are treated using the general
ized gradient approximation [51] parametrized as the form of 
Perdew–Burke–Ernzerhof [52]. It should be reasonable to assume 
that strongly localized 4f states hardly hybridize with other elec
tronic states, even though some of Sm 4f states have single-electron 
energies close to the Fermi level [53]. Thus, an open-core PAW po
tential was used for Sm, where partially-occupied 4f electrons are 
kept frozen in the core. During the structure optimization, plane 
wave cutoff energy of 390 eV was used, and k-grid spacing was set 
as 0.1 Å−1 × 0.1 Å−1 × 0.1 Å−1. The full relaxed structures were ob
tained once atomic forces were smaller than 0.01 eV/Å with the 
total-energy convergence criterion of 10−7 eV. As initial spin con
figurations, Sm and Fe spins set as antiparallel, while spins within 
Sm and Fe were aligned as parallel.

Lattice models for mixing enthalpies Hij
mix were constructed by 

the cluster-expansion method as implemented in the ATAT code 
[54,55]. We considered binary mixing within one B2 sublattice for X 
(Y1−yZy) with the sublattice concentration y, where all possible 9 
combinations of Sm, Cu, and Fe were examined for elements X, Y, 
and Z. In the cluster-expansion lattice model for the binary mixing, 
Hij

mix is described as

=H J ,ij
I

I
mix

(1) 

where α is the cluster type, Jα is the effective cluster interaction, and 

I I is the correlation function of the cluster α. At each lattice 
point I, the variable σI in the binary model has the value of + 1 or − 1 
depending on elements. We considered up to tetrahedron clusters. 
The effective cluster interaction was determined by fittings to re
produce the mixing enthalpy obtained by first-principles calcula
tions. In order to consider only structures that can be recognized as 
B2, structures with lattice vectors deviating from those of the ideal 
B2 lattice significantly were excluded from the fitting with the cri
terion R of more than 9%, where R is defined as

=R ,
i j

ij
,

2

(2) 

Fig. 1. Atomic configurations of ordered binary Sm-Cu and Sm-Fe alloys: (a) B2 SmCu 
(CsCl type), (b) SmCu2 (CeCu2 type), (c) SmFe12 (ThMn12 type), (d) Sm2Fe17 (Th2Zn17 

type), (e) SmFe3 (PuNi3 type), and (f) C15 SmFe2 (MgCu2 type).
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where {εij} are the eigenstrains induced by the relaxation from the 
B2 structure, i.e., other than the isotropic scaling and the rigid ro
tation [56]. In addition, structures with large distortions by atomic 
displacements were excluded so that the cross-validation score for 
the fitting of Jα becomes smaller than 65 meV per atom.

In the CALPHAD approach, the sub-regular solution model is used 
to describe Gibbs energies of phases that are considered in phase 
diagrams of interest. In the sub-regular solution model, the Gibbs 
energy is decomposed into three terms: (i) linear combination of 
Gibbs energies of endmembers, (ii) the configurational-entropy term 
within the Bragg-Williams approximation, and (iii) the excess Gibbs 
energy as all effects other than the former two terms. We used the 
two-sublattice model for intermetallic compounds, where the Gibbs 
energy of a binary stoichiometric compound, e.g., the B2 phase is 
described as an endmember by the two-sublattice model. The Gibbs 
energy of endmembers with the magnetization at low temperatures 
was described by adding a magnetic term based on the Inden model 
[57,58]. In this study, we constructed Gibbs-energy functions of 
SmFe12 as well as experimentally unavailable counterparts of Sm-Fe 
and Sm-Cu compounds, while preexisting Gibbs-energy databases 
were used for all other endmembers [59–62]. The Kopp-Neumann 

rule for the specific heat indicates that the temperature dependence 
of excess Gibbs energies can be linear. Assuming this linear depen
dence is small in the present study, mixing enthalpies obtained from 
first principles were used for phases shown in Fig. 1 as excess Gibbs 
energies in the present study, details of which are given in the fol
lowing. Using Gibbs energies as inputs, phase diagrams were cal
culated by the PANDAT code [63].

3. Results and Discussion

3.1. Mixing enthalpy

Figure 2 shows mixing enthalpies Hij
mix between B2 Sm-Cu-Fe 

stoichiometric compounds as endmembers in the two-sublattice 
model. Even though the ground-state structure of SmCu is the B27 
(FeB-b) structure [24], we focus on the B2 structure in the present 
study, because high-temperature phases are of our primary interest. 
From Fig. 2(a) and (b), it is clear that the interaction between Sm and 
Cu is repulsive within each sublattice of B2 SmCu. This means that 
each sublattice of binary B2 SmCu does not allow the alloying of 
Sm-Cu at zero temperature. In addition, substitutional Fe impurities 

Fig. 2. The mixing enthalpy Hij
mix between B2 stoichiometric compounds that is related to the Redlich-Kister polynomial Lk i j: , in the present CALPHAD two-sublattice model 

through =H y y L(1 )ij
ix

j j k i jm : , : (a) HCuSm
mix of (Sm Cuy ySm 1 Sm)Cu, (b) HCuSm

mix of Sm(Cu Smy y1 Sm Sm), (c) HFeSm
mix of (SmySmFe y1 Sm)Fe, (d) HFeSm

mix of Sm(Fe Smy y1 Sm Sm), (e) HCuFe
mix of 

(Fe Cuy yFe 1 Fe)Cu, (f) HCuFe
mix of Fe(Cu Fey y1 Fe Fe), (g) HFeSm

mix of (SmySmFe y1 Sm)Cu, (h) HCuSm
mix of (SmySmCu y1 Sm)Fe, (i) HCuFe

mix of Sm(Cu Fey y1 Fe Fe). Note that the first and second 
sublattices are equivalent, i.e., Lk i j: , = Lk i j: , . Values directly obtained by first-principles DFT calculations are represented by crosses. Circles are Hij

mix from cluster-expansion (CE) 

model for configurations same as crosses. Red solid lines indicate the disorder limit of the CE model that are used in the CALPHAD model through Lk:i,j. Blue dashed lines are fitted 
curves from results of first-principles calculations for dilute alloys that are slightly off-stoichiometric from the endmembers.
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in B2 SmCu are more stable at Cu sites than at Sm sites as seen in 
Fig. 2(g) and (i). Other mixing enthalpies are also used to construct 
the Gibbs-energy landscape in the whole Sm-Fe-Cu compositions.

The mixing enthalpy is of importance to evaluate the Gibbs en
ergy beyond the ideal-solution model through the Redlich-Kister 
polynomial Lk:i,j. In the present CALPHAD two-sublattice model, Hij

mix

and Lk:i,j has the relation, =H y y L(1 )ij j j k i j
mix

: , , where yi the sub
lattice concentration of the element i. Since the mixing enthalpy 
depends on specific atomic configuration, we adopted the case of the 
disorder limit. Curves for this disorder limit shown in Fig. 2 are 
obtained from the cluster-expansion model as

=

=

H y J

J y

( )

(2 1) ,

ij j
I

I

j
k

mix

(3) 

where kα is the order of a cluster, e.g., kα = 3 for triangle clusters. 
Fig. 2 also includes results obtained by fitting from the dilute alloys 
that are slightly off-stoichiometric from the endmembers. In some 
cases, the cluster-expansion model significantly improves the 

mixing enthalpy compared with the dilute-alloy approach. Thus, 
mixing enthalpy from the cluster-expansion model is used for the B2 
phase unless otherwise stated, while the dilute alloys are used to 
evaluate mixing enthalpies of the rest of the phases shown in Fig. 1
that are found to be of less importance considering roughly-esti
mated phase equilibria. These mixing enthalpies are added to CAL
PHAD Gibbs energies as an approximation of the excess Gibbs 
energy. Other phases including the liquid phase are considered using 
existing Gibbs-energy functions [60–62] to examine phase equilibria 
reported below.

In the evaluation of the mixing enthalpy from first principles, it 
was assumed that one of the sublattice is always occupied by one 
element. On the other hand, this assumption is lifted in examining 
phase equilibria by using the condition

=G

y
0,

i
n( ) (4) 

where yi
n( ) is the sublattice concentration of the element i in the 

sublattice n. With the above constraint, the elements can occupy on 
both sublattices of the B2 structure as (Sm,Cu,Fe)1(Cu,Fe,Sm)1 in the 

Fig. 3. (a) Ternary phase diagram of the Sm-Fe-Cu system at 773 K. (b) Phase diagram excluding the Sm2Fe17 phase from (a) assuming the stabilization of the SmFe12 phase due to 
possible additive elements. (c) Ternary phase diagram of the Sm-Fe-Cu system excluding the Sm2Fe17 phase at 1053 K. In all cases, the CALPHAD Gibbs energy obtained with 
Redlich-Kister polynomials Lk:i,j from the cluster-expansion method is used for the B2 phase.
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two-sublattice model. In this study, the Gibbs-energy function per 
atom of the B2 phase within the two-sublattice model is given as

= +

+ +
=

>

G y y G k T y y

y y y L y y y L

1
2

log

[ ],

ij
i j ij

n i
i

n
i

n

ik j i
k i j k i j k i j i j k

B2
(1) (2)

B
1

2
( ) ( )

(1) (2) (2)
: ,

(2) (1) (1)
, :

(5) 

where {Gij} = {Gbcc-Fe, Gbcc-Sm, Gbcc-Cu, GB2-SmCu, GB2-SmFe, GB2-FeCu}, kB 

is the Boltzmann constant, T is the temperature, and

=
=

L L y y( ) .k i j k i j i j: ,
0

2

: ,
( ) (2) (2)

(6) 

Parameters L{ }k i j: ,
( ) are obtained from {Jα}. Numerical values of para

meters appearing in the above formulae are provided in the unit of J 
per mole of atoms as Supplemental Material.

3.2. Phase equilibria

The Cu-Fe, Sm-Cu, and Sm-Fe binary system have been critically 
assessed by Turchanin et al. [60], Zhuang et al. [61], and Chen et al. 
[62], respectively. We adopted these assessments for the Sm-Fe-Cu 
ternary system. Since SmFe12 in the Sm-Fe binary system is me
tastable, and, thus, the formation energy of SmFe12 was estimated 
from first principles. As a finite-temperature effect, the formation 
entropy was given so as SmFe12 became stable when Sm2Fe17 was 
excluded from the equilibrium calculations. The magnetic excess 
Gibbs energy was given by Inden model [57,58] with the following 
two parameters: the Curie temperature of the compound was set as 
555 K measured approximately in experiments [4], and the ther
modynamic effective magnetic moment was set as 1 μB [4], where μB 

is the Bohr magneton. The obtained Gibbs energy of the SmFe12 as an 
endmember is given in Appendix A.

For the calculations of the phase equilibria in the ternary system, 
solubility of the third element to the binary compounds were con
sidered by the cluster-expansion formalism for the B2 phase, while 
dilute-alloy models were used for other structures shown in Fig. 1. 
Even though the cluster-expansion formalism obviously provides 
more reliable results, changes by the use of dilute-alloy models for 
other phases are expected to be minor in phase equilibria, due to 
their limited solubility (approximately 1 at%) in the phases evaluated 
by dilute-alloy models. The Gibbs energy of the phases considered 
are written in the TDB format, which is accepted for various ther
modynamic software packages such as PANDAT [63] and Thermo- 
Calc [64]. The TDB file is provided as Supplemental Material.

The isothermal section at 773 K is presented as a function of the 
compositions {xi} in Fig. 3(a). The calculated phase diagram agrees 
well with the experimentally reported one [15]. In the present cal
culations, the preferential site of Fe in the B2 structure is the Cu site 
as expected from the mixing enthalpy mentioned above, which is in 
good agreement with the experiments [15]. The solubility of Fe in 
the B2 SmCu is estimated to be 2 at% that qualitatively agrees with 
5.8 at% reported experimentally with the annealing at 723 K for re
latively short time of 48 h [15]. It has recently been found using first- 
principles thermodynamics that the theoretical Fe solubility should 
increase by taking the Gibbs energy of the B27 phase into ac
count [65].

Even though the stability of Sm2Fe17 overwhelms that of SmFe12 

in the Sm-Fe-Cu ternary system, the relative stability can be 
modulated by doping of other elements into SmFe12. Assuming such 
stabilization of pseudobinary SmFe12 compared with Sm2Fe17, we 
exclude the Gibbs energy of Sm2Fe17 from the phase diagram. As 
presented in Fig. 3(b), SmFe12 becomes stable appearing in the phase 
diagram instead of Sm2Fe17. At elevated temperatures, SmFe12 can be 
directly in equilibrium with the liquid phase in alloy compositions 
around Cu-45at%Sm-1at%Fe, as far as the precipitation of Sm2Fe17 is 
suppressed. The isothermal section at 1053 K is shown in Fig. 3(c), 
where the liquid-SmFe12 two-phase regions are indicated with red 
arrows. This two-phase equilibrium suggests that the liquid-phase 
sintering of the SmFe12-based magnets should be possible without 
inducing the precipitation of bcc Fe. For the liquid phase with Cu 
compositions of at least 50 at%, the two-phase equilibrium appears 
in a temperature range of 1049–1163 K. In addition, the grain- 
boundary subphase appearing with the solidification of this liquid 
phase is expected to have compositions similar to that of the liquid 
phase. Thus, the subphase becomes nonmagnetic as confirmed by 
first-principles calculations. The nonmagnetic behavior of the sub
phase is preferable because it hinders magnetic domain walls from 

Fig. 4. Pseudobinary phase diagram of Sm Cu Fex x0.5 0.5 Fe Fe. The Gibbs energy of the 
B2 phase, i.e., Sm(Cu Fey y1 Fe Fe), is obtained with Redlich-Kister polynomials Lk:i,j (a) 
from the cluster-expansion method and (b) from dilute alloys.
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propagating. In experiments, Sm12Fe74V12Cu2 alloys have high con
centrations of Sm and Cu at intergranular regions, even though the 
alloy composition may be too Sm rich [17]. The theoretical findings 
in this study can be compared with these experimental observations 
and should be utilized to design the microstructures in more details.

The Sm0.5Cu0.5-Sm0.5Fe0.5 transverse sections of the ternary 
system are presented in Fig. 4 to compare effects of the excess Gibbs 
energies estimated from the cluster-expansion method and from the 
dilute alloys. For the case where the Gibbs energy of mixing is es
timated from the dilute alloys, Fe has a negligibly limited solubility 
to the B2 structure as seen in Fig. 4 (b), whereas the Gibbs energy of 
mixing estimated from the cluster-expansion method results in a 
much wider area of the B2 single phase as indicated with the red 
arrows in Fig. 4(a). The use of the cluster-expansion method im
proves the description of the B2 phase substantially, because this 
wider solubility of Fe is consistent with experimental result [15] as 
was already mentioned. The discrepancy in the dilute-alloy ap
proach comes from significant underestimation of the magnitude of 
the mixing enthalpy as shown in Fig. 2(i).

3.3. Interaction between Cu and Fe

It is well established that Cu and Fe are repulsive with each other 
in the Cu-Fe binary system. This fact is seen in the Cu-Fe binary 
phase diagram as the phase separation. The repulsive interaction 
makes the mixing enthalpy positive that can be seen for the A2 and 
B2 phases in Fig. 5(a). The result for the Sm(Cu y1 FeFe yFe) B2 phase 
makes remarkable contrast with the Cu-Fe binary case as seen in 
Fig. 2(i), where the interaction between Cu and Fe becomes attrac
tive within the B2 sublattices of Sm(Cu y1 FeFe yFe). This attractive 

interaction is the origin of the Fe solubility into the B2 phase that is 
clear from the pseudobinary phase diagram in Fig. 4(a).

Differences in the attractive interaction in ternary Sm-Cu-Fe and 
the repulsive one in binary Cu-Fe can be understood by the local 
density of states (LDOS) shown in Fig. 5(b), (c), and (d). Here, we 
chose ordered B2 and L21 structures as representative atomic con
figurations for convenience. It is clear from Fig. 5(b) that 3d states of 
Cu and Fe strongly hybridize with each other in binary Cu-Fe 
creating broad 3d bands. Energies of minority-spin Cu 3d states 
become in average higher by the hybridization compared with the 
case of the Cu single phase, which makes the Cu-Fe interaction re
pulsive. In addition, minority-spin Fe 3d states have a high peak at 
the Fermi level εF also contributing to repulsive interaction. Note 
that the LDOS of the majority spin at εF is nonzero due to 4s bands 
with wide dispersions. In contrast, overlaps between 3d bands of Cu 
and Fe are considerably small in ternary Sm-Cu-Fe as is seen in 
Fig. 5(c), hence repulsive interaction between Cu and Fe is absent. 
Compared with the phase-separated case of SmFe and SmCu, Fe in 
Sm-Cu-Fe is stabilized by an avoided peak of the minority-spin Fe 
LDOS at εF that differs significantly from the case of SmFe in Fig. 5(d). 
The attractive interaction between Cu and Fe within the B2 phase 
makes the B2 phase more stable than the amorphous phase. This 
result indicates that the grain-boundary subphase in SmFe12-based 
sintered magnets can be crystalline depending on the cooling rate in 
the sintering process. The stability of the crystalline B2 phase even in 
equilibrium can be considered as a potential advantage, because a 
crystalline grain-boundary subphase might contribute to alignment 
of the main-phase grains improving the coercivity significantly.

In addition to L21, we examine the stability of the so-called XA 
structure that is a variant structure of Heusler alloys relevant to 
spintronics [66–68]. The XA Sm2CuFe was found to be unstable 
against phase separations: Hmix relative to B2 SmCu and B2 SmFe is 

Fig. 5. (a) Mixing enthalpy of Cu Fex x1 Fe Fe in the A2 bcc phase and the B2 phase obtained by first-principles calculations. Atom-projected local density of states (LDOS) for (b) B2 
CuFe, (c) L21 Sm2CuFe, and (d) B2 SmFe.
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172 meV/atom, whereas Hmix relative to bcc Sm and B2 CuFe is 
85 meV/atom. The values for L21 Sm2CuFe are − 69 meV/atom and 
− 155 meV/atom, respectively.

4. Conclusion

We applied first-principles calculations to the CALPHAD method 
and calculated the Sm-Fe-Cu ternary phase diagram. Formation en
ergies of metastable stoichiometric endmembers including SmFe12 

were calculated by DFT to construct Gibbs energies within the so- 
called compound energy formalism. Mixing enthalpies of dilute al
loys were also calculated to determine the interaction parameters of 
substituted solid solutions. Moreover, the Gibbs energy for the B2 
phase, which is a candidate for the grain-boundary subphase of 
SmFe12-based magnets, was evaluated by the first-principles cluster- 
expansion method to improve the accuracy. Mixing enthalpies 
among B2 endmembers were converted to the Redlich-Kister poly
nomial that represents the effect of second-nearest-neighbor inter
actions in the B2 structure. The thermodynamic database of this 
study reproduces the finite solid solution of Fe in B2 SmCu in 
agreement with experiments. We have found that this solubility is 
attributed to the attractive interaction between Fe and Cu in B2 Sm 
(Cu,Fe) solid solutions, which is in contrast with the repulsive one in 
binary Cu-Fe. Furthermore, phase equilibria of the SmFe12 phase and 
the Sm-Cu-Fe alloys were investigated. We identified that the liquid 
phase with compositions about Cu-45 at% Sm-1at%Fe directly equi
librates with SmFe12 above 1053 K. At lower temperatures, the 
equilibrating phase becomes B2 Sm-Cu-Fe. Since B2 Sm-Cu-Fe is 
much more stable than the amorphous phase, the grain-boundary 
phase may be crystalline depending on the cooling rate. In the de
velopment of SmFe12-based magnets, these phases are expected to 
suppress the precipitation of bcc Fe associated with thermal 

decomposition of 1–12 grain surfaces as well as the magnetic in
teraction between SmFe12 grains.
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Appendix A. Gibbs-energy function of SmFe12

For the stoichiometric SmFe12 intermetallic compound as an endmember, the assessed Gibbs-energy function is given in the unit of J/ 
mol as:

= + + + +G a bT G G G
12
13

1
12

,SmFe bcc Fe Sm
mag

12 (A.1) 

where a = − 6270 J/mol, b = 4 J/molK, Gbcc-Fe and Gα-Sm are the Gibbs energies of pure bcc Fe and pure α Sm, respectively [59], and Gmag is the 
magnetic excess Gibbs energy [57,58] with the parameters given in the main text. Full list of Gibbs energies used to examine phase equilibria in 
this study is summarized in Supplemental Material as a TDB file. The file extension should be changed from.txt to.tdb for the use of ther
modynamic software.
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