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Many metals form hydrides by incorporating hydrogen on interstitial sites. Such
systems have been the subject of extended studies, and their synthesis and understand-
ing is still a challenge for both experimentalists and theorists. General reviews on the-
se subjects have been given by various authors [1-5]. In this review we will focus on
the hydrides of nickel and nickel-based alloys. The incorporation of hydrogen into
d-transition metals affects the filling of the d-band and, as a consequence, the density
of states at the Fermi level. This leads to remarkable changes of physical properties,
such as the electrical conductivity, the specific heat, and last but not least, the magne-
tic behaviour.

Nickel hydride was first reported in 1959 by Baranowski and Smialowski [6]
who, by continuing preceding promising experiments [7], succeeded in hydrogena-
ting nickel electrolytically by lacing the electrolyte with promotors, and whose the-
ory proved to the most successful. This was nearly a century after palladium, the 4d
homologue of nickel, was found to take up hydrogen, when used as cathode in an elec-
trolytic cell [8,9]. The hydride of nickel was the first hydride of a ferromagnetic metal
of'the iron group ever obtained. As palladium looses its strong Pauli type paramagne-
tism, when it is hydrogenated [10], nickel looses its ferromagnetism by hydrogena-
tion [11-13]. In either case, the influence on the magnetic properties of the metal can
be understood as a consequence of the filling of the d-band of the transition metal with
electrons donated by the hydrogen. This conception was also supported by the dis-
appearance of a step at the X-ray K-absorption edge of nickel on hydrogenation [14].

Like palladium hydride, nickel hydride is formed by an isomorphous transforma-
tion, in which the metal sublattice expands, but retains its fcc structure [15,16]. The
hydrogen occupies the octahedral interstitial sites [17]. The complete filling of these
sites corresponds to a hydrogen-to-metal ratio of x = 1 and a sodium chloride structu-
re. Again, like in the case of palladium [9], there is a miscibility gap in the Ni-H sys-
tem [6,11,13,18], which at ambient temperatures exists either as the a-phase,
containing but very little hydrogen, or as the hydrogen-rich 8-phase, for which com-
positions of 0.7 < x < 1.0 at ambient temperature have been reported [6], but which
appears to have H/metal ratios that are rather close to unity. Since the lattice parame-
ter of nickel is about 10% smaller than that of palladium, the relative lattice expansion
of 5.6% fully hydrogenated nickel is substantially larger than that of palladium with
about 3.6% [9,15]. This may be one of the reasons, why it is more difficult to hydroge-
nate nickel than palladium, i.e. that in case of nickel a much higher hydrogen activity
(about 8 orders of magnitude) on the surface is needed.

The formation of nickel hydride by contact of the metal with gaseous molecular
hydrogen was initiated in the early sixties, when Baranowski tried to suppress the loss
of hydrogen from electrolytically produced nickel hydride by compressing hydride
pellets in a steel piston apparatus, producing there under self sealing quasi-hydrosta-
tic pressures up to 2 GPa [19]. In subsequent experiments with a high pressure cell,
that was specially designed to prevent hydrogen losses and in connection with a spe-
cial kind of preparation for a now necessary large amount of nickel hydride [20], the
decay of nickel hydride could indeed be halted merely by the hydrogen pressure built
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up by the own hydrogen desorbed from the hydride [21,22]. In such experiments the
decomposition pressure of nickel hydride could be determined to be 0.34 GPa at 25°C
[21,22].

Due to hysteresis it was obvious that the formation of Ni-Hgrequired a higher hy-
drogen pressure. This was proved by adding nickel foils to the set of decomposing
nickel hydride tablets; a formation of nickel hydride was never found [22]. Therefore,
the development of a cylinder-piston device allowing the compression of hydrogen
gas to a pressure of about 1 GPa was required. This finally resulted in the first synthe-
sis of nickel hydride by direct contact of the metal with molecular hydrogen in the
GParange[23]. The high pressure synthesis of nickel hydride was in fact the first high
pressure synthesis of a hydride. It stimulated the development of high pressure equ-
ipment suitable for in situ measurements of physical properties of such systems
[24,25] and, moreover, opened the way for other high pressure techniques to obtain
new metal hydrides (use of hydrides as hydrogen donor [26], of diamond anvil cell
technique [27]).

1. Preliminary explanation of magnetic and electric properties with respect
to the following sections

‘Magnetization’ measurements have turned out to be an extremely sensitive tool
for studying the hydrogenation of nickel, since the loss of the spontaneous magnetiza-
tion of nickel on hydrogenation can be detected much easier than, for instance, the
suppression of the paramagnetism in the Pd-H system. Sincea -NiH, is ferromagnetic
and B-NiH, is not, the observation of the decrease and recovery of the spontaneous
magnetization during hydrogenation or degassing can be used as a sensitive, non-de-
structive method of monitoring the - phase transition and studying the hydrogen
absorption and desorption kinetics in nickel and many nickel-based alloys, both du-
ring electrolysis [11-13,28,29], section 3, and in high pressure cells [26,30,31], sec-
tions 2 and 6.

Further metal physical information can be obtained from the often considerable
changes of the temperature dependence of the saturation magnetization, Ms(7T). This
is particularly true of the ‘Curie temperature’. For pure nickel the Curie temperature,
T-=358°C, is rather high and high hydrogen pressures are needed to render the Curie
region accessible to hydrogenation studies (section 5), but alloying with elements
like copper lowers the Curie temperature sufficiently for the region of the Curie tem-
perature to become accessible even to cathodic hydrogenation [32—34]. In the second
halfofthe sixties the hydrogenation of alloys by promoter-assisted electrolysis was in
fact studied in this way, including X-ray diffraction analysis [32—37]. These investi-
gations, as well as studies of the hydrides of nickel-chromium alloys [38], yielded the
first data on the properties of the hydrides of nickel alloys.
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Magnetic in situ measurements of the shape hysteresis loop or of parameters like
the ‘coercitivity’ or the ‘remanence’ often provide further insight into the processes
taking place during the ‘formation’ of the hydride phase [13,28,29] and during the
precipitation-like ‘decomposition’ of the hydride [11,13,28,29] (section 3).

‘Mossbauer spectroscopy’ has also turned out to be a valuable tool for studying
the magnetic properties as well as the microscopic structure of nickel hydride, al-
though it requires the introduction of a probe isotope into the nickel lattice, since the
Mossbauer resonances in nickel itself are not well suited for routine studies. On the
other hand, Mossbauer spectroscopy in this way maked it possible to study the diffu-
sion and distribution of hydrogen-near impurities in the nickel lattice (section 4).

The ferromagnetism of nickel further allows the application of metallographic
decoration techniques to depict details of the process of decomposition of the hydri-
de phase [39]. Together with optical micrography, such experiments yielded convin-
cing visual support for observations by other, less direct methods (section 5).

The high concentration of interstitial hydrogen in the metal matrix of the presen-
ted hydrides, connected with large lattice expansion as mentioned, leads to drastic
metallurgical consequences, comparable to those occurring at common alloys. That
suggests the application of conventional methods — here of the ‘magnetothermal ana-
lysis’ using significant changes of the temperature dependence of the saturation ma-
gnetization — for studying the constitution of metal hydrides as demonstrated on
sequences of Ni-Cu and Ni-Cr alloys (section 5).

The above-mentioned possibility to obtain nickel-based hydrides by application
of high pressure gaseous hydrogen opened new possibilities of intending the research
among others especially in connection with suitable devices towards higher tempera-
tures and so has helped to enlarge the knowledge about these systems (section 2 and 6).

The research concerning the influence of iydrogen isotopy on nickel-based me-
tal-hydrogen systems was begun by Baranowski already in 1962 [40] and it rests upon
the aforesaid methods. The hitherto existing results, also in analogy to palladium and
alloys its, among other things show reversed kinetic isotope effects and suggest com-
parison with theoretical findings (section 7).

The “electrical conductivity’ is another property that can easily be studied in situ
during cathodic and during high pressure charging with hydrogen. The behaviour of
the electrical resistance on hydrogenation is generally dominated by the scattering of
electrons on lattice sites with the interstitial hydrogen, leading to an increase of the re-
sidual resistance and on the other hand in case of magnetic materials to a decrease of
the temperature dependence of the resistance, due to the decrease of the s-d-scatter-
ing, because of the neutralization of the magnetic moments by filling of the d-holes by
the hydrogen electrons [41-43].

In case of nickel and its ferromagnetic alloys, the electron scattering is sensitive
to the spontaneous magnetization and gives rise to the ferromagnetic resistance ano-
maly [44]. Already the first measurements of the electrical conductivity of Ni, ;Cu, 3
alloys during cathodic hydrogenation [32] drastically reflected the suppression of the
ferromagnetic resistance anomaly in the region of the Curie temperature by the inter-
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stitial hydrogen, and conversely demonstrated the ferromagnetic origin of this ano-
maly.

A separate direction of investigations — grouped in Section 8 — led to findings
which conversely let the hydrogen also appear appropriate as a tool for analysing ma-
gnetic conditions, ase.g. gave rise to anomalies at nickel-based alloys, which are also
expressed in transport properties, because of the neutralization of the matrix ferro-
magnetism in connection with the interstitial insertion of the hydrogen. The reason
for these appearances — according to the alloy partner and its concentration — is to be
seen in the separation of local magnetic moments of ‘impurities’ or in the isolation of
‘giant moments’ in connection with ‘cluster’ magnetism. The magnetic character of
such phenomena can be tested directly by magnetic measurements, but more easily by
measurements of the electrical resistance of such metal-hydrogen systems under the
influence of magnetic fields, i.e. of the ‘magnetoresistance’.

By means of selected examples the following sections may now show the effect of
the incorporation of interstitial hydrogen, as well as of deuterium, into the metal ma-
trix of nickel and nickel-based alloys on its magnetic and transport properties.

2. Phenomenological phase-surface of a metal-hydrogen system for placing
experimental findings

For a comprehensive understanding of the complex correlations of pressure, tem-
perature and the atomic ratio of H/Me of such metal-hydrogen systems under thermo-
dynamic equilibrium conditions, a schematic conception for P-T-C ‘phase diagrams’
of the metal-hydrogen systems, mentioned before, will be helpful in order to place
experimental findings.

Fig. 1 shows a qualitative three-dimensional phase-surface of a fictive metal-hy-
drogen system with a ferromagnetic starting-matrix [49]. The scheme figures present
the different regions of hydrogen concentrations under thermodynamic equilibrium
conditions and the possible magnetic state connected with them.

On the left the low-concentrated a-phase is placed, which — according to the posi-
tion of the Curie temperature — corresponds to the ferromagnetic state concerning
‘primary’ ferromagnetic properties as saturation magnetization and Curie temperatu-
re under normal conditions, which is practically not influenced by hydrogen. Here,
however, ‘secondary’ magnetic phenomena, like hydrogen-induced after-effects
[50], can take place. The right part of Fig. 1 represents a high concentrated S-phase,
being in many cases non-ferromagnetic.

Between these regions of pure a- and pure S-phase, below the “critical point” of
phase separation, a- and 3-phases coexist and correspondingly the ferromagnetic and
the non-ferromagnetic state, as could be found for the first time in 1961 by magnetic
measurements ‘in situ’ during the electrochemical hydrogenation of nickel [11]. It
turned out that the saturation magnetization of nickel decreases linearly with incre-
asing hydrogen content up to an atomic hydrogen-to-nickel ratio H/Ni of about 0.7,
where ferromagnetism disappears [11,13]. In analogy to the Pd-H system, the lineari-
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Figure 1. Assumed phase-surface of a metal-hydrogen system with a ferromagnetic & -phase and a ferro-
or non-ferromagnetic B-phase.
e critical point of phase separation [49].

ty implies the existence of a large miscibility gap, i.e. the coexistence of two phases:
the aforesaid ferromagnetic a-phase with H/Ni below about 0.03 and the non-ferro-
magnetic B-phase with H/Ni > 0.7. In this region the useful magnetic investigations
on the kinetics of the mentioned hydride formation and decomposition processes be-
come possible [29].

Above the critical point — in the one-phase region of solid solution — a continuous
magnetic transition in dependence on the concentration of the hydrogen seems to
occur.

Of course each alloy system has its own ‘phase-surface’, which moreover also de-
pends on different metallurgical processes in the alloy matrix, that may occur in de-
pendence on the hydrogenation conditions.

Generally, it is an essential goal to explore corresponding phase-surfaces under
thermodynamic equilibrium conditions. In most of the presented alloys, however,
these conditions can scarcely be defined quantitatively in an electrochemical way, but
— as mentioned above — in all cases by the application of high pressure hydrogen
[52,53]. This is valid in particular for the considered metal-hydrogen systems, where-
by the useful evaluation of their ferromagnetic nature, including the Curie temperatu-
re (Ni: 631 K) for determining corresponding phase transitions — because of the
instability of these systems, which sets in already under normal conditions — necessa-
rily requires the application of a high pressure of gaseous hydrogen in GPa range.
These demands are not easy to accomplish, because of the necessity to combine high
pressure and high temperature techniques applied to gaseous hydrogen.
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In this stage, in the middle of the 1970s, first experiments could be started concern-
ing magnetic ‘in situ’ measurements at the system Ni-H, under high hydrogen pressu-
res: As an outcome of a cooperation of the University of Munich with B. Baranowski
of'the Polish Academy of Sciences in Warsaw, it became possible to record the change
of the saturation magnetization of Ni-H, during the hydride formation under high
pressure gaseous hydrogen by a specially developed miniature magnetometer
[30,31]. At the same time and independently, the high pressure group under E.G. Po-
nyatovsky of the Russian Academy of Science in Chernogolovka succeeded in recor-
ding the change of the Curie temperature of Ni during high pressure hydrogenation by
applying a differential transformer method [26].

It should be mentioned here that the Russian group developed a special method
for obtaining high hydrogen pressures. The method bases on avoiding an external hy-
drogen source and on using a hydride placed in the high-pressure chamber as a donor
of hydrogen, due to decomposition by heating, and has so allowed to extend investi-
gations under hydrogen pressures up to about 9 GPa at temperatures from about
—150°C to 500°C. This possibility enabled the Russian scientists to synthesize further
hydrides of transition metals of the groups VI to VIII in the periodic table as e.g. of
iron, cobalt, molybdenum, rhodium, technetium, and the exploration of corresponding
phase diagrams [42—-46]. For an extended review see [43].

Hydrogen in this device was not pure, but included organic compounds — thus, the
real hydrogen activity was surely lower than the one calculated from the pressure ap-
plied. This results in lower formation pressures of the hydrides in pure hydrogen envi-
ronment.

In the following, within the scope of the outlined development of the nickel hydri-
de research, we are dealing with some investigations of these systems performed in
Munich and such carried out in cooperation with B. Baranowski in Warsaw, in the
first place based on their magnetic behaviour.

3. Investigations at cathodical hydrogenation of nickel and nickel alloys.
Formation and decomposition of the hydride phase

The interstitial hydrogen insertion in nickel, accompanied by the cancellation of
its spontaneous magnetization, correspondingly also delivers successively lowered
curves for the temperature dependence of its saturation magnetization, M(7), which
remain similar to the starting curve with no change of the Curie temperature 7. That
corresponds to the reduction of the magnetically effective cross section by a frontal
progression of the non-ferromagnetic hydride phase in the sample (from both surfa-
ces of a flat foil) and can be used for following the kinetics of the hydrogen absorption
‘in situ’ [28]: see e.g. Fig. 2. The proportionality already mentioned between the
change in saturation magnetization and the change in the amount of interstitially ab-
sorbed hydrogen [11,13] can be expressed by
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where m, is the final amount (i.e. My=O), and mthe amount of hydrogen absorbed by
nickel up to time ¢.
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Figure 2. The linear decrease of the saturation magnetization M sof nickel foils of different thicknesses

during hydrogen charging (at 15.3°C), plotted against a quadratic time scale in connection with
the foil thickness, confirms the \ft— law for diffusion. Mso means the saturation magnetization

of the uncharged samples [29].

The square root dependence at the absorption of hydrogen in nickel to be seen
from Fig. 2 also results from the sequence of metallographic cross section pictures of
Ni-foils, Fig. 3, which were exposed to cathodic hydrogenation for different times
and, after ‘outgassing’ or desorption of the hydrogen and due to remaining visible cry-
stal comminution, confirm the frontal diffusive character of the advancing hydride
phase with direct measurable penetration depth [62,63].

In connection with the respective quantity of absorbed hydrogen a trapezoidal
concentration profile can be confirmed, which is practically preserved until the fronts
meet in the middle of the sample foil: Fig. 4[29,62,63]. This is in accordance with the
magnetic results.

The time dependence of the reduced saturation magnetization is well represented
by

&=1_l Qu\ﬁ )
Mo d\2 c
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whered is the thickness of the foil, D an average value of the diffusion coefficient for
hydrogen in the f-phase, ¢, the hydrogen concentration at the surface of the foil, ¢, the
concentration of hydrogen at the B/« interface, and ¢ the charging time.

Figure 3. Optical micrographs of cross sections of Ni-foils after cathodic hydrogenation during 4", 16",
48" (at 33.4°C), followed by desorption of the hydrogen, showing increasing penetration
depths of the hydride phase by means of frontal crystallite cracks caused by the jump of lattice
parameters (about 6% [15]) between 3- and a-phase.
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Figure 4. Scheme of the concentration profile (cg, ¢ 1) of the advancing hydride phase (NiHg) in a nickel
foil of the thickness d during cathodic charging with hydrogen [29]. x(¢) time-dependent pene-
tration depth; Mg, My, as in Fig 2.

In agreement with corresponding measurements of the electrical resistance, also
performed ‘in situ’ with an alternating-current bridge [64], the magnetic measure-
ments for the interstitial insertion of the hydrogen in nickel yield a diffusion coeffi-
cient of about 107'°-10"" cm?s [29], i.e. some orders of magnitude lower in
comparison with the case of palladium with around 10~ cm?s [9].

Measuring methods of this direct kind in view of the metallurgical process also
permit the determination of apparent activation energies £,, which for the process of
hydride formation in case of the Ni-H delivered the value £, = 27 kJ/mol [29].

Astothedecomposition of the nickel hydride in connection with the desorption of
hydrogen, the magnetic determination delivers values up to 58 kJ/mol for the appa-
rent activation energy £, [29]. Compared to the process of hydride formation, in case
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of decomposition of the hydride, the course of ‘primary’ and of ‘secondary’ ferroma-
gnetic properties —characteristics of metallurgical processes in common alloys —, too,
indicates a clear difference of mechanism. There have already been a few investiga-
tions dealing with this problem [11,28,65—67], which in addition to a change in the
temperature dependence of the saturation magnetization Ms, show a change of the hy-
steresis loop i.e. of its characteristic quantities as of remanence/. and especially of the
coercivity H., which is passing a maximum in the time slope during the decomposi-
tion of nickel hydride.

These investigations have led to the conception that hydrogen during decomposi-
tion does not leave behind a more or less uniform region of pure nickel, but preferably
starts at internal surfaces in the form of grain boundaries and lattice imperfections,
which are distributed over the whole sample in a manner comparable to precipitation,
whereby small ferromagnetic particles arise in a non-ferromagnetic matrix: we rece-
ive a picture known e.g. at heat treatment of the common nickel-copper alloys with
small iron contents, but in contrast to that, the processes in the present case occur at an
essentially lower temperature region, and then occur significantly faster.

Generally, the maximum of H, characterizes the transition from firstly superpa-
ramagnetic micro-particles by increasing in size to ‘mono-domain’ particles with sta-
ble magnetization, which finally grow into ‘multi-domain’ particles with a
Bloch-wall-structure, which leads to a decrease of H. [56,57].

For a further proof of this conception in the present case of a hydride decay, the
size- and field-strength-distribution of the Barkhausen-discontinuities, caused by ir-
reversible Bloch wall displacements, was investigated during the desorption of hy-
drogen [57]. The Barkhausen-discontinuities (‘jumps’ resp.), which are
discontinuous changes of the magnetization during a continuous change of the ma-
gnetic field, induce voltage impulses in a coil surrounding the sample, which are pro-
portional to the change of the magnetic moment of the sample. An electronic
measuring device allowed to record the number and the time slope of the Barkhau-
sen-impulses during alternating magnetization, as well as the size distribution of the
jumps. The quantity to be measured may be explained by Fig. 5 [57-59].

If a sample becomes magnetized along one branch of the hysteresis loop, the Bark-
hausen-jumps preferentially arise at its steep part. The number of jumps per field
strength unit approximately has the course presented below. The maximum of the cri-
tical field strength HK need not coincide with the coercitivity H,. The area below this
curve is proportional to the total number of the Barkhausen-jumps. The sensitivity of
this measuring device allowed to detect jumps with a magnetic moment greater than
5.8x107 A-m’.

The presented investigations were made at cathodically hydrogenated [6] nickel
foil samples of a thickness of 6um. In Fig. 6 [57] the time slopes of the saturation ma-
gnetization /; and of the Barkhausen-jump-number n during the desorption of the hy-
drogen at room temperature are plotted. At the beginning, i.e. at optimal (at an atomic
ratio H/Ni>0.7) hydrogenated nickel, / is practically zero, and at first increases fast,
then slowly and after about 10 hours reaches the value of pure nickel. In contrast to
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Figure 5. For explanation of the quantity to be measured (schematic). — Above: hysteresis loop. — Below:
jump number per field strength unit as function of field strength.

this, the start of the Barkhausen-jumps is delayed: in the present case ca. 100 min be-
fore the first jump of the above-mentioned size arose, although within this time /; had
already rosen to 30% of its maximal value, i.e. 30% of the material had already beco-
me ferromagnetic. In the further course, the number of jumps strongly increases, pas-
ses a maximum and then decreases fast, whereby the value of the uncharged sample
with n, = 20070 is not reached again.

The size distribution of the Barkhausen-jumps in the different states of desorp-
tion, as well as those of the uncharged sample, are presented in Fig. 7 [57]. [tis signifi-
cant to see that at the beginning of the decay of the nickel hydride, only small jumps
arise, bigger ones take place only later; the values of the uncharged sample are not re-
ached again.

The delay of Barkhausen-jumps at the decay of the nickel hydride, as well as the
increase of the mean jump size during the desorption of the hydrogen, can be explain-
ed by the formation and the growth of small ferromagnetic particles in a non-ferroma-
gnetic matrix. Below the starting point of the Barkhausen-jumps, this tendency
indicates the existence of ferromagnetic particles with a volume of aboutv=10"cm’.

The fact is that the observed maximum of the jump number » of a ferromagnetic
nickel phase, which is rebuilt at about 70%, can correspond to the beginning of the
particles growing together as well to the observed decrease of H. and H;.
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Figure 6. Time slope of the saturation magnetization /; and the Barkhausen-jump number » during the
desorption of the hydrogen at 20°C.
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Altogether, the results support the conception of the decay of the nickel hydride,
which is comparable to the precipitation of common alloys. This also suggests the fol-
lowing metallographic investigation: the transfer of a magnetic ‘decoration tech-
nique’ [39] responding to the coexistence of ferromagnetic and non-ferromagnetic
regions — based on a modification of the well-known Bitter method according to Hu-
tchinson ef al. [70] and proved in a preceding paper [71] — permits the direct detection
of the occurrence of the ferromagnetic a-phase precipitation (corresponding to the
miscibility gap in the phase surface, Fig. 1) in a decomposing (non-ferromagnetic)
hydride or NiHg — matrix resp. Here, by the settlement of small ferromagnetic iron
particles produced by evaporation in argon atmosphere and attracted by the magnetic
stray field of the sample surface, which finally can be observed at the respective spots

in an optical microscope as blackenings (‘Bitter powder pattern’), the dispersed natu-
re of the a-phase precipitations, clearly identified by their ferromagnetism, is made
visible: Fig. 8.

e Ty : o 3 - —" 4
Figure 8. Detection ofa-phase precipitations in decomposing NiHg by ‘Bitter powder pattern’. The opti-
cal micrographs are showing the same part of the (100) — surface in only slightly different
a+f-states of desorption of f-NiH; (a) before, and (b) after decoration with iron particles, [39].

This example may generally show the usefulness of these methods of ‘visualiza-
tion’ for analysing of local particularities of phase transitions in metal-hydrogen sys-
tems with ferromagnetic components, especially in the two-phase region of the phase
surface, Fig. 1.

The results from the Ni-H system, as well as the analogous behaviour of the palla-
dium-hydrogen system, suggest a comparison with the corresponding substitutional
alloys —according to the displacement rule, thus, with nickel-copper or palladium-si-
lver resp. As at cathodic formation of Ni-Hg, also in case of ferromagnetic nic-
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kel-copper alloys, it is possible to follow the hydrogen absorption magnetically, due
to the cancellation of the spontaneous magnetization by interstitial hydrogenation,
whereby one can also suggest that the hydrogen progresses in a more or less frontal
shape from the sample surfaces. Thus, the magnetization curves of the (annealed) fo-
ils of Niand Ni-Cuin Fig. 9, [36] (as in Fig. 2) represent the decrease of the magnetic
regions between the hydride fronts up to the non-ferromagnetic state, evidencing the
complete pervasion of the sample material with hydrogen. One can recognize the si-
gnificant increase of the penetration velocity of the hydrogen with increasing
Cu-content, which is also connected with the enlarged lattice parameter, caused by
the copper presence [35,36].
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Figure 9. Decrease of the saturation magnetization M s of nickel and nickel-copper foils (of 20 4m thick-
ness) during cathodic absorption of hydrogen at 20°C. Mg saturation magnetization of the un-
charged samples. (Dashed line: example for diminished hydrogen absorption in case of first
charging of unannealed material) [36].

The decomposition process of the hydrides and so the desorption velocity of the
hydrogen is, in a complicated manner, dependent on the preliminary treatment of the
material (incl. repeated hydride forming and decomposition cycles), which is reflec-
ted in the time course of the restoring magnetization as well as in the eudiometrically
determined amount of the hydrogen desorbed in the respective time. In contrast to the
clearer behaviour of the absorption, the desorption process is not yet completely cla-
rified”.

? Possibly X-ray findings play a part for the fact that many samples show weak copper-lines, which point to
Cu-segregations [36,37]. — Especially, in case of repeated hydrogenation cycles (’training’) the surfaces of
sample foils with higher Cu-contents showed a reddish discolouring, perhaps also as an indication for a
preferred transport of copper atoms in the main hydrogen desorption direction (H.J.B.).
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In spite of the variety of the appearances in all cases — independent of the mentio-
ned preliminary treatment and contrary to the respective amount of desorbed hydro-
gen — a time lag behind of the returning magnetization could be observed in [36],
which corresponds to an ‘overcharge-part’.

The expansion of the nickel lattice by interstitial hydrogen [15], mentioned at the
beginning, of course suggested corresponding studies at the alloys of nickel. In this
sense X-ray investigations at the Ni-Cu-H system have been started by B. Baranowski
and S. Majchrzak [35], and at Munich University as well [29]. The results of both gro-
ups are in agreement and show the correspondence of the behaviour of the Ni-Cu-H
alloys with that of the system Pd-Ag-H [72] keeping the fcc lattice.

The mentioned occurrence shown of an ‘overcharge-part’ connected with hydro-
genation is — as to be seen in Fig. 10a —also reflected in the course of the lattice para-
meters of the system Ni-H during the desorption of the hydrogen: The continuous
sloping down of the first part of the curve corresponds to the reduction of the oversa-
turation of the hydride-rich -phase with atomic ratios 1.0 > nu/nni = 0.6°.

This appearance of an additional — continuous — lattice expansion is also known at
the system Pd-H [72].
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Figure 10. Lattice parameters of the systems Ni-H and Ni30at%Cu-H during desorption of the hydrogen
at 30°C [36].

In the same way the a-phase presents itself as an only slightly pronounced lattice
expansion, decreasing continuously with the desorption time. But for pure nickel it
cannot be decided clearly if the lattice widening at the a-phase is directly caused by
hydrogen solved in low concentration or by strain around still existing S-phase re-
gions. Findings about the coexistence of a- and S-phases at the system Ni-H are re-
ported in [33].

Fig. 10b shows an example for the similar behaviour of the Ni-Cu-H system found
at 10, 20, 30 and 35 at % Cu content: the maximal lattice expansion of the a-phase in-

3 A correlation with electron diffraction results in [16] about a larger lattice parameter at the surface of the
Ni-H system as compared to bulk Ni-H cannot be excluded.
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creases with growing Cu-content, whereas the stationary lattice expansion of the
p-phase is diminished.

As shown in Fig. 11, a simultaneous presentation of the measured lattice expan-
sion Aa (without over-charging) and the atomic ratio nu/N (N =nni + ncy) vs. copper
content of the samples is of particular interest, whereby of course the nu/N values still
contain the over-charge part (for two pre-treatment cases): thus, also the hydrogen in-
serted additionally, after the formation of the 8-phase — similar to the behaviour of dis-
ordered mixed isomorphic crystals — causes a further continuous lattice expansion as
in Fig. 10. The fact alone, that inspite of different pre-treatments of the material the
hydrogen solubility decreases to a Cu-content of about 60 at% indicates the correla-
tion with a respective number of empty states in the d-band.
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Figure 11. Atomic ratio ny/N and lattice expansion Aa of NiCu-phases at 20°C. ny, N quantity of hydro-
gen — resp. alloy-atoms. x annealed, A unannealed but ‘trained’. 4 means magnetic moment

per atom (cit. in [36]).

From the equality of the numerical value of ny/N of the stationary B-phase at the
NiCu-alloys and of the mean magnetic momentu(NiCu) per atom (measured in Bohr
magnetons) and on the other side from the validity of the Vegard’s law proportional to
the lattice expansion Aa follows

Aa(NiCu) = const- u(NiCu) 3)

That means, that the H-concentration of the (non-oversaturated) 8-phase corresponds
to the respective d-band filling.
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For an exact knowledge of the correlation between the cancellation of the sponta-
neous magnetization and the hydrogen concentration needed for it, the production of
a homogeneous non-ferromagnetic hydride phase is an important precondition for a
controlled decomposition process, as well as for the determination of both the maxi-
mal amount of the interstitial hydrogen in the regular octahedral sites and that mini-
mal amount, required for cancelling the magnetic moment of the host. For this,
instead of electrochemical methods [6], the application of high pressure gaseous hy-
drogen was chosen [23,52]. With values above 1 GPa, which exceed the respective
hydride formation pressure, an atomic ratio ny/ny, = 1 could nearly be attained in all
cases, which corresponds to an occupation of all octahedral sites of the fcc lattice with
hydrogen, see Fig. 12 [76]: The decomposition of the hydrides (performed stepwise
on a set of samples because of the mass-spectroscopic analysis) monitors the release
of hydrogen from the octahedral sites and the emptying of d-holes, which is reflected
in the rising values of Msmeasured at 4 K.

100

80

60

40

Mg/Mgy (%)

20

Figure 12. Correlation between saturation magnetization Ms at 4 K and hydrogen concentration, ex-
pressed by the mean atomic ratio np/nm. for Ni and different Ni-Cu alloys. (Mso saturation
magnetization before hydrogenation. Each measuring point represents a separate sample.
Mean sample thickness: 12 um). Curves A,B,C,D in the insert obtained from the correspond-
ing intersection points of the horizontal dashed lines with the measuring curves in the figure
show the ny/ny,, values of the Ni-Cu alloys vs. alloy degree for successive decomposition
stages of the corresponding hydrides, which are characterized by the same Mg/Mjo of the re-
stored ferromagnetism. Curve D of the insert shows the minimal H required for cancelling the
magnetic moment of the different Ni-Cu alloys considered for the case of a restored ferromag-
netism of Mg/Mso = 0.8 [76].

The graphs in Fig. 12 show that the hydrogen concentration, needed for a reduc-
tion of the respective magnetic moment equivalent for all alloys, decreases approxi-
mately linearily with increasing Cu-content. Here, especially at the curves C and D,
which represent stages with an extensive removed overcharge-part, at a Cu-content of
60 at% the value zero is reached. That is a significant indication of the parallelism be-
tween hydrogen insertion and the occupation of empty states in the 3d-band (at 60 at%
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Cu the d-holes of nickel are completely filled up [29]). This minimal atomic ratio of
ny/nye=0.6%=0.1 could also be obtained by neutron-diffraction measurements [17].

As a further example for dealing with this complex of questions, the ferromagne-
tic alloys of nickel with chromium of 2 to 7 at % were chosen [38]. They also absorb
hydrogen in high concentrations, followed eudiometrically, until they form a §-pha-
se, and they loose their ferromagnetism by interstitial hydrogenation, combined with
reversibly enlarged lattice parameters of some percent — decreasing with increasing
Cr-content.

The variation of the lattice expansion Aa with Cr-content is, in some way, similar
to the proportionality of Aa with the mean magnetic moment, found in case of
Ni-Cu-hydrogen alloys, but deviates in a characteristic manner. Possibly this is due to
the fact that chromium has only a half-filled d-shell.

X-ray investigations also showed an additional increase of Aa by supersaturation
of the B-phase and the occurrence of a second phase with very low values of Aa (for
details see [38]).

4. 'Fe Mossbauer spectroscopy on nickel-based hydrides™

For winning further insight into the microscopic structure and processes of nic-
kel-based hydrides and its formation, the Mdssbauer spectroscopy has been integrated
in the investigations. Mossbauer studies on dilute substitutional iron in electrochemi-
cally hydrogenated nickel have shown, that the electron density at the iron nuclei is
reduced by hydrogenation [78,79,80]. Concerning the question of the influence of the
degree of occupation of interstitial sites by the hydrogen, the Mdssbauer investiga-
tions on electrochemically produced hydrides have in addition also been extended to
those won by application of high pressure gaseous hydrogen [81].

Fig. A shows some typical Mossbauer spectra. The electrolytically loaded sample
still contains 15% of the magnetica -phase. From the mean hydrogen content H/metal
ratio of x=0.87 one estimates x = 1.02 S-phase fraction. The pressure-loaded sample
with x = 1.02 consists of the pure S-phase. The spectra were interpreted in the same
manner, as has been successful for >’ Fe inf-PdH, [82-85], i.e., by assuming that the
quadrupole interactions are negligibly small, and that the isomer shift increases line-
arly with the number i of nearest neighbours surrounding a Mdssbauer atom, but else
do not noticeably depend on the hydrogen content. Like in the case of PdH,, the main
support for the crucial assumption that quadrupole interactions can be disregarded
stems from the spectra measured in external magnetic fields [81].

The analysis of Mdssbauer spectra of dilute °’Fe probes in nickel hydrides shows
that it depends on the method of preparation and on temperature [81]. The spectra
show thatiron in3-NiH, (x = 1) interacts repulsively with hydrogen in a similar man-
ner as in palladium hydride [82-85].

*Special indication of figures (A, B) in this section.
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Consequently the number of hydrogen atoms next to the probes increases with in-
creasing temperature, as the repulsive interaction is overcome by thermal activation.
The hydrogen environment, existing near room temperature, can be frozen in by rapid
quenching. The relaxation of such non-equilibrium states towards equilibrium was
observed between 130 and 150 K in isochronal and isothermal annealing experiments
[86].

So the Mossbauer experiments detected at the surface a mobility of the hydrogen
already at these low temperatures [86]. This reflects an important difference between
the two systems, due to the relatively slow diffusion of hydrogen in NiHg and this ren-
ders relaxation effects not seen in the Pd case, observable in nickel hydride [86].

100 100

99t 99+

o8} 98

97t 97t

96t g 96

o5, A Joesb oo, Y
= -6 -4 - [) a4 6 15 1.0 -05 0 05 10 15
énoo 100
& oot o9}
0 gsl o8}
7 98
% 97t 97t
Z 96t b 96r e

15 10 -0.5 0 0.5 10 15 15 .0 -05 0 05 1.0 15

100 H 100t

99} 99

98} 98}

S7h 97

96l ¢ 9%r ¢

os| 95}

15 005 0 05 10 15 -15 -10 -05 0 05 10 15

VELOCITY [mm/s] VELOCITY [mm/s]

Figure A. Méssbauer spectra of °’Fe in Ni hydrogenated electrolytically (left) and under high pressure
(right). Spectrum (a), taken at 75 K, represents an as-quenched NiH, sample with a mean hy-
drogen content of x = 0.87, which still contains 15% of the magnetic phase. All other spectra
were measured at 100 K. Spectrum (b) is again a as-quenched sample measured with a smaller
velocity to show the structure of the hydride pattern. Spectrum (c) was taken after the sample
had been at 150 K for 24 h. The leftmost of the fitted Lorentzian components corresponds to 0,
the rightmost to 6 hydrogen neighbours. Spectrum (d) is of an as-quenched pressure loaded
NiH, ,, sample, (e) and (f) are for the same sample after annealing at 150 K for 1 hand 24 h, re-
spectively. The *’Co:Rh source was always at 300 K.
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The strong repulsion of the hydrogen, especially by the iron at hydrogen-to-metal
ratios very close to unity, motivated Mossbauer studies on hydrides, such as those of
Ni-Cu alloys [88]: in this case the distribution of hydrogen around the iron probes is
expected to be changed to an other element.

Owing to corresponding experiments, the hydrogen-induced isomer centre shifts
for °’Fe in Nip7Cuo 3H, show a strongly non-linear dependence on the hydrogen con-
tent, but are generally higher than those for Fe in hydrides of pure nickel [89], Fig. B,
where below room temperature the non-ferromagnetic §-phase exists only with hy-
drogen contents x = 0.9 [83,88].

The shifts for 3-NiH, show no correlation with the hydrogen content. Such a steep
increase is expected, if there is a strongly repulsive interaction between the hydrogen
and the iron probes, which largely prevents hydrogen from occupying sites next to
iron atoms, except at hydrogen contents close tox = 1.

For the Nip.7Cug 3 alloys (showing no ferromagnetism at hydrogen-to-metal ratios
above x = (.3), the increase of the isomer shift with the hydrogen concentration is
smoother, indicating that hydrogen penetrates into the vicinity of the iron probes alre-
ady at lower hydrogen concentrations. This can be explained by a distribution of in-
terstitial site energies in the disordered Ni-Cu alloys, where interstitial sites with
many Cu neighbours will be less favourable for hydrogen occupation than sites with
fewer or none.

Hydrogen sites with an iron neighbour will be distributed within the range of site
energies and, therefore, together with other sites, gradually become filled with com-
parable energy. The lack of sensitivity of the *"Fe for probing the influence of the dis-
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Figure B. Isomer shifts of the Fein Nig 7Cug 3 H, hydrides as a function of the hydride content. Open cir-
cles represent data from single phase, filled circles data from two-phase specimens. The shifts
were measured at 100 K and are given relative to hydrogen-free Nij 7 Cug 3 at the same tempera-
ture. Shifts for dilute >’Fe in NiH, hydrides with respect to unloaded nickel are shown for com-
parison (triangles and squares).
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solved hydrogen in the a-phase can also be understood in this way, since for small x
the interstitial sites next to the iron will not be occupied even in Ni-Cu alloys.

Maossbauer spectroscopy can, thus, be used as a sensitive tool for studying details
of the microstructure of hydrides of e.g. nickel-based alloys and among them those,
which cannot be distinguished by only (ferro)magnetic measuring methods.

5. Magnetothermal analysis of hydride decomposition processes of ferromagnetic
metal-hydrogen systems in analogy to that applied in the case of common alloys

As mentioned before, earlier research also revealed a magnetic behaviour in the
regarded metal-hydrogen systems, known from common alloys. This suggests the
transfer of methods, well proved at evaluations of magnetic behaviour for constitu-
tion analysis of common alloys, to ferromagnetic metal-hydrogen systems, showing a
similar behaviour.

In this sense we here regard deviations of the temperature dependence of the satu-
ration magnetization M(T) — including the Curie temperature — from the ideal
M¢T-curve occurring at metal-hydrogen systems already at normal conditions during
the decomposition of initially non-ferromagnetic hydrides.

Shape changes of the M¢T-curve at common alloys, as of nickel with gold or be-
ryllium resp. as a consequence of precipitations caused by heat treatment, were used
by W. Gerlach for the development of a method of ‘magnetothermal analysis’ for the
constitution of alloy systems [92].

The fact, that at our hydride systems the interstitial insertion of the hydrogen is
accompanied by a large lattice expansion (in case of nickel about 6% [15]), leads to
considerable changes in the matrix during hydrogen displacements, quite in corre-
spondence with metallurgical processes in common alloys.

This correspondence finds its expression in the shape of the ‘temperature depen-
dence of the saturation magnetization’ Ms(7) — including the Curie temperature —
well-known as a characteristic for the constitution of an alloy [92-95].

In analogy to common alloy systems, we can conceive the reappearance of the ari-
sing ferromagnetic phase — which is accompanied by hydrogen desorption — within
the metal-hydrogen system (resp. hydride) as a ‘precipitation process’ [66—69]. It
causes an inhomogeneous distribution of hydrogen within both the non-ferromagne-
tic hydrogen-rich (3-) phase and the ferromagnetic hydrogen-poor (¢ -) phase. (Whe-
reby e.g. the atomic ratio ny/ny; for Ni-Hg is about 0.6, and for Ni-H,, up to about 0.03
[6].) Therefore, it can be expected that the local variations in the distribution of the
dissolved hydrogen change during the hydride decomposition process. This is confir-
med by the changes of the shape of the Ms-T-curves, observed at different hydride de-
composition stages and it reflects the corresponding changes of the ‘hydrogen
concentration spectrum’ in the samples investigated.

These observations suggested to take up the above-mentioned method of a ‘ma-
gnetothermal analysis’. This method has turned out to be significant for the analysis
of'the constitution of common alloys and we have transferred and extended it to ferro-
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magnetic metal-hydrogen systems showing, as mentioned, a similar behaviour
[33,96]. The shape changes of the Mg-T-curves, which are induced by the hydrogen,
can —in analogy to common alloys — be regarded as consequences of a superposition
of Ms-T-curves of regions of different hydrogen concentrations cg, arising ‘precipita-
tion-like” within the hydride matrix. See e.g. the scheme, Fig. 13 [97,98], of the
Ms-T-curves of an alloy containing four ferromagnetic phases with different concen-
trations (and different Curie temperatures), but each phase being homogeneous. Of
course, one can extend these considerations to Me-H systems with more phases and
finally generalize them for a heterogeneous alloy with a more or less continuous di-
stribution of the dissolved alloy component hydrogen.

TS T2 TS T

Figure 13. Scheme of the Ms-T-curve of a heterogeneous alloy, containing four homogeneous ferromag-
netic phases. Each of the dashed curves represents an ideal Ms-T-curve, which characterizes
homogeneous ferromagnetic systems. 7/: corresponding Curie temperatures.

On the corresponding assumption, now in the sense of the ‘Law of corresponding
states’ that for all homogeneous regions of different hydrogen concentrations the re-
duced magnetization My(T)/Ms(0) is a unique function of the reduced temperature 7/7/
—with7/ meaning the Curie temperature at hydrogen concentration ¢}, —the distribu-
tion of the hydrogen concentration for different stages of hydride decomposition can
be calculated. The ‘magnetothermal analysis’ — well proved in common alloys
[92-95] —is here demonstrated on metal-hydrogen systems, based on alloys of nickel
with copper and chromium [76,96-98].

The endeavour to draw upon the ferromagnetic characteristic of the considered
metal-hydrogen systems for analysis of the metallurgical role of the interstitial hy-
drogen, required the employment of special techniques of measurements and in addi-
tion of high sensitivity, as both at the final stages of the hydride formation and in the
initial stages of the hydride decomposition, all kinds of small magnetic effective
cross sections exist.
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For this purpose a highly sensitive microcomputer-controlled AC magnetometer
with a phase-locked data acquisition system was developed for measurements in ap-
plied fields up to 3x10°> Am™! [99]. It works on the basis of the ‘Signal-Avera-
ging-Method’, which besides a high resolution also delivers the required high density
of measured data. This measurement technique allows to extract a measuring signal at
first totally hidden in noise of any quality from the noisy background. For the illustra-
tion of the power, offered by the AC magnetometer — especially of its usefulness for
the detection of precipitation processes in ferromagnetic metal-hydrogen systems —
see Fig. 14 [99].

In order to ensure the total hydrogenation of the whole sample volume, the sam-
ples absorbed hydrogen under high hydrogen pressures in GPa-range, well above the
formation pressure of the respective hydride. Furthermore, alloys were chosen with
Curie temperatures below the decomposition temperatures of the corresponding hy-
drides at normal pressure (about 0°C). The hydride decomposition was performed in
steps near 0°C at normal pressure: the Ms-T curves were obtained by interrupting the
hydrogen desorption by freezing the sample, measuring the respective MT curve
and continuing the hydride decomposition after warming up the sample to nearly 0°C.

Measurements of the temperature dependence of the saturation magnetization
M(T) of the systems Ni-7at%Cr-H and Ni-40at%Cr-H, as performed by the
above-mentioned AC magnetometer, are presented in Figs. 15and 16[76,97,98]. One
can see that, dependent on the respective alloy and because of the high mobility of the
hydrogen by stepwise short-term desorption (in the order of minutes), already at room
temperature partly drastic deviations of the Ms-T-curve from that of the hydro-
gen-free state can be produced, which is particularly true here for Ni-40at%Cu-H by
flattening (respectively sagging) of the M T-curve — corresponding to a wide spec-
trum of different Curie temperatures. Similar changes of the shape of the M-T-curve
are, as mentioned above, well-known at common alloys as typical precipitation
effects, where, however, migration of matrix atoms needs higher temperatures. In the
present case the appearances are caused by different distributions of hydrogen in the
different materials and decomposition states respectively.

In order to receive from such measurements information about the distribution of
hydrogen, the aforementioned method of magnetothermal analysis was applied, yiel-
ding the histograms presented in Fig. 17, which are calculated from the measured data
of Figs. 15 and 16.

The sequence of histograms in Fig. 17 — here to be read from back to front, accor-
ding to decreasing hydrogen content — illustrates the stepwise transition from the
non-ferromagnetic hydride state 1 (here cu/c;™ =1 is valid for the whole sample, i.e.
AV(cg™)/V=1) to the finally hydrogen-free ferromagnetic state (here cu/cy™ =0 is
valid for the whole sample,i.e. AV(cy=0)/V =1). This means, that during the decom-
position of the hydride, the relative volume fraction A V(cy = 0)/V of the ferromagne-
tic hydrogen-free state (left hand of the histograms) grows at the cost of the
(decreasing) relative volume fraction AV(c;™)/V of the non-ferromagnetic hydride
state (right hand of the histograms). The sequence of volume fractions between these
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Figure 14. Both sequences of computer plots show records of an extremely weak magnetization signal
dM/dt covered by the noise effect at the beginning and measured at an almost completely hy-
drogenated 4 um thick nickel foil sample with remaining ferromagnetic cross section of only
5% 10 mm?, and of the corresponding hysteresis loop M(H). The plots demonstrate the high
density of data points and the large improvement in signal-to-noise ratio as a consequence of
the increasing number (8, 128, 1.024, and finally 32.768) of signal averaging scans. Note that
the signal emerging from noise and the shape of the corresponding hysteresis loop becoming

more and more perfect with increasing number of scans.

extreme states characterizes the individual spectral distribution of the hydrogen con-
centration in the different samples or sample states. Of course, this presentation con-
tains no information about the spatial distribution of the hydrogen within the sample.
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Such concentration spectra allow conclusions concerning the phase diagram of
these systems (Fig. 1): Thus, the calculated distributions of hydrogen concentration
in the case of Ni-7at%Cr-H show that the decomposition of the hydride at room tem-
perature by -a-phase transition occurs in the heterogeneous two-phase-region, i.e.
below the critical temperature of ¢-3-phase separation. From the absence of a mixing
gap at Ni-40at%Cu-H, however, it can be concluded that the hydride decomposition
at room temperature, combined with hydrogen desorption, occurs above the critical
point of §-«-phase separation, the critical temperature being at or below 1000 K (cor-
responding results on the systems Ni-9at%V-H and Ni-10at%Ti-H as examples for
B->a phase transition near resp. below the critical point of f->« phase separation are
presented in [98]).

An analogous proceeding at different hydride decomposition temperatures and
different degrees of alloying of the metal matrix allows to probe the phase diagrams
of the corresponding metal-hydrogen systems. Here, for the sake of maintaining the
stability of these systems up to temperatures in the region of the respective Curie tem-
peratures, the application of high pressure hydrogen gas is needed. Some correspond-
ing results are subject of the following section.
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Figure 15. Sequence of measured curves of the saturation magnetization My as a function of temperature
M(T) for different decomposition stages (2-9 and 0) of an initially (curve 1) non-ferromag-
netic Ni-7at%Cr hydride, (a) on arbitrary scale, (b) on a normalized scale. (Curve 0 — same as
measured before hydrogenation; in (b) curve 1 omitted. Sample thickness: about 15 um) —
Note the uniform rise of the Ms-T-curves, which is a characteristic feature of a ‘heteroge-
neous’ precipitation.
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Figure 16. Stepwise decomposition of a non-ferromagnetic Ni-40at%Cu hydride. Corresponding to
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Fig. 15, (a)Ms-T-curves, (b) normalized scale. (Curve 0 —before hydrogenation; in (b) curvel
is omitted. Sample thickness: about 12um) — Contrary to Fig. 15 here the M¢-T-curves show
drastic variations in shape, indicating the predominance of a ‘homogeneous’ precipitation.
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Figure 17. Sequence of histograms, which show the volume fraction AV/ V' with a certain hydrogen con-

centration ¢y versus cy/cy” for the different decomposition stages (1-9) of Ni-7at%Cr hy-
dride and of Ni-40at%Cu hydride calculated from the measured data of Figs. 15 and 16 (¢**:
H content, necessary for cancelling the ferromagnetism of the sample).
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6. Investigations on nickel and nickel alloys hydrogenated in high pressure
gaseous hydrogen

A survey of metal-hydrogen systems in high pressure range and of the correspon-
ding high pressure technique is given in some reviews [2,3,4]. This section gives an
account of experiments performed in cooperation with B. Baranowski in Warsaw.

Further exploration of the above-mentioned instability of these nickel-based al-
loy-hydrogen systems, observed already near room temperature, requires the applica-
tion of high pressure hydrogen in order to cover, to some extent, the phase surfaces.
That is the only possibility for an extension of the investigations to higher (as well as
to lower) temperatures and in many cases also for the preparation of metal-hydrogen
systems resp. hydrides with components of the VI. to VIII. group of the transition me-
tals. (See also the research work of the Russian group, cited in section 2).

Thus, at the presented alloys of nickel with Cr or with Fe, a complete transforma-
tion into the hydride phase of only 10 um thick samples is no more attainable in a ca-
thodic way, already at a low percentage of these components. The high pressure
method allows to maintain the controlled thermodynamic activity during an experi-
ment to follow the hydride formation, as well as the decomposition without additional
manipulation. Informative discontinuities in physical properties turn up with hydride
formation and decomposition. The electrical resistance R, as a proved physical pro-
perty for such studies, on the other hand is sensitive towards the manifold structural
changes within the material during hydrogenation, so that it is desirable to have a fur-
ther physical criterion. Because of the advantages discussed above, the saturation ma-
gnetization My is especially suitable.

Such an experimental goal arises, besides the necessary small working volume in
high pressure devices and its inaccessibility for bringing in sufficient magnetic field
strength and especially in the case of wanted high temperature, new technological
problems as concerning current leads, sealings or heat capacity and heat conductivity,
which, as well as the kinetic conditions in the metal-hydrogen system, determine the
measuring time. Determinations e.g. of Curie temperatures CT require a more or less
extended temperature region and, therefore, a sufficient stability of the system stu-
died. This means that for a fast continuous feasible measuring process — without time
loss — one has to avoid thermal involvement of the mass of the high pressure appara-
tus, as well as the application of external magnetic fields. As mentioned in section 2,
these requirements led to the development of a miniaturized magnetometer with in-
ternal magnetic field supply [30,31,100,101]. The last type, realized with an inner he-
ater [47,96,100,101], is explained in the following.

The principle of the miniaturized magnetometer, Fig. 18 [11,28], rests on produ-
cing an induction signal by moving the sample magnetized in the field of a permanent
magnet (up to about 3 kOe resp. 2.4X 10° A/m) out from a coil. The sample motion is
carried out by a non-magnetic mechanism, based on the thermal expansion and con-
traction of a wire heated electrically and moving a lever, which carries an arrange-
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ment of sample, thermocouple and heater (50 W), plugged in a tubular pyrophyllite
holder of only 4.5 mm® volume. So the measuring process implies the movement of a
volume element up to 600°C hot and of only 4.5 mm? in a high pressure hydrogen at-
mosphere up to about 25 kbar in a working volume of some 1000 mm®, whereas the
geometry of heat conductivity guarantees the exact measuring of the sample tempera-
ture and on the other hand provides the high pressure sealings remaining below 30°C.

InFig. 19, aNi-Fe alloy may serve to demonstrate the ability of the described ‘mi-
niature magnetometer’ responding very quickly to high pressure changes in the hy-
drogen atmosphere [102]. Even relatively small pressure changes in hydrogen are
indicated by a steep change in the magnetization cycles. At the alloy regarded, with
16 at% Fe content, the hydride formation pressure amounts to 14—15 kbar (1.4-1.5
GPa) [102] and on the right of Fig. 19 one can recognize the rapidity, with which the
hydride phase under pressures above the hydride formation pressure forms and below
the comparatively slow increase in the magnetization, indicating a slow decomposi-
tion of the hydride. Obviously ‘in situ” magnetization measurements are a definite
and direct way to determine the formation as well as decomposition pressures. Fig. 20
[103] shows a group of Ni alloys, which completely lose their magnetization in high
pressure atmosphere, corresponding to an increasing formation pressure with incre-
asing Fe content and inversely in the case of Mn. The correspondence of ‘electrical
resistance’ and ‘magnetization’ is shown in the diagrams of Ni-Mn-H systems in Fig.
21, which represents values of equilibrium with the high pressure hydrogen environ-
ment [103]. The electrical resistance of monitoring samples, made of identical alloys
placed near the magnetic device, was measured during the magnetic measurements
i.e. simultaneously under the same conditions. Furtheron, we here have an example
for a direct relation to the phase surface scheme in Fig. 1:

Below about 20 at% Mn content, a typical pressure hysteresis exists, representing
the difference between formation and decomposition pressures, caused by the misci-
bility gap, whereby the phase transitions (a->(, B->a) occur below the “critical point’.
The alloys with higher Mn-contents show no pressure hysteresis, i.e. the phase transi-
tions seem to occur in a reversible manner above the critical point. Furthermore, one
can see, that in spite of a complete hydrogenation of the whole sample forming a solid
solution, confirmed by X-ray analysis [105], the magnetization does not vanish com-
pletely, as a consequence of an increasing prominence of the ferromagnetic properties
of manganese in the host lattice (cf. corresp. results at cathodic hydrogenation of
Ni-Mn alloys [106]).

In the following figures some experiments on Ni-H, Ni-Fe-H, Ni-Cu-H and
Ni-Mn-H systems are shown, which are extended to higher temperatures. They are
performed with the miniature magnetometer, Fig. 18, and a corresponding device for
resistance measurements.
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10mm

H . b
Figure 18. Scheme of the magnetic device: a) complete, b) enlarged part. S — sample, PM — permanent
magnet (SmCoS: Brown, Boveri AG), F — magnetic flux piece, M — measuring induction
coil, C — magnetic field control induction coil, L — lever, P — elastic pivot, SP — compression
spring, H—holder, W —heating wire (looped around the insulating roller R), T — thermal dila-
tation of W, I —isolating tube, CL — current leads, SH — tubular sample holder, HT — sample
heater, HL — heater leads, TH — thermocouple.
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Figure 19. Relative saturation magnetization M ¢/Mj, of a Ni-Fe alloy versushydrogen pressure at about
22°C and the corresponding time sequence of the magnetization at different constant pres-
sures (I, a, b, ¢, II). Mso saturation magnetization at normal pressure (before hydrogen ab-
sorption).

The extension of the measurements to higher temperatures does not only serve for de-
termining the Curie temperature C7, butalso the informative shape of the temperature
dependence of the saturation magnetization My, as well as of the electrical resistance
R: The diagrams of Ms-T dependence in Fig. 22 and 23 show evident differences. Al-
though the magnetism is annihilated in each case, after passing the corresponding for-
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mation pressure of hydride (see e.g. Fig. 20), H desorption (by pressure reduction or
heating) leads to different shapes of the M T-curves. For Ni (Fig. 22), decreasing
H,-pressure below the decomposition pressure (about 3.4 kbar [21]) yields curves
with constant CT without deformation: at the given temperatures and pressures the
phase transition S—~a occurs. The splitting of the curves in dependence on the mea-
suring direction is caused by loosing H at higher temperatures, if the decomposition
pressure increases. The extent of the splitting depends on the relation of measuring
time and diffusion rate and on the stage of desorption. In the case of NiFel6at%, the
20.0 kbar curve lifts up (from M= 0) between 100 and 200°C: at this pressure and this
temperature the system passes over from the 8-phase to the two phase region (a 3).
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Figure 20. Relative saturation magnetization of Ni, Ni-Fe, and Ni-Mn alloys versus hydrogen pressure
at about 22°C. Further items see Fig. 19.

S
Q

Ms /Mo (%) ——=
[Sal
(&)

T T T T T 1 T 11

0
'0 I 223
NI X
& 4l 1 =300
- | |
12} /
B b
70 + T L 1 1 1 ! 1
0 2 4 6 @8
,OH)(kbor)—-

Figure 21. Changes of a) relative saturation magnetization Ms/M 5o and b) relative resistance R/Ry with
increasing (open symbols) and decreasing (full symbols) hydrogen pressure for NiMn alloys
at about 22°C. Mso, Ry saturation magnetization and resistance at normal pressure; the pa-
rameter is the Mn content in at % (no pressure hysteresis above 20 at % Mn!).
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Decreasing H,-pressure for Ni-Cu (Fig. 23a, above) leads to a shift of C7, accompa-
nied by a M- T shape tendency, similar to that observed in the electrochemically pro-
duced system NiCu30at%-H [30] at lower temperatures, indicating a
precipitation-like process. In contrast to this, the CTremains fixed during pressure re-
duction in the case of Ni-Mn-H alloy systems, due to a magnetic dominating role of
Mn-H interaction [104].

The behaviour of R-T'in all cases studied (as in Fig. 22 and Fig. 23, below) mirrors
the magnetic relations: at the Ni-Fe and the Ni-Cu alloy the disappearance and the re-
appearance or the ‘Ferromagnetic Resistance Anomaly’ (c.f. [32,33]) or at the disor-
dered NiMn13.7at% alloy, the conservation of a CT anomaly in spite of relevant
changes of average R-T slope during H absorption and desorption processes, which
are also found for the ordered NiMn30at% alloy (which has no CT anomaly in the
investigated temperature region, Fig. 23, below). The shift of CT observed e.g. at the
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Figure 22. Influence of high pressure gaseous hydrogen on the temperature dependence of saturation
magnetization Ms of nickel and a nickel iron alloy (above) and of electrical resistance resp.
the ‘Ferromagnetic Resistance Anomaly’ of a nickel iron alloy (below). My saturation mag-
netization before hydrogen absorption. Sequences of the stationary pressures: above 0.4,
10.0, 3.7, 3.2, 0.14 resp. 0.5, 20.0 kbar; below parameters 0—3. Arrows: approx. position of
the Curie temperature (at curve 2 and 3). Average measuring rate: above 50°C min”; below
16°C min™".
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hydrogenated NiFe4.1at% sample (Fig. 22, below) at about 100°C in the desorption
stage of 10.0 kbar H, pressure with regard to the position in the phase surface, Fig. 1,

corresponds to the findings in [26,59].

The presented examples confirm that measurements of temperature dependence
of saturation magnetization Msand electrical resistance R, including determinations
of Curie temperature CT under high pressure hydrogen conditions, deliver sensitive
criteria for the respective state of the metal-hydrogen systems and are helpful also for

obtaining corresponding phase diagrams.
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Figure 23. Influence of high pressure gaseous hydrogen on the temperature dependence of saturation
magnetization Mg (above) and the electrical resistance resp. the ‘Ferromagnetic Resistance
Anomaly’ (below) of anickel copperalloy (a) and a disordered NiMn (13.7 at% Mn) alloy (b).
Further a corresponding example with respect to the resistance behaviour of an ordered NiMn
alloy with 30 at% Mn content (b). Mo saturation magnetization before hydrogen absorption.
Sequence of the stationary pressures: above 0.5, 8.0,4.1,2.0resp. 0, 5.2,4.7,4.4, 3.1, 0 kbar;

below parameters (0—4).



Hydride formation, magnetic and transport properties of nickel... 495

7. Studies about the influence of hydrogen isotopy on nickel-based metal-hydrogen
systems

Already in the early sixties — with regard to the basic question of an influence of
hydrogen isotopy at phase transitions of nickel-based metal-hydrogen systems — Ba-
ranowski and co-workers started volumetric measurements of a cathodically effected
formation of the hydride and deuteride phase in Ni, electrochemically deposited on
copper supports [40]. The measurements yielded a smaller penetration depth of the
deuteride phase. These findings could later be confirmed directly by magnetic ‘in si-
tu” measurements on Ni foils [108].

X-ray studies [109] on hydride and deuteride of Ni showed that in analogy to the
Pd-H/D systems [110] the lattice spacing in case of nickel deuteride is smaller than in
the hydride lattice. Comparing the decomposition kinetics of Ni-hydride and Ni-deu-
teride and furthermore the formation of Ni-deuteride under high pressure of gaseous
deuterium are reported in [111] resp. [112] and summarized in [117].

In addition to the above-mentioned ‘in situ’-measurements related to the hydro-
gen kinetics, one ought to refer to findings — received likewise by the magnetic me-
asuring method — concerning the influence of hydrogen isotopy at the formation
kinetics of some of the presented systems: In case of cathodic charging of Ni conta-
ining 30at% Cu, hydrogen and deuterium can penetrate and form the non-ferroma-
gnetic hydride and deuteride phase without the help of any catalytic promotor. That
facilitates the interpretation of results. First investigations under these conditions
[113] showed areversed kinetic isotope effect, i.e. a faster penetration of deuterium
into the alloy NiCu30 than of hydrogen.

Such appearance of an inversed hydrogen isotopic effect was hitherto observed in
gasvolumetric [114] and electrochemical [115] investigations, only at palladium and
its alloys. Oualitatively these results were confirmed by diffusion measurements ba-
sed on the ‘Gorsky effect’ [116]. Investigations about diffusion of hydrogen and deu-
terium in palladium hydride and deuteride under high pressure gaseous hydrogen and
deuterium also treated the inversed isotope effect [117].

Within the field of theory there are — besides a semiclassical picture [115]*— like-
wise clues for aratio of diffusion coefficients Dp/D > 1: Contrary to the classical rate
theory [119,120], according to which the light isotope diffuses more quickly than the
heavier one independent of temperature, several kinds of quantum corrections of rate
theory as e.g. the application of quantum statistics [122] and the lattice dynamic the-
ory [123,124] and the evolution of wave packets [125] arose. These quantum correc-
tions reduce the classical isotope effect and become important for small interstitials

“It takes into account that during the jump between two atoms of the fcc lattice the interstitial has to overcome
a saddle point of energy. There — because of the smaller atomic spacing — the potential flanks are
considerably steeper than in the hole of the octahedral sites. In the saddle point the energy levels for the
oscillations transverse to the jump direction of the particle are situated higher above the potential minimum
than in the starting state. For that reason the light hydrogen needs a higher energy for a jump than deuterium.
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(e.g. H/D) and low temperature. An extended analysis of non-conventional diffusion
mechanism of hydrogen in a metal matrix is given in [126].

As to the question, in which degree the isotope effect observed is really caused by
the different velocity of bulk diffusion of the hydrogen isotopes in the NiCu30 alloy,
magnetic ‘in situ’ investigations during cathodic charging under the same conditions
as in [113] on foils of different thickness and at different temperatures have been un-
dertaken [127]. In all series of experiments, measurements show that the saturation
magnetization decreases more quickly in the case of formation of deuteride than of
hydride. Detailed evaluation of results, following known methods [128,129], show
that for both isotopes diffusion determines the velocity of absorption. In order to find
out the influence of temperature, the Curie temperature of the Ni-Cu alloy, used as
well as the electrochemical method, limits the realizable temperature range to a small
interval. Nevertheless, a considerable variation of velocity constants with temperatu-
re was found. With the assumption of an Arrhenius type behaviour of the absorption,
which is probably valid within such a small temperature interval, an apparent activa-
tion energy E, for the absorption process can be calculated. The values of E differ sli-
ghtly for hydrogen and deuterium (H: £,=4.3 kcal/mol, and D: £,=4.1 kcal/mol).

The significance of this phenomenon and on the other hand the uncertainity, be-
cause of the complexity of electrochemical phase boundary processes, which may al-
ready render the absorption rate dependent on isotope, entailed corresponding
experiments in high pressure hydrogen/deuterium atmosphere. First experiments re-
alized by ‘in situ’ resistance measurements on NiCu30-foils under H»/D> gas in the
pressure range between 0.8 and 1.2 GPa [130] showed a faster resistance change in
the case of the heavier isotope, which also refers to a reversed isotope effect with re-
spect to the hydrogen diffusion in the nickel-copper alloy.

Concerning a possible influence of the surface electron structure on the kinetics
of'the phase boundary process, magnetic measurements about the time dependence of
the interstitial H and D uptake, also in case of Ni-Cr and Ni-Mn cathodic charging’
[131], showed a decrease of the ratio of the diffusion coefficients Dp/Dy with decre-
asing temperature. At a sufficiently low temperature, the transition to an inversed iso-
tope effect can be expected.

Generally, the research about the effect of hydrogen isotopy in metal-hydrogen
systems should be deepened.

> Whereby at NiMnl9.8at% (as before in case of NiCu30at%) the application of a promotor could be
renounced, so that no isotope-dependent influence of a promotor may interfere. At NiMnl7.7 resp. 13.7at%
the application of a promotor is needed for a sufficient offer of protons able to diffuse at the metal surface:
Selendioxid was used to exclude an exchange of light with heavy hydrogen in case of deuterated electrolyte
[40], whereby nevertheless a selen deposition during the electrochemical process on the surface of the
sample must be taken into account. About investigations concerning the influence of inhibitors in the sense
of ‘promoters’ on the hydride formation at nickel see [132].
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In the case of nickel alloys, with a Curie temperature CT being, at normal pressu-
re, below the instability temperature of its corresponding hydrides, the whole course
of temperature dependence of saturation magnetization (Mg 7-curve) can be included
for the analysis of ‘frozen states’ of these metal-hydrogen systems, as shown in the
following section.

8. Anomalies of transport properties of hydrides of nickel alloys

This section concerns examples which — as mentioned at the beginning — assign
also a special role to phase transitions between hydrogen-free state and hydride with
regard to questions of magnetic structures.

So areincrease of the electrical resistance towards low temperatures (below abo-
ut 15 K) forming a ‘resistance minimum’, which was found at nickel hydride already
in 1967 at the same time in the laboratories of B. Baranowski and at Munich Universi-
ty [121,122], by means of sensitive magnetic susceptibility measurements, could be
identified as resulting from Fe-impurities, which become effective in consequence to
the hydrogen-caused cancellation of the ferromagnetism of the Ni-matrix, see Fig. 24
[135]. These results show analogies to those received from diluted Cu(Fe) [136], an
alloy with a comparable electronic configuration, and can be interpreted in the sense
of a ‘Kondo effect’, i.e. as a spin-flip scattering of conduction electrons on local ma-
gnetic moments (between which there is no interaction) [137].

That interpretation has now been tested on the basis of magnetoresistance measu-
rements to be described below. Magnetoresistivity is a criterion [ 136,138] well suited
for assessing the share of s-d exchange interaction in the electrical resistivity; its tem-
perature and field dependence is controlled by the response of localized magnetic mo-
ments to an external magnetic field.

In supplement to preceding findings [135], the resistance measurements presen-
ted in Fig. 25 [139] confirm an interstitial absorption of hydrogen in nickel (cathodi-
cally [6] up to an atomic number ratio H/Ni = 0.7) in so uniform a cancellation of the
nickel matrix ferromagnetism [11], that even small differences in the concentration of
the diluted iron solution distinctly manifest themselves in the shape of the minimum —
i.e. the minimum becomes deeper with increasing concentration. Thus, it varies its
temperature position only slightly in agreement with theoretical considerations on
comparable diluted alloys [137].

The direct suppression (‘freezing out’) of the spin-flip scattering by action of a
magnetic field upon the ‘resistance minimum’ could be demonstrated in a work of
magnetoresistance [140]: Fig. 26.

A cancelling of the matrix ferromagnetism in Ni-Cr-alloys with Cr-contents be-
tween 0.5 and 7 at% by interstitial hydrogen leads to a behaviour of the electrical resi-
stance qualitatively similar to that detected at the above-described hydrides of diluted
Ni(Fe) alloys showing — although in an even higher temperature region — also an in-
crease of resistance with decreasing temperature after a resistance minimum (Fig. 27
[140]). This anomalous resistance behaviour is caused by the hydride state, which
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can be explained as the result of an exclusive exchange effect of the conduction elec-
trons with localized magnetic moments of the chromium atoms, which becomes pro-
minent when its original coupling with the surrounding nickel host is cancelled by the
interstitial hydrogen. Therefore, a new contribution to the electrical resistance appe-
ars for the hydrides, which must be due to the spin-flip scattering of conduction elec-
trons at the magnetic moment of the chromium atoms. This contribution increases
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Figure 24. Equivalence of resistance minimum and anomalous temperature dependence of magnetic
susceptibility of hydrogenated nickel with 105 ppm Fe [135].
(a) Comparison of low temperature resistance R(7) and R,(T) of an impure nickel hydride
sample (with 105 ppm Fe) and a pure one (with only 10 ppm Fe): In spite of deviations of the
experimental curve AR(T) = Ri(T) — R (T) from the theoretical one [137] below 8 K, a temper-
ature dependence like log(7)) is evident in the range above. The curve AR(T) suggests a Kondo
temperature not lower than 15 K.
(b) Susceptibility y,,, of three nickel hydride samples with the same impurity content of 105
ppm Fe as function of increasing (open symbols) and decreasing (solid symbols) temperature
as expected shows an increase down to 15 K. Below, a broad maximum refers to the beginning
of antiferromagnetic interactions between the impurity atoms and eventually to
superparamagnetism or a very weak ferromagnetism of uncharged smallest nickel particles.
The susceptibility behaviour below 5 K seems to be connected with the corresponding resis-
tance anomaly. — Dashed line: ym course after short-time (16 min) hydrogen desorption show-
ing the disappearance of the susceptiblity maximum by covering the influence of the impurity
moments through the occurrence of ferromagnetic coupling, that is already mirrored in ferro-
magnetic features of corresponding magnetic curves. The results of the resistance and suscep-
tibility measurements turn out to be consistent with respect to the magnetic interaction
phenomena and seem to be similar also to such found e.g. on diluted alloys of Au with Cr, Mn
and Fe [137].
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with decreasing temperature. It should be mentioned that even for these high chro-
mium concentrations (c) — implying a found Cr-Cr-interaction [139] — the resistance
behaviour (with a resistance minimum temperature 7,,,, roughly proportional to ¢;,,
[142,Fig. 2] can be understood in analogy to Kondo’s theory [137] for diluted alloys.
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Figure 25. Low temperature shape of electrical resistivity of hydrogenated nickel foils with different
iron contents.
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Figure 26. Influence of a longitudinal magnetic field on the ‘resistance minimum’ produced by cathodic
hydride formation at a diluted Ni(Fe)-alloy in the R(7T)-course. The increase of resistance
caused by spin-flip scattering of conduction electrons at local magnetic Fe-moments in the
now non-ferromagnetic matrix successively changes into a resistance decrease by freezing
out under the action of magnetic fields of increasing strength (parameter), which is mani-
fested in a bend-down of the left flank of the resistance minimum.
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In contrast to the magnetoresistance of the pure alloys (Fig. 28a)°, which, in fields
above the saturation magnetization (excluding effects due to magnetization processes),
show a normal positive magnetoresistance, the longitudinal magnetoresistance of the
Ni-Cr hydrides (Fig. 28b) shows a negative course over the whole field range (up to 5 T).
This negative course of the magnetoresistance of the Ni-Cr hydrides is obviously also the
result of a ‘freezing out’ of the spin flip scattering on increasing the magnetic field [ 142].
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Figure 27. Electrical resistivity of Ni-2at%Cr foils as function of temperature before and after cathodic
hydrogen charging. The intermediate curve corresponds to partial desorption.

The separation of the spin portion of the electrical resistance of the Ni-2 at%Cr
hydride — on the assumption that Matthiessen’s rule is valid — by subtracting the elec-
trical resistance of the pure Ni-2at%Cr alloy and of the Ni-0.5at%Cr hydride’ leads to
the result seen in Fig. 29. From this plot one finds that the characteristic temperature
(corresponding the Kondo temperature at diluted alloys) of this system is located be-
tween 90 and 100 K, whereby above an irregular spin arrangement in the metal and
below the characteristic temperature an exchange between the spins can be supposed
[142].

As a further example an alloy of nickel with 50 at% Cu may be chosen, where
Ni-clusters exist, the ‘giant moments * of which are considerably reduced by intersti-
tial hydrogen [144].

The preceding investigations on Ni alloyed with 30 at% Cu have already shown
the disappearance of the ‘ferromagnetic resistance anomaly’ [32], due to the hydro-

®S.M. Filipek from the laboratory of B. Baranowski is gratefully acknowledged for the high pressure

hydrogenation of the samples.
In the presented case the sample with the lowest Cr-content (of about 0.5 at% Cr) has been drawn upon as

reference instead of the pure material, because of the identical preliminary treatment of all samples. Because
of the Cr-concentration dependence with the factor 2/0.5, the spin part difference is of small influence.
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gen-caused cancellation of the ferromagnetism [33] and its reappearance with a cor-
responding shift of the Curie temperature during the reduction of the hydrogen
content.

H (TESLR) H (TESLA)

Figure 28. Change of positive (a) to negative (b) longitudinal magnetoresistance R/R at 4.2 K at transfer
of ferromagnetic Ni-Cr alloys (here in high pressure gaseous hydrogen) into the non-ferro-
magnetic hydride phase as an example of the ‘freezing-out’ of a ‘spin flip’-scattering at local
magnetic moments by the influence of a magnetic field also in case of non-diluted alloys
[142]. Ry resistance without magnetic field; thickness of sample foils 5—10 um. The curves
drawn in (b) are fits to the measured values describing the magnetoresistance course by func-
tions of the form AR/R,=—a(T,c)H" (where c is the concentration of chromium). The coeffi-
cients a and exponents n at 4.2 K were evaluated by double-logarithmic fits to the measured
values. The coefficients a and exponents n at 4.2 K were respectively 5.06x 10 * and 1.76 for
Ni-0.5 at% Cr-H, 2.44x 10~ and 1.55 for Ni-2 at% Cr-H and 4.28 X 10~ and 1.68 for Ni-7 at%
Cr-H, which are comparable with experimental and theoretical results for the
magnetoresistance of ‘spin-glass’ alloys such as Cu-Mn and Cu-Fe [143].

In the case of NiCu50at% in the group of Baranowski a low temperature resistan-
ce minimum was observed at the neutralization of the matrix ferromagnetism, due to
interstitial hydrogen [34]. The pursuit of the investigations on this system [144]
shows that the variation of the H-content gives evidence of the influence of interstitial
hydrogen on the magnetism of Ni-clusters existing in NiCu50at%?®. The influence of
interstitial hydrogen on the resistance behaviour hereby and during the following step-
wise desorption of the hydrogen is shown in Fig. 30a and Fig. 30b and explained in the
legends.

According to theoretical considerations concerning Ni clusters in NiCu alloys, a
625 K minimum® (here not shown) is produced by a decrease of the spin disorder scat-
tering from cluster moments with increasing temperature, whereas the low tempera-
ture behaviour is attributed to a Kondo-like scattering from these cluster moments. In

$With growing temperature in NiCu, from x = 0.5 to x = 0.66 such giant moment clusters [146] lead to a
decrease in R and to a minimum at about 625 K, for x from 0.56 to 0.7, and moreover, to a low temperature
minimum [147].
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the hydrogenated alloy NiCu50-H,, the monotonous increase of R with growing tem-
perature forn =0.16 and 0.118, as well as the flattening caused by a further diminu-
tion of the H-content (desorption), are based on the considerable reduction and then
reappearance of cluster magnetism and the spin disorder resistance connected with it.
This is a very direct verification of the theoretical work mentioned above [144].
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Figure 29. Separated spin contribution AR ;, to the electrical resistance for the Ni-2at%Cr hydride. The
characteristic temperature of this spin can be localized between 90 and 100 K.

In the case of Kondo behaviour of magnetic dilute alloys [137], the dependence of
total resistance on temperature is given by

R« T°—c-logT (4)

The second term in equation (4) characterizes the scattering contribution of atomic
localized moments (¢ = concentration of these moments), which grows below the
Kondo temperature Tx. In the present investigations, a logarithmic temperature de-
pendence is shown in Fig. 31 [144] for the system NiCu50-H, withn=0.113, 0.105
and 0.100, and also an accompanying proportionality of the slopes to ¢ according to
(4). The following relation, derivable from (4),

TK e CI/S (5)

is fulfilled only by tendency, because the curves, Fig. 30a, produce a shift in 7k, when
they are flattened.

The Kondo behaviour in metal-hydrogen systems — as mentioned above — found
in diluted Ni(Fe) alloys is based on the visualization of atomic Fe-moments in con-
sequence of a complete cancelling of ferromagnetism of the nickel matrix by intersti-
tial hydrogen. In the present investigations, however, Kondo scattering results from
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Ni-clusters. Whereas cluster magnetism is dissolved by optimum charging with hy-
drogen in the limits of our experimental resolution (Fig. 30 a; no minima forn=0.16
and 0.118), Kondo scattering from Ni-clusters appears, when these are already ma-
gnetic, but sufficiently small on a magnetic scale (Fig. 30 b; n =0.113, 0.105 and
0.100). By lowering the H-concentration further, the intercluster interaction is finally
restored and this is accompanied by the reappearance of Curie points (Fig. 30 b).
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Figure 30. a) Change of the shape of temperature dependence of electrical resistance of a Ni-50 at%
Cu-alloy by interstitial hydrogen insertion — over its influence on nickel-clusters — starting
from the optimal H-content for NiCu50-H,, (atomic ratio H/Me = n=0.16) to states in which
the H-contents, noted as parameter n, are step by step reduced by desorption. NiCu50-Hy ;¢
shows no ‘ferromagnetic resistance anomaly’, thus, also no more Curie point, but compared
to NiCu50 above this region, the temperature dependence of resistance is considerably in-
creased. With decreasing H-content the curves get flattened. At n=0.113, 0.105, 0.100 a
Kondo behaviour by R-minimum gets visible (see also Fig. b), caused by scattering at
Ni-clusters with the return of its magnetism. In the course of further reduction of the H-con-
tent, the ferromagnetism with Curie temperature reappears.

b) Resistance minima of NiCu50-H, for a certain H-concentration interval (parameter n) fol-
lowed by Curie regions, rising again at still lower hydrogen concentrations.

The following refers to the behaviour of electrical resistance, magnetoresistance
and also of magnetic susceptibility of disordered Ni-Mn alloys (with manganese con-
tents below 20 at%) also hydrogenated under high pressure conditions [144].
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Figure 31. Resistance increase R of three NiCu50-H, sample states below the minimum temperature
Tims WithR o =R(T,,..) as a function of temperature in a logarithmic plot: the parameterisn.
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Previous investigations [149] of the temperature dependence of the electrical re-
sistance of disordered Ni-Mn alloys in the range of Mn contents between 4.7 and 19.8
at% have shown that anomalies of R(T) near T; =20 K and T, = 50 K found by Beylin
et al. [137] and regarded as resulting from an interaction between the magnetic mo-
ments of the Mn atoms and the matrix magnetization, withstand the cathodic intersti-
tial hydrogenation in spite of the cancelling of the ferromagnetism [11] connected
with a distinct lowering of R(7T), see Fig. 32 (above). (In the interest of a better reco-
gnizability of the anomalies the results are presented by the temperature dependence
of the temperature coefficient of electrical resistance dR/dT). These observations are
probably a sign that a small Ni-area around each impurity has not yet been magneti-
cally neutralized, because the hydrogen could not enter the closest neighbourhood of
the impurity [149]. This assumption is supported by observationsin [131] on the basis
of Mdssbauer experiments concerning repulsive interaction between impurities and
interstitial hydrogen in case of the Pd-H system.

The application of high pressure hydrogenation of these disordered Ni-Mn alloys
in gaseous hydrogen of about 1 GPa leads to a disappearance of the above-mentioned
resistance anomaly T, Fig. 32 [144]. Obviously the hydrogen activity, which is hi-
gher by orders of magnitude in comparison with the cathodic hydrogenation (corre-
spondingly an application of pressures of about 0.6 GPa of gaseous hydrogen [34]),
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forces the hydrogen to enter also the closest neighbourhood of the impurity and so to
cancel the magnetic moments of the surrounding Ni-area.

Moreover, the remaining shape of the dR/d T(T) curves (without the anomaly near
T») of the Ni-Mn alloys hydrogenated under high pressure conditions, also after the
desorption of hydrogen, suggests that the hydrogen has resolved the cluster arrange-
ment of the atoms around the ‘impurity’ atom.

NiMn 4.7 at.%

AR
without H
b~
©
S

i \ f‘\ hydride

RS
—" M,

\.\H;V
s b a
l\ NiMn 4.7 at%
g
SO0 hydride
L L I Il 1 | 1 I !
0 50 100
T [K]—»

Figure 32. The different influence of cathodic (above) and high pressure hydrogenation (below) on the
temperature dependence of the temperature coefficient dR/dT (0/K) of a disordered Ni-Mn
alloy. (a after desorption, b before hydrogenation). 7,, T,: temperatures of the respective
clusters producing the anomalies, whereby those at 7, get destroyed — only under high pres-
sure conditions.

The resistance anomaly near 7 of this alloy range, however, largely withstands
even a high pressure hydrogenation at 1 GPa, accordingly also the spin glass charac-
ter below 77, by evaluation of resistance measurements remains.
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The different withstanding of the anomalies against hydrogenation, such as the
preservation of the anomaly near 7; and on the other hand the desintegration of the
anomaly near 7, support the suggestions that up to 7; Mn(—)-Mn(-)-clusters and up
to 7> Ni(=)-Mn(-)-clusters (oriented antiparallely to the matrix magnetization)
exist in so far as the hydrogen preferentially cancels the magnetic moments of the clu-
stered Ni atoms.

Corresponding to the decrease of the electrical resistance in a R(7) graph, the ste-
eprise of the dR/dT course below about 20 K, as to be seen in Fig. 32, can be interpret-
ed as that occurring in spin glass systems [150]. Spin glass behaviour has also been
discovered in diluted alloys with transition metals as matrix, as for example in case of
PdCr. It is characteristic for such systems, that there is a maximum of the impurity re-
sistivity Ao (T) = Puaiioy — P pure metar at low temperatures. This indicates the appearance
of magnetic ordering. For comparison, AR(T) = R(T)nisncy— R(T) ni in the presented
case of Ni-Mn (see Fig. 33) shows the same large maximum as observed in the men-
tioned alloys, too. The analysis of AR(T) with respect to the T*”* law (not shown) also
indicates a spin glass interpretation [1437]’.

As aresult of hydrogenation, it was possible to confirm the tendency — found by
analyzing the impurity resistance, Fig. 33 [143] — that interstitial hydrogen has the
same consequence on the resistance behaviour of the Ni-Mn alloys as an increase of
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Figure 33. Temperature dependence of AR(T) = R(Dnimny — R(T)ni for different Mn concentrations
and after hydride formation.

? A survey about Spin glasses is given by [143].
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the content of (substitutional) Mn atoms in the hydrogen-free alloy also when a magne-
tic criterion, given by the behaviour of the longitudinal magnetoresistance at 4.2 K,
Fig. 34 [144], is included.

The negative magnetoresistance (MR) of the H-free Mn alloys (regarded as asso-
ciated with a decrease of the probability for s-d scattering) increases with increasing
manganese content. The hydrogenation magnifies this behaviour for each alloy. The
fact, however, that the absorbed H-amount increases with decreasing Mn content, fi-
nally leads to a maximal increase of the negative MR for the alloy with the smallest
Mn content (4.7 at%). The steep rise of the MR of the H-free samples at low fields,
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Figure 34. Longitudinal magnetoresistance of disordered Ni-Mn alloys and their hydrides at 4.2 K. The hy-
drides are formed under hydrogen pressure of 1 GPa with the hydrogen contents H/Me [105]
noted in the graphs. R resistance without magnetic field thickness of sample foils 10 xm.
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due to ferromagnetic behaviour, gets strongly reduced by the hydrogenation. The re-
maining part could be related to the manganese.

In view of the apparent spin glass character of this NiMn alloy range, the behavio-
ur of the reversible magnetic susceptibility and the corresponding magnetic hystere-
sis loop of high-pressure hydrogenated Ni-Mn13at% alloys, in dependence of the
maximal applied magnetic field, is presented in Fig. 35 [144]. The graphs show a dra-
stic irreversible increase of the height of the hysteresis loop by transition from a low
magnetic field of about 0.2 Tesla to a high one of nearly 5 Tesla: thus, also after retur-
ning again to the low field, the increase shape of the hysteresis remains the same.

This appearance is comparable to observations on Cug¢sMn, 14, interpreted as
caused by local cluster effects at this spin glass, also called ‘mictomagnet’.

The examples of this section point out, that interstitial hydrogen cancelling the
ferromagnetism of the host matrix of an alloy can reveal correlations, which otherwi-
se remain hidden.

Py
E 3
2
(%]
o
o
u
=
(]
<C
=
= 2
w
14
4.§T
IL..
1
-0.18 -0.09 0 0.08 0.18
Magnetic Fleld [Teslal ———am
j
=z
e
= 2
N e
jony
i 4.85 T
(] —_—
g e
1

-0.18 -0.08 0 0.08 0.18

Figure 35. Reversible magnetic susceptibility and magnetization of a Ni-Mn13.7 at% hydride at4.2 K in
dependence of the maximal applied magnetic field. Sequence: 1 low field, 2 high field, 3 low
field.
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9. Final remarks

The presented investigations generally show, that the role of hydrogen as an alloy
partner, or as a sound and sensitive metal-physical partner in connection also with the
competitive hydrogenation of the metals by the cathodic method or by application of
high pressure, let expect further valuable information.

Therefore, new results in connection with the discovery of electrochemically for-
med nickel hydride should be taken into consideration, concerning its limited pene-
tration depth into the nickel matrix [6] of about 30 micrometers. (The hydrogenation
processes reported in this paper are, of course, all placed far below this value). The
competition of stresses, caused by the large difference of the lattice parameters (about
7% [16]) at the interface layer of nickel and nickel hydride with a decreasing concen-
tration gradient of hydrogen with its increasing penetration depth may finally lead to
a stop of the penetration of the hydride phase. This branch of research was recently
continued by B. Baranowski and co-workers by the application of high pressure gase-
ous hydrogen, in order to extend the penetration depth of the nickel hydride phase
into bulk nickel and to find out the thermodynamic conditions for the correlation of
the penetration depth of nickel hydride in nickel and the applied pressure of the gase-
ous hydrogen. These experiments performed at H,-pressures up to about 12360+=80
bars yielded the penetration depth of the nickel hydride into nickel as a linear function
of'the chemical potential (resp. the logarithm of the fugacity) of the hydrogen, kept in
equilibrium with the nickel and, compared to the case of electrochemical hydrogena-
tion, with 59.5 um finally resulted in a doubling of the penetration depth of the nickel
hydride in nickel [152].

Last but not least, basic problems should be kept in mind: So the decrease of the
enhanced paramagnetism of palladium down to the diamagnetic state as hydrogen is
inserted [10] raises the question, which final magnetic behaviour the equivalent nic-
kel reaches, when losing its ferromagnetism through progressing hydrogenation [11].
The magnetic measurements do not yield a clear distinction between the smallest pre-
cipitates of the a-phase and a local fluctuation in the hydrogen occupancy. This mo-
tivated magnetic susceptibility measurements on optimally hydrogenated nickel of
the purest available sort. For minimalizing even small amounts of a ferromagnetic
a-phase in the metallurgical system, which would mask the properties of the non-fer-
romagnetic phase, the application of high pressure hydrogenation was necessary.
Thus, in the laboratory of Baranowski, in connection with mass-spectroscopic con-
trol, it was possible to receive samples without any detectable ferromagnetism corre-
sponding to less than 10~ of the nickel content in a sample. The measurements of the
magnetic susceptibility, performed with the Faraday technique in the field range be-
tween 0.9 and 8 kOe, let identify three sources contributing to the magnetic suscepti-
bility. Corresponding conclusions, that there are three different environments in
nickel hydride, have also been drawn from experiments using other techniques:
Méssbauer spectroscopy and myon spin rotation. A minor part, less than 10~ of a
sample, consists of small precipitates of the ferromagnetic a-phase (decreasing with
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the completion of hydrogenation). Another part is, may be, contributed by the Cu-
rie-Weiss temperature dependence of impurities and/or localized magnetic moments
on Ni atoms in an environment with some unoccupied hydrogen sites. But the major
part of the sample comprises the non-ferromagnetic S-phase, showing a temperatu-
re-independent paramagnetic susceptibility. From comparison with band structure
calculations in [51], it must finally be concluded that nickel hydride can be described
as an enhanced Pauli paramagnet.

A closer look at the list of references reveals, how much has been moved in the
field of metal-hydrogen systems. This progress was initiated by the discovery of nic-
kel hydride 45 years ago, and it was enhanced by an amazing spectrum of research
groups, which were spreading fast now, that the places in the groups VI to VIII of the
periodic system of metal-hydrides, that had been empty for such a long time, were fil-
led [1]. In a sense Poland was the “cradle” of new hydrides, and it was in Poland, too,
that, due to extended hydrogenation research activities, the surprising and unique di-
scovery was made, that interstitial hydrogen can produce superconductivity, in parti-
cular in palladium and alloys with nickel [148,150,151].

Finally, it was of equal importance that the first creation of a nickel-based me-
tal-hydrogen system made Baranowski introduce the application of high-pressure hy-
drogen, which, in its turn, opened a vast field of possibilities and, thus, also prepared
the way for creating new hydrides and for investigating them under thermodynamic
equilibrium conditions.

Although only a few aspects are described in this paper, it becomes evident that
metal-hydrogen research still raises many interesting questions in many different
fields.
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