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Structural stability and magnetic properties of disordered
SmCo7−𝑥𝑀𝑥 (𝑀 = metal) modulated by valence electron structure

Wei Liu(刘葳), Yongquan Guo(郭永权)†, Boyang Li(李博洋),
Yu Yao(姚羽), Haitao Kong(孔海涛), and Yichen Feng(冯奕晨)

School of Energy Power and Mechanical Engineering, North China Electric Power University, Beijing 102206, China
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SmCo7−xMx (M = Cu, Zr, Hf, Si, Ga) intermetallic compounds, with distinctive disordered crystal structure and ex-
cellent magnetic performance, are of great importance for application as high-temperature rare-earth permanent magnets.
In this study, the relationship between the valence electronic structure, structural stability and magnetic and thermal proper-
ties of Sm(Co, M)7 intermetallic compounds is revealed by using an empirical electron theory of solids and molecules. The
structural stability is strongly related to the valence electronic structure that is modulated by doping the third element M into
SmCo7. The calculated bond lengths, magnetic moments and Curie temperatures show good agreement with experimental
ones. The magnetic moment and Curie temperature strongly depend on the number of 3d magnetic electrons, and can be
modulated by mutual electron transformation between 3d magnetic electron and covalence electron.

Keywords: Sm(Co, M)7 pseudo-binary intermetallics, valence electron structure, structural stability, magnetic
property

PACS: 61.50.Lt, 75.50.–y, 78.40.Kc, 31.10.+z

DOI: 10.1088/1674-1056/ae1729 CSTR: 32038.14.CPB.ae1729

1. Introduction
The Sm–Co 1:7 type intermetallic compound exhibits ex-

ceptional magnetic properties such as large coercivity and a
high Curie temperature,[1–3] and its coercivity is similar to the
SmCo5 one formed by a nucleation mechanism.[4,5] The Sm–
Co 1:7 phase is a metastable phase at high temperature,[6] and
can be stabilized by doping a third element M (such as M =Zr,
Cu, Hf, Si or Ga) into SmCo7 at room temperature.[7–12] These
pseudo-binary Sm(Co, M)7 intermetallic compounds show ex-
cellent high-temperature magnetic properties and have po-
tential application as high-temperature rare-earth permanent
magnetic materials.[13–15] The Sm–Co 1:7 intermetallic has a
TbCu7-type structure, as shown in Fig. 1, where Co–Co dumb-
bell pairs randomly occupy the 2e crystal positions, regarded
as a displacement from the Sm site (1a position) along the c-
axis induced by substitution of a Co–Co pair for Sm with a
replacement rate of 2/9; the other Co atoms fully occupy the
2c and 3g crystal sites.[16–18]

Theoretical studies of the structural stability and magnetic
properties of Sm(Co, M)7 intermetallic compounds are very
limited due to the complicated atomic occupations. The spin-
polarized MS-Xα method, which is a semi-empirical theory
based on first principles, is used to study electronic orbital
hybridization between Sm and Co atoms and magnetic sta-
bility of Sm(Co, M)7 intermetallic compounds to reveal their
magnetism.[19–21] The calculated lattice parameters and the
preferred atomic occupations of the disordered Sm(Co, M)7

intermetallic compound are in good agreement with the exper-

imental ones.[19,20] In addition, the effects of doping on the
magnetic properties of Sm(Co, M)5 and Sm2(Co, M)17 (M =

Cu, Ti, Zr, Hf, Mn, Cr) intermetallic compounds are studied
by density functional theory (DFT),[21,22] which reveals the
strong relation between their electronic structures and phys-
ical properties. However, the first-principles DFT approach
is built in reciprocal space and is computationally intensive
and time-consuming for calculations of energy-band structures
and physical properties because it involves extensive complex
calculus and mathematical-physics equations. An empirical
electron theory of solids and molecules (EET) differs from the
first-principles model in that it does not need complex electron
density functions. EET[23] is built in real space and is based on
Pauling’s valence bond theory and Hume-Rothery’s electron
concentration theory. EET provides a method to explore the
correlation between physical properties and valence electron
structures. The physical properties in EET are modeled based
on the distribution of electrons in the s, p, and d orbitals of
atomic shells, lattice electrons in lattice spaces and near neigh-
bor bond lengths. EET can calculate multiple physical proper-
ties simultaneously, including mechanical properties,[24] ther-
mal properties,[25] magnetic properties,[26–29] light absorption
band gap,[30] open-gate voltage in batteries[31,32] and physical
properties of high-entropy alloys.[33,34] The calculated values
of properties not only match the experimental ones well but
also can even predict unmeasured values. In this study, the
empirical electron theory of solids and molecules is used to
systematically study the valence electron structure, structural
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stability, magnetic moment and Curie temperature of Sm–Co
1:7-type intermetallic compounds to reveal the physical mech-
anisms of their structural stability and magnetic properties.

ab

c

Sm

Co 2e
Co 2c
Co 3g

Fig. 1. Crystal structure of SmCo7 phase.

2. Empirical electron theory of solids and
molecules
EET mainly includes three basic hypotheses[35] and the

bond length difference (BLD) method.[23,36]

Hypothesis 1 The atomic state in solids and molecules is
a hybridization of two atomic states, called the ground state (h
state) and the excited state (t state), respectively. Both states
have valence electrons occupying s, p and d orbits for bond-
ing with other atoms, lattice electrons for conducting electric-
ity, 3d magnetic electrons for forming magnetic moments and
dumb-pair electrons in the inner d shell for condensing the
atomic radius. Meanwhile, a single-bond radius R(l) is in-
troduced to describe the change of distance between the peak
position of charge density of the atomic orbit and the atomic
nucleus.[31]

Hypothesis 2 The intermediate hybrid state between the
two states is assumed to be quantized, and can be directly
obtained by the sum of the weighed compositions of the
two states based on a K-equation;[24] thus, all the hybrid
data, including the numbers of various electrons and single-
bond radii, are available in a so-called hybrid table for every
element.[31]

Hypothesis 3 According to Pauling’s bond length theory,
the bond length Duv(nα ) between u atoms and v atoms follows

Duv(nα) = Ru(l)+Rv(l)−β lgnα (α = A,B, . . . ,N), (1)

where Ru(l) and Rv(l) are the single-bond radii for u and v
atoms and nα denotes the number of covalent electrons pairs
on the αth bond. The parameter β represents the ability of
electron clouds of bonding atoms to overlap; it is modified as

β =


0.710, nM

α < 0.250 or nM
α > 0.750,

0.600, 0.300≤ nM
α ≤ 0.700,

0.710−2.2ε, nM
α = 0.250+ ε or nM

α = 0.750− ε,

(2)

where nM
α represents the maximum value of nα . The param-

eter β corresponds to 0.71 under the condition nM
α < 0.25 or

nM
α > 0.75, and 0.6 when 0.30≤ nM

α ≤ 0.70. In the calculation,
the calculated numbers of covalent electron pairs are reordered
in descending order. The maximum value of nα is conven-
tionally denoted by nA. However, if the maximum number of
covalent electron pairs fulfils the condition nM

α ∈ [0.25,0.30]
or nM

α ∈ [0.70,0.75] a parameter ε is induced to estimate the
difference of the calculated nA from a reference value of either
0.75 or 0.25, i.e., ε equals nM

α −0.25 when nM
α ∈ [0.25,0.30] or

0.75−nM
α when nM

α ∈ [0.70,0.75], respectively. The parameter
β = 0.710−2.2ε in a constrained condition of 0 < ε < 0.05.

The BLD method is used to determine the valence elec-
tron structures of all elements in SmCo7−xMx by solving n
kinds of theoretical bond lengths with the bond equations, as
listed in Hypothesis 3.

For the first bond,

Duv(nA) = Ru(l)+Rv(l)−β lgnA. (3)

For the ith bond,

Duv(nαi) = Rui(l)+Rvi(l)−β lgnαi. (4)

Then, we have

∆Di = ∆Ri−β lgγi, (5)

where ∆Di = Duv(nA) − Duv(nαi), ∆Ri = Ru(l) + Rv(l) −
Rui(l)−Rvi(l) and γi = nαi/nA .

Thus, we have

γi =
nαi

nA
= 10∆Ri−∆Di/β← .

The total number of covalence electrons nc can be es-
timated by the sum of covalence electrons in all equivalent
bonds,

nc =
n

∑
i

nci. (6)

Then, we have

nc =
N

∑
α=A

nαiIα = nA

N

∑
α=A

γα Iα , (7)

nA =

n
∑
i

nci

N
∑

α=A
γα Iα

, (8)

nα = γα nA. (9)

Thus, the theoretical length D̄uv(nα) can be calculated by

D̄uv(nα) = Ru(l)+RV (l)−β lgnα (α = A,B, . . . ,N). (10)

The hybrid states with various numbers of electrons for all el-
ements can be determined by a criterion of bond length dif-
ference between the experimental and calculated bond lengths
∆D of less than 0.05 Å under the first-order approximation.
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However, it is necessary to use an extra physical property crite-
rion, which might be the melting point, the cohesive energy or
the magnetic moment, to check the accuracy of valence elec-
tron structures with a maximum relative difference of 10% be-
tween the theoretical and experimental ones. According to the
accurate valence electron structures, the other properties can
be predicted, even the unmeasured ones. Detailed information
about the three hypotheses and the BLD method is presented
in the supporting information.

2.1. Models of cohesive energy and melting point

The cohesive energy of intermetallic compounds includes
the bonding energy, electric potential, magnetic potential, con-
densing energy and residual energy caused by the electroneg-
ativity difference of bonding atoms:[32]

EC = ∑
α

bα Iα nα

Dα

fα +
∑blnl

D
f ′+∑

i
biam3d

−∑
i

biCiWi−|xχA− yχB|. (11)

The melting point is modeled based on breaking of the
strongest bond by heat vibration energy. It is assumed that the
crystal structure is stabilized by the highest bonding energy.
Thus, the highest bonding energy UB is

UB =
bAnA

DA
fA +bl

nl

Iσ D
f
′ − ∑biCiWi

Iσ
−
∣∣xEA

n − yEB
n
∣∣

Iσ
. (12)

At the critical temperature (melting point), the strongest bond
is broken by the vibration of the thermal phonon, and other
weak bonds are sure to be broken; the vibrating energy of
thermal phonon should be equal to the bonding energy of the
strongest bond. Thus, the energy of N mol of phonons is

UP =
3
2

NKT. (13)

When UB =UP, we have

Tm =

bAnA
DA

fA +bl
nl

Iσ D f ′− ∑biCiWi
Iσ − |xEA

n −yEB
n |

Iσ

3
2 NR

. (14)

Detailed information on the models of cohesive energy and
melting point is given in the supporting information.

2.2. Models of magnetic moment and Curie temperature

The magnetic moment originates from the 3d magnetic
electrons of Co atoms; meanwhile, the rare earth Sm also con-
tributes to the total magnetic moment of Sm(Co, M)7. Thus,
the theoretical magnetic moment (MS) of Sm(Co, M)7 is the
sum of 3d electron numbers and the 4f effective potential of
Sm with a trivalent state. The Curie temperature is modeled
based on an assumption of melting of the ordered ferromag-
netic structure by the thermal vibration energy, which is at-
tributed to the increase in vibration energy of thermal phonons
as the temperature increases. At the critical temperature, i.e.,

the Curie temperature (Tc), the vibration energy of the thermal
phonons is just equal to the magnetic energy and enough to
break the ordered magnetic structure. Since Sm contributes
weakly to the magnetic moment at high temperatures, and the
doping element M is non-magnetic, the Co–Co exchange in-
teraction plays an important role in the magnetic performance
of Sm(Co, M)7 at high temperatures. Therefore, the magnetic
energy per Co atom is

Um = g
amSm(Co,M)7

∑ Iα γαCo−Co

. (15)

When UP =Um, we have

Tc =
a

3
2 R

gmSm(Co,M)7

∑ Iα γαCo−Co

. (16)

Detailed information on the models is given in the supporting
information.

3. Result and discussion
3.1. Structural stability and valence electron structure

The experimental bond lengths of Sm(Co, M)7 are mea-
sured with Diamond software based on their crystallographic
data. The calculated bond lengths match the experimental
ones, with ∆D ranging from 0.01789 Å to 0.04990 Å, as shown
in Tables S1 and S2 in the supporting information. Although
the binary SmCo7 phase does not exist naturally, its valence
electron structure and physical properties have been success-
fully simulated through the application of EET. It has been
suggested that the structural stability of Sm(Co, M)7 strongly
depends on three critical parameters — covalent electron num-
ber nc, bonding factor f and shielding factor bl

[33] — and
their correlations are shown in Fig. 2. This reveals that SmCo7

can be stabilized by large numbers of covalence electrons nc

and a strong bonding factor f induced by introduction of M
into SmCo7. The SmCo6Ga intermetallic shows an abnormal
phenomenon compared with unstable SmCo7. Its nc (26.057)
is slightly less than that of SmCo7 (26.989), but its bonding
factor f (2.4391) and shielding factor bl (121.71 kJ·Å/mol)
are much higher than those of unstable SmCo7 ( f = 1.3095,
bl = 115.41 kJ·Å/mol), which can compensate for the slight
reduction in nc; thus SmCo6Ga can be stabilized.
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Fig. 2. The number of covalence electrons nc, bonding ability f and shield-
ing ability bl for unstable SmCo7 and Sm(Co, M)7. 1, SmCo6.9Hf0.1;
2, SmCo6.9Zr0.1; 3, SmCo6.1Si0.9: 4, SmCo6Ga; 5, SmCo5.7Ga1.3: 6,
SmCo6.2Cu0.8; 7, SmCo5.5Cu1.5; 8, SmCo4Cu3.
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The effects of various electrons on the structural stability
of Sm(Co, M)7 are shown in Fig. 3. The number of valence
electrons nd shows an inverse correlation with the number of
lattice electrons nl, as shown in Fig. 3(a). This is attributed to
the mutual electronic transformations between valence elec-
trons on the d orbit and lattice electrons on the s orbit by
d–s or s–d hybridization. Such electron transitions modulate
the number of covalence electrons and the structural stability.
Magnetic electrons can also modulate the number of covalence
electrons by mutual electron transformations between valence
electrons and 3d magnetic electrons on the 3d orbital of Co
atoms at 2e and 3g sites, as shown in Fig. 3(b). A balance
is made between structural stability and magnetic properties
by modulating the number of covalence electrons nc (to stabi-
lize the Sm(Co, M)7 structure) and the number of 3d magnetic
electrons (to improve the magnetic properties). The bonding
factor f depends upon the numbers of valence electrons on s, p
and d orbitals;[26] modulations of the numbers of valence elec-
trons by M dopants can stabilize the structure of Sm(Co, M)7.
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Fig. 3. The distributions of various electrons in Sm(Co, M)7: the numbers
of covalence electrons nc, valence electrons nd and lattice electrons nl are
shown in (a) and the distribution of covalence electrons nc and 3d magnetic
electrons of Co atoms at 2e and 3g sites are shown in (b). 1, SmCo6.9Hf0.1;
2, SmCo6.9Zr0.1; 3, SmCo6.1Si0.9; 4, SmCo6Ga; 5, SmCo5.7Ga1.3; 6,
SmCo6.2Cu0.8; 7, SmCo5.5Cu1.5; 8, SmCo4Cu3.

3.2. Melting point, cohesive energy and valence electron
structure

The calculated melting points are in good agreement with
the experimental ones estimated by the weighted average of
the liquid phase temperature in the binary phase diagram. The
calculated melting points exhibit a positive correlation with
the maximum number of covalent electron pairs nA except

for the anomalous SmCo7−xCux. With increase in nA, more
vibration energy of thermal phonons is required to break the
structural framework, leading to a higher melting point. How-
ever, SmCo7−xCux shows a reverse correlation between Tm

and nA. According to the melting point model in Eq. (14),
Tm is positively related to nA, f and bl, so the decrease of Tm

for SmCo7−xCux is due to the anomalous shielding factor bl

of Cu since the bl of Cu (86.25 kJ·Å/mol) is much lower than
those of Co (104.65 kJ·Å/mol) and Sm (191.4329 kJ·Å/mol).

The calculated cohesive energies exhibit excellent con-
sistency with the mixing energies estimated by the sum of the
cohesive energy of individual atoms. As shown in Fig. 4(b),
the trend of variation of cohesive energies shows a positive re-
lation to the number of covalence electrons nc. An increase
in the number of covalence electrons strengthens the bonding
interactions between atoms, thereby increasing the cohesive
energy and stabilizing the crystal structure.
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Fig. 4. The strong correlation between physical properties and va-
lence electron structures in Sm(Co, M)7. The melting points and the
maximum number of covalent electron pairs nA are shown in (a) and
the cohesive energies and covalence electrons number nc in (b). 1,
SmCo6.9Hf0.1; 2, SmCo6.9Zr0.1; 3, SmCo6.1Si0.9; 4, SmCo6Ga; 5,
SmCo5.7Ga1.3; 6, SmCo6.2Cu0.8; 7, SmCo5.5Cu1.5; 8, SmCo4Cu3.

3.3. Magnetic properties and valence electron structure

The moments calculated by the structural formula unit
match the experimental ones well, as listed in Table 1. To re-
veal the magnetism of Sm(Co, M)7 intermetallic compounds,
the three Co sublattice moments are supplied in Table 2; it
can be observed that the sublattice moments corresponding
to the 2c site range from 1.2856 µB to 2.9612 µB, to the 3g
site from 0.8499 µB to 0.9999 µB and to the 2e site from 0 to
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0.4957 µB. Since the moment is positively related to the num-
ber of 3d magnetic electrons, the Co sublattice at the 2c site
predominantly contributes to the magnetic moment due to its
greater number of 3d magnetic electrons. The reduction in the
number of 3d magnetic electrons in the 2e and 3g sublattices

is attributed to electron transitions from 3d magnetic electrons
to covalence electrons, which causes the increase of numbers
of covalence electrons and enhances the bonding strengths be-
tween Sm and Co/M at the 3g site and Co–Co at the 2e site,
thus stabilizing the crystal structure of Sm(Co, M)7 .

Table 1. The calculated and experimental magnetic moments (M̄s and Ms) and Curie temperature (T̄c and Tc) of Sm(Co, M)7.

Compound M̄s (µB) Ms (µB)
∆Ms
Ms

(%) T̄c (K) Tc (K) ∆Tc
Tc

(%)

SmCo6.9Hf0.1 8.549 8.32[18] 2.75 1181.92 1080[7] 9.35
SmCo6.9Zr0.1 7.850 7.66[16] 2.48 1083.44 1178[15] 8.03
SmCo6.1Si0.9 5.046 5.41[37] 6.72 758.95 717[37] 5.85

SmCo6Ga 5.396 4.9[38] 10.12 1148.38 1100[18] 4.36
SmCo5.7Ga1.3 4.559 4.9[38] 6.95 1127.76 1085[18] 3.87
SmCo6.2Cu0.8 5.851 5.87[17] 0.3 1095.61 1128[17] 2.93
SmCo5.5Cu1.5 5.693 5.49[17] 3.6 1052.06 1101[17] 4.45

SmCo4Cu3 4.557 – 4.3 905.35 – –

Table 2. Corresponding 3d magnetic electrons and covalence electrons
nc of Co sites in Sm(Co, M)7.

Compound Co site m3d nc

SmCo6.9Hf0.1 2e 0 7
2c 2.9342 4.0658
3g 0.8936 6.1064

SmCo6.9Zr0.1 2e 0.2586 6.7414
2c 2.9612 4.0776
3g 0.9416 6.3723

SmCo6.1Si0.9 2e 0.4957 6.0085
2c 1.2856 5.7144
3g 0.9999 5

SmCo6Ga 2e 0.4262 5.7214
2c 1.712 5.288
3g 0.8499 4.4504

SmCo5.7Ga1.3 2e 0.2586 6.7414
2c 1.4872 6.0085
3g 0.7674 4.6979

SmCo6.2Cu0.8 2e 0.2953 6.1141
2c 1.9628 5.6915
3g 0.7674 4.6979

SmCo5.5Cu1.5 2e 0.2953 6.1141
2c 1.8837 5.1163
3g 0.7674 4.6979

SmCo4Cu3 2e 0.4333 6.5667
2c 1.2856 5.7144
3g 0.7674 4.6979
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Fig. 5. The strong correlation between Curie temperature and moment
in Sm(Co, M)7. 1, SmCo6.9Hf0.1; 2, SmCo6.9Zr0.1; 3, SmCo6.1Si0.9;
4, SmCo6Ga; 5, SmCo5.7Ga1.3; 6, SmCo6.2Cu0.8; 7, SmCo5.5Cu1.5; 8,
SmCo4Cu3.

The calculated Curie temperatures are also in good agree-
ment with the experimental ones. As shown in Fig. 5, the trend
of change of the total number of 3d magnetic electrons is sim-
ilar to that of the Curie temperature, indicating that the Curie
temperatures are strongly and positively related to the num-
ber of 3d magnetic electrons. With increase in the number of
3d magnetic electrons, it is necessary to have more thermal
phonons to break the ordered magnetic structure, leading to an
increase in the Curie temperature.

4. Conclusion and perspectives
In this study, the relationship between the valence elec-

tronic structure, structural stability, melting point and cohe-
sive energy in Sm(Co, M)7 intermetallic compounds has been
revealed by using an empirical electron theory of solids and
molecules (EET). The structural stability is strongly related to
the valence electronic structure modulated by doping the third
element M into SmCo7. The calculated bond length, melt-
ing point, magnetic moment and Curie temperature agree well
with the experimental ones. The calculated cohesive energy
is consistent with the estimated one according to the cohesive
energy of each atom, which is proportional to the number of
covalence electrons nc. The melting point is closely corre-
lated with the maximum number of covalent electron pairs nA,
shielding factor bl and bonding factor f . The magnetic mo-
ment and Curie temperature strongly depend upon the num-
ber of 3d magnetic electrons, which can be modulated by mu-
tual electron transformations between 3d magnetic electrons
and covalence electrons. Consequently, Sm–Co 1:7 type pseu-
dobinary intermetallic compounds with exceptional magnetic
properties and thermal stability can be successfully developed
by the optimization of their valence electron structures.
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