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Ferromagnetism with 7 = 200 K in the amorphous 5f compound UH;Mo, 5
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UMo, ;3 can absorb hydrogen at elevated H, pressures. The product is a compact but brittle hydride UH;Moy ;5,
which is to some extent analogous to S-UH3, but it is almost amorphous (the grain size smaller than 1.2 nm). It is
ferromagnetic, and its Curie temperature (200 K) is higher, despite the disorder, than that of 5-UH; (=170 K). We
also registered an increase in U magnetic moments. The randomness, together with the large anisotropy inherent
to U systems, leads to a very high coercivity, reaching 3.7 T at low temperatures. As amorphization normally tends
to suppress magnetic ordering of U compounds, the hydride represents a different class of materials, amorphous
U-based ferromagnets with relatively very high Curie temperatures.
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Hydrogenation of uranium metal under normal conditions
usually leads to B-UH3 with a cubic structure (Pm3n space
group) and unit cell (@ ~ 6.64 A) containing eight U atoms.'
The reaction is already observed at low H pressures, and it is
one of the major concerns considering aging/degradation of
U metal products. The very fine S-UHj3 powder also easily
ignites at room temperature in air. Besides the high reactivity
it is also the relatively low equilibrium H pressure (heating to
almost 450 °C is necessary to reach the equilibrium pressure of
1 bar)! which prevents considering the relatively inexpensive
U metal as a hydrogen storage medium.

An important aspect of S-UHj is its magnetic order already
reported in 1952.> The crystal structure expanded by H (the
shortest U-U spacing in -UH3 is 3.31 A, in a-U it is merely
2.76 A) leads to the formation of U magnetic moments of
about 0.9up /U, possibly the same for each of two different
U positions. They order ferromagnetically with the Curie
temperature of approximately 170 K, which is in striking
contrast to the weak Pauli paramagnetism of «-U.

The main reason for magnetic order is probably a reduction
in the overlap of the 5f wave functions between nearest
U neighbors, reducing the 5f bandwidth and increasing
the density of states at the Fermi level N(Eg). The Som-
merfeld coefficient of the electronic specific heat y indeed
increases by more than a factor of 3 from «-U to B-UHj;
(y =33.9 mJ mol~! K~2).* The dramatic modification of the
5f states is actually demonstrated by high-resolution photo-
electron spectroscopy.” A similar tendency to strengthen mag-
netic properties due to H-induced lattice expansion has been
observed in numerous U-based intermetallic compounds.®

Applications of uranium as low-enriched nuclear fuel
brought into focus the bcc form of U. It exists as the
high-temperature phase of pure U metal (y-U stable in the
range of 1049-1408 K) (Ref. 1) and can be stabilized to
a lower temperature by doping. Combining the Mo doping
with ultrafast cooling, we have shown’® that the splat-
cooling method entirely suppresses the «-U phase for Mo
concentration higher than 11 at. %. Long-term stability of
such alloys at room temperature is excellent, and the persisting
metallic luster suggests a good corrosion resistance. It is,
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therefore, very interesting to inspect whether such “stainless”
uranium is also more resistant to hydrogen absorption. In the
present Rapid Communication, we concentrate on interaction
with hydrogen of the splat sample produced from the alloy
U-15 at. % Mo, i.e., UpgsMog 15 or UMoyg 13, which is safely
within the range of the bcc phase.

The hydrogenation experiments were undertaken with the
UMoy 13 splats, the preparation of which was described in
Ref. 7. Their analysis by x-ray diffraction (XRD) and electron
microscopy proved the single phase character with the proper
bee structure and lattice parameter a = 3.44 A. A certain
amount of UO, and UC was detected at the surface of the splat.

For the H absorption study, the splat was inserted into a
reactor, which was then pumped down to p = 2 x 107® mbar
and, subsequently, was filled by pure H; gas (p = 800 mbar).
In this case, no H absorption was detected even after 100 h.

Next, we applied enhanced pressure (80 bar) of H, on the
splat of the same composition UMoy ;3. Opening the reactor
after 24 h revealed that the splat material was broken into
1-5-mm-long brittle dark lamellas, which indicated that some
H-induced process took place. The material was then crushed
and was subjected to an x-ray powder diffraction study, which
indeed indicated structure changes, mainly characterized as
amorphization (see below). We have to stress that, unlike the
fine powder of B-UHj3, the hydride obtained is not pyrophoric,
and its handling, including crushing, is safe. To quantify
the amount of absorbed hydrogen, the UMoy 3 hydride was
decomposed in a close evacuated volume by heating to 500 °C.
The total amount of the 3.0 H/U atom was obtained. Therefore,
we denote the hydride as UH3Moyg jg. This finding indicates
that the hydride is analogous to 8-UH; despite its amorphous
structure.

Sample characterization was performed by using a Bruker
D8 advanced diffractometer with Cu K« radiation. Figure 1
reveals several broad peaks, which can be attributed to
diffraction lines of 8-UHj; subjected to a severe broadening.
A quantitative analysis shows that the experimental pattern
can be well reproduced assuming the broadening due to very
small grains, the size of which is between nanocrystalline and
amorphous structures. The size distribution has to be simulated
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FIG. 1. (Color online) XRD pattern (Cu Ko radiation) of
UH3Moy 15 (blue) compared with the simulated XRD pattern of
B-UHj3 (green) and our fit of the experimental data fitting (red), which
was used for the grain-size calculation.

using the Rafaja model® assuming grains of two different sizes,
namely, 7 and 12 A. The lattice parameter received, a = 6.67 A
is not far from value observed on 8-UHj3 (a = 6.64 A).

The material obtained was subjected to magnetization
measurements in the temperature range of 2-300 K and in
magnetic fields up to 14 T using the Quantum Design physical
property measurement system equipment. One of the lamellas
was used to measure the temperature dependence of electrical
resistivity using four silver-pasted contacts and current along
the lamella long axis. Specific heat was measured in the
temperature range of 2-300 K on a pellet made of crushed
and pressed material.

The temperature dependence of electrical resistivity,
shown in Fig. 2, exhibits a dominant weak negative slope
(dp/dT < 0) throughout the whole temperature range. Such
a negative slope already was detected for the U-Mo alloys
with the bcc structure.'” Its reason can be seen in weak
localization,!! which appears under conditions of strong
disorder and which is partly suppressed by electron-phonon
scattering. It is nowadays believed to give an explanation for
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FIG. 2. (Color online) Temperature dependence of electrical
resistivity of UH3;Mog ;s compared with the UMog ;5 alloy and the
data for UD; (analogy to 8-UH;) taken from Ref. 4. The inset shows
the kink at 7 = 200 K correlating with 7¢.
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the Mooij criterion, relating the appearance of the negative
slope to enhanced residual resistivity po.'> The additional
disorder introduced by amorphization cannot contribute much,
the slope remains negative, but a pronounced kink appears at
T = 200 K, undoubtedly related to magnetic ordering (Curie
temperature, as seen below). Such a value is approximately
25 K higher than literature data for 8-UHj3. The absolute
resistivity values are unusually high, exceeding 1000 2 cm.
The resistivity, which was studied for UDj3, also reaches similar
values (over 600 12 cm).* An explanation for the very high
resistivity values can be seen in the reduction in concentration
of conduction electrons due to H absorption.

The temperature dependence of magnetization measured in
various magnetic fields indicates ferromagnetic ordering with
T¢ close to 200 K. Although the paramagnetic range covered
is short, it does allow for extracting a reliable value of the
effective paramagnetic moment p.s = 2.40up /U, which is
in line with the data given for 8-UHj3; or UDs (Ref. 1). The
paramagnetic Curie temperature 6, = 205 K is 25-40 K higher
than the values given for 8-UHj3 or UD;.!

Figure 3 displays hysteresis loops at selected temperatures.
With the temperature decreasing down to 5 K, the coercive field
strongly increases and reaches its maximum value ~3.5 T. At
T = 1.7 K, the character of the hysteresis loop changes. An
abrupt Barkhausen-type reproducible jump appears between
3.6 and 3.7 T, which is followed by another more smooth
increase in still higher fields. Such a behavior can be tenta-
tively associated with the pinning of domain walls in highly
disordered systems with high anisotropy. There exists extended
evidence of similar behavior among such materials, labeled as
high anisotropy random distribution, for example, on the basis
of SmCos.!*> The magnetization behavior in still higher fields
is almost reversible, which means that there is either additional
rotation towards the field direction or there is a pronounced
development of the size of magnetic moments (suppression of
longitudinal spin fluctuations) or both effects. Comparing with
the high-field susceptibility of f-UH3, which is non-negligible
but is smaller than for UH3Moy 15, we can assume that both
effects coexist in high magnetic fields. The high magnetic
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FIG. 3. (Color online) Field dependence of magnetization of
UH;3Mo, ;s measured at various temperatures. The negative mag-
netization at which the virgin curve starts could have been imposed
by cooling in the weak residual negative field of the superconducting
coil.
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anisotropy itself is not exceptional among U compounds.
It is due to large orbital moments (due to strong spin-orbit
interaction) even in itinerant magnets and involvement of the
5f-5f bonding between nearest neighbors.'#

Comparing to the size of spontaneous magnetization of
B-UH; [0.87ug/U at 4 K (Ref. 3)], UH3Mog 13 has the
values undoubtedly higher. However, it is not easy to de-
termine a more exact value. The high anisotropy randomly
distributed almost on the atomic scale effectively leads to a
noncollinear ferromagnetism. Aligning the moments by the
brute force of the high external magnetic field presumably
leads to the enhancement of the size of moments by the
field. Nevertheless, we can make a rough estimate of the
spontaneous magnetization as corresponding to puy ~ 1.0up
for UH3M00.18.

From the field dependence (up to 14 T) at T = 1.7 K, an
estimate of the saturated moment can be performed assuming
aphenomenological relation M(H) = M[1 —a/H 214+ XntH
where the second term accounts for the influence of field on
the size of individual moments, whereas the first accounts
for the anisotropy. The value obtained, My = 1.15up /U, is
still far below the ionic moments (~3.2up for f2 or f3),
which is in line with the strongly itinerant magnetism of the U
hydrides. One can compare with literature data on S-UHj3,
exhibiting a linear dependence of magnetization in fields.
The high-field measurement? gives the slope of magnetization
xnt = 0.0028 5 /T) for B-UHj3. Fitting the data on UH3Moyg ;8
to the formula above yields 0.005ug/T, corresponding to
3.8 x 10~ m*/mol.

For a more accurate determination of the Curie temperature
we also measured the field dependences of magnetization at
various temperatures from 170 to 200 K for the Arrott plot
analysis. As conventional Arrott plots are often curvilinear
at such temperatures due to critical phenomena, we used
the modified Arrott plots procedure M>2? vs (uoH /M)%7° 13
which gives a more linear dependence. For comparison, we
also used the same procedure for the data of S-UHj3. This
method gave T¢c = 197.3 K for UH3Moy 13, which is about
30 K higher than for 8-UHj3.

The temperature dependence of the specific heat of
UH3Moy i3 in comparison with the literature data of §-UHj3
(Ref. 16) is presented in Fig. 4. It displays the anomaly
related to the Curie temperature of UH3 Moy ;g shifted to higher
temperatures (near 200 K). Comparing to the data of §-UHj3,
the transition is visibly broadened. That may indicate certain
T¢ distribution between grains due to disorder in the sample.
One can also expect a difference in critical behavior in a system
with a high anisotropy of a random type.

The low-temperature part can be approximated by the
Debye model from which it is possible to estimate the
Sommerfeld coefficient of the electronic specific heat. A
linear fit (Fig. 4 inset) of Cp/T vs T2 can be used in the
temperature range below 50 K2, which yields the value of
y =27.6 mJ mol~! K=2, However, the best fit (Fig. 4 inset, red
line) was obtained with an additional contribution to specific
heat C = yT + BT> + aT'?>exp(—Ty/T) where the last
term accounts for magnons with the gap energy kg7, which
is the measure for the magnetic anisotropy energy per one U
ion. This fit yields y = 29.2 mJ mol~! K2 and T = 36 K.
This value is in good agreement with part of literature data
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FIG. 4. (Color online) Temperature dependence of specific heat
of UH3Moy 3 compared with the data on 8-UHj3 (from Ref. 16).
The dashed curve corresponds to the Debye model (see the text)
plus the linear contribution of the electronic specific heat. Inset: low-
temperature part of the Cp/T vs T? dependence with the linear fit
(gray line) and the fit including a magnon term (red).

for B-UH; (29 mJ mol~! K—2—see Ref. 17) but is slightly
lower than in Ref. 4 (33.9 mJ mol~! K~2). It is approximately
three times higher than for «-U and 1.5 times higher than for
y-U (splat sample Uy gsMoy ;5 has y = 16.0 mJ mol~! K27
which corresponds to 18.8 mJ mol~! K2 using the formula
UMoy 13). The value Ty = 36 K represents the gap in the
magnon spectrum due to magnetic anisotropy.

The increase in y with respect to UMoy ;g indicates an
increase in N (EF), which can be attributed to the enhancement
of the U-U spacing in the narrow 5f band situation. Such a fit
also yields the estimated Debye temperature 6p = 296 K in
UH3Moy ;3, which is slightly higher than that given in Ref. 17
for B-UH3 (270 K) but is lower than in Ref. 4 (338 K). Using
this value for the Debye function (with the addition of elec-
tronic contribution), we calculated the theoretical temperature
dependence of specific heat (Fig. 4, dashed curve) based on
the Debye model, assuming all 4.18 atoms contributing by
acoustic modes. The fact that this model goes much higher
than the real data can be understood by Einstein modes, some
of them with high characteristic energy, better describing
the H vibrations. Relatively high slope at room temperature
indicates that the classical limit (104.26 J mol~! K~') plus
the electronic term (8.76 J mol~! K~! at 300 K) would be
gradually approached at elevated temperatures.

Hydrogenation of several U-rich compounds has been
described in literature. For instance, UgCo, which is a weak
paramagnet and superconductor, crystallizing in the body-
centered tetragonal structure, quite remarkably forms the
hydride UgCoH;g with a structure almost identical (as well
as the value of lattice parameter) to that of 8-UH3. UsCoH;g
is a ferromagnet with T = 185,'® which is marginally higher
than B8-UH3; (=170 K) (Ref. 3). A similar result is observed
in UgFe, found to absorb H up to the stoichiometry UgFeH .
The Curie temperature reported (T¢ = 173 K) is identical
to that of 8-UH3.!"” UgMn and UgNi most likely behave in
the same way.”® Here, we notice that none of these hydrides is
amorphous. Besides, the structure pattern of S-UH3; dominates
in all hydrides of these U-based compounds. On the basis of
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>TFe Mossbauer spectroscopy, it was suggested that Fe atoms
occupy one of the two U positions of the -UHj3 structure.'”
In the case of the hydride of the splat-cooled U-Mo alloys
exhibiting the bee phase, such as UH3Moy 5, the amorphiza-
tion induced by hydrogenation was obtained. We have to
point out here that the amorphization due to hydrogenation
is not uncommon. It was already found, for example, in
numerous rare-earth Laves phases’'>* or compounds, such
as La,Pd,In,?* especially when hydrogenation was performed
without increasing temperature. The reason can be seen in
the tendency to locally form a structure pattern which does
not allow a periodic coverage of a three-dimensional lattice.
We may speculate that the reason for the amorphization is
that Mo, unlike Fe, is not able to substitute U in the regular
B-UHj; lattice. Lack of affinity of Mo to H, which does not
form any binary hydride, certainly plays a role because Mo
with its atomic radius 1.40 A is closer to U (1.56 A) than Fe
(1.26 A), so the Mo substitution would be easier, seen from the
point of view of atomic size. A model assuming that we deal
with regular 8-UHj3 with the coherence disrupted by Mo atoms
with the mean spacing below 10 A can explain the 1U-3H ratio
maintained in the hydride.

As to magnetism, we cannot expect any contribution from
Mo with a rather broad 4d band. The fact that we obtained
an amorphous compound with 5f ferromagnetism at 200 K
is quite extraordinary. Rapid quenching techniques succeeded
to amorphize some U alloys, such as UgsT34 (T = Fe,Co,Ni),
which were reported to exhibit spin-glass characters and very
low magnetizations.”> In fact, such metallic glasses were
later found to be superconducting.?® Ternary amorphous (and
icosahedral) materials of the type PdgoUyoSiyy were also
found to be nonmagnetic, resembling to some extent UPds3.?’
Early attempts to synthesize amorphous materials by sputter
deposition were performed without dedicated UHV equipment
and most likely led to the production of amorphous oxidic
materials.”® Nanocrystalline UFe,,,’s have T, exceeding
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200 K, but the magnetic ordering is driven mostly by the
Fe-3d magnetism.”’ The same situation is very probable
for sputter-deposited films of such composition.® In fact,
experiments with introducing disorder in a gradual way into
the antiferromagnet UN (Ref. 31) or ferromagnet US (Ref. 32)
indicate a tendency to suppress magnetic ordering and the
size of magnetic moments. In this context, the enhancement
of the Curie temperature in amorphous material comparing
to B-UHj; is very surprising. We assume that the commonly
seen suppression of U magnetism due to randomization can
be due to the sign of exchange interactions, varying from
one site to another, amounting eventually to the moment
destruction in the band magnetic systems. On the other hand,
B-UH3 can still be in the range of purely ferromagnetic
interaction between nearest neighbors, so the variation in the
U-U spacings does not act destructively. Supporting arguments
are both theoretical works on hybridization-induced exchange
interactions, which is ferromagnetic in the short U-U (bonding)
directions,* and systematic occurrence of 5f ferromagnetism
only at moderate U-U spacings, whereas, at high spacings
antiferromagnetism dominates.>* The increase in T¢ could be
attributed to somewhat higher 5f localization due to increasing
mean U-U spacing (due to embedded Mo atoms), as opposed
to the negative effect of hydrostatic pressure on 8-UH3.? The
reasons for the T variations can be, however, less explicit, as
shown by the theoretical analysis of the 7¢ enhancement due
to amorphization in Co as opposed to Fe.?> Experiments with
varying concentrations of Mo or other dopants as well as ex-
periments under pressure should bring more light to this issue.
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