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The magnetic ground state of the Heusler compound Mn2CoSn was predicted to be nearly half-

metallic ferrimagnetic with a high spin polarization by ab initio electronic structure calculations.

Mn2CoSn was synthesized, and the magnetic behavior of the compound was studied using SQUID

magnetometry and x-ray magnetic circular dichroism. The experimental values were found to be in

fair accordance with the theoretical predictions. The electronic structure and the crystal structure

of Mn2CoSn were characterized comprehensively using x-ray powder diffraction, 119Sn Mössbauer

spectroscopy, nuclear magnetic resonance, and hard x-ray photoelectron spectroscopy.
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I. INTRODUCTION

The history of ternary intermetallic Heusler compounds began in the year 1903 when F. Heusler reported on

archetypical Cu2MnAl [1]. This compound is the classic example of a ferromagnet that does not contain any fer-

romagnetic element. Heusler compounds exhibit the stoichiometric composition X2YZ and crystallize in the cubic

L21 structure (space group 225, Fm3m). This structure consists of four interpenetrating fcc lattices. The related

CuHg2Ti (Xa) structure (space group 216, F43m) is referred to as an inverse Heusler structure and differs from the

L21 structure in that different atoms occupy the tetrahedrally coordinated lattice sites. The stoichiometry changes to

XX ′Y Z and the Wyckoff position 8c splits into 4c and 4d thereby reducing the symmetry and removing the center

of inversion. This modification occurs in the majority of cases when the Y atom of a Heusler compound is more

electronegative than the atoms X2.

Heusler compounds show strong d-electron-mediated electronic properties resulting in a multitude of different ap-

plications. The magnetic properties of Heusler compounds include a large variety of interesting phenomena beginning

with metallic ferromagnetism as in the case of the aforementioned Cu2MnAl. The half-metallic ferromagnets such as

Co2MnSi [2,3] are metallic only in one spin channel while the opposite spin channel exhibits an insulating or semi-

conducting band structure. This type of material is highly relevant for spintronics applications [4]. Several Heusler

compounds were reported to become superconducting [5-7] others show magnetic shape memory [8,9] magnetocaloric

[10,11] or thermoelectric effects [12,13]. Only one Heusler compound was found to exhibit an antiferromagnetic type

of magnetic order [14].

The ferrimagnets Mn2YZ are an especially interesting class within the Heusler family. Mn3Ga belongs to this

class and one of its phases crystallizes in a tetragonally distorted variation of the Heusler cell (space group 139,

I4/mmm) [15-17]. Its relatively low magnetic moment in combination with the high Curie temperature TC and high

spin polarization make tetragonal Mn3Ga attractive for implementation in spin torque transfer magnetic random

access memory (STT-MRAM) devices [18-20]. The desired properties of the materials Mn3?xGa can easily be tuned

by substitution of elements, i.e., variation of the Mn:Ga ratio. The recently discovered ferrimagnetic shape memory

compound Mn2 NiGa exhibits a record-breaking magnetic-field-induced strain of approximately 21% in its single

crystalline form [21,22]. Co2-based Heusler compounds often follow the Slater-Pauling rule, which is a signature

for their half metallicity. In the context of spintronics applications it is important to check whether the Mn2-based

Heusler compounds behave in a similar way. However, the situation in the Mn2-based compounds is expected to

be more complex because of different magnetic coupling and electronic correlations, which may be important due to

highly localized magnetic moments of Mn atoms in the octahedral environment [23].

In this work we present results of a detailed theroretical and experimental investigation (structure and magnetic

properties) of ferrimagnetic Mn2CoSn, which is isoelectronic to Mn2NiGa. Experiments on Mn2 CoSn were previously

reported by different groups [24-27]. According to Ref. 27, ordered Mn2CoSn should crystallize in the inverse cubic

Heusler structure with three different magnetic sublattices as depicted in Fig. 1. In this structure the appearance

of Mn-Mn nearest neighbors allows for the antiparallel coupling of the magnetic moments at the two different sites

occupied by Mn leading to ferrimagnetic configurations. From the experimental investigations of the crystal structure,
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however, L21b-type disorder between Mn and Co in the tetrahedral surroundings of the cell was deduced. The

calculated electronic structure is in accordance with this finding and suggests a nearly half-metallic band structure

with a high spin polarization at the Fermi level for the L21b disordered cell of Mn2CoSn making it attractive for

spintronics.

II. EXPERIMENTAL DETAILS

Polycrystalline ingots of Mn2CoSn were prepared by repeated arc melting of stoichiometric mixtures of the elements

in an argon atmosphere to avoid oxygen contamination. The samples were subsequently annealed for two weeks at

1073 K in evacuated quartz tubes. After the annealing process, the samples were quenched to 273 K in a mixture of

ice and water to retain the desired F43m structure. Slow cooling of the samples after the annealing process can lead

to structural inhomogeneity [28].

For x-ray powder diffraction (XRD), a part of the sample was ground to a fine powder. The XRD measurements

were carried out at room temperature using a Seifert XRD 3003 PTS diffractometer equipped with a Cu Kα x-ray

tube.

The magnetic properties were investigated using a super- conducting quantum interference device (SQUID, Quan-

tum Design MPMS-XL-5). Small, nearly spherical pieces of the samples with a weight of ˜45 mg were used in these

measurements.

For the hard x-ray photoemission spectroscopy (HAXPES) and x-ray magnetic circular dichroism (XMCD) investi-

gations, the samples were fractured in situ ensuring that the samples are free of oxygen contamination. The HAXPES

experiments were performed at the beamline BL15XU of SPring-8 (Japan). The photon energy was fixed at 5.9534 keV

using a double crystal monochromator and a Si 333 channel-cut monochromator. The photoemitted electrons were

analyzed for their kinetic energy and detected by means of a hemispherical analyzer (VG Scienta R4000). The overall

energy resolution (monochromator plus analyzer) was set to 250 meV, as verified by spectra of the Au valence band

at the Fermi energy (εF ). The angle between the electron spectrometer and photon propagation is fixed at 90◦. The

photons are p polarized; i.e., the electric field vector is in the plane of incidence and always points in the direction

of the electron detector. A near normal emission (θ = 8◦) detection angle was used. This corresponds to an angle of

incidence of α = θ− 90◦ = 82◦. Note that the angles are not well defined for the cleaved bulk samples due to surface

roughness.

The XMCD measurements were performed using the magnetic circular dichroism measurement system at the

BL25SU [29,30] beamline of SPring-8. The helicity switching of the circularly polarized radiation is performed by

twin helical undulators. The frequency of switching was 1 Hz. The two absorption spectra required to determine

the XMCD were measured by one energy scan switching the helicity at each energy point. To minimize systematic

errors, the XMCD spectrum was measured at +1.9 T and -1.9 T, respectively. The absorption signal was measured

in the total electron yield mode with the energy resolution set to E/∆E = 5 · 103. The samples were magnetized in

an induction field of µ0H = ±1.9 T by a water-cooled electromagnet. The sample temperature was set to 15 K.

The hyperfine magnetic fields at the Co, Mn, and Sn sites were determined by nuclear magnetic resonance (NMR)
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and 119Sn Mössbauer spectroscopy. Mössbauer spectroscopy was performed using a constant-acceleration spectrometer

at 225 K in transmission geometry. For excitation, a 119Sn(CaSnO3) source was used delivering γ radiation with an

energy of hν = 23.9 keV. The intrinsic linewidth of the source is ∆ν = 0.3235 mm/s. Sn with a natural abundance

of 8.6% 119Sn was used for the samples of the present study. The analysis of the Mössbauer data was performed

using the RECOIL software package [31] The NMR experiments were performed in an automated, coherent, spin-echo

spectrometer at 4.2 K [32]. The NMR spectra were recorded in the frequency range of 20-400 MHz in steps of 2 MHz

to ensure that both signals from 55Mn and 59Co are in the range of the spectra. The measurements were performed

without applying an external magnetic field. All NMR spectra were corrected regarding the enhancement factor as

well as the ν2 dependence, resulting in relative intensities proportional to the number of nuclei with a given NMR

resonance frequency.

III. COMPUTATIONAL DETAILS

The basic electronic structure calculation and the opti- mization of the lattice parameter were carried out using

the scalar-relativistic full potential linearized augmented plane wave method (FLAPW) as provided by WIEN2K

[33]. The exchange-correlation functional was taken within the generalized gradient approximation (GGA) in the

parametrization of Perdew- Burke-Ernzerhof (PBE) [34]. For comparison, LDA +U was used to account for electronic

correlations in the localized moment system [35]. LDA +U , as described by Anisimov et al. [36], adds an orbital-

dependent electron-electron correlation, which is not included in the plain LSDA or GGA schemes. In particular,

the LDA +U self-interaction correction scheme (SIC) [37] was used here to account for double-counting corrections.

Further use was made of J = 0 and Ueff = U − J(U = F 0). The use of Ueff = U − J suppresses multipole effects.

This means, it neglects the nonspherical terms in the expansion of the Coulomb interaction. This choice does not

affect the results presented here, as U was used in a parametric way. The values of Ueff were set to UCo = 0.14 Ry

and UMn = 0.12 Ry for both the different lattice sites of Mn atoms in the cell. It should be mentioned that the +U

was used in the FLAPW scheme with the GGA rather than the LSDA parametrization of the exchange-correlation

functional. No significant differences were observed using either of the parametrizations. A basic 31 × 31 × 31 mesh

was used for integration. This results in 816 k points in the irreducible wedge of the Brillouin zone of the primitive

cell. The number of plane waves was restricted by Rkmax = 7. Both total energy (10−5 Ry) and charge (10−2e−)

were used simultaneously as criteria for convergence.

Further electronic structure calculations have been carried out using the full relativistic spin-polarized Korringa-

Kohn- Rostocker method (SPR-KKR) provided by Ebert et al [38-40]. This program provides the coherent potential

approximation (CPA) for calculating the properties of alloy systems with random distribution of the atoms. The

SPR-KKR calculations have been performed using the PBE generalized gradient approximation (GGA) [34]. The

CPA tolerance was set to 10−4 and the energy convergence criterion to 10−5. f states were included in the basis of

all atoms. 832 irreducible k points based on a 22 × 22 × 22 mesh have been used for integration. The density of

states is calculated for the double number of k points from the Greens function by adding a small imaginary part of

0.002 Ry to the energy. For smaller values, the band gaps may become better visible; however, at the same time the
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DOS becomes much more noisy.

IV. RESULTS AND DISCUSSION

A. Structural properties

The crystal structure of annealed and quenched Mn2CoSn was determined using powder XRD with Cu Kα radiation.

The diffraction pattern is shown in Fig. 2. It reveals the inverse cubic Heusler structure of Mn2CoSn. A small

impurity phase is found in the diffraction pattern. This phase was identified to be tetragonal MnSn2 (space group

140, I4/mcm) [41]. The amount of impurity is obviously very small. A Rietveld refinement of the experimental data

was performed using the TOPAS ACADEMIC software package [42]. The cubic lattice parameter was determined

to be a = (6.083 ± 0.002) Å. The Rietveld figures of merit for the inverse Heusler structure are RBragg =3.59%,

Rwp = 25.15%. The low RBragg value clearly indicates that the structural model is accurate; Rwp is large due to the

impurity, which was calculated to amount to approximately 5%8%. The determination of order/disorder in Mn2CoSn

by powder XRD poses difficulties due to similar scattering factors of Mn and Co. An admixture of Mn atoms on the

Co position and vice versa corresponding to a L21b-type or even DO3-type disorder can thus not be excluded. In DO3

the transition metals (here: Mn, Co) commonly share the 8c and 4b positions of the fcc cell with Fm3m symmetry

while the main group element (here: Sn) exclusively occupies the 4a position. A DO3-type disorder is, however,

implausible because Mn atoms generally prefer the octahedrally surrounded position in the Heusler cell, especially

when the more electronegative Co atoms are present. An L21b disorder as currently reported for related systems [43] is

possible. An L21b type structure was previously reported for Mn2NiSn [44] and recently also confirmed for Mn2NiGa

by neutron diffraction experiments [45]. In this structure type, the 8c position of the fcc cell with Fm3m symmetry

is equally populated by Ni and Mn atoms, whereas the 4b and 4a positions are exclusively occupied by Mn and the

main group element (Sn, Ga), respectively. It is furthermore evident from the Rietveld refinement and the relative

intensities of the (111) and (200) reflections that the Sn atoms do not mix with Co or Mn.

B. First-principles calculations of the electronic structure

Mn2 CoSn has 27 valence electrons, and therefore we expect from the Slater-Pauling rule a magnetic moment of

3 µB for half-metallicity. However, to understand this complex magnetic material in detail we have calculated the

electronic structure and the magnetic properties. Before calculating details of the electronic structure, a geometry

optimization of the CuHg2Ti structure was performed using WIEN2K. The optimization resulted in two different

minima of the total energy as a function of the cell volume as shown in Fig. 3. One of the states is a half-metallic

ferrimagnet (HMF) and the other one a regular ferrimagnet (FiM). The difference in the total energies of these two

states is only 14 meV.

An equation-of-states fit resulted in a relaxed lattice parameter of aHMF = 6.034 Åand a bulk modulus of B =

128 GPa for the half-metallic state. The state with lower total energy is the ferrimagnetic state with a slightly larger

lattice parameter of aFiM = 6.080 Åand a smaller bulk modulus of B = 113 GPa. For lattice parameters below
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5.98 Åno stable convergence was reached for the ferrimagnetic solution. Similarly, the half-metallic state was not

stable above 6.06 Å. In both cases the charge convergence criterion (0.001 e−) was hardly reached, if at all. The

corresponding magnetic moments are included as open symbols in Fig. 3(b).

Details of the electronic structure were calculated for both states. Figures 4 and 5 display the calculated band

structure and density of states of HMF and regular FiM states, respectively. The HMF (Fig. 4) exhibits for the

minority electrons a small band gap at the Fermi energy with a width of approximately 190 meV. In the FiM state

(Fig. 5), this gap is closed and the corresponding minimum in the density of states is shifted below the Fermi energy.

Overall, the differences between the electronic structures are only very small. Even though the differences between

the electronic structures of the HMF and FiM states are only very small, they have a high impact on the magnetic

properties. Table I shows the calculated local and total magnetic moments of Mn2CoSn using the GGA and the LDA

+U for both ground states HMF and FiM. In all cases the magnetic moments at the Mn I atoms are antiparallel

to those of the Mn II atoms resulting in the ferrimagnetic order. The total magnetic moment in the FiM state is

considerably lower as compared to the HMF state.

To avoid misinterpretation that may be caused by the particular computational method additional calculations

were performed using the SPR-KKR method. Depending on the initial settings for the magnetization, it turned out

that the calculations do not converge unambiguously into a definite ground state. Similar problems were recently

reported for Mn2CoIn and Mn2CoSn [43]. Meinert et al. had to reduce the lattice parameters in order to find a

ground state. In the present study, it was possible to stabilize the ferrimagnetic ground state at 6.05 Åand slightly

above and the half-metallic ground state below 6.04 Å. In all other cases, the calculations did not converge due

to fluctuating magnitude of the magnetic moments, or converged into the opposite ground state, dependent on the

lattice parameter but independent of the initial parameters for the magnetization. This demonstrates again that the

calculated magnetic ground state is not stable in the Xa-type structure.

A different structure was suggested for the related Heusler compound Mn2NiGa by Brown et al [45]. Based on

neutron diffraction, Brown et al. reported an L21b-type structure in the cubic phase. This is a disordered type of

X2Y Z regular Heusler compounds (L21a) and has also Fm3m symmetry. In this structure, the transition metals X

and Y occupy simultaneously the 8c Wyckoff position by 50% each, the remaining part of the X atoms occupies 4b,

and the main group element Z occupies 4a. Different from the Xa structure, L21b has a center of inversion as the

regular Heusler compounds. CPA calculations that account for the Mn-Co disorder on the 8c positions were carried

out in addition. Other than the calculations for the Xa structure, these calculations converged unambiguously into a

definite ground state.

Figure 6 compares the spin density of states of Mn2CoSn for the different magnetic and structural states as calculated

by the fully relativistic SPR-KKR method. The gap in the minority states of the HMF state is not resolved because

its width is only 190 meV, which is in the order of the Lorentzian broadening used in the calculation. Comparing the

density of states of the HMF and FiM states [Figs. 6(a) and 6(b)], the magnetic instability observed in the calculations

becomes clear. In the HMF state, there is a maximum of the density of states at the Fermi energy in the majority

channel, whereas a maximum of the density of states at the Fermi energy appears in the minority channel of the FiM
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state. These maxima are not compensated in the opposite spin channels and lead to a maximum in the total density of

states. Such a maximum does not appear in the L21b structure, and therefore it becomes structurally more stable. It

is interesting to note that the electronic structure of the L21b structure exhibits a high spin polarization at the Fermi

energy and is very close to a half-metallic state. This half-metallic state cannot be unambiguously substantiated,

however, due to the missing periodicity and loss of the band structure in the structure with random occupation of

sites.

Table II compares the magnetic moments for the different ground states and structures as calculated by SPR-KKR.

As mentioned above, in the Xa structure the total magnetic moment and the moment of Mn I depend strongly on

the lattice parameter.

C. Mössbauer and NMR spectroscopy

The results of the Sn Mössbauer experiments are displayed in Fig. 7. The spectra were taken at 225 K in transmission

mode. It is obvious that the spectra are composed of several subspectra. Spectrum (I) corresponds to an as-cast

sample from the arc melter. It exhibits a clear magnetic hyperfine splitting. A small additional line with much smaller

splitting appears in the center of spectrum (II), which corresponds to an annealed and quenched sample of Mn2CoSn.

The fit of the spectra of the as-cast sample (I) requires at least four different species with hyperfine magnetic fields

of HIA
hf = 250 kOe, HIB

hf = 180 kOe, HIC
hf = 150 kOe, HID

hf = 119 kOe and relative intensities of 65%, 18%, 8%, and

9%. The first subspectrum (IA) has a broad unresolved structure with a linewidth of 4.3 mm/s, which is essentially

larger than the natural linewidth of the source. The linewidths of the remaining three subspectra are approximately

1.3 mm/s. The average value of the isomer shift for all four subspectra is 1.74 mm/s relative to CaSnO3. After

annealing, the structure of the Mössbauer spectrum becomes more pronounced, and a weak subspectrum with a

relative intensity of 3% and much smaller hyperfine splitting appears in the central part of the spectrum (II). The

isomer shift of this subspectrum is 1.9 mm/s. The low hyperfine field (HI0
hf = 15 kOe) indicates a distinct position of

the Sn atoms. Different from the as-cast sample, a reasonable fit of the spectrum of sample II requires three additional

magnetic subspectra with hyperfine fields of HIIA
hf = 238 kOe, HIIB

hf = 171 kOe, and HIIE
hf = 123 kOe and relative

intensities of 58%, 20%, and 19%, respectively. Subspectrum IIA of the annealed sample with a broad unresolved

structure corresponds to the subspectrum IA of the as-cast sample but has a reduced contribution. Similarly, IB and

IIB correspond to each other, with a slightly higher contribution of IIB. A correspondence between subspectra IC,

ID, and IIE is, however, not clear due to the low contributions.

The hyperfine magnetic fields experienced by the tin atoms are completely induced by the surrounding magnetic

dipoles because they do not carry a magnetic moment. The appearance of a weak magnetic site (II0) in the spectrum

of the annealed sample indicates a diffusion of the tin atoms to sites having a much weaker magnetic environment.

The low value of the hyperfine field thus may be due to diffusion of Sn to grain boundaries or other crystal defects.

Figure 8 displays the result from the NMR investigation. The spectrum was taken from the annealed sample used

in the Mössbauer experiments. The spectrum exhibits two distinct maxima at frequencies of ν1 = 79.4 MHz and

ν2 = 138.6 MHz arising from the hyperfine fields at the Mn and Co sites. Further, broad features are detected in the
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high-frequency part of the spectrum with weakly resolved maxima at 181 MHz, 200 MHz, and 246 MHz (see fit in

Fig. 8). The broad distribution in the frequency range between 170 MHz and 330 MHz should correspond to Mn II

atoms in different surroundings. Due to the equivalence in the first coordination sphere of Sn and Mn II atoms in

the structure of Mn2CoSn, a broadly distributed structure of NMR signals of Mn II atoms clearly correlates with the

119Sn Mössbauer magnetic subspectra. It is therefore possible to apply the results of Mössbauer spectroscopy to fit

the Mn II part of the NMR spectrum of sample II. The deconvolution of the complete spectrum was performed using

Gaussian peaks. The spectrum was decomposed into three groups of lines that correspond to Mn I, Co, and Mn II

with an intensity ratio close to 1 : 1 : 1. The fit of the Mn II signal was done using three resonance lines. During

the fit their relative intensities were kept equal to the relative intensities of lines IIAIIC taken from the Mössbauer

experiment. The results of the deconvolution are shown in Table III.

The comparison of NMR and Mössbauer measurements allows the conclusion that the species with the lowest

Hhf and narrowest signals in the 59Mn II NMR and 119Sn Mössbauer spectra correspond to a stoichiometric local

surrounding of Mn II and Sn atoms in Mn2CoSn comprising 4 Co and 4 Mn I atoms. The relative intensity of 19%

of the corresponding NMR signal at 181 MHz and the Mössbauer subspectrum with HIIC
hf = 123 kOe indicates that

even the annealed sample II cannot be classified as well ordered. Substitution of Co with Mn I atoms and vice versa

leads to an imbalance of magnetic moments and, consequently, to an increase of the effective Hhf on the Sn and Mn II

atoms. Accordingly, one should attribute the NMR resonance line at 200 MHz and the Mössbauer subspectrum with

HIIB
hf = 171 kOe to Mn II and Sn atoms having 3 Co + 5 Mn I or 5 Co + 3 Mn I neighbors in the first coordination

sphere. The very broad NMR line centered at 246 MHz and the broad unresolved Mössbauer subspectrum with

HIIA
hf = 238 kOe and a relative intensity of 58% stems from the scope of rest configurations (4 - n)Co + (4 + n)Mn I

/(4 + n)Co + (4 - n)Mn I with n = 2, 3, 4. The impurity phase MnSn2, which was detected in the diffraction pattern of

Mn2CoSn, was not found in the Mössbauer measurement. This may be due to the detection limit of this experimental

setup, which amounts to approximately 3%. A fluctuation of the impurity content in different regions of the sample

occurs inherently in polycrystalline intermetallic samples, and the powder taken for the the Mössbauer measurement

may have had a lower content of MnSn2 as compared to the XRD sample, where an impurity concentration of 5%-8%

was determined.

In summary, it follows from the NMR and Mössbauer spectroscopic data that antisite disorder between Co and

Mn I is favored in Mn2CoSn corresponding to the aforementioned L21b-type structure. From the NMR studies it

can also be deduced that Mn II atoms are likely to be less subject to antisite disorder. This conclusion is based

on the absence of the hyperfine structure in the NMR signal of Mn I. The signal at 79.4 MHz is relatively narrow

and indicates no antisite disorder in the first coordination sphere of Mn I comprising four Sn and four Mn II atoms.

Similar considerations can be applied to interpret the 59Co NMR signal at 138.6 MHz. The effects of the second

coordination spheres of Co and Mn I comprising 6 Mn I and 6 Co atoms, respectively, are rather weak and are not

seen in the NMR signals.
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D. Hard x-ray photoelectron spectroscopy

Figure 9 displays the results of the core-level photoemission from Mn2CoSn excited by hard x-rays of approximately

6 keV energy. Typical states of the contributing elements were selected that exhibit a clearly detectable spin-orbit

splitting.

The Mn 2p3/2 state has a typical multiplet structure with a splitting of 1 eV. This splitting is not revealed at the

Mn 2p1/2 state but leads only to a considerable broadening of the line. Additional, weaker satellites show up at about

4 eV and 7 eV below the Mn 2p3/2 and 2p1/2 states, respectively. The multiplet splitting of the Mn 2p states arises

from the interaction of the core-hole with the partially filled d bands that are strongly localized [46,47]. The Co 2p3/2

state exhibits a sharp satellite at about 3.49 eV below the maximum. This satellite is only weakly seen at the Co 2p1/2

state. The Co satellite may be due to a shake-up transition from states just below the Fermi energy into the onset

of the unoccupied s bands seen in Figs. 4, 5, and 6 at about 3-4 eV above the Fermi energy εF . An influence of the

interaction between the core-hole with the partially filled d bands, however, cannot be excluded.

The spin-orbit splittings of the core level are summarized in Table IV. The experimental values are compared to the

calculations for Mn2CoSn. The calculated values did not depend on the type of magnetic order; only small shifts in

the binding energies were found that are below the experimental resolution. No differences are observed if comparing

the calculational methods. The observed and calculated values for Co and Sn are in good agreement. A considerable

deviation is found for the Mn 2p states (about 1 eV). The reason is the observed multiplet splitting that is not

accounted for in the calculations. The interaction between the core-hole and valence electrons in the photoexcited

state causes an additional increase of the splitting on top of the ground-state spin-orbit interaction.

Figure 10 compares the valence band photoelectron spectra and the calculated total density of states [n(E)] of

Mn2CoSn. For better comparison, the density of states is convoluted by a Fermi-Dirac distribution (T = 300 K) and

smoothed by a Gaussian with a width of 250 meV. The latter accounts for the experimental resolution but neglects,

however, any broadening caused by lifetime effects. The photoelectron spectra were taken at room temperature using

an excitation energy of about 6 keV. It was previously demonstrated that the cross section of the contributing states

(s, p, and d) are nearly equal at this photon energy [3] This allows easily a direct comparison of the photoelectron

spectra and the calculated density of states.

The comparison between the measured valence band spectra and the calculated total density of states reveals that

n(E) is well described in the GGA approach. In particular the first maximum of the spectrum at about -1.3 eV

below εF corresponds to the maximum of n(E). The second maximum appears in n(E) at about -2.9 eV. Further,

the s − p hybridization gap at around -7 eV to -8 eV is clearly revealed in the photoelectron spectrum. LDA +U

(not shown here) results in shifts of the main features away from the Fermi energy, which is not compatible with the

photoelectron spectra.

The differences in the density of states of the two different ground states of the Xa structure are too small to be

distinguished in the photoelectron spectra, and also the main features are not much different from L21b. However,

from n(E) there is a clear difference between the L21b and the Xa structures. In the latter structures an enhanced

intensity is expected at the Fermi energy that is clearly absent in the valence band photoelectron spectrum. This
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observation gives a clear advice that the investigated sample has the L21b structure.

E. Magnetic properties

1. SQUID

The magnetic properties of the polycrystalline annealed and quenched sample were investigated by means of SQUID

magnetometry. The field-dependent magnetic moments at different temperatures are displayed in Fig. 11. The

saturation moment amounts to m0 = 2.59 ± 0.2µB at T = 5 K. The large error is due to the impurity MnSn2 found

in the XRD pattern. It is obvious that the material exhibits a small irreversible part in the hysteresis loop at 5 K as

known for soft ferrimagnets. The inset of Fig. 11 shows the temperature-dependent magnetic moment of Mn2CoSn.

The Curie temperature of the compound was determined to be TC = 598 ± 5 K. This Curie temperature allows for

applications far beyond room temperature. From the Slater-Pauling curve 3µB would be expected for the half-metallic

ferrimagnetic ground state (HMF) while the calculations predicted 1.74 µB (GGA)and 2.15 µB (LDA+U) for the

ferrimagnet, and nearly half-metallic 2.98 µB for the proposed L21b disorder (see Table V). The experimental value

lies in between these values but much more in the vicinity of the half-metallic states. As the impurity may be subject

to lowering the magnetic moment rather than increasing it and the measurement temperature was 5 K while the

calculations are based on 0 K, a nearly half-metallic ferrimagnetic state of Mn2CoSn with a high spin polarization is

most likely.

2. X-ray absorption and XMCD

The results of the photoabsorption measurements are shown in Fig. 12. Both elements, Mn and Co, exhibit typical

metallic- like white lines at the L3,2 absorption edges. In particular, the Mn-derived spectra do not show an additional

splitting. An additional peak appears in the Co spectrum at 3.36 eV above the maximum of the L3 line [marked by

an arrow in Fig. 12(c)]. Its energy corresponds to the one observed in the HAXPES core-level spectra (see Sec. IVD).

This feature is typical for materials with the fcc lattice [48]. It arises from a transition into s−p hybridized unoccupied

states and exhibits no XMCD. It is also observed in other well-ordered Heusler compounds [49].

From the maximum intensities at the L3,2 edges spin- orbit splittings of ∆Mn
SO = 11.4 eV and ∆Co

SO = 15.2 eV for

the initial 2p states of Mn and Co, respectively, are determined. As expected, the values coincide with those of the

HAXPES study (see Sec. IVD and Table IV).

Neither the intensity nor the XMCD at the Mn L3 edge hint directly at different magnetic sites. However, a small

saddle point is observed 1.2 eV before the maximum of the XMCD at the Mn L2 edge that may indicate different

sites. The XMCD signal of the Co L3,2 edges exhibits a clear splitting. It is seen as broadening of the XMCD signal

at the L2 edge. It is clearly detectable at the L3 edge and amounts to about 1.3 eV. This splitting may be caused

either by correlation effects or by different Co sites. It has to be noted that this structure is obviously not related

to the above-mentioned structural feature of the Co absorption spectrum. The XMCD signal of both elements, Co

and Mn, has the same sign being evident for a parallel coupling of the magnetic moments. It means that the Co spin
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moments couple parallel to Mn II in the 4b position with the higher absolute spin moment. This is in agreement with

the calculations.

According to a sum-rule analysis the spin magnetic moment at the Mn site amounts to mMn = 0.84µB assuming

five d holes. This value has to be compared to the average value mMn = (mMnI + mMnII)/2 due to the partial

compensation of the moments. The orbital to spin moment ratio is found to be ml/ms = 0.045. However, this is only

a rough estimate as it is also influenced by the overlapping intensities of the Mn I and Mn II atoms. Analyzing the

Co spectrum it is found that mCo = 0.72µB and ml/ms = 0.078 assuming three d holes. This value, as well as the

spin moment, is clearly below the calculated values determined using the LDA +U . The moments deduced using the

GGA seem to be more accurate, which is in agreement with the results of valence band photoelectron spectroscopy.

The total spin magnetic moment of XMCD amounts to 2.40 µB per formula unit Mn2CoSn, which fits very well with

the magnetic moment of 2.59 µB determined by SQUID magnetometry. The difference is attributed to difficulties

using the sum rule analysis for Mn. The spin-orbit splitting is relatively small compared to Co atoms, and the broad

peaks due to overlap of Mn atoms with magnetic moments of opposite sign complicate analysis. The superposed part

between the L3 and L2 edges in XMCD reduces the individual values of the integration in the spin sum rule. The

determined value of 1.68 µB for the partial magnetic moment of Mn atoms per formula unit may thus probably be

higher in reality.

V. SUMMARY AND CONCLUSION

In conclusion we have presented a comprehensive study of the cubic Heusler ferrimagnet Mn2CoSn. Mn2-based

Heusler compounds occur in cubic and tetragonal modifications and have prospective properties for spintronics ap-

plications, and in particular for the growing field of spin transfer torque. For Mn2CoSn, theoretical considerations

suggested two possible ground states in the ordered inverse cubic Heusler structure, a half-metallic ferrimagnet and

a metallic ferrimagnet. An L21b- type disorder between Co and Mn I atoms in Mn2CoSn was shown by Mössbauer

and NMR studies as well as valence band hard x-ray photoelectron spectroscopy. Electronic structure calculations

incorporating this type of disorder proposed a nearly half-metallic ferrimagnetic ground state with a high spin po-

larization for Mn2CoSn. The magnetic moments determined using SQUID magnetometry and XMCD are within

the range of the Slater-Pauling value (3 µB) corroborating the theory of a nearly half-metallic ferromagnetic ground

state. The high TC (598 K) facilitates room-temperature and above application. Future work should be directed

toward improvement of the synthetic method in order to remove or reduce the impurity content and the experimental

investigation of the assumed high spin polarization.
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FIG. 1. (Color online) Cubic unit cell of ordered Mn2CoSn
with three different magnetic sublattices (space group 216, F 4̄3m).
Octahedrally coordinated Mn atoms with highly localized magnetic
moments are in blue and couple antiferromagnetically to the red
Mn atoms in the tetrahedral environment. The orange Co atoms are
oriented parallel to the blue Mn atoms as postulated by the electronic
structure calculations; the Sn atoms are green. It should be noted that
the experiments hint at disorder between the red Mn atoms and the
Co atoms.

ordered Mn2CoSn should crystallize in the inverse cubic
Heusler structure with three different magnetic sublattices as
depicted in Fig. 1. In this structure the appearance of Mn-Mn
nearest neighbors allows for the antiparallel coupling of the
magnetic moments at the two different sites occupied by Mn
leading to ferrimagnetic configurations. From the experimental
investigations of the crystal structure, however, L21b-type
disorder between Mn and Co in the tetrahedral surroundings
of the cell was deduced. The calculated electronic structure
is in accordance with this finding and suggests a nearly
half-metallic band structure with a high spin polarization at the
Fermi level for the L21b disordered cell of Mn2CoSn making
it attractive for spintronics.

II. EXPERIMENTAL DETAILS

Polycrystalline ingots of Mn2CoSn were prepared by
repeated arc melting of stoichiometric mixtures of the elements
in an argon atmosphere to avoid oxygen contamination. The
samples were subsequently annealed for two weeks at 1073 K
in evacuated quartz tubes. After the annealing process, the
samples were quenched to 273 K in a mixture of ice and
water to retain the desired F 4̄3m structure. Slow cooling of
the samples after the annealing process can lead to structural
inhomogeneity.28

For x-ray powder diffraction (XRD), a part of the sample
was ground to a fine powder. The XRD measurements

were carried out at room temperature using a Seifert XRD
3003 PTS diffractometer equipped with a Cu K! x-ray
tube.

The magnetic properties were investigated using a super-
conducting quantum interference device (SQUID, Quantum
Design MPMS-XL-5). Small, nearly spherical pieces of the
samples with a weight of !45 mg were used in these
measurements.

For the hard x-ray photoemission spectroscopy (HAXPES)
and x-ray magnetic circular dichroism (XMCD) investigations,
the samples were fractured in situ ensuring that the samples
are free of oxygen contamination. The HAXPES experiments
were performed at the beamline BL15XU of SPring-8 (Japan).
The photon energy was fixed at 5.9534 keV using a double
crystal monochromator and a Si 333 channel-cut monochro-
mator. The photoemitted electrons were analyzed for their
kinetic energy and detected by means of a hemispherical
analyzer (VG Scienta R4000). The overall energy resolution
(monochromator plus analyzer) was set to 250 meV, as verified
by spectra of the Au valence band at the Fermi energy ("F ).
The angle between the electron spectrometer and photon
propagation is fixed at 90". The photons are p polarized; i.e.,
the electric field vector is in the plane of incidence and always
points in the direction of the electron detector. A near normal
emission (# = 8") detection angle was used. This corresponds
to an angle of incidence of ! = # # 90" = 82". Note that the
angles are not well defined for the cleaved bulk samples due
to surface roughness.

The XMCD measurements were performed using the
magnetic circular dichroism measurement system at the
BL25SU29,30 beamline of SPring-8. The helicity switching
of the circularly polarized radiation is performed by twin
helical undulators. The frequency of switching was 1 Hz.
The two absorption spectra required to determine the XMCD
were measured by one energy scan switching the helicity at
each energy point. To minimize systematic errors, the XMCD
spectrum was measured at +1.9 T and #1.9 T, respectively.
The absorption signal was measured in the total electron yield
mode with the energy resolution set to E/$E = 5 $ 103. The
samples were magnetized in an induction field of µ0H =
±1.9 T by a water-cooled type electromagnet. The sample
temperature was set to 15 K.

The hyperfine magnetic fields at the Co, Mn, and Sn sites
were determined by nuclear magnetic resonance (NMR) and
119Sn Mössbauer spectroscopy. Mössbauer spectroscopy was
performed using a constant-acceleration spectrometer at 225 K
in transmission geometry. For excitation, a 119Sn(CaSnO3)
source was used delivering % radiation with an energy of
h& = 23.9 keV. The intrinsic linewidth of the source is $v =
0.3235 mm/s. Sn with a natural abundance of 8.6% 119Sn
was used for the samples of the present study. The analysis
of the Mössbauer data was performed using the RECOIL
software package.31 The NMR experiments were performed
in an automated, coherent, spin-echo spectrometer at 4.2 K.32

The NMR spectra were recorded in the frequency range of
20–400 MHz in steps of 2 MHz to ensure that both signals
from 55Mn and 59Co are in the range of the spectra. The
measurements were performed without applying an external
magnetic field. All NMR spectra were corrected regarding the
enhancement factor as well as the &2 dependence, resulting in
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relative intensities proportional to the number of nuclei with a
given NMR resonance frequency.

III. COMPUTATIONAL DETAILS

The basic electronic structure calculation and the opti-
mization of the lattice parameter were carried out using the
scalar-relativistic full potential linearized augmented plane
wave method (FLAPW) as provided by WIEN2K.33 The
exchange-correlation functional was taken within the gener-
alized gradient approximation (GGA) in the parametrization
of Perdew- Burke-Ernzerhof34 (PBE). For comparison, LDA
+U was used to account for electronic correlations in the
localized moment system.35 LDA +U , as described by
Anisimov et al.,36 adds an orbital-dependent electron-electron
correlation, which is not included in the plain LSDA or
GGA schemes. In particular, the LDA +U self-interaction
correction scheme (SIC)37 was used here to account for double-
counting corrections. Further use was made of J = 0 and
Ueff = U ! J (U = F 0). The use of Ueff = U ! J suppresses
multipole effects. This means, it neglects the nonspherical
terms in the expansion of the Coulomb interaction. This choice
does not affect the results presented here, as U was used in
a parametric way. The values of Ueff were set to UCo = 0.14
Ry and UMn = 0.12 Ry for both the different lattice sites of
Mn atoms in the cell. It should be mentioned that the +U
was used in the FLAPW scheme with the GGA rather than the
LSDA parametrization of the exchange-correlation functional.
No significant differences were observed using either of the
parametrizations. A basic 31 " 31 " 31 mesh was used for
integration. This results in 816 k points in the irreducible
wedge of the Brillouin zone of the primitive F 43m cell.
The number of plane waves was restricted by R kmax = 7.
Both total energy (10!5 Ry) and charge (10!2 e!) were used
simultaneously as criteria for convergence.

Further electronic structure calculations have been carried
out using the full relativistic spin-polarized Korringa-Kohn-
Rostocker method (SPR-KKR) provided by Ebert et al.38–40 This
program provides the coherent potential approximation (CPA)
for calculating the properties of alloy systems with random
distribution of the atoms. The SPR-KKR calculations have been
performed using the PBE generalized gradient approximation
(GGA).34 The CPA tolerance was set to 10!4 and the energy
convergence criterion to 10!5. f states were included in the
basis of all atoms. 832 irreducible k points based on a 22 "
22 " 22 mesh have been used for integration. The density of
states is calculated for the double number of k points from the
Green’s function by adding a small imaginary part of 0.002 Ry
to the energy. For smaller values, the band gaps may become
better visible; however, at the same time the DOS becomes
much more noisy.

IV. RESULTS AND DISCUSSION

A. Structural properties

The crystal structure of annealed and quenched Mn2CoSn
was determined using powder XRD with Cu K! radiation.
The diffraction pattern is shown in Fig. 2. It reveals the
inverse cubic Heusler structure of Mn2CoSn. A small impurity
phase is found in the diffraction pattern. This phase was

FIG. 2. Powder XRD and Rietveld refinement of Mn2CoSn. The
diffraction pattern was measured at room temperature using Cu K!

radiation The black line corresponds to the experimental intensity, the
red one to the refinement, and the gray one to the difference between
experiment and refinement.

identified to be tetragonal MnSn2 (space group 140, I4/mcm).41

The amount of impurity is obviously very small. A Rietveld
refinement of the experimental data was performed using
the TOPAS ACADEMIC software package.42 The cubic lattice
parameter was determined to be a = (6.083 ± 0.002) Å. The
Rietveld figures of merit for the inverse Heusler structure
are RBragg = 3.59%, Rwp = 25.15%. The low RBragg value
clearly indicates that the structural model is accurate; Rwp
is large due to the impurity, which was calculated to amount to
approximately 5%–8%. The determination of order/disorder
in Mn2CoSn by powder XRD poses difficulties due to similar
scattering factors of Mn and Co. An admixture of Mn atoms on
the Co position and vice versa corresponding to a L21b-type or
even DO3-type disorder can thus not be excluded. In DO3 the
transition metals (here: Mn, Co) commonly share the 8c and 4b
positions of the fcc cell with F m3m symmetry while the main
group element (here: Sn) exclusively occupies the 4a position.
A DO3-type disorder is, however, implausible because Mn
atoms generally prefer the octahedrally surrounded position
in the Heusler cell, especially when the more electronegative
Co atoms are present. An L21b disorder as currently reported
for related systems43 is possible. An L21b type structure
was previously reported for Mn2NiSn44 and recently also
confirmed for Mn2NiGa by neutron diffraction experiments.45

In this structure type, the 8c position of the fcc cell with
F m3m symmetry is equally populated by Ni and Mn atoms,
whereas the 4b and 4a positions are exclusively occupied
by Mn and the main group element (Sn, Ga), respectively.
It is furthermore evident from the Rietveld refinement and the
relative intensities of the (111) and (200) reflections that the
Sn atoms do not mix with Co or Mn.

B. First-principles calculations of the electronic structure

Mn2CoSn has 27 valence electrons, and therefore we expect
from the Slater-Pauling rule a magnetic moment of 3 µB

174448-3
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for half-metallicity. However, to understand this complex
magnetic material in detail we have calculated the electronic
structure and the magnetic properties. Before calculating
details of the electronic structure, a geometry optimization
of the CuHg2Ti structure was performed using WIEN2K. The
optimization resulted in two different minima of the total
energy as a function of the cell volume as shown in Fig. 3.
One of the states is a half-metallic ferrimagnet (HMF) and the
other one a regular ferrimagnet (FiM). The difference in the
total energies of these two states is only 14 meV.

An equation-of-states fit resulted in a relaxed lattice
parameter of aHMF = 6.034 Å and a bulk modulus of B =
128 GPa for the half-metallic state. The state with lower total
energy is the ferrimagnetic state with a slightly larger lattice
parameter of aFiM = 6.080 Å and a smaller bulk modulus
of B = 113 GPa. For lattice parameters below !5.98 Å no
stable convergence was reached for the ferrimagnetic solution.
Similarly, the half-metallic state was not stable above !6.06 Å.
In both cases the charge convergence criterion (0.001 e") was
hardly reached, if at all. The corresponding magnetic moments
are included as open symbols in Fig. 3(b).

Details of the electronic structure were calculated for both
states. Figures 4 and 5 display the calculated band structure and
density of states of HMF and regular FiM states, respectively.
The HMF (Fig. 4) exhibits for the minority electrons a small
band gap at the Fermi energy with a width of approximately
190 meV. In the FiM state (Fig. 5), this gap is closed and
the corresponding minimum in the density of states is shifted
below the Fermi energy. Overall, the differences between the
electronic structures are only very small.

Even though the differences between the electronic struc-
tures of the HMF and FiM states are only very small, they
have a high impact on the magnetic properties. Table I shows
the calculated local and total magnetic moments of Mn2CoSn
using the GGA and the LDA +U for both ground states HMF
and FiM. In all cases the magnetic moments at the Mn I atoms
are antiparallel to those of the Mn II atoms resulting in the

FIG. 3. (Color online) Optimization of the lattice parameter of
Mn2CoSn. (a) The difference in the total energies as a function of the
lattice parameter. Only fully converged values are shown (see text).
(b) The corresponding total magnetic spin moments. Open circles
assign values where the calculation converged only condition-
ally; that is, energy convergence was reached but not charge
convergence. The calculations were performed using WIEN2K

with GGA.

FIG. 4. (Color online) Electronic structure of half-metallic ferrimagnetic Mn2CoSn. The spin-resolved band structure and density of states
was calculated for the Xa structure with relaxed lattice parameter using WIEN2K with GGA.
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for half-metallicity. However, to understand this complex
magnetic material in detail we have calculated the electronic
structure and the magnetic properties. Before calculating
details of the electronic structure, a geometry optimization
of the CuHg2Ti structure was performed using WIEN2K. The
optimization resulted in two different minima of the total
energy as a function of the cell volume as shown in Fig. 3.
One of the states is a half-metallic ferrimagnet (HMF) and the
other one a regular ferrimagnet (FiM). The difference in the
total energies of these two states is only 14 meV.

An equation-of-states fit resulted in a relaxed lattice
parameter of aHMF = 6.034 Å and a bulk modulus of B =
128 GPa for the half-metallic state. The state with lower total
energy is the ferrimagnetic state with a slightly larger lattice
parameter of aFiM = 6.080 Å and a smaller bulk modulus
of B = 113 GPa. For lattice parameters below !5.98 Å no
stable convergence was reached for the ferrimagnetic solution.
Similarly, the half-metallic state was not stable above !6.06 Å.
In both cases the charge convergence criterion (0.001 e") was
hardly reached, if at all. The corresponding magnetic moments
are included as open symbols in Fig. 3(b).

Details of the electronic structure were calculated for both
states. Figures 4 and 5 display the calculated band structure and
density of states of HMF and regular FiM states, respectively.
The HMF (Fig. 4) exhibits for the minority electrons a small
band gap at the Fermi energy with a width of approximately
190 meV. In the FiM state (Fig. 5), this gap is closed and
the corresponding minimum in the density of states is shifted
below the Fermi energy. Overall, the differences between the
electronic structures are only very small.

Even though the differences between the electronic struc-
tures of the HMF and FiM states are only very small, they
have a high impact on the magnetic properties. Table I shows
the calculated local and total magnetic moments of Mn2CoSn
using the GGA and the LDA +U for both ground states HMF
and FiM. In all cases the magnetic moments at the Mn I atoms
are antiparallel to those of the Mn II atoms resulting in the

FIG. 3. (Color online) Optimization of the lattice parameter of
Mn2CoSn. (a) The difference in the total energies as a function of the
lattice parameter. Only fully converged values are shown (see text).
(b) The corresponding total magnetic spin moments. Open circles
assign values where the calculation converged only condition-
ally; that is, energy convergence was reached but not charge
convergence. The calculations were performed using WIEN2K

with GGA.

FIG. 4. (Color online) Electronic structure of half-metallic ferrimagnetic Mn2CoSn. The spin-resolved band structure and density of states
was calculated for the Xa structure with relaxed lattice parameter using WIEN2K with GGA.
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FIG. 5. (Color online) Electronic structure of regular ferrimagnetic Mn2CoSn. The spin-resolved band structure and density of states was
calculated for the Xa structure with relaxed lattice parameter using WIEN2K with GGA.

ferrimagnetic order. The total magnetic moment in the FiM
state is considerably lower as compared to the HMF state.

To avoid misinterpretation that may be caused by the
particular computational method additional calculations were
performed using the SPR-KKR method. Depending on the initial
settings for the magnetization, it turned out that the calculations
do not converge unambiguously into a definite ground state.
Similar problems were recently reported for Mn2CoIn and
Mn2CoSn.43 Meinert et al. had to reduce the lattice parameters
in order to find a ground state. In the present study, it was
possible to stabilize the ferrimagnetic ground state at 6.05 Å
and slightly above and the half-metallic ground state below
6.04 Å. In all other cases, the calculations did not converge
due to fluctuating magnitude of the magnetic moments, or
converged into the opposite ground state, dependent on the
lattice parameter but independent of the initial parameters for
the magnetization. This demonstrates again that the calculated
magnetic ground state is not stable in the Xa-type structure.

A different structure was suggested for the related Heusler
compound Mn2NiGa by Brown et al.45 Based on neutron
diffraction, Brown et al. reported an L21b-type structure in the
cubic phase. This is a disordered type of X2YZ regular Heusler
compounds (L21a) and has also Fm3m symmetry. In this
structure, the transition metals X and Y occupy simultaneously

TABLE I. Spin magnetic moments of Mn2CoSn calculated using
WIEN2K and the optimized lattice parameter of the half-metallic
(HMF) or ferrimagnetic (FiM) state (all values are in µB ). Mn I
is on Wyckoff position 4c, Co on 4d, and Mn II on 4b. Note: The total
spin moment includes contributions of the interstitial as well as the
induced moment at the Sn atoms.

HMF FiM

GGA LDA + U GGA LDA + U

Co 1.17 1.54 0.96 1.57
Mn I !1.39 !1.75 !2.49 !3.13
Mn II 3.21 3.25 3.24 3.69
Total 3.00 3.00 1.74 2.15

the 8c Wyckoff position by 50% each, the remaining part of the
X atoms occupies 4b, and the main group element Z occupies
4a. Different from the Xa structure, L21b has a center of
inversion as the regular Heusler compounds. CPA calculations
that account for the Mn-Co disorder on the 8c positions were
carried out in addition. Other than the calculations for the Xa

structure, these calculations converged unambiguously into a
definite ground state.

Figure 6 compares the spin density of states of Mn2CoSn
for the different magnetic and structural states as calculated by
the fully relativistic SPR-KKR method. The gap in the minority
states of the HMF state is not resolved because its width is only
190 meV, which is in the order of the Lorentzian broadening
used in the calculation. Comparing the density of states of
the HMF and FiM states [Figs. 6(a) and 6(b)], the magnetic
instability observed in the calculations becomes clear. In the
HMF state, there is a maximum of the density of states at the
Fermi energy in the majority channel, whereas a maximum of
the density of states at the Fermi energy appears in the minority
channel of the FiM state. These maxima are not compensated
in the opposite spin channels and lead to a maximum in the total
density of states. Such a maximum does not appear in the L21b

structure, and therefore it becomes structurally more stable. It
is interesting to note that the electronic structure of the L21b

structure exhibits a high spin polarization at the Fermi energy
and is very close to a half-metallic state. This half-metallic
state cannot be unambiguously substantiated, however, due to
the missing periodicity and loss of the band structure in the
structure with random occupation of sites.

Table II compares the magnetic moments for the different
ground states and structures as calculated by SPR-KKR. As
mentioned above, in the Xa structure the total magnetic
moment and the moment of Mn I depend strongly on the
lattice parameter.

C. Mössbauer and NMR spectroscopy

The results of the Sn Mössbauer experiments are displayed
in Fig. 7. The spectra were taken at 225 K in transmission

174448-5
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FIG. 6. (Color online) Structural dependence of the electronic
structure of Mn2CoSn. The spin-resolved density of states was
calculated using SPR-KKR with GGA.

mode. It is obvious that the spectra are composed of several
subspectra. Spectrum (I) corresponds to an as-cast sample from
the arc melter. It exhibits a clear magnetic hyperfine splitting.
A small additional line with much smaller splitting appears in
the center of spectrum (II), which corresponds to an annealed
and quenched sample of Mn2CoSn.

The fit of the spectra of the as-cast sample (I) requires
at least four different species with hyperfine magnetic fields
of H IA

hf = 250 kOe, H IB
hf = 180 kOe, H IC

hf = 150 kOe, H ID
hf =

119 kOe and relative intensities of 65%, 18%, 8%, and 9%.
The first subspectrum (IA) has a broad unresolved structure
with a linewidth of 4.3 mm/s, which is essentially larger
than the natural linewidth of the source. The linewidths of
the remaining three subspectra are approximately 1.3 mm/s.
The average value of the isomer shift for all four subspectra is
1.74 mm/s relative to CaSnO3. After annealing, the structure
of the Mössbauer spectrum becomes more pronounced, and

TABLE II. Spin magnetic moments of Mn2CoSn calculated
using SPR-KKR. The calculations were performed for different lattice
parameters. All values of the magnetic moments are given in µB .

a (Å) mtot mMnI mMnII mCo

Xa 5.95 3.00 !0.83 3.03 0.81
Xa 6.05 1.45 !2.35 3.26 0.54
L21b 6.057 2.98 !1.23 3.24 0.99

FIG. 7. (Color online) Mössbauer spectra of Mn2CoSn. (I) The
spectrum of an as-cast sample. (II) The spectrum of a sample after
annealing for 14 days at a temperature of 1073 K and quenching
afterward. The spectra were recorded at 225 K. The subspectra
mentioned in the text are marked with arrows.

a weak subspectrum with a relative intensity of 3% and
much smaller hyperfine splitting appears in the central part
of the spectrum (II). The isomer shift of this subspectrum is
1.9 mm/s. The low hyperfine field (H II0

hf = 15 kOe) indicates
a distinct position of the Sn atoms. Different from the as-cast
sample, a reasonable fit of the spectrum of sample II requires
three additional magnetic subspectra with hyperfine fields
of H IIA

hf = 238 kOe, H IIB
hf = 171 kOe, and H IIE

hf = 123 kOe
and relative intensities of 58%, 20%, and 19%, respectively.
Subspectrum IIA of the annealed sample with a broad
unresolved structure corresponds to the subspectrum IA of
the as-cast sample but has a reduced contribution. Similarly,
IB and IIB correspond to each other, with a slightly higher
contribution of IIB. A correspondence between subspectra IC,
ID, and IIE is, however, not clear due to the low contributions.

The hyperfine magnetic fields experienced by the tin atoms
are completely induced by the surrounding magnetic dipoles
because they do not carry a magnetic moment. The appearance
of a weak magnetic site (II0) in the spectrum of the annealed
sample indicates a diffusion of the tin atoms to sites having
a much weaker magnetic environment. The low value of the
hyperfine field thus may be due to diffusion of Sn to grain
boundaries or other crystal defects.

Figure 8 displays the result from the NMR investigation.
The spectrum was taken from the annealed sample used
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FIG. 6. (Color online) Structural dependence of the electronic
structure of Mn2CoSn. The spin-resolved density of states was
calculated using SPR-KKR with GGA.
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The average value of the isomer shift for all four subspectra is
1.74 mm/s relative to CaSnO3. After annealing, the structure
of the Mössbauer spectrum becomes more pronounced, and
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FIG. 7. (Color online) Mössbauer spectra of Mn2CoSn. (I) The
spectrum of an as-cast sample. (II) The spectrum of a sample after
annealing for 14 days at a temperature of 1073 K and quenching
afterward. The spectra were recorded at 225 K. The subspectra
mentioned in the text are marked with arrows.

a weak subspectrum with a relative intensity of 3% and
much smaller hyperfine splitting appears in the central part
of the spectrum (II). The isomer shift of this subspectrum is
1.9 mm/s. The low hyperfine field (H II0

hf = 15 kOe) indicates
a distinct position of the Sn atoms. Different from the as-cast
sample, a reasonable fit of the spectrum of sample II requires
three additional magnetic subspectra with hyperfine fields
of H IIA

hf = 238 kOe, H IIB
hf = 171 kOe, and H IIE

hf = 123 kOe
and relative intensities of 58%, 20%, and 19%, respectively.
Subspectrum IIA of the annealed sample with a broad
unresolved structure corresponds to the subspectrum IA of
the as-cast sample but has a reduced contribution. Similarly,
IB and IIB correspond to each other, with a slightly higher
contribution of IIB. A correspondence between subspectra IC,
ID, and IIE is, however, not clear due to the low contributions.

The hyperfine magnetic fields experienced by the tin atoms
are completely induced by the surrounding magnetic dipoles
because they do not carry a magnetic moment. The appearance
of a weak magnetic site (II0) in the spectrum of the annealed
sample indicates a diffusion of the tin atoms to sites having
a much weaker magnetic environment. The low value of the
hyperfine field thus may be due to diffusion of Sn to grain
boundaries or other crystal defects.

Figure 8 displays the result from the NMR investigation.
The spectrum was taken from the annealed sample used
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FIG. 8. (Color online) NMR of Mn2CoSn. Displayed is the NMR
spectrum taken at T = 4.2 K after correction of the enhancement
factor and !2 dependence. Lines are the result of a fit to Gaussians.

in the Mössbauer experiments. The spectrum exhibits two
distinct maxima at frequencies of !1 = 79.4 MHz and !2 =
138.6 MHz arising from the hyperfine fields at the Mn and Co
sites. Further, broad features are detected in the high-frequency
part of the spectrum with weakly resolved maxima at 181 MHz,
200 MHz, and 246 MHz (see fit in Fig. 8). The broad distribu-
tion in the frequency range between 170 MHz and 330 MHz
should correspond to Mn II atoms in different surroundings.
Due to the equivalence in the first coordination sphere of Sn and
Mn II atoms in the structure of Mn2CoSn, a broadly distributed
structure of NMR signals of Mn II atoms clearly correlates
with the 119Sn Mössbauer magnetic subspectra. It is therefore
possible to apply the results of Mössbauer spectroscopy to
fit the Mn II part of the NMR spectrum of sample II. The
deconvolution of the complete spectrum was performed using
Gaussian peaks. The spectrum was decomposed into three
groups of lines that correspond to Mn I, Co, and Mn II with an
intensity ratio close to 1 : 1 : 1. The fit of the Mn II signal was
done using three resonance lines. During the fit their relative
intensities were kept equal to the relative intensities of lines
IIA–IIC taken from the Mössbauer experiment. The results of
the deconvolution are shown in Table III.

The comparison of NMR and Mössbauer measurements
allows the conclusion that the species with the lowest Hhf and
narrowest signals in the 59Mn II NMR and 119Sn Mössbauer
spectra correspond to a stoichiometric local surrounding of
Mn II and Sn atoms in Mn2CoSn comprising 4 Co and

TABLE III. Results of the deconvolution of the annealed sample
II of Mn2CoSn.

Resonance Frequency Rel. Intensity Gaussian Linewidth
Atom (MHz) (%) (MHz)

Co 138.6 37.2 18
Mn I 79.4 34.9 17
Mn II 181 5.5 15
Mn II 200 5.7 22
Mn II 246 16.7 40

4 Mn I atoms. The relative intensity of 19% of the cor-
responding NMR signal at 181 MHz and the Mössbauer
subspectrum with HIIC

hf = 123 kOe indicates that even the
annealed sample II cannot be classified as well ordered.
Substitution of Co with Mn I atoms and vice versa leads
to an imbalance of magnetic moments and, consequently, to
an increase of the effective Hhf on the Sn and Mn II atoms.
Accordingly, one should attribute the NMR resonance line
at 200 MHz and the Mössbauer subspectrum with HIIB

hf =
171 kOe to Mn II and Sn atoms having 3 Co + 5 Mn I or
5 Co + 3 Mn I neighbors in the first coordination sphere.
The very broad NMR line centered at 246 MHz and the
broad unresolved Mössbauer subspectrum with HIIA

hf = 238
kOe and a relative intensity of 58% stems from the scope
of rest configurations (4 ! n)Co + (4 + n)Mn I/(4 + n)Co +
(4 ! n)Mn I with n = 2,3,4. The impurity phase MnSn2,
which was detected in the diffraction pattern of Mn2CoSn,
was not found in the Mössbauer measurement. This may be
due to the detection limit of this experimental setup, which
amounts to approximately 3%. A fluctuation of the impurity
content in different regions of the sample occurs inherently
in polycrystalline intermetallic samples, and the powder taken
for the the Mössbauer measurement may have had a lower
content of MnSn2 as compared to the XRD sample, where an
impurity concentration of 5%–8% was determined.

In summary, it follows from the NMR and Mössbauer
spectroscopic data that antisite disorder between Co and Mn I
is favored in Mn2CoSn corresponding to the aforementioned
L21b-type structure. From the NMR studies it can also be
deduced that Mn II atoms are likely to be less subject to
antisite disorder. This conclusion is based on the absence of
the hyperfine structure in the NMR signal of Mn I. The signal
at 79.4 MHz is relatively narrow and indicates no antisite
disorder in the first coordination sphere of Mn I comprising
four Sn and four Mn II atoms. Similar considerations can be
applied to interpret the 59Co NMR signal at 138.6 MHz. The
effects of the second coordination spheres of Co and Mn I
comprising 6 Mn I and 6 Co atoms, respectively, are rather
weak and are not seen in the NMR signals.

D. Hard X-ray photoelectron spectroscopy

Figure 9 displays the results of the core-level photoemission
from Mn2CoSn excited by hard x-rays of approximately
6 keV energy. Typical states of the contributing elements were
selected that exhibit a clearly detectable spin-orbit splitting.

The Mn 2p3/2 state has a typical multiplet structure with
a splitting of 1 eV. This splitting is not revealed at the Mn
2p1/2 state but leads only to a considerable broadening of
the line. Additional, weaker satellites show up at about 4 eV
and 7 eV below the Mn 2p3/2 and 2p1/2 states, respectively.
The multiplet splitting of the Mn 2p states arises from the
interaction of the core-hole with the partially filled d bands
that are strongly localized.46,47 The Co 2p3/2 state exhibits
a sharp satellite at about 3.49 eV below the maximum. This
satellite is only weakly seen at the Co 2p1/2 state. The Co
satellite may be due to a shake-up transition from states just
below the Fermi energy into the onset of the unoccupied s
bands seen in Figs. 4, 5, and 6 at about 3–4 eV above the
Fermi energy "F . An influence of the interaction between the
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FIG. 9. Core-level photoemission of Mn2CoSn. (a) The region of
the Co 2p and Sn 3p states. (b) The 2p states of Mn. (c) The Sn
3d states. The measurements were performed at T = 300 K sample
temperature and 5.9534 keV photon energy. The arrow in (a) marks
the 3.5 eV satellite of the Co 2p3/2 excitation.

core-hole with the partially filled d bands, however, cannot be
excluded.

The spin-orbit splittings of the core level are summarized
in Table IV. The experimental values are compared to the
calculations for Mn2CoSn. The calculated values did not
depend on the type of magnetic order; only small shifts in the
binding energies were found that are below the experimental
resolution. No differences are observed if comparing the
calculational methods. The observed and calculated values for
Co and Sn are in good agreement. A considerable deviation is
found for the Mn 2p states (!1 eV). The reason is the observed
multiplet splitting that is not accounted for in the calculations.
The interaction between the core-hole and valence electrons
in the photoexcited state causes an additional increase of the
splitting on top of the ground-state spin-orbit interaction.

Figure 10 compares the valence band photoelectron spectra
and the calculated total density of states [n(E)] of Mn2CoSn.
For better comparison, the density of states is convoluted by
a Fermi-Dirac distribution (T = 300 K) and smoothed by a
Gaussian with a width of 250 meV. The latter accounts for the
experimental resolution but neglects, however, any broadening
caused by lifetime effects. The photoelectron spectra were
taken at room temperature using an excitation energy of about
6 keV. It was previously demonstrated that the cross section
of the contributing states (s, p, and d) are nearly equal at this
photon energy.3 This allows easily a direct comparison of the
photoelectron spectra and the calculated density of states.

TABLE IV. Spin-orbit splittings of the core levels of Mn2CoSn.
The value for Mn 2p is averaged over the multiplet splitting. (All
values are in eV; the HAXPES measurements were performed using
h! = 5.9534 keV with the resolution set to 250 meV.)

Experiment Calculation

HAXPES XAS WIEN2K SPR-KKR

Mn 2p 11.4 11.4 10.4 10.4
Co 2p 15.0 15.2 14.8 14.8
Sn 3p 42.0 42.1 42.1
Sn 3d 8.4 8.7 8.7

The comparison between the measured valence band
spectra and the calculated total density of states reveals that
n(E) is well described in the GGA approach. In particular the
first maximum of the spectrum at about "1.3 eV below "F

corresponds to the maximum of n(E). The second maximum
appears in n(E) at about "2.9 eV. Further, the s-p hybridization
gap at around "7 eV to "8 eV is clearly revealed in the
photoelectron spectrum. LDA +U (not shown here) results in
shifts of the main features away from the Fermi energy, which
is not compatible with the photoelectron spectra.

FIG. 10. Valence band photoemission and densities of states
of Mn2CoSn. (a) The valence band spectrum excited by h! =
5.94677 keV photons. (b) to (d) The the calculated densities of
states for the different magnetic states of the Xa structure compared
to the L21b structure. The measurements (a) were performed at
T = 300 K. In (b) to (d), the density of states is convoluted by a
Fermi-Dirac distribution and smoothed by Gaussians to reflect the
finite temperature and resolution of the photoemission experiment.
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FIG. 9. Core-level photoemission of Mn2CoSn. (a) The region of
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the 3.5 eV satellite of the Co 2p3/2 excitation.
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found for the Mn 2p states (!1 eV). The reason is the observed
multiplet splitting that is not accounted for in the calculations.
The interaction between the core-hole and valence electrons
in the photoexcited state causes an additional increase of the
splitting on top of the ground-state spin-orbit interaction.
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and the calculated total density of states [n(E)] of Mn2CoSn.
For better comparison, the density of states is convoluted by
a Fermi-Dirac distribution (T = 300 K) and smoothed by a
Gaussian with a width of 250 meV. The latter accounts for the
experimental resolution but neglects, however, any broadening
caused by lifetime effects. The photoelectron spectra were
taken at room temperature using an excitation energy of about
6 keV. It was previously demonstrated that the cross section
of the contributing states (s, p, and d) are nearly equal at this
photon energy.3 This allows easily a direct comparison of the
photoelectron spectra and the calculated density of states.

TABLE IV. Spin-orbit splittings of the core levels of Mn2CoSn.
The value for Mn 2p is averaged over the multiplet splitting. (All
values are in eV; the HAXPES measurements were performed using
h! = 5.9534 keV with the resolution set to 250 meV.)
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Mn 2p 11.4 11.4 10.4 10.4
Co 2p 15.0 15.2 14.8 14.8
Sn 3p 42.0 42.1 42.1
Sn 3d 8.4 8.7 8.7

The comparison between the measured valence band
spectra and the calculated total density of states reveals that
n(E) is well described in the GGA approach. In particular the
first maximum of the spectrum at about "1.3 eV below "F

corresponds to the maximum of n(E). The second maximum
appears in n(E) at about "2.9 eV. Further, the s-p hybridization
gap at around "7 eV to "8 eV is clearly revealed in the
photoelectron spectrum. LDA +U (not shown here) results in
shifts of the main features away from the Fermi energy, which
is not compatible with the photoelectron spectra.

FIG. 10. Valence band photoemission and densities of states
of Mn2CoSn. (a) The valence band spectrum excited by h! =
5.94677 keV photons. (b) to (d) The the calculated densities of
states for the different magnetic states of the Xa structure compared
to the L21b structure. The measurements (a) were performed at
T = 300 K. In (b) to (d), the density of states is convoluted by a
Fermi-Dirac distribution and smoothed by Gaussians to reflect the
finite temperature and resolution of the photoemission experiment.
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FIG. 11. (Color online) Magnetic properties of Mn2CoSn. Dis-
played are the hysteresis loops measured at T = 5 K and T = 300 K.
The inset shows the magnetic moment as a function of temperature
between 300 and 800 K. The temperature-dependent curve was
recorded at an induction field of µ0H = 1 T.

The differences in the density of states of the two different
ground states of the Xa structure are too small to be
distinguished in the photoelectron spectra, and also the main
features are not much different from L21b. However, from
n(E) there is a clear difference between the L21b and the
Xa structures. In the latter structures an enhanced intensity
is expected at the Fermi energy that is clearly absent in
the valence band photoelectron spectrum. This observation
gives a clear advice that the investigated sample has the L21b

structure.

E. Magnetic properties

1. SQUID

The magnetic properties of the polycrystalline annealed and
quenched sample were investigated by means of SQUID mag-
netometry. The field-dependent magnetic moments at different
temperatures are displayed in Fig. 11. The saturation moment
amounts to m0 = 2.59 ± 0.2 µB at T = 5 K. The large error
is due to the impurity MnSn2 found in the XRD pattern. It is
obvious that the material exhibits a small irreversible part in the
hysteresis loop at 5 K as known for soft ferrimagnets. The inset
of Fig. 11 shows the temperature-dependent magnetic moment
of Mn2CoSn. The Curie temperature of the compound was
determined to be TC = 598 ± 5 K. This Curie temperature
allows for applications far beyond room temperature. From
the Slater-Pauling curve 3 µB would be expected for the
half-metallic ferrimagnetic ground state (HMF) while the
calculations predicted 1.74 µB (GGA) and 2.15 µB (LDA +U )
for the ferrimagnet, and nearly half-metallic 2.98 µB for the
proposed L21b disorder (see Table V). The experimental value
lies in between these values but much more in the vicinity
of the half-metallic states. As the impurity may be subject
to lowering the magnetic moment rather than increasing it
and the measurement temperature was 5 K while the calcula-
tions are based on 0 K, a nearly half-metallic ferrimagnetic

TABLE V. Partial magnetic moments of Mn2CoSn. Compared
are the spin moments determined from the XMCD measurements to
the SQUID magnetic moment and the calculated values in the half-
metallic (HMF) and ferrimagnetic (FiM) states and the disordered
L21b structure using SPR-KKR. (The value for Mn corresponds to the
total spin moment of Mn in the primitive cell Mn2CoSn, i.e., the value
of two Mn atoms. All values are in µB .)

XMCD SQUID HMF FiM L21b

Co 0.72 0.81 0.54 0.99
Mn 1.68 2.19 0.91 1.99
Total 2.40 2.59 3.00 1.45 2.98

state of Mn2CoSn with a high spin polarization is most
likely.

2. X-ray absorption and XMCD

The results of the photoabsorption measurements are shown
in Fig. 12. Both elements, Mn and Co, exhibit typical metallic-
like white lines at the L3,2 absorption edges. In particular,
the Mn-derived spectra do not show an additional splitting.
An additional peak appears in the Co spectrum at 3.36 eV
above the maximum of the L3 line [marked by an arrow in
Fig. 12(c)]. Its energy corresponds to the one observed in the
HAXPES core-level spectra (see Sec. IV D). This feature is
typical for materials with the fcc lattice.48 It arises from a
transition into s-p hybridized unoccupied states and exhibits
no XMCD. It is also observed in other well-ordered Heusler
compounds.49

From the maximum intensities at the L3,2 edges spin-
orbit splittings of !Mn

SO = 11.4 eV and !Co
SO = 15.2 eV

for the initial 2p states of Mn and Co, respec-
tively, are determined. As expected, the values coincide

FIG. 12. (Color online) XMCD of Mn2CoSn. Shown are the
absorption spectra (a), (c) after background subtraction and the
XMCD signals (b), (d) taken at the L3,2 edges of Mn (a),
(b) and Co (c), (d). The spectra were taken at T = 15 K us-
ing an induction field of µ0H = 1.9 T. Note that the inten-
sity and XMCD of Co are multiplied by factors of 4 and 2,
respectively.
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FIG. 11. (Color online) Magnetic properties of Mn2CoSn. Dis-
played are the hysteresis loops measured at T = 5 K and T = 300 K.
The inset shows the magnetic moment as a function of temperature
between 300 and 800 K. The temperature-dependent curve was
recorded at an induction field of µ0H = 1 T.

The differences in the density of states of the two different
ground states of the Xa structure are too small to be
distinguished in the photoelectron spectra, and also the main
features are not much different from L21b. However, from
n(E) there is a clear difference between the L21b and the
Xa structures. In the latter structures an enhanced intensity
is expected at the Fermi energy that is clearly absent in
the valence band photoelectron spectrum. This observation
gives a clear advice that the investigated sample has the L21b

structure.

E. Magnetic properties

1. SQUID

The magnetic properties of the polycrystalline annealed and
quenched sample were investigated by means of SQUID mag-
netometry. The field-dependent magnetic moments at different
temperatures are displayed in Fig. 11. The saturation moment
amounts to m0 = 2.59 ± 0.2 µB at T = 5 K. The large error
is due to the impurity MnSn2 found in the XRD pattern. It is
obvious that the material exhibits a small irreversible part in the
hysteresis loop at 5 K as known for soft ferrimagnets. The inset
of Fig. 11 shows the temperature-dependent magnetic moment
of Mn2CoSn. The Curie temperature of the compound was
determined to be TC = 598 ± 5 K. This Curie temperature
allows for applications far beyond room temperature. From
the Slater-Pauling curve 3 µB would be expected for the
half-metallic ferrimagnetic ground state (HMF) while the
calculations predicted 1.74 µB (GGA) and 2.15 µB (LDA +U )
for the ferrimagnet, and nearly half-metallic 2.98 µB for the
proposed L21b disorder (see Table V). The experimental value
lies in between these values but much more in the vicinity
of the half-metallic states. As the impurity may be subject
to lowering the magnetic moment rather than increasing it
and the measurement temperature was 5 K while the calcula-
tions are based on 0 K, a nearly half-metallic ferrimagnetic

TABLE V. Partial magnetic moments of Mn2CoSn. Compared
are the spin moments determined from the XMCD measurements to
the SQUID magnetic moment and the calculated values in the half-
metallic (HMF) and ferrimagnetic (FiM) states and the disordered
L21b structure using SPR-KKR. (The value for Mn corresponds to the
total spin moment of Mn in the primitive cell Mn2CoSn, i.e., the value
of two Mn atoms. All values are in µB .)

XMCD SQUID HMF FiM L21b

Co 0.72 0.81 0.54 0.99
Mn 1.68 2.19 0.91 1.99
Total 2.40 2.59 3.00 1.45 2.98

state of Mn2CoSn with a high spin polarization is most
likely.

2. X-ray absorption and XMCD

The results of the photoabsorption measurements are shown
in Fig. 12. Both elements, Mn and Co, exhibit typical metallic-
like white lines at the L3,2 absorption edges. In particular,
the Mn-derived spectra do not show an additional splitting.
An additional peak appears in the Co spectrum at 3.36 eV
above the maximum of the L3 line [marked by an arrow in
Fig. 12(c)]. Its energy corresponds to the one observed in the
HAXPES core-level spectra (see Sec. IV D). This feature is
typical for materials with the fcc lattice.48 It arises from a
transition into s-p hybridized unoccupied states and exhibits
no XMCD. It is also observed in other well-ordered Heusler
compounds.49

From the maximum intensities at the L3,2 edges spin-
orbit splittings of !Mn

SO = 11.4 eV and !Co
SO = 15.2 eV

for the initial 2p states of Mn and Co, respec-
tively, are determined. As expected, the values coincide

FIG. 12. (Color online) XMCD of Mn2CoSn. Shown are the
absorption spectra (a), (c) after background subtraction and the
XMCD signals (b), (d) taken at the L3,2 edges of Mn (a),
(b) and Co (c), (d). The spectra were taken at T = 15 K us-
ing an induction field of µ0H = 1.9 T. Note that the inten-
sity and XMCD of Co are multiplied by factors of 4 and 2,
respectively.
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FIG. 5. (Color online) Electronic structure of regular ferrimagnetic Mn2CoSn. The spin-resolved band structure and density of states was
calculated for the Xa structure with relaxed lattice parameter using WIEN2K with GGA.

ferrimagnetic order. The total magnetic moment in the FiM
state is considerably lower as compared to the HMF state.

To avoid misinterpretation that may be caused by the
particular computational method additional calculations were
performed using the SPR-KKR method. Depending on the initial
settings for the magnetization, it turned out that the calculations
do not converge unambiguously into a definite ground state.
Similar problems were recently reported for Mn2CoIn and
Mn2CoSn.43 Meinert et al. had to reduce the lattice parameters
in order to find a ground state. In the present study, it was
possible to stabilize the ferrimagnetic ground state at 6.05 Å
and slightly above and the half-metallic ground state below
6.04 Å. In all other cases, the calculations did not converge
due to fluctuating magnitude of the magnetic moments, or
converged into the opposite ground state, dependent on the
lattice parameter but independent of the initial parameters for
the magnetization. This demonstrates again that the calculated
magnetic ground state is not stable in the Xa-type structure.

A different structure was suggested for the related Heusler
compound Mn2NiGa by Brown et al.45 Based on neutron
diffraction, Brown et al. reported an L21b-type structure in the
cubic phase. This is a disordered type of X2YZ regular Heusler
compounds (L21a) and has also Fm3m symmetry. In this
structure, the transition metals X and Y occupy simultaneously

TABLE I. Spin magnetic moments of Mn2CoSn calculated using
WIEN2K and the optimized lattice parameter of the half-metallic
(HMF) or ferrimagnetic (FiM) state (all values are in µB ). Mn I
is on Wyckoff position 4c, Co on 4d, and Mn II on 4b. Note: The total
spin moment includes contributions of the interstitial as well as the
induced moment at the Sn atoms.

HMF FiM

GGA LDA + U GGA LDA + U

Co 1.17 1.54 0.96 1.57
Mn I !1.39 !1.75 !2.49 !3.13
Mn II 3.21 3.25 3.24 3.69
Total 3.00 3.00 1.74 2.15

the 8c Wyckoff position by 50% each, the remaining part of the
X atoms occupies 4b, and the main group element Z occupies
4a. Different from the Xa structure, L21b has a center of
inversion as the regular Heusler compounds. CPA calculations
that account for the Mn-Co disorder on the 8c positions were
carried out in addition. Other than the calculations for the Xa

structure, these calculations converged unambiguously into a
definite ground state.

Figure 6 compares the spin density of states of Mn2CoSn
for the different magnetic and structural states as calculated by
the fully relativistic SPR-KKR method. The gap in the minority
states of the HMF state is not resolved because its width is only
190 meV, which is in the order of the Lorentzian broadening
used in the calculation. Comparing the density of states of
the HMF and FiM states [Figs. 6(a) and 6(b)], the magnetic
instability observed in the calculations becomes clear. In the
HMF state, there is a maximum of the density of states at the
Fermi energy in the majority channel, whereas a maximum of
the density of states at the Fermi energy appears in the minority
channel of the FiM state. These maxima are not compensated
in the opposite spin channels and lead to a maximum in the total
density of states. Such a maximum does not appear in the L21b

structure, and therefore it becomes structurally more stable. It
is interesting to note that the electronic structure of the L21b

structure exhibits a high spin polarization at the Fermi energy
and is very close to a half-metallic state. This half-metallic
state cannot be unambiguously substantiated, however, due to
the missing periodicity and loss of the band structure in the
structure with random occupation of sites.

Table II compares the magnetic moments for the different
ground states and structures as calculated by SPR-KKR. As
mentioned above, in the Xa structure the total magnetic
moment and the moment of Mn I depend strongly on the
lattice parameter.

C. Mössbauer and NMR spectroscopy

The results of the Sn Mössbauer experiments are displayed
in Fig. 7. The spectra were taken at 225 K in transmission
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FIG. 6. (Color online) Structural dependence of the electronic
structure of Mn2CoSn. The spin-resolved density of states was
calculated using SPR-KKR with GGA.

mode. It is obvious that the spectra are composed of several
subspectra. Spectrum (I) corresponds to an as-cast sample from
the arc melter. It exhibits a clear magnetic hyperfine splitting.
A small additional line with much smaller splitting appears in
the center of spectrum (II), which corresponds to an annealed
and quenched sample of Mn2CoSn.

The fit of the spectra of the as-cast sample (I) requires
at least four different species with hyperfine magnetic fields
of H IA

hf = 250 kOe, H IB
hf = 180 kOe, H IC

hf = 150 kOe, H ID
hf =

119 kOe and relative intensities of 65%, 18%, 8%, and 9%.
The first subspectrum (IA) has a broad unresolved structure
with a linewidth of 4.3 mm/s, which is essentially larger
than the natural linewidth of the source. The linewidths of
the remaining three subspectra are approximately 1.3 mm/s.
The average value of the isomer shift for all four subspectra is
1.74 mm/s relative to CaSnO3. After annealing, the structure
of the Mössbauer spectrum becomes more pronounced, and

TABLE II. Spin magnetic moments of Mn2CoSn calculated
using SPR-KKR. The calculations were performed for different lattice
parameters. All values of the magnetic moments are given in µB .

a (Å) mtot mMnI mMnII mCo

Xa 5.95 3.00 !0.83 3.03 0.81
Xa 6.05 1.45 !2.35 3.26 0.54
L21b 6.057 2.98 !1.23 3.24 0.99

FIG. 7. (Color online) Mössbauer spectra of Mn2CoSn. (I) The
spectrum of an as-cast sample. (II) The spectrum of a sample after
annealing for 14 days at a temperature of 1073 K and quenching
afterward. The spectra were recorded at 225 K. The subspectra
mentioned in the text are marked with arrows.

a weak subspectrum with a relative intensity of 3% and
much smaller hyperfine splitting appears in the central part
of the spectrum (II). The isomer shift of this subspectrum is
1.9 mm/s. The low hyperfine field (H II0

hf = 15 kOe) indicates
a distinct position of the Sn atoms. Different from the as-cast
sample, a reasonable fit of the spectrum of sample II requires
three additional magnetic subspectra with hyperfine fields
of H IIA

hf = 238 kOe, H IIB
hf = 171 kOe, and H IIE

hf = 123 kOe
and relative intensities of 58%, 20%, and 19%, respectively.
Subspectrum IIA of the annealed sample with a broad
unresolved structure corresponds to the subspectrum IA of
the as-cast sample but has a reduced contribution. Similarly,
IB and IIB correspond to each other, with a slightly higher
contribution of IIB. A correspondence between subspectra IC,
ID, and IIE is, however, not clear due to the low contributions.

The hyperfine magnetic fields experienced by the tin atoms
are completely induced by the surrounding magnetic dipoles
because they do not carry a magnetic moment. The appearance
of a weak magnetic site (II0) in the spectrum of the annealed
sample indicates a diffusion of the tin atoms to sites having
a much weaker magnetic environment. The low value of the
hyperfine field thus may be due to diffusion of Sn to grain
boundaries or other crystal defects.

Figure 8 displays the result from the NMR investigation.
The spectrum was taken from the annealed sample used
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FIG. 8. (Color online) NMR of Mn2CoSn. Displayed is the NMR
spectrum taken at T = 4.2 K after correction of the enhancement
factor and !2 dependence. Lines are the result of a fit to Gaussians.

in the Mössbauer experiments. The spectrum exhibits two
distinct maxima at frequencies of !1 = 79.4 MHz and !2 =
138.6 MHz arising from the hyperfine fields at the Mn and Co
sites. Further, broad features are detected in the high-frequency
part of the spectrum with weakly resolved maxima at 181 MHz,
200 MHz, and 246 MHz (see fit in Fig. 8). The broad distribu-
tion in the frequency range between 170 MHz and 330 MHz
should correspond to Mn II atoms in different surroundings.
Due to the equivalence in the first coordination sphere of Sn and
Mn II atoms in the structure of Mn2CoSn, a broadly distributed
structure of NMR signals of Mn II atoms clearly correlates
with the 119Sn Mössbauer magnetic subspectra. It is therefore
possible to apply the results of Mössbauer spectroscopy to
fit the Mn II part of the NMR spectrum of sample II. The
deconvolution of the complete spectrum was performed using
Gaussian peaks. The spectrum was decomposed into three
groups of lines that correspond to Mn I, Co, and Mn II with an
intensity ratio close to 1 : 1 : 1. The fit of the Mn II signal was
done using three resonance lines. During the fit their relative
intensities were kept equal to the relative intensities of lines
IIA–IIC taken from the Mössbauer experiment. The results of
the deconvolution are shown in Table III.

The comparison of NMR and Mössbauer measurements
allows the conclusion that the species with the lowest Hhf and
narrowest signals in the 59Mn II NMR and 119Sn Mössbauer
spectra correspond to a stoichiometric local surrounding of
Mn II and Sn atoms in Mn2CoSn comprising 4 Co and

TABLE III. Results of the deconvolution of the annealed sample
II of Mn2CoSn.

Resonance Frequency Rel. Intensity Gaussian Linewidth
Atom (MHz) (%) (MHz)

Co 138.6 37.2 18
Mn I 79.4 34.9 17
Mn II 181 5.5 15
Mn II 200 5.7 22
Mn II 246 16.7 40

4 Mn I atoms. The relative intensity of 19% of the cor-
responding NMR signal at 181 MHz and the Mössbauer
subspectrum with HIIC

hf = 123 kOe indicates that even the
annealed sample II cannot be classified as well ordered.
Substitution of Co with Mn I atoms and vice versa leads
to an imbalance of magnetic moments and, consequently, to
an increase of the effective Hhf on the Sn and Mn II atoms.
Accordingly, one should attribute the NMR resonance line
at 200 MHz and the Mössbauer subspectrum with HIIB

hf =
171 kOe to Mn II and Sn atoms having 3 Co + 5 Mn I or
5 Co + 3 Mn I neighbors in the first coordination sphere.
The very broad NMR line centered at 246 MHz and the
broad unresolved Mössbauer subspectrum with HIIA

hf = 238
kOe and a relative intensity of 58% stems from the scope
of rest configurations (4 ! n)Co + (4 + n)Mn I/(4 + n)Co +
(4 ! n)Mn I with n = 2,3,4. The impurity phase MnSn2,
which was detected in the diffraction pattern of Mn2CoSn,
was not found in the Mössbauer measurement. This may be
due to the detection limit of this experimental setup, which
amounts to approximately 3%. A fluctuation of the impurity
content in different regions of the sample occurs inherently
in polycrystalline intermetallic samples, and the powder taken
for the the Mössbauer measurement may have had a lower
content of MnSn2 as compared to the XRD sample, where an
impurity concentration of 5%–8% was determined.

In summary, it follows from the NMR and Mössbauer
spectroscopic data that antisite disorder between Co and Mn I
is favored in Mn2CoSn corresponding to the aforementioned
L21b-type structure. From the NMR studies it can also be
deduced that Mn II atoms are likely to be less subject to
antisite disorder. This conclusion is based on the absence of
the hyperfine structure in the NMR signal of Mn I. The signal
at 79.4 MHz is relatively narrow and indicates no antisite
disorder in the first coordination sphere of Mn I comprising
four Sn and four Mn II atoms. Similar considerations can be
applied to interpret the 59Co NMR signal at 138.6 MHz. The
effects of the second coordination spheres of Co and Mn I
comprising 6 Mn I and 6 Co atoms, respectively, are rather
weak and are not seen in the NMR signals.

D. Hard X-ray photoelectron spectroscopy

Figure 9 displays the results of the core-level photoemission
from Mn2CoSn excited by hard x-rays of approximately
6 keV energy. Typical states of the contributing elements were
selected that exhibit a clearly detectable spin-orbit splitting.

The Mn 2p3/2 state has a typical multiplet structure with
a splitting of 1 eV. This splitting is not revealed at the Mn
2p1/2 state but leads only to a considerable broadening of
the line. Additional, weaker satellites show up at about 4 eV
and 7 eV below the Mn 2p3/2 and 2p1/2 states, respectively.
The multiplet splitting of the Mn 2p states arises from the
interaction of the core-hole with the partially filled d bands
that are strongly localized.46,47 The Co 2p3/2 state exhibits
a sharp satellite at about 3.49 eV below the maximum. This
satellite is only weakly seen at the Co 2p1/2 state. The Co
satellite may be due to a shake-up transition from states just
below the Fermi energy into the onset of the unoccupied s
bands seen in Figs. 4, 5, and 6 at about 3–4 eV above the
Fermi energy "F . An influence of the interaction between the
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FIG. 9. Core-level photoemission of Mn2CoSn. (a) The region of
the Co 2p and Sn 3p states. (b) The 2p states of Mn. (c) The Sn
3d states. The measurements were performed at T = 300 K sample
temperature and 5.9534 keV photon energy. The arrow in (a) marks
the 3.5 eV satellite of the Co 2p3/2 excitation.

core-hole with the partially filled d bands, however, cannot be
excluded.

The spin-orbit splittings of the core level are summarized
in Table IV. The experimental values are compared to the
calculations for Mn2CoSn. The calculated values did not
depend on the type of magnetic order; only small shifts in the
binding energies were found that are below the experimental
resolution. No differences are observed if comparing the
calculational methods. The observed and calculated values for
Co and Sn are in good agreement. A considerable deviation is
found for the Mn 2p states (!1 eV). The reason is the observed
multiplet splitting that is not accounted for in the calculations.
The interaction between the core-hole and valence electrons
in the photoexcited state causes an additional increase of the
splitting on top of the ground-state spin-orbit interaction.

Figure 10 compares the valence band photoelectron spectra
and the calculated total density of states [n(E)] of Mn2CoSn.
For better comparison, the density of states is convoluted by
a Fermi-Dirac distribution (T = 300 K) and smoothed by a
Gaussian with a width of 250 meV. The latter accounts for the
experimental resolution but neglects, however, any broadening
caused by lifetime effects. The photoelectron spectra were
taken at room temperature using an excitation energy of about
6 keV. It was previously demonstrated that the cross section
of the contributing states (s, p, and d) are nearly equal at this
photon energy.3 This allows easily a direct comparison of the
photoelectron spectra and the calculated density of states.

TABLE IV. Spin-orbit splittings of the core levels of Mn2CoSn.
The value for Mn 2p is averaged over the multiplet splitting. (All
values are in eV; the HAXPES measurements were performed using
h! = 5.9534 keV with the resolution set to 250 meV.)

Experiment Calculation

HAXPES XAS WIEN2K SPR-KKR

Mn 2p 11.4 11.4 10.4 10.4
Co 2p 15.0 15.2 14.8 14.8
Sn 3p 42.0 42.1 42.1
Sn 3d 8.4 8.7 8.7

The comparison between the measured valence band
spectra and the calculated total density of states reveals that
n(E) is well described in the GGA approach. In particular the
first maximum of the spectrum at about "1.3 eV below "F

corresponds to the maximum of n(E). The second maximum
appears in n(E) at about "2.9 eV. Further, the s-p hybridization
gap at around "7 eV to "8 eV is clearly revealed in the
photoelectron spectrum. LDA +U (not shown here) results in
shifts of the main features away from the Fermi energy, which
is not compatible with the photoelectron spectra.

FIG. 10. Valence band photoemission and densities of states
of Mn2CoSn. (a) The valence band spectrum excited by h! =
5.94677 keV photons. (b) to (d) The the calculated densities of
states for the different magnetic states of the Xa structure compared
to the L21b structure. The measurements (a) were performed at
T = 300 K. In (b) to (d), the density of states is convoluted by a
Fermi-Dirac distribution and smoothed by Gaussians to reflect the
finite temperature and resolution of the photoemission experiment.
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FIG. 11. (Color online) Magnetic properties of Mn2CoSn. Dis-
played are the hysteresis loops measured at T = 5 K and T = 300 K.
The inset shows the magnetic moment as a function of temperature
between 300 and 800 K. The temperature-dependent curve was
recorded at an induction field of µ0H = 1 T.

The differences in the density of states of the two different
ground states of the Xa structure are too small to be
distinguished in the photoelectron spectra, and also the main
features are not much different from L21b. However, from
n(E) there is a clear difference between the L21b and the
Xa structures. In the latter structures an enhanced intensity
is expected at the Fermi energy that is clearly absent in
the valence band photoelectron spectrum. This observation
gives a clear advice that the investigated sample has the L21b

structure.

E. Magnetic properties

1. SQUID

The magnetic properties of the polycrystalline annealed and
quenched sample were investigated by means of SQUID mag-
netometry. The field-dependent magnetic moments at different
temperatures are displayed in Fig. 11. The saturation moment
amounts to m0 = 2.59 ± 0.2 µB at T = 5 K. The large error
is due to the impurity MnSn2 found in the XRD pattern. It is
obvious that the material exhibits a small irreversible part in the
hysteresis loop at 5 K as known for soft ferrimagnets. The inset
of Fig. 11 shows the temperature-dependent magnetic moment
of Mn2CoSn. The Curie temperature of the compound was
determined to be TC = 598 ± 5 K. This Curie temperature
allows for applications far beyond room temperature. From
the Slater-Pauling curve 3 µB would be expected for the
half-metallic ferrimagnetic ground state (HMF) while the
calculations predicted 1.74 µB (GGA) and 2.15 µB (LDA +U )
for the ferrimagnet, and nearly half-metallic 2.98 µB for the
proposed L21b disorder (see Table V). The experimental value
lies in between these values but much more in the vicinity
of the half-metallic states. As the impurity may be subject
to lowering the magnetic moment rather than increasing it
and the measurement temperature was 5 K while the calcula-
tions are based on 0 K, a nearly half-metallic ferrimagnetic

TABLE V. Partial magnetic moments of Mn2CoSn. Compared
are the spin moments determined from the XMCD measurements to
the SQUID magnetic moment and the calculated values in the half-
metallic (HMF) and ferrimagnetic (FiM) states and the disordered
L21b structure using SPR-KKR. (The value for Mn corresponds to the
total spin moment of Mn in the primitive cell Mn2CoSn, i.e., the value
of two Mn atoms. All values are in µB .)

XMCD SQUID HMF FiM L21b

Co 0.72 0.81 0.54 0.99
Mn 1.68 2.19 0.91 1.99
Total 2.40 2.59 3.00 1.45 2.98

state of Mn2CoSn with a high spin polarization is most
likely.

2. X-ray absorption and XMCD

The results of the photoabsorption measurements are shown
in Fig. 12. Both elements, Mn and Co, exhibit typical metallic-
like white lines at the L3,2 absorption edges. In particular,
the Mn-derived spectra do not show an additional splitting.
An additional peak appears in the Co spectrum at 3.36 eV
above the maximum of the L3 line [marked by an arrow in
Fig. 12(c)]. Its energy corresponds to the one observed in the
HAXPES core-level spectra (see Sec. IV D). This feature is
typical for materials with the fcc lattice.48 It arises from a
transition into s-p hybridized unoccupied states and exhibits
no XMCD. It is also observed in other well-ordered Heusler
compounds.49

From the maximum intensities at the L3,2 edges spin-
orbit splittings of !Mn

SO = 11.4 eV and !Co
SO = 15.2 eV

for the initial 2p states of Mn and Co, respec-
tively, are determined. As expected, the values coincide

FIG. 12. (Color online) XMCD of Mn2CoSn. Shown are the
absorption spectra (a), (c) after background subtraction and the
XMCD signals (b), (d) taken at the L3,2 edges of Mn (a),
(b) and Co (c), (d). The spectra were taken at T = 15 K us-
ing an induction field of µ0H = 1.9 T. Note that the inten-
sity and XMCD of Co are multiplied by factors of 4 and 2,
respectively.
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