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High pressures studies on hydrides
of selected manganese alloys
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Abstract Specific behavior found in hydrides formed in manganese, Mn-Ni and YMn, under high pressure is presented
and discussed. The synthesis of ferromagnetic fcc-manganese was proved. Parameters of the equations of state
(EOS) derived from measurements in the diamond anvil cell (DAC) are summarized for manganese hydrides and for
hydrides derived from YMn, Laves phase. It was found that the compression behavior of recently discovered YMn,H,
is different from YMn,-based hydrides with lower hydrogen content.
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Introduction

Manganese located at the centre of 3d series of transition
metals has a very unique behavior when alloyed with
other metals to form substitutional alloys or intermetallic
compounds. Furthermore, new interesting phenomena
occur when hydrogen is involved to form hydrides.
Salient features of these systems will be briefly described
below.

Manganese hydrides

o-Manganese, one of the four allotropic structures of
this element existing at atmospheric pressure, undergoes
a para-antiferromagnetic transition at low tempera-
tures. On the other hand it was predicted [9] that the
cubic phase of manganese, stable between 1090 and
1137°C should be ferromagnetic if stabilized at lower
temperature and lattice parameter higher than 3.84 A.

Manganese hydride (hcp), discovered by Krukowski
and Baranowski [11], was the first hydride obtained
exclusively by high hydrogen pressure technique. Its fcc
structure was synthesized at higher temperature by
Fukai et al. [8] and Filipek et al. [4]. The Mn-H(D)
system was also investigated by Ponyatovsky and Belash
[16] and Antonov et al. [1] who described its T-P phase
diagram in large pressure (to 4.4 GPa) and temperature
(to 1000°C) conditions.

Compression of manganese hydrides in Bridgman
anvils [6] and then in DAC [7] confirmed that the hcp
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Fig. 1. Influence of hydrostatic pressure on structural and
magnetic properties of manganese hydrides.

hydride does not change its crystal symmetry up to
30 GPa. However, it was revealed that above 5 GPa
the fcc MnH, ¢, irreversibly transforms into the hcp
structure. Very surprising was the behavior of nitrogen-
doped fcc hydride. The fcc MnH) 5)N,, o sample, in spite
of its largest molecular volume, preserved original
structure up to 30 GPa showing stabilizing effect of
coexistent nitrogen and hydrogen atoms in the metal
lattice. This fcc phase was ferromagnetic in agreement
with theoretical prediction for fcc manganese with
sufficiently large molecular volume. It was even more
interesting that ferromagnetism associated with this fcc
structure remained after desorption of hydrogen (and
nitrogen) by annealing the sample in vacuum. After
annealing the material can be considered as “quenched”
fcc-manganese. However, removing of interstitial atoms
(H and N) destabilizes this structure which after
application of hydrostatic pressure of 8 GPa transforms
back into a-manganese. The influence of hydrostatic
pressure on structural and magnetic properties of
manganese hydrides and procedure leading to forma-
tion of ferromagnetic manganese are summarized in
Fig. 1.

Hydrides of nickel-manganese alloys

Interesting electronic properties were observed for
hydrides in the nickel-manganese system formed under
hydrogen pressure within the range up to 1.5 GPa [3].
They are related to a virtual bound state, passing
through the Fermi level when the 3d solute atoms
belong to the left midrange of the 3d transition series
[2]- Manganese is located just in the middle of 3d series.
For smaller concentration of manganese (Niy,,Mn,3),
the initial thermoelectric power value, as well as its steep
and large (from —20 to about 0 pV/K) change during
hydride formation, are just like in the case of pure nickel
or nickel doped with metals which do not influence too
much its electronic structure. However, at higher
concentration (Nig, sMn,, ;) manganese behaves as the

left 3d midrange elements like Cr, V or Ti. Initial
thermopower of Nig, sMn; 5 alloy is less negative (only
-4 uV/K) as compared with nickel and the positive jump
during the formation of hydride is strongly reduced
(from 20 to 6 pV/K). This can be attributed to a virtual
bound state (VBS), passing through the Fermi level (in
the hydrogen-free alloy) and the shift of the Fermi level
beyond the position of the VBS peak, when the empty
bands of the alloy are filled by electrons from hydrogen
atoms dissolving as protons in the metallic lattice. A
similar tendency has been observed also for palladium
doped with 4d metals like thodium and ruthenium.

Laves phase YMn, based hydrides

At room temperature, YMn, has a typical C15 Laves
phase structure with a lattice parameter of 7.684 A.
Magnetic first order transition into a helimagnetic
structure occurs near 100 K [14, 18] with Mn moments
of 2.7 uB. This transition is accompanied with a large
(about 5%) volume expansion due to the localization
of the Mn moments.

Hydrogen readily dissolves in the C15 cubic lattice
of YMn,. At 300 K, the lattice parameter continuously
increases with increasing hydrogen concentration
without change of symmetry up to YMn,H, 5 composition
[17]. Above this composition a rhombohedral distortion
of the cubic cell was found described in the R3m space
group. The rhombohedral YMn,H, ; was considered so
far as a hydride with highest hydrogen concentration
available in the YMn,H, system [10, 12]. However,
recently we synthesized a novel hydride [5, 15, 21]
YMn,H, which crystallize in a fluorite type cubic struc-
ture isostructural to Mg,FeH, and cannot be derived
simply from initial C15 structure.

This hydride was synthesized in 0.2 GPa and 200°C
thus not in extreme pressure-temperature conditions.
It is worth of noting that, unexpectedly, YMn,H, is more
stable than hydrides with lower H content and
decomposes at higher temperature (620 K) [15].

Pure Laves compounds were studied at high
hydrostatic pressures from several years [13], but it
seems that the first DAC compression experiments with
Laves phase-based hydrides were undertaken recently
by our group. Compression of YFe,Hs and ErFe,H;in
DAC apparatus revealed phase transformations for
both hydrides [19]. In this paper, we report the data
obtained with the same technique and related to
hydrides derived from YMn,.

Experimental

Synthesis and characterization of hydrides were done
as in Ref. [5]. Powder samples were pressurized in
a diamond anvil cell with methanol and ethanol
mixtures as pressure transmitting medium. Experiments
were carried out at 25°C up to 30 GPa. Diffraction
patterns were measured by an energy dispersive type
X-ray diffraction system with a tungsten tube operating
at 47.5 kV and 27.5 mA and a pure Ge detector.
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Results and discussion

Figure 2 shows recently published [20] compressibility
data obtained for parent YMn, and its deuterides within
the concentration range up to 4 D/f.u.

The fitting done for YMn, in the pressure range up
to 30 GPa with the second order Birch-Murnagham
equation of state gave extremely high K (25.7) value
which seems not adequate. Therefore, we divided the
compression curve into two segments, below and above
8 GP.In Table 1, the numerical data for YMn, are given
with values for other hydrides (deuterides). The K|
(21.6) and K, (13.2) values for low pressure segment
are in good agreement with the data reported by
Lindbaum [13] (19 and 15.2, respectively) for a fit
procedure up to 10 GPa. For YMn,D, and YMn,D,, a
spinodal-like decomposition starting near 5 GPa has
been observed. The YMn,D;, and YMn,D, preserved
the initial structures but, like for parent YMn,, two sets
of parameters were necessary to describe their
compression behavior. It means that the large compress-
ibility of YMn, as well as YMn,D, or YMn,H, (where x
<4.3) is basically related to the character of the metallic
lattice; we guess that specifically the manganese
sublattice is involved here. In view of these results it
seemed interesting to extend the research to YMn,H,,
a novel hydride synthesized under high hydrogen
pressure.

The X-ray diffraction patterns of YMn,H, before
compression, at 31 GPa and after pressure release to
atmospheric value are shown in Fig. 3. This hydride did
not change its Fm3m cubic structure within the whole
range investigated. The most intriguing, however, is the
fact that in contrast to parent YMn, and all hydrides
(deuterides) with smaller hydrogen concentration, the
behavior of YMn,H, can be described (as can be seen
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Fig. 2. Compression curves for C15 YMn, and deuterides
derived from this structure [20].

in Fig. 4) in the whole pressure range with only one set
of parameters of the Birch-Murnagham equation.

Table 1. High pressure behavior of manganese hydrides and hydrides of several manganese related compounds

Sample V, [em*mol] K, [GPa] K; n Remarks
hcp MnHj g, 8.297 92.7 8.77 hep structure (whole range)
fcc MnH,, ¢4 8.436 84.1 8.77 irreversible transition into hcp hydride at 6 GPa
fcc MnH,, 30N 05 8.639 107.0 3.93 fee structure (whole range)
YMn, 34.11 14.1 25.7 50 cubic (whole range)
34.02 21.6 13.2 21 cubic (low pressure segment P < 8 GPa)
31.24 83.1 7.13 29 cubic (high pressure segment P > 8 GPa)
YMn,D, 36.37 44.1 4.0 fixed 12 cubic (spinodal-like reversible decomposition
around 5 GPa)
YMn,D, 38.29 52.99 4.0 fixed 9 cubic (spinodal-like reversible decomposition
around 6 GPa)
YMn,D,, 40.11 60.28 4.0 fixed 11 cubic (low pressure segment)
37.80 133.9 4.0 fixed 20 cubic (high pressure segment)
YMn,D, 41.65 46.07 4.0 fixed 27 rhombohedral (low pressure segment)
38.22 153.0 4.0 fixed 17 rhombohedral (high pressure segment)
YMn,Dg 45.35 68.05 6.28 cubic Fm3m (whole range)

n — total number of data.
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Fig. 4. Compression curve for YMn,H, (data for YMn, are
given for comparison).

metal in this hydride. This is supported also by calori-
metric data showing unusually high thermal stability.

Table 1 reports the data of our DAC measurements
on hydrides (deuterides) of manganese and several
manganese related compounds.

Compressibility of manganese hydrides does not
differ too much from that observed for other hydrides
of transition metals. Pressure-induced fcc-hep irrevers-
ible transition was observed for hydride, but a small
amount of nitrogen stabilizes the fcc structure.

A specific interaction between yttrium and manganese
is responsible for the unusual compressibility in the low
pressure range observed in YMn, and related hydrides
(deuterides) up to 4.3 H/f.u.

The particular behavior of YMn,H, compared to the
other YMn, hydrides indicates that at this concentration
the hydrogen suppresses the unique character of the
parent YMn, intermetallic.
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