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In the present work we have studied the bonding mechanism and magnetism in a hexagonal A —MgCoz Laves
phase intermetallic formed at ra/rg= 1.280. Ab initio theoretical calculations for MgCoy using the projector-
augmented wave method implemented in the VASP code showed that Mg carries a formal charge +1.7 |e|
while Co atoms are also positively charged with around +0.7 |e| being donated to establish the interatomic
covalent Co-Co bonding in a three-dimensional network of Co tetrahedra. MgCo, is a metallic conductor with

ferromagnetic properties and Tc=303 K. Neutron Powder Diffraction study showed a collinear ordering of the Co
moments, their alignment along the c-axis of the hexagonal unit cell with an average moment of 1.51(2) pp/atom
Co. Ab initio computational studies indicate that the Co moments reach the experimentally observed value
approx.1.5 pg when the unit cell volume exceeds 160 A3 (average Co-Co distances 2.43 ;\).

Laves type ABj intermetallics belong to the most populated group of
intermetallic compounds containing more than 10 hundred of repre-
sentatives. The overwhelming majority of the Laves type intermetallics
crystallizing with the C15 / FCC MgCu, or the C14 / hexagonal MgZn,
type of structures are formed for a large range of ratios between the
atomic radii of the A and B components outside the ideal ratio ra/rg=
1.225. In the present work we have studied the bonding mechanism,
magnetic properties and crystal and magnetic structure of A;—MgCoy
formed at ra/rg= 1.280. The material of choice is formed by A element
Mg having a rather simple electronic structure of the valence electrons
2p6352 and a typical transition 3d- metal Co with a 3d 84s! valence
electrons outer shell. Recently, a comprehensive review paper
describing various properties of the hydrogenated Laves type in-
termetallics as hydrogen storage materials has been published by the
authors [1].

Earlier studies of the magnetic properties of MgCo, were reported in
[2-4]. Ref. [2] suggested that MgCos is a ferromagnet with T¢ of 321 K
which turns into antiferromagnetism at T = 45 K [2]. This has not been
confirmed for the stoichiometric compound in a subsequent work [3],
and the appearance of antiferromagnetism was attributed to the pres-
ence of a Co-deficient phase. Ab initio calculations (LMTO method with
GGA approximation) yielded Co moments of 1.32 and 1.23 pg at the 6 h
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and 2a sites, and an induced negative moment of —0.17 pg at Mg [4].
This gives magnetization slightly smaller (2.43 pg/f.u. than the experi-
mental value 1.3 pg/Co [2] (assuming no moment on Mg and equal
moments on both Co sites).

Recently MgCoyD3 hydride was synthesized at 300 °C and a deuterium
pressure of 2.8 GPa from a single phase MgCo, intermetallic alloy [5]
resulting in the formation of the Mg>CoDs deuteride and elemental Co. In
the MgCoy-D system, the phase-structural transformations occurring dur-
ing the Hydrogenation-Disproportionation-Desorption-Recombination
(HDDR) process at temperatures 27-500 °C were studied using in situ
neutron powder diffraction (NPD) and showed that the
Desorption-Recombination Process takes place leading to a complete re-
covery of the initial MgCos intermetallic [5].

Chemically related hexagonal MgNi, Laves type intermetallic com-
pound forms a trihydride MgNisHs and undergoes a hydrogen assisted
phase transition into the orthorhombic MoSis-type structure with H
atoms filling the deformed octahedra Mg4Nis and the positions within
the buckled nets -Ni-H-Ni-H- penetrating through the structure and
containing covalent Ni-H bonds [6,7].

The present work aims to establish the bonding mechanism, to probe
the magnetic properties and to study the electronic, crystal, and mag-
netic structures of the MgCos intermetallic.
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Experimental details describing preparation of the sample and the
details of the Neutron Powder Diffraction, magnetization characteriza-
tion and theoretical studies are presented in the Supplementary Infor-
mation file.

1. Computational studies of the electronic structure of MgCoy

The projector-augmented wave (PAW) [21] method describing the
interaction between the core and the valence electrons (2p€'352 of Mg
and 3d 84s' of Co were considered as valence electron configurations)
was implemented in the VASP code [8,9]. The Perdew, Burke, and
Ernzerhof (PBE) functional [10] was used for the exchange-correlation
term. The Hubbard parameter U was included in the rotationally
invariant form [11,12]. Effective U value for the d states were chosen to
be 3.2 eV for Co and the effective on-site exchange interaction J was
fixed to 1 eV. Such values are in a ballpark of U and J used for Co in a
metallic state. Resulting somewhat higher calculated Co moments are in
a better agreement with experiment than the LMTO results using only
GGA [4]. The optimized structures are obtained by minimizing both the
stress tensor and the Hellman-Feynman forces, using the
conjugate-gradient algorithm with an energy convergence threshold of
1073 eV. Brillouin zone (BZ) integration was performed with I-centred
Monkhorst-Pack grids. The size of reciprocal-space grids varies with the
shape and the volume of the simulation cell. We found that an energy
convergence within 20 meV is obtained using a k-points resolution of 0.1
A~1and a 600 eV kinetic energy cutoff for the plane wave expansion. For
each of the considered modifications, complete structural optimization
(cell shape and volume, atomic positions) was performed.

Total, site and orbital Densities of State (DOS) calculated for the
experimentally observed dimensions of the unit cell of MgCo, are pre-
sented in Fig. 1, a and b. From the presented data it is clear that DOS is
dominated by the Co-3d contributions, with very similar behaviours for
Col and Co2. In contrast, the Mg states and Co-s and Co-p states all show
a marginal contribution to the DOSs.

Path in the Brillouin Zone of the electronic structure of MgCoy is
shown in Figure S1 (Suppl. Information file).

In the MgCosy lattice an electron density is transferred from Mg and
Co, as can be clearly seen in the Fig. 2a. Furthermore, a significant
preference in charge density localization between the Co1-Co2/Co1-Col
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atoms, as compared with Mg-Co and Mg-Mg atoms (Fig. 2b), can be
observed. The charge transfer involving the spatial framework of Co
atoms built from Co4 tetrahedra exhibits an anisotropic pattern, see
Fig. 2b. From Fig. 2c, one can deduce a negligibly small ELFs between
the Co and Mg atoms, and small values of ELF at the Co sites. In contrast,
it can be inferred that high values of ELF between the Co atoms indicate
presence of strongly paired electrons with local bosonic character. This
feature can be related to the effect of Co 3d-electrons while a non-
spherical distribution of ELF indicates that the bonding between the
Co atoms is dominated by covalent interactions. Indeed, the anisotropic
charge transfer and nonspherical distribution of electron density
amongst the Co sites is in line with the strong covalent Co-Co bonding.

The calculated Mulliken effective charges (MEC) values for Mg, Co
(1) and Co(2) are +1.72|e|, +0.72 and +0.71|e|, respectively. That
means that electronic charges are transferred both from the Mg and Co
atoms. The charge transfer can be related to the donation of appr. 2
electrons by each Mg atom and 1 s-electron by each Co atom. The
redistributed charges form Co-Co covalent bonds.

2. Magnetic properties of MgCoo

The temperature and field dependences of the magnetization were
measured in the temperature range 2 — 313 K (Quantum Design PPMS 14
equipment). The material appeared to be ferromagnetic. The sponta-
neous moment of 2.6 pp/f.u. was deduced from the field dependence of
magnetization (Fig. 3a) which corresponds to 1.3 pg/Co [2]. The satu-
ration of magnetization occurs in fields lower than 1 T, while it shows
some temperature variations in lower fields. The hysteresis is negligible.

The temperature dependences of magnetization measured in the
fields poH = 3 and 6 T (Fig. 3b) indicate that the Curie temperature is
close to room temperature. To determine it more precisely, we per-
formed an ac-susceptibility measurement, ya(T) using the ac field of
0.001 T and frequency 333 Hz. The results are shown in Fig. 3c. The
Curie temperature can be derived from the inflection point of the real
part y‘(T) appearing at 30342 K. This is somewhat lower than T¢ of 321
K reported in [2]. The fact, that y,.(T) forms a long plateau below T,
and y“(T) is not concentrated around Tc, indicates a weak anisotropy,
evident already from the lack of hysteresis.

We did not observe any phase transformation at low temperatures,
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Fig. 1. (a) Calculated total and site projected density of states for MgCo,. The Fermi level (Ep) is set to zero energy. (b) Calculated orbital projected density of states

for MgCos,. The Fermi level (Eg) is set to zero energy.
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Fig. 2. Calculated charge density map for MgCo, in the (111) plane (a); a three-dimensional map of charge density distribution for MgCo, (b); charge transfer map
for MgCos in the (111) plane (c); and electron localization function for MgCo, in the (111) plane (d) plots.

hence the ground state is ferromagnetic.

3. Crystal and magnetic structures of A; —MgCoy from neutron
powder diffraction studies

X-Ray diffraction studies (85 K) (Figures S1 and S2; Tables S1 and S2)
and neutron powder diffraction pattern collected above the temperature
of magnetic ordering both showed a presence of a single phase stoi-
chiometric hexagonal Laves type A —MgCo2 intermetallic compound
(85K; a=4.8532(2); ¢ = 7.9260(3) A), with a trace of MgO present as an

admixture formed during the sintering process.

Fig. 4a shows the NPD pattern collected using the wavelenght
1=1.494 A while Figure S3 together with the Table S3 characterizes the
calculated NPD pattern. The refinements showed an excellent agreement
between the experimental data and calculated intensities. The results of
the refinements are listed in Table 1.

At T = 2K, i.e. in the ordered state, no extra peaks appeared in the
NPD pattern. However, intensities of particular peaks at lower angles
significantly increased indicating magnetic contribution to the NPD
diffraction pattern (see Fig. 4a).
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Fig. 3. (a) Hysteresis loop of MgCo, measured at T = 17 K. The inset shows a low field data at T = 17 and 90 K. (b) Temperature dependence of magnetization
measured for MgCo, in magnetic fields of 3 and 6 T. (¢) Temperature dependence of ac-susceptibility (real part, y‘, and imaginaty part, y“) of MgCo,.
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Fig. 4. (a) NPD pattern collected for MgCo, at T = 320 K (bottom) and 2 K (top). 1=1.494 10\, 20 range 3.85-164.75°, step 0.05° Vertical ticks show the position of the
Bragg peaks of the constituents: nuclear contribution for MgCo, (top in (a) and (b)); stainless steel sample holder (bottom in (a) and (b)); magnetic peaks for MgCoy
(middle in (a)). (b) Magnetic ordering in MgCo, Laves \;-type intermetallic compound. In the ferromagnetically ordered structure Co atoms carry magnetic moments
alligned along [001] with an average size of 1.51 pp and a slight difference in magnitude between two crystallographic sites, 1.31 pp (2a site) and 1.58 pp (6h site).

Rietveld refinements of the XRD and NPD data measured at 2 K, 85 K
and 320 K showed that small contraction of the unit cells proceeds on
cooling down from 320 K to 85 K and then to 2 K (see Table S4).

Refinement of the magnetic structure of MgCoy proved that it is
ferromagnetic with magnetic moments carried by the Co atoms alligned
along the c-axis of the hexagonal unit cell. Two possibilities have been
tested.

(a) Magnetic moments of Co on both sites having the same values.
The refinements gave 1.47(1) pp and yielded the magnetic R
factor of 9.18%.

(b) Magnetic moments of Co at different sites, 6h and 2a, were
allowed to vary independently. This gave 1.31(2) pp (2a) and
1.58(2) pp (6h) and resulted in lowering the Ryag to 6.67%. Thus,
we concluded that the last model yielding an average values of
magnetic moment of 1.51(2) pp /atom Co was the most suitable to
describe the magnetic structure of MgCos.

The magnetic structure of MgCo» is shown in Fig. 4b.
4. Discussion and concluding remarks

Co-containing intermetallics exhibit a large diversity of magnetic
properties. Co ions can be either magnetic or non-magnetic, depending
on particular chemical composition and type of magnetic structure. The
example of cubic Laves phases with rare earths is a nice illustration of
importance of the shortest Co-Co spacing dco.co [13] in defining the
magnetism in the REMCoj intermetallics. In particular, if dco.co is below
2.54 1°\, Co atoms are non-magnetic unless the Co moments are sup-
ported by magnetic fields of by 4f-3d exchange interactions.

The 3d-4d hybridization can be tentatively taken as a reason why a
well-studied hexagonal Laves phase NbCos with a rather small unit cell
(a =4.80 A, c=7.90A [14]) has no stable magnetic moment on Co.

The situation in the relatively less abundant hexagonal Laves phases
with Co is more complex due to two different Co sites and presence of
Co-Co spacings with different multiplicities (see Table 1). The shortest

Table 1

Results of the Rietveld powder profile refinements of the nuclear and magnetic
structure of MgCo, at T = 320 K and 2 K. HRPT, SINQ, PSI, 1=1.494 A, 20 range
3.85-164.75°, step 0.05°

Temperature  Unit cell parameters and Atomic coordinates B, A?
space group
320K a = 4.85493(12) A 4 Mg in 4f: 1/3, 2/3, z; 0.787
21
c =7.94124(19) A z = 0.06353(13); 0.493
(49)
V=162.10 A3 2 Col in 2a: 0,0,0; 0.579
(27)
P63/mmc 6 Co2 in 6h: x,-x,1/4;
do1—co1 = 3.971 & x = 0.83003(26)
do1—coz = 2.446 A
d Eor—con = 2.379 A
d Zoz—coz = 2.476 A
2K a = 4.85168(6) A zmg = 0.06316(11); 0.4
¢ =7.92123(15) A Xcoz = 0.83021(24) 0.4
V =161.48 A

P63/mmc; R = 6.67%
deor—cor = 3.961 A
deo1—coz = 2.441 A
d Loo—co2 = 2.380 A
dEoo—co2 = 2.471 A
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Fig. 5. Calculated magnetic moments of Col (2a) and Co2 (6h) as a function of

unit cell volume. Experimental unit cell volume of 162.1 A%/unit cell is marked
by an arrow.

Co-Co distance in MgCoy, d éog_.gog =2.379 A, but the next shortest Co-
Co distance of 2.446 ;\, is also below the threshold of 2.54 A mentioned
above. Hence, the ferromagnetism of MgCo, appears to be rather un-
expected. However, one has to consider that MgCo, does not have 5d
states present in the rare-earth containing systems, which can hybridize
with the Co-3d states and contribute to the electron delocalization.

Ab initio computational studies performed in this work revealed that
the ferromagnetic ordering in MgCos is indeed controlled by the inter-
atomic spacings in the cobalt sublattice. A rapid growth of the value of
ps/Co occurs after the theoretically assumed volume of the unit cell
exceeds 153 A3 (38.2 10\3/f.u.) (see Fig. 5). The onset of magnetism
induced by the volume expansion can be taken as result of the narrowing
of the d-band and increase of the density of states at the Fermi level in
non-spin-polarized state.

For the volume exceeding 160 A® (this corresponds to the average
Co-Co distance of 2.43 10\) both Co sites have almost identical moments,
close to the experimentally observed 1.5 pp. Due to the filling of the
majority (spin-up) band, any further increase is rather small. The Co
moments only would give a higher spontaneous magnetization than the
value from the bulk magnetization study. However, the bulk value may
be affected by opposite spin polarization of Mg states [2], invisible by
neutron diffraction due its diffuse character.

The calculations prove that the electronic structure of MgCoy is
significantly different from the RECo; intermetallics. Namely, the
ferromagnetic ordering in MgCo, appears at much shorter Co-Co dis-
tances as compared to RECo,. A comparison of the data of the compu-
tational studies performed in this work and those in the reference
publication [4] concludes that the present study allowed to uncover the
mechanism of the chemical bonding in the intermetallic alloy MgCoy
which is associated with the formation of covalent Co-Co bonds within
the framework of Coy4 tetrahedra making a framework of the structure of
the studied Laves type C14 alloy. A detailed comparison of the results of
two works is given in Table S5.

The covalent Co-Co bonding appears to be an interesting feature of
the studied intermetallic alloy, which can be the reason for a very
difficult hydrogenation of MgCo,, requiring kBar level of hydrogen
pressure and high temperatures, similar to the behaviour of the MgNiy
intermetallic [5-7].
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