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4 High Hydrogen Pressures.

Synthesis and Properties
of New Hydrides

E. G. Ponyatovsky, V. E. Antonov, and
I. T. Belash

4.1. INTRODUCTION

For many years, the properties of transition metal-hy-
drogen systems have drawn the attention of researchers working in
diverse fields of physics and material science. There are several rea-
sons for the growing interest in the problem “hydrogen in metals”.
These include the unusual physical properties of metal-hydrogen
systems caused by the unique nature of hydrogen as a component,
the profound effect of hydrogen on mechanical, physical, and chemi-
cal properties even at extremely low concentrations, and a wider
range of practical applications of metal-hydrogen systems (puri-
fication and accumulation of hydrogen, separation of its isotopes,
designing new types of heat exchangers, catalyzers, and so on). The
intensive studies on the interaction of hydrogen with metals were
largely stimulated by investigations in the field of hydrogen power
engineering and thermonuclear fusion. The possibility of using hy-
drogen as a universal power source has shed a new light on the ques-
tion of developing structural materials that are stable to hydrogen.
The construction of apparatus using plasma requires a knowledge of
the peculiarities of the interaction of reactor materials with hydrogen
in the state of enhanced thermodynamic activity.

In spite of the extensive investigations that have been conducted
throughout the world to study the metal-hydrogen systems, the data
on the physical properties of solutions of hydrogen even in such
important and interesting transition metals as Fe, Co, Ni, Cr, Mn,
and Mo has remained scarce so far. As a matter of fact, the solubil-
ity of hydrogen in these metals is extremely low at atmospheric
pressures, and a huge amount of experimental data concerning the
influence of hydrogen on the properties of these metals and their
alloys was obtained for hydrogen concentrations usually not exceed-
ing the H-to-metal atomic ratio n ~ 10~>-10~7. Such concentrations
are comparable with those of various defects (hydrogen traps), and
this complicates the physical interpretation of the accumulated
experimental data.

In order to isolate the role of hydrogen as an alloying element in
forming physical properties of a system under consideration and to
analyze the important question about the physical status of hydrogen
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In transition metals, we must be able to freely var
content over a wide interval. This may be accogplisieghiyhijf';?;n
the ch:emlcal potential of hydrogen. An increase in the chemicagl-
potential of hydrogen shifts the thermodynamic equilibrium in the
ﬁetabexgess hyg.lroge_n systems towards higher concentrations of
e-H solid soh_:t'mns-rlght up to the formation of hydrides of stoichio-
metric compositions. For example, it was observed in [4.1] that the
Interaction of hydrogen plasma with molybdenum leads to the for-
mation of hydr?gen-saturated phases with compositions up to MoH
Earhe:-r, the Increase in the hydrogen content of transition metaﬂ;
was mainly attained by electrochemical methods which were first
used to ol.Jtam hydrides of nickel and chromium. Later hydrogen
lmplaptatwn and diverse methods of plasma synthesis ’were used
fpr _thlg purpose. However, the use of these methods imposes severe
Imitatlons on the geometrical dimensions and the quality of the
samples obtained. In the case of electrochemical saturation and
:tm_plantatlon,_the samples are usually thin films of a few microns
thickness, while for plasma synthesis we obtain fine powders with
numerous defects. The high density of defects in hydrogenated films
and powders may be the reason behind specific physical properties
ghlch are not inherent in the bulk samples of the same composition.
by way of an example, we refer the reader to communication [4.2]
about the transition of thin palladium films to the superconductin,
state upon irradiation by alpha-particles. 4

4.2, METHODS FOR COMPRESSING HYDROGEN
AND OBTAINING HYDRIDES

All these drawbacks can be directly eliminated i i
are synthesized by placing the metal in an aytmosphere (iffhhy{i?:;::
whose thermodynamic potential is raised by compression to high
pressures. The work with high-pressure gases, however, involves
many experimental difficulties, and even for inert gases ‘the upper
limit of pressures attainable with the help of more or less assimilated
ti(ihmques does‘ not exceed 2-3 GPa. These difficulties are consider-
?t y enhanced in the case of hydrogen due to its high compressibil-

¥, extremely low viscosity, and chemical corrosiveness which
greatly increases with temperature and pressure. For this reason
until the_ last decade, the investigation of metal-hydrogen systems'
Was restricted to pneumatic pressures (10-15 MPa) and in individual
cases to a few hundred MPa. This range of pressures was first exceeded
in the.mlddle of 1960s by Polish scientists who designed a system
in \n:hlc}} a bronze bomb containing hydrogen was placed in a hydro-
static high-pressure chamber [4.3]. This made it possible to isolate
the chamber walls from the direct influence of hydrogen and to use
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steel chambers for compressing hydrogen up to Py, = 2.5-3 GPa
at room temperature and to Py, ~ 1.5 GPa at T < 450°C.

The significant increase in the pressure and temperature range
permitted synthesizing nickel- and chromium hydrides under equi-
librium conditions and ‘obtaining for the first time manganese hy-
dride and hydrogen-saturated phases based on a series of nickel and
palladium alloys, as well as studying their crystal structure and
thermal stability, and investigating of their magnetic and super-
conducting properties (a detailed review of research conducted dur-
ing this period is given in [4.4-6]).

The abilities of “piston-cylinder” type hydrostatic chambers are
practically exhausted by pressures of the order of 3 GPa. By using
the method proposed in [4.7] for obtaining high hydrogen pressures,
we were able to overcome this barrier. The method consists in the
following. A condensed hydrogen-containing compound is introduced
into an ampoule-type container. The container is placed into a high-
pressure chamber, preliminary compression is performed, and hydro-
gen is freed by decomposing the compound by any known means.
The temperature and pressure in the operating zone of the high-
pressure chamber and, hence, of hydrogen in the container are then
brought up to the required values. With the help of this method,
a series of high pressure cells was created at the Institute of Solid
State Physics of the USSR Academy of Sciences. This allowed an
investigation of the behaviour of the Curie points and electrical re-
sistance of specimens under hydrogen pressure from ~3 MPa to
9 GPa at —150 < T < 500°C.

Thermal decomposition is the simplest way to release hydrogen
from a compound. The block diagram of cells for measuring the
electrical resistance of samples in which this method is used is shown
in Fig. 4.1. No external source is required for filling the ampoule
with hydrogen, since hydrogen is released during thermally activat-
ed decomposition of the hydride (03, 14) placed beforehand in the
lower part of the ampoule. Elimination of the appropriate filling
system from the scheme permits complete utilization of the poten-
tialities of ordinary hydrostatic high-pressure chambers, while the
appreciable simplification of the construction permits production of
cells of quite small dimensions (Fig. 4.1, cell 71-17) which can be
placed into the operation zone of the existing quasihydrostatic cham-
bers. It is the use of the quasihydrostatic chambers that made it
possible to overcome the limit ~3 GPa and to compress hydrogen to
9 GPa. It should be noted that even this limit of 9 GPa is set by the
chambers at our disposal and not by the method proposed in [4.7].
Readers interested in details of the application of this method are
referred to the articles listed in [4.8].

By the middle of 1970s, there remained twelve transition ele-
ments in the Periodic Table for which hydrides were not obtained:
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L

Fig. 4.1. Block diagram of cells for measuring the electrical re-

sistance of samples in hydrogen atmosphere using hydrostatic (07-07) and quasi-
hydrostatic (77-77) chambers.
01, 17—sample; 02, 11—thermocouple junction; 03, I4—hydride (hydrogen
source); 04—heater; 05—ampoule (brass); 06—clamps (pyrophyllite); 07, 16—
electrical leads; 72—ampoule (Teflon); 13—glass wool; 75—ampoule cap (Teflon)
all free space in the ampoules 05 and 72 is filled with silicone or petrol.

Mn, Fe, Co, Mo, T¢, Ru, Rh, W, Re, Os, Ir, and Pt. The applica-
tion of the new method for compressing hydrogen reduced the number
of such elements to six. We synthesized hydrides of manganese
(simultaneously with Polish scientists), iron, cobalt, molybdenum,
technetium, and rhodium. Significant quantities of hydrogen were
introduced into Re and Ru. Gold hydride, the first member of the
family of noble metal hydrides, was also synthesized by using the
high-pressure technology [4.9].

The structure and limiting compositions of hydrogen solutions
in group VI-VIII transition metals synthesized so far are shown in
Table 4.1. All hydrides are formed only on the basis of one of the
two closest packings of metal atoms, namely fcc (face-centred cubic,
¥) or hep (hexagonal close-packed, &). It should be mentioned that
here and subsequently we shall be dealing only with massive samples.
Apparently, if the samples are in the form of thin films, hydrides
with other compositions and structures can be formed. For example,
it is reported in [4.10] that heating a 500-1000 } thick film of palla-

4. Synthesis and Properties of New Hydrides 113

Table 4.1. Hydrides of Transition Metals

VI VII VIII
€ e £ e, 7 ¥
CrH, , MnHg. o6 FeH,,, CoH, , NiH; o5
€ € € Y v
M{)Hl_s TCHU-SS PlU.Hu_ua BhHl_ﬂ PdHl-l.l
€
w ReHy. 40 Os Ir Pt

Remark: The maximum attained hydrogen concentration is indicated; & are
solutions with hep metal lattice; y are solutions with fec metal lattice,

dium up to 7 > 600°C in a hydrogen atmosphere at Py, = 0.1 MPa
results in the formation of PdH, 55 with a tetragonal lattice having
the parameters ¢ = 2.896 A and ¢ — 3.330 A at room temperature
(such a hydride was initially obtained by the same authors by im-
plantation of hydrogen into palladium). A similar treatment of
massive samples led to the formation of ordinary Pd-H solutions
with fcc metal sublattices.

All the investigated hydrides of transition metals are characterized
by a metallic conductivity of the order of the conductivity of the
starting metal. The kinetics of hydrogen absorption (hydride for-
mation) varies from metal to metal over an extremely wide interval:
at ' = 250°C, from several minutes for palladium [4.11, 12] and
nickel [4.12, 13] to tens of hours for technetium [4.14] (the samples
are foils of 0.1-0.2 mm thickness). A similar diversity is also observed
in the kinetics of thermal decomposition of hydrides into metal
and molecular hydrogen under atmospheric conditions: hydrides
of manganese [4.15, 16] and technetium [4.17] are metastable at
20°C, while hydrides of iron [4.18] and rhodium [4.19] rapidly de-
compose at 7' ~ — 100°C onwards. In liquid nitrogen, all hydrides
without exception last indefinitely. Taking into account such kinet-
ics of formation and decomposition of hydrides, systems for “quench-
ing” the samples were developed. The sample is first saturat-
ed with hydrogen at high pressure and temperature. After this, the
sample is rapidly cooled (down to —180°C, if necessary) without
changing the pressure. The pressure is then brought down to the
atmospheric level, and the sample is taken out of the chamber for

8—01197
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a subsequent study of its physical propertigs. The investigation of
these metastable (relative to decomposition into metal and molecular
hydrogen) hydrides under atmospheric pressure considerably sup-
plemented the results of measurements under high hydrogen pres-
sure.

In the following sections, we shall describe the results of investiga-
tion of phase diagrams of metal-hydrogen systems, crystal structure,
thermal stability, as well as magnetic and superconducting proper-
ties of recently obtained hydrides.

4.3. PHASE TRANSFORMATIONS
IN METAL-HYDROGEN SYSTEMS

Cr-H. Chromium can be electrolytically saturated with
hydrogen to compositions close to CrH [4.20]. Depending on the
conditions of electrolysis, hydrides thus obtained can either have
an fcc or an hep lattice of the metal. '

. Baranowski and Bojarski [4.21] were the first to synthesize chro-
mium hydride through a direct interaction of the metal with hydro-
gen at high pressures. A noticeable solubility of hydrogen in bce
(body-centered cubic) chromium (z-phase) was not observed. Chro-
mium hydride (e-phase) is formed on the basis of an hcp lattice whose
parameters at I = — 190°C and under atmospheric pressure are

a=2.T1TA,c = 4.436 A, and ¢/a = 1.633 [4.21]. Our measurements
have shown that the composition of the hydride is close to
the CrH stoichiometry over the entire investigated stability range
on the 7-Py, diagram right up to 7 = 400° C and Py, = 7 GPa.

The formation of chromium hydride is accompanied by a consid-
erable (several tens per cent) increase in the sample resistance, the de-
composition—by its decrease. Figure 4.2 shows the 7-Py, phase dia-
gram of the Cr-H system, constructed mainly on the basis of resis-
tometric data [4.22]. It can be seen from the phase diagram that the
considerable hysteresis in the o == ¢ transformation persists at all
temperatures right up to 400 °C. Apparently, this hysteresis is caused
by the elastic stresses which are close to the yield stress and ap-
pear in the sample due to an abrupt increase in the volume ( &~ 19%)
upon hydride formation. In this case, the curve of thermodynamic
equilibrium between the ¢- and e-phases must be much closer to the
hydride decomposition curve than to the hydride formation curve,
since the removal of even a small amount of hydrogen leads to a relax-
ation of the elastic stresses [4.4]. For the Cr-H system, such an as-
sumption is confirmed by a satisfactory agreement between the cal-
culated value of the thermodynamic equilibrium pressure at room
temperature [4.23] and the experimental curve for the & — & tran-
sition (Fig. 4.2.).
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T(°c)
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Fig. 4.2. T vs. Py, phase diagrams for the Cr-H (7-5) and Mo-H
(6, 7) systems [4.25].
4, 6—pressure corresponding to o — e transitions; 3, 7—pressure correspond-
ing to & — a transitions; 2, 5—results of [4.21] and [4.23]; 4—calculated equi-
librium pressure for 2Cr -+ H, = 2CrH [4.23].

Mo-H. Molybdenum hydride was first synthesized under a high
hydrogen pressure [4.24]. Figure 4.2 shows the 7-Py, phase diagram
of the Mo-H system, constructed on the basis of resistometric data
[4.25]. Typical isotherms for the electrical resistivity of molybde-
num in a hydrogen atmosphere, clearly indicating the jumps caused
by the formation and decomposition of hydride, are shown in Fig.
4.3.

It can be seen from Fig. 4.2 that the 7-Py, diagram for the Mo-H
system is analogous to the diagram for the Cr-H system, and the
curves corresponding to the formation and decomposition of molybde-
num hydride are merely displaced towards the region of higher pres-
sures. As in the case of bce chromium, the solubility of hydrogen in
beec molybdenum is quite low. As to the e-solutions, our recent mea-
surements have shown that in the investigated stability region of
molybdenum hydride on the 7-Py, diagram (right up to 7' = 400° C
and Py, = 7 GPa), its composition is close to n ~ 1.2-1.3 and de-

8*
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Fig. 4.3. Electrical resistivity isotherms for rhodium (a,

T = 300°C) [4.47] and molybdenum (b, T = 325°C) [4.25] in hydrogen atmo-
sphere. )

—with increasing pressure; 2—with decreasing pressure. R, is the sample re-
sistance at room temperature and under atmospheric pressure.

pends only slightly on the temperature and pressure of hydrogen.
Under atmospheric pressure and at 7 = — 145° G, the parameters
of the hcp metallic sublattice of hydride are a =2.92 A, ¢ = 4.74 A,
and ¢/a = 1.63 [4.24]. A transition of molybdenum hydride into su-
perconducting state was not observed at 7' > 2 K.

W-H. No noticeable solubility of hydrogen in tungsten was ob-
served at 7<C 400°C and Py, < 9 GPa.
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T(°C
400
a-Mn(H)
3001
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Fig. 4.4. T vs. Py, phase diagram for the Mn-H system.
I—points corresponding to the onset of hydride formation [4.26]; 2 [4.6], &
{14.35_]& and 4 [4.16] are the points corresponding to the decomposition of the
ydride.

Mn-H. Manganese hydride was first obtained under a high hy-
drogen pressure [4.15, 16]. The phase diagram of the Mn-H system is
shown in Fig. 4.4. The values of pressures corresponding to the hy-
dride formation have been obtained from the position of jumps in the
electrical resistivity isotherms [4.26], while the pressures correspond-
ing to its decomposition are determined from the hydrogen content in
E:ile ]Mn-H samples obtained by exposure to hydrogen atmosphere

.61.

It can be seen from Fig. 4.4 that manganese hydride is stable under
normal conditions. Figure 4.5 shows the dependence of the parame-
ters of the hcp metallic lattice of manganese hydride on composition
at room temperature [4.27]. A reduction in the hydrogen content of
the samples to » ~ 0.65 leads to a monotonic decrease in the value
of the parameters ¢ and ¢ of the hydride. In the concentration range
0 << n<< 0.65, where the parameters @ and ¢ remain practically un-
changed, the samples consist of a mixture of the hydride and initial
a-Mn. Thus, the region of existence of the continuous solid e-solu-
tions Mn-H (hydrides) at atmospheric pressure has a lower concentra-

tion limit n7"" ~ 0.65 for which clear bends are observed in the a
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a(R) c(A)
2,70 4.40
2,68 4.38
2.66 4.36
2.64 14.34
2.62 4.32
2‘600 0.2 0.4 0.6 08 i

Fig. 4.5. Dependence of the parameters of the hep metal lattice
on n for Mn-H Slight symbols) and Mn-D (dark symbols) solutions at room
temperature [4.27].

1, 3—parameter a; 2, £—parameter ¢; 5, 6—results of [4.15].

vs. n and ¢ vs. n curves. It is interesting to note (see Fig. 4.5) that the
a (n) and ¢ (n) dependences, as well as the value of n"'"" for Mn-D
solutions, are close to those for Mn-H solutions. Neutronographic stud-
ies of the deuteride MnD, 4 at 7> 80 K have shown [4.28] that
deuterium atoms occupy the octahedral interstices in the hcp lat-
tice of the metal.

Te-H [4.17, 14]. In the investigated range of hydrogen pressures up
to ~ 2.2 GPa, the T¢c-H solutions are formed on the basis of the ini-
tial hep lattice of the metal. The 7-Py, diagram for the Tc-H sys-
tem, however, turned out to be rather complicated: two isomor-
phic (at least so far as the metal lattice is concerned) phase transi-
tions, &, — g, and &; — &,, take place in the system and are accompa-
nied by an abrupt increase in the solubility of hydrogen in techne-
tium. It is interesting to note that in the hydrogen solubility isotherm
for technetium at 300° C (Fig. 4.6), two regions of supercritical anom-
alies (near Py, = 0.3 and 1.3 GPa) are clearly seen for these tran-
sitions, terminating at the critical points at 7' << 300° C.

The Tec-H solutions are kinetically stable under normal conditions.
A rapid decomposition of the Tc-H hydrides takes place upon heat-
ingin vacuum to 77 > 80° C. At room temperature and atmospheric
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08
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Fig. 4.6. Solubility of hydrogen in technetium at 7 = 300°C.
1—results of [4.14]; 2—results of [4.17].

pressure, the maximum hydrogen solubility in the g,-phase amounts
to n &~ 0.04; the samples with 0.04 << n << 0.39 consist of a mixture
of the e,phase and e-hydride, while from n ~ 0.39 to n ~ 0.78
the region of continous e-solutions stretches!'. Parameters of the met-
al lattice of the e-hydride (a = 2.805 A, ¢ = 4.455 A, and ¢/a =
= 1.588) remain unchanged, within experimental errors, for the en-
tire concentration range 0.39 << n << 0.78. The dissolution of hydro-
gen in the g;-phase decreases the superconducting transition tempera-
ture of technetium from T, = 7.85 K for n =0 to T, ~ 7.35 K
for n &~ 0.04. The Tec-H solutions in the e-phase with n > 0.39
possess no superconductivity at 7= 2 K.

Re-H [4.30]. At T = 250° C, the solubility of hydrogen in rhenium
increases monotonically with pressure, thus causing a smooth devi-
ation of the pressure dependence of the electrical resistance of the

1 It should be noted that the T-c diagram for the metastable equi-
libria in the Tc-H solutions under atmospheric pressure apparently differs con-
siderably from the T-c projection of the equilibrium 7-Pg,-c¢ diagram of the
Tc-H system onto the plane Py, =~ 0.1 MPa. This difference is a quite common
feature of Me-H systems (see [4.29]). In particular, this results in a need for
reliable data on the phase composition of Me-H solutions for different values of
external parameters, since only part of the investigations of physical properties
of such solutions can be carried out directly at high hydrogen pressure, while
other studies have to be conducted on sampfes in the metastable state.
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Fig. 4.7. Electrical resistance isotherms ‘in an inert medium (a)

glrlgs Sﬁ;ﬁ?ydmgen (b) at T = 250°C, obtained through a stepwise increase in

I—Pt; 2—1Ir; 3—0s; 4—Ru (results of the 15—
Talin ot o b o 4-5. present paper); 5—Re, results of [4.30].

sample frpm the analogous dependence for rhenium in an inert atmo-
sphere (Fig. 4.7). At this temperature and the pressure Py, = 9 GPa
the concentration of the Re-H solid solution attains thezvalue n =
= (0.13 + 0.0._?». At Py, =9 GPa, the equilibrium concentration
of hy;lrogen in rhenium increases with decreasing temperature,
reaching » =0.22 4 0.03 at 7 = 170°C. Under atmospheric pressure,

} not{i)geaéhle evolution of hydrogen from Re-H samples begins at
S 3
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Fig. 4.8. T vs. Py, phase diagram for the Fe-H system [4.31].
1, 2—position of anomalies on the electrical resistance isotherms (Fig. 4.9) for
increasing and decreasing pressures respectively; 3, 4—position of anomalies
on the electrical resistance isobars and initial magnetic susceptibility (Fig. 4.10)
upon heating and colling respectively. The inset shows the T vs. P diagram for
iron [4.32]; T is the line corresponding to Curie temperatures.

X-ray investigations at I' ~ —180° C have shown that the in-
troduction of hydrogen does not change the symmetry of the hep lat-
tice of rhenium, and leads only to a monotonic increase in the value
of its parameters. The parameter a increases more rapidly than e,
and the ratio ¢/a decreases from 1.615 for the initial rhenium to 1.591
for a sample with » = 0.22. The increase in V,, the volume per rhe-
nium atom, amounts to dV,/dn ~ 2.6 A% per H atom.

Dissolution of hydrogen causes a decrease in the value of T, for
Re from 1.87 K for n = 0 to 1.66 K for n = 0.03 &+ 0.01. For n =
= 0.07 & 0.02," the superconducting transition temperature falls
to below 1.4 K.

Fe-H. Iron hydride was first synthesized at Py, = 6.7 GPa and
T = 250° C [4.18]. The hydride had a composition » =~ 0.8. Under
atmospheric pressure and 7' = — 120 °C, the hydride decomposed
into the initial bec iron and molecular hydrogen. According to
X-ray investigations, iron hydride at 7 = —190° C has an hcp met-
al lattice with the parameters @ = 2.686 A, ¢ = 4.380 A, and
cla = 1.631.

Figure 4.8 shows the T'-Py, diagram for the Fe-H system, wherein
the locations of anomalies of temperature (Fig. 4.9) and baric (Fig.
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Fig. 4.9. Electrical resistance isotherms for iron in hydrogen
atmosphere at T = 250°C (a) and 330°C (b) [4.31].
jﬁ"—with increasing pressure; 2—with decreasing pressure. R, is the same as in
ig. 4.3.

4.10) dependences of electrical resistance of iron in a hydrogen atmo-
sphere are indicated [4.31]. The lines of phase transformations divide
the 7-Py, plane of the diagram into three regions (, &, and ¥),
the coordinates of the triple point being 7 ~ 280° C and Py, =~
A~ 5 GPa. In the e-region, solutions having a bec lattice for iron are
thermodynamically stable (the concentration of these solutions does
not exceed n = 0.01), while in the e-region, concentrated hydrogen
solutions with an hcp iron lattice are stable.
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Fig. 4.10. Isobars for the electrical resistance (a, b;
Py, = 6.1 GPa) and initial magnetic permeability (¢; Pu. = 5.7 GPa) in
the vicinity of the & = y transformation in the Fe-H system [4.31].
I—upon heating; 2—upon cooling; a—first cycle of heating and cooling; b—
fifth cycle; e—fourth cycle. B, is the same as in Fig. 4.3.

The composition and crystal structure of the y-solutions .have not
been investigated so far. It is possible, however, to argue in favour
of the fact that the y-phase must be an interstitial hydrogen solution
on the basis of an fcc iron lattice. (1) The inset in Fig. 4.8 shows the
T-P diagram for iron [4.32], where «, ¢, and y denote the regions of
stability of the phases with bcc, hep, and fec lattices re_specf:wgly.
The effect of hydrogen on the polymorphic transformations in iron
can be estimated from the data for alloys of iron with other transi-
tion metals whose addition shifts these transformations to the tem-
perature and pressure regions convenient for measurements. Inves-
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tigations of iron-rich Fe-Ni alloys [4.33] and Fe;sMn,, alloy have
shown [4.34] that temperatures of the @ — y and y — a transitions
decrease, while the temperatures of the ¢ — y and y — & transitions
increase in a hydrogen atmosphere relative to their values at the same
pressure in an inert medium. It can be easily seen that if these
tendencies are retained for pure iron as well, the 7'-Py, diagram of the
Fe-H system must have thesame topology as the 7-P diagram of iron,
albeit with a lower pressure at the triple point (x + & + y). The
experiment yields just this type of diagram, see Fig. 4.8. (2) All hy-
drides of the group VI-VIII transition metals obtained so far are in-
terstitial hydrogen solutions on the basis of just two closest packings
of metal atoms, either hep or fec (see Table 4.1). (3) The e — 9
and y —- ¢ transitions in the Fe-H solutions are accompanied by the
resistance anomalies (Fig. 4.10) of the same type as for hep = fce
transformations in iron [4.35], Fe-Ru alloys [4.36], Fe-Mn alloys and
hydrogen solutions based on them [4.34]. Such transformations in
these materials are also characterized by the so-called “training”
effect observed in the Fe-H system, consisting in a considerable in-
crease in the amplitude of the resistivity anomalies accompanying
the & — yand y — ¢ transitions upon transferring the sample sev-
eral times from the e- to the y-state and vice versa (see Fig. 4.10).

The e-hydride of iron is a ferromagnet with a spontaneous magne-
tization o, &~ 2.2 up per Fe atom at atmospheric pressure and T =
= 0 K [4.37], which is close to the g, value for the initial o-Fe. Mea-
surements of magnetic permeability have shown that at Pgy,<C
< 6.7 GPa, the e-solutions Fe-H remain ferromagnetic at all temper-
atures right up to the temperature of the ¢ — y transition (typical
isobars of the magnetic permeability of the Fe-H solutions in the vi-
cinity of the &=y transformation are shown in Fig. 4.10).

Co-H. Cobalt has two allotropic modifications at atmospheric pres-
sure. At low temperatures, the phase with an hcp lattice is stable,
while upon increasing the temperature to T, ~ 450° C, a transition
to the phase with an fec lattice takes place. In an inert atmosphere,
T, increases with pressure with a slope (d7.,/dP);, ~ 33° C-GPa-!
[4.38, 39]. Measurements in a hydrogen atmosphere have shown that
at Py,<C 2.5 GPa, the dissolution of hydrogen in cobalt results in a
higher & — y transition temperature as compared to its value in an
inert atmosphere at the same pressure [4.39]. At Py,<< 6.5 GPa
and 7' << Ty (Pu,), hydrogen forms with cobalt continuous e-solu-
tions whose concentration reaches n ~ 0.5 at Py, = 6.5 GPa and
T = 225° C. An extension of the range of investigation of the Co-H

system to Py, = 9 GPa revealed that at 250°<C I'<< 350°C and

Py, ~ TGPa, this system undergoes the ¢ — y transorfmation accom-
panied by an abrupt increase in the solubility of hydrogen in co-
balt (Fig. 4.11) and the appearance of an anomaly in the electrical
resistance isotherms (Fig. 4.12).
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Fig. 4.11. Solubility of hydrogen in cobalt at T = 350°C (results
of the present paper).

Figure 4.13 depicts the data of X-ray investigations of the Co-H
samples saturated with hydrogen at high pressure and 250°g T<<
<C 350° C over a period of 24 hours. Extrapolation of approximately
linear a. (n) and ¢, () dependences from n << 0.6 ton = 1 gives the
value AV, ~ 1.82 A% per Co atom for the increase in the volume of
the e-solutions Co-H upon hydrogenation. It is interesting to note
that if the obtained y-hydride with n =~ 1 is treated as a solution of
hydrogen in the y-phase of Co, the increase in the volume upon its
formation will have approximately the same value AV, =~ 1.8 A
per Co atom. Since the specific volumes of the - and y-phases of co-
balt are also nearly the same, the data obtained on the :so]uhllity of
hydrogen in these phases permits an analysis of the possible shape of
the T-Py, diagram for the Co-H system.

Indeed, in view of the large specific volume of molecular hydrogen,
the formation of the Co-H solid solutions is accompanied by a de-
crease in the volume of the system. Hence, for given T and Pg,, the
thermodynamic equilibrium will shift towards the formation of such



126 E. G. Ponyatovsky, V. E. Antonov

@ 3|
o o
L

(a)

(b)

)
14y

AR A= Xt = X XX ot bt

SN I N (Y TR N N S
0 1 2 3 4 5 6 7 8 9

P(GPa)

Fi%. 4.12. Electrical resistance isotherms for nickel (a;
T = 300°C), palladium (b; T = 200°C); and cobalt (c; 7' = 250°C) (results of
the present paper).

1, 2—with increasing and decreasing pressure in hydrogen atmosphere; 3, 4—
the same in an inert medium.

solid solutions in which the hydrogen concentration is higher. Accord-
ing to the data given in [4.40], the y-solutions of hydrogen based on
the Ni-Co alloys containing up to 60 at.% Co undergo the isomor-
phic p; — y, transition accompanied by an abrupt increase in the sol-
ubility of hydrogen (the 7-Py, diagram for the N 1,0C040-H system
is presented in Fig. 4.15). An extrapolation to pure cobalt shows that
for the y-solutions Co-H, the line of this transition on the virtual
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Fig. 4.13. Dependence of the parameters of an hep (e) and fec (y)
metal lattice for Co-H solutions under atmospheric pressure and 7 = —190°C

(resilts of the present paper).
1—e-solutions; 2—y-solutions. The half-filled symbols correspond to the two-

phase (e 4+ y) samples.

I'-Py, diagram should be close to the vertical (Py,)y -y, &~ 6-8 GPa.
Thus, while for Py,>7 GPa the solubility of hydrogen in y-Co is
higher than in e-Co (see Fig. 4.11), the situation will most probably
be reversed at lower pressures. The following pattern for the e — v
transition temperature in cobalt with increasing hydrogen pressure
can therefore be expected: for Py, < 7 GPa, the transition tempera-
ture should initially increase relative to its value in an inert medium
at the same pressure (in other words, the temperature range for the
stability of the e-solutions Co-H should become wider), attain a ma-
ximum value, and then rapidly fall at Py, — (Pg,)y,~y, =~ 7 GPa.
The available experimental data confirm such a trend in the 7, (Pu,)
dependence.

Ni-H. Nickel hydride was first obtained by electrochemical meth-
ods [4.41]. Later, it was also synthesized under equilibrium condi-
tions, i.e. at a high hydrogen pressure [4.42]. At room temperature,
nickel hydride is formed through the isomorphic y, — v, transition
accompanied by an abrupt increase in the solubility of hydrogen in
nickel from n << 0.01 to n &~ 1. Under normal conditions, nickel hy-
dride is unstable and completely decomposes over a period of a few
days.
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Fig. 4.44. T vs. Py, phase diagrams for Ni-H [4.43, 13] (a) and
Rh-H [4.47] (b) systems. .
, 2—pressures corresponding to y; — y, and y, — ¥, transitions respectively;
3, 4—the same (results of [4.53, 114]); 5—Curie points; ¥ and yF represent
the ferromagnetic and paramagnetic phases, respectively.

The 7-Py, phase diagram for the Ni-H system [4.43, 13] is shown
in Fig. 4.14. The values of pressures corresponding to the y; — v,
and y, — v, transitions were obtained from the position of anomalies
on the electrical resistance isotherms (a typical R vs. Py, isotherm
is presented in Fig. 4.12). It can be seen from Fig. 4.14 that the hys-
teresis in the y; = y, transformation declines with a rise in tempera-
ture and completely disappears at 7' > 270° C. In turn, the maximum
solubility of hydrogen in the y,-phase increases while its minimum sol-
ubility in the y,-phase decreases with temperature [4.13], and at
Ter =~ 390°C and (Pm,)er =~ 1.75 GPa, the line of the y; =7y,
phase transformation terminates at a critical point of the liquid-va-
pour type (the coordinates of the critical point are obtained by ex-
trapolating the data for Ni-Fe-H solutions [4.44]).

Nickel is a ferromagnet with its Curie point at T¢ &~ 354° C, and
in the region of existence of the y;-phase on the I'-Py, diagram for the
Ni-H system, an additional curve of Curie points appears [4.43],
above which the y;-solutions are paramagnetic and below which they
are ferromagnetic (the y,-solutions are paramagnetic down to liquid-
helium temperatures [4.45]). A considerable lowering of Curie points
(by ~ 76° C at Py, = 1.25 GPa) for the y,-solutions Ni-H with in-
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creasing pressure is due to an increase in the equilibrium solubility
of hydrogen in nickel, since in an inert medium the Curie point of
nickel rises by about 4° C at P = 1.25 GPa, see [4.46]. The high sen-
sitivity of Curie points to the hydrogen content of the y,-solutions
Ni-H is worth noting: at Pg, = 1.25 GPa and 7 = 270° C, the hy-
drogen concentration in the solution is just n =~ 0.02.

Under atmospheric pressure and at 7' << — 20° C (when the sam-
ples are hindered from exchanging hydrogen with the surroundings),
the maximum solubility of hydrogen in the y,-phase of the Ni-H
solutions amounts to ny,'~ << 0.02. At ny*<<n<<ni™ 0.7,
the samples consist of a mixture of the ;- and y,-phases with compo-

sitions nj>* and ni'", while at P32 << n<< 1.25, the y,-phase is stable
[4.45]. At atmospheric pressure and 7 = — 190° C, the parameter

a for the fcc metal lattice of the y,-solutions Ni-H is approximate-

ly equal to 3.72 A and remains practically unchanged over a wide
range of concentrations (0.7 << n << 1.25). Experimental investiga-
tions have revealed that nickel hydride with n = 1.18 is not supercon-
ducting at temperatures above 1.2 K [4.13].

Ru-H. Ruthenium has an hep lattice. At T = 250° C, the solubil-
ity of hydrogen in ruthenium monotonically increases with pres-
sure and attains the value n &~ 0.03 at Pg, = 9 GPa. The electrical
resistance isotherms for ruthenium in hydrogen and in an inert medi-
um are shown in Fig. 4.7. Under normal conditions, the Ru-H sam-
ples are unstable with respect to decomposition into the metal and
molecular hydrogen.

Rh-H. Rhodium hydride was first synthesized under high hydro-
gen pressure [4.19]. The 7-Py, phase diagram for the Rh-H system
was constructed in [4.47] from a location of abrupt changes in the
electrical resistance isotherms (typical isotherms are shown in Fig.
4.3) and is presented in Fig. 4.14. Our recent measurements have re-
vealed that the y, — y, transition is accompanied by an abrupt in-
crease in the solubility of hydrogen in fcc rhodium from n ~ 0.01
to n~ 1.

The decomposition of the hydride into the metal and molecular
hydrogen begins under atmospheric pressure at 7 > — 100 to
—60° C. At T = — 190 °C, the period of the fcc metal lattice of
rhodium hydride with n = 1.02 4= 0.03 is @ = 4.020 A. A supercon-
ducting transition in rhodium hydride was not observed at tempera-
tures down to 2 K.

Pd-H. Palladium hydride was first synthesized through a direct
interaction of the metal with hydrogen and was fairly widely inves-
tigated even in the 19th century [4.48]. Like nickel, palladium forms
a wide range of interstitial solid solutions with hydrogen on the basis
of an fcc lattice of the metal. The I'-c diagram of the Pd-H system
shows a hump of stratification into the isomorphic y,- and y,-phases

9—-01197
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(depleted and enriched in hydrogen). The parameters of the critical
point are given by T¢ = 292° C, (Pmy)er = 1.97 MPa, and ney =
= 0.25 [4.11]. Above room temperature and at hydrogen pressures
up to 6.7 GPa, other transformations in the Pd-H system do not take
place and the solubility of hydrogen in palladium simply increases
monotonically with pressure [4.12]. Figure 4.12 demonstrates a
typical isotherm for the electrical resistance of the y,-solution Pd-H.
It is interesting to note that while a hydrogen pressure of just 1 kPa
(at room temperature) is sufficient to obtain a Pd-H solution with
n ~ 0.6, solutions with n > 1 cannot be synthesized even at Py, =
= 7 GPa.

During the last decades, the Pd-H system has attracted the atten-
tion of a large number of research workers due to the discovery of the
so-called “55 K anomaly” in the temperature dependence of the spe-
cific heat of the y,-solutions with n < 0.8 [4.49], as well as the dis-
covery of superconductivity in the solutions with » > 0.8 [4.50].
A detailed description and discussion of the results of investigations
in the Pd-H system can be found in the review articles [4.11, 51].

Os-H. This system is completely analogous to the Ru-H system,
the only difference being that at ' = 250° C and Py, = 9 GPa,
the solubility of hydrogen in osmium is about ten times lower than
in ruthenium and constitutes n = 0.003.

Ir-H and Pt-H. Iridium and platinum are metals with an fcc lat-
tice. The concentration of hydrogen in samples obtained by keeping
0.1 mm thick foils of these metals under a hydrogen pressure of 9 GPa
at 7 = 250 °C attained the value n = 0.005. Under atmospheric
pressure and at room temperature, all the hydrogen is liberated from
the samples over a few minutes. It should, however, be noted that the
electrical resistivity of iridium and platinum in hydrogen at 250° C
behaved practically in the same manner as in an inert atmosphere
(see Fig. 4.7). In this respect, it remains unclear whether hydrogen
was actually dissoluted in the bulk of the metal or whether there was,
say, just an adsorption of hydrogen over macroscopic defects in the
course of the experiment.

Ni-Me-H systems. The main body of data on the magnetic proper-
ties of hydrides of transition metals, which are described and ana-
lysed in Sec. 4.4, was obtained from an investigation of the solutions of
hydrogen in the alloys of nickel with Cu, Co, Fe, Mn, and Cr. Hence,
it is expedient to briefly describe the changes introduced in the struc-
ture and phase composition of the solutions as a result of replacing
nickel by these metals.

Nickel forms a wide range of disordered substitutional solid solu-
tions with these metals on the basis of an fcc lattice [4.52]. During
the formation of the Ni-Me-H solutions, hydrogen occupies the inter-
stices in this lattice. Substitution of nickel by other metals leads to a
smooth deformation of the 7-Pg,-c diagram of the Ni-H system, the
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Fig. 4.15. T vs. Py, phase diagrams for the NigCroH syst
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ion is the same as in Fig. 4.14. The dashed lines show the curve for y, — y,
transitions and the Curie temperature line for the system Ni-H [4.43, 1’3]. ¢

critical temperature of stratification into the v,- and v,-phases decr
ing in all cases. By way of an illustratimf 1oi thevgbl:;erved eﬁegigv
Fig. 4.15 sh_ows the variation of the 7-Py, diagram of the Ni-H sys:
tem when nickel is replaced by cobalt and chromium. In particular
it can be seen from Fig. 4.15 that doping by these metals shifts tht;
line of the y, = y, phase transformation towards the region of higher
pressures. The addition of iron has a similar effect on the pressure
of the y, ==y, transformation [4.44, 53], while a substitution of nick-
el by copper [4.54, 55] or manganese [4.56, 57] practically does not
change the position of the line of the y, == Yo transformation on the
%"—PH, diagram. If nickel contains more than ~ 40 at. % Cu, ~ 15 at
'A Fe, or ~ 20 at. % Mn, the critical temperature of phase separatimi
in the correspogldmg Ni-Me-H systems falls below room temperature
and at T > 25° C, the solubility of hydrogen in alloys with a larger
concentration of the doping element becomes a continuous function
of pressure. Investigations of the Ni-Me-H samples, which were pre-
liminarily saturated with hydrogen at high pressures and which were
metastable at atmospheric pressure, showed that at P ~ 0.1 MPa
the cr1tlca! temperature falls below the room temperature at lower
concentrations of the doping metal (for example, a separation into
the v;- and 7y,-phases in the case of Ni-Fe-H solutions [4.58] was
not observed even in Nig,Fe;,-H samples).

The dependences of increase in the volume of an elementary cell
on hydrogen concentration are similar for the v-alloys Ni-Me. Fop

0%
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Fig. 4.16. AV, vs. n dependence for the increase in the volume of
unit cell for fcc metals and alloys.
1—Ni, T'=293 K [4.13]; 2—Ni, T = 293 K [4.115]; 8 and 4—Ni-Fe alloys
with 20 and 67.6 at. % Fe respectively, T = 83 K [4.58]; 5—Fez;NigMn,,,
T = 83 K [4.83]; the dot-and-dash line shows the AV, (n) dependence for pal-
ladium-based alloys at room temperature [4.59].

most of the alloys, these dependences have a common feature: at
n > 0.7-0.8, a decrease in their slope p = (8/dn) AV, (n) is observed.
For example, the slope for the Nig)Fe,, and Nig,, sFeg,.5 alloys changes
from p ~ 9.5 A® for n<< 0.8 to p ~ 2.5 A® for n > 0.8, see Fig.
4.16 (for the sake of clarity, the AV, vs. n dependence for n << 0.8
and » > 0.8 is approximated by straight line segments). A similar
trend was earlier observed for the AV, vs. n dependence for palladi-
um-based alloys [4.59]. The nature of this effect is not yet understood.
Some possibilities for explaining it are opened up by the investiga-
tions of hydrogen solutions in nickel and nickel-based alloys, for
which the concentrations n > 1 has been obtained. Indeed, for n ~
=~ 0.6 and at room temperature, hydrogen in nickel occupies octa-
hedral interstices [4.60] whose number in an fcc lattice is equal to
the number of lattice points. When all these interstices are filled in,
the yp-hydride will have a concentration n = 1. Consequently, y-
solutions with » > 1 must be different in structure as compared to
solutions with # =~ 0.6. The only anomaly in the AV, vs. n de-
pendences for the Ni-H and Ni-Me-H y-solutions at hydrogen concen-
trations up to 1.23 (for the NigyFeyo-H solution) is observed at n ~
=~ 0.8, and it is logical to assume that this anomaly is due to the on-
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set of a structural rearrangement. As to the rearrangement, it may
involve, for example, the occupation of a part of the tetrahedral in-
terstices for n > 0.8, whose number in an fcc lattice is equal to two
per lattice point (although in this case, due to the smaller dimensions
of the tetrahedral pores, the partial volume of hydrogen, character-
ized by the value of B, is more likely to increase than decrease). It
also cannot be excluded that even for n > 0.8, hydrogen continues
to occupy only octahedral interstices whose number per lattice point
increases due to an increase in the number of vacancies in the fcc lat-
tice of the metal for n > 0.8.

In conclusion of this section, it is worth noting that upon
a decrease in temperature even down to 7'<C4.2 K, none
of the investigated samples of nonstoichiometric solid solu-
tions Ni-Me-H revealed an ordering or a separation into phases
of stoichiometric (with respect to hydrogen) composition. Gen-
erally speaking, such phenomena could be expected from the requi-
rement of minimum configurational entropy. This is probably due to
the fact that the corresponding critical temperatures are very low and
thermodynamically equilibrium states are not attained for kinetic
reasons.

4.4, MAGNETIC PROPERTIES
OF METAL-HYDROGEN SOLUTIONS

The 3d-metals of VI-VIII groups and alloys based on these
metals are characterized by the existence of a magnetic order. Ex-
periments have shown that in the case of transition metals, hydroge-
nation does not lead to a unique variation of their magnetic prop-
erties, for example, to a decrease in the temperature of transition to
the magnetically ordered state, which is a dominating trend in the
case of hydrogenation of rare-earth metals [4.61]. On the contrary,
the effects have turned out to be very diverse. In particular, the fol-
lowing phenomena are observed upon hydrogenation of pure metals.

Chromium, which has a bec lattice, is an antiferromagnet with the
Néel temperature 'y = 312 K; the e-hydride CrH,_o; is paramagnetic
down to helium temperatures [4.62, 63]. The low-temperature modi-
fication of manganese (x-Mn) is an antiferromagnet with I'y = 100 K;
in the concentration range of 0.65 < n << 0.94, the e-solutions Mn-H
possess a spontaneous magnetization which increases monotonically
with concentration of hydrogen in the solution, but even at n =
= 0.94 remains very small ( << 0.02-0.05pp per Mn atom at 7 =
= 82 K; up is the Bohr magneton), while the Curie point attains quite
high values T¢ > 280 K [4.27]. Iron with a bcc structure is a fer-
romagnet with ¢ = 1043 K, which has at 77 = 0 K a spontaneous
magnetization o, = 2.22 pp per atom; the e-hydride FeH,. g is also
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a ferromagnet with nearly the same value of 6, = 2.2up per Fe atom
[4.37] and with T¢ > 670 K [4.31, 37]. Dissolution of hydrogen in
the hep modification of cobalt (ferromagnet with o, = 1.72 pp per
atom) leads to a slight decrease in the spontaneous magnetization
(see [4.64], and also Fig. 4.26). Fce nickel is a ferromagnet with 7 =
= 627 K and o, = 0.616 pp per atom. Introduction of hydrogen
causes a decrease in the value of T (see Fig. 4.14) and also lowers the
magnetization g,; in the concentration range 0.7 << n < 1.18, the
yo-solutions Ni-H are paramagnetic at 7> 4.2 K [4.45].

A simple listing of the above facts already indicates that it is, in
any case, not easy to construct a consistent picture of the effect of
hydrogen on the magnetic properties of transition metals, limiting
the study to the properties of Me-H solutions based on the elements
only. In this connection, it was very fruitful to investigate the hy-
drogen solutions in fcc alloys of 3d-metals, and, primarily, in the nick-
el-based alloys. Nickel-based alloys have for a long time been the
subject of intensive experimental investigations, and the large.body
of experimental data accumulated over the years provides an exact
picture of the effect of the doping substitution elements on the magnet-
ic properties of materials (see [4.65, 661). The alloys form a wide range
of continuous y-solutions with hydrogen, which permits a system-
atic investigation of the effect of the addition of hydrogen on these
properties. Finally, the magnetic properties of fcc alloys based on nick-
el are correctly described by the band theory of magnetism, thus
creating a proper base for the interpretation of the effects arising as
a result of hydrogenation.

4.4.1. 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 ex-
change interaction leads to the dependence of the energy of the elec-
trons on the orientation of their magnetic moment which, in the first
approximation, can be represented as the relative shift of the electron
subbands for opposite directions of spins by the energy A = I,
where [ is the effective exchange interaction parameter. Usually, it
is assumed that the Fermi level in transition metals intersects the
overlapping narrow d-band (with a high density of electron states)
and the wide s-band (with a low density of states), the magnetic prop-
erties of the material being mainly determined by the structure of
the d-band and the degree to which it is filled. It should be noted that
in spite of the evident roughness of these approximations, such an
approach permits a quantitative description of the temperature,
field, pressure, and concentration dependences of the macroscopic
magnetic characteristics in the case of fce alloys based on 3d-metals
(see, for example, [4.65-68]).
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The dependence of spontaneous magnetization g, on concentration
at 0 K for fcc alloys of 3d-metals is customarily rep_reseut,ed in the
form of the Pauling-Slater curve (Fig. 4.17) as a function of the aver-
age number Ne of 3d + 4s electrons (present in an isolated atom)
per atom of the alloy. Figure 4.17 shows the experimental values of
o, for Ni-Me alloys serving as a basis for obtaining the solid hydrogen
solutions considered in this paper. )

The following characteristic property of the Pat}hng-Sl_ater curve
is worth noting: the values of o, for the alloys of nickel with cobalt,
copper and iron (for atomic fraction of iron zp,<C 0.6) fall on a
single straight line with a slope dg,/0N® ~ —1.05 pp per electron.
Nickel is well described by the band theory of ferromagnetism, and near
0 K it can be considered as a strong itinerant ferromagnet for which
one half of the d-band (df with spins pointing up) is filled complete-
ly, while the other half (d} with spins pointing down) is only parti al-
ly filled [4.68]. This is shown schematically in Fig. 4.18a. The mag-
nitude of g, is related to the number of electrons with uncompensat-
ed spin, i.e., in this case, simply to the number of holes pj in
the d|-subband, through the relation o, = (1/2)gps P} =~ pspis
since for nickel (and for alloys based on nickel) the spectroscopic fac-
tor g ~ 2.2 ~ 2, see [4.66] (which indicates the smallness of the or-
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of electrons from the virtual impurity bound state d%f to the d;?sd?)%anf Efm:
strong ferro_magnet. € is the energy of states; g+ and ) represent the density
of states with upward and downward spins; %p is the Fermi energy; A = Io,.

bital contribution, i.e. nearly pure spin origin of magnetization i
these materials). The linear dependegce of %0 on N'-’gwith a 210])2»
00¢/0Ne ~ —1ug per electron for the alloys of nickel with Cu, Co,
and Fe are well explained if it is assumed [4.65] that alloying nickel
with thes'e elements (1) does not lead to deformation of the curves for
the density of electron states At (&) and g} (&), only shifting
them_ in energy, relative to one another, as a single entity (this ap-
proximation is called the rigid band approximation for ferromagnets;
the phys!ca] significance of this approximation and the limits of its
applicability are discussed in [4.66]). (2) The alloys remain strong
ferromagnets (with completely filled df-subband). Indeed, in this
case, the changes in ¢, upon doping will stem primarily from the
change in the number of holes in the d|-subband and, hence,

O (*me) & 07 + AZppaye, (4.1)

where AZ = Zy; — Zy, is the difference in the nuclear charges of
nickel and the impurity. This is what as actually observed in ex-
periments.

As can be seen from Fig. 4.17, the behaviour of the dependence of
Gy on V¢ for many alloys deviates from that predicted by the rigid
band model for strong itinerant ferromagnets. For Ni-Fe alloys with
Tpe > 0._63, this deviation is apparently related to the appearance
of a significant number of holes in the d}- as well as in the d}-subbands
[4.70]. The corresponding band scheme is shown in Fig. 4.18b.
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The fact that the spontaneous magnetization may decrease rather
than increase with increasing number of holes in the d-band in itin-
erant ferromagnets with holes in both d-subbands at 7' = 0 K (such
ferromagnets are called weak) can be illustrated in the following man-
ner. Let, as in Fig. 4.18b, #°t (&r) > .4} (ér), where &r is the
Fermi level. Then, with a decrease in the occupancy of the
d-band by electrons, the number of holes in the df-subband will
rise more rapidly than in the d}-subband, and o, = (1/2) gus (p} —
— p}) = ps (p} — pf) will decrease.

The “anomalous” dependences of o, on Ne, like those observed for
Ni-Cr and Ni-V alloys, when the strong deviation from the straight
line with a slope do,/0N® &~ — 1pp per electron appears already at
low concentrations of the doping element, were explained by Frie-
del [4.69] by using the concept of “virtual bound states”. According
to Friedel, when an atom of a4ransition impurity appears in a metal,
the d-level of this atom, which is higher in energy than the bottom of
the conduction band, becomes delocalized. However, in the space of
coordinates and energy there remains a “virtual d-level”, viz. the re-
gion where (1) the amplitude of the spherical component of the wave
function with! = 2 is anomalously large, and (2) this amplitude cor-
responds to the excess charge density, which, being summed over the
entireregion, is approximatelyequal to the charge of the initial bound
d-state (which is 21 + 1 = five-fold degenerate). This virtual level may
split into sublevels with opposite spins due to the intra-atomic ex-
change interaction, if the metal-solvent has a sufficiently narrow con-
duction band (and more so, if it is a ferromagnet).

In the case of nickel, as long as the virtual d®f-sublevel lies below
the Fermi level, alloying will lead to changes as in the rigid band mod-
el for strong itinerant ferromagnets (see (4.1)). This is due to the
fact that screening of the excess impurity charge is mainly ensured
by a part of the d-band with a high density of states at the Fermi lev-
el, i.e. by the d|-subband, the characteristic screening radius being
less than or of the order of the interatomic distance [4.69]. There-
fore, the magnetic moments of the nickel matrix and of the impurity
must be independent of the impurity concentration:

[ Wmatr = const,

Wimp = Mmatr + AZpp.

This leads to the formula (4.1) for the average magnetic moment
n = g, of the alloy.

The larger the difference AZ (i.e. the farther the impurity element
is to the left of nickel in the Periodic Table), the higher the perturb-
ing potential (repulsive in nature) introduced by the impurity. It
may be expected that for a certain value of AZ, this potential will
be Targe enough to take the virtual d®4-state out of the filled half of
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‘the d-band and to shift it in energy above the Fermi level. This sit-
uation is schematically shown in Fig. 4.18¢. The electrons from such
a state pour out into the conduction band and mainly fall into the
d|-subband with opposite spin due to its high density of states at the
Fermi level (dotted line in Fig. 4.18c). The state with I = 2 is five-
fold degenerate. Consequently, when the virtual d5f-level crosses the
Fermi level, five electrons from the states with upward spin go over
into the states with downward spin, thus changing the spontaneous
magnetization by ~ 10 pp. This leads to the following formula
for the average magnetic moment of the alloy:

Go (zme) =~ o) 4 (AZ — 10) ppTae, (4.2)

which is in good agreement with the slopes of the o, vs. Nt depen-
dences for alloys of nickel with chromium, vanadium, and titanium.

Thus, if the impurities are listed in order of decreasing atomic num-
bers, the following picture is observed when Ni is alloyed with oth-
er 3d-metals, Copper, cobalt, iron, and (partially) manganese do
not change the band structure of nickel very much, and over a wide
range of the alloy compositions, the o, vs. 2y, dependences are deter-
mined mainly by changes in the electron concentration Ne. With
alloying by elements with Z << Z¢;, both changes in N¢ and in the
band structure play an important role.

4.4.2, Ni-Me-H Solutions

» Friedel's analysis of the proton screening conditions in
transition metals [4.71] showed that the state of hydrogen in metals
at the beginning of the d-series must be closer to H~, and in metals
at the end of these series, to H*. In recent years, a series of quantum-
mechanical calculations of the band structure of hydrides of 3d-
and 4d-metals, among which the seminal work by Switendick de-
serves special mention [4.72], have been performed. The results of all
the calculations, which were carried out by using different methods
(APW method [4.72-75], model Hamiltonian method [4.76]), with
a different choice of crystal potentials and self-consistent calcula-
tions [4.73, 74, are in good agreement with each other and give for
v- and e-solutions with n<C1 the following pattern for the effect
of hydrogen on the band structure of the metals at the end of the 3d-
and 4d-series of the Periodic Table. A new hydrogen band below the
Fermi level is not formed in such hydrides, i.e the hydrogen states
are actually close to H* and the hydrogen atoms are electrons donors
in the conduction band of the host metal. At the same time, the dis-
solved hydrogen strongly deforms the band structure of the metal,
bot_h the H-Pd and H-H interaction playing an important role.
This deformation, however, has a selective character. The d-type
states, especially in the upper part of the d-band (which is responsi-
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ble for the magnetic properties of a material), change only slightly,
while the energy of the s-states decreases significantly. The latter
leads to an increase in the number of states below the Fermi energy
of the host metal with increasing number of protons in its interstices.
Thus, only a part of the electrons (n &~ 0.4-0.1 electron per proton
for Pd and Ni [4.72]), supplied by hydrogen atoms to the conduction
band, occupies states above the Fermi level, while another part goes
into these additional levels below it. Qualitatively, this effect can
be illustrated with the help of the diagrams shown in Fig. 4.18, as-
suming that with increasing hydrogen concentration in the metal,
the curve for the density of the s-states is shifted down in energy with
respect to the curves for the density of the df- and d|-states. It should
be noted that in view of the high density of the d-states at the Fer-
mi level, nearly all the electrons with energy & > & of the host
metal must occupy just these states, i.e. each hydrogen atom is a do-
nor of n electrons into the d-band of the metal.

Calculations of the band structure of hydrides of transition metals
have explained (in many cases quantitatively) the results of the ex-
perimental investigation of the electron heat capacity, magnetic sus-
ceptibility, photoemission spectra, and other physical properties,
including superconductivity, for a number of Me-H systems (see
(4.72-74, 76, 11]). For the Ni-Me-H solutions, these calculations have
served as a theoretical basis for justifying the use of the “rigid d-
band model” to describe their magnetic properties [4.56]. According
to this model, the change in these properties upon hydrogenation is
mainly caused by the increase in the degree of filling of the d-band of
the host metal, hydrogen being considered as the donor of a fractional
number of electrons 1 < 1 electron per atom to the d-band. It should,
however, be emphasized that such a model is not a direct consequence
of band calculations, since the magnetic properties are also affect-
ed by a variation in the exchange interaction which is not yet pos-
sible to estimate correctly; the strong volume effects accompanying
dissolution of hydrogen in Ni-Me alloys must also be kept in mind.

The diversity of the magnetic properties of Ni-Me alloys make
them convenient model objects for clarifying various aspects of the
influence of hydrogen. We shall now describe the most significant re-
sults of experimental investigations of the magnetic properties of a
number of Ni-Me-H systems and show that the behaviour of these
properties can be unambiguously explained within the framework of
the rigid d-band model.

4.4.2.1. Ni-Fe-H system. Figure 4.19 shows the g, vs. n depen-
dences for y-solutions of hydrogen in nickel [4.45] and Ni-Fe alloys
[4.58]. The y,-phase of Ni-H solutions is paramagnetic at Tr'>42K,
the minimum solubility of hydrogen in this phase at T' << 250 K

being n™" = 0.7 [4.45]. Samples with n < 0.7 consist of a mixture
of y,- and y,-phases, while their magnetization is proportional to the
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Fig. 4.19. Dependence of the spontaneous magnetization o, at

I' =0 K and under atmospheric pressure on the hyd i i
- . - 0
Ni-Fe alloys with different iron contents [4.58). ¥R OReRaon

At. % Fe: 1—0; 2—10; 3—20; 4—40; 5—60: 6—66.1; 7—
show the o, (n) dependences for alloys with 66.1 and 67.

67.5. The dashed lines
by using tﬁe relation (4.4.3). g,

loys ; 5 at. % Fe, calculated
Is given in pp/atom of the Ni-Fe alloy.

conten{;; of t}llle Yi-phase with o, (73,"") &~ oM. A separation into
Y1~ and y,-phases was not observed in hyd i i i-
i, Wi%h et ydrogen solutions in Ni-Fe
The first thing that draws attention in the ¢

! 1 o vs. n dependences for
the alloys with 0.1 << 2, << 0.6 is the presence of a linear section for
n << 0.8 and devmtlm} from linearity for n > 0.8. It should be re-
called that the composition na 0.7-0.8 is singular for all investigated
y-solutions of hydrogen in nickel- (and palladium-) based alloys:
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the nature of the AV, vs. n dependences changes for n > 0.8 (see
Fig. 4.16). The reasons behind the appearance of this anomaly are
not clear, so it is expedient to confine the discussion to the magnetic
properties of Ni-Fe-H solutions with n << 0.8. The values of the slopes
d0,/0n obtained with a linear approximation to the experimental
g, vs. n dependences at n < 0.8 for alloys containing <C 60 at. %
Fe, decrease monotonically and nearly linearly in absolute magnitude
with increasing iron content in Ni-Fe alloys (and, correspondently,
with decreasing electron concentration N¢ of these alloys) from
~0.6ug per H atom for zp, = 0.1 to ~0.4py per H atom for
Lre = 0.6.

Ni-Fe alloys with zp << 0.6 are strong itinerant ferromagnets.
It should be noted that as long as the ferromagnet remains strong
(i.e., at T = 0 K, holes are present only in its d}-subband), the value
0o o< p| = p, viz. the total number of holes in the d-band. So,
0, is independent of the change in the exchange interaction and of
the deformation of the bands if it does not cause a change in p.
In the rigid band approximation (“proton” model), the hydrogena-
tion of such ferromagnets should, therefore, lead to a decrease in
their magnetization with a slope dor/dn ~ —1ipg per H atom. If,
as a result of hydrogenation, holes appear both in the d|- and df-
subbands, this will cause a decrease in o, with | da,/dn | > | dot/dn |,
since the lowering of o, due to filling of the d}-subband by the hydro-
gen electrons will be supplemented by the effect of the transfer of
the electrons from df-subband to d}-subband. For hydrogen solu-
tions in Ni-Fe alloys with zz, << 0.6, the slopes | doy/dn | =~ 0.5 us
per H atom are less than | dof/on |. It is reasonable to ascribe this
to the changes in the band structure of the Ni-Fe alloys occurring
upon hydrogenation and accompanied by an increase in the number
p of holes in the d-band. In the framework of the rigid d-band model,
the experimental values of do,/én may be explained by considering
hydrogen as a donor of a fractional number of electrons n = 0.5
electron per H atom to the d-band of Ni-Fe alloys.

Let us go back to Fig. 4.19. A comparison with Fig. 4.17 shows
that for all Ni-Fe alloys with zy, << 0.675, the concentration depen-
dences of o, with the introduction of hydrogen into the alloys and with
the substitution of iron by nickel are similar: for a certain concentra-
tion, o, attains its maximum value oPa* =~ 1.86-1.9uy per atom,
and then begins to decrease. The similarity between ¢, vs. n depen-
dences for the alloys with 66.1 and 67.5 at. % Fe and the g, vs. 2y, de-
pendence in the Ni-Fe system is even more complete, as can be shown
in the following way. For alloys with zy, <C 0.6, the magnetization
decreases linearly both when Fe is replaced by Ni and when the
hydrogen concentration is increased. Following [4.58], let us intro-
duce for each specific Ni-Fe alloy with zp, << 0.6, the coefficient &,
relating the changes in the composition of the binary Ni-Fe alloys
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the hydrogen concentration in the alloy increases with pressure
(right up to n~1 at Py, =51 GPa and I =T; of the
Nig, sFegq.5-H solution at this pressure). This results in a significant
deviation in the T vs. Py, dependence from that in an inert mediun
toward higher temperatures.

Assuming that the correspondence established by formula (4.3)
between o, of alloys with and without hydrogen is also valid for T¢
and (d7¢/dP)y,, we get the following relation for Ni-Fe-H solu-
tions:

Tc(Pu,) =Tc(xpe—En) + (ES%F%ZE'L)) . Pu,.  (4.4)

The values of T (Pg,) for the Nig, sFeg, 5-H solutions, calculat-
ed in [4.58] by using formula (4.4), are shown in Fig. 4.20 by solid
triangles and are in good agreement with the experimental depen-
dence. It was also shown in [4.58] that the relations (4.3) and (4.4)
satisfactorily deéscribe the behaviour of the T¢ vs. Py, dependence
for the non-Invar Nig,Fe,, alloy as well,

Thus, over the entire investigated concentration range 0.1 <<
< zre < 0.675 for the Ni-Fe alloys, the o, (z) and o, (Azg,) de-
pendences, as well as the T¢ () and T¢ (Azp,) dependences are
similar and, in addition, have the same similarity factor §. Formally,
this can be represented as a similarity in the dependences of o,
and T¢ on electron concentration upon hydrogenation and upon
replacement of Fe by Ni, respectively. The coefficients of such sim-
ilarity, ¢ = (Zni — Zre) £ = 28, will then give the “effective”
number of electrons supplied by hydrogen to the conduction band
of the metal. The existence of this similarity for Ni-Fe alloys with
zre > 0.6, which are weak itinerant ferromagnets (i.e. which have
holes both in the d}- and d{-subbands at 0 K), is a strong argument
in favour of the fact that in fairly wide ranges of concentration, the
rigid band model is a good approximation for describing the magnetic
properties of all fcc Ni-Fe alloys as well as the fact that the rigid
di{]and model can be used for hydrogen solutions based on these
alloys.

4.4.2.2. Ni-Co-H system. In [4.40], we have investigated hydrogen
solutions in fcc Ni,oCoso and Ni,oCog, alloys which are strong itiner-
ant ferromagnets. As in strong itinerant Ni-Fe ferromagnets with
zpe < 0.6, dissolution of hydrogen in these alloys decreases o
and Tc. The linear approximation to the experimental oo vs. n
dependences for n << 0.8 gives slopes day/on = —0.76pg and
—0.71pg per H atom for the single-phase Ni,,Cogp-H and
Ni 44Co4o-H solutions respectively, which agrees with the predictions
of the rigid d-band model. An attempt to describe the o, (r) and
T¢ (n) dependences for the Ni-Co alloys with the same coefficients
of similarity & (introduced through relations analogous to (4.3)) did
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Fig. 4.21. Dependence of the spontaneous magnetization g, at
T = 0 K on the hydrogen concentration n in disordered Ni-Mn alloys [4.56]
{I—10, 2—20, 3—30 At. % Mn; 4—values of 0, used for calculating E), and
in the Nig,Cr; alloy (5—results of the present paper). )

not lead to such a good agreement between the calculated and exper-
Imental values of T'¢(Py,) as for the Ni-Fe alloys, but the sign and
order of magnitude of the effect were found to be correct.

4.4.2.3. Ni-Mn-H system. The ¢, vs. 2y, dependence for disordered
fec Ni-Mn alloys is not monotonic (see Fig. 4.17). The spontaneous
magnetization of nickel (V¢ = 10 electrons per atom) is given by
c},\“'m 0.616 pp per atom. Upon substituting manganese for nickel,
0y 1ncreases, attains its maximum value oma® ~ (0.8up per atom
at ryn ~ 0.1, and then begins to decrease [4.66]. The Curie points
decrease monotonically from 627 K for pure nickel to helium temper-
atures for the alloy with 2y, ~ 0.26. The o, (n) dependences ob-
tained by us in [4.56] for hydrogen solutions in disordered Ni-Mn
alloys with 10, 20, and 30 at.% Mn are shown in Fig. 4.24. Just as
in the Ni-H system, a separation into y,- and Ya-phases is observed
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in the NiyoMn,,-H system at atmospheric pressure and T < 150 K.
The y,-phase is paramagnetic at 7' > 4.2 K, and a nearly linear
decrease in o, in the range of hydrogen concentrations 0 << n < 0.7
is caused by the decrease in the content of the ferromagnetic y,-
phase in the two-phase mixture (y; -+ y,) with increasing n. A sepa-
ration of the NigoMn,,-H and Ni,oMngy-H solutions into y;- and
Yo-phases was not observed.

The magnetization of the Ni-Mn-H solutions at room temperature
was also investigated in [4.78] (for samples which were electrolytical-
ly saturated with hydrogen under atmospheric pressure) and in [4.79]
directly under high hydrogen pressure. The results of these measure-
ments are in accord with the data given in [4.56].

A comparison of Figs. 4.21 and 4.17 shows that as for Ni-Fe and
Ni-Co ailoys, the o, (7) and o, (Azyy) dependences for Ni-Mn alloys
are similar. Let us introduce the coefficients { = AN¢/n relating
the changes in composition and, correspondingly, electron concentra-
tion V¢ in the initial alloys with the changes in n leading to identical
changes in 0,. A comparison of the values of o, (r) for NigoMn,,-H
and NigoMng,-H solutions, shown in Fig. 4.21 by diamond-shaped
symbols, with the values of o, (zy,) presented in [4.66] for Ni-Mn
alloys, gives { = 0.81 and 0.48 electron per H atom, respectively.
The o, vs. n curves calculated for these values of £ for the NigsMn,,
and Ni;(Mng, alloys are shown in Fig. 4.21 by solid lines. It can be
seen that they satisfactorily agree with the experimental o, vs. n
dependences.

Thus, the effect of dissolved hydrogen on o, of Ni-Mn alloys is
completely analogous to the effect of substituting nickel for manga-
nese. 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 7'¢, while injection of hydrogen decreases 7. The T vs. n
and 7'¢ vs. Azy; dependences again become similar for the alloy
with 30 at.% Mn: a saturation of this alloy with hydrogen up to
n = 0.85 (the value of o, for this composition of the solution is
indicated by the diamond-shaped symbol in Fig. 4.21) leads to a
monotonic increase in its Curie point to ~250 K, while for the
}\Iiss_ihlnls_ﬁ alloy (which has the same value of 0,), Tc &~ 400 K

4.52].

4.4.2.4. Ni-Cr-H system. Summing up the results described in sub-
sections 4.4.2.1-3, it can be stated that the o, vs. n dependences for
y-solutions based on alloys of nickel with iron, cobalt, and manga-
nese are analogues to the corresponding o, vs. zy; dependences for the
initial binary alloys. Such an analogy also holds for the Curie points,
the only exception being Ni-Mn alloys with 10 and 20 at.% Mn.
An entirely different behaviour of the magnetic properties was observed
in the case of Ni-Cr alloys. A replacement of chromium by nickel
in these alloys leads to the increase both in o, (Fig. 4.17) and T¢

10—01197
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[4.52]. Our measurements have shown that an increase in the hydro-
gen concentration in the y,-phase of the Niy;Crs;-H solution results
in a significant lowering of T (Fig. 4.15), while the y,-phase of this
solution is paramagnetic at I > 4.2 K; see Fig. 4.21 (for n <
< ny." &~ 0.8, the samples consisted of a mixture of y,- and y,-
phases; so, the magnetization of the samples was proportional to the
content of the ferromagnetic vy;-phase). A decrease in o, and Tg
for Ni-Cr alloys containing up to 7 at. % Cr was also observed upon
electrolytic saturation by hydrogen [4.80].

4.4.2.5. Discussion of properties of Ni-Me-H solutions. Earlier,
we discussed in detail one limiting case: hydrogen solutions in strong
itinerant ferromagnets (Ni-Co and Ni-Fe with zp, <C 0.6), when the
concentration dependence of the magnetic properties of the initial
alloys was mainly determined by the degree to which the d-band is
filled and not by its deformation.

The other limiting case, when a change in the alloy composition
strongly deforms the band structure, is realized, for example, for
Ni-Cr and Ni-V alloys. In these alloys, the perturbing potential
introduced by the Cr and V atoms is large enough to shift the virtual
d*4-levels of the impurity atoms above the Fermi level (see Fig. 4.18¢).
The electrons from these states go over into the conduction band,
increasing the degree of filling of the d-states of nickel, which decreases
T and o,. Upon hydrogenation of such alloys, the electrons sup-
plied by the hydrogen atoms will also mainly fill the d-band of nickel
in view of its high density of states at the Fermi level, thus decreasing
T and o,. It is exactly this situation that is observed upon satura-
tion of Ni-Cr alloys with hydrogen. .

Thus, in both limiting cases, the band theory of ferromagnetism
can explain the observed dependences o, (r) and T (r) under the
assumption that it is the degree of filling of the d-band of the metal
by electrons that has a dominating effect on the magnetic properties
upon hydrogenation. The situation is more complicated in the case
of alloys for which the o, vs. Ne dependences deviate from the straight
line with the slope do,/dN¢ ~ —1ugp per electron only for a large im-
purity concentration. Such magnets include Ni-Fe alloys with
zpe > 0.6 and Ni-Mn alloys with zy, > 0.1 (see Fig. 4.17). These
itinerant ferromagnets are weak, i.e. at 0 K they have a considerable
number of holes in the d|- as well as df-subband. The role of band
structure deformation in the o, (zx;) dependences for these alloys is
at present the subject of controversy, especially for the Ni-Fe alloys
which exhibit anomalous physical properties (Invar nature) in this
concentration range. Here the converse is true: the observed analogy
in the behaviour of o, (and of 7 in most cases) with increasing Ni
concentration and with hydrogenation indicates that the magnetic
properties of the initial alloys (without hydrogen) are to be mainly
determined by the degree of filling of the d-band rather than its defor-

4. Synthesis and Properties of New Hydrides 147

mation, over a fairly wide range of concentrations (AN® << ¢ n < 0.5
electron per atom). Indeed, let us assume that for values of N® smaller

i;pan a certain limiting value Nfiy, the deviations from the straight
ine

0y (V&) = oNi 4 (Ve — NY) ps (4.6)

(which describes the behaviour of spontaneous magnetization of
strong itinerant ferromagnets with an fcc lattice) in Ni-Fe and Ni-Mn
alloys are caused by sharp (taking place in the interval ANe < 0.5
electron per atom) and qualitatively different changes in the band
structure. Experiments show that for both groups of alloys, the

effect of hydrogen on o, of alloys with V¢ << Nfi,, is completely
equivalent to the effect of increasing their electron concentration.
This equivalence is illustrated especially clearly by the coincidence
of the maximum values o2 in the o, vs. n dependences for the
solutions Niy, ;Feg, ;-H (Fig. 4.19, omax &~ 1.85up per atom) and
NigoMn,-H (Fig. 4.21, oMax &~ 0.8up per atom) with the maximum
values in the corresponding o, vs. N¢ dependences for Ni-Fe and
Ni-Mn alloys (Fig. 4.17). Consequently, the effect of hydrogen on
the band structure of Ni-Fe alloys is opposite to the effect of substi-
tuting Fe for Ni in Ni-Fe alloys and Mn for Ni in Ni-Mn alloys. In
other words, according to our starting assumption, these two effects
are qualitatively different. This, however, is extremely unlikely:
the entire body of the experimental and theoretical data shows that
hydrogen must slightly deform the d-band of the metals and should
only increase the degree of filling of this band by electrons.

Thus, the analysis of the effect of hydrogen on the magnetic prop-
erties of the Ni-Fe and Ni-Mn alloys leads to the conclusion that
the deviation of the dependences for these alloys from (4.6) is due
not to a sharp change in the d-band structure or in the nature of the
exchange interaction in the region of the “anomalous” behaviour of
the o, vs. V¢ dependences, but at the very least due to the changes
gradually accumulating over a wide concentration range of the order
of the total content of Fe and Mn in the alloys. It should be noted
that the concentration dependence of these changes is much weaker
when nickel is alloyed with iron (in this case, a value ANe =
= (Zny — Zye) 2pe = 2.0 X 0.6 = 1.2 electron per atom is re-
quired for the o, vs. V¢ dependence to begin deviating from (4.6))
than in the case of alloying with manganese (here, AN¢ is equal to
3 X 0.1 = 0.3 electron per atom). Probably, the stronger deforma-
tion of the band structure of nickel when it is alloyed with manganese
rather than iron is responsible for the fact that, in contrast to all
the investigated Ni-Fe alloys, no analogy is observed for Ni-Mn
alloys with 10 and 20 at. % Mn in the change of the Curie points with
the alloy composition and with saturation by hydrogen.

10%
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443.  Fegs(Nij—.Mn,)35-H Solutions

The Fegs(Ni;_oMn,)s; alloys (percent by weight) are a classical
system which has served for many years as a model for investigating
the problems of the competition between ferromagnetic and antiferro-
magnetic ordering in fce metals. These alloys provided a rare opportu-
nity to systematically observe the effect of hydrogen on both types of
magnetic ordering for the same group of objects.

The substitution of Mn for Ni in the Fey4(Ni;_,Mn,)s;; system
decreases the Curie temperature from 7T¢ = 467 K for the Fey;Nig,
alloy to helium temperatures for the alloy containing ~10% Mn.
For higher manganese concentrations, antiferromagnetic ordering
takes place in the system, and the Néel temperature increases mono-
tonically up to I'y = 442 K for the Fey;Mng;, alloy. Both ferromag-
netically and antiferromagnetically ordered alloys exhibit anomalous
physical properties characteristic of Invars (see [4.81, 82]).

Using the technique developed by the authors for compressing
hydrogen to 7 GPa, y-solutions with concentrations up to n ~ 1
were obtained for alloys over the entire concentration range from
Fey;Nig, to FegyMngs [4.83]. The oy vs. n and 7' vs. n dependences
for the Fe-Ni-Mn-H solutions are shown in Fig. 4.22. The following is
observed when the Fey;(Ni,_.Mn,)s; alloys are saturated with hydro-
gen. The Néel temperatures of the antiferromagnetic alloys decrease,
and a ferromagnetic ordering sets in for a certain concentrations n,
of hydrogen. After this, the Curie temperatures of the ferromagnetic
solutions increase monotonically. Therefore, the change in the mag-
netic properties of the Fegg(Ni;_,Mn,)s; alloys as a result of hydroge-
nation turned out to be analogous to their change upon substituting
Ni for Mn (which increases the electron concentration N¢). As shown
in [4.84], the shape of the Mossbauer spectrum of hydrogen-saturated
alloy Feg4eNig;Mn; (atomic percent) also approaches the shape of
the spectrum for the Fey;Nigg alloy.

Let us introduce the similarity coefficients { for the dependences
of the magnetic properties of the alloys with and without hydrogen.
If we assume that the concentration dependence of the magnetic
properties of the pseudo-binary Fegz(Ni;_.Mn,)s;; system, as well
as the dependence of these properties on the hydrogen content of
these alloys, is mainly determined by the change in the degree of
filling of the d-band, then for all these alloys and hydrogen solutions

based on them, one and the same effective concentration N7 of
electrons should exist, at which ferromagnetic ordering sets in.
Assuming that the values of { do not differ much for the investigated
alloys, we get () = 0.7 electron per H atom and N = 8.35 elec-
trons per atom from the equation

Ne + (&) ny = Ny
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Fig. 4.22. Tq vs. n and g, vs. n dependences for hydrogen solu-
tions in fce alloys Fegs (Nij_yMny)gs [4.83‘j. The notation is the same as in Fig. 4.23.

by using the method of least squares and the values of N¢ and ny

given in Table 4.2. The values of N{— N® and {=(N{—N¢)/n; are also
given in this table. It is seen that the sign and the order of magni-
tude of the {’s obtained in this way are in agreement with the as-
sumption that the degree of filling of the d-band plays a dominating
role in the formation of the dependences of the magnetic properties
of the investigated alloys on nickel and hydrogen concentration.

The results of investigations of hydrogen solutions in
Fegys(Niy_xMn,)s; alloys not only confirm the earlier notions about
the nature of the influence of hydrogen on the magnetic properties of
transition metals, but also reveals new aspects of this influence. As a
matter of fact, the magnetic properties of the Fegy(Ni;_Mny)ss
alloys [4.81, 82] and hydrogen solutions based on them [4.83] are
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Table 4.2. Parameters for Hydrogen Solutions in
Fegs(Nij_xMny);; Alloys [4.83]

e 12
Mnwt.% | T, K | Ty, K o gfm li{;agm ng elfa%(,m
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 — 341 7.82 0.53 0.81 0.65
35 — 442 7.62 0.70 0.94 0.74

Remark: Q:(N?-—Ne)fnf: N?=8.35 el/atom in the Fe-Ni-Mn alloy.

well described by the equations of the theory of very weak itinerant

ferromagnetism [4.85). In particular, it follows from these equations
that

Te 1 3vi—v, 172

0y 2k (6r) [ vi—v, ] %0
for weak itinerant ferromagnets (ks is the Boltzmann constant,
J(€r) is the density of states at the paramagnetic Fermi level &r,
while vy, = (™ (€x)/ 9" (€r)). In fce ferromagnets, the Fermi
level seems to pass near the maximum of the density of states curve
" (€) [4.66], which gives v,<C 0. For v, < 0, the values of the
factor in square brackets in Eq. (4.7) depend slightly on the magni-
tudes of the parameters entering into it, changing from 3 for v, = 0
to 1 for v, = — oco. For a parabolic band, this factor is equal to 2.
Thus, the density of states at the paramagnetic Fermi level for a weak
itinerant ferromagnet can be roughly estimated if T and o, are
known:

Te 1

% " V2akp (6r) |

The T vs.'s, dependence for the Fegs(Ni;_xMn,)s, system is shown
in Fig. 4.23. It can be seen that for the investigated samples, the
values of I'c as a function of o, lie nearly on a single curve (in order
to show how strongly the 7'z vs. o, dependences can deviate from
one another for different itinerant ferromagnets, the point for Ni is
indicated in Fig. 4.23 by the diamond-shaped symbol). It follows
from Eq. (4.8) that a common dependence of 7 on g, for all Fe-Ni-
Mn alloys and hydrogen solutions based on them is indicative of a
unique relation between the values of 7 and o, for these materials
and _#° (&r) at the paramagnetic Fermi level.

(4.8)
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is result correlates well with all the facts indicating a weak
derfl;};niation of d-bands and small changes in the dependences of t}&e
exchange interaction as a function of the degree of filling 'of lth(;' -
band, accompanying hydrogenation of fcc nickel alloys, including
the Ni-Fe Invars. Indeed, if the possibility 'of random coincidences
is neglected, several conditions must be satlgﬁed 31mu1tane0us_1y 11]1c
order that the weak itinerant ferromagnets with the same densnéy of
states /' (€p) at the paramagnetic Fermi level have the same Curie
temperatures and the same values of spontaneous magnetlzatmnboveé
a wide range of values of .f° (€r). Firstly, the form of the d- amf
must be the same for all these ferromagnets. Secondly, the Qegre?l '(;
filling of their d-bands must be the same. Finally, the relative s ;li];
of the d{- and d}-subbands, A = Io, must also be the same at
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temperatures, i.e. the effective exchange interaction parameters 7
must be equal. Hence, the data for the Fegg(Niy_xMn,),s alloys shown
in Fig. 4.23 indicate that the change in the magnetic properties
upon substituting nickel for manganese in this pseudo-binary system,
as well as upon a saturation of these alloys by hydrogen, is mainly
due to the increase in the degree of filling of the d-band and, in addi-
tion, the phenomenological coefficients § <1 electron per H atom
for the Fe-Ni-Mn-H solutions are close to the number 1 of electrons
supplied by the hydrogen atoms above the Fermi level.

Such conclusions also provide a certain clarification for one of the
most complicated questions arising in the discussion of the influence
of hydrogen on the magnetic properties of transition metals, namely,
the role of volume effects: the Fegs(Ni,_xMn,),s alloys, just as the
Ni-Fe alloys with zy, > 0.6, are Invars whose characteristic feature
is a strong dependence of the magnetic properties on volume.

The solid line in Fig. 4.24 shows the 0y vs. V¢ dependence for fcc
Ni-Fe alloys under atmospheric pressure. The dotted lines show the
analogous dependences for P — —5 and +5 GPa, calculated by
assuming that o, depends linearly on volume and by using the
experimental values of (1/0,) (96¢/0P),, obtained under hydrostatic
compression [4.46, 86]. For Ne¢ < 9 electrons per atom, the slope
of the o, vs. Ve dependence for P = —5 GPa increases sharply.
For example, when V¢ decreases from 8.9 to 8.7 electrons per atom,
0y increases by ~0.9up per atom. If the itinerant ferromagnet is
strong [and the number of holes in the d-bands of nickel-based fcc
alloys is such that these alloys must become strong ferromagnets
when the magnetization attains the value 0y (V&) ~ ot + (Ne —
— 10) ugl, a change in the degree of filling of the d-band by AN¢ =
= 8.9 — 8.7 = 0.2 electron per atom increases gy by only ~0.2ug
per atom. The increase in o, by the remaining amount ~ (0.9 —
— 0.2) = 0.7up per atom can take place only as a result of an
additional decrease in the number of electrons in the d-band due
to another mechanism, for example, on account of a transfer of
~0.7 electron per atom to the s-band. This is unlikely, since this
number of electrons is comparable to the total number of occupied
states in the s-band.

Thus, in order for the 0o vs. N¢ dependence at P — —5 GPa
shown in Fig. 4.24 to be realized, this pressure must lead to cata-
strophic changes in the band structure (and exchange interaction)
in Invar alloys. The dissolution of 7 ~ 1 of hydrogen in such alloys
causes an increase in the volume that is equivalent to the action of
a negative pressure ~15 GPa and, at the same time, as we have
seen, it slightly changes the shape of the d-band and the dependence
of the exchange interaction parameter on the degree of filling of the
band. It should be recalled that hydrogenation of the Ni-Fe Invars
with 66.1 and 67.5. % Fe does not increase their spontaneous magne-
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Fig. 4.24. Concentration dependences of ¢, or Ni-ngalég]}:s} Thg
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2 represent the curves for P = —5 and -+5 GPa, respectively.

ization beyond the value of"ax &~ 1.9up per atom, the maximum
fralue for gi-Fe alloys without hydrogen (see F'lg. 4.19). S_mc(jl Iélze
compression of Invars leads to a sharp decrease in o, (see Fig. o
curve 2), this suggests that the o, vs. V dependence is asymme tI"lG
with respect to the volume V, under atmospheric presslill'fi. f01‘
V < V,, the magnetization increases with increasing V, W‘l e for
V ~ V,, it reaches a stationary value and subsequently remains
ically unchanged.

prilgtis inferesting :;ghat in contrast to the o, vs. n dependencels;, the
T¢ vs. n dependences for the invegtigated Ni-Fe alloys can etpx-
plained by considering the increase in volume during hydmgﬁna. .103
to be the main effect and by using the 7'¢ vs. V dependences o Lafme

under conditions of compression [4.87, 58]. However, such facts
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like the possibility of describing the T vs. n dependence within
the scope of the rigid d-band model with reasonable values of 7,
and unduly high estimates for values of o, for hydrogen solutions
in Invar alloys while taking into account the volume effects (using
the values of d0,/0V obtained under compression), cast doubts over
the physical content of estimates of the effect of variations of vol-
ume on the Curie temperatures as well.

Summing up the above presentation, it can be stated that the
problem of the role of volume effects in the change in the magnetic
properties of transition metals upon hydrogenation is nontrivial
and is an interesting field for further research.

4.4.4. Applicability of the Rigid d-band Model
for Describing the Magnetic Properties
for Other Me-H Solutions

4.4.4.1. Hydrogen solutions in fcc alloys based on 3d-
metals. The concept of hydrogen as a donor of a fractional number
of electrons in a weakly deformed d-band of the host metal, which
is one of the most significant results of the investigations of magnetic
properties of y-solutions Ni-Me-H, allows at least a qualitative
prediction of the behaviour of these properties for a number of
systems. For example, an increase in n should lower o, and T¢
of strong itinerant ferromagnets (Ni-Cu, Ni-Zn, Co-Fe: for Ni-Cu
alloys, this fact is confirmed experimentally, see [4.88, 89]) and
alloys for which dg,/dN¢ > 0 for low impurity concentrations
(Ni-V, Co-Mn, Co-Cr). Owing to 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 fcc alloys of these metals with
nontransition elements (Ni-Al, Ni-Ge, Co-Sb, etc.) as well, again
lowering 0, and T'c. An increase in o, with hydrogen concentration
should apparently be observed only for those alloys with doy/oNe >
> 0, for which the o, vs. N¢ dependences deviate from (4.6) only
for a large impurity concentration, i.e. this deviation is to a large
extent due to the degree of filling of the d-band (Ni-Fe alloys with
e = 0.6 and Ni-Mn alloys with 2y, > 0.1).
4.4.4.2. Hydrogen solutions in 3d-metals with hcp lattice. A ne-
cessary condition for using the rigid d-band model to describe the
magnetic properties of Me-H solutions is a knowledge of the depen-
dence of these properties on the occupancy of the d-band in the
starting materials (without hydrogen). For fcc metals, such infor-
mation can be obtained, for example, from the g, (Ne) and T'¢ (IVe)
dependences for alloys of 3d-metals closely positioned in the Periodic
Table, whose properties are described well by the rigid band model.
The concentration dependences of the magnetic properties of alloys
with an hep lattice have been investigated to a much lesser extent,
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Fig. 4.25. Concentration dependences of -spontaneous magneti-
zation oy at T = 0 K and of Néel temperatures T'x for the alloys of 3d-metals
that are nearest neighbours in the periodic table.

y—icc alloys; e—hep alloys. I—oy; 2—a5; 3— Ty 4—T5; §—o; for Co-Ni
alloys; 6— Ty, for Fe; 7— Ty for Fe-Mn alloys.

primarily due to relatively narrow intervals of the mutual solubil-
ity of 3d-metals in hexagonal phases. However, for 'N“’ =
electrons per atom, these dependences are apparently similar for
hep and fee alloys. o - '
Indeed, for fcc alloys of 3d-metals closely positioned in the Period-
ic Table, the values of o, as a function of N¢ lie on a single curve
(see Fig. 4.25). With decreasing N® to ~8.8 electrons per atom, g,
increases almost linearly with a slope do,/dN® ~ —up per electron
(Ni-Cu, Ni-Co, and Ni-Fe alloys), reaches a maximum, and then
begins to decrease. For V® & 8.35 electrons per atom, the alloys
become paramagnetic down to helium temperatures. Then anti-
ferromagnetic ordering sets in, and the Néel temperature monotomni-
cally increases up to I'y =~ 440 K at Ne¢ = 7.65 electrons per atom
(Fegs (Nij_Mny)s; alloys). .
As regards the magnetic properties of hcp metals and alloys, it
is known that the o, vs. N® dependence for hep Co-Ni alloys is
nearly linear (segment of the solid line in Fig. 4.25), has a slope
80,/0N® ~ —pugp per electron and is close to the o, vs. V¢ dependence
for fcc alloys [4.90, 91] (the slope do,/dN® =~ —pup per electron
indicates that like the fcc alloys in the same interval of values of
Ne, the hep Co-Ni alloys are strong itinerant ferromagnets). Extra-
polation from the Fe-Ru and Fe-Os alloys [4.92] shows that the
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virtual hep phase of iron (N¢ = 8 electrons per atom) is an anti-
ferromagnet with 7y &~ 100 K (the circle in Fig. 4.25). The hep
Fe-Mn alloys (7.71 << N° < 7.82 electrons per atom) are antiferro-
magnets with 7'y ~ 230 K [4.93] (the horizontal segment of the
solfd line in Fig. 4.25). Sufficiently correct data on the magnetic prop-
erties of I}(:p alloys with 8 << N¢ << 9 electrons per atom are un-
available in the literature. One can, however, expect that in this
Ic'lange c:l}f electfron t(l:on(:ent.ratin:m as well, the o, vs. N¢ and Ty vs. N¢
ependences for hcp alloys are similar
B T e Fie p4'25)-y to those for fcc alloys (the
As is seen from the above, the objects of interest to us from the
point of view of investigating the effect of hydrogen on the magnetic
properties of hep alloys are basically exhausted by cobalt, iron, and
Fe-Mn alloys in which the hep phase is metastable at atmospheric
pressure in the concentration range between 18 and 30 at. % Mn
[4.52]. Thq results of investigations of the o, vs. » dependence for
the e-solutions Co-H are shown in Fig. 4.26. The experimental data
show a considerable spread in values, but the general tendency is
a lowering of spontaneous magnetization with increasing hydrogen
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concentration (at present, we are engaged in a more accurate deter-
mination of the o, vs. n dependence for the e-solutions Co-H and the
investigation of magnetic properties of the y-solutions). This is
exactly how o, should behave upon hydrogenation of a strong itin-
erant ferromagnet according to the rigid d-band model.

If the rigid d-band model is also valid for the e-solutions of hydro-
gen in iron and Fe-Mn alloys, and if our conjectures concerning the
dependence of magnetic properties of these materials on the degree
of filling of the d-band (Fig. 4.25) are true, the dissolution of hydrogen
must convert them from antiferromagnets to ferromagnets. Experi-
ments have shown that this is actually the case. The e-solution Fe-H
for n ~ 0.8 was found to be a ferromagnet with o, &~ 2.2up per Fe
atom [4.37]. At n > 0.4, the appearance of spontaneous magnetiza-
tion was observed for Fe,; (Mn,, ,-H as well [4.94] (the o, vs. n
dependence for these solutions is shown in Fig. 4.26; the investigated
samples were single-phase materials).

It is interesting to note that the results of investigations of Fe-H
and Fe-Mn-H g-solutions, confirming the identical character of the
g, vs. Ne dependences for hep and fce alloys of 3d-metals with
Ne > 8 electrons per atom on the whole, reveal, at the same time,
a certain difference between them (like the one shown in Fig. 4.25).
Indeed, according to the rigid d-band model, the value of o, =~
=~ 2.2up per Fe atom for the e-hydride of iron cannot, as a function
of the effective electron concentration N¢ - nr, lie above the con-
tinuation of the ¢, (IVe) straight line for hep Co-Ni alloys, since for
the alloys having values of 6, lying on this straight line, the holes
must be only in the d}-subband, and hence the magnetization has
its maximum possible value for the given degree of filling of the
d-band. As is easily seen from Fig. 4.25, the maximum of the g, vs.N®
dependence for hep alloys shifts noticeably due to these restrictions
to the left along the Ne¢-axis with respect to its position on the
dependence for fcc alloys (for the e-solutions Fe-H, such restrictions
lead to the condition { < 0.6 electron per H atom, which is a rea-
sonable estimate [4.37]). Further, for the e-solutions Fe,; ¢Mny, 4-H,
ferromagnetism appears for n &~ 0.4. Even if we assume that n =1
electron per H atom for the Fe,, (Mn,, , alloy (the value of n for
the Me-H solutions investigated to date is found to be lower), the
appearance of ferromagnetism in hydrogen solutions on its base
will correspond to the effective electron concentration N¢ 4 nn =~
~ 7.8 + 0.4 = 8.2 electrons per atom, which is less than the
electron concentration N¢ &~ 8.35 electrons per atom corresponding
to the appearance of ferromagnetic ordering in fcc alloys.

Thus, under the above assumptions, we get a consistent picture
describing unambiguously all the available data on concentration
dependence of the magnetic properties of 3d-metals with an hep
lattice and their alloys as well as hydrogen e-solutions based on them.
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virtual hep phase of iron (N¢ = 8 electrons per atom) is an anti-
ferromagnet with 7y &~ 100 K (the circle in Fig. 4.25). The hep
Fe-Mn alloys (7.71 << N° < 7.82 electrons per atom) are antiferro-
magnets with 7'y ~ 230 K [4.93] (the horizontal segment of the
solfd line in Fig. 4.25). Sufficiently correct data on the magnetic prop-
erties of I}(:p alloys with 8 << N¢ << 9 electrons per atom are un-
available in the literature. One can, however, expect that in this
Ic'lange c:l}f electfron t(l:on(:ent.ratin:m as well, the o, vs. N¢ and Ty vs. N¢
ependences for hcp alloys are similar
B T e Fie p4'25)-y to those for fcc alloys (the
As is seen from the above, the objects of interest to us from the
point of view of investigating the effect of hydrogen on the magnetic
properties of hep alloys are basically exhausted by cobalt, iron, and
Fe-Mn alloys in which the hep phase is metastable at atmospheric
pressure in the concentration range between 18 and 30 at. % Mn
[4.52]. Thq results of investigations of the o, vs. » dependence for
the e-solutions Co-H are shown in Fig. 4.26. The experimental data
show a considerable spread in values, but the general tendency is
a lowering of spontaneous magnetization with increasing hydrogen

4. Synthesis and Properties of New Hydrides 157

concentration (at present, we are engaged in a more accurate deter-
mination of the o, vs. n dependence for the e-solutions Co-H and the
investigation of magnetic properties of the y-solutions). This is
exactly how o, should behave upon hydrogenation of a strong itin-
erant ferromagnet according to the rigid d-band model.

If the rigid d-band model is also valid for the e-solutions of hydro-
gen in iron and Fe-Mn alloys, and if our conjectures concerning the
dependence of magnetic properties of these materials on the degree
of filling of the d-band (Fig. 4.25) are true, the dissolution of hydrogen
must convert them from antiferromagnets to ferromagnets. Experi-
ments have shown that this is actually the case. The e-solution Fe-H
for n ~ 0.8 was found to be a ferromagnet with o, &~ 2.2up per Fe
atom [4.37]. At n > 0.4, the appearance of spontaneous magnetiza-
tion was observed for Fe,; (Mn,, ,-H as well [4.94] (the o, vs. n
dependence for these solutions is shown in Fig. 4.26; the investigated
samples were single-phase materials).

It is interesting to note that the results of investigations of Fe-H
and Fe-Mn-H g-solutions, confirming the identical character of the
g, vs. Ne dependences for hep and fce alloys of 3d-metals with
Ne > 8 electrons per atom on the whole, reveal, at the same time,
a certain difference between them (like the one shown in Fig. 4.25).
Indeed, according to the rigid d-band model, the value of o, =~
=~ 2.2up per Fe atom for the e-hydride of iron cannot, as a function
of the effective electron concentration N¢ - nr, lie above the con-
tinuation of the ¢, (IVe) straight line for hep Co-Ni alloys, since for
the alloys having values of 6, lying on this straight line, the holes
must be only in the d}-subband, and hence the magnetization has
its maximum possible value for the given degree of filling of the
d-band. As is easily seen from Fig. 4.25, the maximum of the g, vs.N®
dependence for hep alloys shifts noticeably due to these restrictions
to the left along the Ne¢-axis with respect to its position on the
dependence for fcc alloys (for the e-solutions Fe-H, such restrictions
lead to the condition { < 0.6 electron per H atom, which is a rea-
sonable estimate [4.37]). Further, for the e-solutions Fe,; ¢Mny, 4-H,
ferromagnetism appears for n &~ 0.4. Even if we assume that n =1
electron per H atom for the Fe,, (Mn,, , alloy (the value of n for
the Me-H solutions investigated to date is found to be lower), the
appearance of ferromagnetism in hydrogen solutions on its base
will correspond to the effective electron concentration N¢ 4 nn =~
~ 7.8 + 0.4 = 8.2 electrons per atom, which is less than the
electron concentration N¢ &~ 8.35 electrons per atom corresponding
to the appearance of ferromagnetic ordering in fcc alloys.

Thus, under the above assumptions, we get a consistent picture
describing unambiguously all the available data on concentration
dependence of the magnetic properties of 3d-metals with an hep
lattice and their alloys as well as hydrogen e-solutions based on them.
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It should, however, be emphasized that the applicability of the
proposed model is, for the time being, limited to metals and alloys
whose electron concentration lies in the interval 7.7 < Ne g 9.3
electrons per atom. Beyond this interval, certain effects which
cannot be explained within the scope of the model could be observed.
The spontaneous magnetization observed for the e-solutions Mn-H
[4.27] may serve as an example of this kind. The nature of magnetism
in these solutions is not clear so far and requires further investiga-
tions.

4.4.4.3. Hydrogen solutions in 4d-metal alloys. In contrast to
metals at the end of the 3d-series, 4d-metals do not have properties
which are simply and uniquely related to the degree of filling of
the d-band, which makes if difficult to study experimentally the
problem of the status of hydrogen in solutions based on them. It
can, however, be stated that all available experimental data on the
effect of hydrogen on the physical properties of these metals and
their alloys (electron heat capacity, magnetic susceptibility, shape
of the Massbauer spectra, etc.) can be consistently explained by
treating hydrogen as a donor contributing ~1 electron per H atom
to the weakly deformed conduction band of the metal-solvent. A
detailed discussion of these problems and references to the orig-
inal papers are given, for example, in [4.72, 76, 11, 95).

4.5. Pd-Me-H SYSTEMS.
SUPERCONDUCTIVITY AND PHASE
TRANSFORMATIONS AT HIGH PRESSURE

Soon after the discovery of superconductivity in the
Pd-H solutions with » > 0.8 [4.50], Stritzker [4.96] discovered that
implantation of hydrogen in alloys of palladium with noble metals
(Cu, Ag, and Au) may make them superconductors with critical
temperature 7'y up to 13-17 K, which is much higher than 7', ~ 9 K
attained for the Pd-H solutions [4.51]. Stritzker’s discovery provided
a strong impetus for the development of experimental and theoreti-
cal investigations of superconducting properties of hydrogen solu-
tions in alloys of palladium with various metals (a review and anal-
ysis of the most significant results of these investigations are given
in [4.51]). It should, however, be noted that most of the experimen-
tal results on the superconductivity of Pd-Me-H solutions were
obtained on samples which were saturated with hydrogen under
nonequilibrium conditions (mainly through implantation), since
the equilibrium solubility of hydrogen in the investigated alloys
is not sufficiently high at pressures usually employed for hydro-
genation. Samples obtained by implantation have rather peculiar
properties: hydrogen is contained only in a narrow layer and is.
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distributed nonuniformly along its thickness, the metal lattice is
known 'to be seriously damaged during implantation, and so on.
Using the technique for compressing hydrogen to high pressures,
we were able to synthesize (under near-equilibrium f;ondltlons)
macroscopic hydrogen-saturated samples of several 'palla\'dlum alloys.
We began our investigations with hydrogen solutions in Fhe alloys
of palladium with Cu, Ag, Au, Ni, and Pt, which, according to the
available data [4.51], possess the most interesting superconducting
properties. Already the first experiments on the palladmm—no_ble
metal-hydrogen solutions have shown that the superconducting
properties of homogeneous massive samples may _radlcallyldlﬁer
from those of the samples obtained by hydrogen implantation.
The following is observed during implantation of l1_yd}'oger3 into
the Pd-Cu, Pd-Ag, and Pd-Au alloys [4.96]. For a certain irradiation
dose, the thin (~1500 A) hydrogen-containing layer formed in the
metal becomes superconducting. With further irradiation, 7',

. m =
increases, reaches a maximum value 7T¢» and then begins to de-

crease. In its turn, the dependence of Tt on the concentration of the
alloying element in palladium for each of the ll)inary systems P.d—Cu,
Pd-Ag, Pd-Au is also a curve with a maximum, the maximum
values being 7¢™ = 16.6, 15.6, and 13.6 K respectively, for the
Pd;,Cuys, PdgoAgsy and PdgAuye alloys. The typical T, vs.n
dependence upon hydrogen implantation in the Pd;;Cu,; alloy is
shown in Fig. 4.27. Similar dependences were observed for the
Pd,oAgg-H and Pdg,Au,e-H solutions, the only difference being
in the optimum hydrogen concentration for which the maximum
value of T, was observed (nopt =~ 0.7, 0.8, and 0.9 respectively for
the alloys with Cu, Ag, and Au).

The investigation of the PdgCu,, and PflspAgao alloys (the com-
positions are close to optimum for obtaining the maximum T,
values for hydrogen implantation), satura!,ed‘ with hydrogen at
Py, <7 GPa, showed [4.97] that the PdgCu,e-H squtlfons for
n % 0.6 and at 7' =2 K are not superconducting, wh_lle the I’y vs. »
dependence for the PdgoAg,,-H solutions at n < 1 is close to that
for the Pd-H solutions (see Fig. 4.27)., The Ty vs. n depenglences
for the y-solutions Pdg,Aus-H, PdgAug-H [4.98], and Pdg,Cu,-H
(see Fig. 4.28), saturated with hydrogen at Py, <8 GPa, were
found to be approximately the same as for the Pd-H and Pdg,Ag,,-H
solutions as well, which also disagrees with the data of [4.96].

Thus, our results show that the anomalously high vah}es of 7
obtained with hydrogen implantation in alloys of palladium .w.lth
noble metals are due to the peculiarities of metastable states arising
upon implantation. It should be noted that_ at present thpre is no
unified point of view as to how the alloying of palladium with
noble metals should affect the superconducting transition tempera-
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Fig. 4.27. Dependence of the superconducting transition tempera-
}'.unfa i }?n E:ie gydri)gen concent{ation n.

—for the Pd-H solutions (results of the present paper); 2—for y-solutions
PdgyAg,-H [4.97]; 8—for y-solutions Pdg,Cug-H (results of the pI‘BS;:lt paper);
4—for y'-solutions PdgCuyy-H solutions [4.97'1 (symbols with arrows show that
the samples are not superconducting at I'> 2 K); 5§—for Pd;;Cuy-H solutions
[4.96] (the intervals in which the sample resistance changes from 90 to 10% of
the value of residual resistance of the normal phase have heen indicated). The
dotted line shows the T'; vs. n dependence for the Pd-H solutions [4.51].

ture. For example, according to the theoretical estimates in [4.74,
991, this alloying should increase T';, while the theoretical data
in [4.100] and the estimates made in [4.101] on the basis of the
experimental investigation of the low-temperature specific heat
of nonsuperconducting PdgsAg,,-H solid solutions indicate that this
temperature should decrease. The possibility that the instability
of the crystal lattice (due to a softening of some phonon modes and
a corresponding increase in the electron-phonon interaction constant)
can play an important role in obtaining high 7, upon hydrogen
implantation in palladium alloys with Cu, Ag, and Au was noted
by Stritzker [4.96, 51] who discovered an interesting feature in the
dependence of their 7, on the dose V of implanted hydrogen. For
the Pd-Cu and Pd-Ag alloys with compositions close to optimum
(7% > 15 K), the monotonic rise in 7', with increasing { was some-
times replaced by its sudden fall and vanishing of superconductivity
for T =1 K, while the residual resistance R . decreased discontin-
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1 Fig. 4.28. T; vs. n dependence for y-solutions of hydrogen in the
alloys.

1—PdgCuy, (results of the present paper); 2, 3—PdgAu, and PdgAuy [4.98];
4, 5—Pdy;Ni; and Pdg,Ni,g [4.110]; 6—results for Pdg,Ni,o-H solutions consist-
ing of a mixture of pallacfium—enriched and depleted phases. The arrows at the
symbols and the dashed lines are the same as in Fig. 4.27.

nously by 10-20%. Further increase in1 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 nonsuperconducting phase with a smaller value of R

The above discussion suggests that the appearance of superconduc-
tivity with anomalously high values of T, accompanying implanta-
tion of hydrogen into palladium alloys with noble metals may be
closely related just to the structural peculiarities of these systems.
So, although according to the data available in the literature only
ordinary y-solutions of hydrogen on the basis of disordered metal
lattice must be formed in the Pd-Cu-H [4.102], Pd-Ag-H [4.103, 104],
and Pd-Au-H [4.105, 106] systems, we considered it expedient to
carry out a structural analysis of such solutions. It turned out that
under high hydrogen pressures, the Pd-Me-H systems may actually
undergo new phase transformations which were never observed ear-
lier upon hydrogenation of alloys of group VI-VIII transition metals
and which are followed by a diffusion rearrangement of the atoms
of the metallic matrix.

Pd,Cu,o-H system [4.107]. The study of the isobars of the electri-
cal resistance for the Pd,,Cu,, alloy in a hydrogen atmosphere and

11-01197



162 E. G. Ponyatovsky, V. E. Antonov

in the pressure interval of 0.5-2 GPa showed that an irreversible
phase transition occurs in the samples upon heating above T'* ~
~ 200°C, the resistance of the samples sharply decreasing during
the phase transition. The transition proceeds quite slowly: even
at 350° C, the drift in the resistance continues for tens of hours.
X-ray studies revealed that the metallic sublattice of the Pd 4,Cu,,-H
samples obtained by exposing at 7' = 200°C << T'* under hydrogen
pressure 0.5 << Py, << 2 GPa and having the composition n <C 0.47
retains fcc symmetry and, in addition, the value of AV of the jump
in the unit cell volume of the Pdg4,Cu,, alloy accompanying hydro-
genation agrees satisfactorily with the AV, vs. n dependence pre-
sented in [4.59] (see Fig. 4.16) for y-solutions of hydrogen in palla-
dium and its alloys. The Pdg,Cu,-H samples obtained by exposing
at 200 << 7' <C 350°C (i.e. at 7 > T*) had a metallic sublattice
whose symmetry can be described on the basis of an fct (face-centered
tetragonal) pseudocell (hereafter called the y'-phase) with the axial
ratio 0.94 < ¢/a < 0.97. The hydrogen concentration in these
specimens lay in the range 0.3 < n << 0.5, and the volume per
metal atom was nearly the same as for y-solutions Pdz,Cu,,-H with
similar values of n.

Further investigations revealed that the tetragonal structure of
PdgCuyy alloys was retained even after quenching of y’-samples
in vacuum at 300° C, which led to complete liberation of hydrogen
from the samples. The volume per metal atom decreased in this
case to values close to those for the initial Pdg,Cu,, alloy, while the
tetragonality of the lattice grew. After quenching at 7 > 350° C,
the structure of the alloy returned to the starting fcc one. The return
to the fcc structure occurred also after plastic deformation of the
sample at room temperature. These results show that at atmospheric
pressure and 7' > 20°C, the y’-structure of the PdgCu,, alloys
is not a thermodynamically equilibrium one. At the same time,
the metastability of this structure after complete evolution of hy-
drogen and even a certain increase in its degree of tetragonality
support the proposition that the observed tetragonal distortions are
mainly related not to the possible phase transformation in the
hydrogen sublattice (for example, its ordering), but rather to a re-
structuring of the metal sublattice itself in the Pdg,Cu,,-H solution.

One of the possibilities of such restructuring is atomic ordering.
The presence of wide regions with ordered atomic positioning in 7'
vs. ¢ diagrams is characteristic of the Cu-Pd system as well as a num-
ber of related systems. In particular, ordering in the region of com-
positions close to CuzPd leads precisely to tetragonal distortion
of the fcc lattice of Cu-Pd alloys [4.108, 109]. With ordering of this
type, in addition to the main (structural) lines of the fct lattice,
superstructural lines appear whose position is close to that for
reflections from planes with mixed indices. For y’-samples, in
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addition to the main lines, 11 weak and broad lines were observed,
and mixed indices could be attributed to all of them.

Thus, the results of investigations [4.107] allows us to assert
with quite a high degree of reliability that thg formation e?f the
y'-phase in the PdgCu,o-H system is accompanied by ordering of
the metallic sublattice (although an incomplete one, which is
indicated by the large width of the superstructural llpes compared
to that of the main lines). As regards the superconducting properties
of PdgCu,-H solutions, it is hard to estimate at present the' r_ole
of the instability of solutions with respect to orde?mg in obtaining
anomalously high values of 7. reported in [4.96], since the structur-
al investigations cannot be carried out for the sarqples saturated
with hydrogen through implantation. If hydrogenation of'the sam-
ples is performed under high pressures, superconductivity is absent
at T = 2 K in both the y- and y’-solutions Pdg,Cuyp-H with n << 0.6
(see Fig. 4.27). ) ' '

Pd-Ag-H system. We studied solutions formed on the basis of
the alloys with 20, 50, and 78 at.% Ag at hydrogen pressures up
to 6.7 GPa and temperatures up to 400° C. The Pd;,Ag;-H system
was found to be most interesting. At Py, = 6.7 GPa, phenomena
completely analogous to those occurring in the Pdg,Cuy-H system
were observed for this system. At 7 = 200° G, the system underwent
an irreversible phase transition accompanied by a decrease in _the
sample resistance and a tetragonal distortion of its metal lattice.
Tetragonality of the sample lattice was retained after comp]ste
liberation of hydrogen from the samples by quenching at " ~ 250° C
and disappeared after quenching at 7 > 375° C or a plastic deforma-
tion of the samples without hydrogen at room temperature. The
y'-solutions PdgeAg;-H differ from Pdg,Cuy-H only in that the
lattice of the former has ¢/a << 1. From the analogy_betwecn the
properties of the Pd-Ag-H and Pd-Cu-H systems, it is reasonahl_e
to conclude that as in the PdgCu,,-H system, the new phase transi-
tion observed in the Pd;Ag,,-H system is accompani_ed by order-
ing of the metallic matrix (although superstructural lines were not
observed in the X-ray photographs for the ordered Pd;Ags-H
solutions due to the nearly equal atomic scattering factors for pal-
ladium and silver).

On the basis of the data of resistometric and structural study of
the samples obtained at high hydrogen pressures (see Table 4.3),
the 7 vs. Py, phase diagram was constructed for the PdsgAg50~H
system (Fig. 4.29). Besides the lower limit of the temperature inter-
val for the formation of the ordered y’-phase (whose position is
apparently determined by the kinetics of the process?, the phage
diagram also shows the line of the y” == y transformation which is
the upper boundary of the temperature range for the thelrmodynaml-
cal stability of the y’-solutions. Note that in the investigated range

11*



164 E. G. Ponyatovsky, V. E. Antonov

Table 4.3. Data of X-ray Investigations at Atmospheric Pressure
and T=—190°C for Pd; Ag,,-H Samples Obtained by Exposing for 24
Hours at T and Py, Indicated in Fig. 4.29

No. n a, & e, & ¢/a AV, A
1 0.38 4.042 —_ — L Y
2 0.52 3.995 4,249 1.064 5.5
3 0.50 3.985 4.259 1.069 5.3
4 0.48 3.986 4.2T1 1.073 5.5
5] 0.51 3.985 4.283 1.075 5.7
6 0.44 4,062 - — 4.7
7 0.44 3.987 4,242 1.064 5.1
8 0.44 3.991 4.228 1.059 5.0
9 0.43 3.996 4.217 1.055 5.0

10 0.43 3.989 4.224 1.039 4.9
11 0.44 4.007 4.193 1.046 5.0
12 0.39 4.049 — — 4.1
13 0.29 4.043 — — 3.8

Remark: We draw the reader's attention to the fact that the magnitudes
of parameters for the vy'-solutions PdsAgse-H listed in the table are
not the thermodynamically equilibrium values for given T and Py, since
a 24-hours exposure was obviously insufficient to bring the samples to the
equilibrium state.

of hydrogen pressures, the temperature T’y corresponding to disor-
dering of the Pd;pAgse-H solutions was found to be much lower than
that for the PdgCu,o-H solutions for which 7'y 3> 350° C at 0.5 <<
< Py, < 2 GPa [4.107].

As to the PdgyAgs-H system, only ordinary y-solutions based
on disordered fcc metal lattice are formed in it at Py, << 6.7 GPa
and T <<400°C. According to the data of X-ray analysis, the
Pd,,Ag,s-H solutions (n<C 0.09) also have an fec metal lattice.

The 7. vs. n dependence for the PdgoAg,o-H solutions is shown in
Fig. 4.27. The investigated Pd;yAgs-H and Pd,,Ag,s-H solutions
were not found to be superconducting for 7 = 2 K.

Pd-Au-H system. Investigations of hydrogen solutions in the
alloys with 3, 9, 22.5, 50, and 75 at.% Au showed that at Py, <
< 6.7 GPa and 200 << 7 << 350°C, only ordinary y-solutions on
the basis of disordered lattice of the alloys are formed in the Pd-Au-H
system [4.98]. Thus, if p’-solutions are formed in the Pd-Au-H system
at all, their disordering temperatures is below 200° C.

The dependence of the superconducting transition temperature
on hydrogen concentration in the Pdg,Aus and PdgAug alloys is
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Fig. 4.29. T vs. Py, phase diagram for the PdjAgs;-H system

(results of the present paper).

a—values of the y' ==y transition temperature. The dotted line is the lower limit
of the temperature range in which the y’-phase is formed. The numbers 1 to 13
indicate the conditions for obtaining the Pd;Ags;-H samples for investiga-
tions at normal pressure; data are shown in Table 4.3 (b—y-solutions,
c—y’-solutions).

shown in Fig. 4.29. No superconducting transition was observed
at 7 = 2 K for hydrogen solutions in alloys containing =>22.5 at. %
Au (the maximum hydrogen concentration attained for the alloys
wit}i 22.5, 50, and 75 at.% Au was n = 0.61, 0.25, and 0.03 respec-
tively).

Pd-Ni-H system [4.110]. The alloys with 5, 20, 40, 60, and 80 at. %
Ni were investigated. The measurements showed that at Py, <<
< 7 GPa and T < 250°C, only ordinary y-solutions are formed
in the Pd-Ni-H system, the line of the isomorphic y; == y, trans-
formation shifting monotonically towards higher pressures with
increasing nickel content of the alloys. At 7' > 250° G, the y,-
solutions based on the alloys with 20, 40, 60, and 80 at.% Ni disso-
lute into hydrides of almost pure nickel and of palladium with a few
atomic percent of Ni. The two-phase state of such samples is retained
even after complete removal of hydrogen by annealing in vacuum
at 7 < 350° C. Quenching in vacuum at 7' > 400° C or plastic
deformation of hydrogen-free samples at room temperature returns
the alloys to the starting homogeneous state. Hence, separation
into phases enriched and depleted in palladium is not an equilibrium
property of Pd-Ni solutions themselves under normal conditions.
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It is the triple Pd-Ni-H solutions with a high hydrogen concentra-
tion which are found to dissolute.

Substitution of nickel for palladium leads to a suppression of
superconductivity in the y-solutions Pd-Ni-H (see Fig. 4.28), and
y-solutions based on the alloys with >>20 at.% Ni are not supercon-
ducting for 7 =2 K [4.110]. Actually, it is just the behaviour
of the superconducting properties that one should expect during
alloying with a ferromagnetic metal. An unexpected result was the
absence of superconductivity at I =2 K for solutions based on
the alloys with =20 at.% Ni, dissoluted into palladium-enriched
and depleted phases. This effect might be due to the suppression of
superconductivity in particles of the palladium-enriched phase,
precipitated from the Pd-Ni-H solid solution under the influence
of the surrounding paramagnetic medium (the dimensions of the
particles did not, in any case, exceed 0.5 pm). It is worth noting
here that while the data on the superconductivity of Pd-Ni-H solu-
tions obtained in samples saturated with hydrogen through implan-
tation at helium temperature [4.51] and through electrolysis at
T =~ 200 K [4.111] were in accord with our data [4.110], the hydro-
genation of Pd-Ni alloys at a high hydrogen pressure and room tem-
perature [4.112] led to different results: most of the samples based
on alloys with ~20 and even 43 at.% Ni had rather high values
of 7. Crystal structure of the samples was not investigated in [4.112],
but it is quite possible that samples with 20 at. % Ni might consist
of a mixture of palladium-enriched and depleted phases, and the
palladium-enriched phase was superconducting.

Pd-Pt-H-system. The study of samples based on the alloys with
2.8, 10, 15, 20, 25, 40, and 60 at.% Pt showed that only ordinary
y-solutions are formed in the Pd-Pt-H system at Py, << 6.5 GPa
and 7' << 250° C, the solubility of hydrogen in the Pd-Pt alloys
decreasing monotonically with increasing platinum concentration.
At T = 250° C, solutions based on the alloys containing >>15 at. % Pt
dissolute into the hydride of palladium with a few atomic percent
of Pt and the alloy with composition close to Pd,sPt,; in which
hydrogen solubility at Py, << 6.5 GPa is negligible. After removal
of the hydrogen through quenching in vacuum at 300° C, all the
Pd-Pt samples return to their initial homogeneous state.

Figure 4.30 shows the data on the superconductivity of the
Pd-Pt-H samples. The change in the T, vs. n dependence for the
y-solutions with increasing platinum concentration in the alloys
turned out to be nonmonotonic. The T, vs. n dependence for the
Pdy; ;Pt, s-H solutions is more gently sloping than that for the
Pd-H solutions, and though at low values of n, the Pdy; Pty -H
solutions possess higher values of T, the maximum T, value reached
for these solutions is lower than that for Pd-H. At 7 > 2 K, no
superconductivity was observed for the PdyyPt,,-H solutions with
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Fig. 4.30. Dependence of the superconducting transition ltempem:
ture 7, on the hydrogen concentration n in Pd-Pt alloy containing: 1;2.3.
2—15; 8—20; 4—25 at. % Pt (results of the present paper); 5—2.8 at. % t
(results of [4.113]). Half-blackened symbols refer to the samples in \\"{l‘lﬁ"h a sep,-
aration into palladium-enriched and depleted phases are observed. The arrows
and the dashed line are as in Fig. 4.27.

n < 0.97. Superconductivity reappeared in the Pdg;Pt,;-H and
P(E;PI;N-H soplutions, then vanished again, and the Pd;;Ptys-H,
Pd g Pt,,-H, and Pd,Ptg-H solutions turned out to he nonsuper-
conducting at hydrogen concentrations up to n = 0.92, 0.51, and
0.11 respectively. In general, it should be remarked that the super-
conducting properties of the Pd-Pt-H system are found to be quite
astonishing: our results on the behaviour of 7', differ from the I.'eSll]ts
of 14.51] for the samples with implanted hydrogen (according to
[4.51], T® ~ 9.5 K for the alloys containing <C30 at.% Pt, and
then decreases rapidly), as well as from the data of [4.113] for the
Pdg; ,Pt, s alloys saturated with hydrogen at high pressure and
room temperature (see Fig. 4.30). £ 5

A gratifying result was the discovery of supercgnduchwty in
the two-phase Pd,;Pt,;-H samples (half—blackene(li diamond-shaped
symbols in Fig. 4.30), which is in line with the inference that the
Pd-Pt-H solutions dissolute into palladiumﬂerlrié:hed and depleted
phases at high hydrogen pressure and 7' > 250° C.
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It is the triple Pd-Ni-H solutions with a high hydrogen concentra-
tion which are found to dissolute.

Substitution of nickel for palladium leads to a suppression of
superconductivity in the y-solutions Pd-Ni-H (see Fig. 4.28), and
y-solutions based on the alloys with >>20 at.% Ni are not supercon-
ducting for 7 =2 K [4.110]. Actually, it is just the behaviour
of the superconducting properties that one should expect during
alloying with a ferromagnetic metal. An unexpected result was the
absence of superconductivity at I =2 K for solutions based on
the alloys with =20 at.% Ni, dissoluted into palladium-enriched
and depleted phases. This effect might be due to the suppression of
superconductivity in particles of the palladium-enriched phase,
precipitated from the Pd-Ni-H solid solution under the influence
of the surrounding paramagnetic medium (the dimensions of the
particles did not, in any case, exceed 0.5 pm). It is worth noting
here that while the data on the superconductivity of Pd-Ni-H solu-
tions obtained in samples saturated with hydrogen through implan-
tation at helium temperature [4.51] and through electrolysis at
T =~ 200 K [4.111] were in accord with our data [4.110], the hydro-
genation of Pd-Ni alloys at a high hydrogen pressure and room tem-
perature [4.112] led to different results: most of the samples based
on alloys with ~20 and even 43 at.% Ni had rather high values
of 7. Crystal structure of the samples was not investigated in [4.112],
but it is quite possible that samples with 20 at. % Ni might consist
of a mixture of palladium-enriched and depleted phases, and the
palladium-enriched phase was superconducting.

Pd-Pt-H-system. The study of samples based on the alloys with
2.8, 10, 15, 20, 25, 40, and 60 at.% Pt showed that only ordinary
y-solutions are formed in the Pd-Pt-H system at Py, << 6.5 GPa
and 7' << 250° C, the solubility of hydrogen in the Pd-Pt alloys
decreasing monotonically with increasing platinum concentration.
At T = 250° C, solutions based on the alloys containing >>15 at. % Pt
dissolute into the hydride of palladium with a few atomic percent
of Pt and the alloy with composition close to Pd,sPt,; in which
hydrogen solubility at Py, << 6.5 GPa is negligible. After removal
of the hydrogen through quenching in vacuum at 300° C, all the
Pd-Pt samples return to their initial homogeneous state.

Figure 4.30 shows the data on the superconductivity of the
Pd-Pt-H samples. The change in the T, vs. n dependence for the
y-solutions with increasing platinum concentration in the alloys
turned out to be nonmonotonic. The T, vs. n dependence for the
Pdy; ;Pt, s-H solutions is more gently sloping than that for the
Pd-H solutions, and though at low values of n, the Pdy; Pty -H
solutions possess higher values of T, the maximum T, value reached
for these solutions is lower than that for Pd-H. At 7 > 2 K, no
superconductivity was observed for the PdyyPt,,-H solutions with
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2—15; 8—20; 4—25 at. % Pt (results of the present paper); 5—2.8 at. % t
(results of [4.113]). Half-blackened symbols refer to the samples in \\"{l‘lﬁ"h a sep,-
aration into palladium-enriched and depleted phases are observed. The arrows
and the dashed line are as in Fig. 4.27.

n < 0.97. Superconductivity reappeared in the Pdg;Pt,;-H and
P(E;PI;N-H soplutions, then vanished again, and the Pd;;Ptys-H,
Pd g Pt,,-H, and Pd,Ptg-H solutions turned out to he nonsuper-
conducting at hydrogen concentrations up to n = 0.92, 0.51, and
0.11 respectively. In general, it should be remarked that the super-
conducting properties of the Pd-Pt-H system are found to be quite
astonishing: our results on the behaviour of 7', differ from the I.'eSll]ts
of 14.51] for the samples with implanted hydrogen (according to
[4.51], T® ~ 9.5 K for the alloys containing <C30 at.% Pt, and
then decreases rapidly), as well as from the data of [4.113] for the
Pdg; ,Pt, s alloys saturated with hydrogen at high pressure and
room temperature (see Fig. 4.30). £ 5

A gratifying result was the discovery of supercgnduchwty in
the two-phase Pd,;Pt,;-H samples (half—blackene(li diamond-shaped
symbols in Fig. 4.30), which is in line with the inference that the
Pd-Pt-H solutions dissolute into palladiumﬂerlrié:hed and depleted
phases at high hydrogen pressure and 7' > 250° C.
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4.6, CONCLUSION

As is seen from the results described in this paper, the
technique for compressing hydrogen to high pressures turned out to
be quite a valuable tool for investigating the metal-hydrogen systems.
With the help of this technique, over a relatively short period of
time, hydrides were obtained for most of the group VI-VIII transi-
tion metals which were earlier considered to form no hydrogen-
saturated phases. The crystal structure and composition of these
new hydrides were studied and the diagrams of phase transforma-
tions were constructed. It seems now that there are no transition
metals which do not form hydrides at all, and one can expect that
a further extension of the pressure range will result in the injection
of considerable amounts of hydrogen even in metals like tungsten,
osmium, iridium, and platinum, the most inert metals with respect
to hydrogen.

The possibility of varying the hydrogen concentration in 3d-met-
als of VI-VIII groups over a wide range led to a lot of new experi-
mental results which helped in constructing a systematic picture
of the effect of hydrogen on the magnetic properties of transition
metals. An analysis of the accumulated experimental data shows
that all the observed effects stem primarily from the increase in the
degree of filling of the weakly deforming d-band of the metal-solvent
by electrons, the hydrogen supplying a fractional number of elec-
trons (n<<1 electron per proton) to the d-band (the rigid d-band
model). It is worth mentioning that the concept of the hydrogen as
a donor of a fractional number of electrons to the d-band of the
metal-solvent agrees with the theoretical calculations carried out
by other authors on the band structure of the hydrides of transition
metals.

The study of the Pd-Me-H solutions showed that homogeneous
thick samples saturated with hydrogen under pressure and in near-
equilibrium conditions do not reveal anomalous superconducting
properties which were earlier observed in the experiments on hydro-
gen implantation. Therefore, the unusual behaviour of 7, for the
Pd-Me-H solutions obtained by implantation is not a property of
the equilibrium solutions but is due to the peculiarities of the
metastable state of thin and defect-saturated hydrogen-containing
layers formed in the process of implantation. The fact that the
Pd-Me-H solutions obtained by implantation possess considerably
higher values of 7, as compared to those for the equilibrium solu-
tions throws a new light on the possibilities of improving the super-
conducting properties by using various metastable states of a mate-
rial, including an adjustment of its defect structure.

An interesting result of our investigations of the Pd-Me-H systems
is the discovery of new phase transformations accompanied by
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a diffusion rearrangement of atoms of the metal matrix and occurring
at comparatively low temperature. The discovery of such transfor-
mations is yet another convincing proof of the extremely strong
influence of hydrogen on the interatomic interaction and diffusion
mobility of the metallic components of the hydrogenated alloys.

Thus, the new experimental results obtained with the help of
the high pressure technique have significantly contributed toward
clarifying the important problems concerning the physical status
of hydrogen in transition metals and the processes that can occur
when the alloys of transition metals interact with hydrogen in the
state of enhanced activity, i.e. with hydrogen compressed to high
static and dynamic pressures, hydrogen in strong electrolytes, and
hydrogen plasma.
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5 Dislocations and Physical Properties

of Semiconductors

Yu. A. Ossipyan

5.1. INTRODUCTION

The main concepts about the influence of dislocations
on the electric properties of semiconductors are based on the model
in which a dislocation chain is treated as a line of atoms with dangling
chemical bonds. These atoms may capture electrons from the con-
duction band or, conversely, give away unpaired electrons to other
centres, thus acting as acceptors or donors. Consequently, the dislo-
cations in semiconductors possess an electric charge. This leads to
a sharp anisotropic change in the carrier mobility upon introduction
of dislocations into a crystal. Investigations of the energy spectrum
of electrons directly involved in dislocation states are also of consid-
erable interest. It is found that these electrons account for such
properties of plastically deformed semiconductors as dislocation
electric conductivity and dislocation EPR.

All this indicates that the electron properties of semiconductors
with dislocations are quite different from the properties of defect-
free crystals.

However, the electron-dislocation interaction in semiconductors
is not confined to just these properties. It has been experimentally
shown that the state of the electron subsystem and its variation have
a considerable effect on the movement of dislocations under the
action of mechanical loads, i.e. on the strength and plasticity of
semiconductors. This has been confirmed by the discovery of photo-
plastic effect, electroplastic effect, dislocation current and disloca-
tion luminescence, and several other effects during the last few
years. The essence of these phenomena lies in the fact that when an
electron subsystem is excited by light or an electric field, the dislo-
cation levels as well as the levels of other local centres are occupied
nonuniformly by the electrons. Under these conditions, an excess
electric charge is created on the dislocations, thus ensuring the
hardening of the crystal. A moving dislocation sweeps the electrons
from the local centres into the conduction band. It is the return of
these electrons to lower energy states that causes dislocation lumi-
nescence.

In this review, we shall be considering both the above-mentioned
aspects of the electron-dislocation interaction. We shall present
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