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Abstract

The first example of ferromagnetism in a compound crystallizing with the filled
beta-manganese structure is reported. Magnetometry and neutron diffraction
show that Fe; sPdysMosN is ferromagnetic below 160 K, with a saturation
magnetization of 2.44 pp/formula unit which is associated with the Fe/Pd
sublattice.  Self-consistent spin-polarized electronic structure calculations,
performed within density functional theory, predict an average magnetic
moment of 2.93 pg/formula unit at 7 = 0 K. The moment is shown to be
a result of the fulfilment of a local Stoner criterion on the Fe sites.

1. Introduction

The beta phase of elemental manganese has a crystal structure which is as complex as that
of any other metal. The cubic structure has atoms on two distinct sites, the Wyckoff 8c and
12d positions in space group P4;32. The former sites (labelled M or I) generate a (10, 3)-a
network [1] of Mn atoms and the space within this network is filled by corner-sharing Mng
octahedra, (figure 1) with Mn atoms located on the 12d (labelled T or II) sites. The empirical
formula of a phase adopting this structure can thus be represented as M, T3. B-Mn is the only
stable phase of the element which does not show long-range magnetic order at low temperature.
It is apparently paramagnetic down to the lowest temperatures measured, in contrast to the an-
tiferromagnetic behaviour (7 = 95 K) exhibited by «-Mn. The electronic behaviour of f-Mn
has been studied by a variety of techniques (NMR, specific heat, neutron scattering) but it is still
not fully understood, and research is ongoing [2, 3]. Ithas been suggested relatively recently [3]
that it is a quantum spin liquid with antiferromagnetic correlations present between itinerant
magnetic moments at the T sites, and that long-range magnetic order is prevented by the pres-
ence of geometrical frustration and strong zero-point fluctuations; doping with 10% aluminium
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Figure 1. The filled S-Mn structure, My T3X. Space within the (10, 3)-a network of M atoms
(black) is filled by corner-sharing T¢X octahedra (grey).

appears to damp the spin fluctuations to create a spin-glass state. It is generally agreed that
the behaviour of doped (i.e. alloyed) S-Mn phases is a function of the d-electron concentration
and the interatomic distances, but that the spin correlations are always antiferromagnetic.

At the centre of the T octahedrain the S-Mn structure there exists an interstitial site which
is large enough to accommodate an electronegative non-metal atom. This site is occupied
in a number of ‘filled’ B-Mn phases M,T3X (X = B, C, N) [4] which can be prepared
by relatively complex routes involving, in the case of X = N, the ammoniation of oxide
precursors [5]. We have recently [6] devised a relatively simple synthesis which has allowed
us to extend the known compositional range of these compounds to include, for example,
Niy_,CoyMosN, Ni,_,Pd,MosN, and Fe,_,Pd,Mos;N. We therefore have the opportunity to
control the electron concentration on the M sublattice, and hence the possibility of controlling
the electronic properties of the material. More specifically we have the means to introduce a
magnetic moment on to the 8c site, non-magnetic in the case of f-Mn itself, and to determine
whether the structure is able to support long-range ferromagnetic or antiferromagnetic order
in these circumstances; no such order has previously been reported in B-Mn phases. This
paper focuses on compositions in the series Fe,_,Pd,MosN. We shall show, by a combination
of magnetometry and neutron diffraction, that, in contrast to the paramagnetism and spin
glass behaviour shown by other compositions which adopt the f-Mn structure, compounds in
this series order ferromagnetically at relatively high temperatures (>100 K). We also present
calculations based on the tight-binding (TB) linear muffin-tin orbital (LMTO) atomic-sphere
approximation (ASA) technique which provide insight into the band structure of these materials
and allow us to rationalize our experimental results.

2. Experimental details

2.1. Synthesis

Polycrystalline samples of Fe,_,Pd,MosN were prepared by standard ceramic techniques.
Stoichiometric mixtures of the appropriate metal oxides were intimately ground, pelletized
and fired under a flow of synthesis gas (about 4.2 dm? h™") for 48 h at 700, and 24 h at 750,
875, and twice at 975 °C, with intermittent regrinding. (Reagent purities: iron oxide (Alfa
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Aesar, 99.998%), molybdenum trioxide (Alfa Aesar, 99.9995%), palladium oxide (Johnson
Matthey, 99.9%). Synthesis gas: 10% H; in N, (Air Products).)

In all cases the samples were cooled to room temperature under flowing gas after switching
off the furnace. No study of the effects of variation of the cooling rate was carried out. No
special handling techniques were applied to samples following their removal from the furnace.

2.2. Characterization

The progress of each synthesis was charted by x-ray powder diffraction using a Philips
diffractometer operating with Cu Ko radiation. Relatively high resolution data to be used
in quantitative analyses were collected using a Siemens D5000 diffractometer nominally
operating with Cu Ko, radiation over the angular range 10 < 26/° < 125 with a step
size of A260 = 0.02°. However, imperfect monochromation introduced a contribution of
approximately 2% Ko, which was allowed for in the data analysis.

Neutron powder diffraction data were collected on about 4.6 g of Fe; sPdy sMo3N using the
instrument D 1b at the Institut Laue Langevin, Grenoble, France. D 1b is a high flux, medium
resolution instrument operating with a wavelength 2.5219 A. Data were collected over an
angular range 18° < 26 < 98° with a stepsize A260 = 0.2° at 200 and 5 K. Samples were
contained within vanadium cans which were mounted in a He cryostat during data collection.
Scattering attributable to the cans occurs at 20 ~ 72° and data in this region were excluded
from the analysis. Rietveld refinement [7] of the crystal structures was carried out using the
GSAS [8] and FULLPROF [9] suites of programs. Backgrounds were fitted using a shifted
Chebyshev polynomial of the first kind. Peak shapes were modelled using a pseudo-Voigt
function. In the analysis of the data, three atomic coordinates were varied, along with an
isotropic displacement parameter for each crystallographic site.

Thermogravimetric analysis (TGA) was performed using a Rheometric Scientific
STA1500 instrument. Samples were loaded into alumina pans and heated under a flow
(1.8 dm® h~') of pure oxygen. Nitrogen analysis was performed using a Carlo Erber 1106
CHN analyser.

Magnetic measurements were carried out using a Quantum Design MPMS 5000 SQUID
magnetometer. The sample magnetization (M) was measured as a function of temperature
(6 < T/K < 350) during warm up after cooling to 5 K in either zero field (ZFC) or in
the measuring field of 100 Oe (FC). In selected cases, the magnetization was measured as a
function of field (—50 < H /kOe < 50) after cooling to the measuring temperature in a field
of 50 kOe.

Four-probe conductivity measurements were performed using an apparatus constructed
within the laboratory. Bars were cut from pellets which were sintered at 800 °C under the
synthesis gas. Contacts were attached using silver paint. The conductivity was measured as a
function of temperature in the range 80 < 7/K < 298.

2.3. DFT calculations

First-principles spin-polarized electronic structure calculations were performed within the self-
consistent tight-binding linear muffin-tin orbital (TB-LMTO) scheme in which the radii of
overlapping MT spheres are determined automatically from a full potential construction [10].
Previously this technique has proved to be very efficient for studying the magnetic properties
of intermetallic alloys [11-13]. Exchange and correlation contributions to both atomic and
crystal potentials were included through the local spin density functional description using the
von Barth—Hedin formula [14]. The Brillouin zone integration over k space was performed by
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Figure 2. Observed (e), calculated ( ) and difference x-ray powder diffraction profiles for
Fe sPdyp.sMo3N at room temperature; tick marks the indicate positions of allowed reflections from
the Cu Ko diffraction. The final refinement converged with Ry, = 0.0479.

means of the improved tetrahedron method using a grid of 272 irreducible k points within an
accuracy of 10~2 mRyd for the total energy per unit cell and 1073 e/au® for the charge density.
Four formula units of a f-Mn phase M;T3X were used to simulate a crystal unit cell for the
composition Fe; sPdy sMo3N.

3. Results

The solid solution Fe,_Pd,MosN forms in the same cubic structure over the composition
range 0.05 < x < 2 when prepared by the reduction—nitridation route described above,
albeit sometimes contaminated by molybdenum and FesMosN [15] impurities. However,
in the synthesis of the compounds with 0.5 < x < 1.5, the cubic phase was obtained as
the predominant component (>99.5%) in product mixtures. The lattice parameter of these
cubic phases increases linearly with increasing palladium content, as expected, and there is no
evidence for iron—palladium ordering.

The composition Fe; sPdysMo3N has been studied in detail, and an extensive series of
measurements of physical properties was carried out. Analysis of x-ray powder diffraction data
(figure 2) shows that this compound crystallizes with the filled 8-Mn structure with iron and
palladium disordered within the (10, 3)-a network of metal atoms; the T(II) sites are occupied
exclusively by Mo, with N located at the centre of each Mog octahedron. Crystal data for
Fe; sPdosMosN refined from x-ray diffraction data collected at 300 K are given in table 1.

Rietveld analysis of neutron powder diffraction data collected on D 1b at 200 K affirmed
the crystal structure of Fe; sPdgsMosN determined at room temperature by x-ray diffraction,
although 0.52(5)% by weight of a phase identified as FePd [16] was present in the sample
prepared for neutron diffraction experiments. This was allowed for in the neutron diffraction
data analysis, but it was not possible to detect this impurity in the x-ray diffraction data.
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Table 1. Atomic positions at 300 K for filled 8-Mn nitride Fe; sPdy sMosN derived from x-ray

data.

Fej sPdypsMosN: space group P432, ap = 6.728 52(12) A, Ryp =0.0479
Atom  Wyckoff position x y z Occupancy Uy, (A%)
Fe 8c 0.0675(3) 0.0675(3) 0.0675(3) 0.75 0.0170(9)
Pd 8c 0.0675(3) 0.0675(3) 0.0675(3) 0.25 0.0170(9)
Mo 12d 1/8 0.2042(2) 0.4542(2) 1 0.0164(4)
N 4a 3/8 3/8 3/8 1 0.016(7)

Chemical analysis and thermogravimetric analysis both confirm full nitrogen occupancy of the
4a interstitial sites; nitrogen analysis (calculated N content 3.19%, measured 3.26%) suggests
a composition Fe; sPdg sMo3Nj g and complete oxidation of the sample to FeMoO,4, MoOs3,
and PdO during TGA lead to an increase in mass of 37% (calculated 39%).
Four-probe conductivity measurements indicate that Fe; sPdysMo3sN has a resistivity of
2.1 x 107 © cm at 298 K which varies by less than 1% over the range 80 < 7/K < 260.
SQUID magnetometry data strongly suggest that Fe; sPdysMosN displays long range
ferromagnetic order (figure 3) with 7, = 160 K. Measurements of magnetization as a function
of applied field at 5 K for Fe; sPdgsMosN are shown in the inset in figure 3(b). The sample
saturates in an applied field of about 0.8 T and shows almost no hysteresis about the origin.
The saturation magnetization per formula unit is 2.44(2) ug (i.e. 1.22 up per 8c site).
Neutron diffraction data collected on D 1b confirmed the presence of long range magnetic
order; upon cooling below the Curie point additional Bragg scattering was observed in the
diffraction pattern, most notably in two low angle structural reflections, 110 and 111. It
was possible to account for this magnetic scattering by locating ferromagnetically ordered
spins on the 8c sites of the (10, 3)-a sublattice (figure 4). The moment on each site was
refined to a value of 1.20(5) up, which is in excellent agreement with that observed in the
magnetometry experiments. A model with ordered spins located on the 12d sites did not
improve the fit to the observed diffraction pattern. The compositions FeysPd; sMo3N and
FePdMosN were not studied by neutron diffraction, but magnetometry suggests that they
also display ferromagnetism, with Curie temperatures of 110 and 160 K, respectively. Their
saturation magnetizations are 0.83(1) and 1.73(2) up/formula unit (i.e. 0.415 and 0.865 up
per 8c site), demonstrating increasing saturation magnetization with increasing iron content.
A more complete and systematic account of our theoretical studies of the electronic
structure and magnetic properties of -Mn phases M;MosN (M = Fe, Co, Ni, Pd) will
be published elsewhere [17]. Here we only show the results of DFT calculations for the
composition Fe;sPdygsMosN which were performed using the experimental values of the
lattice constant and atomic parameters shown in the table 1. Self-consistent total energy
calculations showed that the ferromagnetic state is more stable than the paramagnetic one
by 0.877 eV /unit cell, consistent with the experimental observation of ferromagnetism in
Fe; sPdogsMosN. A total moment of 11.72 g /unit cell or 2.93 up/formula unitat 7 = 0 K
was obtained by DFT calculations. Figure 5(a) shows the calculated total electronic density
of states (DOS) where the Fermi energy is positioned at 0.0 eV. At energies less than —15 eV
the dominant contribution to the valence band DOS is from N-2s orbitals, while for energies
between —8 and —5 eV, the valence band consists of N-2p states strongly hybridized with sp-
states of the transition metals (TM) (Mo, Pd and Fe). The main contribution to the total DOS
between —5 and 5 eV is from the d-orbitals of the TM atoms. Although the 4d contributions to
the Mo DOS at the Fermi level are important, it can clearly be seen from figure 5 that the spin-up
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Figure 3. (a) Variation of molar magnetic susceptibility (M/H) with temperature of

Fej sPdysMosN. (b) Magnetization of Fej sPdysMosN as a function of applied field at 5 K.
The inset shows the region around the origin expanded.
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Figure 4. Observed (e), calculated ( ) and difference neutron powder diffraction profiles for
Fej sPdysMo3N at 5 K. The lowest tick marks indicate positions of allowed structural reflections;
the middle tick marks indicate allowed magnetic reflections; the upper tick marks indicate positions
of allowed structural reflections for the FePd impurity. The inset shows data collected at 200 K
(solid curve), 5 K (dots) and their difference (lower, dashed curve). Low angle reflections which
display additional intensity upon cooling below the Curie point are labelled with their Miller indices.

and spin-down bands are equally populated, and therefore there is no contribution to the bulk
magnetization from the Mo (12d) sites. The Pd-4d states are situated essentially in the low
energy region, and their contributions at the Fermi energy (figure 5(b)) are almost negligible.
Thus calculations show that no local magnetic moment is found at the Pd site. However, the
local spin-polarized Fe-3d DOS predicts a strong contribution to the ferromagnetism from
the Fe atoms on the 8c sites with an average local magnetic moment of 1.98 g /Fe atom.
Finally, the formation of a ferromagnetic state in Fe; 5PdgsMosN can be justified in terms
of the Stoner criterion [13]. A region of magnetic instability is defined by the condition
N(E;)I > 1, where N(E) is the local paramagnetic density of states and / is the Stoner
exchange interaction. Taking into account that I ~ 1 eV for 3d transition metals [18] and
using the result N(E ) = 2.48 states eV~'/(Fe atom) from our paramagnetic calculation, we
find the Stoner criterion is satisfied and a ferromagnetic ground state is expected.

4. Conclusion

The composition Fe; sPdysMosN, a filled S-Mn phase, has been shown experimentally to be
ferromagnetic below 160 K. The measured value of the magnetization (2.44 ug/formula unit)
is comparable to, although somewhat lower than, the value (2.93 ug) predicted by DFT
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Figure 5. Calculated spin-polarized electronic density of states of Fe; sPdysMosN. Up (solid
curve) and down (dashed curve) DOS for total and decomposed Fe, Pd, Mo, N contributions are
presented.

calculations. The latter show the ferromagnetic state to be more stable than the paramagnetic
state at 0 K, and indicate that the principal contribution to the magnetization comes from the
iron atoms (1.98 ug/Fe atom), a result which is consistent with both the neutron diffraction
data and the Stoner criterion.

The behaviour of this compound is in marked contrast to that of -Mn itself. The chosen
combination of chemical elements leads to a magnetic moment on the 8c (M or I) sites whereas
the frustrated local moments in elemental 5-Mn are located at the 12d (T or II) sites. This
change results in the first observation of ferromagnetism in the 8-Mn structure. The extent
to which the magnetization and the Curie temperature can be raised by further chemical
manipulation is an open question. It is interesting that the presence of Pd facilitates the
introduction of Fe into the f-Mn structure; in the absence of the group 10 metal, our reaction
conditions generate the n-carbide phase Fe;MosN.
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