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Abstract
Crystallographic and magnetic properties of Co2Mn1−x FexSn and Co2Mn1−y

CrySn Heusler alloys were studied using x-ray diffraction, scanning electron
microscopy with energy dispersive x-ray analysis,magnetization measurements
and Mössbauer spectroscopy. We found that the intermetallic compounds
crystallize into a single phase with the L21-type Heusler structure at the
concentration of 0 � x � 0.5 for Co2Mn1−x Fex Sn and 0 � y � 0.3
for Co2Mn1−yCrySn. The spontaneous magnetization increases when Mn is
substituted with Fe and decreases when Mn is substituted with Cr. The values of
hyperfine field at the Sn nuclear sites in Co2Mn1−x Fex Sn and Co2Mn1−yCrySn
also increase or decrease in combination with the size of magnetization. These
measurements suggest that the Slater–Pauling behaviour in half-metallic full-
Heusler alloys provides a good description of the substitution effect of Mn with
Fe or Cr.

1. Introduction

Since the discoveries of tunnelling magneto-resistance (TMR) in layered structures of magnetic
metals and non-magnetic insulators [1, 2], a new field of spin electronics has been boosted up
because of its applications for magnetic information storage [3]. The TMR ratio depends on the
spin polarization (P) at the Fermi level of the magnetic materials as TMR = 2P1 P2/(1−P1 P2),
where P1 and P2 are the conduction electrons’ spin polarization for the two ferromagnetic
metals in the layered tunnelling structures [4]. The recent excitement in Heusler alloys is
triggered by the possibility that they are half-metallic ferromagnets, which present a gap in
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Figure 1. Co2MnSn in the L21-(Cu2MnAl) type structure with Fm3m symmetry. The 4a and 4b
sites are occupied by Mn and Sn respectively; the 4c and 4d sites by Co atoms.

the minority band and 100% spin polarized electrons (P = 1) in the Fermi level [5]. Inomata
et al have demonstrated that a large TMR of 16% at room temperature was attained using
Co2Cr1−x Fex Al (x = 0 and 0.4) films [6]. Recently Kubota et al have observed TMR ratio at
room temperature as high as 40% using Co–Mn–Al Heusler alloy [7].

Co2MnSn Heusler alloy attracts attention because it is a ferromagnet with a high Curie
temperature (Tc ∼ 830 K) [8]. The neutron diffraction measurement by Webster showed that
Co2MnSn has a net moment of 5.08 µB per formula and individual moments of ∼3.58 µB and
∼0.75 µB per Mn and Co atom, respectively [9].

As indicated in figure 1, Co2MnSn has the L21-(Cu2MnAl) type structure. 4a and 4b sites
are occupied by Mn and Sn respectively; 4c and 4d sites are occupied by Co atoms. Each Sn
or Mn atom in the lattice of Co2MnSn has eight Co atoms as the nearest neighbours and six
Mn or Sn atoms as the next nearest neighbours, while each Co has four Mn and four Sn atoms
as the first neighbours. In disordered structures, ions occupy sites other than those specified
for the ordered structure. When the disorder occurs exclusively between Mn and Sn, the order
parameter is expressed as q = 2 p − 1, where p refers to the fraction of Mn atoms on their
proper sites. When p = 0.5 or q = 0, the Mn–Sn disorder is the largest, i.e., the structure is
alternatively described as a B2-type structure.

Co2MnSn contains 119Sn atoms, which can be used to investigate magnetism through the
Mössbauer effect [10–16]. Disorder between the Mn and Sn sites causes a distribution of the
hyperfine fields (Bhf) at the Sn sites, which broadens the lines of Mössbauer spectrum. So, the
width of the Bhf distribution is a measure of the extent of disorder in Co2MnSn. The Bhf also
give us information on magnetic moments of surrounding atoms.

Ishida et al, performing band-structure calculations for Co2MnSn by the symmetrized
augmented plane wave (SAPW) method, have shown that Mn is expected to carry a large
magnetic moment whereas Co is expected to carry a small one [17]. According to the results
of band calculations by Kübler et al the minority-spin-state densities at the Fermi energy nearly
vanish and Co2MnSn is half-metallic [18]. On the other hand, Picozzi et al indicated with ab
initio calculations that there is finite spin-down density of states at the Fermi level instead of
an absolute gap [19]. By using the full-potential screened Korringa–Kohn–Rostoker method,
Galanakis et al [20] have shown that many of the Heusler alloys based on Co, Fe, Rh, and Ru
have half-metallic character and follow a Slater–Pauling behaviour.

Inspired by these results, we started to investigate the Mn site substitution effect by
Fe or Cr in Co2MnSn. We prepared the intermetallic compounds of Co2Mn1−x Fex Sn
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and Co2Mn1−yCrySn by the arc melting method, and studied the substitution effect
by structure analysis using x-ray diffraction, magnetization measurements, and 119Sn
Mössbauer spectroscopy. The experimental methods are described in section 2 and the results
are presented in section 3. The experimental results are compared with the predictions of
current theories such as Slater–Pauling behaviour in Heusler alloys [20], and discussed in
section 4. Finally, we summarize the results in section 5.

2. Experimental method

The alloys were prepared in the form of 10 g ingots by melting together a stoichiometric
mixture of 4 N pure constituent metals in an argon arc furnace. The compositions of the
samples were checked by scanning electron microscopy (SEM) with energy dispersive x-
ray analysis (EDX). We found that the stoichiometry of the samples is accurate, and that the
deviations from designed composition are less than 1%. For x-ray diffraction (XRD), magnetic
analysis and Mössbauer effect measurements, the samples were ground into fine powder under
the protection of organic solvent to prevent them from possible oxidization. All the samples
are hard and brittle, so that they can be crushed readily in a hardened mortar.

For the structural investigation, XRD measurements were performed by the Debye–
Scherrer method using Cu Kα radiation at room temperature. Lattice parameters were
determined from XRD data by means of the Wilson–Pike deviation function calculating
method using (331), (420), and (422) reflections. The ratio of the Bragg reflection intensities,
I (111)/I (220), was used to estimate the extent of disorder in Co2MnSn [21]. The structure
with Fm3m symmetry gives rise to Bragg reflection from the (111) and (220) planes with
nonzero structure factors:

F(111) = 4|( f4a − f4b)
2 + ( f4c − f4d)

2| 1
2 , (1)

F(220) = 4| f4a + f4b + f4c + f4d|, (2)

where fi are the average atomic scattering amplitudes of the i sites. For the ordered Co2MnSn
with q = 1, F(111) = 4| fMn − fSn|, because the 4a and 4b sites are occupied by Mn and Sn
atoms respectively, and the 4c and 4d sites are occupied by Co atoms. When q = 0, f4a and
f4b are equal, so that F(111) = 0. The (220) reflection, on the other hand, is a principal lattice
reflection so that the intensity is order independent. In this way the state of chemical disorder
can be determined from the ratio of intensities of the Bragg peaks of (111) and (220) as shown
in figure 2.

The bulk magnetization was measured using a superconducting quantum interference
device (SQUID) magnetometer (Quantum Design, magnetic property measurement system) at
a temperature of 5 K. The spontaneous magnetization was obtained by linear extrapolation of
the isothermal M–H curves to zero field. 119Sn Mössbauer measurements were made at room
temperature with a conventional absorption method with a constant-acceleration spectrometer
using a Ca119mSnO3 source. A Pd foil was utilized as a filter to reduce the relative intensity
of the 25.3 keV K x-ray of Sn from the source. The samples were mounted with the same
thickness with respect to Sn (15 mg cm−2).

3. Experimental results

The XRD patterns of Co2Mn1−x FexSn and Co2Mn1−yCrySn are shown in figure 3. The XRD
pattern of Co2MnSn indicates that the sample we prepared has the typical L21 structure.
The alloys of the Cox MnSn system were investigated by Castelliz [8] and he reported that
Co2MnSn has Heusler structure with a lattice parameter of 5.977 Å. From the x-ray diffraction
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Figure 2. Calculated relative intensity of the superstructure Bragg reflection (111) plotted against
the order parameter q = 2p −1; here, p is the site occupation of Mn or Sn. q = 1 for the L21-type
structure and q = 0 for B2-type structure.
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Figure 3. X-ray diffraction patterns of Co2Mn1−x Fex Sn and Co2Mn1−yCrySn.

pattern in figure 3 the lattice constants of Co2MnSn were estimated as a = b = c = 5.98 Å,
α = β = γ = 90◦ which are in good agreement with the reported values in [8].

XRD analyses indicated that the samples have a typical Heusler crystal structure in
Co2Mn1−x Fex Sn (x � 0.5) and in Co2Mn1−yCrySn (y � 0.3). The lattice parameters of
the alloys vary in Vegard’s law as shown in figure 4. Because a Mn ion is larger than an Fe
ion, but is smaller than a Cr ion, the Co2MnSn lattice decreases for substitution with Fe and
increases with Cr. For Co2Mn1−x Fex Sn with x > 0.5, the samples contain a small amount of
impurities such as Co3Sn2 and CoFe. For Co2Mn1−yCrySn with y � 0.4, the samples contain
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Figure 4. x or y dependence of the lattice parameter of the Heusler alloys Co2Mn1−x Fex Sn and
Co2Mn1−yCrySn with L21 structures. The bars are the probable errors during measurements and
calculations. The solid lines are guides to the eye.

a small amount of Co3Sn2 and CrCo. We find that the sample of Co2MnSn after arc-melt has
the order parameter q of ∼0.9 whereas the sample of Co2MnSn after arc-melt and annealing
at 800 ◦C has the order parameter q of ∼0.8. We also find that almost all the samples in this
research prepared by the arc-melting method have order parameters between 0.8 and 0.9. So
we used the samples without annealing after arc-melt for magnetization and Mössbauer effect
measurements in this research.

Magnetization curves of Co2Mn1−x Fex Sn and Co2Mn1−yCrySn measured at 5 K are
shown in figure 5(a). The spontaneous magnetization at 5 K obtained from magnetization
curves is plotted as a function of Fe or Cr concentration in figure 5(b). One can find that the
spontaneous magnetization of Co2MnSn is increased on substituting Mn with Fe and decreased
on substituting Mn with Cr.

The 119Sn Mössbauer spectra obtained at room temperature are shown in figure 6. The
spectrum of Co2MnSn is almost the same as the spectra observed by several groups [10–16].
By computer fitting, we found that the spectra of Co2MnSn consist of two sets of sextets
reflecting some imperfection of the alloy from the ideal ordered structure. In this compound
the Sn environment has cubic symmetry: hence, no electric quadrupole interaction is expected.
The isomer shift relative to CaSnO3 of the first (the major) component is 1.39 mm s−1, and
that of the second (minor) one is 1.46 mm s−1. The hyperfine fields of the first and second
components are B1st

hf = 9.82 T and B2nd
hf = 4.52 T, and the spectral weight-average of the Bhf

of the two components is Bhf = 6.87 T. B1st
hf is from Sn sites in perfectly ordered alloy. The

sextets corresponding to B2nd
hf result from other local Sn environments.

4. Discussions

As mentioned by Galanakis et al, the total spin magnetic moments Mt of the Co2MnZ
compounds follow the Mt = Z t − 24 rule, where Z t is the total number of valence electrons
per unit formula [20]. This is the well known Slater–Pauling behaviour. In this picture the
occupancy of the spin-down bands, which have an energy gap at the Fermi level, does not
change and the number of added or subtracted electrons due to the change of Z t is adjusted
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Figure 5. (a) Magnetization curves of Co2Mn1−x Fex Sn and Co2Mn1−yCrySn Heusler alloys
at 5 K. (b) The x or y dependence of the spontaneous magnetic moments of Co2Mn1−x Fex Sn
and Co2Mn1−yCrySn. The bars are the possible error during the measurements and estimations.
The solid line is the Slater–Pauling curves expected for half-metallic Co2Mn1−x Fex Sn and
Co2Mn1−yCrySn systems (see details in text).

by the spin-up states only [20]. The alloys Co2MnZ with 29 valence electrons when Z is a
group IVB element, such as Si, Ge or Sn, have ∼5 µB/formula, and the alloys containing the
group IIIB element as Z, such as Co2MnAl and Co2MnGa, have ∼4 µB/formula. Heusler
alloys with 30 valence electrons have a spin moment with 6 µB/formula. Galanakis et al
substituted Sn in Co2MnSn with Sb or As and calculated the total spin moment to be 5.620
or 5.782 µB/formula [20]. The Heusler alloys of Co2FeSn and Co2CrSn, if they existed,
would have the magnetic moments of 6 and 4 µB, respectively, according to the Slater–Pauling
behaviour. In the single-phase region of the systems of Co2Mn1−x FexSn and Co2Mn1−yCrySn,
we have observed that the magnetic moments increase when x increases and decrease as y
increases (figure 5(b)), which is in good agreement with the Slater–Pauling behaviour in Heusler
alloy.

The magnetic hyperfine fields at Sn nuclei in Co2MnSn are estimated to be 9.9 T at 0 K
by extrapolation of 117Sn and 119Sn NMR data [22]. Williams found that the major hyperfine
field at 119Sn was 10.7 T at 4.2 K by Mössbauer spectroscopy, and explained the results using
prediction that the Bhf arises from the oscillating spin polarization induced in the conduction
band by the magnetic moments localized on the Mn atoms [12]. In the present study, the
Bhf value of the major component (9.8 T) agrees well with that reported by Williams [11].
The second component with low Bhf was attributed to a possible site disorder [11]. The Mn
substitution affects the form of the Mössbauer spectra. The Mössbauer spectrum becomes
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Figure 6. 119Sn Mössbauer absorption spectra at room temperature for Co2Mn1−x Fex Sn and
Co2Mn1−yCrySn. Computer fits are shown by the solid lines.

broader when substituting Mn with Fe or Cr as shown in figure 6, which may be explained
by the chemically disorder state in substituted samples. If the 4a site is partially occupied
by Fe or Cr in Co2MnSn, the 119Sn probe in the 4b site should sense this substitution by
the change in conduction-electron density. Disordering in the 4a site or between 4a and
4b sites in Co2Mn1−x FexSn and Co2Mn1−yCrySn alloys results in a difference of magnetic
environments around the Sn nuclei and causes a distribution of Sn hyperfine fields. In the
measured Mössbauer spectra in figure 6, doublet lines were found for Co2Mn1−x Fex Sn with
x � 0.2 and Co2Mn1−yCrySn with y � 0.2, whereas we did not find impurity peaks when
x � 0.5 and y � 0.3 in the XRD patterns. These additional absorption lines may be from Sn
atoms which are in a small percentage of non-Heusler phases.

The composition (x or y) dependences of the Bhf in the Sn nuclei obtained by least-square
fitting of Mössbauer spectra and the value of isomer shift measured relative to the CaSnO3 in
Co2Mn1−x Fex Sn and Co2Mn1−yCrySn are give in figure 7. It was found that the value of Bhf

at the Sn nuclei of Co2MnSn increases by substitution with Fe and decreases by substitution
with Cr. The isomer shift is almost unchanged on substituting Mn with Fe or Cr.

Bhf at a nonmagnetic impurity site in a ferromagnetic host is expressed as sum of partial
contributions from neighbouring magnetic moments as

Bhf =
∑

i

µ(ri)p(ri ), (3)
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where µ is the magnetic moment of an atom located at ri and p(ri ) is the reduced partial
contribution to the Bhf at the probed nucleus [15]. We have observed the composition
dependence of Bhf in Sn nuclei and spontaneous magnetic moments in Co2Mn1−x Fex Sn and
Co2Mn1−yCrySn as shown in figure 8. According to equation (3) and figure 8, we found that
the Fe atoms would produce high Bhf on Sn when they substitute Mn in Co2MnSn, and Cr
atoms should produce low Bhf on Sn when they substitute Mn in Co2MnSn.
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5. Summary

Heusler alloys of pure Co2MnSn and those with the Mn site substituted by Fe or Cr have been
prepared by the arc melting method. The intermetallic compounds of Co2Mn1−x FexSn and
Co2Mn1−yCrySn crystallize in a single phase with the L21-type structure at the concentration
of 0 � x � 0.5 and 0 � y � 0.3. The synthesized samples have the order parameter between
0.8 and 0.9. In the range of a single phase, the substitution of Mn with Fe increases the
spontaneous magnetic moments of Co2MnSn, whereas the substitution of Mn with Cr decreases
the magnetization. The trends of magnetic moments in Co2Mn1−x FexSn and Co2Mn1−yCrySn
are in good agreement with Slater–Pauling behaviour. The Mössbauer spectra can be fitted
by two components. The average Bhf at Sn nuclei increases by the substitution of Mn with
Fe and decreases by the substitution of Mn with Cr. The distribution of Bhf studied by the
Mössbauer effect is discussed in terms of the state of chemical ordering of the alloys.
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hpf in the Heusler alloy Co2MnSn
J. Appl. Phys. 77 2648

[17] Ishida S, Akazawa S, Kubo Y and Ishida J 1982 Band theory of Co2MnSn, Co2TiSn and Co2TiAl J. Phys. F:
Met. Phys. 12 1111
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