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The development of high-pressure technology has in recent years permitted obtaining extensive new
information on the properties of hydrides of group VI-VIII transition metals. In this review, the experimental
procedures for compressing macroscopic quantities of hydrogen to record high pressures, phase transitions,
and structures of new high-pressure phases in Me-H systems are briefly described. Special attention is
devoted to the magnetic properties of solid solutions of hydrogen in 3d metals and their alloys, whose study
has yielded definite conclusions concerning the effect of hydrogen on the band structure and exchange
interaction in these materials. The role of structural instabilities in the formation of superconducting
properties of hydrogen solutions in 4d metal alloys based on palladium is examined.
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1. INTRODUCTION of all the basic assumptions of the theory of second-or-

der phase transitions proposed by Landau® being satis-
fied. Due to the extremely high mobility of hydrogen in
metals, restructuring of the hydrogen sublattice in
metal-hydrogen systems can occur at very low temper-
atures, which makes these systems convenient model
objects for experimental study of ordering phenomena
in solids as well, This problem is examined in detail in
Ref. 5. There is an extensive literature on the possi-
bility of very nontrivial phenomena in metal-hydrogen
systems, such as, for example, quantum diffusion and
high-temperature superconductivity, resulting from the
characteristic quantum behavior of hydrogen in a met-
allic matrix. Refs. 6-9 give a detailed introduction to
these problems.

The properties of transition metal-hydrogen systems
draw the close attention of researchers working in the
most diverse areas of physics and physical materials
technology. There are many reasons for the continu-
ously increasing interest in the problem of hydrogen in
metals, including the increasing use of metal-hydrogen
systems in practice (absorption of nuclear radiation,
storage of hydrogen and hydrides, purification of hy-
drogen, hydrogen isotope separation development of
new types of heat exchangers, catalyzers, and so on)
and by the very strong influence of hydrogen dissolved
even in small quantities on structural materials (hydro-
gen brittleness, corrosion in acidic media, erosion of
materials in contact with hydrogen plasma, etc.).

Metal-hydrogen systems have a number of unique All these unusual properties of metal-hydrogen sys-
physical properties and have already served for a long tems are related to the properties of hydrogen as one
time as couvenient model objects for studying a wide of the components of these systems, primarily its ex-
range of physical phenomena in solids. Thus, for ex- tremely low mass and absence of filled electron shells:
ample, the Pd~H system was the first and still remains the H* ion is simply a proton. For this reason, the key
the classical example of so-called nonstoichiometric to understanding the entire complex of physical proper-
compounds.' The theory of nonideal solutions of hydro- ties of such systems is the problem of the physical
gen in palladium proposed by Lacher? anticipated the status of hydrogen in transition metals. In recent
creation of the concept of a three dimensional lattice years, there has been appreciable progress along these
gas®; the behavior of the Pd-H system near the “lattice lines. Interesting work on calculation of the band
gas-lattice liquid” critical point is an excellent example structures of hydrides has been performed by Switen-
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dick,'® Papaconstantopolous ef al.,*'*'? Gupta,*® Kuli-
kov.'* and others. However, further development of the
theory is limited by the scarcity of experimental data
on the structure and physical properties of transition
metal-hydrogen systems. The basic experimental re-
sults for solutions with a relatively high hydrogen con-
tent (>1 at.%) were obtained for group IV and V metals
(Ti,Zr,Hf,V,Nb, Ta) and palladium. As is well known,
14 of 15 transition metals in groups VI-VIII, including
such important and interesting metals as Fe, Co, Ni,
Cr, Mn, and Mo, do not form hydrides under equilibri-
um conditions at hydrogen pressures of the order of at-
mospheric pressure. The enormous amount of experi-
mental information on the influence of hydrogen on the
properties of these metals and alloys based on them was
obtained for hydrogen concentrations usually not ex-
ceeding 107°-107° at.%,'®>!" comparable to the total con-
centration of various defects, hydrogen traps, which
makes it difficult to give a correct physical interpreta-
tion of these data.

Work on the development of methods for saturating
metals with hydrogen under nonequilibrium conditions
(electrochemical and plasma methods, hydrogen im-
plantation) was begun a long time ago and continues
successfully. For example, electrochemical methods
first permitted obtaining chromium"® and nickel*® hy-
drides, implantation methods permitted obtaining mo-
lybdenum dideuteride® and superstoichiometric palladi-
um hydride PdH, ;, with a tetragonal lattice that is un-
usual for transition metal hydrides.? But, under non-
equilibrium conditions it is difficult and in many cases
practically impossible to obtain sufficiently homogen-
eous specimens and to vary in a controlled manner the
content of hydrogen in them. Moreover, it is far from
always possible to be sure that the physical properties
of specimens obtained by such methods will be close to
equilibrium.

There is a direct way to avoid all these difficulties:
to synthesize hydrides by placing metals in a hydrogen
atmosphere, whose thermodynamic potential is in-
creased by compression to high pressures. However,
work with high-pressure gases involves many experi-
mental difficulties and even for inert gases the upper
limit of pressures attainable with the help of more or
less assimilated techniques does not exceed 20-30
kbar. In the case of hydrogen, these difficulties are
considerably increased by its high compressibility, ex-
tremely low viscosity, and chemical corrosiveness,
which greatly increase with pressure and temperature.
For this reason, up to the last decade, the study of
metal-hydrogen systems was limited by pneumatic
pressures (100-150 bar) and in individual cases by
pressures up to several kbar.

In recent years, there has been a qualitative jump in
the development of nontraditional methods for com-
pressing gaseous hydrogen, which permitted obtaining
a large quantity of new experimental data on metal-hy-
drogen systems, the generalization and discussion of
which is the subject of the present review. Special at-
tention will be devoted to the magnetic properties of
hydrogen solutions in 3d metal alloys, whose study
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permitted making a number of definite conclusions con-
cerning the effect of hydrogen on the band structure and
exchange interaction in transition metals. We shall also
briefly describe new methods for compressing hydrogen
in macroscopic volumes to pressures of tens of kilo-
bars, with which we shall begin the review.

2. METHODS FOR COMPRESSING HYDROGEN
AND OBTAINING HYDRIDES

The mechanical properties of existing structural ma-
terials, not subjected to hydrogen brittleness (primari-
ly beryllium bronze) permit compressing hydrogen to
pressures of 5~12 kbar. This range of pressures was
first exceeded in the middle of the 1960s by Polish
scientists who developed a system in which compressed
hydrogen was isolated from the walls of the high-pres-
sure chamber, which permitted using steel cham-
bers.?2*®® For this purpose, an ampoule, made of ma-
terial impermeable to hydrogen, was placed with the
closed end upwards into the working channel of a pis-
ton-cylinder type chamber, the chamber was filled with
kerosene, and a preliminary pressure of 120-150 bar
was created in it. Hydrogen was introduced from an
external source through a special system of seals,
channels, and valves into the ampoule at a somewhat
higher pressure. Then the injection system was cut off
from the working volume of the chamber and the pres-
sure could be increased further in the hydrogen bubble
formed, by compressing the pressure transmitting me-
dium (kerosene) as in an ordinary hydrostatic chamber.
The hydrogen-filled ampoule is subjected only to hydro-
static pressure, which minimizes the required mechan-
ical strength; in Refs. 22 and 23, it was made of cop-
per. In chambers with the construction described here,
the hydrogen could be compressed to pressures ~15
kbar at temperatures close to room temperature.

The next step in extending the working hydrogen pres-
sure range consisted of eliminating injection of hydro-
gen into the ampoule directly in the high-pressure
chamber (the presence of the corresponding system of
channels and seals greatly decreased the strength
properties of the chamber). Hydrogen was compressed
in a special container placed in an ordinary hydrostatic
chamber.??* The hydrogen was first pumped into a
container at a pressure of 0.2-0.5 kbar with the help of
a special compressor. The container consisted of be-
ryllium bronze and was equipped with a system of gas
seals, capable of withstanding this preliminary pres-
sure. One of the variants of such a system consisting
of two piston-cylinder systems (I and II) placed one in-
side the other is shown in Fig. 1. All the empty space
within system I was filled with kerosene. At room tem-
perature, such systems permitted compressing hydro-
gen to pressures of 25-30 kbar,?'** and up to ~13 kbar
up to 450 °C* (in the latter case, a miniature heater
was placed inside system II). The significant widening
of the pressure and temperature ranges made it possi-
ble to synthesize nickel and chromium hydrides under
equilibrium conditions and to obtain for the first time
manganese hydride and hydrogen saturated phases
based on an entire series of nickel and palladium al-
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FIG. 1. Diagram of the apparatus for compressing hydrogen.?
1) High pressure chamber of the first piston-cylinder system;
2) spécimen and auxilliary apparatus; 3) socket for the electri-
cal input to the second piston—cylinder system; 4) packing;

5) spring; 6) electrical input leads (12—-14 wires); 7) hydrogen
contalner cylinder; 8) nut; 9) socket for electrical input to the
first piston-cylinder system; 10) liners for the electrical

input socket; 11) foundation of the high-pressure chamber.

loys, to study their crystalline structure and thermal
stability, and to begin studying magnetic and supercon-
ducting properties (a detailed review of work performed
during this period is given in Refs. 26 and 27).

Pressures of the order of 30 kbar practically exhaust
the possibilities of hydrostatic piston-cylinder type
chambers. We were able to overcome this barrier by
using the method proposed in Ref. 28 for obtaining high-
pressure hydrogen. The method consisted of the fol-
lowing. A condensed hydrogen-containing compound is
introduced into an ampoule type container. The con-
tainer is placed into the high-pressure chamber, pre-
liminary compression is performed, and the hydrogen
is freed by decomposing the compound by any known
method [for example, by heating (thermal decomposi-
tion), by an electrical current (electrolysis), by per-
forming an exchange chemical reaction to liberating
hydrogen]. Then the temperature and pressure in the
working zone of the high pressure chamber and, there-
fore, of the hydrogen in the container as well, are
brought up to the necessary values. Based on this
method, a series of high-pressure cells was created at
the Institute of Solid State Physics of the USSR Academy
of Sciences, which permit studying the behavior of the
Curie points and electrical resistance of specimens in
a range of hydrogen pressures from 0.03 to 70 kbar at
-150< T<500°C.

The simplest method for liberating hydrogen from the
compound is thermal decomposition. Diagrams of cells
for measuring the electrical resistance of specimens in
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FIG. 2, Diagram of cells for measuring the electrical resis-
tance of specimens in a hydrogen atmosphere using hydro-
static (01—07) and quasihydrostatic (11~17) high-pressure
chambers.

01, 17) specimens; 02, 11) thermocouple junction; 03, 14)
hydride: hydrogen source; 04) heater; 05) ampoule (brass);
06) fixatives (pyrophyllite); 07, 16) electrical input; 12) ampoule
{teflon); 13) glass wool; 15) ampoule cover (teflon). All empty
space in ampoules 05, 12 is filled with silicone.

which this method is used are shown in Fig. 2. The
principle for containing hydrogen is the same here as
that described above using the first variant of the Po-
lish chambers,?*® but an external source is no longer
required to fill the ampoule with hydrogen: the hydro-
gen is liberated by thermally activated decomposition
of a hydride (03,14), placed beforehand into the lower
part of the ampoule. Elimination of the corresponding
injection system from this scheme permits, as in the
variant®?* of hydrogen compressing systems, complete
utilization of the possibilities of ordinary hydrostatic
high-pressure chambers, while the appreciable simpli-
fication in the construction (compare Figs. 2 and 1)
permits production of cells of quite small dimensions
(Fig. 2, cell 11-17) in order to place existing quasihy-
drostatic chambers into the working zone. It is the use
of the quasihydrostatic chambers that made it possible
to exceed the limit ~30 kbar and to compress hydrogen
up to 70 kbar. It should be noted that even the 70 kbar
limit is achieved only by the possibilities of chambers
that are available to us and not by the possibilities of
the method used in Ref. 28. Readers interested in de-
tails of the application of this method should consult
Ref. 29,

By the middle of the 1970s, there remained twelve
transition elements in Mendeleev's table for which it
was not possible to obtain hydrogen saturated phases:
Mn, Fe, Co, Mo, Tc, Ru, Rh, W, Re, Os, Ir and Pt.
The application of a new method for compressing hydro-
gen halved the number of such elements. Manganese,
iron, cobalt, molybdenum, technetium, and rhodium
hydrides were synthesized (simultaneously with special-
ists from the Polish People’s Republic) (Table I). It
was possible to increase the hydrogen content in nickel
hydride up to »=1.25, passing through the stoichiomet-
ric composition of NiH. It is evident from Table I that
hydride forming transition metals up to the present
time form a compact block, including completely the
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TABLE I, Hydrides of transition metals.

Vi Vi VIII

e, 39, 112 42 31, 85, 25, 5x, 27 a7 53 19, 22, 15, i6, 42, 3l
CrH MnHg, o4 FeHg.g, CoH, .5, NiH, ,,
¢ [ & [3 v
0, 11 38, 59 38, 113 13 See Ref. 30
MoH TeHg ¢ Ru RhHg.45 PdH
e e v ¥

31
w Re Os It Pt

!

The maximum attained hydrogen content is indicated; £ are hydrides with hep metal
sublattice; y are hydrides with fcc sublattice; the number of references in which the
hydrides were synthesized and the phase diagrams of the corresponding Me-H systems
were studiced are presented in the upper left of the squares.

elements in the 3d series and with the exception of ru-
thenium, those of the 4d series as well. Thic creates
favorable conditions for systematic study of the effect
of hydrogen on the properties of such metals, especial-
ly considering the fact that metals situated close to one
another in Mendeleev’s table form wide regions of con-
tinuous solid solutions. For this reason, an appreci-
able number of alloys based on elements in groups VI-
VIII, whose saturation by hydrogen was also made pos-
sible by high-pressure technology, was investigated to-
gether with the elements themselves.

All the hydrides studied have the typical metallic con-
ductivity of the order of the conductivity of the starting
metal (alloy). The kinetics of hydrogen absorption (for-
mation of hydride} varies from metal to metal over an
extremely wide range: at T=250°C, from several min-
utes for palladium®®® and nickel® 32 to tens of hours
for technetium®® (the specimens are a foil with a thick-
ness of 0.1-0.2 mm). The same diversity is also ob-
served for the kinetics of thermal decomposition of hy-
drides into the metal and molecular hydrogen under at-
mospheric conditions: manganese®® and technetium?®
hydrides are metastable at 20°C, while iron*” and rho-
dium?®® hydrides decompose rapidly beginning at T
~ ~100°C. In liquid nitrogen, all hydrides without ex-
ception last indefinitely. Systems for “quenching”
specimens were developed taking into account the kine-
tics of formation and decomposition of hydrides: first,
the specimen is saturated with hydrogen at high pres-
sure and temperature and, then, without changing the
pressure, the specimen is rapidly cooled (if necessary,
down to 180°C), the pressure is decreased to atmos -
pheric pressure, and the specimen is removed from
the chamber for further study of physical properties.
The investigation of these metastable (relative to the
decomposition into the metal and molecular hydrogen)
hydrides at atmospheric pressure added a great deal to
the results of measurements at high hydrogen pres-
sure. However, before going on to examining the phys-
ical properties of Me-H systems, it is necessary to
describe at least briefly the basic variants of phase
equilibria observed in these systems.

The point is that in many Me-H systems, phase
transformations, accompanied by abrupt changes in the
hydrogen concentration and all physical properties, oc-
cur. In addition, under the experimental conditions,
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hydrogen-saturated phases (hydrides) often form side
series of nonstoichiometric solid solutions. When a
solid solution of hydrogen in a metal is in thermody -
namic equilbrium with excess molecular hydrogen
(which occurs for measurements performed under high
hydrogen pressure}, this does not lead to significant
difficulties in interpreting the results of the measure-
ments, since according to the phase rule, only single
phase regions can exist on the T-PHz diagrams of Me-H
systems and it is only necessary to take into account
the fact that even within such regions, the hydrogen
concentration in the solution depends on the tempera-
ture and pressure. If, on the other hand, the Me-H so-
lution is cooled to a temperature when the exchange of
hydrogen with the surrounding medium is stopped (such
a situation is realized in studying hydrogen presatu-
rated specimens at atmospheric pressure), then in ac-
cordance with the metastable T-c¢ diagram (at a given
pressure), it can also transform into a two-phase state.
Thus, in order to interpret correctly the physical prop-
erties of Me-H systems, it is necessary to have reli-
able data on their phase composition for different val-
ues of the external parameters.

3. PHASE EQUILIBRIA IN METAL-HYDROGEN
SYSTEMS

Hydrides of group VI-VIII transition metals and their
alloys, independently of the starting structure of the
metal, are formed on a base of one of the two closest
packings of metal atoms, namely, hcp (g) or fcc (y)
(see Table I), in which hydrogen occupies interstitial
positions.!’ Correspondingly, the formation of hydrides
under high hydrogen pressure can be accompanied by a
polymorphic (Cr-H,*® Mn-H**%* Fe_H,*" and Mo-H"°
systems) or isomorphic (Ni-H,22 Tc-H,**% Rh-H,*® and
Pd-H?® systems) transformation of the metallic sublat-
tice.

We shall illustrate the first possibility using as an
example the system Mo-H. Under normal conditions,
molybdenum has a bcce structure. Molybdenum hydride
forms on a basis of an hcp metal sublattice. The T-Py
phase diagram of the system Mo-H* is presented in
Fig. 3.

The letter « indicates the region of existence of solid
solutions of hydrogen on the bce base of the molybde-
num sublattice. In the range of pressures and temper-
atures studied, the hydrogen concentration in the a so-
lution remains very low, while the composition of the
¢ phase (hydride) is close to the stoichiometric compo-

Dyere and subsequently we are dealing with massive speci-
mens. In the case of specimens in the form of thin films, it
is apparently possible for hydrides with other structures to
form as well. For example, in Ref. 21, it is reported that
heating a palladium film with thickness 500-1000 A up to
T2 600° C in a hydrogen atmosphere at Py, =1 bar leads to
the appearance of the hydride PdH; 33 with a tetragonal metal
lattice whose parameters at room temperature are
a=2.896 &, c=3.330 A (Semiletov et al 2! initially obtained
such a hydride by implanting hydrogen into palladium).

With similar working of massive specimens, the usual
Pd-H solutions with fcc metal sublattice were obtained.
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FIG. 3. T-Py, phase diagram for the Mo—H system.*! 1)
a — € transition points; T =const; 2) £— a transition,
T =const; 3) £— a transition, Py, =const.

sition of MoH.*® It is evident from Fig. 3 that with in-
creasing temperature, the boundary of the region of
stability of the hydride (the transition £ - @) shifts to
higher pressures, while the hysteresis of the transfor-
mation a=¢ decreases. The pattern of the phase equi-
libria in other Me-H systems, where the formation of
the hydride is likewise accompanied by a polymorphic
transition of the metallic sublattice, is similar. For
example, as in the o phase of the Mo-H system, the
solubility of hydrogen is low in the « phases of the sys-
tems Cr-H* and Fe-H¥ and in the phase based on the
a-Mn structure in the Mn-H system.*»* The T-Py,
phase diagram of the Cr-H system*? is completely anal-
agous to the diagram of the Mo-H system* and is only
shifted toward lower pressures. The formation and de-
composition of hydrides in all these systems are ac-
companied by sharp changes in the electrical resis-
tance. Typical isotherms R(PHZ) for the Mo-H system
are shown in Fig. 4. ‘

In this review, we concentrate primarily on the prop-
erties of Me-H systems of another type, where the
formation of hydrides is accompanied by an isomorphic
transformation of the metallic sublattice. It is inter-
esting that the first metal-hydrogen system, which at-
tracted the attention of researchers, namely, the Pd-H
system belongs to precisely this type.**3° At room
temperature, an increase in the hydrogen pressure
leads first to a monotonic increase of the solubility of
hydrogen in palladium up to »=0.008 (a v, solution of

1 1 il Il 1 i

20 40 [

wkbar

FIG. 4. Isotherms of electrical resistance of molybdenum in a
hydrogen atmosphere at T=325° C.%' 1) with increase in
pressure; 2) with decrease in pressure. R, is the resistance
of a specimen at atmospheric pressure and room temperature.

600 Sov. Phys. Usp. 25(8), Aug. 1982

Pd-H is formed). At Py, ~50 torr, there is a phase
transition and the concentration of the Pd-H solution in-
creases abruptly to »=0.6 (a v,-hydride solution is
formed). With further increase in pressure, the solu-
bility of hydrogen in palladium increases monotonically
up to n—~1. The y, and 7, phases have, as in the start-
ing palladium, a fcc metal lattice, but with a larger
spacing. As the temperature increases, the pressure
of the transformation v, =¥, increases, while the abrupt
change in the solubility decreases, and at T, =292°C,
(PHz)cr= 19.7 bar the curve of this transformation on the
T-Py, diagram terminates at the critical point. On the
T-c projection of the T-PHz-c phase diagram, this cor-
responds to the presence of a hump for T<T,, corre-
sponding to stratification into isomorphic phases y, and
7., depleted and enriched with hydrogen, and for T

> T,,, to regions of continuous solid Pd-H solutions.

Phase transformations in the Pd-H system occur in a
range of pressures and temperatures that is convenient
for measurements and has been assimilated a long time
ago. At the present time, it is one of the most studied
systems and it is a classical example of a Me-H sys-
tem, separating into isomorphic phases. Investigations
at high hydrogen pressures revealed a number of sys-
tems of this type, among which the closest analog to the
Pd-H system is the Ni-H system. Its T-Py, phase dia-
gram is presented in Fig. 5. In contrast to palladium,
nickel is a ferromagnet with a Curie point at T,= 354°C
and in the region of existence of the y, phase, the T-Py,
diagram of the Ni-H system has an additional curve of
Curie points above which solutions are paramagnetic
and below which they are ferromagnetic (y, solutions
are paramagnetic down to liquid helium temperature®?),
As far as the transformation v, =y, is concerned, as in
the Pd-H system, the pressure of the transitions y, = v,
and y,- 7, increases with increasing temperature. The
hysteresis of the transformation decreases slowly down
to the interaction of the curve of the transition y, ~y,
with the curve formed by the Curie points of the v,
phase at T~ 270°C, and then disappears. In the range
350< T, <430°C and 16<(Py,),. <19 kbar, the curve of
the transformation y, = v, terminates at the critical

7'"£- T T T T
\ b
400 2 4
a
/
/
- A Fo—— ~
* -2
200+ Y o %
@-4
+-5
- -6
a b x-7
+ ® » 8
1 L 1 1
) 5 10 15 20 /{'z,kbar

FIG. 5. T—PHaphase diagrams of the systems Ni—-H (a)*? and
NiggFe;o~H ()3 1) Curie points; 2) pressure of the transitions
Y —~v2 3) v, —v1; 4, 5) pressure of these transitions according
to Refs. 46 and 45; 6, 7) obtained by interpolating the data in
Ref. 46; 8) regions of supercritical anomalies in the electrical
resistance.
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FIG. 6. Schematic diagram of the T—c projection of T-Py,—c
phase diagrams of Ni—H (continuous lines) and Nig Fe;,—H
(dashed lines) systems.

point. The T-c projection of T-Py,-c phase diagram of
the Ni-H system is illustrated schematically in Fig. 6.
We emphasize that this is precisely the projection of
the volume T-Py -c diagram (on the surface Py,

= const), since equilibrium between the phases ¥, and
7, with compositions »#;** and »J2* at each chosen tem-
perature corresponds to its own hydrogen pressure.
For example, at room temperature, 3.4 <Py, < 6.3
kbar®+¢ while at the critical point 16 <(Py). <19
kbar,®? see Fig. 5. In reality, the hump corresponding
to stratification into y, and v, phases is very asym-
metrical: the minimum solubility of hydrogen in the 7,
phase varies from »®!"~1 at room temperature®®* to
npar< 0.7 at T=350°C,** while the maximum solubility
of hydrogen in the y, phase at 7=350°C constitutes Ty,
< 0.02,%

The significant decrease in the Curie point of the y,
phase (by =76°C) of the Ni-H system relative to the
Curie point of nickel when the hydrogen pressure is in-
creased to 12.5 kbar is interesting in connection with
the small solubility of hydrogen in the ¥, phase of the
Ni-H system (see Fig. 5). In an inert medium at P
=12,5 kbar, the Curie point of nickel increases by =4°
C (see Ref. 47). Therefore, the observed decrease in
T, of the v, phase is due to the increase in the hydrogen
concentration in nickel in proportion to the increase in
the hydrogen pressure with the effect, reaching
=(76+4)°C=0.13 TN at Py,=12.5 kbar, being caused
by the penetration of only » < 0.02 hydrogen into nickel.

The high sensitivity of Curie points to the hydrogen
content in solid solutions based on nickel and its alloys
permitted using in many cases the experimental depen-
dences T .(Py,) and T(n) to clarify the topology of the
phase diagrams. The most vivid example is the proof
of the termination of curves of the isomorphic trans-
formation ¥, =¥, on T-Py, phase diagrams of Ni-Fe-H
solutions at the critical points*® [the position of the
critical point in the Ni-H system indicated above was
obtained by extrapolating the dependences T, and
(PHZ)cr in the Ni-Fe-H system on the content of iron in
the starting Ni-Fe alloys]. It should be noted that the
experimental proof of the existence of a critical point
on the curve of a first order phase transition in princi-
ple is a complicated problem, so that we shall consider
it in somewhat greater detail.

The Ni-Fe alloys containing up to ~70 at.% Fe, can
have a fcc structure; hydrogen solutions based on them
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FIG. 7. Isotherms of electrical resistance for the NigyFe,,
alloy in a hydrogen atmosphere.* 1) Points, measured with
an increase in pressure; 2) with a decrease in pressure. R,
is the resistance of a specimen at 25° C and P =1 bar.

also have the same metallic structure. The position of
the critical points was studied for hydrogen solutions
in alloys with 5, 10 and 15 at.% Fe. Figure 7 shows the
isotherms of equilibrium values of the electrical re-
sistance of the Ni-Fe alloy with 10 at.% Fe in a hydro-
gen atmosphere. At T=150°C, the transformation y,

—~ vy, has appreciable hysteresis, i.e., it is well known
to be a first-order phase transition accompanied by an
abrupt change in the volume and solubility of hydrogen.
Beginning at ~200°C, the transformation becomes hys-
teresis-free. At 250°C, the transition becomes appre-
ciably diffuse, while at 300 and 350°C, the abrupt
change in the resistance disappears and the R(Py,)
curves assume a form that is typical for resistance
isotherms in the supercritical region. Thus, the be-
havior of the electrical resistance permits one to as-
sume that the curve of the transformation y, =¥, on the
T-Py, diagram of the Nij Fe,,-H system terminates at
the critical point and, in addition, 250<T,,<300°C.

As the iron concentration in Ni-Fe alloys increases,
the curves of the transformation y, =y, shift toward
higher pressures, while the critical temperatures of
the stratification into ¥, and ¥, decrease. The curves
of the transformation ¥, -7, and ¥,- ¥, for the alloy
with 10 at.% Fe, constructed from measurements of the
electrical resistance, are presented in Fig. 5. This
figure also presents the dependence of the Curie point
of this alloy on the hydrogen pressure. The advan-
tageous mutual positioning of the Tc(PHZ) curve and the
curve of the transformation y, =¥, is what allows one to
show rigorously that this transformation terminates at
the critical point. Indeed, the Curie point curves must
be discontinuous when the curves of the first-order
phase transitions ¥, ~¥, and ¥,— v, intersect because
the Curie temperature of the solution is a continuous
function of its concentration, while the concentration at
these transitions changes in a discontinuous manner.
For example, the curve of the Curie points for nickel
terminates on the line of the transition ¥, = v, at ~270°C
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(see Fig. 5); therefore, in this case, T, >270°C.

The curve T (Py,) for the alloy with 10 at.% Fe goes
over into the ¥, region, smoothly intersecting the con-
tinuation of the curve of the transformation ¥, - v, in
the supercritical region with 7'~ 360°C; therefore, this
curve lies significantly higher than the region of criti-
cal phenomena and T, <<360°C. The evolution of the
T-c projection of the phase diagram of the Ni-Fe-H
system with a transition from Ni to the alloy Niy,Fe,,
is shown schematically in Fig. 6.

With an atomic fraction of iron 0.15<x,<0.4 in the
Ni-Fe alloys, the critical temperature of stratification
of the Ni-Fe-H solid solutions drops below 25°C, %648
In ¥ alloys with a higher iron concentration, the hydro-
gen solubility for T> 25°C must thus be a continuous
function of pressure, which was confirmed experimen-
tally with alloys with 66.1 and 67.5 at.% Fe in Refs. 49
and 50, once again in the course of studying the depen-
dences T (Py,) (see subsection b, 1 in Sec. 4). The in-
vestigation of systems forming wide regions of contin-
uous solid solutions is, naturally, most informative,
since in this case it is possible to observed systemati-
cally the dependence of the properties of specimens on
the hydrogen content. From this point of view, together
with the Ni-Fe alloys, the nickel alloys with Cu, Mn,
Cr, and alloys of the pseudobinary Invar system
Fe,(Ni,_ . Mn ), (see Ref. 51 for a discussion and refer-
ences) and a number of alloys based on palladium (with
Cu, Ag, Au, Pt, Ir, and others; see references in
Refs. 30 and 52), for which both the concentration in-
tervals of existence of continuous solid solutions of
hydrogen and the mutual solubility of metallic compo-
nents are high, are also convenient objects for study-
ing the y solutions of hydrogen.

The capability to form wide regions of continuous
solid solutions with hydrogen is not, however, the ex-
clusive privilege of alloys. Thus, at T=225°C, the
concentration of € solutions Co-H increases monotoni-
cally with hydrogen pressure, reaching n=0.51 at Py,
=65 kbar.?® The isotherm T=300°C of the solubility of
hydrogen in technetium (Fig. 8) is interesting. Two re-
gions of supercritical anomalies (near PH2= 3 and 13
kbar) of two isomorphic phase transformations termi-
nating at critical points for T<300°C can be clearly
seen on it.

Since the investigation of precisely such nonstoichi-
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FIG. 8. Solubllity of hydrogen in technetium at 7 =300° C.
1) Data in Ref. 36; 2) data in Ref. 33.
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ometric phases of Me-H at high pressure is, as al-
ready noted, of considerable interest, while many of
their properties can, for the time being, be studied
only at atmospheric pressure and, as a rule, at low
temperatures (in order to avoid losses of hydrogen
from the specimens), it is necessary to make some re-
marks concerning the interpretation of data obtained at
atmospheric pressure and their relation to the mea-
surements at high hydrogen pressure and high tempera-
tures, The first thing that comes to mind, considering
that the configurational entropy should be a minimum,
is that the nonstoichiometric Me-H solutions cannot be
thermodynamically stable down to T7=0 K and as the
temperature decreases, they must undergo either a de-
composition into a phase with stoichiometric composi-
tion or they must become ordered. This situation is
realized, for example, for hydrogen solutions in group
V transition metals (see Refs. 5 and 54). In the case of
hydrogen solutions based on transition metals in groups
VI-VII, an anomalous behavior of the physical proper-
ties with decreasing temperature is observed only for
palladium hydride (»~0.6-0.8, T=< 55K; see Ref. 30)
and is probably related to its atomic ordering (see, for
example, Refs, 55-57), although, we must admit that
the data obtained by different researchers concerning
the nature of this ordering are poorly correlated. For
other solutions, in the absence of a trivial stratification
into isomorphic (and, as a rule, also nonstoichiometric)
phases, such phenomena have not yet been observed. It
is possible that this is related to the fact that the cor-
responding critical temperatures are very low and
thermodynamically equilibrium states are not attained
for kinetic reasons.

Further, when studying high pressure phases in Me-H
systems, depending on the experimental conditions, it
is necessary to distinguish clearly between two types of
thermodynamic equilibrium: 1) stable equilibrium be-
tween a solid solutions and excess hydrogen, which is
established with measurements in a hydrogen atmos-
phere, when the temperature is sufficiently high for ex-
change of hydrogen between the solid solution and the
molecular phase; 2) metastable equilibrium with fixed
total hydrogen content in the specimen, which is estab-
lished if the temperature is sufficiently low to retard
the liberation of hydrogen from the specimen, but suffi-
ciently high to ensure diffusion redistribution of hydro-
gen within the specimen (for example, with stratifica-
tion of the solid solution into isomorphic phases). It
turns out that the T-c section of the phase diagram of
metastable equilibria can differ greatly from the T-c
projection of the T-Py -c diagram of stable equilibria.
For example, in the Ni-H system at room temperature
and high hydrogen pressure (when conditions for stable
thermodynamic equilibrium are realized), the boundary
of the hump corresponding to stratification into ¥, and
v, phases ni" 2 1,?%** while for T<-20°C and P=1
bar** (when liberation of hydrogen from specimens is
kinetically prevented and metastable equilibrium condi-
tions are realized), the minimum hydrogen content in
the 7, phase already constitutes 75,*=0.7 +0.05. Anoth-
er example is the lowering of the critical temperature
for the stratification ¥ =¥, +7v, with a transition from
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stable to metastable equilibria in the Ni Cu,,-H sys-
tem from 7, >100°C to T, < -50°C (for more detail see
Ref. 51). Thus, establishing a relation between the two
sets of data usually obtained for high-pressure phases
(at high hydrogen pressure and at atmospheric pres-
sure) requires special analysis in each specific case.

The last problem that should be examined in this sec-
tion concerns the volume effects accompanying dissolu-
tion of hydrogen in transition metals. The formation of
hydrides at high hydrogen pressure can be accompanied
by an appreciable increase in the volume of the speci-
mens V. For example, with the formation of € hydrides
CrH,* MoH* and FeH, ,”’ the volumes increase by ~19,
20 and 16%, respectively. In the case of manganese®®
and cobalt®® which form wide regions of continuous ¢
solutions with hydrogen, the volumes of these solutions
likewise increase in proportion to the increase in the
hydrogen concentration and, in addition, approximately
linearly. An interesting dependence V(z) at atmospher -
ic pressure and room temperature is observed for ¢
solutions Tc-H, According to x-ray analysis data,’ the
hydride volume exceeds the volume of the starting tech-
netium by ~6.4% and does not change over a wide range
of hydrogen concentrations 0.385 <4 <0,78.

The dependence V(x) for ¥y hydrogen solutions in pal-
ladium, nickel, and a large number of alloys based on
them are very similar; see Fig. 9, wherein the depen-
dences AV (n)=V(n) — V(0), where V(») and V(0), name-
ly, the volumes of the unit cells of the metal with a hy-
drogen content of » and without hydrogen, are pre-
sented. It can be seen that the volumes of the solutions
increase with increasing » and, in addition, all depen-
dences (where, of course, the effect exceeds the limits
of error in the measurements) have a general property:
for nz 0.7-0.8, their slope 8=(8/81)AV (n) is observed
to decrease. For example, for the alloys Nig Fe,, and
Ni,, ;Feq 5, the slope changes from 8=9.5 A® for n<0.8
to A~ 2.5 A3 for 1> 0.8 (following Ref, 52, where the de-
pendence AV (n) was constructed for palladium alloys,
we approximated the analogous dependence for nickel-
iron alloys for n<0.8 and > 0.8 by straight line seg-
ments). The nature of this effect is not yet understood.
Some possibilities for explaining it are opened up by the
study of hydrogen solutions in alloys based on nickel,
for which the compositions n>1 are obtained. Indeed,
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FIG. 9. The dependences AV y(n) =V (n) -V (0) (see Sec. 3).
1) Ni, T=293 K,* 2) Ni, T=293 K, 3, 4) Ni—Fe alloys with
20 and 67.5 at.% Fe, respectively, T=83 K,*® 5) Feg NizMn,,,
T =83 K*; the dot-dash line indicates the analogous depend-
ence for alloys based on palladium at room temperature.’?
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with »= 0.6 and at room temperature, hydrogen in nick-
el occupies octahedral interstices,*® whose number in a
fcc lattice equals the number of sites. When all these
interstices are filled, the y hydride will have composi- -
tion n=1. Therefore, ¥ solutions with »>1 must be
structurally different from solutions with »~0.6. The
only anomaly in the dependences AV (n) for y solutions
Me-H at hydrogen concentrations up to »=1.23 (for the
solution NiyFe,,-H) occurs at »n~ 0.8 and it is reason-
able to assume that it is related to the beginning of a
structural rearrangement. As far as the rearrange-
ment is concerned, it may involve, for example, filling
for n>0.8 part of the tetrahedral interstices, which in
a fcc lattice number two per site (although in this case,
due to the smaller sizes of the tetrapores, the partial
volume of hydrogen, characterized by the value of B, is
more likely to increase rather than to decrease). It al-
so cannot be excluded that for »>1 hydrogen continues
to occupy only octahedral interstices, whose number
relative to the number of sites increases due to an in-
crease in the number of vacancies in a metal lattice for
n>0.8.2

4. MAGNETIC PROPERTIES OF METAL-HYDROGEN
SOLUTIONS

A characteristic of group VI-VIII 3d metals and al-
loys based on them is the existence of magnetic order
and the behavior of the magnetic properties with hydro-
genation can serve as a convenient indicator of changes
occuring in the electron subsystem. Experiments have
shown that for transition metals the introduction of hy-
drogen does not lead to a unique change in their mag-
netic properties, for example, to a decrease in the
temperature of transition into the magnetically ordered
state, which is a dominant tendency in the case of hy-
drogenation of rare earth metals.®® On the contrary,
the effects have turned out to be very diverse. In par-
ticular, the following are observed on hydrogenation of
pure metals.

Chromium, which has a bcc crystal structure, is an
antiferromagnet with the Neel point at T\, =312 K; the
¢ hydride of chromium CrH, o, is paramagnetic down to
helium temperatures.®®* The low-temperature modi-
fication of manganese ( @-Mn) is an antiferromagnet
with T =100 K; the £ solutions Mn-H in the range of
compositions 0.65 < < 0.94 have a spontaneous magne-
tization, which increases monotonically as the hydrogen
content in the solution increases, but even at »=0.94 it
remains very small (<0.02 —0.05 1,/Mn atom at 7 =82
K; pg is the Bohr magneton), while the Curie point
reaches quite high values T,>280 K.*® Iron with a bee

Wwe note that the presence of wide regions of concentrations
where the volume of the solution depends weakly on the con-
tent of the injected component (as happens, for example, in
Pd-H and Ni—H solutions with # 2 0.7 or in Tc—H solutions
with 0.385<n < 0.78) is not a specific property of hydrogen
solutions in particular. A small (for example, Zr—C) and
even negative (Zr~N) change in volume with increasing con-
centration of the injected element were already observed
previously in other solutions.! The reasons for this be-
havior of the volume in these systems also has not yet been
established.
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structure is a ferromagnet with T =1043 K, which has
at T=0 K a spontaneous magnetization o,=2.22 p,/
atom; the ¢ hydride of iron FeH, ; is also a ferromag-
net and, in addition, with nearly the same value of the
magnetization ¢,=2.2 uy/Fe atom and with T,> 80 K.%
Dissolution of hydrogen in the hep modification of co-
balt (ferromagnet, ¢,=1.72 uB/atom) leads to a small
decrease in the spontaneous magnetization with initial
slope 80,/07 | .= =0.6 uy/H atom; for n2 0.3, the de-
pendence g,(n) flattens out.®® Nickel, with a fce struc-
ture, is a ferromagnet with 7,=627 K and ¢,=0.616 p,/
atom. Injection of hydrogen causes T, to decrease (see
Figs. 5 and 6) and ¢, to decrease as well; the ¥, solu~
tions Ni-H, which are stable at atmospheric pressure
and T<250 K in the range of concentrations 0.7<sn
<1.18, are paramagnetic for T=> 4.2 K.*

It is already evident from this simple listing of prop-
erties that it is, in any case, not easy to construct a
systematic picture of the effect of hydrogen on the mag-
netic properties of transition metals, limiting the study
of Me-H solutions to the elements only. In this connec-
tion, it was very fruitful to investigate the solutions of
hydrogen in fcc alloys of 3d metals and, primarily, in
alloys based on nickel. For a long time, alloys based
on nickel were a subject of intensive experimental in-
vestigations and extensive factual information, which
gives a clear picture of the effect of alloying substitu-
tion elements on the magnetic properties, has been col-
lected (see Refs. 67 and 68). Alloys form a wide range
of continuous y solutions with hydrogen, which permits
following in a systematic manner the effect of alloying
with hydrogen on these properties. Finally, the mag-
netic properties of fcc nickel alloys are correctly de-
scribed by the band theory of magnetism, which pro-
vides a good foundation for interpreting the effects of
hydrogenation.

a) Magnetic properties of Ni-Me alloys

In the band theory of magnetism, the electrons, which
partially fill the conduction band, are the carriers of
the magnetic moment. The exchange interaction causes
the energy of the electrons to depend on the orientation
of their spins relative to the total magnetic moment o,
which, in the first approximation, can be represented
as a relative shift in the electron subbands for opposite
directions of spin by the energy A=1-0, where I is the
effective exchange interaction parameter. Usually, it
is assumed that in transition metals, the Fermi level
intersects the overlapping narrow d band (with high
density of electron states) and the wide s band (with low
density of states), and in this case, the magnetic prop-
erties of the material are determined primarily by the
structure of the d band and the degree to which it is
filled. & should be noted that in spite of the evident
roughness of these approximations, in the case of fcc
alloys of 3d metals, such an approach permits describ-
ing quantitatively the temperature, field, pressure and
concentration dependences of their macroscopic mag-
netic characteristics (see, for example, Refs. 76-70).

The concentration dependences of the spontaneous
magnetization ¢, at 7=0 K for fcc alloys of 3d metals
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FIG. 10. Spontaneous magnetization 0, at =0 K as a function
of the average number of electrons (3d +4s) per atom N & for
binary fec alloys.3 1) Ni-Cu; 2) Ni~Co; 3) Ni-Fe; 4) Ni—Mn;
5) Ni-Cr; 6) Ni-V; 7) Co—Cr; 8) Co~Mn.

is customarily represented in the form of the so-called
Pauling -Slater curve (Fig. 10) as a function of the av-
erage number of 3d +4s electrons N¢ (present in the
isolated atoms) per atom in the alloy. Figure 10 pre-
sents the experimental values of ¢, (agreeing well with
data in the literature® %) for Ni-Me alloys, serving as
a basis for obtaining the solid hydrogen solutions ex-
amined in this review.

The following characteristic property of the Pauling-
Slater curve is interesting: the values of ¢, for nickel
alloys with copper, cobalt and iron (with x, < 0.6) fall
on a single straight line with a slope 8g,/8N®~ -1.05
ug/electron, Nickel is well described by the band
ferromagnetism model and, in addition, near T=0 K,
it can be viewed as a strong band ferromagnet, for
which one half of the 4 band (dt with spins pointing up)
is filled completely, while the second half (d+ with
spins pointing down) is only partially filled.” This is
shown schematically in Fig. 11a. The quantity ¢, is re-
lated to the number of electrons with uncompensated
spin, i.e., in this case, simply to the number of holes
p¥ in the d¥ subband, by the relation g,=(1/2)gugpt
= ugpt, since for nickel (and alloys based on it) the
spectroscopic factor g=2.2~ 2 (see Ref. 68) (which in-
dicates the smallness of the orbital contribution, i.e.,
the practically pure spin origin of magnetization in
these materials). The linear dependence o(N®) with

3 £ £
2500
I ~ ~a
\
Er =A I3 bt -
S <= QS
< I Z dv
dt at ai
3 S
N N N Nt At N
a) b} c)

FIG. 11, Diagram of band structures of collectivized ferro~
magnets at 7=0 K. a) strong ferromagnets; b) weak; c) dia-
gram illustrating flow of electrons from virtual impurity
bound state d°t into the d+ subband of a strong ferromagnet.

¢ is the energy of the states; Nt and N+ are the density of
states with spin pointing up and down; & is the Fermi energy;
A= 100.
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slope 80,/8N°~ ~1 p,/electron for nickel alloys with
Cu, Co, and Fe are well explained if it is assumed®
that alloying nickel with these elements 1) does not lead
to deformation of the curves for the density of electron
states A4(c) and #/¥(g), only shifting them in energy,
relative to one another as a single entity (this approxi-
mation is called the rigid band approximation for ferro-
magnets; the physical significance of this approxima-
tion and the limits of its applicability are discussed in
detail in Ref. 71); 2) lets the ferromagnets remain
strong (with completely filled dt subband). Indeed, in
this case, the changes in ¢, accompanying alloying will
stem primarily from the change in the number of holes
in the d¥ subband and, therefore,

T, (xne) = 0N~ ANy, (41)

where AZ=Zy, -Z_, is the difference between the nu-
clear charges of the nickel and impurity atoms, which
is observed experimentally.

As can be seen from Fig. 10, the curve of g,(N¢)for
many alloys deviates from the curve predicted by the
rigid band model for strong collectivized ferromagnets.
For Ni-Fe alloys with x,2 0.63, this deviation is ap-
parently related to the appearance of a significant num-
ber of holes both in the d+ and in the d¢ subbands.”?
The corresponding band scheme is shown in Fig. 11b.
The fact that for collectivized ferromagnets with holes
in both d subbands at T=0 K (such ferromagnets are
called weak), the spontaneous magnetization may not
increase, but rather decrease with increasing number
of holes in the d band, can be illustrated as follows.
Let, as in Fig. 11b, |8/ e )/0e|> |as¥(eg)/ 8¢ |,
where € is the Fermi energy. Then, when the degree
of filling of the d band by electrons decreases, the
number of holes in the d¢ subband will increase more
rapidly than in the d+ subband and o,=(1/2)gug(pt — pt)
= pg(pt — pt) will decrease.

The “anomalous” dependences o,(N°®) of the type ob-
served for Ni-Cr and Ni-V alloys, when the sharp de-
viation from a straight line with slope 8¢,/8N*= -1 p,/
electron appears already at low concentrations of the
alloying element, were explained by Friedel™ using the
concept of “virtual bound states.” According to Friedel,
when an atom of a transition impurity appears in a met-
al, the d level of this atom, which is higher than the
energy of the bottom of the conduction band, becomes
delocalized, but in the coordinate-energy space re-
mains a “virtual d level,” namely, the region where 1)
the amplitude of the spherical component of the wave
function with =2 is anomalously large and 2) this am-
plitude corresponds to the excess charge density,
which, being summed over the entire region, approxi-
mately equals the charge of the starting bound d state
(multiply degenerate, 2/ +1=5), This virtual level can
split into sublevels with oppositely oriented spin due to
the intra-atom exchange interaction, if the metal-sol-
vent has a sufficiently narrow conduction band (and,
especially, is a ferromagnet itself).

In the case of nickel, as long as the virtual d°4 sub-
level lies below the Fermi energy, alloying will lead to
changes in the rigid band model for strong collectivized
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ferromagnets (4.1). This is due to the fact that screen-
ing of the excess impurity charge must be responsible,
primarily, for part of the d band with high density of
states at the Fermi level, ‘i.e., the d¥ subband; in ad-
dition, the characteristic screening radius is less than
or of the order of the interatomic distance.” There-
fore, the magnetic moments of the nickel matrix and of
the impurity should not depend on the impurity concen-
tration:

“l matrix == CONSt,

1“ imp & Mmuatrix -~ VU,

which for the average magnetic moment of the alloy u
=g, leads to Eq. (4.1).

As AZ increases (i.e., the farther the impurity ele-
ment is to the left of nickel in Mendeleev’s table), the
perturbing potential introduced by the impurity, which
is a repulsive, increases. It may be expected that for
some value of AZ this potential will be large enough to
remove locally the virtual ° state from the filled half
of the d band and move it in energy above the Fermi
level. This situation is schematically illustrated in Fig.
11c. Electrons from such a state flow into the conduc-
tion band and primarily enter the d¥ subband with oppo-
site spin orientation due to its high density of states at
the Fermi level {(dashed line in Fig. 11c). The state
with =2 is five-fold degenerate. Therefore, when the
Fermi level is crossed by the virtual d°4 level, five
electrons from states with spin pointing up go over into
a state with spin pointing down, which changes the spon-
taneous magnetization by =10ug. This leads to the fol-
lowing equation for the average magnetic moment of the
alloy:

T (Zre) = 0} 4 (AZ —10) ppzpe,

(4.2)

which agrees well with the slopes of the dependences
0,(N®) for alloys of nickel with chromium, vanadium
and titanium.

Thus, if the impurities are listed in order of de-
creasing atomic numbers, the following pattern is ob-
served when nickel is alloyed with other 3d metals.
Copper, cobalt, iron and (partially) manganese do not
change the band structure of nickel very much and over
a wide range of compositions of the alloys, the depen-
dences 04(xy.) are determined primarily by changes in
the electron concentration N¢& With alloying by ele-
ments with Z< Z, ., both changes in N®and in the band
structure play an important role. )

b) Ni-Me-H solutions

As already noted, in order to interpret the properties
of transition metal hydrides, for many years, and with
variable success, two alternative models, namely the
anion and proton models, were used. In the first mod-
el, the hydrogen in the metal was assumed to be a neg-
atively charged ion H™, while in the second it was as-
sumed to be a proton H*. From the point of view of the
rigid band model, this meant the following. In the ani-
on model, narrow bands, formed by electron levels of
hydrogen, lie below the Fermi energy of the metal-sol-
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vent. .Since the hydrogen atom has a single-electron,
while each energy state in the band can be occupied by
two electrons with oppositely oriented spin, these bands
(one band for each hydrogen atom in a unit cell) are
half filled. The missing electrons are taken from the
conduction band of the starting metal (one electron per
H atom). In the proton model, the hydrogen bands lie
above the Fermi level of the metal-solvent and the
electrons from these bands (one electron per H atom)
flow into the conduction band of the metal.

The fact that in spite of intensive study of transition
metal hydrides over many decades, it was not possible
to make a final choice even between these two diamet-
rically opposed models is due primarily to the hydro-
genated metals (Pd and elements in the subgroups Ti
and B having no physical properties that are uniquely
related to the degree to which their conduction bands
are filled (this problem is discussed in detail in Ref.
73). As can be seen from the preceding section, in the
case of hydrogenation of fcc nickel alloys, magnetic
properties, which permit studying experimentally the
status of hydrogen in these objects, could serve as such
an indicator. Indeed, for example, when strong collec-
tivized ferromagnets (the alloys Ni-Cu, Ni-Co, Ni-Fe
with x5, < 0.6) are saturated with hydrogen, in view of
‘the high density of states of the d¥ subband at the Fermi
level, it is its degree of filling that will primarily
change. If the anion model is valid, then the spontane-
ous magnetization must increase with slope 8g,/an
~1ug/H atom, and if the proton model is valid, o, will
decrease with slope 2¢,/8n= —1p,/H atom,

At the present time, however, both these models,
namely, the anion and proton models, are too rough
and naive. Friedel’s analysis™ of the conditions for
screening of the proton in transition metals showed that
the state of hydrogen in metals at the beginning of the d
series must be close to H™, while in metals at the end
of the series, to H*. In recent years, a series of quan-
tum mechanical calculations of the band structure of 3d
and 4d metal hydrides, among which the seminal work
performed by Switendik'® should be specially noted,
have been performed. The results of all the calcula-
tions, which, in addition, were performed using differ-
ent methods (associated plane waves''™ and model
Hamiltonian'*) with a different choice of crystalline po-
tentials and self-consistent calculations,'''*? agree with
one another satisfactorily and give for ¥ and & solutions
with <1 the following picture of the effect of hydrogen
on the band structure of the metal. In order to describe
hydrides of elements at the end of the 3d and 4d series,
the anion model is completely inapplicable: a new hy-
drogen band below the Fermi level is not formed in
such hydrides. The idea of “protonization” of hydrogen
is more useful, but it also does not correctly describe
the phenomena occuring, since the dissolved hydrogen
strongly deforms the band structure of the metal and,
in addition, both H-Me and H-H interactions play an
important role. This deformation, however, has a se-
lective character. States with d symmetry change lit-
tle, while the energy of the s states decreases signifi-
cantly. The latter leads to an increase in the number
of states below the Fermi energy of the metal-solvent
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with an increase in the number of protons in its inter-
stices. Thus, part of the electrons (n~0.4-0.1 elec-
trons/proton for Pd and Ni*%, contributed by hydrogen
atoms to the conduction band, fills the space above the
Fermi level, while part goes into the additional levels
below it. This effect can be qualitatively illustrated
with the help of the diagrams in Fig. 11, assuming that
as the hydrogen concentration in the metal increases
the density of s states is shifted down in energy relative
to the densities of dt and dv states.

Calculations of the band structures of hydrides of
transition metals have explained, and in many cases
quantitatively, the results of the experimental study of
the electron heat capacity, magnetic permeability,
photoemission spectra, and other physical properties,
including superconductivity, of a number of Me-H sys-
tems; see Refs. 10-12, 14, and 30. In the case of Ni-
Me-H solutions, these calculations have served as a
theoretical basis for justifying the assumptions for de-
scribing their magnetic properties in the “rigid d band”
model,”® assuming that the change in these properties
accompanying hydrogenation stems primarily from the
increase in the degree of filling of the d band in the
metal-solvent by electrons and, in addition, the hydro-
gen must be viewed as a donor of a fractional number
of electrons 7 1 electrons/atom to the d band. How-
ever, it should be noted that such a model is not a di-
rect result of band calculations, since the magnetic
properties are also affected by the change in the ex-
change interaction, which is not yet possible to include
in the calculations; the large volume effects accom-
panying dissolution of hydrogen in Ni-Me alloys should
also be kept in mind. The diversity of the magnetic
properties of Ni-Me alloys make them convenient model
objects for clarifying different aspects of the influence
of hydrogen. Since the properties of hydrogen solutions
in alloys also differ considerably, it makes sense to
examine several Ni-Me-H systems systematically.

1) Ni-Fe-H system. Figure 12 shows the dependence
o4(n) for ¥ solutions of hydrogen and nickel* and Ni-Fe
alloys.?° The y, phase of Ni-H solutions is paramag-
netic for 7> 4.2 K and, in addition, in the temperature
range T <250 K, the minimum solubility of hydrogen in
this phase is #;,°=0.7. Specimens with »<0.7 consist
of a mixture of phases (y, +v,), while their magnetiza-
tion is proportional to the content of the ¥, phase with
Tolnpi®) = o and decreases linearly with hydrogen con-
centration (curve 1 in Fig. 12). Stratification into ¥,
and y, phases was not observed in solutions of hydrogen
in Ni-Fe alloys with x;,> 0.1. As can be seen from
Fig. 12, for alloys with 10, 20, and 40 at.% Fe, the
spontaneous magnetization decreases with increasing »
and, in addition, for n< 0.8, the dependences oy(n) are
nearly linear, while for »>0.8, a small but systematic
deviation of ¢, toward higher values begins. The depen-
dence oy(n) for the alloy with 60 at.% Fe is nearly linear
up to n=1. The behavior of ¢, of alloys with 66.1 and
67.5 at.% Fe is more complicated. For the alloy with
66.1 at.% Fe, o, depends little on the hydrogen concen-
tration up to »~ 0.5 and then begins to decrease. For
the alloy with 67.5 at.% Fe, ¢, increases with hydrogen
concentration for small »n, reaches a maximum value
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FIG. 12. The dependence of the spontaneous magnetization

0y at 7=0 K and atmospheric pressure on the hydrogen content
n in alloys Ni-Fe with different concentration of iron.5?

At.% Fe: 1) 0;2) 10; 3) 20; 4) 40; 5) 60; 6) 66.1; 7) 67.5. The
dashed line shows the dependence 0,(n) for alloys with 66.1
and 67.5 at.% Fe, calculated using relation (4.3). The dimen-
sions of 0y are pg/atom of the Ni—Fe alloy.

~1.85p,/atom at »~ 0.3, and then decreases monotoni-
cally.

The first thing that draws attention in looking at the
dependence o,(#) for alloys with x < 0.6 is the pres-
ence of a linear section for n< 0.8 and deviation from
linearity for n>0.8. We recall that a composition n
~0.7 - 0.8 is singular for all y hydrogen solutions in al-
loys based on nickel (and palladium) studied up to the
present time: for nz 0, the nature of the dependences
AV4n) changes (see Fig. 9). The reasons for the ap-
pearance of these anomalies are not clear, so that it
makes sense for the present to limit the discussion to
magnetic properties of the solutions Ni-Fe-H with »
< 0.8. The values of the slopes 3g,/9xn, obtained with a
linear approximation to the experimental dependences
gon) with »< 0.8 for alloys containing 60 at.% Fe, de-
crease monotonically and approximately linearly in ab-
solute magnitude, as the iron content in the Ni-Fe al-
loys increases (and, correspondingly, the electron con-
centration N¢ of these alloys decreases), from =0.6 ug/
H atom at x,=0.1 to = 0.4 pp/H atom at x5,=0.6.

As we can see, the sign and order of magnitude of the
effects observed agree with the value 80%/8n~ ~1p,/H
atom predicted by the proton model (i.e., essentially
the rigid band model), but, at the same time, the dif-
ference between the experimentally obtained values of
90,/ 8n and 8¢5/ an is still appreciable. It should be
noted that as long as a ferromagnet remains strong
(i.e., at 7=0 K, holes occur only in its d¥ subband),
g~ p¥=p, the total number of holes in the d band, and
is independent of the change in the exchange interaction
and of the deformation of the bands, if it does not lead
to a change in p. If, on the other hand, holes appear as
a result of hydrogenation both in d¥ and in dt subbands,
then in the rigid band approximation, this will cause a

607 Sov. Phys. Usp. 25(8), Aug. 1982

c

decrease in g, with |80,/ 8n|> |80%/8n|, since the effect
of pumping electrons from the dt to the d¥ subband will
be added to the decrease in ¢, due to filling of the sub-
band by hydrogen electrons. Thus, it is reasonable to
ascribe the observed values of the slopes 8g,/on~ —0.6
-0.4 py/H atom to the change in the band structure of
Ni-Fe-H solutions occuring with the penetration of hy-
drogen and accompanied by an increase in the number
of holes p in the d band. The experimental values of
90,/ 8n can be explained within the scope of the rigid d
band model by assuming that hydrogen is a donor of a
fractional number of electrons »~0.5 electron/H atom
in the d band of Ni-Fe alloys.

Let us go back to Fig. 12, It is evident from a com-
parison with Fig. 10 that for all Ni-Fe alloys with x,
< 0.675 the concentration dependences of o, with the
introduction of hydrogen into the alloys and with the
substitution of iron by nickel are similar: for some
concentration, g, reaches a maximum value of**=1.86
-1.9 gB/atom and then begins to decrease. The simi-
larity of the dependences g,(n) for alloys with 66.1 and
67.5 at.% Fe and the dependences oy{xy,) in the Ni-Fe
system is even more complete, which can be demon-
strated as follows. For alloys with x; < 0.6, the mag-
netization decreases linearly both with substitution of
Fe by Ni and with an increase in the hydrogen concen-
tration, Let us introduce, following Ref. 50, for each
specific Ni-Fe alloy with x < 0.6, the coefficient £,
relating the changes in the composition of Ni-Fe bi-
nary alloys and changes in n, leading to the same
changes in g,:

Axye:%n: —tn. (4.3)

Equation (4.3) reflects the experimental fact that the
dependence o,(n) for these alloys can be approximately
obtained from oyxy,) by an appropriate change in scale
along the concentration axis. Extrapolation of an ap-
proximately linear dependence £(x;,) to alloys with x,
=0.661 and 0.675 gives £=0.185. The dependences
oo(n) for these alloys constructed with such a value of
the rescaling coefficient £ are shown in Fig. 12 by the
dashed lines. It is evident that they agree with the ex-
perimental data.

An analogous correspondence occurs between the
Curie points of Ni-Fe alloys and hydrogen solutions
based on them.

In the Nig Fe , alloy in an inert medium, the Curie
point increases with pressure’® with slope (d7./dP),,
~0.5 K-kbar™. In a hydrogen atmosphere, the Curie
point of this alloy decreases monotonically with pres-
sure (see Fig. 5). A completely different pattern is ob-
served for Invar Ni-Fe alloys.***° The results of the
determination of the dependence of the Curie point of
the alloy with 67.5 at.% Fe on pressure in an inert me-
dium and in hydrogen are presented in Fig. 13. It is
evident that in an inert medium T, of the alloy de-
creases linearly with slope (ch/dP)m= -5.05+0.1
K-kbar™ with pressures up to 20 kbar. In a number of
papers (for example, in Ref. 76), it is shown that for
Ni-Fe Invars the dependence Tc(P) in an inert medium
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FIG. 13. The dependences of the Curle point of the

Feg sNig 5 alloy on pressure in an inert medium (1-—~data in
Ref. 49) and in hydrogen (2—data in Ref. 49, 3~—Ref. 50,
4-—are the computed values; see subsection a in Sec. 2).

is nearly linear (dashed line in Fig. 13) at higher pres-
sures as well.

An increase in the hydrogen concentration in the alloy
with an increase in pressure leads to a deviation in the
dependence T (Py ) from that in an inert medium to-
ward higher values of T.. For P, 2> 15 kbar, the Curie
points of Niy, ;Fe,, .-H solutlons begin to increase,
reaching ~700 K at Py =50 kbar. Table II presents the
values of the hydrogen concentrations » on the curve of
Curie points in the alloy with 67.5 at.% Fe at Py_=20.35
and 51 kbar., We note that the steepest dependence
T (Py,) of the Ni;, ;Feg, ;-H solution is observed in the
pressure range where the solubility of hydrogen in the
alloy increases most rapidly (~25-35 kbar).

Assuming that the correspondence established by Eq.
(4.3) between ¢, of alloys with and without hydrogen is
also valid for T, and (d7./dP),,, it is possible to de-
scribe the dependence A7&?, namely, the difference
between the values of T, in hydrogen and in an inert
medium under the same pressure. With this approach,
AT (P) will consist of

(4.4)

related to the change in T, without pressure due to the
introduction of hydrogen into the alloy and

ATZ = To (zpe — En) — To (2pe),

ATéJ:[( A7 (zpe—En) )ing_( 47 (zre) \ ]P,

P a2 Jin (4.5)

arising due to the different pressure dependence of the
Curie points of the alloys with and without hydrogen.
Results of this calculation are presented in Table II and
in Fig. 13. The T, for the Ni-Fe alloys are taken from
Ref. 72 and (d7T,/dP),, from Ref. 7.

TABLE II. Parameters for Ni—Fe—H solutions,

Zre nwy [PH, kbar| _in at?, k| arf. K |arh+arl. K| aTdP K
0.675 0.041 20 0.018 58 2 60 7!
0.675 0.735 35 0.136 285 90 315 365
0.675 0.99 51 0.183 365 160 525 520
0.1 0.395 21.5 0.1 —115 -5 —120 —145

*) The values of # with Pyy, from the third column and T=T(PH,) are indicated.,
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As can be seen from Table Il and Fig. 13, the com-
puted values of AT?+AT? agree well with AT, We
note that at high pressures the contribution of A7?% to
the sum AT+ AT? is not small and, thus, the agree-
ment between the latter quantity and AT¢™ indicates the
validity of (4.3) for describing the dependences of both
T, and (dT,/dP),, of the Ni-Fe Invars on their hydrogen
content. Therefore, the correspondence (4.3) permits
estimating the trend in the change of (dT.(n)/dP),,,
which would be very difficult to do experimentally. The
last line of Table II presents the results of an analagous
calculation for a non-Invar alloy with 10 at.% Fe. It is
evident that Eq. (4.3) satisfactorily describes the behav-
ior of T(Py,) for this alloy as well.

Thus, for the Ni-Fe alloys in the entire range of com-
positions studies 0.1 < x;, < 0.675 both the dependences
o{n) and o,{Axg,) as well as the dependences T,(n) and
T (axg,) are similar and, in addition, they have the
same similarity coefficients £. This can formally be
represented as a similarity of the dependences ¢, and
T, on the electron concentration with hydrogenation and
substitution of iron by nickel, respectively, and then
the coefficients of such similarity {=(Zy, - Z; ) £=2¢
will give the effective number of electrons introduced
by hydrogen into the conduction band of the metal. The
presence of this similarity for Ni-Fe alloys with x,
>0.6, which are weak collectivized ferromagnets (for
which at T=0 K holes occur both in the d¥ and dt sub-
band’®), is strong evidence of the validity of the rigid
band model for describing the magnetic properties of
all fcc Ni-Fe alloys and the rigid d-band model for hy-
drogen solutions based on them., However, the number
of electrons ¢ contributed by hydrogen to the d band,
determined from the magnetic measurements, is only
some effective phenomenological quantity. For this
reason, the study of such properties for a number of
different alloys is a necessary step in order to clarify
the true role of the increase in the degree of filling of
the d band by electrons in the change of the magnetic
properties of hydrogen-saturated alloys.

2) Ni-Co-H system. Hydrogen solutions in fcc alloys
Ni,Co;, and Ni,Coq, which are strong collectivized
ferromagnets, were studied in Ref. 60. Dissolution of
hydrogen in these alloys, as in strong collectivized Ni-
Fe ferromagnets with x;,< 0.6, decreases o, and T,.
The linear approximation to the experimental depen-
dences g,{n) for n<0.8 for single phase solutions
Ni;,Co,,-H and Ni,Cog-H gives the slopes b0,/ 3n
=-0.76 and -0.71 p,/H atom, which agrees with the
predictions of the rigid d-band model. In attempting to
describe the dependences oy(n) and T,(xn) for the Ni-Co
alloys with the same coefficients of similarity ¢, intro-
duced by a relation similar to (4.3), such good agree-
ment is not obtained between the computed and experi-
mental values of AT, as for the Ni-Fe alloys, but, the
sign and order of magnitude of the effect turn out to be
correct.

3) Ni-Mn-H system. The dependence oy(xy,) of disor-
dered fcc Ni-Mn alloys is nonmonotonic (see Fig. 10).
For nickel (N®=10 electrons/atom), the spontaneous
magnetization oY= 0.616 py/atom; as nickel is re-
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FIG. 14. The dependences of the spontaneous magnetization g,
at 7 =0 K on the hydrogen content z in disordered Ni—Mn
alloys.”™ 1) 10; 2) 20; 3) 30 at.% Mn; 4) values of 0;, used for
calculating ¢.

placed by manganese, ¢, increases and with 5, =0.1,
reaches the maximum value ¢?%*= 0.8 u,/atom and then
begins to decrease.®® The Curie points decrease mono-
tonically from 627 K for pure nickel to helium tempera-
tures for the alloy with xy,=0.26. The dependences
goln), obtained in Ref. 75 for hydrogen solutions in dis-
ordered Ni-Mn alloys with 10, 20, and 30 at.% Mn are
presented in Fig. 14.

Stratification into ¥, and ¥, phases is observed in the
Niy,,Mn,,-H system just as in the Ni-H system at atmos-
pheric pressure and 7= 150 K. The y, phase is para-
magnetic for 7= 4.2 K, while the approximately linear
decrease in g, in the range of hydrogen concentrations
0<n=<0.7 is due to the decrease in the content of the
ferromagnetic ¥, phase in the two-phase mixtures (y,
+7¥,) with increasing .

The spontaneous magnetization of the Ni;Mn, -H so-
lutions with increasing hydrogen concentration first
increases, reaches the maximum value g,~0.8 j,/atom
at #~0.37 and then decreases. The Curie points at at-
mospheric pressure decrease monotonically from T,
=354 Katn=0to 7,~100 K at n=0.91.

The disordered alloy Ni,,Mn,, is paramagnetic for T
> 4.2K. As can be seen from Fig. 14, injection of hy-
drogen into this alloy leads to the appearance of ferro-
magnetism. For n=0.9, g, of the Ni,;Mn,,-H solution
reaches values that are close to maximum in Ni-Mn al-
loys, while the Curie point rises to ~250 K with »
=0.85.

At temperatures close to room temperature, the be-
havior of the magnetization of the Ni-Mn-H solutions
was also studied in Ref. 78 (for specimens that were
electrolytically saturated with hydrogen at atmospheric
pressure) and in Ref. 79 directly under high hydrogen
pressure. The results of these papers agree with the
data presented.

It is evident from a comparison of Figs. 14 and 10
that as for Ni-Fe and Ni-Co alloys, the dependences
o4{n) and o Axy,) for the Ni-Mn alloys are qualitatively
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similar. Let us introduce the coefficients {=aN%/n,
relating the changes in composition and, correspond-
ingly, electron concentration N® in the starting alloys
with the changes in » leading to identical changes in g,.
By comparing the values of g,(n) for the Niy,Mn,,-H
and Ni,Mn,,-H solutions, indicated by the diamond-
shaped symbols in Fig. 14, with the values of o,(xy,)
presented in Ref. 68 for Ni-Mn alloys, we obtain ¢
=0.81 and 0.48 electrons/H atom, respectively. The
curves of gy(n) calculated for these values of ¢ for the
NigMn,, and Ni,,Mn,, alloys are shown in Fig. 14 by the
continuous lines. It is evident that they satisfactorily
agree with the experimental dependences on).

Thus, the effect of dissolved hydrogen on ¢, of Ni-Mn
alloys is completely analagous to the effect of substitut-
ing manganese by nickel. There is no such analogy for
the Curie points for alloys with 10 and 20 at.% Mn: an
increase in the nickel content in Ni-Mn alloys increases
T,, while injecting hydrogen decreases T,. The depen-
dences T (n) and T (xy,) again become similar for al-
loys with 30 at.% Mn: when this alloy is saturated with
hydrogen up to »=0.85 (the value of ¢, for this compo-
sition of the solution is indicated by the diamond-shaped
symbols in Fig. 13b), its Curie point increases mono-
tonically to ~250 K, while for the Niy; ;Mn,, ; alloy
{(which has the same value of o,) T,=~400 K.%

4) Ni-Cr-H system. Summarizing the results pre-
sented in Secs. 1-3, we can say that the dependences
aon) for ¥ solutions based on nickel alloys with iron,
cobalt, and manganese are analogous to the corre-
sponding dependences oy(xy,) for the starting binary al-
loys. A similar analogy also exists for the Curie
points, breaking down only for Ni-Mn alloys with 10 and
20 at.% Mn. A completely different behavior of mag-
netic properties was discovered in Ref. 81 in Ni-Cr al-
loys, containing <7 at.% Cr. Replacement of chromium
by nickel in these alloys increases both g, {Fig. 10) and
T,,% while electrolytic saturation with hydrogen de-
creases them.®

5) Discussion of properties of Ni-Me-H solutions.
Earlier, we discussed in detail one limiting case: the
case of hydrogen solutions in strong collectivized
ferromagnets (Ni-Co, Ni-Fe with xg,< 0.6), when the
concentration dependence of the magnetic properties of
the starting alloys was determined primarily by the de-
gree to which the d band was filled and not by its defor-
mation.

The other limiting case, when the band structure is
strongly deformed with a change in the composition of
the alloys, is realized, for example, for the Ni-Cr and
Ni-V alloys. In these alloys, the perturbing potential
introduced by the Cr and V atoms is high enough to shift
the virtual 4°4 levels of the impurity atoms above the
Fermi energy (see Fig. 11¢). The electrons from these
states flow into the conduction band, increasing the de-
gree of filling of the d states of nickel, which decreases
T.and g,. When such alloys are hydrogenated, elec-
trons contributed by the hydrogen atoms also will pri-
marily fill the d band of nickel, in view of its high den-
sity of states at the Fermi level, decreasing T, and a,.
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It is this picture that is observed on saturation of Ni-Cr
alloys with hydrogen,®

Thus, in both limiting cases, the band theory of fer-
romagnetism permits describing the observed depen-
dences o,{n) and T (n) assuming that the increase in the
degree of filling of the d band of the metal by electrons
when the metal is hydrogenated has a dominating effect
on the magnetic properties. The situation with alloys
for which the dependences o (N®) deviate from a straight
line with slope 80,/ 3N®~ -1,/ electron only when the
impurity content is appreciable is more complicated.
Such magnets include Ni-Fe alloys with x,,>0.6 and
Ni-Mn alloys with xy, 2 0.1 {see Fig. 10). These collec-
tivized ferromagnets are weaker, i.e., at 7=0K, an
appreciable number of holes exist in them both in the d¥
and dt subbands. The question as to the role played by
the deformation of the band structure in the formation
of the dependences o4(xy,) of such alloys is controver-
sial at the present time, especially for the Ni-Fe al-
loys, which in this range of concentrations have anom-
alous physical properties (Invar nature). Here, it is
more likely that the opposite occurs: the observed
analogy to the behavior of ¢, (and in most cases T,)
with increasing nickel content and with hydrogenation
indicates the fact that it is the degree of filling of the d
band and not its deformation, over quite a wide range
of compositions (AN®S ¢tn<s 0.5 electrons/atom) that
primarily determines the magnetic properties of the
starting alloys (without hydrogen). Indeed, let us as-
sume that the deviations at values of N® smaller than
some limiting value N§{,,, from the straight line

3 (NV®) = oi = (Ve — Nfu) s, (4.6)

which describes well the behavior of the spontaneous
magnetization of strong collectivized ferromagnets with
a fcc lattice, for Ni-Fe and Ni-Mn alloys are due to
sharp (occuring in the range AN®<0.5 electrons/atom)
and qualitatively different changes in the band struc-
ture., Experiments show that for both groups of alloys
the influence of hydrogen on o, of alloys with N*<Nf,
is completely equivalent to the effect of increasing their
electron concentration. This equivalence is especially
clearly illustrated by the coincidence of the maximum
values o' T2 on the curves of o4(x) for the solutions

Ni,, Feg.,-H (Fig. 12, ¢®*=1,85 p /atom) and
NigMn,,-H (Fig. 14a, ¢®*~0.8 pp/atom) with maxi-
mum values on the corresponding curves of g,(N¢ for
the Ni-Fe and Ni-Mn alloys (Fig. 10). Therefore, the
effect of hydrogen on the band structure of the Ni-Fe
alloys is opposite to the effect of the substitution of
nickel by iron, or in the case of the Ni-Mn alloys, of
substitution of nickel by manganese, i.e., in accord-
ance with the starting assumption, it is qualitatively
different. But, this is too unlikely: all the experimen--
tal and theoretical data taken together show that hydro-
gen must deform the d band, formed by the transition
metal atoms, weakly and only increases the degree of
filling of the band by electrons.

Thus, the analysis of the effect of hydrogen on the
magnetic properties of the Ni-Fe and Ni-Mn alloys
leads to the conclusion that the deviation of the depen-
dences of these alloys from (4.6) is due not to a sharp
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change in the structure of the d bands or in the nature
of the exchange interaction in the region of the “anom-
alous” behavior of the dependences o,(N®), but at the
very least due to changes, gradually accumulating over
wide ranges of concentrations of the order of the total
content of iron and manganese in the alloys. It should
be noted that the concentration dependence of these
changes is much weaker in the case of nickel alloyed
with iron, when it was necessary to have AN®
=(Zyy-Zp)xp,~ 2'0.6=1.2 electrons/atom in order that
the dependence o, (N¢) first deviate from (4.6), than in
the case of alloying with manganese, when AN® consti-
tutes= 3:0.1=0.3 electrons/atom. Probably, the
stronger deformation of the band structure of nickel
when it is alloyed with manganese rather than iron is
what leads to the fact that, in contrast to all the Ni-Fe
alloys studied, for Ni-Mn alloys with 10 and 20 at.%
Mn, an analogy is not observed in the change of the
Curie points with composition and with saturation by hy-
drogen.

c) Fegs (Niq.,Mn,)s5-H solutions

The Feg(Ni,. Mn).. (% by weight) solutions are a
classical system, in which over a period of many years
the problems of the competiion between ferro- and anti-
ferromagnetic ordering in fcc metals was studied. This
system gave the rare possibility of observing systemat-
ically the effect of hydrogen on both types of magnetic
ordering using the same group of objects.

The substitution of nickel by manganese in the
Feg(Ni,_ Mn,),, system decreases the Curie point from
T,=467 K for the FeyNiy; alloy to helium temperatures
for the alloy with ~10% Mn. With a higher manganese
content, antiferromagnetic ordering arises in the sys-
tem and the Neel point increases monotonically to Ty
=442 K for the FesMn,, alloy. Both ferro- and antifer-
romagnetically ordered alloys exhibit anomalous physi-
cal properties, characteristic of Invars (see Refs. 82
and 83).

The technology that we developed for compressing hy-
drogen up to 70 kbar permitted obtaining ¥ solutions
with compositions up to »~ 1 for alloys in the entire
range of concentrations from FegNi,, to Fe,Mn, . *
The dependences o,(n) and T,(x) for the Fe-Ni-Mn-H
solutions are presented in Fig. 15. The following is
observed when the Feg(Ni,. Mn,),. alloys are saturated
with hydrogen. The Neel points of the antiferromagnet-
ic alloys decrease; ferromagnetic ordering arises at a
definite hydrogen concentration n;; and, then, the Curie
points of the ferromagnetic solutions increase mono-
tonically. Therefore, the change in the magnetic prop-
erties of the Feg(Ni,.,Mn,),; alloys with hydrogenation
is analogous to their change with substitution of manga-
nese by nickel (which increases the electron concen-
tration N?). As shown in Ref. 85, when the FegNi; Mn,
(atomic percent) alloy is saturated with hydrogen, the
shape of its MOssbauer spectrum also approaches the
shape of the spectrum for the FeyNi;, alloy.

Let us introduce the similarity coefficients ¢ for the
dependences of the magnetic properties of the alloys
with and without hydrogen. K it is assumed that both
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FIG. 15. The dependences 0y(n) and T.(n) for hydrogen solu-
tions in fcc Feg (Nij_, Mn, )s; alloys.? Notation as in Fig. 16.

the concentration dependence of the magnetic properties
of the pseudobinary Feq(Ni,_,Mn, ), system and the de-
pendence of these properties on the hydrogen content in
the alloys is determined primarily by the change in the
degree of filling of the d band, then there must exist a
common, for all these alloys and hydrogen solutions
based on them, effective electron concentration Ng at
which ferromagnetic ordering arises. Assuming that
the quantities ¢ differ little for the alloys studied, from
the equality

Ne+- (L) ny = NY,

using the values of N®and », presented in Table III, by
the method of least squares we obtain (£)=0.7 elec-
trons/H atom and N§=8.35 electrons/atom. The quan-
tities Nt — N®and £=(Nf-N®/n, are also presented in
Table III. 1t is evident that the sign and order of mag-
nitude of the { obtained in this manner agree with the
assumption that the degree of filling of the d band plays
a dominant role in the formation of the composition de-
pendences of the magnetic properties of alloys studied
with respect to nickel and hydrogen.

The results of investigations of hydrogen solutions in
Feg(Ni,. . Mn, ), alloys not only confirm the previously
developed views on the nature of the influence of hydro-
gen on the magnetic properties of transition metals but

TABLE II. Parameters for hydrogen solutions in
Fes (N1;., Mn, )5 alloys

C e
W1i.% M Te, K Ty K Ne. Ni~-N€, n T,
7 Mn ¢ = Electron/atom | Electron/atom Electron/atom
0 467 — 8.68 —0.33 - —-—
4.5 228 — 8.54 —0.19 — -
10 — — 8.38 —0.03 0 —
17 — 160 8.17 0.18 0.18 1.00
24 — 253 7.97 0.38 0.58 0.66
29 — 431 7.82 0.53 0.81 0.65
35 — 442 7.62 0.70 0.94 0.74
(=~ (N?— NO/ng 1\';’: 8.35 electrons/atom in the Fe-Ni-Mn alloy.
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also permit clarifying new aspects of this influence.
The point is that the magnetic properties of the

Feq, -(Ni;. Mn,),. alloys®** and hydrogen solutions
based on them® are described well by the equations of
the theory of very weak collectivized ferromagnet-
ism.® ¥ From these equations, in particular, it fol-
lows that for weak collectivized ferromagnets

(4.7)

Te 1 L 3vi—v, ]1/2
o, 2mhpg(ep) L VE—vy ’

where kg is Boltzmann’s constant, #{e;) is the density
of states at the paramagnetic Fermi level £, while v,
=A™ (g )/¥ (). Infcc ferromagnets, the Fermi level
occurs near the maximum of the density of states
A(€),% which leads to y,< 0. For y,s0, the values of
the factors in Eq. (4.7) enclosed by the square brackets
depend weakly on the magnitudes of the parameters en-
tering into it, varying from 3 at y,=0 to 1 for y,~ —.
In the case of a parabolic band, this factor equals 2.
Thus, knowing T, and o,, for a weak collectivized
ferromagnet, it is possible to estimate as well the den-
sity of states at the paramagnetic Fermi level

7';—“ ~ 1/V2- Tkp A" (e5).
(]

(4.8)

The dependence T (g,) for the Feg(Ni,_ Mn, ), system
is shown in Fig. 16. It is evident that the values ot T,
of the specimens studied as a function of ¢, lie approx-
imately on a single curve (in order to show how strong-
ly the dependences TQ(UO) can deviate from one another
for different collectivized ferro1-agnets, a point for
nickel is indicated in Fig. 16 by the diamond-shaped
symbol). It foilows from Eq. (4.8) that the existence of
a common dependence T (c,) for all Fe-Ni-Mn alloys
and hydrogen solutions based on them is proof of a
unique relation between the values of T, and o, for these
materials and JV(EF) at the paramagnetic Fermi level.

This result correlates well with all the facts indi-
cating a weak deformation of d bands and small changes
in the dependences of the exchange interaction as a
function of the degree of filling of the d band accom-
panying hydrogenation of fcc nickel alloys, including,
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. 8 o-g
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FIG. 16. Curie points T as a function of the spontaneous
magnetization g, at 7=0 K. 1-7) y hydrogen solutions in
Fes (Nij, Mn, ) alloys™ (1—0; 2—4.5; 3—10; 4—17; 5—24;
6—29; 7—35 wt.% Mn); 8) Ni=Fe alloys, containing 67.5
at.% Fe® 48; 9) nickel; 10) Feg (Ni;_, Mn, )y alloys.??
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the Ni—Fe Invars. Indeed, if the possibility of random
coincidences is neglected, then in order that the weak
collectivized ferromagnets with identical density of
states 4 (cg) at the paramagnetic Fermi level have
equal Curie points and equal values of spontaneous
magnetization over a wide range of values of /V(SF),
several conditions must be satisfied simultaneously:

1) the shape of the d bands of these ferromagnets must
be the same; 2) the degree of filling of the d-bands
must be the same; 3) the relative shift in the dt and d+
sub-bands A =Ic¢ at all temperatures must be the same,
i.e., the parameters I of the effective exchange inter-
action must be equal. Therefore, the results presented
in Fig. 16 for the Fey(Ni,_.Mn,),, alloys support the fact
that when manganese is replaced by nickel in this
pseudobinary system, as well as when the alloys are
saturated with hydrogen, the change in the magnetic
properties is due primary to the increase in the degree
of filling of the d band and, in addition, the phenomen-
ological coefficients ¢ <1 electrons/H atom for the
Fe-Ni-Mn-H solutions are close to the values 7 of the
number of electrons contributed by the hydrogen atoms
above the Fermi level.

These results explain to a certain extent one of the
most complex problems arising in the discussion of the
influence of hydrogen on the magnetic properties of
transitions metals, namely, the role of volume effects:
the Feg(Ni,..Mn ), alloys, just as the Ni-Fe alloys
with xg,2 0.6, are Invars, whose characteristic fea-
ture is the strong dependence of the magnetic proper-
ties on volume.

The continuous line in Fig. 17 illustrates the depen-
dence o (N°®) for fcc Ni-Fe alloys at P=1 bar. The
dashed lines indicate the analogous dependences for P
= -50 and +50 kbar, calculated assuming that the vol-
ume dependence of g, is linear using the experimental
values of (1/ oo)(aoo/ 3pP),,, obtained under conditions of
hydrostatic compression."™ For N°< 9 electrons/
atom, the slope of the curve g(N¢) for P= =50 kbar in-
creases sharply. For example, when N® decreases
from 8.9 to 8.7 electrons/atom, ¢, increases by ~0.9
uB/atom. If the collectivized ferromagnet is strong
[and the number of holes in the d bands of fcc alloys
based on nickel is such that they must become strong

63, wp/atom

L ]
85 20 55 100
A% electrons/atom

FIG. 17. Concentration dependences of 0, for Ni—Fe alloys.

Continuous curve is for P =1 barf™%; 1) computed curve for
P ==50 kbar; 2) for P =+50 kbar (see Sec. 3).
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ferromagnets, when the magnetization reaches values
(N9~ oft+(N®*-10),], a change in the degree of fill-
ing of the d band by AN®=8.9 —8.7=0.2 electrons/atom
increases ¢, by only ~0.2 uy/atom. The increase in g,
by an additional amount ~(0.9 - 0.2)=0.7 u,/atom can
occur only as a result of an additional decrease in the
number of electrons in the d band due to another mech-
anism, for example, by a transfer of ~0.7 electrons/
atom into the s band. The latter is unlikely, since this
number of electrons is comparable to the total number
of occupied states in the s band.

Thus, in order that the dependence g,(N®) at P=_50
kbar illustrated in Fig. 17 be realized, this pressure
must lead to catastropic changes in the band structure
(and exchange interaction in Invar alloys. The dissolu-
tion of n~1 of hydrogen in such alloys causes an in-
crease in the volume that is equivalent to the action of
a negative pressure ~150 kbar, and at the same time,
as we have seen, it changes little the shape of the d
band and the dependence of the exchange interaction pa-
rameter on the degree of filling of the band. We recall
that when the Ni-Fe Invars with 66.1 and 67.5 at.% Fe
are hydrogenated, their spontaneous magnetization does
not increase above the value ¢2**~1.9 u,/atom, maxi-
mum for Ni-Fe alloys without hydrogen (see Fig. 12).
Since the compression of Invars leads to a strong de-
crease in g, (see Fig. 17, curve 2), this suggests that
the dependence g,( V) relative to the volume V, at P~1
bar is not symmetrical: for V<V, the magnetization
increases with increasing V and for V'~ ¥, reaches a
stationary value and subsequently remains practically
constant.

It is interesting that in contrast to the dependences
ay{n), the dependences T,(n) for the Ni-Fe alloys stud-
ied can be explained by assuming that the main effect of
the injection of hydrogen is in fact the increase in vol-
ume and by using the dependences T,(V) obtained under
conditions of compression (see Ref. 51). As shown in
Ref. 88, the observed values of T (n) can also be ex-
plained by the dependence of the Curie points only on
volume with saturation of the intermetallides Y-Fe and
Ce-Fe by hydrogen. However, at least in the case of
nickel alloys, the possibility of describing the depen-
dences T (n) within the scope of the rigid d-band model
with reasonable values of 7 and the unjustifiably high
estimates for values of ¢, for hydrogen solutions in In-
var alloys taking into account volume effects (using
values of 80,/3V obtained under compression) cast
doubt on the physical content of estimates of the effect
of volume changes on the Curie point as well.

Summarizing the above presentation, it must be
stated that the problem of the role of volume effects in
the change of the magnetic properties of transition met-
als accompanying hydrogenation is nontrivial and is an
interesting field for further research.

d) Applicability of the rigid d-band model for
describing the magnetic properties of other Me-H
solutions

1) Hydrogen solutions in fcc alloys based on 3d met-
als. The concept of hydrogen as a donor of a fractional
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number of electrons in a weakly deformed d band of the
metal-solvent, which is one of the most significant re-
sults of the study of magnetic properties of ¥ solutions
Ni-Me-H makes it possible to predict at least qualita-
tively the behavior of these properties for a number of
systems. For example, as n increases, o, and T of
strong collectivized ferromagnets [Ni-Cu, Ni-Zn, Co-Fe;
for Ni-Cu alloys, this is confirmed experimentally (see
Ref. 89,90,51)] and of alloys for which a0,/ 8N®> 0 with
a low impurity content (Ni-V,Co-N,Co-Cr), must de-
crease. As a result of the high density of states at the
Fermi level of nickel and cobalt, the electrons of the
dissolving hydrogen must fill the d band in the fcc al-
loys of these metals with nontransition elements (Ni-
Al,Ni-Ge,Ni-Sb, and so on) as well, again decreasing
0, and T,. The increase of g, with increasing hydrogen
concentration must, apparently, be observed only for
those alloys with 800/6N9>0, for which the dependences
0{N®) deviate from (4.6) only for a large impurity con-
tent, i.e., it is to a large extent due to the degree of
filling of the d band (Ni-Fe alloys with x,>0.6; Ni-Mn
with xy, > 0.1).

2) Hydrogen solutions in 3d metals with hcp lattice. A
necessary condition for the use of the rigid d-band
model to describe magnetic properties of Me-H solu-
tions is knowing how these properties depend on the de-
gree of filling of the d-band in the starting materials
(without hydrogen). In the case of fcc metals, such in-
formation can be obtained, for example, from the de-
pendences ¢(N® and T (N°®) for 3d metal alloys, closely
positioned in Mendeleev’s table, whose properties are
described well by the rigid band model. The concen-
tration dependences of magnetic properties with an hep
crystal lattice were studied in must less detail, pri-
marily because of the relatively narrow intervals of
the mutual solubility of 3d metals in hexagonal phases.
However, for Ny¢= 7.7 electrons/atom, these depen-
dences for hep and fce alloys, apparently, are similar,
which is the key for discussing the properties of € hy-
drogen solutions at least in iron (N°=8 electrons/atom)
and cobalt (N¢=9 electrons/atom).®® Indeed, the values
of g, of fcc alloys of 3d metals closely positioned in the
periodic table lie along a single curve as a function of
Ne¢ (see Fig. 10). When N® decreases to =8.8 electrons/
atom, ¢, increases approximately linearly with slope
30,/ 8N~ -1 pu,/electron Ni-Cu, Ni-Co, and Ni-Fe al-
loys), reaches a maximum, and begins to decrease.
For N°¢= 8.35 electrons/atom, the alloys become para-
magnetic down to helium temperatures. Then antifer-
romagnetic ordering arises and the Neel point in-
creases monotonically up to T,=440 K at N*=7.65
electrons/atom (Fey(Ni,.,Mn ), alloys). Available data
on the magnetic properties of hcp metals and alloys
fall into an analogous scheme, Hcp Fe-Mn alloys (N®
=17.71-1.82 electrons/atom) are antiferromagnets with
Neel points =230 K.® Extrapolation from the Fe-Ru
and Fe-Os alloys shows that at atmospheric pressure,
the metastable hcp modification of iron (N®=8 elec-
trons/atom) must also be an antiferromagnet, but with
a lower Neel point T, ~ 100 K.*? Hcp cobalt (N¢=9
electrons/atom) is a ferromagnet with o,=1.72 py/atom.
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Alloying cobalt with nickel (9 € N°< 9.2 electrons/atom)
leads to an approximately linear decrease in ¢, with
slope 80,/8N°= -1 ug/electron.®®*

Assuming that as in the case of fcc alloys, the depen-
dence o,(N°®) for alloys with hep lattice is determined
over quite a wide range of concentrations primarily by
changes in N®, we shall now discuss the properties of ¢
hydrides of cobalt and iron, described at the beginning
of Sec. 4. Injection of hydrogen decreases ¢, of cobalt
with initial slope 80,/ 8n |,.,~ -0.6 py/H atom, which,
as can be seen from a comparison with the dependence
o,(N®) for hep Co~Ni alloys, agrees with the predictions
of the rigid d-band model. In the case that this model
is valid for describing the magnetic properties of Fe-H
solutions, an increase in hydrogen concentration in hcp
iron must lead to (as observed, for example, with hy-
drogenation of fcc Fe-Ni-Mn alloys), a suppression of
antiferromagnetic ordering the appearance of spontan-
eous magnetization at some value n=n, and further to a
monotonic increase in g, and 7,. The observed trans-
formation of antiferromagnetic hcp iron into a ferro-
magnet with ¢,~2.2 py/atom and T,> 80 K with »= 0.8
hydrogen dissolved in it qualitatively agrees with this
dependence of magnetic properties on the hydrogen con-
tent.

For the Fe-H system, it is possible to introduce the
coefficient { = AN®/n, the “effective” number of elec-
trons contributed by hydrogen to the d band of the met-
al, relating the changes in N° and » that lead to an iden-
tical change in the magnetic properties of hcp iron. In
analogy to the dependence o (N® for fcc alloys, it may
be expected that for 8 <N°<9 electrons/atom, the curve
of o(N®) for hep alloys also passes through a maximum.
This means that for n~0.8, the point gy(N§,+&n)>2.2
up/atom either falls on the continuation of the linear
dependence g,(N®) for Ni-Co alloys (with slope ¢ = 30,/
3N°~ -1 p./electron) or lies below this line. There-
fore,

089 — [Nio— (V¥ 5m] ¢ = 2, 2up’aTon,

from where { =< 0.6 electrons/atom, which is a reason-
able estimate.

3) Hydrogen solutions in tcc alloys of 4d metals.
In contrast to metals at the end of the 3rd series, 4d
metals do not have properties that are simply and
uniquely related to the degree of filling of the d band,
which makes it difficult to study experimentally the
problem of the status of hydrogen in solutions based on
them. However, it can be stated that all available ex-
perimental data on the effect of hydrogen on the physi-
cal properties of these metals and their alloys (elec-
tron heat capacity, magnetic permeability, shape of the
Missbauer spectra, and so on) are uniquely explained
if it is assumed that hydrogen is a donor contributing of
the order of 1 electron/H atom to the weakly deformed
conduction band of the metal-solvent. A detailed dis-
cussion of these problems and references to the origi-
nal papers are given, for example, in Refs. 10, 14, 30,
and 95. In this review, we would like to consider only
the recently discovered,®® quite unexpected appearance
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of localized magnetic moments on ruthenium atoms on
hydrogenation of Pd-Ru alloys (local moments for 4d
metal atoms in a metallic matrix were not previously
observed®) and its interpretation within the scope of the
rigid d band model.

The experimental results are as follows. Measure-
ments of the magnetic permeability and low -tempera-
ture heat capacity have shown that for the fcc Pd-Ru
alloys studied, containing up to 4 at.% Ru (the decom-
position of Pd-Ru solid solutions into ¥ + ¢ phases pre-
vents obtaining homogeneous alloys with a large ruthen-
ium content), there are no local magnetic moments.
When these alloys are saturated with hydrogen, there
is an isomorphic phase transition Y, =Y., accompanied
by an abrupt increase in the hydrogen concentration;
the quantity %", the minimum solubility of hydrogen
in the v, phase, constitutes =0.6 at 7=100°C for the
Pd-H system and decreases to 0.4 for the Pdy,Ru,-H
system. In the Pd-Ru-H hydrides formed, ruthenium
atoms already have local magnetic moments. The mag-
nitude of these moments is maximum for n=n>'"; fur-
ther increase in the hydrogen concentration in the re-
gion of homogeneity of the y, phase causes them to de-
crease monotonically and then to vanish (at »= 0.8).

The ranges of applicability of the rigid band model
for describing the properties of 4d metal alloys are
much narrower than for 3d metals.®*®® For alloys of
palladium with its nearest neighbors in Mendeleev’s
table, namely, silver and rhodium, it, apparently,
works satisfactorily but already for alloys with the next
left neighbor, ruthenium, it is qualitatively incorrect.
From a comparison of the concentration dependences of
the coefficient of electron heat capacity (proportional
to the density of states at the Fermi level) when palla-
dium is alloyed with silver and ruthenium, it may be
concluded that the addition of even small (0.6 at.%)
quantities of ruthenium shifts the Fermi level relative
to the d band upward in energy with the magnitude of
this shift corresponding to an average rate of filling of
the d band of palladium 8N®/8xy,~1.3 electrons/Ru
atom (we recall that if the rigid band model is valid,
the addition of ruthenium into palladium must, on the
contrary, lead to an emptying of the d band with 8N¢/
0% py = Zg, — Zoq= —2 €lectrons/Ru atom). Within the
scope of Friedel’s theory,” this means that the virtual
bound d states of ruthenium atoms are appreciably
above the Fermi level of palladium, and part of the
electrons in these states flow into its conduction band.

Ruthenium atoms in Pd-Ru alloys do not have local
magnetic moments. Therefore, the virtual d levels of
these atoms are not split into sublevels with oppositely
oriented spin (this situation is schematically illustrated
in Fig. 18a), since the exchange energy of such split-
ting is less than the energy broadening of these levels
due to hybridization with conduction band states. With
the formation of ¥, hydrides, the virtual levels of ruth-
enium split (Fig. 18b) and due to the different degree of
filling of the d4 and d+t sublevels, local magnetic mo-
ments appear on the ruthenium atoms. According to
Refs. 95 and 96, the splitting could be due to a decrease
in the energy broadening of the virtual levels of ruthen-

614 Sov. Phys. Usp. 25(8}, Aug. 1982

aj b) c)

FIG. 18. Diagram illustrating the behavior of virtual bound
states of ruthenium atoms in y solutions Pd—Ru—H*
a)yrn=0;b)n 271}2‘“; c)n=0.8 >>n§2“‘.

ium atoms due to a decrease in the degree of their hy-
bridization with the conduction band states of palladium
with the formation of hydrides, since in this case the
virtual levels are shifted into a region of energies with
low density of states of palladium, This conclusion is
based on the experimental fact that with the formation
of the v, phase of Pd-Ru-H alloys, as measurements of
the electron heat capacity have shown, the d band of
palladium is entirely filled and the Fermi level, inter-
secting the d sublevels of ruthenium, falls into the
range of energies where there are only states of the s
type with low density. In view of the low density of
states near the Fermi level, the increase in the hydro-
gen concentration (and, correspondingly, electron con-
centration) in the region of homogeneity of the y, phase
of Pd-Ru-H solutions leads to a rapid increase in the
Fermi energy. The virtual d states of ruthenium atoms
are gradually filled, the magnitude of the uncompen-
sated local moments decreases monotonically and,
when the d sublevels are completely filled, the local
moments disappear (Fig. 18c).

4) Ni-Fe-C solutions. As is evident from the discus-
sion in Sec. 2, the rigid d-band approximation, in spite
of its simplicity, is useful for explaining, and some-
times predicting as well, the properties of hydrogen
solutions in a number of transition metals and their al-
loys. The available experimental data on the effect of
carbon on the magnetic properties of Ni-Fe alloys®+%¢
permit examining the problem of the applicability of
this approximation and to describe the properties of
substitution Me-C solutions, the nearest analog to Me-
H solutions.

Figure 19 shows the change in g, of fcc Ni-Fe alloys
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FIG. 19. The dependence of Ady/n . of the change in the spon-
taneous magnetization ¢; at 7 =0 K for carbon alloyed fcc
Ni-Fe alloys as a function of the electron concentration of
alloys N ng is the atomic ratio carbon metal. The dashed
line shows the computed curve for {-=3.5 electrons/C atom
(see subsection d in Sec. 4).
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when carbon is injected into them with n,=0.01.9" 1t is
evident that for alloys containing up to =55 at.% Fe (N°®
z 8.9 electrons/atom), the dissolution of carbon de-
creases the spontaneous magnetization and, in addi-
tion, the value of Ac,/n, depends weakly on the concen-
tration of the Ni-Fe alloys and lies in the range -3~
~3.5 1z/C atom. With a further increase in the iron
content in the alloys, the values of A(ro/nc increase rap-
idly and become positive x5,z 0.63 (N°< 8.74 electrons/
atom). From a comparison of the dependence g,(N°)
presented in Fig. 10 for Ni-Fe alloys, it is evident that
the initial slope of the dependences ¢y(n,) must depend
precisely in this manner on the concentration of the Ni-
Fe alloys, if the main effect of the injection of carbon
atoms is related (as in the case of the injection of hy-
drogen atoms) to the increase in the degree of filling of
the 3d band of the metal-solvent.

The value of the slope Acy/n,= —(3-3.5) uy/atom for
Ni-Fe alloys with x;,< 0.55, which are strong col-
lectivized ferromagnets, is interesting. Carbon, in
contrast to hydrogen, has four valence electrons and if
the rigid band model (the cation model) were valid for
describing solid Ni-Fe-C solutions, then the dissolu-
tion of carbon in these alloys would decrease the spon-
taneous magnetization with slope 8¢%/8n,% -4 py/C
atom. It is very probable that the observed difference
between the experimental values of ac,/n, and 805/ 8n,
is due to the fact that the valence states of carbon, just
as the valence states of hydrogen, are strongly hybri-
dized with the s states of the conduction band of the
metal—solvent, decreasing their energy. Part of the
electrons contributed by carbon atoms to the conduction
band are used to fill the additional states arising in this
manner below the Fermi energy and carbon is a donor
of a fractional number of electrons 7, <4 electrons/C
atom in the d band of the metal (we recall that in view
of the high density of d states at the Fermi level of
transition metals, practically all electrons with energy
above & will fall into the d band).

In analogy to Me-H systems, we shall introduce the
coefficient £,= AN%n,, the effective number of elec-
trons contributed by carbon atoms to the d band of Ni-
Fe alloys. Then, using the dependence o, (N®) presented
in Fig. 10 for the Ni-Fe alloys, it is possible to esti-
mate in the rigid d-band approximation the values of
(A00/ 1) cimp = [0o(N® + £ 1) — 0 N®) ]/, for the Ni-Fe-C
solutions. The curve computed for £_=3.5 electrons/C
atom and no =0.01 is shown in Fig. 19 by the dashed line
and agrees satisfactorily with the experimental values
of Ac,/nc for all Ni-Fe-C solutions studied in Ref. 97.

Data available on the effect of carbon on the Curie
point of Invar Ni-Fe alloys (xy.= 0.6) are collected to-
gether in Ref, 98. Carbon, just as hydrogen, increases
the Curie points of Invars. The experimental data have
a large spread, but the order of magnitude of the effect
agrees with the predictions of the rigid d-band model.

5. SUPERCONDUCTIVITY OF HYDROGEN
SOLUTIONS IN PALLADIUM ALLOYS

After Skoskiewicz® discovered in 1972 that supercon-
ductivity exists in palladium hydride, so much attention
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has been and continues to be devoted to the study of
superconducting properties of hydrogen solutions in
palladium and its alloys that it is now simply impossi-
ble not to discuss this subject in a review concerning
the properties of transition metal hydrides. However,
the discussion will be carried out on a completely dif-
ferent plane than in the preceeding section examining
the magnetic properties of Me-H solutions. The exten-
sive experimental and theoretical material accumu- -
lated shows that the physical nature of the appearance
of superconductivity in Pd-H and Pd-Me-H systems is
very complicated and it is hardly possible to expect
that in the near future a simple model will appear de-
scribing even the concentration dependences of their
superconducting transition temperatures T, since in
order to estimate T, it is necessary to have a detailed
knowledge of the electron and phonon spectra of the
solution, while hydrogen strongly changes both. A de-
tailed review and discussion of available data on the
superconducting properties of Me-H solutions can be
found in Refs. 8, 9, 100, and 101. We shall consider
only the problem of the different nature of the structu-
ral instabilities in the experimentally obtained Me-H
solutions, which, as the latest studies have shown, can
play an important role in the appearance of supercon-
ductivity with anomalously high T, at least in the case
of hydrogenation of palladium alloys with previous met-
als.

Super-conductivity arises in Pd-H solutions for »
2 0.8.°° Further increase in hydrogen content, as
shown in a number of papers, leads to a monotonic in-
crease in the superconducting transition temperature to
T.,~8.8 K at n=1 (in Fig. 20, this dependence is shown
by the dashed line).'® Even higher values of T, of the
order of 13-17 K were obtained by implanting hydrogen
into palladium alloys with previous metals, copper,
silver, and gold.'®® Both in the case of palladium and
in these alloys, at a certain irradiation dose, the thin
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FIG. 20. Dependence of the superconducting transition tem--

perature T . on the atomic ratio hydrogen/metal =,

1) For solutions PdggAgy—H;'® 2) Pdg,Cuy—H!® (signs with ,

arrows indicate that these specimens are not superconducting

for T =2 K); 3) 1‘—‘d{;5Cu45—H’°2 (intervals are indicated in which

the resistance of the specimens changes from 90 to 10% of the '
value of the residual resistance of the normal phase). Dashed

curve shows the dependence 7' (1) for the Pd—H solutions.!?
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(~1500 A) hydrogen containing layer of the metal formed
became superconducting and with further irradiation

T, increased, attained a maximum value T2 and began
to decrease. In its turn, the dependence of T% on the
content of the alloying element in palladium for each of
the binary systems Pd-Cu, Pd-Ag, and Pd-Au also
had a maximum and, in addition, the maximum values
of TP constituted =16.6, 15.6, and 13.6 K, respectively,
for the Pd,;Cu,;, Pd,,Ag,, and PdgAu,,. The typical de-
pendence T (n) with hydrogen implantation in the
Pd;,Cu,; alloy is presented in Fig. 20 (the accuracy of
the estimates of the hydrogen concentration 5n~ 15%).
The dependences T (n) for the Pd, Ag,,-H and

PdgAu, ;-H solutions have an analogous character, only
the value of the optimum hydrogen concentration at
which the maximum value of T, is attained changes (n
=0.7, 0.8, and 0.9, respectively, for alloys with Cu,
Ag, and Au).

opt

Using the technology for compressing hydrogen to
high pressures, we were able to obtain macroscopic
speciments of hydrides of palladium alloys with pre-
vious metals. It turned out that if for the Pd-H alloys,
obtained by implantation, the value of TQ agrees well
with the maximum values of T, (with n~ 1) for massive
homogeneous specimens (see Ref. 100), then in the case
of palladium-previous metal-hydrogen solutions, no
such agreement is observed. The investigation of the
PdyAg,, and Pd,Cu,, alloys (composition close to opti-
mum for obtaining the maximum values of T, with hy-
drogen implantation), saturated with hydrogen at Py
<70 kbar, showed'® that the dependence T (n) for the
solid Pdg,Ag,,-H solutions for n<1 is close to that for

. the Pd-H solutions, while in the PdyCu,,-H system for
n<0.6 and T=> 2 K, there is no superconductivity (see
Fig. 20).

Thus our results show that the anomalously high val-
ues of T, obtained with hydrogen implantation in palla-
dium alloys with precious metals are due to the char-
acteristics of the metastable states arising on implan-
tation. It should be noted that at the present time there
is no unified point of view as to how the alloying of pal-
ladium with previous metals should affect 7', in the case
of the formation of hydrogen solutions based on the fcc
lattice of the metal. For example, according to the
theoretical estimates in Refs. 12 and 101, the super-
conducting transition temperature must in this case in-
crease, while according to the theoretical estimates in
Ref. 104 and estimates made in Ref. 105 based on an
experimental study of the low -temperature heat capacity
of nonsuperconducting solid Pd,,Ag,,~-H solutions, it
must decrease. The possibility that the instability of
the crystal lattice (due to softening of some phonon
modes and, therefore, increase in the electron—phonon
interaction constant) can play an important role in ob-
taining high T, with hydrogen implantation in palladium
alloys with Cu, Ag, and Au was noted by Stritzker,'°%!%®
who discovered the interesting property that their 79
depend on the dose of implanted hydrogen . For the
Pd-Cu and Pd-Ag alloys with compositions close to op-
timum (7%>15 K), the monotonic increase in T, with
increasing ¥ was sometimes replaced by its sudden de-
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crease and vanishing of superconductivity for 7>1 K,
while the residual resistance R ., decreased discontin-
uously by 10-20%. Further increase in i led to a
monotonic decrease in R, but the appearance of
superconductivity for 7>1 K was no longer observed.
Stritzker explained this by the formation of a new non-
superconducting phase with a smaller value of R_,.

Thus, the reason for the appearance of superconduc-
tivity with anomalously high values of T, accompanying
implantation of hydrogen into palladium alloys with
precious metals is closely related precisely to the
structural properties of these systems. We recall that
the Me-H solutions based on transition metals in the
VI-VII groups studied had only either a fce or a hep
metal sublattice. Since the palladium-precious metal
alloys themselves already have a fcc structure, the
structure of the hypothetical new phase, formed with
implantation of hydrogen, must therefore differ from
the previously observed structures. The study of the
solid PdgCu,,-H solutions, saturated with hydrogen at
high pressure, has indeed led to the discovery of a new
phase transition in them, accompanied by a tetragonal
distortion of the fcc sublattice of the metal.'%®

The study of the isobars of the electrical resistance
of the Pd,Cu,, alloy in a hydrogen atmosphere in the
pressure range of 5-10 kbar showed that with heating
above T*~220°C an irreversible phase transition oc-
curs in the specimens and, in addition, the resistance
decreases strongly in the transition process. This
transition proceeds very slowly: even at T=350°C,
the drift in the resistance continues for tens of hours.
An x-ray diffraction analysis established that the me-
tallic sublattice of Pd,,Cu,,-H specimens, obtained by
holding at T=200°C< T*,5 < Py, < 20 kbar and having
the composition n < 0.47, retains fcc symmetry and, in
addition, the value of AV, of the abrupt change in the
unit-cell volume of the Pd;,Cu,, alloy accompanying hy-
drogenation agrees satisfactorily with the dependence
AV, (n) presented in Ref. 52 (see Fig. 9) for ¥ hydrogen
solutions based on palladium and .its alloys. The dif-
fraction pattern for these specimens has, however,
some special features: lines of the {111} type are
sharp, while the remaining lines are appreciably
broadened, which can be interpreted as the result of
the appearance of packing defects in the close-packed
planes'®” or small tetragonal or orthorhombic distortion
of the fec sublattice.

Pdy,Cu,,-H specimens, obtained by holding at 250 < T
<350°C (i.e., with 7> T*) and Py, < 20 kbar, had a
metallic sublattice, whose symmetry can be described
based on a fcc subcell (in what follows, the ¥' phase)
with the axial ratio 0.94< ¢/a< 0.97. The hydrogen
content in these specimens fell into the range 0.3<n
< 0.5; the volume per metal atom had approximately the
same magnitude as for y solutions Pds,Cu,,-H with
nearly the same values of n.

The study of y' specimens during annealing, which
caused separation of hydrogen, led to some interesting
results. When hydrogen is partially liberated after an-
nealing at room temperature and atmospheric pres-
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sure, the metal lattice remained tetragonal, while the
quantity ¢/a, as a rule, decreased. The alloy retained
the tetragonal structure even after annealing for six
hours in a vacuum at 300 °C, which led to complete lib-
eration of hydrogen, while the volume per metal atom
decreased and assumed a value close to that for the
starting Pd,,Cu,, alloy. With further annealing for sev-
eral hours at 7= 350 °C, the structure of the alloy re-
turned to the starting cubic structure. The return to
the fcc structure occurred also after plastic deforma-
tion of the specimen at room temperature. These re-
sults show that at atmospheric pressure and T= 20°C,
the y* structure of the Pd,,Cu,, alloy is not in thermo-
dynamic equilibrium. At the same time, the metasta-
bility of this structure after complete liberation of hy -
drogen and even some increase in its degree of tetra-
gonality support the proposition that the observed tetra-
gonal distortions are mainly related not to the possible
phase transitions in the hydrogen sublattice (for ex-
ample, its ordering), but to a restructuring of the met-
al sublattice itself occurring in the Pd,,Cu,,-H solution.

One of the possibilities of such restructuring is atom-
ic ordering. The presence of wide regions with ordered
positioning of atoms in T-c¢ diagrams is characteristic
both of the Cu-Pd system and a number of related sys-
tems. In particular, ordering in the region of compo-
sitions close to Cu,Pd leads precisely to tetragonal
distortion of the fcc lattice of Cu—Pd alloys.'*®*° With
ordering of this type, in addition to the main (struc-
tural) lines of the fcc lattice superstructural lines ap-
pear whose position is close to that for reflections
from planes with mixed indices. For y' specimens, in
addition to the main lines, 11 very weak and broad
lines were observed and mixed indices could be as-
signed to all of them.

Thus, the results of the x-ray diffraction analysis
permit asserting with quite a high degree of reliability
that the formation of the y' phase in the PdCu,,-H sys-
tem is accompanied by ordering of the metallic sublat-
tice (even though an incomplete one, which is indicated
by the large width of the superstructural lines com-
pared to the width of the main lines). The appearance
of packing defects in the close-packed planes of the
metallic sublattice of the ¥ phase, formed at a lower
temperature (which is manifested in the broadening of
all lines except {111}), is apparently an intermediate
stage of this process.

Thus, a new phase transition has been discovered in
Pd,,Cu,,-H solutions, which does not have any analogs
to previously studied hydrogen solutions based on group
VI-VIII transition metals and their alloys. At the same
time, it is still difficult to give a clear answer to the
question as to whether or not the ¥” phase arising at
high pressure is the nonsuperconducting phase which
sometimes forms on implantation of hydrogen and
whose existence according to Ref. 102 in principle can
explain the anomalously high values ot T,. However, it
is possible to present some arguments supporting a
positive answer. The formation of the ¥’ phase, just as
the formation of the nonsuperconducting phase accom-
panying implantation, is accompanied by a decrease in
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the electrical resistance. Strong local overheating in
the process of implanting hydrogen and the high concen-
tration of defects in the hydrogen containing layer pro-
duced create favorable conditions for occurrence of
diffusion processes. We should also mention Ref. 101,
wherein the possible relation of the values of the con-
centrations of the Pd-Cu, Pd-Ag, and Pd-Au alloys,
for which maximum T, were observed with hydrogen
implantation, to the more favorable compositions for
possible ordering of alloys without hydrogen is pointed
out.

It should be noted that at the present time most
superconducting Pd-Me-H solutions are synthesized by
implantation. The study of hydrogen solutions in palla-
dium alloys with precious metals has demonstrated the
necessity of including the possibility of the existence of
a structural instability in the physical description of
the results obtained with specimens synthesized by this
specific method. A vivid example, illustrating the
need to take into account also the effect of radiation de-
fects, was the discovery of superconductivity in pure
Pd after irradiation by helium ions.!'!

Experiments were performed on palladium films with
thicknesses up to 400 A, grown out of the vapor phase
on substrates (Si0,,Al,0,, Si), with temperature vary-
ing from 4.2 to 300 K, The energy of the He* ions was
chosen to be quite high (130 keV), so that they would
definitely pass through the palladium film and not be
retained by it. The temperature of the film during ir-
radiation did not exceed 8 K. At a definite irradiation
dose, ¥~10'® He* ions/cm?, palladium became super-
conducting, and the superconducting transition temper-
ature rapidly increased and reached a value =3.2 K.
Stritzker''' interpreted the observed effect as the re-
sult of the suppression of spin fluctuations in palladium
due to a decrease in the density of states at the Fermi
level caused by the diffuseness of the Fermi surface
resulting from the appearance of a large number of ra-
diation defects.

It is interesting that a necessary condition for the ap-
pearance of superconductivity on irradiation of palla-
dium by helium atoms is the preliminary presence of
defects in the crystal structure, arising on the deposi-
tion of palladium on a cold substrate. In particular,
irradiation of specimens in which these defects were
annealed at 500 K generally did not lead to the appear-
ance of superconductivity for 7= 0.1 K and, in addition,
during the irradiation process, the residual resistance
of such specimens increased, while for the unannealed
specimens, it decreased. The increase in R, during
annealing is a normal phenomenon, since in this case
the number of scattering centers increases. The de-
crease in the residual resistance of unannealed palla-
dium films indicated, in this manner, the annealing of
previously present defects formed during growth of
these films on a cold substrate occurring with irradia-
tion. The appearance of superconductivity only in un-
annealed specimens was, apparently, due to the fact
that these defects, themselves annealing during irra-
diation, created favorable conditions for formation of
specific radiation defects. As far as the radiation de-
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fects that lead to the appearance of superconductivity
are concerned, they could be palladium atoms in inter-
stitial positions or even entire clusters of such atoms:
x-ray measurements showed that irradiation by helium
ions caused a strong increase in the crystal lattice
constant of palladium of up to 0.4%, which corresponded
to the presence of ~2% interstitial atoms.*'*

6. CONCLUSIONS

Working in the area of high-pressure physics, we are
glad to note that the first results of application of high-
pressure methods for obtaining hydrides of transition
metals and studying their properties are already inter-
esting and informative, This inspires confidence that a
further development of this research, an increase in
the pressure range and the range of objects and prop-
erties studied will lead to the discovery of many more
new and unusual phenomena and will provide a deeper
understanding of the physical nature of hydrides.
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