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The structural, magnetic properties, and electronic structures of hexagonal FeCoSn compounds with as-annealed bulk
and ribbon states were investigated by x-ray powder diffraction (XRD), differential scanning calorimetry (DSC), trans-
mission electron microscope (TEM), scanning electron microscope (SEM), magnetic measurements, and first-principles
calculations. Results indicate that both states of FeCoSn show an Ni2In-type hexagonal structure with a small amount of
FeCo-rich secondary phase. The Curie temperatures are located at 257 K and 229 K, respectively. The corresponding
magnetizations are 2.57 µB/f.u. and 2.94 µB/f.u. at 5 K with a field of 50 kOe (1 Oe = 79.5775 A·m−1). The orbital
hybridizations between 3d elements are analyzed from the distribution of density of states (DOS), showing that Fe atoms
carry the main magnetic moments and determine the electronic structure around Fermi level. A peak of DOS at Fermi level
accounts for the presence of the FeCo-rich secondary phase. The Ni2In-type hexagonal FeCoSn compound can be used
during the isostructural alloying for tuning phase transitions.

Keywords: FeCoSn, hexagonal structure, first-principles calculations
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1. Introduction

A class of ternary intermetallic compounds MM′X was
reported[1] in 1953. In this class of Ni2In-type hexagonal al-
loys, bearing the general formula MM′X , they are ternary al-
loys of stoichiometric composition, in which M and M′ are
generally transition elements (3d metals) and X is carbon or
boron group elements. The atom site occupation rule of hexag-
onal Ni2In-type structures is followed:[2] for the 3d metals of
MM′X , atoms occupy two sublattices: atoms with less number
of valence electrons tend to occupy 2a sites, atoms with more
number of valence electrons tend to occupy 2d sites; the main
group elements always occupy 2c sites. Here, 2a: (0, 0, 0), (0,
0, 1/2), 2d: (1/3, 2/3, 3/4), (2/3, 1/3, 1/4), 2c: (1/3, 2/3, 1/4),
(2/3, 1/3, 3/4).

In MM′X family, MnNiGe,[3–6] MnCoGe,[7] MnCoSi,[8]

MnNiSi[3,9] were reported on, that first-order phase transi-
tions happen from Ni2In-type hexagonal to TiNiSi-type or-
thorhombic structures while many other members have no
structural transitions. Recently, many efforts were carried out
to couple the magnetic and structural transitions in MM′X
alloys and to further tailor the magnetic martensitic transi-

tions aiming at promoting magnetoresponsive effects, such
as ferromagnetic shape memory effect, giant magnetocaloric
and magnetoelastic effects.[10–16] In particular, a method of
isostructural alloying was proposed to realize the materials de-
sign, in which two compounds with the same crystal struc-
ture (members of MM′X family) but with different proper-
ties (e.g., martensitic transition temperature, magnetic order-
ing temperature), respectively, are selected and used to deter-
mine the proper alloying (doping) elements. MnNiGe under-
goes a martensitic transition at 470 K and has a Néel tem-
perature T M

N = 346 K in the martensitic state, Curie temper-
ature T A

C = 205 K in the austenitic state. Liu et al.[11] suc-
cessfully established Curie temperature windows (CTWs) to
achieve magnetostructural transitions by isostructurally alloy-
ing MnNiGe with the non-transition MnFeGe and FeNiGe
respectively in 2012, and with the non-transition CoNiGe
in 2013. It has been approved that the structural stability
and magnetism of the non-transition compounds will greatly
influence the results of material design.[11–14] Subsequently,
many magnetostructural transitions were gained by introduc-
ing non-transition compounds with the principle of isostruc-
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tural alloying.[17–30] Therefore, the basic parameters of non-
transition compounds are very important for tuning of mag-
netic phase-transition materials, but are seldom reported.

As a desired compound, there is little reported informa-
tion about FeCoSn. In this work, we systematically study the
MM′X hexagonal FeCoSn compound with no structural tran-
sition. The as-annealed bulk and ribbon samples were used
to tune the phase formation of this compound. The structural
and magnetic properties were studied by experiments and first-
principles calculations.

2. Experimental details
As-cast FeCoSn compound was prepared by arc-melting

high-pure metals Fe (99.98%), Co (99.99%), and Sn (99.99%)
in an argon atmosphere, the resultant ingots of FeCoSn were
subjected to different subsequent treatments: 1) annealed
at 1273 K for 5 days followed by quenching (denoted as
AQ1273) and 2) using melt spinning technique to prepare rib-
bon sample, rotation rate is 25 m/s, subsequently annealed
at 1073 K for 2 days followed by quenching (denoted as
RQ1073). The crystal structures were confirmed by x-ray
powder diffraction (XRD) measurements at room temperature.
Differential scanning calorimetric (DSC) measurements were
performed with a rate of 10 K/min to investigate the thermal
property. The temperature dependence of the magnetic mea-
surements under zero-field-cooling (ZFC) and field-cooling
(FC) method were carried out by superconducting quantum in-
terference device (SQUID) magnetometer within the tempera-
ture interval of 5 K∼ 400 K and the fields up to 50 kOe. The
transmission electron microscope (TEM) and scanning elec-
tron microscope (SEM) with energy dispersive spectrometer
(EDS) were used to explore the microstructures. The CASTEP
code[31] using the pseudopotential method with plane-wave-
basis set based on the density-functional theory was applied to
calculate the magnetic moments and density of states (DOS)
of FeCoSn. The exchange correlation energy for the struc-
tural relaxations and the electronic structures was treated un-
der the generalized-gradient approximation (GGA).[32] The
plane-wave cutoff energy of 500 eV and 120 (14×14×10) k
points in the irreducible Brillouin zone were used to ensure a
good convergence of the total energy.

3. Results and discussion
In order to investigate the structural property, room-

temperature XRD patterns of FeCoSn were employed. Fig-
ure 1(a) shows the crystal structure of AQ1273 sample. The
typical diffraction peaks with the Miller indices are indexed
as Ni2In-type hexagonal phase and the lattice constants are

a = 4.189 Å, c = 5.208 Å. This indicates FeCoSn can form
an isostructural Ni2In-type hexagonal phase, which is impor-
tant to the tuning of magnetostructural transitions in hexag-
onal family.[11–14] At the same time, a small amount of cu-
bic phase is observed in the hexagonal matrix. For RQ1073
sample, the lattice constants of hexagonal structure are a =

4.173 Å, c= 5.195 Å, and cubic phase is also seen in Fig. 1(b).
Compared with theoretically calculated lattice constants, a =

4.376 Å, c = 5.253 Å, the experimental lattice constants are
both smaller than the value of the calculated lattice constants.
The corresponding values are listed in Table 1. The results
indicate that it is difficult to obtain pure hexagonal phase and
the secondary phase cannot be suppressed in the stoichiomet-
ric FeCoSn. The case of hexagonal main phase with small
amounts of secondary phase has also been observed in Mn-
CoSn and FeNiGe.[1,33,34]
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Fig. 1. (color online) Room-temperature XRD pattern of FeCoSn with
AQ1273 (a) and RQ1073 (b), respectively. (hkl) denotes the Miller indices
of a Ni2In-type hexagonal structure and “·” represents the cubic phase, re-
spectively. The inset shows the crystal structure and atomic site occupation
of hexagonal FeCoSn.

(a) (b)

Fig. 2. (a) SEM image and (b) TEM image with composition analysis on
the secondary phase of RQ1073 sample. The inset shows the result of EDS
analysis performed at the marked point.

In Fig. 2, the SEM image and the TEM image with en-
ergy dispersive spectroscopy (EDS) of RQ1073 sample were
carried out to characterize the microstructure and determine
the chemical compositions, respectively. From SEM image
of Fig. 2(a), the granular microstructure composed by the
equiaxed crystal grains can be observed. In order to detect
the secondary phase, we performed the TEM and composition
analysis of EDS, as shown in the inset to Fig. 2(b). It can be
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seen that the secondary phase is FeCo-rich cubic phase which
locates around the grain boundaries of hexagonal main phase.
The results show that the FeCo-rich phase exists in hexagonal
FeCoSn compound, which is consistent with XRD analysis in
Fig. 1.

Figure 3(a) shows the low-magnification TEM image of
RQ1073 sample. We selected the red square area to obtain
the selected area electron diffraction (SAED) pattern. The in-
dexing of crystallographic plane along the projection plane of
[001] zone axes are shown in the SAED pattern from the inset
of Fig. 3(a). The secondary phase, bright area in the targeted
compound, are also obviously seen. As shown in Fig. 3(b), the
high-resolution (HR) TEM image from the red area in Fig. 3(a)
is taken. From the HRTEM image we can see the hexagonal-
ring structure clearly. The atom lines are uniformly dispersed
and periodic in the ab plane. The metrical distance between
adjacent atomic columns is calculated as 2.407 Å, and the cor-
responding value of lattice constant is 4.170 Å which is con-
sistent with the value of experimental lattice constant obtained
from XRD analysis (a = 4.173 Å) with RQ1073. The main
phase crystallizes hexagonal Ni2In-type structure, which is co-
herent with the XRD analysis.

(a) (b)

Fig. 3. (color online) (a) the low-energy TEM image and selected area elec-
tron diffraction (SAED) pattern (inset comes from red square area) and (b)
High resolution TEM image of RQ1073 sample.
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Fig. 4. (color online) DSC analysis for (a) AQ1273 and (b) RQ1073
samples of FeCoSn upon heating and cooling with a rate of 10 K/min.

The differential scanning calorimetric (DSC) measure-
ments for (a) AQ1273 and (b) RQ1073 samples of FeCoSn
were employed, and the corresponding curves are shown in
Fig. 4. As shown in Fig. 4(a), for AQ1273 sample, a small
peak and a large endothermic peak appear upon heating and
corresponding exothermic peaks are also seen upon cooling.
The large endothermic and exothermic peaks, namely melting
and solidifying peaks, are observed at 1353 K and 1326 K, re-
spectively. The small peaks locate at 714 K upon cooling and
768 K upon heating, which may be related to an order-disorder
transition. As shown in Fig. 4(b). The melting and solidifying
peaks locate at 1355 K and 1296 K, respectively and the peaks
of order-disorder transition locate at 701 K upon cooling and
771 K upon heating for the RQ1073 sample. From the analy-
sis of XRD, DSC and electron microscopy, the coexistence of
two phases is maintained in a wide temperature range.

In order to investigate the magnetic properties, temper-
ature dependence of the magnetization (M(T ) curves) under
a magnetic field of 100 Oe and the magnetization curve as a
function of applied field (M(H) curves) at 5 K are measured
for AQ1273 and RQ1073 samples, respectively, as shown in
Fig. 5. Figures 5(a) and 5(c) show M(T ) curves for AQ1273
and RQ1073 samples, respectively. The samples were ini-
tially cooled in zero magnetic field and the ZFC data were
collected on heating by applying a magnetic field of 100 Oe.
Subsequently, the FC data were collected upon cooling with-
out removing the applied field. For the heating process, parts
of magnetic moments are frozen at low temperatures, and
the magnetization increases slightly as increasing temperature
firstly, and then sharply decreases when reaching the Curie
temperature. For the cooling process, the magnetization curve
is almost completely coincident with the curve upon heating,
showing that a second-order transition happens in hexago-
nal austenite state, defined as Curie temperature (TC). The
curve cannot return to the original state at low temperatures.
This irreversible splitting happens during heating and cooling
curves in the vicinity of 200 K for both AQ1273 and RQ1073.
The Curie temperatures (listed in Table 1) locate at 251 K
(Fig. 5(a)) and 229 K (Fig. 5(c)) for AQ1273 and RQ1073,
respectively. We also notice that the values of magnetization
above TC are not zero, suggesting that the FeCo-rich phase in-
deed exists in ferromagnetic state. A typically ferromagnetic
M(H) curve is observed for either AQ1273 sample or RQ1073
sample, as presented in Figs. 5(b) and 5(d). It is found that
the saturation fields are both about 1 kOe (relatively low) and
the saturation magnetizations in 50 kOe are 2.57 µB/f.u. and
2.94 µB/f.u. for AQ1273 and RQ1073 respectively. In addi-
tion, the values are smaller than theoretical calculations due to
the secondary phase.
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Fig. 5. (color online) (a) and (c) Temperature dependence of the magnetization (M(T ) curves) with ZFC-FC method under a magnetic field of
100 Oe for AQ1273 and RQ1073 samples, respectively; (b) and (d) Magnetization curve as a function of applied field at 5 K for AQ1273 and
RQ1073 samples, respectively.

Table 1. The experimental and theoretically calculated parameters of
hexagonal FeCoSn.

Experiments Calculations

AQ1273 RQ1073
a/Å 4.189 4.173 4.376
c/Å 5.208 5.195 5.253

total M/µB 2.57 2.94 3.17
MFe/µB – – 2.56
MCo/µB – – 0.76
MSn/µB – – 0

TC/K 251 229 –

The first-principles calculations were performed to in-
vestigate the magnetic moments and density of states (DOS).
Figure 6 shows the total and partial densities of states (DOSs)
of stoichiometric FeCoSn. There are strong d–d orbital hy-
bridizations between Fe and Co atoms from −4 eV to +2 eV.
In spin-up state, the hybridization peaks appear at −2.9 eV
and −1.6 eV and in spin-down state the hybridization peaks
appear at −1.9 eV, −1.0 eV, and 0.3 eV. A strong p–d orbital
hybridization can be observed around −4 eV between Co and
Sn atoms in both spin states. Furthermore, it can be seen
that for Fe atom, the spin-down DOS mainly locates above
the Fermi level, while the spin-up DOS mainly locates below
the Fermi level. This results in a large spin splitting in two
spin states and a large net magnetic moment (2.56 µB, see Ta-
ble 1) on Fe atoms. Compared with the Fe atom, the Co atom

shows a relatively weak spin splitting with more spin-down
states being occupied. The Co atom thus carries a smaller mo-
ment (0.76 µB, see Table 1). In the total DOS the low energy
region below −5 eV consists mainly of p electrons of the Sn
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Fig. 6. (color online) The total and partial densities of states (DOSs) of
stoichiometric FeCoSn.
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atoms. From the DOS distribution of FeCoSn, it can be seen
that p–d hybridization between Co–Sn atoms serves mainly as
covalent networks, while Fe atoms are surrounded by covalent
networks, carrying the main magnetic moments and determin-
ing the electronic structure around Fermi level. Strikingly, a
peak of DOS of Fe atoms appear around Fermi level in spin-
down state, which may lead to instability of the system. The
presence of the FeCo-rich second-phase in stoichiometric Fe-
CoSn may be attributed to this peak.

To clearly show the magnetic moments of each atom,
the magnetization distribution and the spin electron density
pattern in stoichiometric FeCoSn compound are depicted in

Fig. 7. The main group element Sn does not carry mag-
netic moments. The scale bar from blue to red corresponds
to increasing spin electron localization. Strong localization of
(positive) spin electron density values (magnetization distri-
bution) exist around Fe atoms, indicating that Fe atoms carry
significant localized moments. Considerable but lower spin
electron density values are observed for Co atoms, due to its
strong p–d hybridization with Sn atoms. These results are in
good agreement with the conclusion from DOS. In FeCoSn,
the magnetizations, mainly originating from Fe and Co mo-
ments, keep high and stable values, which is common in other
MM′X alloys.

6.895T10-1

4.945T10-1

2.994T10-1

1.043T10-1

9.072T10-2

x y

z

Fig. 7. (color online) The magnetization distribution and contours of spin electron density of stoichiometric FeCoSn.

4. Conclusions

The structural, magnetic properties and electronic struc-

tures of hexagonal FeCoSn compounds were investigated. The

FeCoSn with as-annealed bulk and ribbon states both crys-

tallize in hexagonal structure with a small amount of FeCo-

rich secondary phase. The Curie temperatures are 251 K

and 229 K and the values of magnetization are 2.57 µB/f.u.

and 2.94 µB/f.u. at 5 K with field up to 50 kOe for AQ1273

and RQ1073 samples, respectively. The first-principles cal-

culations indicate that stoichiometric FeCoSn is a ferromag-

net. The densities of states show that the Fe atom carries the

main magnetic moments and determines the electronic struc-

ture around the Fermi level. A peak of DOS at Fermi level

corresponds to the instability of the stoichiometric compound

and leads to the FeCo-rich secondary phase. This study pro-

vides the basic parameters of FeCoSn compound, especially

for the tuning of the magneto-structural phase transitions.
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