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The composition and crystal structure were studied, and the superconducting transition temperatures T, were
determined for Nb,Me-H phases prepared at 325 °C and molecular hydrogen pressures up to 70 kbar. These
structures were based on the Al5 structure compounds Nb,, At Nb;ePt,,, Nblr,s, and Nb,Os,. The -
compounds were found to retain their crystal structure type and remain superconducting when saturated with -
hydrogen up to H/M = 1. The hydrogen content dependence of T, for the Nb,Me-H solid solutions obtained

can be described qualitatively by the rigid band model.

One of the effective ways of studying the
influence of alloying elements on the physical prop-
erties of materials is to investigate the composition
dependences of these properties in solid solutions
having a lattice type that is unaffected by alloying.
For example, it has been shown! in this way that
the main cause of change in the magnetic properties
of 3d metals and their alloys having fcc and hep
lattices, under hydrogenation, is an increased oc-
cupation of the d band by electrons from hydrogen
atoms, and that the fraction n of electrons coming
into the d band is of the order of 0.5 per hydrogen
atom.

A fairly reliable explanation of superconducting
properties has so far been given for only one metal—-
hydrogen system, namely palladium—hydrogen, where
the hydride formation is again unaccompanied by
any change in the initial fcc palladium lattice type.?2
Most of the known superconducting hydrides, how-
ever, have a metal lattice that differs from that
of the initial metals and alloys; see our earlier
paper? and the references there given. Since a
change in the crystal structure of the material
can in itself cause a considerable alteration in the
superconducting properties, the role of hydrogen
in such cases is hard to elucidate,

Consequently, in order to progress further
in understanding the superconducting properties
of metal-hydrogen systems, it seems useful to search
for and investigate new superconducting systems
having broad ranges of continuous solutions of
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FIG. 1. Temperature dependences of the imbalance signal X from

an ac bridge in the ranges of transition to the superconducting
state in Nb,Me H (D) samples; 1-3) Kb, 0,5 =H, 4) NbygPty,~H,
5) NbqygPt,,—D; n: 1) 0, 2) 0.19, 3) 0.96, &) 0.87, 5) 1.30.
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hydrogen in the initial lattice of the matemal under
going hydrogenation.

Promising materials in this respect are compounds
with Al5 structure; for four of these, Tij;Au (Ref
4) TizSb (Ref. 5), Nb,5n (Ref. 6), and Nb Rh

(Ref. 3), it has already been established that con-

siderable amounts of hydrogen (up to'a hydrogen/
metal ratio by atoms n = 0.1-1) can be absorbed’

with no change in the lattice type. We chose for -
investigation the compounds of niobium with four -
5d metals (osmium, iridium, platinum, gold) occupying
successive places in the periodic stable, since this
series of compounds shows a clear correlation between:
the superconducting properties and the electron : ‘
dens1ty,7 so that the effects due to the change.

in the latter under hydrogenation can: be assessed

1. SAMPLE PREPARATION AND EXPERIMENTAL
METHOD

The compounds were prepared from gold 99. 99‘5
pure, platinum, iridium, and osmium 99.97% pure,
and niobium purified by zone melting with resigtance
ratio Ryo,K/R., ;K = 500. The alloy ingots were & -
fused in an induction furnace, suspended in argon,
and annealed under x107¢ Torr at 1100°C for 24
h, followed by cooling in the furnace. To obtain
a single-phase state of Nb, 08,5, the mg'ot was
further annealed for 5 h at 1400°C (see Sec. ).
Samples were cut from the polycrystalline mgots
with a W8-20A abrasive wire saw; a damaged sup- .-~
face layer =z0.03 mm thick was then removed by
electropohshmg in sulfuric acid. The final dimen-
sions of the samples were =3 x 3 x 0.3 mm.

The alloys were hydrogenated by holding the.
samples in molecular hydrogen at 325°C under fixed
pressures up to 70 kbar for 24 h, followed by rapld S
cooling: under pressure to x~180°C; the method o
has been described previously,® and a check.. .. .=
showed that the hydrogen content and phase com=:.
position of the samples become practically constant: ‘
after 18 h. The errors in determining the hydrogen :
pressure and the temperature did not exceed 5%
and z7°C.

The stability of the hydrides prOduced, as
regards decay into the metal and molecular hydrogen
at atmospheric pressure, decreased with inereasing -
n; for equal n, the niocbium—-gold-hydrogen hydrides
were the most stable, and the niobium-osmium-hydro-
gen ones were the least, In particular, at room ..
temperature no release of hydrogen from Nb,,Au,sH: "
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deuterium in Al5 structure niobium alloys

3L Pressure of production in hydrogen or deuterium at 325°C, composi-
S sﬁpetceriducting transition temperature, and metal sublattice param-
: ;eters at atmospheric pressure and 100 K for solid solutions of hydrogen or

v SN . Ve AVy
v Samples PHD. n Ts K a A
o . kbar Anatom
by, Atlgg— — 0 10.1 5.198 17.56 —
Moyt H 0.2 0.03 95 5.904 17.62 | 0.06
) i 5 0.7 3.8 5.410 19.79 2.23
35 1.0 1.2 5.458 20.32 2.76
70 1.08 <04 5.470 20.46 2.90
Nh,.Au,,—D ‘ 7.2 1.10 1.4 5.459 20.34 2.78
Nb, Pte,—H — 0 9.2 5.164 1718 —
2 0.05 9.2 5.186 17.43 0.25
: 32 1.0 2.3 5.407 19.76 2.58
: 5070 1.28 ? 5.442 20.105 ggg
Pty —D 70.6 1.30 ? 5.438 20.1 .
. i‘rg,’:lrt;‘—n — 6 1.9 5.135 16.92 —
: 20 0.02 24 5.139 16.96 0.04
42 1.0 30 5.383 19.50 2.58
« 60—70 .48 2.7 522 iggi ggg
‘Nbyiirg—D 70.4 1.46 2.9 5. . .
g::oé’:,,~ﬁ . 0 1.0 5438 | 1695 | =
52 09 43 5.376 19.42 247
S 70 1.0 3.8 5.381 19.48 2.53
Nb,;Osg;—D 70.4 1.02 3.0 5.375 19.41 2.46

g{ggg. Vo = . a%/8 is the volume per metal atom; & V, = Vy{(n) =V,(0). For
NbyMeH solutions, the average values are given (contmuous curves in the

relevant diagrams).
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L FIGL 2 Hydrogen and deuterium contents n for solid solutions

~ of them in the alloys Nby,Auszg (a), NbygPta, (b), Nb,slr,yg
(e), ‘and Nb 750555 (d), made by holding the samples in melecular

hydragen or deuterium for 24 h at 325°C -and the pressures shown

as abscissas: 1) single-phase hydride samples, 2) two-phase,

3) ﬂiree—phase, 4) single-phase deuteride samples.

- ',with 1z 0.8 was observed in the course of a week;
. from Nb,50s,s—H with n 2 1, most of the hydrogen
~was released in a few seconds even at T x —60°C.,
“The designof the measuring equipment enabled
" the samples to be put into them without going above
- =100 K.  To prevent hydrogen loss between measure-
ments, the samples were kept in liquid nitrogen,

:"which. avoided any losses over at least a period
o ;of several months.

The X*ray study of the samples at 100 K was

made photographically with a DRON-20 diffractometer
-and-Cu- Ky radiation. ~ The T, values were found in-
vductwely from the middle of the step on the tem-
perature dependence of the imbalance signal x from
- an ac bridge. For T z 1.5 K the measurements
were made with “He evacuation, for T > 0.35 K
‘with 3He evacuation. ' The hydrogen content of
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the samples was determined after completing all

other measurements, and was estimated with relative
accuracy #3% from the amount of hydrogen evolved
during thermal decomposition up to 500°C; the method
has been described elsewhere.3

2. EXPERIMENTAL RESULTS

Initial samples

Studies after vacuum annealing at 1100°C gave
the following results.  The alloys Nb,, Au,, and
Nb,; Os,s contained only the Al5 structure phase;
Nb,¢Pt,, and Nb, Ir,5; had traces of a ¢ phase
corresponding to a lower niobium content than in
the Al5 phases. Because the o phase content
was low, the x(T) curves for Nb,¢Pt,, and Nb,Ir,,
showed, as in the single-phase Nb,; Au,; , only
one step, corresponding to the transition to the
superconducting state. The Te values and the Al5
lattice parameters for these three alloys (rows with
n = 0 in Table I) agreed with those published pre-
viously .2

The x(T) curve for Nb,; Os,s showed two
steps, at T » 0.8 and 1.8 K; accordingly, this
alloy had two different superconducting phases.
Further annealing in vacuum at 1300°C for 5 h
broadened the temperature ranges of the supercon-
ducting transitions in both phases; the x-ray picture
showed lines of a new phase, again with the Al5
structure but with a larger lattice parameter, a =
5.14 & in comparison with the initial a = 5.120
After annealing at 1400°C for 5 h, the alloy showed
only one superconductmg transition (curve 1 in
Fig. 1) at 1.0 K, in agreement with published re-
sults® for the Nb,; Os,s; Al5 phase; the diffraction
pattern retained only the lines for the phase with

~ 5.138

The measurements show that at 1100 < T <
1400°C there is a structure change in Nb750825 ,
tha Al5 lattice parameter increasing. This is con-
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FIG. 3. Dependences of the volume increase AV, per metal atom
on the hydrogen content n in the solid solutions Nb;,Auz¢—H (a),
Nbyg Ptoy—H (b), Nbyslr,sH (c), and Nby50s25-H (d).

sistent with various authors' findings® that Nb,;0s
has lattice parameters between 5.121 and 5.1359 X.

Hydrogen solubility in alloys and the crystal struc-
ture of solutions

Figure 2 shows the hydrogen solubility iso-
therms for the Nbj;Me compounds studied. A general
feature is the slight increase in the solubility as
the pressure increases initially, followed by a
rapid increase at the phase transition and a further
gradual rise at higher pressures. The phase transi-
tion pressure is least for Nb,,Au,s—H, and increases
steadily with decreasing atomic number of the second
component, reaching a maximum for Nb,;0s,,-H.

The phasetransition is isomorphous in every system;
the concentrated solutions (hydrides) Nb,Mé—H have
metal lattices of the same Al5 type as the initial

compounds Nb,Me but with larger parameter values.

Figure 3 shows AVg(n) = Va(n)-Vy(0), the
volume increase per metal atom in the Nbj;Me—H
solid solution samples shown by x ray to be single-
phase. The AVy(n) values for Nb,,Au,¢—H are
somewhat higher than for the other three solutions,
but on the whole the 4 Va(n) curves are close to one
another and to the curves for all the metal-hydrogen
solid solutions previously studied, which have various
crystal structures.'>® Another typical feature
of these curves is the decrease in the slope 3AVg/on
with increasing n; to show this decrease more clearly,
the dashed lines in Fig. 3 are drawn to pass through
the origin.

Only the Nb,;0s,s—H system showed a somewhat
unusual behavior (Fig. 2d). Samples made at 325°C
with Py, < 35 kbar contained two Al5 phases with
different lattice parameters, and their x(T) curves
had two blurred steps (eurve 2 in Fig. 1) corre-
sponding to superconducting transitions. After
removal of hydrogen from the samples by annealing
in vacuum at 500°C for 30 min, they remained two-
phase, with the phase lattice parameters a = 5.12
and 5.138 K; the x(T) curves were almost unchanged.
Almost the same phase composition and x(T) curve
near the superconducting transition occurred for
the initial alloy Nb,;0s,s after annealing in vacuum
at 1300°C. It is reasonable to suppose that, when
Nb,; Os,s is saturated with hydrogen at 325°C
and Py, < 35 kbar, a phase change occurs in it
which is the opposite of that observed in vacuum
annealing at T > 1100°C.

Saturation of Nb,s; Os,s with hydrogen at
325°C and 35 < Py, < 50 kbar formed a new Al5
hydride phase, the only one present in samples
made at Py, > 50 kbar (Fig. 2d). The x(T) de-
pendences in these samples, single-phase aceording
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to x ray, is evidence that they have only ene )}
conducting  transition, though 'spread ove i
able temperature range (curve:3 in Figi 1)iil
moval of hydrogen from these samples by anneali
in vacuum at 500°C restored the Nby; Osyg lattice
parameter and T, to their initial values, &

and Te = 1 K. AR

Superconductivity of Nb,Me-H solid solutions

Figure 4 shows the T, values for samples si
phase according to x ray, for various hydrogen -
contents.

A general feature of all four Nb;Me—H syste
studied is that T decreases with increasing n in
solutions where the hydrogen concentration is hi
In other respects, the Tg(n) dependences are very
different. . BRI SR

In Nb,,Au,.—H solutions, the T values fall
almost linearly with increasing n over the whole-
range of hydrogen contents studied, with dTc/dnz
—8.9 K/hydrogen atom. In the primary Nb, Pt;,—H
solutions with n < 0.05, the temperature of the:. . -
superconducting transition is independent of nj i
hydrides with n > 0.87 have T, values much less .
than in the initial alloy Nb,¢Pt.,. Dissolving hydro- |
gen as far as n x 0.02 in Nb,sir,; makes T¢ ‘notice-
ably higher, and even higher T, values occur for
the hydrides of this alloy. There is also a rise '
in T, when hydrides of Nb,;0s,; are formed.

All the NbyMe—~H samples single-phase by
x ray, except Nb, Pt,,~H with n > 1.14, have.:
superconducting transitions over relatively narrow
temperature ranges. Removal of hydrogen from
the samples by vacuum annealing at 500°C restores
the lattice parameter and T, to their initial values:
The absence of irreversible changes in the hydro-"
genation—dehydrogenation cycle gives reason to. .
suppose that these properties of the Nb,Me—H samples
are determined only by the content of dissolved
hydrogen. R

In Nb, Pt,,~H samples, the temperature range =
of the superconducting transition remains relatively
narrow at hydrogen concentrations as far 'as n = .
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FIG. 4. Dependences of the superconducting transition temipera-
ture T, on the hydrogen or deuterium contént n in solid solutions
(single-phase according to ¥ ray) of hydrogen (1) and deuterium
(2) in the alloys Nb,,Augg (a), NbygPry, (b}, Wbyslrys (c)s
and Nby 50855 (d); in a, the arrow marks the absence of super-
conductivity for Ty > 0.35 K; in b; 3 denotes the superconducting
transition range in an Nb;Pt,,—D sample; in'c, the dashed curve
shows T_(n) as found® for Nb,g Rhys—H solutions. :
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i Permi level,?

08 (ecurve 4 in Fig. 1); for n > 1.14, it becomes
‘wider, and x(T) for such samples is typically
“shown by curve 5 in Fig. 1. After removal
ydrogen from samples with- n 2 1.14 by vacuum
-anriealing at 500°C, the lattice parameter was re-
ored to its initial value for Nb, Pt,,, but the
“superconducting properties of the alloy were not
restored: ' instead of a narrow step at 9.2 K, the
x(T) curves show a more or less smooth drop as
the. temperature falls from =7 to =3 K.

.+ .7 The absence of reversibility in the variation
" ‘of ‘the Nb,, Pt,, superconducting properties during
~the hydrogenation—dehydrogenation cycle is evidence
- 'that the formation of Nb,¢Pt,,~H solutions with
.n'21.14 is accompanied by irreversible changes
'the metal sublattice also. These changes may
“."’have the nature of a phase transition. Certainly,

- “the n(Py,) isotherm of the Nb,¢Pt,,~H system

. at/325°C (Fig. 2b) shows a quite noticeable anomaly
‘at-40 § Py, < 50 kbar, the solution contents in-
‘creasing’ from n = 1.08 to n » 1.28. The changes

, . “in"the metal sublattice for solutions with n > 1.14

seem to us to be most probably in the degree of

" atomic ordering; a strong dependence of T. on the
- “degree of order has been noted in NbyPt, for

“roxample. *°

" In order to help readers to compare the prop-
erties of the Nb,Me-H solutions studied here with
the results of other work on metal hydrides, Table
I gives numerical values for solutions that are single-
phase by x ray, with several different hydrogen

. .contents.

Nb,Me-D solutions
. As well as the hydrides, one sample of the
«..denteride of each NbyMe alloy was made at Pp, =
' -70 kbar and 325°C. Figures 2 and 4 and Table
.21 .show that the properties studied are the same
~ for the deuterides as for the hydrides, within the
experimental error.

3." DISCUSSION
.. For ~tré.nsition metal alloys, there is a correla-
“tion, known as the Matthias rule, between T, and

the electron density N€ (the mean number of outer

d '+ s electrons per alloy atom). Among the AlS
structure compounds, this correlation can be most

- ‘clearly traced in niobium and molybdenum (the

- latter being adjacent to niobium in the periodic
~table) alloyed with 5d metals (the dashed curve

in Fig. 5); for niobium alloys, there is also a correla-
tion with the density of electronic states at the
: These results suggest’ that, at
:Teast in niobium alloys, the behavior of the super-
© “eonducting: properties is satisfactorily represented

. by the-rigid band model, i.e., over a wide range
- of electron density the alloy Ty values are governed
" 'mainly by the electron occupation of an almost un-
7 deformed conduction band.

. In NbzMe, the density of d states at the Fermi
/" level is much higher than that of s states,” and
“~'go the correlation between the T, values and the
.- 'density ‘of states at the Fermi level in the rigid

' band model actually signifies the presence of a

© i ‘correlation between: Ty and the position of the Fermi
. “level relative to the d band, i.e., the electron
occupation of the d band. Calculations'® and ex-
- periments® show that for n 51 the hydrogen coming
_.into fec and hep transition metals causes only a
" slight’ deformation of the d bands near the Fermi
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FIG. 5. Superconducting transition temperature T, as a function

of the electron density N® for the initial samples NbsMe (black
symbols) and the effective electron density N® + nin with n =
0.5 electron per hydrogen atom in Nb,Me-H solid solutions single-
phase according to x ray: 1) Nby, Auye—H, 2) NbygPty,—H for

n < 1.08, 3) NbygIR,s—H, 4) Nby50s,5—H. The dashed curve
shows T.(N®) for Al5 structure compounds of niocbium and molybdenum

with 5d metals. 1%

level, and increases the electron occupation by
an amount n that is of the order of 0.5 electron
per hydrogen atom (varying from =0.3 to =zl for
different metals and alloys).

if this is assumed to be valid also for hydro-
gen in NbgsMe and the main cause of the variation
of T. with n in Nb;Me~H solutions is the increased
electron occupation of the d band in the hydrogenated
compounds, then the dependences T.(n) should follow
curves Tao(n) = To(N® + nn), where To(N®) is
the dashed curve in Fig. 5.

Figure 5 gives the observed T, values for the
single-phase Nb;Me—H solutions studied here, plotted
against N + nn with n = 0.5 electron per hydrogen
atom; in order not to complicate the diagram, T.
values are shown only at the limits of the composi~
tion dependences of T, investigated. It is seen that
the results for NbsMe—H solutions agree qualita-
tively with the dashed curve. In particular, the
presence of hydrogen increases T, in the primary
Nb,sIr,s—H solutions with n ¢ 0.02; for Nb;s0s,5s—H
and Nb,;Ir,s—H, T, is higher, and for Nb,sPt,,—H
and Nb,,Au,.—H it is lower, than in the original
compounds.

There are also two pieces of indirect evidence
in favor of the validity of the rigid band model
for representing the variations of T, in Mb,Me com-
pounds under hydrogenation: a) the dependence
Te(n) for hydrogen solutions in Nb,Rh, an isoelec-
tronic analog of NbgyIr, is similar to that for Nb,lr
solutions (Fig. 4c); b) for hydrogen solutions in
Nb,;0s,; and Nb,;Ir,; alloys (as in Nb, Pt,, and
Nb,, Au,; ; see Fig. 4 and Table I), there is no
increase in T, (inverse isotope effect) when protium
is replaced by deuterium, and this is to be expected
by analogy with palladium—hydrogen solutions,!?
if the interaction of electrons with optical vibra-
tions of hydrogen atoms is important as regards
319 increase of T; in these alloys under hydrogena-
ion.

Antonov et at. 1662



There is therefore reason to suppose that
the qualitative agreement between To(N€ + nn)
and To(N€) in Fig. 5 is not accidental, and the

rigid band model gives a correct account of the
main features of To(n) for Nb;Me-H solutions.

In principle, the agreement of the experimental
results with the To(N€) curve in Fig. 5 can be
considerably improved by taking a different value
of n for each Nb;Me-H system: n x 0.35 electron
per hydrogen atom for Nb,50s8,5—H, n = 0.7 for
Nb,sIr,s—H and Nb;¢Pt,,—H; it is difficult to esti-
mate n for the hydrides Nb,,Au,,—H, because
of the lack of information about T (N€) in the rele-
vant range of argument values. However, this
additional fitting is unlikely to have any physical
significance: it is seen from Fig. 5 that, on the
assumption that the increased electron occupation
of the d band is the only cause of the change in
T for NbzMe compounds under hydrogenation, it is
impossible to explain why, as n increases, T for the
primary Nb,.Pt,,~H solutions does not increase,
and for the Nb,; Os,s—H hydrides actually decreases.

It is therefore very likely that, alongside
the increased occupation of the d band in NbjMe
compounds under hydrogenation, another mechanism
is at work to change the superconducting transi-
tion temperature and lower T, as n increases. A
considerable transition temperature and lower Te as
n increases. A considerable and almost linear de-
crease in T, when hydrogen comes in (dTe/dn =
-15 K/hydrogen atom) has already been encountered ?
in our study of solid solutions of hydrogen in bee
niobium—titanium alloys. In these, the supercon-
ducting transition temperature depends slightly
on Ne, and the decrease in T, under hydrogenation
is almost entirely governed by causes not directly
related to the change in occupation of the d band.

For the NbjMe—-H systems, in order to bring
the To(N€ + nn) values for the hydrides of Nb,;0s;s5,
Nb,sIr,s, and Nb,Pt,, up to the To(N®) curve,
we need to assume that, as the hydrogen content
increases, as well as the change in T. due to the
occupation of the d band by electrons with n = 0.5 °
electron per hydrogen atom, there is also a steady
decrease in T, at a mean rate of about —5 to -10
K/hydrogen atom, of the same order of magnitude
as in niobium-titanium—hydrogen solutions.*® It
may be that the causes of the decrease in T¢ in
NbsMe-H and Nb-Ti-H solutions are also the same.
For example, changes in the phonon spectrum accom-
panied by an increased mean frequency of acoustic
vibrations, as has been observed when hydrogen
is dissolved in niobium and tantalum.2? Other pos-
sibilities exist, of course, for instance a broadening
of the alloy d bands and therefore a lowering of
the density of states at the Fermi level because
of hybridization of d states with s states of dis-
solved hydrogen atoms; in NbjMe alloys, there
is a distinct correlation between T and the density
of electron states at the Fermi level, the two in~*
creasing together.’
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We should conclude, however,: by emphasizi
once more that, although the behavior of Tg for 1
Nb,Me—H solutions studied is governed to a considér-
able extent by factors that cannot yet be definitely
established, the main trends of T, variation with the
hydrogen content in these solutions are represented
by the rigid band model, as seen from Fig. 5.
The Nb,Me-H solutions are so far the ‘only ones whers
it has been possible to distinguish more or .less .
reliably the contribution to the behavior of T. from
the changes in electron occupation of the conduction
band, but we may expect that a similar contribution
is important for several other metal-hydrogen solu-
tions, such as the hydrides of niobium-ruthenium
and tantalum—ruthenium alloys,* for which n = 0.5 .
electron per hydrogen atom and the N€ + nn values
are-in the range 6.1-6.5 electron per atom near
the To(N€) peak for transition metal alloys. =

The authors are grateful to V. G. Glebovks
for fusing the Nb,Me compounds and to I. M.
Romanenko for chemical analysis of them.

1g. G. Ponyatovsky, V. E. Antonov, and I. T. Belash, in:  Problems :
in Solid State Physics (ed. by A. M. Prokhorov and A. S. S
Prokhorov), Advances in Science and Technology in the USSR, - .
Physics Series, Mir, Moscow (198%4), p. 109.
2p, v. Gel'd, R. A. Ryabov, and L. P. Mokhracheva, Hydrogen and:
the Physical Properties of Metals and Alloys [in Russian],
Nauka, Moscow (1985).
3y. E. Antonov, T. E. Antonova, I. T. Belash, 0. V. Zharikov,
A. V. Pal'nichenko, E. G. Ponyatovskii, and V. I. Rashchupkin,”
Fiz. Tverd. Tela (Leningrad) 30, 2152 (1988) [Sov. Phys. Solid
State 30, 1240 (1988)]. ,
“3J. B. Vetrano, G. L. Guthrie, and H. E. Kissinger, Phys. Lett.
A 26, 45 (1967). B
SK. V. S. Rama Rao, H. Sturm, B. Elschner, and A, Weiss, Phys:
Lett. A 93, 492 (1983). : ~
6L. J. Vieland, A. W. Wicklund, and J. G. White, Phys.. Rev. B
11, 3311 (1975). ; v
7§. V. Vonsovsky, Yu. A. Izyumov, and E. Z. Kurmaev,’ Supei',- .
conductivity of Transition Metals, Springer-Verlag, Berlin ¢ i
(1982). | St
8E., M. Savitskii, Yu. V. Efimov, N. D. Kozlova, B. P. Mikhailov,
and Yu. A. Uspenskii, Superconducting Compounds of Transition
Metals (ed. by V. V. Baron) [in Russian], Nauka, Moscow (1976).
9H. Peisl, in: Hydrogen in Metals I (ed. by G. Aleféld: and’ e
J. V81k1, Springer-Verlag, , Berlin (1978), p. 53. i
10g, Flﬁkiger, in: Superconductor Materials; Science (ed: by
S. Foner and B. B. Schwartz), Plenum Press, New York (1981), .
p. 511. ,
11,, ¢. Switendick, in: Hydrogen in Metals I (ed. by G. Alefeld
and J. Volkl), Springer-Verlag; Berlin {1978), p- 101,
123, stritzker and H. Wuhl, in: Hydrogen in Metals I (ed. by
G. Alefeld and J. Volkl), Springer-Verlag, Berlin (1978), p. . - :
243,
18y, g. Antonov, I. T. Belash, M. S. Zakharov, V. A. orlov,
and V. I. Rashupkin, Int. J. Hydrogen Energy 11, 475 (1986). .
14y, E. Antonov, I. T. Belash, and E. G. Ponyatovskiiy Usp. FizZ.. .
Nauk 150, 468 (1986) [Sov. Phys. Usp. 29, 1068 (1986)].
15y, M. pan, V. G. Prokhorov, and A. S. Shpigel', Metal Physics .. w
of Superconductors [in Russian], Naukova Dumka, Kiev (1984). -

Translated by J. B. Sykes

Antonov et al. 1663



