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SUPERCONDUCTIVITY OF HIGH-PRESSURE
PHASES IN THE METAL-HYDROGEN SYSTEMS

I.0O. Bashkin, V.E. Antonov and E.G. Ponyatovsky

Institute of Solid State Physics, Russian Academy of Sciences
142432 Chernogolovka, Moscow district, Russia

1. INTRODUCTION

Initiation or enhancement of superconductivity in metals due to hydrogen absorption
has been a rare and rather unpredictable phenomenon so far. The first superconducting
hydride, ThyH,s, has been discovered in 1970 [1]. It had a superconducting
temperature of T, =8.05 to 8.35 K and was thermally stable at ambient conditions.
Two years later Skoskiewicz [2] reported on the discovery of superconductivity in
non-stoichiometric palladium hydrides with H-to-metal atomic ratios of n = 0.81 and
0.87 produced by electrolytic hydrogenation [2]. The Pd — H(D) system has been a
promising subject for experimental and theoretical investigation of superconductivity
in the metal-hydrogen systems due to the simple fce structure of the Pd sublattice, the
broad homogeneity range 0.65<n<1 of hydrogen solid solutions and the
superconducting temperature strongly depending on the hydrogen content and
reaching about 9 K in the hydrides and 11 K in the deuterides at n — 1. The extensive
study on the Pd — H(D) and related systems to 1978 was reviewed by Stritzker and
Wiihl [3]. Later research, however, gave no unambiguous examples of hydrogen-
induced enhancement of the superconducting properties among the metal-hydrogen
systems stable near normal conditions.

A notable advance in the study of the hydrogen-induced superconductivity
was achieved with the use of hydrogen implantation. Stritzker et al. implanted
hydrogen isotopes into metals at liquid-helium temperatures and observed
postirradiation superconductivity in thin hydrogenated layers formed in the metal
matrices, often with the inverse isotope effect (see Ref. [3]). After heating the samples
to room temperature, the hydrogen atoms dissipated over the metal matrix and the
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superconductivity vanished. A more detailed study of superconducting samples of this
kind encountered serious problems.

Fruitful methods to produce new Me-H superconductors became the high-
pressure treatment of the known metal hydrides in inert medium and the synthesis of
new hydrides from metals subjected to high hydrogen pressure. The former method is
used at ISSP RAS to obtain new hydrides of metals like Ti and Zr, which easily
absorb hydrogen at low pressures and do not lose it in inert media, even at elevated
temperatures. The second method is useful with metals that do not form hydrides at
moderate hydrogen pressures. The technique for compressing gaseous hydrogen to
pressures of up to 9 GPa at temperatures to 770 K developed at ISSP RAS [4] made it
possible to synthesize hydrides of all 3d-metals and all 4d-metals except Ru. In
particular, hydrides of Fe, Co, Mo, Tc, Rh and Re and various alloys of d-metals have
been synthesized at ISSP for the first time. Both techniques allow rapid cooling of the
prepared hydrides to liquid-nitrogen temperature under high pressure. Cooled to such
a low temperature, all hydrides are metastable at ambient pressure therefore they can be
recovered from the high-pressure cell to study their composition, crystal structure and
other properties.

This work is to review the properties of the superconducting metal-hydrogen
systems prepared with the use of high pressure. The authors are not aware of any other
papers reviewing superconductivities of hydrides since that by Stritzker and Wiihl [3]
therefore relevant references will also be given to the papers presenting the studies on
the stable metal-hydrogen systems and on the hydrogen-implanted metals.

2. TITANIUM HYDRIDES
2.1 Superconducting phases in the 7-P-c phase diagram

Superconducting transitions in the pressure-treated titanium hydrides were first
observed in 1985 [5,6] when several TiH, samples with 0.13<n<0.85 were
quenched from about 600 K to liquid nitrogen under pressures of 4.5 to 6.5 GPa.
Further studies revealed the occurrence of three superconducting phases in the Ti-H
system. One of these phases has a stability region under high pressure, while the other
two appear as the products of non-equilibrium phase transformations in the process of
the high-pressure quenching and further treatment. For the sake of clarity, the
presentation of superconducting properties of the Ti—H system will be preceded by a
sketch of its T-P—c phase diagram. The phenomena underlying the origin and
modification of the superconducting properties will be considered at the end of this
Section.

The T—-c phase diagram of the Ti—H system at ambient pressure has been a
subject of an extensive research. The principle features of the diagram were assessed
by San-Martin and Manchester [7]. The Ti-H system undergoes the eutectoid
B—(a+d) transformation at 573 K. The high-temperature B—phase is the solid solution
of hydrogen in the body-centred cubic (bcc) lattice of B—Ti; the a—phase is the dilute
solid solution of hydrogen in the hexagonal close-packed (hcp) lattice of B—Ti and the
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a—phase is the non-stoichiometric dihydride with a face-centred cubic (fcc) metal
sublattice and the composition TiH.,;s at the eutectoid point. The eutectoid
composition of the o-phase determined from -calorimetric data is n=0.74
(c=42.5 at.% H) [8]. A small isotope effect is observed for the Ti-D system where
T=587K and n,,=0.72 (c=419at.%D) [8]. Closer to the stoichiometric
composition and below 310 K, the fec dihydrides with n > 1.8 undergo a transition to
the e-TiH, phase with a face-centred tetragonal (fcf) metal sublattice and the axial
ratio ¢/a<1. Hydrogen atoms in all these phases are randomly distributed on
tetrahedral interstitial sites (tetrasites) [7,9,10]. There was presented a thermodynamic
argumentation based on the calorimetric and volume measurements [8,11,13] that one
more phase is also stable at ambient pressure. This phase, the ordered y-TiH
monohydride, transforms irreversibly to the a+8 two-phase state upon heating above
441 K. In the Zr-H system with a similar T—c diagram the y«>a+8 transformation is
reversible though sluggish [14-16]. The Ti atoms in y-TiH form a face-centred
orthorhombic sublattice with the axial ratios b/a ~ 1.015 and c/a ~ 1.09 whereas the
hydrogen atoms occupy tetrasites on alternate (110) planes [9,10,12,17]. The present-
day outline of the equilibrium T-c¢ phase diagram [18,19] is shown in the left-hand
part of Fig. 1.
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Fig. 1. Phase diagram of the Ti~H system [19]. The left-hand part shows the
T—c projection at atmospheric pressure and the right-hand part is the T-P
projection for the near-eutectoid hydrides. The path of quenching of the
C-phase is represented by the dashed line and the metastability region of the
resulting y~phase is hatched. In the right-hand part of the figure, the low-
temperature boundary of the C—phase stability region terminates with a
dashed fork indicating the formation of one more high-pressure phase near
these conditions; the line of the irreversible y¢>a+8 transition occurring on
heating the y—phase [24] is dotted.
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The high-pressure behavior of the Ti-H system was studied in the
composition range around the eutectoid point using differential thermal analysis
(DTA), X-ray diffraction, the resistivity and volume measurements [8,13,19-24]. The
right-hand part of Fig. 1 shows that the temperature of the eutectoid equilibrium as
well as that of the y<»0+8 transition decrease under pressure with d7/dP = -4 and
—25 K/GPa, respectively. The eutectoid line ends in the quadruple point located at
P=205GPa, T~560K and n=~0.69 [22]. A new phase, {, becomes stable at
pressures above this point. The initial slope of the high-temperature boundary of the
C-phase stability region is d7/dP =50 K/GPa. The low-temperature C<>(0i+8)
transformation shows a hysteresis increasing with pressure so that the initial slopes of
the direct and inverse transformations are —45 and —115 K/GPa, respectively. The T—
projections of the T-P—c phase diagram of the Ti—H system at P ~ 1 atm and 2.7 GPa
are compared in Fig. 2 [24]. A similar shape of the T—c phase diagram was reported
also for a pressure of 5 GPa [25], but with few experimental details. The main isotope
effect in the T—P diagram of the Ti-D system is that the quadruple point is displaced
to a pressure of 3.4 GPa [13,24].

Intensity , arb. units

0, !al.au-lim

Fig. 2 (left). T —c phase diagrams of the Ti — H system for P ~ 1 atm (solid
and dashed curves) and 2.7 GPa (dotted lines) [24]. The width of the {—phase
region is given only tentatively whereas the temperature values correspond to
the experimental ones.

Fig.3 (right). Energy dispersive X-ray diffraction spectra of TiHg74 at
T=296 K and 618 K measured in the course of heating at P = 11.5 GPa (top
curves) and simulated diffraction patterns for the 1, £ and o phase (bottom
curves) [19,26]. The diffraction patterns of the § and 1 phases are indexed on
the basis of the fcr unit cell, the ® phase is hexagonal. The patterns also
include reflections from the Inconel gasket of the high-pressure cell
(marked).
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Because of the slow kinetics at temperatures below 370 K, the {—(0+8)
transformation became sluggish around 4 GPa and was no more fixed by DTA above
4.5 GPa [24]. The resistivity anomaly due to the y—(oi+8) transformation was distinct
to 3.3 GPa but became diffuse and indiscernible before the y—>(ct+8) and E—>(0+8)
transition lines intersected near 3.8 GPa [8]. In contrast, the resistivity anomaly
accompanying the (ci+8)—¢ transformation in heating runs on TiH, is split above
4 GPa and appeared as two isolated jumps therefore it was assumed that one more
phase can be stable in the Ti—H system under pressure [24]. The second high-pressure
phase, n, was found, indeed, using the in situ X-ray diffraction on TiHy74 [19,26]. The
C<>(w+n) phase transitions were observed in isobaric heating/cooling runs at
pressures of 6.3 and 11.5 GPa. The diffraction patterns of (-TiHp4 and
(w0+n)-TiHg74 are reproduced in Fig. 3. The hexagonal { phase is a high-pressure
phase of pure titanium [27] and is characterized by low hydrogen solubility [20-22].
Its precipitation upon cooling of single-phase £-TiHy 4 evidences that the hydrogen
content of the 1 phase exceeds that of £ .

Two other titanium hydrides, 3 and k, have no stability region in the
equilibrium 7-P—c phase diagram and appear as a result of the high-pressure
quenching of the £ phase. The procedure is schematically shown with the dashed line
in Fig. 1 and includes the compression of a two-phase (a+8)-TiH, sample with a
near-eutectoid composition and its further thermal treatment in the stability region of
the £ phase, normally around 6.5 GPa and 650 K during 15 to 20 min, followed by
cooling at a rate of about 10° K/min. Recovery of the quenched sample to ambient
pressure and its storage are carried out under liquid nitrogen. After this treatment, the
TiH, sample transforms to the single-phase state designated as the ¥ phase.
Homogeneous x-TiH, samples were prepared in the composition range
0.69 <n <0.92. Outside this interval, either the ® or 8 phase coexists with the quenched
% phase. The x—TiH, phase forms as an intermediate transformation product when the
X phase is heated above 95 K. The phase transformations at ambient pressure are
discussed below in more detail.

Numerous structural data on the stable Ti—H(D) phases at ambient pressure
obtained up to 1985 are compiled in Ref. [7]. Several later works supplemented this
review with X-ray (12,17,19,24] and neutron diffraction [9,10,12,15,28,29] data on
the structures of the stable and metastable phases and their thermal behavior at
ambient and high pressures. The real-time neutron diffraction and small-angle
scattering experiments at low and elevated temperatures [9,10] removed some
ambiguities mentioned in Ref. [7] with regard to the sites occupied by hydrogen in the
crystal structure of those phases. Representative data are listed in Table 1.

Here we comment on these data only briefly:

i)  Hydrogen dissolved in the o phase occupies tetrasites. The maximum hydrogen
solubility of about 8 at.% is reached well above the eutectoid temperature.

ii) The w phase only is observed in the TiH(D).g0s samples after a high-pressure
quenching. Its lattice parameters at 100 K coincide with those for pure @-Ti.
The effect of hydrogen on the a—® transition in titanium reaches saturation near
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iii)
iv)

v)

vi)

vii)
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n=0.13 [20,21]. Together with the data on superconductivity discussed below,
this was the basis for the conclusion that the equilibrium hydrogen solubility in
the o and o phases is rather small.

Hydrogen occupies only tetrasites in the B phase.

Two methods are known to prepare the y phase. The product of the
transformation of the y phase quenched under pressure consists of about 70% y
phase and 30% fine-grained Ti precipitates with the grain size 70 to 200 A [33].
Otherwise, up to 10% ¥y phase in the (ci+8) matrix was obtained at P = 1 atm
after cooling TiH(D), samples from above the eutectoid temperatures [28,34].
Different microstructure and the internal stress of the samples can explain some
scatter in the lattice parameters of the y phase reported in Refs. [9,10,17,28]. The
difference in the values of the deuterium occupancy numbers, pp = 0.96(1) [9,10]
and pp =0.85(8) [28], in the y phase should be related rather to much lower
content of this phase in the samples in Ref. [28] resulting in a lower accuracy of
the data fit.

There is a marked scatter in the available data on the lattice parameters and the
homogeneity ranges of the & and € dihydrides (see [7] and references therein).
The scatter can partly be due to grain-structure and stress effects. Both & and &
structures have been obtained at the stoichiometric composition. Dyuzheva et al.
[37] observed the fcc 8—TiH, g7 hydride with a = 4.454 A at ambient pressure and
its transformation to the € phase upon the initial compression to 0.2 GPa, then
the & phase was stable up to 34 GPa. A significant extension of the range of
thermal stability at 5 GPa was reported for the € phase in Ref. [25].

The high-pressure phases § and n were studied in situ only by X-ray diffraction
[19,24,26]. The assumption of Ref. [19] that hydrogen occupies tetrasites in the §
phase and octasites in the m phase is therefore speculative. Besides, the
suggested tetragonal structures of those two phases were derived from fitting the
peak positions in the experimental diffraction spectra rather than the peak
intensities and shapes [19]. Other features, e.g. the large width of the (200) peaks
in Fig. 2, denote that the true structure of the { and n phases can have a lower
symmetry.

Reitveld analysis of the y phase neutron diffraction pattern became possible
when large isotropic TiDg; samples were quenched under pressure [29]. The
structure parameters of the ¥ and k phases were not refined in earlier works
[9,10] due to the strong texture in the samples, as discussed in Ref. [18]. A
remarkable feature of the , phase is that hydrogen occupies octasites in the metal
lattice, while it sits on tetrasites in other TiH, phases. Among binary hydrides of
d-metals, only the V-H(D) system gives another example of a change in the type
of interstices occupied by hydrogen depending on the external conditions [38].
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2.2. Superconducting properties of titanium hydrides

Three of the above phliases of the Ti-H(D) system are superconducting.
Superconductivity was found first in the ) phase quenched under pressure [5,6]. A
detailed determination of the T,(n) dependence was completed using the magnetic
susceptibility measurements [22]. Fig. 4 presents the T, data collected through the
composition range n = 0.06 to 1.15 for hydrides and n =0.61 to 1.23 for deuterides
quenched under a pressure of 6.3 GPa. There was a special care to retain the quenched
phase, and the superconducting transition width was usually about 0.1 K. The inverse
isotope effect is distinctly seen: T, =4.3 K for x-TiH, and T, =5.0K for ¥-TiD,. A
remarkable feature is that the T; values are independent of composition through the
homogeneity range 0.69< n < 0.92 of the quenched ¥ phase.

5.08 i
; TiDa TiD,,,
? ﬁ; § 2?9 8 481
g0 Re—0-
4t ® h a6}
g 1
3] i-..u
=
sl 44t
) 42
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Fig. 4 (left). Superconducting temperatures of TiH, and TiD, quenched to liquid
nitrogen at P=6.3 GPa [22]. The arrow indicates that TiH,¢ is not
superconducting to 2 K.

Fig. 5 (right). Pressure dependence of the superconducting transition
temperature in TiDg7 on compression (circles) and decompression
(triangles) [19,39]. The T, value of quenched yx—TiDy 74 [22] is shown with a
square.

A possible identity of the phase to another phase stable under high pressure
was tested by in situ T, measurements also using the inductance technique [19,39].
Fig. 5 shows that TiDy;4 becomes superconducting at 11.8 GPa and its T, increases
upon further compression. The T(P) dependence in Fig. 5 extrapolated to normal
pressure gives T; =~ 4.0 K, which is much lower than T, = 5.0 K for ¥—TiD, quenched
under pressure. Near the pressure of 11.8 GPa, the extension of the direct o+8—¢
transition line decreases to a temperature of about 300 K. The in situ structural data
[19] taken into account, the a+8—C transition is replaced by the a+p—>®+n transition
at 300 K. Hence, the T(P) dependence in Fig. 5 is attributed to a high-pressure phase,
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most likely, the n phase. This is also an argument for the individuality of the
metastable p phase.

Modification of the superconducting properties of x-TiHy, due to phase
transitions upon heating to the equilibrium state at atmospheric pressure was studied
by the resistivity measurements, p(T), on the samples subjected to partial annealing
runs to temperatures in the range 80 to 270 K [40] (see also Ref. [23]). The results are
presented in Fig. 6. Each partial annealing cycle consisted of a slow heating at a rate
of about 3 K/min concomitant with the p(T) measurements to a maximum temperature
of the cycle, Ty, then the sample was cooled to liquid helium in about 1 min. Thus,
each curve in Fig. 6 shows a superconducting transition modified due to the change of
the sample state in the previous heating run. Though it is difficult to estimate the
degree of the transformation from these data, the general trend is as follows. Until
Tann S 115K, the transition shape does not change and 7.=4.26 K. Higher
transformation degrees achieved in further runs result in the decrease of T (runs 7 to
12), the appearance of the second step-like anomaly in the p(7T) curves (runs 13 to 16)
and finally, in the suppression of any hints of superconductivity after run 20.

4.5
] 1920 TiHo7 14 TiHo71
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Fig. 6. Degradation of the superconducting transition in quenched x—-TiHg 7
in a sequence of annealing runs to temperatures: / — 80K, 2&3 - 89K, 4 -
102K, 5-106K,6 - 115K, 7- 124K, 8to 10 - 134K, 1] - 144K, 12 -
154K, 13t0 16 - 165K, 17 - 176 K, 18 — 188 K, 19&20 — 270 K [23,40].
Curves 14 to 20 are shifted upright for convenient comparison. The T, values
are taken at the half-jump of the resistivity.

Fig. 7. Correlation between T, and the residual resistivity, po, in the same
series of annealing runs as in Fig. 6. Points are labeled according to the curve
numbers in Fig. 6. Black points 13 to 15 correspond to the two-step
transitions.
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Certain regularity was also found in the resistivity behavior in these
annealing runs. In Ref. [40], the resistivity was represented as the sum p(T) = po + pr
of the residual resistivity, pg, and the temperature-dependent part, pr. Fig. 7 compares
the pp and T, changes. The p, value remained constant in the annealing runs with
Toon < 106 K and markedly increased after the annealing run with Ty, = 106 K when
the 7. value was not yet changed. In further runs with T,,, <154 K, the p, values
increased by about 20% and then rapidly dropped after heating to 165 K in runs 13 to
16 when the superconducting transition acquired a two-step shape. These changes
correlate with the structural behavior of the quenched y phase upon slow heating, as
was observed by real-time neutron diffraction (see below). The initial po increase
should be related to the hydrogen transition from octa- to tetrasites resulting in the
formation of the partially ordered x phase. Then the hydrogen atoms order in tetrasites
to form the y phase and the residual resistivity decreases.

Fig. 8 presents the pr behavior in this annealing series [40]. The P vs. T
dependence is linear in wide temperature ranges, T< 100K for runs 1 to 12 and T7<80K
for runs 14 to 19. The p(T) dependence at low temperatures was therefore approximated
as py(T) =AT 2+ BT °. Above the indicated T-limits, the p(T) curves were different in
different runs, which was attributed to the changes in the phase composition of the sample.
Parameter A changes from 0.33-10° pQ-cm/K* for the x and x phases to
—0.13:107 uQ-cm/K? for the heterogeneous mixture of the y phase with fine-grained
Ti precipitates. Teplinsky et al. [40] compared the positive AT? contribution to the
experimental finding by Gurvitch [41] that strongly coupled superconductors acquire
the AT? resistivity behavior as their disorder increases. The A values in Ref. [41] were
of the same order of magnitude as in Ref. [40] or even higher. Negative A values close
to the A value for the two-phase y+Ti sample have been observed in many amorphous
alloys [42]. Parameter B varies within +15% around the mean value of
B =0.14-10"* uQ-en/K? for all curves in Fig. 8, that of a~Ti included. It was assumed
therefore that the BT > contribution is due to the electron scattering on the metal lattice
vibrations [40]. This py(7) behavior is also consistent with the structural changes
observed by neutron difraction [9,10].
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Fig. 8. Variation of the temperature-dependent part, pr, of the resistivity in
the same series of annealing runs as in Fig. 6 [40]. The labels at the curves
correspond to those in Fig. 6. The curve for polycrystalline o—Ti (99.98 at.%

pure; paos k/Ps2x = 8.5) is presented in black symbols.

Another interesting phenomenon is the enhancement of superconductivity of
the Group IV metals due to low-temperature hydrogen implantation [43,44]. The Ti,
Zr and Hf films cooled below 12 K [43] or 5 K [44] were irradiated with high-energy
H,*, D;* or He" ions. The implantation resulted in Gaussian-shaped concentration
profiles of the implanted atoms with the layers of an about 500 A width where the
concentration was nearly uniform. These thin layers had considerably higher T than
the initial pure metals. In the case of hydrogen and deuterium implantation, the
maximum 7T, values were achieved at n = 0.15+0.02. These T, values are listed in
Table 2. In the case of He implantation, the maximum 7, values were much lower if
any, and they were achieved at much lower implanted doses.

Table 2. The maximum superconducting transition temperatures of the
Group IV metals after hydrogen, deuterium or helium implantation.

H D He Ref.
Ti 4.95 4.89 <l [41]
Zr 3.14 4.65 1.49 [40,41]
Hf 1.75 2.23 <l [41]

The superconducting temperature of the samples with implanted hydrogen or
deuterium decreased by 0.5 K after heating to 77 K and became less than 1 K after
heating to room temperature. Stritzker and Meyer suggested therefore that the
enhanced superconductivity is due to H(D) supersaturation of the hcp o-phase at
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temperatures when hydrogen diffusion and other equilibrium processes do not occur.
This assumption is corroborated by the data of the in siru transmission electron
microscopy of Ni and Pd hydrides prepared by hydrogen implantation at temperatures
below 20 K [45]. In that work, the formation of single-phase hydrides was observed
all over the composition range 0 << n < 1, contrary to the equilibrium conditions.

Thus, the metastable hcp a solid solution supplements the set of
superconducting phases obtained in the Ti-H system with the use of high pressure.
The metastable hcp a—~ZrH(D),,; phase is the only superconducting phase in the
Zr—H(D) system. No new phases were found in the study of the 7-P—c phase diagram
of this system at pressures to 7 GPa and temperatures to 900 K [46]. The T.(P)
dependence of ZrD, samples with n < 0.5 measured by inductance method at pressures
to 43 GPa coincided within the experimental error with that characteristic of the
a—m—f transition sequence in pure Zr [47]. This is a strong argument against the
occurrence of new superconducting phases in the Zr-H(D) system at pressures to
43 GPa.

2.3. Phase transformations on heating the y phase at ambient pressure

The nature of changes in the superconducting properties occurring on heating the
quenched y phase was studied by calorimetry [48] and real-time neutron diffraction
[9,10].

Several TiH, (n = 0.75 and 0.76) and TiD, (n = 0.69, 0.78 and 0.78) samples
were scanned at a heating rate of about 0.5 K/min [48]. The results for each isotope
coincided within 3 to 4%. The calorimetric curves are reproduced in Fig. 9. The heat
evolution begins around 100°K in hydrides and around 115 K in deuterides; the
interval of the transformation is about 100°K. The heat effects are two-peaked with
the peak maxima around 130 and 180°K indicating that the transformation is two-
staged. The two peaks were separated either graphically or experimentally. The
experimental procedure was based on partial annealing runs in the calorimeter until no
indication of the low-temperature peak (I) was observed, then the second stage was
registered. In this way the heats related to two stages of the transformation were
determined, and the activation energies at each stage were estimated from the
Arrhenius plots in the temperature intervals where the fraction converted was small, as
shown in Fig. 10. The total heat and the individual parameters of two stages of the
x—>a+Ti transformation at ambient pressure are listed in Table 3.
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Fig. 9 (left). Heat evolution from %-TiHps and ¥—TiDgs quenched from
600 K at P = 6 GPa and heated at a rate of 0.5 K/min [48].

Fig. 10 (right). Arrhenius plots for the low-temperature peak I and the high-
temperature peak II of heat evolution from y%~TiH(D), represented in Fig. 9
[48].

Table 3. Total heat and the parameters of the low- and high-temperature
peaks of the transformation in quenched y-TiH(D), samples on heating at
ambient pressure [48].

Total Peak I Peak 11
Phase n

AH[JIg) | AH, [J/g] | EuleV] | AH,[J/g] | ExleV]
TiH, | 0.75 71 41 0.15 31 0.37
TiD, | 0.78 119 85 0.35 34 0.48

Almost all data in Table 3 show considerable isotope effects. The E,
energies for hydrides are comparable to the activation energy, E, =0.4 to 0.5 eV, of
hydrogen diffusion in 8-TiH,., (see [49] and references therein). Recently Wipf et al.
[50] studied H and D diffusion in the § phase by mechanical spectroscopy in the
temperature range 5 to 400°K and reported the activation energy of E, = 0.49 eV for
hydrogen in 6-TiH, ¢s and E, = 0.60 eV for deuterium in 8—TiD ¢4. This comparison
together with the structural data led to the conclusion that the second stage of the
transformation is controlled by hydrogen diffusion in tetrasites of the Ti matrix of the
intermediate x phase [48]. The first stage with even lower activation energies was
related to the hydrogen transition from octa- to tetrasites [48], i.e. to the y—«
transition. The small E, values indicate that some potential barriers can be much
lowered in the metastable phases.
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Fig. 11 presents the neutron diffraction pattern of an isotropic ¥—TiDg73
sample quenched from 690°K at 6.5 GPa [29]. The diffraction pattern of the y phase is
characterized by the strong (111) reflection at d =2.41 A (fct). Other intense peaks
appear at d = 1.22 to 1.29 A; the {200} and {220} reflections have a zero intensity.
The difference between the y phase and the high-pressure ones is obvious from
comparison of the structural and chemical parameters in Table 1.
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Fig. 11. Neutron diffraction pattern of ¥—TiDy7; at 7= 90°K measured with
the DN-2 diffractometer at JINR, Dubna [29]. Shown are the experimental
points, the calculated fitting curve and the differential curve. The indices are
given for space group I4/mmm; d is the interspace distance.

The structural changes in quenched ¥—TiDy34 during the slow heating to
room temperature at a rate of about 1°K/min were studied by means of simultaneous
real-time measurements of neutron diffraction and small-angle neutron scattering
(SANS) [9,10]. A sequence of the y—>Kk—>k+( & )—>y+& phase transformations was

observed with the time resolution of 0.5 min. Here & is the designation of globular
metal Ti precipitates whose grain size depends on the heating rate and can be as small
as 60 A, as found in a special SANS study with the PAXE spectrometer at LLB,
Sacley [33]. The lattice parameters of the fine-grained Ti precipitates considerably
differ from those of bulk Ti metal and gradually recover to the normal values on
heating above room temperature [10]. Fig. 12 shows representative spectra of neutron
diffraction (left part) and SANS (right part) measured with the DN-2 diffractometer at
JINR, Dubna. The intensity and the position of the (111) reflection together with those
of the arising (110) superlattice reflection represent the main structural features
therefore their variation with temperature is illustrated in Fig. 13.

There were no significant changes in the spectra at temperatures up to 137°K
and then the diffraction pattern drastically modified between 142 and 151 K. Peak
(111) shifted to larger d-values and decreased in intensity by ~5 times meanwhile
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superlattice reflections (110) and (112) arose in the pattern. These changes correspond
to displacement of the D atoms from octa- to tetrasites concomitant with a partial D
ordering on alternate {110} planes and with the increase in the volume of the unit cell,
which means formation of the x phase. Changes in the diffraction spectrum at higher
temperatures represent the structural and chemical changes occurring in the k phase
and its further discontinuous transformation to the y phase.

T [K]

I [arb.un.]

(A 0 ¢ min]

Fig. 12 (left). Evolution of the neutron diffraction (left part) and SANS (right
part) spectra illustrating the y— & +y transformation on a slow heating of
%-TiDy 74 [9,10]. The indicated reflections correspond to a distorted fcc unit
cell. The reflections from the Al cryostat are also marked. The background is
partially indicated in the diffraction patterns in order to visualize weak
reflections. Q is the neutron momentum transfer; d is the interspace distance.
Current temperatures are given on the right.

Fig. 13 (right). Temperature dependences of the intensities / and interspace
distances d of the (110) and (111) diffraction peaks in the process of the
X—>K—> & +y transformations in TiDg 4 [9,10].

The position of the (110) peak remains nearly the same between 151 and
300 K, this suggests that the lattice parameters a and b of the x and y phases vary
negligibly in this temperature range. Because /(110) ~ n%, the increase of the (110)
intensity by about 1.6 times indicates that the deuterium content in the x phase
increased from 0.74 to 0.94 between 151 and 205 K. The increasing order of the k
phase is connected with a closer packing of deuterium in alternate {110} planes,
shortening of the D-D distances along the c-axis and therefore anomalously large
increase of d(111) in the temperature interval 151-205 K due to the repulsive D-D
interaction. A small jump of the d(111) value between 205 and 220 K is indicative of
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a discontinuous k—»y transition, then the diffraction pattern stays nearly the same up
to 300 K. SANS is negligible up to about 180 K while the sample is composed of the
% or k phase. The increase of the deuterium content of the k phase with temperature
results in the precipitation of deuterium-free titanium particles that gives rise to
noticeable SANS starting from 180-200 K. The SANS intensity becomes much
stronger at 215 K and higher temperatures, after the transformation of the x phase to
the nearly stoichiometric y phase.

The neutron scattering and calorimetric data for TiD, show a good
correlation but for a 20 K difference in the temperature ranges of the processes
observed. This difference is assumed to be of an experimental nature. The variation of
the electrical properties of TiH, discussed in Section 2.2 is interpreted as follows. The
initial increase of the residual resistivity po is due to the octa-tetra hydrogen transition.
The nucleation of Ti grains as n increases in the p phase results in a further increase of
po and a decrease of T.. Finally, the precipitation of Ti particles leads to the two-step
shape of the superconducting transition, and py and pr characterize the highly ordered
¥ phase matrix incorporating poorly structured fine-grained Ti precipitates. So, the x
phase can be considered as a metastable phase with a wide homogeneity range and the
composition-dependent temperature of the superconducting transition.

2.4. Vibrational spectra of the metastable phases

Inelastic neutron scattering (INS) investigation of the vibrational spectra appeared as
the most adequate means for understanding the origin of the enhanced
superconductivity in the metastable Ti hydrides. Fig. 14 presents the INS spectra of
the quenched x-TiHy 7, sample and of the same sample transformed to the y+Ti two-
phase state by heating to ambient conditions [51]. Hydrogen vibrations in octasites of
the quenched y phase form a strong broad peak centered at 75 meV. Its full width at
half-maximum is 44 meV. A large width of the peak is indicative of a considerable
dispersion of hydrogen vibrations in octasites.

As seen from Fig. 14, the transition of hydrogen from octasites in x-TiHp 7 to
tetrasites in y-TiH results in a shift of the fundamental vibrational band to higher
energies. The INS spectrum of y—TiH was measured with a better resolution using the
TFXA spectrometer at ISIS, DRAL (see [18] and references therein). The
fundamental band of y-TiH peaked at 152.7 and 166.7 meV is shown with the short-
dash curve in Fig. 15.

Fig. 15 also shows the INS spectrum of TiHg ;4 measured after a partial xy—x
transition. This partial transition occurred when the sample was allowed to heat in a
dry Dewar from 77 to about 100 K during 2 days. It is seen in Fig. 15 that the
fundamental band of the partially ordered k phase is less structured than that of the
highly ordered k phase, and its maximum is at a slightly lower energy of
o =151 meV.
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Fig. 14 (left). INS spectra of TiHy, quenched to the % phase from 620°K at
P = 6 GPa (top), then transformed to the y phase (bottom). The spectra were
measured using the KDSOG-M spectrometer at JINR, Dubna, at ambient
pressure and the temperatures indicated in the figure. The intensities are
normalized to the measuring time [51].

Fig. 15 (right). INS spectrum of a TiHg 4 sample composed of a mixture of
the x and x phase and measured at 25°K with the TFXA spectrometer at ISIS
[18]. The one-phonon spectrum (solid line) was obtained as a difference
between the experimental data (points) and the multiphonon contributions
calculated in the harmonic isotropic approximation (long-dash lines). The
short-dash line presents the fundamental band of hydrogen vibrations in

y-TiH.

The most interesting features in the INS spectra of the TiH, phases were
found in the range of low-energy vibrations. Figs. 16 and 17 show the INS spectra of a
%-TiHp 74 sample that was first measured as-quenched, then transformed to the k phase
by heating to 151°K directly in the experimental cell and finally converted to the y+Ti
two-phase mixture by heating to room temperature. As seen from Fig. 16, a broad
peak at 50 to 90 meV due to the hydrogen vibrations in octasites of the y phase is no
more observed in the spectra of the k and y phases. As seen from Fig. 17, the
superconducting y and k phases demonstrate additional scattering intensity at energies
5 to 9 meV compared to the non-superconducting y phase. The nature of these low-
energy modes is not well understood yet. Kolesnikov et al. [52] argued that the modes
can be due to hydrogen tunneling within the distorted unit cell.
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Fig. 16 (left). INS spectra for the , x and y phases of TiH,74 measured at
90°K with the SV22 spectrometer (DIDO reactor, KFA, Jiilich) using
neutrons with the incident energy of 102.1 meV [52].

Fig. 17 (right). The low-energy range of the INS spectra for the %, k and y
phases of TiHy s measured with the incident neutron energy of 35.4 meV
[52].

The low-energy vibrational modes were used to explain the enhanced
superconductivity of the TiH, phases within the anharmonic two-level model [53].
This model states that the interaction between the low-energy excitations and
electrons contributes an additional term, Aty s, to the constant of the electron—phonon
interaction, so that in some cases Ars can exceed A, due to other coupling
mechanisms by an order of magnitude. Drechsler et al. [54] assumed tunneling of
H(D) ions in a-ZrH(D),,3 and a—HfH(D),,3 prepared by implantation and presented
an explanation of the inverse isotope effect in the superconductivity of those solutions
using reasonable values of the model parameters. A zero isotope effect in
a—TiH(D)g,13 was related to probable difference in the type of the interstitials, octa- or
tetrasites, occupied by the isotopes, which is not unlikely. Kolesnikov et al. [52] and,
on deeper theoretical grounds, Galbaatar et al. [55] accepted the excitation energy in
%x-TiHp74 to be equal to 7 meV and obtained a quantitatively correct value of the
isotope effect. The estimated energy wors=2.2 to 2.3 meV of the low-energy
excitations in x—TiDy 4 is nearly the same in both works, but this value has not been
tested in experiment.

3. HYDRIDES FORMED UNDER HIGH HYDROGEN PRESSURES

In contrast to the Group IV and V d-metals and palladium, other d-metals do not form
hydrides at low hydrogen pressures. Nevertheless, most these metals absorb
significant amounts of hydrogen if the pressure is sufficiently high, see Fig. 18.
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Fig. 18. Hydrides of d-metals synthesized under high hydrogen pressures
(see [4,56] for details and references). The maximum hydrogen content
achieved is indicated. The arrows show the direction of the changes in the
crystal structure and magnetic and superconducting properties of the starting
metals on hydrogenation. Metal lattices of the phases are: o = bec, o' = o~
Mn, y = fee, € = hep, €' = dhep, orth = orthorhombic. Magnetic state at low
temperatures: af = antiferromagnetic, f=ferromagnetic, p = paramagnetic,
d = diamagnetic, sc = superconductor.

Phase diagrams and crystal and magnetic structures of binary hydrides of the
Group VI-VIII transition metals are discussed in the recent review [56] which also
provides a list of relevant publications. The hydrides can be briefly characterized as
follows.

The hydrides have close-packed metal sublattices with fee, hep or double hep
structure, in which hydrogen occupies octahedral interstitial positions. The hydrides
are metals and most of them exist in wide composition ranges and can be considered
as solid solutions of hydrogen distributed over interstices either randomly or in a
superstructure order. Three of the possible structures of binary hydrides are
schematically shown in Fig. 19a,b,c. Occupancy of all octahedral interstices in the hcp
(Fig. 19a) or fec (Fig. 19¢) metal lattice corresponds to the H-to-metal atomic ratio of
n = 1. In some hcp hydrides with a lower hydrogen content, the hydrogen atoms form
layered superstructures, occupying every third octahedral base layer at concentrations
close to n=1/3 (observed in e-CoHy4) or every second layer at around n = 1/2 (e-
CoDy.s0, e-TcHy 45 and, most likely, e-Mnyggs). In the ordered structures, as shown in
Fig. 19b for the case of n = 1/2, the metal layers separated by the hydrogen atoms
move apart while the layers containing no hydrogen between them move closer
together.
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Fig. 19. Crystal structures of high-pressure hydrides: (a) the NiAs type; (b)
anti-Cdl, type; (c) NaCl type; (d) the structure of the ordered PdAgH and
PdCuH phase. The crosses and small open circles mark octahedral interstitial
positions, respectively, empty and occupied by hydrogen atoms. The large
filled circles show positions of metal atoms. The black circles in structure (d)
represent Pd atoms, the grey circles Ag or Cu atoms. The arrows in structure
(b) indicate the directions of displacements of the metal atoms from the hcp
positions due to hydrogen ordering.

Compared to phase transformations occurring at high pressures in the Me-H
samples with fixed total hydrogen content that were considered in Section 2, synthesis
of hydrides in the hydrogen atmosphere is carried out under the conditions
approaching those of dynamic equilibrium of hydrogen in the solid and gaseous phase.
Incorporation of one more phase, gaseous hydrogen, in the reaction decreases the
number of thermodynamic degrees of freedom by one. As a result, the hydrogen
content of the metal is no longer an independent variable and its value is determined
by the pressure and temperature applied.

Accordingly, only single-phase fields are possible in the 7-P diagrams of
metals in equilibrium with gaseous hydrogen, but the composition of every phase can
vary with T and P within the corresponding field. The 7P diagrams of binary Me-H
systems constructed at ISSP RAS and also the diagram of the Pd-H system from
literature [57] are presented in Fig.20. The solid lines show the transitions
accompanied by a decrease in the hydrogen content of the sample (hydride
decomposition), as these lines are much closer to the equilibrium phase boundaries
than the lines of hydride formation [58].
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Fig. 20. T-P diagrams of the metal-hydrogen systems for the Group VI-VIII
transition metals (see [4,56] for details and references). Metal lattices of the
phases are: o = bec, o' = a-Mn, B' = B-Mn, y =fec, € = hep, €' = dhep. The
subscripts ‘0’, ‘1’ and ‘2’ mark isomorphous phases in the order of
increasing hydrogen content. The superscripts ‘f* and ‘p’ mark ferro- and
paramagnetic phases, respectively. The dashed portion of the € — y boundary
in the Co-H diagram is tentative. The vertical dashed line in this diagram is a
schematic plot of the line of supercritical anomalies of the transformation
between the metastable y, and y; phase. The dashed curves in the Tc-H
diagram represent the lines of supercritical anomalies of the €, <> €, and
€; ¢ &; transformations. The circles in the Ni-H and Pd-H diagrams show
the position of the critical point of the y, <> ¥, transformation (the y, and y,
phase in the Pd-H system are usually denoted as the o and P phase,
respectively).
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Table 4. Composition, superconducting temperature T, pressure and
temperature of synthesis in a hydrogen or deuterium atmosphere, structure
and parameters of the metal sublattice at ambient pressure and 80-100 K for
some d-metals and their high-pressure hydrides and deuterides. References
are given to the papers presenting the superconducting properties.

Com- o i Metal N:ff

ponents n=HMe) T,K] P[GPa]| T[°C] lattice | ¢ (Al | clA] [el/ atom| s

Me]

Pd 0 <2:10* | — — fec | 3887 — 10 [[148]

Pd-H 1.0 =9 >1 20 fec | 4.090 — 10.5

Pd-D 1.0 ~11 >1 20 fec | 4084 | — 10.5 &)

Rh 0 32510 — — fec |3.798 — 9 |[149]

Rh-H 1.0 <0.3 7 350 fee | 4.024 — 9.5

Ru 0 0.495 — — hep | 2.704 | 4.277 8 [61]

Ru-H 0.035 0.455 9 350 hep | 2.705 | 4.278 8.02

Tc 0 7.85 —_ —_ hcp [2.735%| 4.388* 7 (64]

Te-H 0.04 7.35 300 hep | 2.74% | 4.39% | 7.02

Te-H 0.485 ”2‘30& 06 | 300 | hep |2.801%| 4.454% | 725 | [66]

Mo 0 0.92 e —_ bee | 3.144 — 6

Mo-H 1.07 0.92 325 hep | 2932 | 4747 | 6.54 | [67]

Mo-D 1.06 1.11 325 hep | 2931 | 4.747 | 6.53

Re 0 1.70 — — hep | 2.755 | 4.451 7

Re-H 0.20 0.7 8 350 hep | 2.801 | 4.465 7.1 | [61]

Ni-H 1.06 <0.3 6.5 250 fee | 3.737 — 10.53

A 0 5.40 — — bee | 3.023 — 5

V-H 2.0 <0.35 7 325 | feo |[4211| — 6

Nb 0 9.22 — — bec | 3.300 e 5 el

Nb-H 2.0 <0.35 7 325 | fec |4562| — 6

* The lattice parameters of Tc-H hydrides refer to room temperature.

e —
eff =

the starting metal.

N°¢+ 0.5n, where N° is the average number of outer s+d electrons per atom in
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3.1. Hydrides of the Group VI-VIII transition metals

None of the Group VI-VIII 3d-metals and their hydrides shows superconducting
properties. The metals are magnetically ordered at low temperatures and the hydrides
of Mn, Fe and Co are also magnetically ordered (Fig. 18). e-CrHyg; is paramagnetic
down to helium temperatures [59,60]. y-NiH, o4 is paramagnetic down to 0.3 K [61].

The Group VI-VIII 4d-metals except Pd are superconductors. The basic
properties of these metals and their high-pressure hydrides are listed in Table 4. The
table also presents similar data for 3d-metal Ni and 5d-metal Re and for V and Nb
metals from Group V. In most cases, the superconducting temperature of the sample
was determined from the step midpoint position in the temperature dependence of
magnetic susceptibility x(7).

Pd-H system. Both palladium and palladium hydride have an fec metal
lattice. In a hydrogen atmosphere, palladium hydride is formed via the isomorphous
Y1 — Y, transition, where y; and y, are the Pd-H solid solutions poor and rich in
hydrogen, respectively (these phases in the Pd-H system are usually called the o and
phase). At room temperature, the transition is accompanied by an abrupt increase in
the hydrogen solubility from n ~0.01 in the y, phase to n ~#0.61 in the , phase [57].
The compositions of the coexisting y; and y, phases get closer to each other with
increasing temperature, and the line of the ¥, <> y; equilibrium terminates at a critical
point, as shown in Fig. 20.

A hydrogen pressure of about 0.007 atm is sufficient to form the y, hydride of
palladium with n ~0.61 at room temperature [57], whereas pressures exceeding 1 GPa
are necessary to approach n=1 [3]. Since the discovery superconductivity in
palladium hydrides at n > 0.8 [2], a lot of works have been devoted to synthesis and
studies of hydrides and deuterides of Pd and its alloys in the range of high H and D
concentrations. So far as the T.(n) dependences for the hydrides and deuterides of pure
palladium are concerned, results obtained with samples prepared by different
techniques (under a high hydrogen pressure, electrochemically, by hydrogen
implantation) are in good agreement with each other [3]. The T, values of palladium
hydrides rise above 1 K at n 0.8 and reach 9+0.5 K at n = 1. The T.(n) dependence
resulted from averaging the available experimental data will be shown by the dashed
line in Figs. 29, 32 and 33. The superconducting temperature of palladium deuterides
is higher than that of hydrides at any n > 0.8 and reaches 7, = 11+0.5K at n=1.
Palladium hydrides are shown to be type II superconductors with the second critical
magnetic field varying at T=0K from 80 to 250 G depending on the hydrogen
content of the hydride and/or on the concentration of lattice defects [3].

An explanation of the increase of 7. with increasing hydrogen content of
palladium and also of the “inverse” isotope effect—higher T values for the deuterides
than for the hydrides—was first proposed by Ganguly [62] and then confirmed by
several theoretical and experimental investigations [3]. The Pd-H and Pd-D systems
proved to be the first superconductors where the optic phonon modes take part in an
effective way in the attractive electron-electron interaction leading to enhancement in
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superconductivity. The higher superconducting temperature of the deuterides is due to
the weaker force constant between Pd and D than between Pd and H resulting from
less anharmonic zero-point vibrations of heavier D atoms [62].

Rh-H system. The hydrogen content of the primary ¥, solutions does not
exceed n = 0.01 and the composition of the y, hydride is close to RhH throughout the
stability regions of these phases in the 7-P phase diagram studied so far (Fig. 20).
Samples of polycrystalline rhodium (99.98%) and its hydride were shown to be non-
superconducting at 72 0.3 K [61].

Ru-H system. The equilibrium hydrogen solubility in hcp ruthenium at
250°C monotonically increases with pressure and reaches n = 0.03 at 9 GPa [63]. To
estimate the effect of hydrogen on the superconducting temperature of Ru metal [61],
a single crystal of ruthenium was grown from Ru powder (99.96%) and loaded with
hydrogen at 9 GPa and 350°C. The hydrogen content of the sample reached
n =0.035+0.01 that resulted in the decrease of its T, from 0.495 K to 0.455 K. After
removal of the hydrogen by annealing in vacuum at 500°C, the superconducting
temperature of the sample increased to the initial value of 0.495 K. The reversibility
of the T, changes suggests that the observed decrease in the superconducting
temperature of the Ru sample was due to the dissolved hydrogen rather than the
defects introduced in the course of the high-pressure treatment. The initial slope of the
T.(n) dependence is of the order of -1 K/H atom.

Tc-H system. At high pressures, the system undergoes two isomorphous
phase transitions, €y — €; and €; — €;. The lines of both transitions terminate in the
critical points at T < 300°C (Fig 20). At 300°C, the equilibrium hydrogen solubility in
Tc is n=0.5 at 0.7 GPa and n =~ 0.8 at 2 GPa (Fig. 21). The Tc-H samples prepared
under high hydrogen pressure and elevated temperature do not loose hydrogen at
ambient conditions for periods of months. Phase compositions of such samples
correspond to the equilibrium at fixed total hydrogen content. In particular, the X-ray
diffraction study at room temperature revealed a miscibility gap between the range 0 <
n < 0.04 of the primary g;-solutions and the range 0.385 < n < 0.78 of the &-hydrides
[64]. The neutron diffraction investigation at 300 K and 120 K demonstrated [65] that
hydrogen is randomly distributed over octahedral interstices in TcHggo with the
deficient NiAs-type structure shown in Fig. 192 and forms a layered superstructure of
the anti-CdI, type (Fig. 19b) in TcH 4.
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Fig. 21 (left). Hydrogen solubility in technetium at 300°C [64].

Fig. 22 (right). Superconducting temperature T as a function of the hydrogen
content n = H/Tc of Tc-H samples [66]. The horizontal portion of the T (n)
dependence at 0.04 <n <0.385 is due to the constant hydrogen content
n =~ 0.04 of the gg-phase in the two-phase mixtures g+ € formed in this
concentration interval.

As seen from Fig. 22, the superconducting temperature of the gy-solutions
monotonically decreases with increasing hydrogen content from 7.85 K for initial
technetium to ~7.35 K at n=0.04. The Tc-H samples with n 2 0.385, which should
have been single-phase e-hydrides according to the X-ray and neutron diffraction data,
also proved to be superconducting. However, in their (7) dependences (Fig. 23) there
were two steps characteristic of superconducting transitions. Fig. 22 shows the
intervals of those transitions estimated at the level 95% of the step height. As one can
see, the temperature intervals of superconducting transitions are minimum for the
sample with n = 0.485 and increase on moving away from this composition towards
lower or higher hydrogen concentrations.

Two superconducting transitions in the Tc-H samples with n>0.385
evidence the presence of two superconducting phases with different values of T.. The
X-ray investigation of the sample with n = 0.485 showed no signs of a phase transition
in its metal lattice on cooling from 300 K to 7 K [66]. The occurrence of a phase
transition in the hydrogen sublattice that cannot be detected by X-rays was therefore
concluded to be the most plausible explanation for the decomposition of the single-
phase e-hydrides to two different phases at low temperatures.
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Fig. 23. Temperature dependences of the magnetic susceptibility y for

samples of technetium hydrides with the indicated H/Tc ratio of n [66]. In the

%(T) dependence for the two-phase () + %) sample with n =0.26, there is
one more step at T=7.42 K corresponding to the superconducting transition

in the op-phase.

Mo-H system. The hydrogen solubility in bec (o) molybdenum is small. The
composition of the hep (g) hydride is close to MoH irrespective of the pressure and
temperature of synthesis within the region of the hydride stability on the 7-P diagram
shown in Fig. 20.

A single crystal of Mo with the resistance ratio R3pox/Ry2x ~ 1000 was used
as the starting material to synthesize hydride and deuteride samples for the studies on
superconductivity [67). The hydride and deuteride samples obtained were polycrystalline
because their formation was a polymorphic transition accompanied by an about 17%
increase in the sample volume. Both the hydride and deuteride proved to be
superconductors. The hydride has the same T, = 0.92K as pure Mo, while the T value of
the deuteride is about 0.2 K (i.e. 20%) higher (Fig. 24).
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Fig. 24 (left). Temperature dependences of the magnetic susceptibility in
the vicinity of superconducting transition in molybdenum hydride and
deuteride [67].

Fig. 25 (right). Critical magnetic field H. vs. the square of reduced
temperature for the molybdenum single crystal and for the polycrystalline
molybdenum hydride and deuteride [67].

The critical field H, of Mo, MoH and MoD samples was estimated from the
position of the step of the y(H) isotherms in fields H up to 280 G. As seen from
Fig 25, the temperature dependences of H, are described satisfactorily by the familiar
expression H(T) = H(0)[1 - (T:‘Tc)z]. The extrapolated values of H.(0) vary from
~90 G for the initial single-crystalline Mo to =300 G for the polycrystalline e-MoD
and to =600 G for the e-MoH. After removal of H or D from the MoH and MoD
samples by vacuum annealing at 500°C for 30 min, the resulting polycrystalline
sample of Mo had T. = 0.92°K and H.(0) = 120 G. Some increase in H(0) for
molybdenum, from about 90 to 120 G, after the hydrogenation/dehydrogenation cycle
was due to the lattice defects and residual stresses created by this procedure.

By analogy with palladium [3], the “inverse” isotope effect—a higher
superconducting temperature for the deuteride than for the hydride—in the case of
molybdenum could also be attributed to the considerable contribution of optical
phonons into the electron-electron coupling and the weaker anharmonicity of optical
vibrations of the D atoms compared to the H atoms. It seems worth noting, however,
that the fundamental peak of optical H vibrations in e-MoH lies at 114 meV [68],
which is approximately twice as high as that of 56meV in y-PdH [69].
Correspondingly, the influence of optical H vibrations on the superconducting
properties of molybdenum hydride should not be as strong as in palladium hydride.




L.O. Bashkin, V.E. Antonov and E.G. Ponyatovsky

198
n T T
Re-H Q
o) single crystal
T=1350"C
F
@)
01}
n_o L ' L i
0 2 4 6 B
PHZ [GPa]

10

T, K]

15}

05¢

Re-H
single crystal

©o

1

0.00

L
0.05

1 '
0.10 0.15 0.20
n=H/Re

Fig. 26 (left). Hydrogen solubility in Acp rhenium metal at 350°C [61].
Fig. 27 (right). Superconducting temperature T, as a function of the hydrogen
content n = H/Re of Re-H solid &-solutions [61].
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Re-H system. At 170-350°C, the equilibrium hydrogen solubility in Acp
rhenium monotonically increases with pressure and reaches n =~ 0.23 at 9 GPa and
350°C (Fig. 26). To study the concentration dependence of T, for Re-H solid
solutions, single-crystalline Re-H samples were prepared from a single crystal of Re
with the resistance ratio Rypo x/Rs2x = 100 and T, = 1.70K [61]. As seen from Fig. 27,
incorporation of hydrogen into rhenium metal results in an approximately linear decrease
in the T values with the slope dT/dn = —5.0+0.2 K/H atom. The temperature interval of
the superconducting transition remains sufficiently narrow (Fig. 28) that points to a
homogeneous distribution of hydrogen over the metal volume. After removal of
hydrogen from the Re-H samples by annealing in vacuum at 500°C, the
superconducting temperature increased to the initial value of 1.70 K of the rhenium

crystal used.
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3.2. Hydrides of Pd alloys with noble metals

3.2.1. Superconductivities of hydrides produced by hydrogen implantation and under
a high hydrogen pressure

Soon after the discovery of superconductivity in the Pd-H solid solutions with n > 0.8
[2], Stritzker found out [70] that implantation of hydrogen in alloys of palladium with noble
metals (Cu, Ag and Au) cooled to helium temperatures made them superconductors
with T, values of up to 13-17°K much exceeding T, = 9°K attainable for the Pd-H
solutions [3]. Stritzker’s discovery gave strong incentive to the experimental investigations
of superconducting properties of hydrogen solutions in palladium alloys with various
metals: Ni [3,71-73], Fe and Cr [74], Ti [3], Rh [3,75,76]. Pt [3,76], Al [3,77,78], In [78]
and B [79]. None of those solutions, however, had as high values of T, as hydrogen
solutions in the alloys of palladium with noble metals. Stritzker’s results for such
solutions were later confirmed in the work of Ref.[78], where implantation of
hydrogen into a PdsqCusg alloy induced superconductivity with 7. ~ 13°K.
Hydrogenation of Pd alloys with noble metals under high hydrogen pressures
at ISSP RAS gave quite different results. The PdgpAgay and PdgCuy alloys with the
compositions close to the optimum ones for achieving the highest values of T, by
hydrogen implantation were loaded with hydrogen at 250°C and hydrogen pressures
up to 7 GPa [80]. The T values of the hydrogen solutions thus obtained are presented
in Fig. 29. The PdgCuyy-H solutions with the hydrogen content up to n = 0.61 are not
superconducting at T > 2°K, while the PdgCuy alloy with the same concentration of
implanted hydrogen should have T, no less than 6-10°K, as illustrated by the T.(n)
dependence [70] for the PdssCuss alloy of a similar composition. Implantation of
hydrogen into the PdgyAgyg alloy should result in T, = 15°K at n = 0.8 [70]. As seen
from Fig. 29, the superconducting temperature of the PdgyAgag-H solutions produced
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under high hydrogen pressures is below 4 K at n=0.8 and it does not rise above
7.5°K even at n = 1. On the whole, the T (n) dependences for these solutions do not
differ much from the dependence for the Pd-H solutions averaged through the results
of different authors and shown in Fig. 29 by the dashed line.

So far as theory is concerned, there had been no generally adopted viewpoint
as to how the alloying of palladium with noble metals should affect the
superconducting temperature of the hydrides. For example, according to the theoretical
estimates of Refs. [81-83], this alloying should increase T.. On the other hand, the
theoretical results of Ref. [84] and the estimates made in Ref [85] based on the
experimental investigation of the low-temperature specific heat of non-
superconducting PdgyAgy-H solutions indicated that 7. should decrease. The
experimental study of superconducting PdgAgy-H solutions prepared under high
pressures demonstrated [80] that such an alloying nearly does not affect the
superconductivity of palladium hydrides at all.

The high T; values of the Pd-noble metal-H samples prepared by hydrogen
implantation at helium temperatures [70,78] could be due to specific radiation defects
and to a significant instability of the crystal structure formed. An important role that
radiation defects could play follows, in particular, from another experimental result of
Stritzker. He showed [86] that Pd films became superconductors with the critical
temperature of up to 3.2°K after irradiation at low temperatures with He" ions,
accelerated to the energy high enough for the ions went all the way through the films
without sticking inside. The author [86] ascribed the effect to suppression of strong
spin fluctuations, which are thought to be the reason for the absence of
superconductivity in Pd metal [87].

It should be noted, however, that the maximum values of T, achieved with
the Pd-H and Pd-D samples prepared by implantation virtually coincided with those of
nearly defect-free samples prepared under high hydrogen or deuterium pressures [3].
By contrast, the samples of hydrides of palladium-noble metal alloys with implanted
hydrogen had much higher T; values than the samples with the same composition
loaded with hydrogen under high pressures. The implantation being expected to
produce similar radiation defects both in Pd and Pd-noble metal alloys, another factor
should be responsible for further enhancement of superconductivity of the Pd-noble
metal alloys. Most likely, it is instability of the crystal structure, which is specific for
these very alloys with implanted hydrogen and manifests itself in a softening of some
phonon modes and in the corresponding strengthening of the electron-phonon
coupling.
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Fig. 29. Superconducting temperature T, as a function of the hydrogen
content n = H/(Pd+Me) for solid solutions of hydrogen in fcc palladium and
its alloys with Ag and Cu [4]. Palladium [4] and the PdgyAgs and PdggCuyg
alloys (at.%) [80] were loaded with hydrogen under a high pressure. The
symbols with arrows indicate the absence of superconductivity at T = 2°K.
The PdssCuys-H solutions were prepared by hydrogen implantation [70]. The
vertical bars show the temperature intervals, in which the sample resistance
dropped from 90 to 10% of the residual resistance of the normal phase. The
dashed line presents the T, vs. n dependence for Pd-H solutions [3].

Formation of a highly unstable crystal structure as the main reason for the
high T values of the Pd-noble metal-H solutions was first suggested by Stritzker [70].
He observed clear signs of lattice instability while studying the dependences of T vs.
the dose of hydrogen implanted in the Pd-Cu and Pd-Ag alloys with compositions
close to the optimum ones for achieving the maximum 7, > 15°K. A monotonic
increase of T, with increasing dose of implanted hydrogen was sometimes interrupted
and T; dropped below 1°K. The disappearance of superconductivity was also
accompanied with a sudden drop of the residual resistance R, by 10-20%. Further
hydrogen implantation led to a monotonic decrease in R, but superconductivity
never reappeared. Stritzker explained this by the formation of a new non-
superconducting phase with a smaller value of R;.
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3.2.2. Superstructures in the Pd-Cu-H and Pd-Ag-H systems

Studies carried out at ISSP RAS have shown that disordered fcc alloys of Pd with Cu
and Ag placed in a hydrogen atmosphere at pressures up to 7 GPa and temperatures up
to 100-150°C form non-stoichiometric y-hydrides with a deficient NaCl-type structure
(Fig. 19¢c). The achievable concentration of hydrogen atoms chaotically distributed
over octahedral interstices in the metal lattice decreases with decreasing Pd
concentration of the alloys from n = 1 for pure Pd to n = 0.5 for the alloys containing
50 at.% Pd. At temperatures of synthesis exceeding 150-200°C, a new irreversible
phase transformation accompanied by a tetragonal distortion of the fcc metal lattice
was observed in the PdgCus-H [88] and PdspAgse-H [89] systems. Tetragonal
samples of PdAgHgg hydride synthesized at 200°C and 2.8 GPa [90] and of
PdCuHyg4 hydride synthesized at 325°C and 3 GPa [91] were studied by neutron
diffraction and shown to be atomically ordered. The ordered structure of these
hydrides (y* hereafter) with the compositions close to the stoichiometry PdMeH is
presented in Fig. 19d and consists of layers ...—-Me-PdH-Me-PdH-... stacked
perpendicular to the tetragonal axis with the hydrogen atoms on the octahedral sites
within the Pd layers. The only difference between the structures of the two hydrides
was that PdAgHg g9 had c¢/a > 1 while PdCuH, g, had c/a < 1.

The ordered state of the metal lattice of the PdgCuyo-H [88] and PdsgAgse-H
[89]) hydride is retained after the complete removal of hydrogen by annealing in
vacuum at 250-300°C, though its degree of tetragonality decreased. The lattice turns
back to the initial disordered fcc after a vacuum annealing at 350-375°C or plastic
deformation at room temperature. These results show that the layered superstructure
formed in the PdgCuyy and PdsyAgse alloys at high hydrogen pressures is not an
equilibrium property of the alloys in the absence of hydrogen. The ordered state
corresponds to the full (including each sort of the atoms) thermodynamic equilibrium
in the Pd-Cu-H and Pd-Ag-H system at high hydrogen pressures.

Both ordered and disordered PdssAgso-H solutions with the hydrogen content
up to n = 0.5 are not superconducting at 7> 2°K [89]. The PdgAgyo alloy forms with
hydrogen only disordered y-solutions at pressures up to 6.7 GPa and temperatures up
to 400°C [89] and the T.(n) dependence in Fig. 29 presents the results for these very
disordered solutions.
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Fig. 30 (left). Parameters a and c of the metal lattice determined by X-ray
diffraction at ambient pressure and 80 K for the initial fcc Pd-Cu alloys
(crosses) and for the Pd-Cu-H solid solutions synthesized by a 24 h exposure
to a hydrogen pressure of 2 GPa at 100°C (open triangles) and at 300°C
(open and closed circles) [92]. The closed circles show the c-parameter of the
tetragonal lattice of the ordered y”-solutions, the other symbols stand for the
a-parameters of both the disordered fcc and the ordered tetragonal lattices.
The numbers placed near the symbols indicate the hydrogen content of the
samples in the units of the H/(Pd+Cu) atomic ratio.

Fig. 31 (right). Temperature dependences of the magnetic susceptibility ¥ in
the vicinity of superconducting transitions in: (1) PdgCu,e y-sample,
n =0.94; (2) PdsCuys y-sample, n = 0.94; (2) Pd;sCuys Y*-sample, n = 0.86
[92].

The influence of the atomic ordering on T, was studied for the Pd-Cu-H
system [92]. Using disordered fec Pd-Cu alloys containing 10, 20, 25, 30, 35 and
40 at.% Cu as the starting materials, two series of hydrides were prepared by a 24 h
exposure to a high hydrogen pressure at two different temperatures, 100 and 300°C. To
illustrate the effect of hydrogenation, Fig. 30 presents X-ray data for the samples
prepared at a pressure of 2 GPa. As is seen, the composition range of the ordered y™
solutions at 300°C is rather wide, and even the PdgyCuy-H solution with n = 0.81 still
exhibits a noticeable tetragonal distortion of the lattice, though the ordering conforms
to the PdCuH stoichiometry. However, the diffraction lines of the y*-samples
containing 30, 25 and 20 at.% Cu were considerably broadened that points to their
concentration inhomogeneity. Diffraction lines on the X-ray patterns of y-hydrides of
these alloys prepared at 100°C were broadened too, and the linewidths increased when
the time of synthesis was increased from 24 to 72 h. This broadening was due to the
concentration inhomogeneity of the samples arising at the initial stage of the ordering
process, which could not develop farther because of the sluggish kinetics.
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Fig. 32. Superconducting temperature T, as a function of the hydrogen
content n = H/(Pd+Cu) for the disordered y-solutions (closed symbols) and
for the ordered y*-solutions (open symbols) of hydrogen in Pd-Cu alloys
[92]. The symbols with arrows indicate the absence of superconductivity at
T >2 K. The dashed line presents the T, vs. n dependence for the Pd-H y-
solutions [3].

Fig. 33. Superconducting temperature 7. as a function of the hydrogen
content n = H/(Pd+Me) for single-phase solid solutions of hydrogen in fcc
palladium and its alloys with Au [93], Ni (the open symbols show results of
Ref. [94], the closed diamond is for the sample with 5 at.% Ni measured in
Ref. [72]) and Pt (the open symbols show results of Ref. [95], the closed
circles are for the samples with 2.8 at.% Pt measured in Ref. [76]). The
dashed line presents the T, vs. n dependence for the Pd-H y-solutions [3].

Three representative dependences of the magnetic susceptibility in the range
of superconducting transitions in the Pd-Cu-H hydrides are presented in Fig. 31. The
concentration inhomogeneity of the Pd;sCuys-H samples causes a broadening of the
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steps of their x(7) dependences. The dependences for the PdgyCu,-H solutions look
similar.

Fig. 32 shows the T, values of the Pd-Cu-H solutions studied. Within
experimental scatter, the atomic ordering does not change the T,(n) dependences of
the Pd-Cu-H solutions, and all the dependences are close to that for the hydrogen
solutions in pure palladium. This result suggests, in particular, that the ordered ¥
state of the Pd-Cu-H and Pd-Ag-H solutions is different from the state with high T,
values formed on hydrogen implantation (discussed in Section 3.2.1).

The Pd-Au-H system was studied in Ref. [93]. No atomic ordering was
detected in the initially disordered fcc Pd-Au alloys containing 3, 9, 22.5, 50 and
75 at.% Au after their hydrogenation at pressures up to 6.7 GPa and temperatures
from 200-350°C. The T values for the y-solutions of hydrogen in the alloys with 3.9
and 22.5 at.% Au are shown in Fig. 33.

3.3. Hydrides of Pd-Ni and Pd-Pt alloys

While hydrides in the Pd-Cu-H and Pd-Ag-H systems showed a clear tendency to
atomic ordering, hydrides in the Pd-Ni-H [94] and Pd-Pt-H [95] systems demonstrated
the opposite tendency to decomposing into phases rich and poor in palladium.

3.3.1. Pd-Ni-H system

Pd and Ni form a continuous solid solution with a disordered fcc structure. Alloying
Pd with Ni results in the occurrence of ferromagnetism at 2.5 at.% Ni and further
monotonic increase in the Curie temperature and spontaneous magnetization of the
ferromagnetic alloys. In a hydrogen atmosphere, both palladium and nickel hydrides
are formed via the isomorphous y; — y, transition, where y; and Y, are the solutions
poor and rich in hydrogen, respectively, see Fig. 20.

Experiments with Pd-Ni-H samples charged with hydrogen by implantation
at helium temperature [3] and electrolytically at 200 K [73] showed that the maximum

value Tcm of the superconducting temperature achievable on hydrogenation rapidly

decreases with increasing Ni concentration, and the samples containing more than
10 at.% Ni never become superconducting at T> 1 K. This is exactly the result one
could expect from the alloying with a ferromagnetic Ni metal. Interestingly, the

dependence of 7,™" on the Ni concentration in the nickel-rich Pd-Ni alloys loaded

with hydrogen under a high hydrogen pressure and room temperature demonstrated a
quite different behavior [71,72]: a deep minimum at ~10 at.% Ni was followed by a
pronounced maximum (.'i';rmut =~ 10K) at =20 at.% Ni, and then the ?;wn values
decreased sharply again.

The X-ray investigation of Pd-Ni alloys with 5, 20, 40, 60 and 80 at.% Ni
hydrogenated at hydrogen pressures and temperatures from 20 to 350°C has shown
[94] that at T < 250°C only y-solutions are formed in the Pd-Ni-H system, and the line
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of the isomorphous Yy, <>y, transformation moves monotonically towards higher
pressures with increasing Ni content of the alloys. At T> 250°C, the y;-solutions
(hydrides) based on the alloys with 2080 at.% Ni decompose into y-hydride of nearly
pure nickel and y-hydride of palladium with a few atomic percent Ni. The two-phase
state of such samples is retained after the complete removal of hydrogen by vacuum
annealing at T < 350°C. Annealing in vacuum at T'> 400°C or plastic deformation of
hydrogen-free samples at room temperatures brings the alloys back to the starting
single-phase homogeneous state. Separation into phases enriched and depleted in
palladium thus is not an equilibrium property of Pd-Ni alloys under ambient
conditions. This is the property of the ternary Pd-Ni-H system.

As seen from Fig. 33, the T, values of single-phase samples of the Pdy;Nis-H
y;-solutions prepared in Ref. [94] lie significantly lower than those of the Pd-H
solutions, while the PdgoNig-H and PdggNig-H y;-solutions are not superconducting at
T=2K. This agrees with the results of Refs. [3,73] for the samples charged with
hydrogen by implantation or electrolytically. The high T, values observed in
Refs. [71,72] for the high-pressure Pd-Ni-H samples with the Ni concentrations
around 20 at.% cannot be explained unambiguously as the crystal structure of the
samples was not examined. Nevertheless, in view of the phase separation observed in
the Pd-Ni-H system at elevated temperatures [94], it is plausible to assume that the
Pd-Ni-H samples with ~20 at.% Ni prepared in Refs. [71,72] at room temperature
could also consist of a mixture of a palladium-rich and palladium-depleted phase, and
the palladium-rich phase was superconducting.

3.3.2. Pd-Pt-H system

Alloying of Pd with approximately 14 at.% Pt decreases the critical temperature of the
Y1 = Y2 transformation in the Pd-Pt-H system below 25°C, and the equilibrium
hydrogen solubility in the fcc Pd-Pt alloys with a higher platinum concentration is a
continuous function of pressure at room temperature [96]. The hydrogen solubility in
Pd-Pt alloys at room temperature and pressures up to 2.4 GPa has been studied in
detail in Ref. [97] and shown to decrease monotonically at any given pressure with
increasing Pt concentration. Hydrogenation of fcc Pd-Pt alloys containing 2.8, 10, 15,
20, 25, 40 and 60 at.% Pt at pressures to 6.5 GPa and T < 250°C resulted in the
formation of single-phase homogeneous y-solutions [95]. Hydrogenation of the alloys
containing 215 at% Pt at T > 250°C led to the decomposition of the Pd-Pt-H solutions
into hydride of palladium with a few atomic percent Pt and a nearly hydrogen-free
alloy with the composition close to Pd,sPt;;. After removal of hydrogen by annealing
in vacuum at 300°C, all the Pd-Pt samples recovered their initial homogeneous state.
The T values of single-phase samples of the Pd-Pt-H y-solutions prepared in
Ref. [95] are presented in Fig. 33. As seen from the figure, the variation of the T,(n)
dependence with increasing platinum concentration in the Pd-Pt alloy is
nonmonotonic. The superconducting temperature of the Pdg; ,Pt; 3-H solutions reaches
7.4 K at n = 1; the PdggPt)o-H solutions with n < 0.97 display no superconductivity at
T 2 2 K; superconductivity reappears in the PdgsPt;s-H and PdgyPty-H solutions and
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then vanishes again, as the alloys with 25, 40 and 60 at.% Pt loaded with hydrogen up
ton=0.92,0.51 and 0.11, respectively, are not superconducting at 7> 2 K.

Superconductivity of two Pdgy;Pt;3-H samples prepared under high
hydrogen pressures at room temperature was studied in Ref. [76). As seen from
Fig. 33, the results of Ref. [76] and Ref. [95] differ significantly, but they are not
contradictory in view of the very large scatter in the T (n) values determined in
Ref. [95]. Superconducting properties of the Pd-Pt-H system were also studied on
samples with implanted hydrogen [3]. The maximum superconducting temperature
achievable with hydrogen implantation was reported to reach 9-9.5°K for the alloys
containing up to about 30 at.% Pt and to decrease steeply at higher platinum
concentrations. The results of Ref. [3] and Ref. [95] are inconsistent.

3.4. Hydrides of alloys of V, Nb and Ta with Ru and Os

A significant increase of the superconducting temperature on hydrogenation was also
observed for Nb alloyed with Ru [98], Rh [99] and Pd [99,100]. Concentrations of the
alloying metals were within 15-35 at.%. The alloys were loaded with hydrogen either
by electrolysis of H,SO4 [98,100], or in a hydrogen atmosphere at a pressure of
0.1 GPa and temperatures up to 400°C [99]. Regretfully, the Nb-Me-H samples
studied in Refs. [98-100] were inhomogeneous and multi-phase that made it difficult
to determine the crystal structure and the hydrogen content of the superconducting
phases.

The encouraging results of Refs. [98-100] motivated further studies of the
effect of hydrogen on superconductivity of the Nb-Ru [101] and Nb-Rh [102] alloys
and also of V-Ru [103], Ta-Ru [104], V-Os and Ta-Os [105] alloys. Vanadium and
tantalum are chemical analogues of niobium, all staying in the same column V of the
periodic table; osmium is an analogue of ruthenium from group VIIIL The alloys were
hydrogenated in a hydrogen atmosphere at 300 or 325°C and pressures up to 6.5—
9 GPa followed by the rapid cooling under pressure down to 90-100 K. To prevent
hydrogen loss, the samples thus obtained were never warmed above 100 K until their
crystal structure and superconducting temperature were determined.

The structure types, lattice parameters and T, values of the phases formed in
the studied systems are listed in Table 5. For every system, an isotherm of hydrogen
solubility at 300 or 325°C was constructed and phase compositions of quenched
samples were examined by X-ray diffraction at ambient pressure and 83 K. Most
phase transitions observed in the systems were sluggish, and samples synthesized in
the pressure intervals of such transitions remained in a non-equilibrium two-phase
state despite a rather long synthesis time of a day or more used in the experiments.
Table 5 compiles only those results that were obtained with single-phase samples.
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In the figures that follow, X-ray results for various phases will often be
presented in the form of values AV,(n) of the volume increase per metal atom
accompanying the hydride formation. Sometimes such a presentation is rather
informative and makes it possible to estimate independently the hydrogen content of a
phase, because the AV,(n) dependence of many transition metals and their alloys is
approximately linear over a wide range of hydrogen contents [106], the slope B =

V,/ n varying from about 1.5 A’ per metal atom per H atom for solid hydrogen
solutions in a-Mn [107] to about 3 A® per metal atom per H atom for the Pd-H
solutions [108]. For example, AV,(n) for all phases formed in the Nb-H system is
satisfactorily expressed by a linear dependence with f ~ 2.5 A per metal atom per H
atom [106].

3.4.1. V-Ru-H system

Three V-Ru alloys containing 10, 18.5 and 34 at.% Ru were examined for the
occurrence of superconducting hydrides [103]. The starting alloys with 10 and
18.5 at.% Ru had a disordered bcc (o) crystal lattice. The lattice of the alloy with
34 at.% Ru was ordered to the CsCl type structure. None of the alloys was
superconducting at T2 2 K.

The alloys were loaded with hydrogen at 300°C and pressures from 0.2—
7 GPa. The results of studies on the VgRuo-H samples prepared in this way are

shown in Fig. 34.
As seen from Fig. 34a, the hydrogen content of the single-phase samples

increases in a step-wise manner from n=~0.5 for the p-solutions formed at
02<P<1GPa to n=1 for the y, solutions with an fcc metal lattice at
1.5 < P £ 3.2 GPa and then to n = 2 for the ¥, solutions at P > 3.9 GPa. The B-phase in
the VgoRuyo-H system is an analogue of the y-V,H phase in the V-H system [106,109],
the AV, and cg/ag values of these phases also being close. The y,-phase in VgRu;o-H
can be considered as an analogue of y-VH, with the CaF,-type crystal structure, the
AV, value of y-VH, being somewhat smaller [38,109]. The y;-phase in VoeRu;o-H has
no analogue among the phases in the V-H system. As seen from Fig. 34b, this very v;-
phase is a superconductor and has T, = 3.0 K.
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Fig. 34. System VgRu,-H
[103]. The hydrogen content
n (a); the superconducting
temperature 7. (b); the
volume increase per metal
atom AV, and the axial ratio
cplag (open stars) of the
body-centered  tetragonal
pseudocell of the PB-phase
(c¢) are given as functions of

the hydrogen pressure B

of synthesis at 300°C. B is
the monoclinic phase of the
B-V,H type; y1 and v, are
the solutions with an fec
metal lattice. The half-filled
symbols stand for two-
phase samples. The
symbols with arrows in
Fig. 34b indicate  the
absence of  supercon-
ductivity at T>22 K.

The spectra of optical hydrogen vibrations in the y,-phase (n = 1.04) and y,-
phase (n=1.83) of VgRuy-H were studied by inelastic neutron scattering (INS)
[110]. The energy A@ o~ 150 meV of the fundamental optical peak in the INS
spectrum of the y,-phase [110] was lower than A® o= 165 meV for y-VH, o, [111],
but still lay in the range characteristic of dihydrides of d-metals with hydrogen atoms
on tetrahedral interstices in the fcc metal lattice (the CaF,-type structure) [111]. Such
a peak in the spectrum of the y,-phase of VgRu,o-H was observed at i@ ¢~ 115 meV
[110]. As interatomic forces strengthen with decreasing interatomic distances, the
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smaller A g value of the y,-phase with the smaller lattice parameter points to
different hydrogen positions in the y;- and y,-phases. The value of A o~ 115 meV is
more typical of fcc and hcp monohydrides of d-metals with octahedral hydrogen
coordination [112]. Assuming a disordered fcc metal lattice, the superconducting v;-
phase of VgRuo-H therefore has the same crystal structure of the NaCl-type
(Fig. 19c) as superconducting PdH.

As seen from Table 5, the phases formed at 300°C in the Vg, sRu,g5-H and
VesRuss-H systems are different from those in the VosRu,o-H system, and none of
these phases is superconducting at T= 2 K.

3.4.2. Nb-Ru-H system

In the work of Ref. [101], hydrides of four Nb-Ru alloys containing 17, 25.5, 31 and
50 at.% Ru were synthesized in an H, atmosphere at 325°C and pressures up to 7 GPa.
In agreement with the data in literature [113), the starting Nb-Ru alloys with 17, 25.5
and 31 at.% Ru had a disordered bce (o) structure, while the 50 at.% Ru alloy had a
structure with a face-centered orthorhombic pseudo-cell denoted as y" in Table 5.
None of the alloys was superconducting at T2>2 K in accordance with the earlier
result [98] that bcc Nb-Ru alloys with 20, 25 and 33 at.% Ru had T, = 0.24, 0.25 and
<0.35 K, respectively.

In the NbgRu,;-H system, single-phase samples were obtained only at
pressures above 4 GPa. The g'-phase with n = 1.9 formed under these conditions has
an orthorhombically distorted hcp metal lattice, see Table 5. To illustrate the character
of the distortion, Fig. 35 shows schematically a hexagonal plane of the hcp lattice
where the solid lines mark the orthorhombic cell. In the standard description of
hexagonal structures, with the orthorhombic axis Z,y, along the hexagonal axis Xpex

and the axis Y, along Z.,, the parameter agu = a,,,,-Ji . The ag/cy ratio of the

NbgzRu;-H €'-phase being 0.982 J§ , this may be regarded as the result of a uniform
stretching of the hexagonal lattice in the [10.0] direction.

At high hydrogen pressures, the Nb-Ru alloys containing 25.5, 31 and
50 at.% Ru also form the €'-phase. Its hydrogen content monotonically decreases and
the ag/c. ratio monotonically increases with increasing ruthenium concentration and

reach n =~ 1.2 and a/cy =1.010+/3 for the alloy with 50 at.% Ru. In the case of the

alloys containing 25.5 and 31 at.% Ru, a./cy = V3 and the symmetry of their metal
lattices is nearly hexagonal (g).

As seen from Table 5, neither the &'-phase, nor - or y"-solutions of
hydrogen in any Nb-Ru alloy are superconducting at 7 > 2 K. Superconductivity was
observed only in the face-centered tetragonal y'-phase with n ~ 1 formed by the alloys
with 25.5 and 31 at.% Ru. Results for the Nbs4 sRu,s s-H system are given in Fig. 36;
those for the NbgRu;,-H system look similar. The superconducting temperature is a
maximum for the single-phase samples formed in a narrow pressure range and it
decreases steadily in the two-phase (y'+€) samples as the synthesis pressure increases.
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This T, decrease as well as the wide interval of the y' — € transition are due to the
specific character of this transition, which proceeds by accumulating ‘hcp’ stacking
faults in the metal lattice of the y'-phase [101].

Po—Q
/ \
7 \
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C{ aor‘th o Ib
/
h . 2
ex \ c
¥ orth ::’
ahex
Fig. 35. Schematic of the

(00.1) plane of a hexagonal
lattice.

Fig. 36 (right). System
NbyysRuzss-H  [101].  The
hydrogen content n (a); the
superconducting temperature
T, (b); the volume increase per
metal atom AV, (c¢); the axial
ratios cy/a, and c/a; of the y'-
and e-phase (d) are given as
functions of the hydrogen

pressure By of synthesis at

325°C. o denotes the bec
phase; y' is the phase with a
face-centered tetragonal metal
lattice; € is the phase with a
(pseudo) hexagonal close-
packed metal lattice. The half-
filled symbols stand for two-
phase samples. In Fig. 36b, the
symbols with arrows indicate the
absence of superconductivity at
T 22K, the vertical bars show
the width of the super-
conducting transition.
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The T, values of the y'-phases from Ref. [101] are in a satisfactory agreement
with the results of Ref. [98] for the Nb-Ru alloys with 20, 25 and 33 at.% Ru loaded with
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hydrogen electrolytically. However, based on an X-ray pattern taken of a superconducting
NbgoRuy-H sample, the T, values determined in Ref. [98] were ascribed to a different
phase with an fec metal lattice and a~4.41 A corresponding to a dihydride phase
(AV,=4.81 Al per metal atom). This conclusion of Ref. [98] is not convincing because
the sample was exposed to room temperature for a few minutes while being put into
the X-ray cryostat that should lead to a nearly complete loss of hydrogen from any
dihydride phase. Ref [101] also argues that the fcc phase in Ref. [98] could be a sort of
carbide formed in the course of spark machining of the starting NbgoRu,o sample.

Optical hydrogen vibrations in a single-phase y'-sample (n = 1.00) and in a
two-phase y'+e sample (n=1.56) of NbysRuyss-H prepared at high hydrogen
pressures were studied by INS atl5 K [110]. In accordance with the tetragonal
symmetry of the crystal structure, the fundamental optical band of the y'-phase is split
into two overlapping peaks centered at 7iw =86 and 136 meV. This result is
compatible with the octahedral coordination of hydrogen atoms in the y'-phase, which
can be expected in view of its MeH stoichiometry.

The fundamental optical H band of the e-phase of Nby, sRuys s-H consists of a
single broad peak centered at #w o~ 152 meV. The occurrence of only one peak
indicates that only one type of interstices is occupied by hydrogen in this phase.
Judging by the hydrogen content n~ 1.7 of the e-phase, those are tetrahedral
interstices. The absence of peak splitting agrees with the nearly cubic symmetry of
such interstices formed by four metal atoms sitting at the apices of tetrahedrons,

which are nearly ideal because of the nearly ideal ratio of c/a = 1.633 = /8/3 of the
e-phase (see Table 5).

3.4.3. Ta-Ru-H system

Hydrides of two Ta-Ru alloys containing 22.6 and 31 at.% Ru were synthesized in a
hydrogen atmosphere at 300°C and pressures up to 8 GPa [104]. In agreement with
the data in literature [114], the starting Ta-Ru alloy with 22.6 at.% Ru had a
disordered bcc (o) structure, while the lattice of the alloy with 31 at.% Ru was
ordered to the CsCl type structure. None of the alloys was superconducting at T2 2 K.

Loading the two Ta-Ru alloys with hydrogen gave similar results. Fig. 37
illustrates the case of the alloy containing 22.6 at.% Ru. Dissolution of hydrogen in
the a- or o”-phase of the Ta-Ru alloys did not make them superconducting at T > 2 K.
Superconductivity was observed in the '-phases with n ~ 1 formed at higher hydrogen
pressures (see also Table 5). The hydrogen content, superconducting temperature and
lattice parameters of the €’-phases were virtually independent of the synthesis

pressure. The a./c, ratio of these phases was 1.010 V3 and 1.015+/3 for the alloys with

22.6 and 31 at.% Ru, respectively, thus corresponding to a uniform compression of the
hcp metal lattice in the [10.0] direction.
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Fig. 37 (left). System Tas;4Ruz¢-H [104]. The hydrogen content n (a); the
superconducting temperature T, (b) and the volume increase per metal atom

AV, (c) are given as functions of the hydrogen pressure F’H1 of synthesis at

300°C. w is the bec phase; €' is the phase with an orthorhombically distorted
hcp metal lattice. The half-filled symbols stand for two-phase samples. The
symbols with arrows in Fig. 37b indicate the absence of superconductivity at
T22K.

Fig. 38 (right). System NbgsRh;;-H [102]. The hydrogen content n (a); the
volume increase per metal atom AV, and the axial ratio c,/a, (open stars) of
the y'-phase (b) and the superconducting temperature T, (c) are given as

functions of the hydrogen pressure 1‘:'H2 of synthesis at 325°C. a is the bec
phase; ¥’ is the phase with a face-centered tetragonal metal lattice. The half-filled

symbols stand for two-phase samples. The symbol with an arrow in Fig. 38c
indicate the absence of superconductivity at 7> 0.35 K.
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3.4.4. V-Os-H and Ta-Os-H systems

Hydrides formed at 325°C by the Vg;Osg and V7950s35 alloy at hydrogen pressures
up to 7 GPa and by the Tagg 50s,, 5 alloy at pressures up to 9 GPa were studied in the
work of Ref. [105]. Each starting alloy had a disordered bcc (o) structure and showed
no superconductivity at 722 K. The basic results of Ref. [105] are presented in
Table 5.

In contrast to the VgoRu,g alloy [103], the Vy,Osy alloy does not form either
B-V,H type solutions, or a superconducting y, phase with n ~ 1. Instead, the primary
a-solution of Vg, 0se-H transforms directly to an fec dihydride phase as the hydrogen
pressure increases. Similar to the Vg, sRujgs and VgsRus, alloy [103], the V4950s505
alloy forms an Acp monohydride. Alloying Ta with 11.5 at.% Os strongly decreases
the equilibrium hydrogen solubility, and only primary a-solutions with n <0.43 are
formed in the Tagg s0s,; 5-H system at pressures up to 9 GPa.

None of the phases in the studied V-Os-H and Ta-Os-H system is
superconducting at T>2 K.

3.5. Hydrides of Nb-Rh alloys

The Nb-Rh alloys provide extensive opportunities for a study of the influence of
hydrogen on the superconductivity of phases with different crystal structures. Three
superconducting Nb-Rh alloys containing 12, 25 and 35 at.% Rh with the bcc, A15 (B-
W) and D8, (o) structure, respectively, were hydrogenated at 325°C and pressures up
to 7GPa and then X-rayed at 100K and analyzed for superconductivity at
temperatures down to 0.35 K [102]. The results are presented in Tables 5 and 6 and in
Figs. 38-41.

In the NbgRh;,-H system, as seen from Figs. 38a and 38b, primary o-
solutions with hydrogen contents up to n~0.8 are formed at pressures to about
0.8 GPa. At higher pressures, the system undergoes a polymorphous phase transition
resulting in the formation of y'-solutions with a face-centered tetragonal metal lattice
and n > 1.7. The dependences of the hydrogen solubility and lattice parameters of the
y'-solutions in the pressure range 1-2 GPa are typical of supercritical isotherms in the

metal-hydrogen systems. This suggests the occurrence of an isomorphous 7; < '}"2

transformation terminating at a critical point at a pressure of about 1.5 GPa and a
temperature below 325°C.
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Fig. 39 (left). Hydrogen solubility in the NbgsRhss (a) and Nb;sRh,s (b) alloy
at 325°C [102]. Symbols 1-3 in Fig. 39b stand for single-phase samples with
the same A15 type of the metal lattice, which are formed in three different
intervals of the hydrogen concentration. The half-filled symbols indicate

two-phase samples.

Fig. 40 (right). Solid solutions Nb;sRhys-H with the Al5 type metal lattice
[102]. The volume increase per metal atom AV, (a) and the superconducting
temperature T, (b) are presented as functions of the hydrogen content n of
single-phase samples. The vertical bars in Fig. 40b show the width of the

superconducting transition.
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The superconducting temperature of the bcec NbggRhy, alloy drops from
1.34 K to below 0.35 K on dissolution of n=0.81 of hydrogen (Fig. 38c, Table 5). The
superconductivity reappears again in the y’-solutions and T even slightly increases
from =0.75 K to 0.9 K with the hydrogen content of the solutions increasing from
n=17 to n~2. At present, the y'-phase of NbgRh;;-H is the only known
superconducting dihydride. In particular, Nb and V dihydrides are shown to possess
no superconductivity at temperatures down to 1.2 K [115] and 0.35 K [102] (see also
Table 4).

The Nb;sRhys-H system at 325°C undergoes two phase transitions
isomorphous in respect of the metal lattice. As seen from Fig. 39b, the transitions are
sluggish and develop over rather large pressure intervals 0.005-0.7 and 1.5-3.3 GPa.
Samples synthesized in the one-phase ranges have the metal lattice of the same Al5
type as the starting Nb;sRhys alloy. The atomic volume of the alloy increases
approximately linearly with the hydrogen content at a rate of f ~ 2.63 A® per metal
atom per H atom (Fig. 40a). The behavior of T, of these samples is more complex. As
seen from Fig. 40b, the superconducting temperature of the primary hydrogen
solutions increases with n, whereas in the solutions with n ~ 0.9 it falls below T, of the
starting NbysRhys alloy and then decreases to approximately 1 Katn = 1.5,

The equilibrium hydrogen solubility in the o-type NbgsRhss alloy at 325°C
monotonically increases with pressure and reaches n~ 1.4 at 7 GPa (Fig. 39a). An
increase in the hydrogen concentration is accompanied by a monotonic decrease in T,
from 2.65 to =1.8 K (Fig. 41b) and by an approximately linear volume expansion at a
rate of B~ 2.52 A® per metal atom per H atom (Fig. 41a), whereas the ¢, /a, ratio
varies nonmonotonically reaching a maximum at n = 0.6. By analogy with some other
hydrogen solid solutions with complex tetragonal lattices (e.g. Zr,Pd-H [116]), the
maximum of the ¢, /a, dependence was attributed [102] to the change in the type of
interstices occupied by hydrogen.

In the work of Ref. [99], hydrogenation of a NbgoRhyg alloy to n=0.10 at a
hydrogen pressure of 0.1 GPa and a temperature of 400°C increased its T, from 2.65
to 5.64 K. According to the phase diagram of the binary Nb-Rh system [117], the
NbgoRhy, alloy should consist of a mixture of a bee phase with 13-14 at.% Rh and an
A15 phase containing 25 at.% Rh. In Ref. [99], the observed T, values were ascribed
to the bee phase and the primary hydrogen solution on its base. The results of Ref. [102]
show that the superconducting phases in Ref. [99] were the A15 phase and its solution
with hydrogen.
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cU:’aU
0.525

0.520 Fig.41. Solid solutions
NbgsRhjs-H with the o-type
metal lattice [102]. The
volume increase per metal
atom AV, (filled circles)
and the axial ratio ¢y /aq
(open  stars) of the
tetragonal metal lattice (a)
and the superconducting
temperature 7. (b) are
shown as functions of the
hydrogen content n of
single-phase samples.
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3.6. Matthias rule and rigid d-band model

As was first noted by Matthias [118], there is a correlation between the
superconducting temperature T, and the electron concentration N° of alloys of
transition metals. Namely, the electron concentrations of most alloys with relatively high
T, values are grouped in two intervals centered at N ~ 4.5 and ~6.5 electrons per atom, N°
being defined as the average number of outer d + s electrons per atom of the alloy. Since
the T, value is determined by the electron structure and the lattice dynamics of the
alloy and both are strongly dependent on its crystal structure, the occurrence of the
above correlation can be explained assuming that (i) the crystal structure of transition
alloys is to a large extent determined by the electron concentration and (i) with the
given crystal structure, the concentration dependence of the electron structure largely
obeys the rigid band model. The correlation (Matthias rule) then suggests that alloys
with the crystal structures characteristic of the concentration intervals around N° = 4.7
and ~6.7 electrons per atom have electronic structures most favorable for the
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superconductivity, and these alloys could have high T values if the lattice dynamics is
favorable as well.

For an alloy taken at random, Matthias rule cannot predict the T, value or
even the occurrence of superconductivity. Nevertheless, based on this rule, one could
expect that the T, values of a continuous solid solution plotted against N° should form
a two-peaked curve with maxima in the vicinity of 4.5 and 6.5 electrons per atom. The
curves for different solutions could differ significantly, of course, and should be
constructed individually. However, as long as the rigid band model is valid, the
changes in the T(N°) dependence should not be drastic if one of the components of
the solution is substituted by a similar d-metal. To incorporate hydrogen in this
scheme, the rigid d-band model can be used.

The rigid d-band model was first proposed to explain the effect of hydrogen
on the magnetic properties of 3d-metals and their alloys with an fcc [4] and hcp [119]
lattice. Its applicability to the superconducting properties of hydrides of 4d- and 5d-
metals was later considered in Ref. [120] and to the crystal structures of high-pressure
hydrides in Ref. [121]. A more detailed discussion of the model is given in Ref. [122].

The rigid d-band model takes into account the specific changes in the band
structure of transition metals on hydrogen uptake first outlined by Switendick [123]
and then confirmed by many other calculations for various d-metals. According to the
calculations, the hydrogen nearly does not affect the upper part of the d-band of the
host metal, but noticeably decreases the energy of the s-states. The latter reduces the
rate 1 of d-band filling with the electrons supplied by the hydrogen atoms to a value
of the order of n = 0.5 electrons per H atom (varying from about 0.3 to about 1 for
different metals and alloys). This concept implies that those properties of the metal
which essentially depend on the d-band occupation should vary with increasing
hydrogen concentration as if the hydrogen were merely donor of a fractional number
of 1 ~ 0.5 electrons per atom into the otherwise unchanged metal d-band. This is the
approximation that we call a rigid d-band model for brevity.

As the electron-phonon interaction depends strongly on the electron density
of states at the Fermi level, and the density of d-states in transition metals is much
higher than that of s-states, it is the degree of d-band filling that actually governs the
T; behavior of transition metals and alloys. If the T,(N®) dependence is known, the
rigid d-band model therefore allows one to estimate the contribution from the
increasing d-band occupancy to the change in T, on hydrogenation:

To(n) = TN’ + n) =~ T(N°+0.5n) = T(NS) 1)

where N is the electron concentration of the alloy and # is the H-to-metal ratio of its
hydride.

Assuming, in accordance with the Matthias rule, that the T.(N°) dependences
for alloys with any crystal structure are smooth curves with two maxima around 4.5
and 6.5 electrons per atom and a deep minimum around 5.5 electrons per atom, Eq. (1)
qualitatively describes the experimental data for hydrides of any d-metal except Pd
and for many alloys discussed above. In fact, it explains the occurrence of
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superconductivity in x-, n- and x-hydride of Ti with Ny ~4.35-4.45 el./atom Ti

(Table 1) and in the e-hydride of Mo with NZ; = 6.5 el/atom Mo (Table 4), the

decrease of T, with increasing hydrogen concentration in the e-solutions of hydrogen
in Ru (N°=8el/atom), Tc and Re (N°=7el/atom) and the absence of

superconductivity in y-hydride of Rh with NJ; = 9.5 el./atom and y-dihydrides of V
and Nb with NJ = 6 el./atom (Table 4). Formula (1) also accounts for the presence

of superconductivity in €'-hydrides of the Ta-Ru alloys with NJ; ~ 6.2-6.4 el./atom
(Table 5) and in various hydrides of the Nb-Rh alloys (Tables 5 and 6) including y'-
dihydrides of the NbggRh; alloy with NJy ~ 6.3-6.5 el./atom.

At the same time, Eq. (1) obviously fails in explaining the superconducting
properties of the V-Ru-H and Nb-Ru-H systems (Table 5). For example, v;-hydride of
the VgRuyg alloy ( NGy ~ 5.8 el./atom) is a superconductor whereas the y,-dihydride

(Ngg =~ 6.3 el./atom) is not, efc. It should be noted, however, that the alloys from

Table 5 are not very suitable for testing Eq. (1) since they are composed of metals
positioned far from each other in the periodic table. The rigid band model is usually
inapplicable to the electron structure of such alloys and their superconducting
properties therefore may not obey Matthias rule. In particular, as seen from Table 5,
the NbsyRus, alloy is not superconducting despite its N° = 6.5 el./atom.

In the next two sections we will discuss the effect of hydrogen on T of two
groups of alloys with superconducting properties well obeying the rigid band model.
These are the bec alloys of Nb with Ti [124] and the A15 alloys of Nb with Sd-metals
Os, Ir, Pt and Au [120].

3.7. Hydrogen solid solutions in bcc Nb-Ti alloys

Niobium as well as V and Ta forms with hydrogen wide ranges of continuous bcc
solutions at elevated temperatures. However, the T,(n) dependences of those solutions
cannot be examined experimentally because of a very small equilibrium hydrogen
solubility at low temperatures. For example, the maximum hydrogen content of the
Nb-H solutions is only n~4-107 at 300K and falls down to n~4-107 at 200 K
[125]. The high-temperature homogeneous state of the bcc solutions with a higher
hydrogen content cannot be quenched due to the high diffusion mobility of hydrogen
resulting in the hydride precipitation from the oversaturated bcc solution even at a
temperature as low as 150 K [125]. Besides, plastic deformation of the bcc matrix
near to the hydride precipitations increases T, by about 0.1 K that much exceeds the
effect of the residual H dissolved in this matrix [126].

Alloying Nb with Ti makes it possible to fix the homogeneous high-
temperature bcc state of the hydrogen solutions for investigations at low temperatures
(see Ref. [127] and references therein) due to H trapping by the Ti atoms. The results
of one such investigation [124] for the Nb-Ti alloys containing 20, 35 and 50 at.% Ti
are presented in Fig. 42. The alloys were loaded with hydrogen under non-equilibrium
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conditions at a hydrogen pressure of 1 GPa and temperature 200°C and then quenched
to 80 K. Different hydrogen concentrations were achieved by varying the synthesis
time. The method exploited the specific feature of the Nb-Ti-H system that the
ingression of H into the samples at 200°C is controlled by processes on their surface
and the diffusion in the bulk is fast enough to provide a nearly equilibrium distribution
of hydrogen over the sample volume for any total H content reached. (The equilibrium
phases at the synthesis conditions were y-dihydrides. They also were synthesized in
Ref. [124] and showed no superconductivity at 7 = 2 K.).

AV [A%] G,
1.0 (a) / ’ 7
T=80K s Fig. 42, Solid hydrogen
08 s ] solutions in bcc (o) Nb-Ti
d alloys containing 20, 35 and
06} 4 i 50 at.% Ti [124]. The volume
I ,ﬁ% O-50 T! increase per metal atom AV, (a)
04 / B=38:T+ and the  superconducting
%Q‘ O-20Ti temperature T; (b) are presented
02 %% A as functions of the hydrogen
4 content n of single-phase
0.0 pA— * ' ' samples. The dashed line in
Te K : S0Ti Fig. 42a shows the AV(n)
‘ 20T 35Ti 1 dependence for the Nb-H o-
solutions [106]. The thin solid
8r T curves labeled 50Ti, 30Ti and
Nb-Ti-H 20Ti in Fig.42b are the
iy dependences T.(n) = T(N°+nn)
6l | calculated with n =1 el./atom H
using the T,(N°) dependence for
sk | the bcc Nb-Ti alloys [129],
(b) o where N° is the electron
" ) O . . concentration of the alloy.
0.0 0.1 0.2 0.3 0.4 0.5
n = H/(Nb+Ti)

As seen from Fig. 42a, the AV,(n) values of the bcc samples of Nb-Ti-H are
in satisfactory agreement with the approximately linear dependence for the bcc
solutions Nb-H [106] with the slope B = 2.5 A® per metal atom per H atom typical of
hydrides of most 4d-metals and alloys. This indicates the absence of precipitations of
dihydride phases, which should have caused a significant decrease in AV, otherwise
The linewidth of the diffraction pattern and the width of the superconducting
transition =0.3 K of the Nb-Ti samples did not noticeably increase on hydrogenation
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that suggests a good homogeneity of the bcc Nb-Ti-H solutions prepared in
Ref. [124].

The Ti(n) dependences for the three Nb-Ti alloys studied (Fig. 42b) do not
differ from each other within experimental error and are close to a straight line with
dT./dn = —-15 K per H atom. A monotonic decrease of T, with similar rates of =10 to —
20 K per H atom was also observed for the Nb-Ti alloys containing 45.4-74.4 at.% Ti
[128] and doped with H up to n ~ 0.3 using different methods (mainly, by melting or
annealing in a hydrogen-containing atmosphere). Assuming that the Nb-Ti-H
solutions investigated in Ref. [128] were the bcc solutions, the steep decrease of T, at
a rate of dT,/dn =~ —15 K per H atom is characteristic of hydrogen solutions in bcc Nb-
Ti alloys from the wide concentration interval 20-74.4 at.% Ti. One can therefore
speculate that T, of the bcc Nb-H and Ti-H solutions, if they were stable at low
temperatures, also would decrease with increasing H content and the rate of the
decrease would be of the same order of magnitude.

The observed T.(n) dependences for hydrogen solutions in becc Nb-Ti alloys
are inconsistent with the predictions of the rigid d-band model. In fact, N* = 4 el./atom for
Ti and 5el/atom for Nb. The 7.(N°) dependence for the bcc Nb-Ti alloys, in
agreement with the Matthias rule, has a shallow maximum at N° ~ 4.7 el./atom [129],
i.e. at the N° value close to that for the NbgsTiss alloy. The dependences T.(n) = To(N°
+ mnn) calculated for the bcc Nb-Ti alloys with 50, 35 and 20 at.% Ti using
1 = 1 electron per H atom are shown in Fig. 42b by thin lines. These dependences do
not agree at all with the experimental ones.

The value of n=1el. per Hatom was chosen because it provides a
quantitative description of the concentration dependence of magnetic susceptibility of
the bec Nb-Ti-H solutions at 180°C [130] and because approximately this value of 1
was calculated for the bec V-H solutions [131], a close analogue of the Nb-Ti-H
solutions. However, taking any other reasonable value of n < 1 el. per H atom cannot
soften the disagreement between calculations and experiment either.

The experimental results of Ref. [130] evidence that hydrogenation causes
only a very weak deformation of the d-band of bec Nb-Ti alloys in the vicinity of the
Fermi level, so the contribution to the T.(N®) dependence from the d-band filling
should be at least of the same order of magnitude as that given by Eq. (1) of the rigid
d-band model. The steep and virtually identical decrease of the superconducting
temperature of the studied alloys at a rate of about -15 K per H atom [124,128] is
therefore due to another reason, which is common for all those alloys. Most likely,
these are changes induced by hydrogen in the phonon spectrum of the host metal. For
example, the changes can consist in the increase in the mean frequency of acoustic
vibrations, as has been observed in bce Nb and Ta with dissolved hydrogen [132].
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3.8. Hydrogen solid solutions in A15 alloys of Nb with Os, Ir, Pt and Au

The applicability of the rigid band model to alloys of 4d- and 5d-metals in most cases
is limited to intervals of a few atomic percent. The available experimental data make it
possible, however, to specify at least two kinds of alloys with superconducting
properties obeying the rigid band model. These are (i) primary solid solutions of
neighboring elements in the periodic table and (ii) A,.,(B,C, ...), alloys or
intermetallic compounds with fixed y, where the elements B, C, efc. are close
neighbors, whereas element A is positioned far from them in the periodic table. In
such systems replacing, for instance, element B by element C or varying their relative
concentrations produces only minor changes in the band structure of the alloy.
Wherever data are available, the Matthias plots of T vs. N° for both kinds of alloys
exhibit a large broad peak centered at N° ~ 6.3-6.7 el./atom [117,133,134].

The effect of hydrogen on the superconducting temperature of four
compounds of type (ii), the AlS alloys of Nb with 5d-metals Os, Ir, Pt and Au
occupying successive places in the periodic table, was investigated in Ref. [120].
Samples were hydrogenated at 325°C and pressures up to 7 GPa, quenched under
pressure to 83 K and then X-rayed at 100 K and analyzed for superconductivity at
temperatures down to 0.35 K. The A15 compound Nb;Au and its hydrides prepared in
this way were also studied by X-ray and neutron diffraction at 120 K [135] and by
197 Au Mssbauer spectroscopy at 4.2 K [136]. The results of works [120,135,136] are
presented in Table 6 and in Figs. 43-46.

Fig. 43 shows the hydrogen solubility isotherm at 325°C for the Nb;Au
compound. It demonstrates one feature common of all four NbsMe compounds
studied. Namely, the compounds do not form with hydrogen a continuous solid
solution. A certain increase of the hydrogen solubility in the primary solution is
followed by a steep increase due to the phase transition and a further gradual rise at
higher pressures. The pressure of the transition is the least for the NbjAu-H system
and increases steadily with decreasing atomic number of the second component,
reaching a maximum of about 4.5 GPa for the NbyOs-H system. The transition is
isomorphous in respect of the metal lattice, and the concentrated solutions (hydrides)
have metal lattices of the same A15 type as the starting compounds, but with larger
lattice parameters.
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Table 6. Composition, superconducting temperature T, pressure of synthesis
in a hydrogen or deuterium atmosphere at 325°C and parameter of the metal
sublattice at ambient pressure and 100 K for some Nb alloys and their high-
pressure hydrides and deuterides with the A15 structure,

Synthesis €
System n=HMe | T.[K] z alA) New [€/] pet.
pressure [GPa] atom Me]

0 2.4 — 5.130 6.00
0.05 3.1 0.03 5.137 6.03

Nb;sRhys-H 1.0 1.9 1 5384 | e6so |[10%]
1.5 1.1 4-7 5.503 6.75
0 1.0 i 5.138 5.75
Nb;sOsys-H 0.9 43 5.2 5.376 6.20
1.0 3.8 7 5.381 6.25
Nb50s,5-D 1.02 3.0 7.04 5.375 6.26
0 1.9 - 5.135 6.00
0.02 2.4 2 5.139 6.01
Nbyslrzs-H 1.0 3.0 42 5.383 6.50
1.18 2.7 6-7 5.412 6.59
Nbyslrys-D 1.16 2.9 7.04 5.414 6.58
0 9.2 i 5.161 6.20

Kby | D05 | 92 02 sas6 | 623 |20
Ll 1.0 2.3 34 5.407 6.70
1.28 ? 5-7 5.442 6.84
Nb7¢Ptys-D 1.30 ? 7.06 5.438 6.85
0 10.1 = 5.198 6.56
0.03 9.5 0.02 5.204 6.58
NbysAus-H 0.7 3.8 0.5 5410 | 691
1.0 1.2 3.5 5.458 7.06
1.08 <0.4 7 5.470 7.10
NbysAuse-D 1.10 1.1 7.12 5.459 7.11

er = N° + 0.5n, where N° is the average number of outer s + d electrons per
atom in the starting alloy.
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Fig. 43. Hydrogen solubility in the Nb;sAuyg alloy at 325°C [120]. The filled
and open circles stand for single-phase samples with the same Al5 type of
the metal lattice formed in two different intervals of the hydrogen
concentration. The half-filled circles indicate two-phase samples. The filled
triangle is for the NbyyAuye-D sample.

The neutron diffraction investigation of Nb;AuH, samples with x =2.9 and
4.2 (n=0.73 and 1.05, respectively) showed [135] that in both hydrides the hydrogen
atoms occupy approximately 2.6 interstitial d sites, while the remaining hydrogen fills
i sites. The plateau with n =~ 0.7-0.73 in the isotherm in Fig 43 extending from about
0.2 to 1.5 GPa is thus followed by a further increase in n due to the i sites filling at
higher pressures, the occupancy of the d sites remaining approximately unchanged.

The crystal structure of Nb;AuH, is shown in Fig. 44. The Au atoms form a
bee lattice, in which Nb atoms occupy half of the tetrahedral interstitial sites
(c positions). The other half of the tetrahedral sites (d positions) lie at the centers of
tetrahedrons formed by nearest-neighbor Nb atoms and is partly filled with hydrogen
occupying 2.6 of 3 sites available in the unit cell. The i sites lie in pairs along the
<111> space diagonals inside asymmetrical tetrahedrons of three Nb atoms and one
Au atom. The distance between the two i sites in a pair is about 0.62-0.66 A and
therefore they cannot be occupied by hydrogen at the same time due to the blocking
effect [137] requiring that the distance between hydrogen atoms in a metal should not
be much less than 2 A. Occupancy of half of the i sites corresponds to x =4 (n = 1), so
the occupancy of these sites was about 2% in the Nb;AuH, sample with x =2.9 and
reached about 18% in the sample with x =4.2.
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Fig. 44. Crystal structure of Nb;AuH,, space group Pm3n [135]. Au atoms
are shown as dark spheres, Nb as light spheres and the H interstices as small
black spheres. In the left and right unit cell the interstitial 4 and i positions,
respectively, are shown.

The X-ray [135] and Mossbauer [136] investigation revealed that the Al5
metal lattice of the starting Nb;Au compound and its hydrides was partly disordered,
with about 8% of the regular Au positions randomly occupied by Nb. This atomic
disorder explains the observed maximum concentration x = 2.6 of hydrogen on d sites
under the assumption that hydrogen does not occupy d sites with one or more nearest-
neighbor Nb atoms replaced by Au atoms. Strong repulsive interaction is
characteristic of H and Au atoms dissolved in transition metals (see Ref. [138]).

The full crystal structures of hydrides of three other A15 compounds of Nb
with Os, Ir and Pt have not been studied so far but, taking into account the affinity of
hydrogen to niobium, the 4 positions look most favorable for hydrogen occupancy and
should be filled first. For instance, one of Al5 hydrides, Nb;SnH, with x = 1, was
studied by neutron diffraction earlier [139] and shown to have hydrogen atoms
randomly distributed over these very d positions. As the hydrogen content of the Al5
hydrides in Ref. [120] significantly exceeded the maximum value x = 3 attainable with
every dposition filled, hydrogen atoms in those hydrides should partly occupy
interstitials of another kind as well. Based on the effective radius of 0.56-0.60 A of a
hydrogen atom [137], occupation of the i positions is most likely.

Fig. 45 shows the T, values of single-phase samples of the Nb;Me-H and
NbsMe-D solutions studied in Ref. [120]. The width of superconducting transition is
relatively narrow in all samples except Nb;Pt-H and NbsPt-D with n > 1.15. Removal
of hydrogen from the samples by vacuum annealing at 500°C restores the lattice
parameter and T to the values characteristic of the initial Nb;Me compounds. Again,
the only exception is the NbsPt-H and NbsPt-D samples with n > 1.15. The annealing
of these samples restores the lattice parameter, but 7, does not turn back to 9.2 K of
the initial NbsPt compound. Instead, the superconducting transition is stretched over a
wide temperature interval from about 7 to 3 K. Presumably [120], this is due to
changes in the atomic ordering of the metal lattice occurring in the course of synthesis
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of such samples at a high hydrogen pressure. The strong dependence of T of Nb;Pt on
the degree of atomic order was noted earlier in Ref. [140].

As seen from Fig. 45, the T, values of NbyAu-H solutions fall almost linearly
at a rate of —8.9 K per H atom over the whole range of hydrogen contents studied. As
hydrogen is on d sites in the solutions with n < 0.75 and fills both 4 and i sites at
higher n, the superconducting temperature is insensitive to the type of interstitials
occupied by hydrogen. Along with the hydrides, one sample of deuteride of each
Nb;Me compound was prepared at a deuterium pressure of 7 GPa and 325°C. Table 6
and Fig. 45 show that the deuterides have virtually the same composition, lattice
parameter and T, as the hydrides prepared under the same pressure and temperature.
The absence of the T, increase (the “inverse” isotope effect) when protium is replaced
by deuterium suggests that optical H vibrations in the Nb;Me-H solutions can play no
significant role in the enhancement of superconductivity.

7525

I Nb,Os,-H " Nb,Ir,-H 1

Te K]

kS

%.EI Dj4 OjB 12 0.0 0:4 I]T& 11:2

n = H/(Nb+Me) n = H/(Nb+Me)
Fig. 45. Superconducting temperature T, as a function of the hydrogen
content n of single-phase samples of Nb;Me-H (open circles) and Nb;Me-D
(filled triangles) solid solutions with the A15-type metal lattice [120]. The
vertical bars show the width of the superconducting transition. The symbol
with an arrow indicate the absence of superconductivity in the corresponding
Nb;Au-H sample at 7= 0.35 K. The thin curves are the dependences T(n) =
T.(N® + nn) — wn calculated with n = 0.5 el./atom H and t = 6 K/atom H using
the T.(N°) dependence for the A15 compounds of Nb and Mo with 5d-metals,
which is shown in Fig. 46 with the dashed curve. N° is the electron
concentration of the initial compound.
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To visualize the effect of increase in the d-band filling with increasing
hydrogen content, Fig. 46 gives the T values of single-phase Nb;Me-H samples

plotted against the effective electron concentration Ng = N°+nn with

1 = 0.5 electron per H atom. In order not to complicate the diagram, the symbols mark
only the limiting points of the composition intervals studied experimentally. As can be

seen, the character of the T( N, :ﬁ-) dependences of the NbsMe-H solutions agrees

with the dependence T.(N°) for Nb;Me and Mo;Me compounds [141] shown by the
dashed curve. In particular, T of the Nb;Os-H and Nb;Ir-H solutions exceeds its value
in the starting compounds without hydrogen, while hydrogenation of the NbsAu
compound leads to a monotonic decrease of T...

Tc [K] ; f’ N
. A A-NbOs
. v @O -Nojr
10 . % mO-NbPt|
F \ V¥V - Nb,Au

D 1 L 1
55 6.0 6.5 7.0 7.5
N®, Ng [electron / metal atom]

Fig. 46. Superconducting temperature T of the initial Nb;Me samples (filled
symbols) and of single-phase Nbs;Me-H samples (open symbols) as a

function of the effective electron concentration Ng =N°+mn with

n =0.5 electron per Hatom [120]. N° is the electron concentration of the
initial compound; n is the H/(Nb+Me) atomic ratio. The dashed curve shows
the T.(N°) dependence for Al15 compounds of Nb and Mo with 5d-metals

[141].

Another fact demonstrating the applicability of the rigid band model to
superconductivity of various Nb;Me compounds and evidencing the significant role of
d-band filling in the variation of T; of these compounds on hydrogenation is the
similarity between the T.(n) dependences of hydrogen solid solutions in Nbslr
(Fig. 45) and its isoelectronic analogue NbsRh (Fig. 40b); see also Table 6. In both
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systems, the starting compounds have close T, values. T, of the primary solutions
steeply increases with increasing hydrogen concentration and T, of the concentrated
solutions decreases.

The effect of hydrogen on T, of one more A15 compound, Nb3Aug 5Irg s,
was studied in Ref.[142]. The compound had 7, = 7.3K instead of 12.5K
corresponding to its electron concentration N° = 6.375 el./atom (see the dashed curve
in Fig. 46) because the sample was not annealed after melting and was in a non-
equilibrium state. A two-phase sample of Nbs;Auysslrg,5-H prepared at a hydrogen
pressure of 0.1 GPa and 100°C had the mean value of n =0.475 and T, = 3.2 K. The
decrease in T; of the Nb3Aug5Irp2s compound on hydrogenation is in line with the

expected T.( NS ) dependence.

In principle, the agreement of the experimental results for the AlS
compounds with the T.(N®) curve in Fig. 46 can be considerably improved by taking a
different value of n for each Nb;Me-H system. For example, 1 =~ 0.35 el. per H atom

puts the T( N, :ﬁ) values of the NbsOs-H hydrides on the ascending side of the T.(N°)

curve and 1 =~0.7 el. per H atom places the points for the Nbslr-H and Nbs;Pt-H
hydrides onto the descending side of that curve, However, as the analysis of the T.(n)
dependence for the o-type NbgsRhjs-H solutions shows, this additional fitting is
unlikely to have physical significance.

In contrast to the NbsMe-H solutions with a large miscibility gap that brings
uncertainty in the interpretation of the experimental results, the NbgsRhss o-alloy
forms with hydrogen a continuous solution (Fig. 41). This makes it possible to track

the To(Ngy) dependence over a wide range of electronic concentrations and to

compare it with the T.(N°) dependence for o-alloys without hydrogen. Regretfully,
such a dependence for c-alloys of Nb with 4d-metals is not constructed yet, but it
should be qualitatively the same as that [133,134] for the c-alloys of Nb with
Sd-metals Re, Os, Ir and Pt. The T, values of the latter are close to 2 K and nearly
independent of N° in the range 6<N°<6.5 el/atom. At higher electron
concentrations, they increase at a rate of about 10 K per electron per atom, reach a
maximum of about 5 K at N* ~ 6.7-6.8 el./atom and then begin to decrease. As seen
from Table 5, the NbgsRh;s alloy has N° = 6.4 el./atom and the effective concentration

Ny of the NbgsRh;s-H solutions reaches 6.7-6.8 el./atom at n =0.6-0.8. However,

instead of a steep increase up to the maximum value at n=0.6-0.8, the
superconducting temperature of the NbgsRhss-H solutions nearly does not change at
hydrogen contents up to n ~ 1 and then decreases (Fig. 41b).

It is therefore very likely that, alongside with the filling of the d-band of the
NbgsRhss alloy, another mechanism is at work to reduce T, as n increases. To flatten

the maximum of the TNy ) dependence for the NbgsRhsys-H o-solutions, that

mechanism should decrease T, at a rate of about -5 to -10 K per H atom. A nearly
linear decrease of T; at a similar rate of about -15 K per H atom was observed for
hydrogen solutions in the bcc Nb-Ti alloys (Fig.42b). The superconducting
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temperature of the Nb-Ti alloys slightly varying with N°, the decrease in T, under
hydrogenation is almost entirely governed by a mechanism not directly related to the
change in the d-band filling. With the two contributions taken together, the T (n)
dependences for the NbgsRh3s-H and Nb-Ti-H solutions can be written as

T(m) # T(N° +0.5n) —tn=T(Ng)—Ttn )

where 7 is the constant of the order of 5 to 15 K per H atom.
This formula also explains why €-MoH has T, as low as 0.92 K (Table 4)

though its Ngr =~ 6.5 el/atom corresponds to the position of the pronounced
maximum of the Matthias curve. It explains the relatively low T, = 1.7-2 K of y'
dihydrides of the NbgsRh;, alloy (Table 5) with Nz = 6.3-6.5 el./atom. With t1=6K

per H atom, Eq. (2) gives a semi-quantitative description for the experimental Te(rn)
dependences of hydrogen solid solutions in the A15 compounds of Nb with Os, Ir and
Pt (thin curves in Fig. 45). It also describes the 7.(n) dependence for the primary
Nb;Au-H solutions with n <0.03, but seems to fail in the case of concentrated
solutions in this system (Fig. 45). (It is however difficult to judge at the moment if

Eq. (2) is really inapplicable to the NbsAu-H hydrides since their Ng; values lie in

the yet unexplored interval of the T,(N°) dependence for A15 alloys without hydrogen,
see Fig. 46.)

In any case, for a rather large variety of alloys, the variation of T, on
hydrogenation due to the increasing d-band filling is obviously accompanied by its
steady and steep decrease caused by some other mechanism. As was first noted in
Ref. [120], the decrease could result from the hardening of acoustic phonon modes of
the host metal. An increase in the mean frequency of acoustic vibrations due to
dissolved hydrogen has been observed for bcc Nb and Ta [132] and can be
characteristic of many other transition metals and alloys as well. It must be noted,
however, that the hardening of acoustic phonon modes of the metal on hydrogenation
is not an obligatory effect. For instance, the mean frequency of acoustic vibrations in
Jfec hydrides of Pd and Ni is lower, respectively, than in pure fcc Pd and Ni [143], and
this is one of the reasons why fec PdH has the highest T, value among hydrides of d-
metals and alloys. A new low-energy mode lying in the acoustic range is responsible
for superconductivity of the metastable Ti-H phases [52].

3.9. Hydrides of HfRh and ZrRu compounds

Along with the Al5 compounds, HfRh and ZrRu compounds also belong to the
A1,(B.,C, ...), alloys of the (ii) type discussed at the beginning of Section 3.8 (A = Hf,
Ru and B, C, ... = Ru, Rh, Pd, Pt, ...). The behavior of physical properties of such
alloys with varying the relative concentrations of elements B, C, ... usually well obeys
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the rigid band model. In particular, the T.(N°) dependence exhibits a large broad peak
centered at N° = 6.3-6.7 el./atom.

In the work of Ref. [121], hydrides of the HfRh and ZrRu compounds were
synthesized in an H, atmosphere at 325°C and pressures up to 7 GPa. These samples
and also two samples of deuterides of HfRh and ZrRu prepared at 7 GPa and 325°C
were X-rayed at 100 K and analyzed for superconductivity at temperatures down to
1.5 K. The full crystal structures of the initial HfRu compound and its hydride and
deuteride were studied by neutron diffraction at 120 K. The results are presented in
Table 5 and in Figs. 47 and 48.

As can be seen from Fig. 47, at 325°C the hydrogen solubility in the CsClI-
type lattice of HfRu and ZrRu is very low, until at pressures of about 2 and 0.7 GPa,
respectively, hydrides with a different structure of the metal lattice begin to form. The
hydrogen content of the single-phase hydrides of HfRu was n~ 1.8 and did not
depend on the pressure. That for the ZrRu hydrides monotonically increased with
pressure fromn~0.8 at 1 GPaton = 1.1 at 7 GPa.

Both HfRu and ZrRu hydrides turned out to be superconductors with higher
T, than the initial compounds without hydrogen (Fig. 48). Within experimental error
the T, values of the hydrides were independent of the pressure of the synthesis and, in
the case of the ZrRu hydrides, of the hydrogen content. The T values of the deuterides
did not differ from those for the hydrides.

According to the X-ray diffraction data, both HfRu and ZrRu hydrides have
an orthorhombic metal lattice of the CrB type. The full crystal structure of HfRu
hydride and deuteride determined by neutron diffraction is of the ZrNiH; type. A
schematic drawing of this structure is given in Ref. [137].

The HfRu and ZrRu compounds have N°=6el/atom and the effective

electron concentration of their hydrides is Ngy = N°+05n =~ 69 and 6.4

6.55 el./atom, respectively. These values fall into the peak region of the Matthias plot.
The superconducting temperature is therefore expected to increase on hydrogenation
of the alloys, which is, indeed, observed (Table 5). The equality of the T, values for
the hydride and deuteride of HfRu as well as ZrRu indicates that the interaction of the
conduction electrons with optical vibrations of the hydrogen or deuterium,
respectively, that predominates and gives rise to a substantial isotope effect in
PdH/PdD, is hardly at work in the present case.
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Fig. 47 (left). Hydrogen solubility in the ZrRu and HfRu compound at 325°C
[121). The filled and open circles stand for single-phase samples with the
cubic CsCl-type and the orthorhombic CrB-type metal lattice, respectively
The half-filled circles indicate two-phase samples.

Fig. 48 (right). Superconducting temperature T, of ZrRu-H and HfRu-H
samples as a function of the hydrogen pressure of their synthesis at 325°C
[121]. The filled and open circles stand for single-phase samples with the
CsCl-type and CrB-type metal lattice, respectively. The half-filled circles
refer to two-phase samples. The symbols with arrows signify the absence of
superconductivity at temperatures above the indicated. The vertical bars
show the 10%-90% width of the superconducting transition.

An interesting observation was the CrB type metal lattice structure of the
HfRu and ZrRu hydrides. This is the structure of the HfPt and ZrPt compounds [144],

whose electron number, N° =7 el./atom, is close to the Nj; of the HfRu and ZrRu

hydrides. This fact shows that effective electron numbers near 7 el./atom favor this
structure. In fact, there are more and more indications that the crystal structures of
transition metals and alloys, with the possible exception of ferromagnetic Fe, Co and
Ni, are to a large extent determined by the d-band filling and, as a consequence, by the
electron concentration N°. In particular, because of a strong dependence of the
superconducting properties of the metals upon their crystal structure, the existence of
the Matthias rule implies by itself such a correlation.
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With correlations of this kind existing in pure metals as well as their alloys
and intermetallic compounds, one should also expect similar correlations between the

crystal structures and N g of the hydrides of transition metals and their alloys. There
is, indeed, evidence for such correlations. For example, most hydrides with
6.1 < Ngr <7.1el./atom have closed packed metal lattices (hcp, fec and their slightly

distorted modifications, see Tables 4 and 5) characteristic of most d-metals and alloys
with N° in the same range. This extension of the rigid d-band model also accounts for
the crystal structures of higher hydrides of the 3d-metals Fe, Co and Ni (N = 8, 9, and
10 el./atom). As one can see from Fig. 20, iron hydride is dhcp like Co metal doped
with Fe [145], CoH is fec like Ni, and NiH is fec like Cu (N° = 11 el/atom). It is
interesting to note that the calculated crystal structures of ferromagnetic Fe, Co and Ni
are notoriously incorrect because of a large magnetic contribution to the total energy of
the crystals which is difficult to evaluate [146]. The rigid d-band model describes the
magnetic properties of the hydrides [4,119] in a satisfactory way and thus takes this
magnetic contribution into account automatically.

For the 4d- and 5d-metals and alloys, the most convincing observation is the
above mentioned CrB type metal structure of the HfRu and ZrRu hydrides, but other
examples can also be given. For instance, as seen from Table 4 and Fig. 20, the metal
lattice of the hydride of Rh (N° =9 el./atom) is fcc as that of Pd (N = 10 el./atom), and
the metal lattice of the hydride of Pd (N° = 10 el./atom) is fcc like that of Ag (N° =
11 el./atom). In the case of the type (ii) NbsMe alloys (Me = Os, Ir, Pt and Au) with N°
ranging from 5.75 to =6.5 el./atom, the hydrides all have the same A15 metal structure
as the starting alloys (Table 6). The model predicts this at least for the cases with
Me = Os, Ir and Pt.

The applicability of the rigid d-band model for the description of the crystal
structures of hydrides is certainly much more limited than for the description of their
physical properties, since there are many additional factors affecting the formation of
hydrides. In particular, the interstices in the metal lattice of the hydride must be of a
size appropriate for the accommodation of hydrogen atoms. Moreover, the structures
with minimum specific volume are preferentially formed if the synthesis is done under
high pressure. The success of the model thus shows that, for many groups of alloys, d-
band filling dominates over other mechanisms governing hydride formation. It is
interesting to note that the dominating role of the increase in the electron
concentration in the formation of interstitial phases has already been discussed long
ago [147] for solid solutions of carbon in the d-metals of Groups V and VI,

4. CONCLUSIONS

The application of high-pressure techniques to the synthesis of hydrides of transition
metals and alloys resulted in the discovery of a number of new superconducting
phases and made it possible to outline principle features of the effect of hydrogen on
superconductivity in function of the position of the metals in the periodic table.
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Hydrogenation of palladium located in the rightmost column of d-elements
makes it a superconductor with a relatively high valueof T, 9K at H/Pd=1duetoa
large contribution of anomalously soft modes of optic H vibrations in the attractive
electron-electron interaction.

Titanium that belongs to the leftmost Group IV forms superconducting x-, -
and k-hydrides with H/Ti=0.7-0.9 and T.=4 K. The occurrence of super-
conductivity in the Ti hydrides is attributed to the interaction between electrons and
low-energy excitations specific to the vibrational spectrum of these very phases.

The influence of dissolved hydrogen on the superconductivity of d-metals of
intermediate groups and of most alloys can be explained by combination of two
effects. One is due to the filling of the d-band with the electrons supplied by the
hydrogen. This can lead to the T changes of either sign depending on the electronic
structure of the metal. Another effect is the monotonic decrease in T, with increasing
hydrogen concentration at a rate of -5 to —15 K per H atom. Presumably, this is due to
the hydrogen-induced hardening of the acoustic modes of the host metal. Combining
the two effects, for example, provides an explanation for the occurrence of 7, ~ 0.9 K
in the hydride of molybdenum and in the dihydride of the NbgRh;, alloy. It also
explains the T, vs. H/Me dependences of hydrogen solid solutions in Tc, Ru, Re and in
the A15-type, o-type and bcc alloys of Nb.
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