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The behaviour of the Curie points at Pg, < 15 kbar and of the magnetization at atmospheric
pressure and 4.2 < 7' 55 100 K is investigated for hydrogen solid solutions on the base of disordered
f.c.c. Ni-Mn alloys containing 10, 20, and 30 at%, Mn. The samples for the magnetization measure-
ments are hydrogenated at Py, < 70 kbar. It is shown that the observed effects may be explained
within the framework of the band theory of magnetism considering hydrogen as a donor of a frac-
tional quantity of electrons.

YV pactBopoB Bomopoma Ha Gaze HeymopsagoueHHHX 'K cmiaros Ni-Mn, comepsamux
10, 20 1 30 at9% Mn, mccaegoBaHo moBefenue Todek Hiopm npu Py, < 15 kbar n na-
MarHMYeHHOCTH IIpH aTMocdepHOM paBieHun u 4,2 < T < 100 K. O6pasusl gjisa us-
MepeHMA HaMAarHW4eHHOCTH HACHIIAJM BomopomoM npu Py, < 70 kbar. ITorasaHo, 4T0
HabumonaeMble d9QQeKTh MOryT GHITh 00BACHEHH B paMKaxX 30HHOI TepOMM MarHeTHsMa,
eCJIM CYMTATH BOMOPOI MOHOPOM APOOHOro Yyciia 2j3eKTPOHOB,

1. Introduection

The effect of hydrogen on the magnetic properties of the Ni-Fe [1], Fegs(Nii_,Mn,)s;
[2], and Ni-Co [3] v-alloys (with f.c.c. crystal lattice of the metal) turned out to be
similar to that on changing the composition of the starting samples towards the enrich-
ing with the elements having a greater number of 3d -+ 4s electrons. Since the depend-
ence of the properties of most of these alloys (at least of Ni-Co and Ni-Fe non-invar
alloys) upon composition is determined mainly by the electron concentration [4], the
results of [1 to 3] allowed a qualitative description of the magnetic properties of the
mentioned Me—H solid solutions with hydrogen considered as a donor of a fractional
quantity of electrons [2, 3].

As has been noted in [3], the calculations of the band structures of y-hydrides of
some transition metals [5 to 8] may serve as a basis for such a description. These cal-
culations indicate that although the rigid band model cannot be used to describe the
Me-H solid solutions, the changes of the states of d-symmetry of the host metals under
hydrogenation are considerably weaker than those of sp-states. At the atomic ratio
H-to-metal » <1, no new (hydrogen) electronic band is formed below the Fermi
energy, an increase of hydrogen content in the metal resulting in an increase of the
degree of occupation of d-states, while it is the d-band structure and the degree of its
occupation that mainly determine the magnetic properties of transition metals.

The available experimental evidence makes it possible now to consider the more
involved case of hydrogen solid solutions in Ni-Cr and Ni-Mn alloys, where the com-
position dependence of the magnetic properties is strongly affected by the changes of
the band structure [4]. Hydrogenation of the Ni-Cr vy-alloys containing < 7 at%, Cr
has been shown to lower the Curie points T and the spontaneous magnetization g,
at T = 0 K [9]. The Ni-Mn-H solutions have been studied in [10, 11] at temperatures
close to room temperature. The present work is devoted to the investigation of the.
behaviour of Ty and o, of Ni-Mn-H solid solutions based on the disordered f.c.c
Ni-Mn alloys containing 10, 20, and 30 at%, Mn. On the grounds of the data of [1 to

1) Chernogolovka 142 432, Moscow district, USSR.



674 V. E. Antonov, I. T. BeLasH, and V. (. THIESSEN

3, 9] and the present work, a description of the dependence of magnetic properties of
Me-H +-solutions based on transition metals and their alloys upon hydrogen concen-
tration has been proposed within the framework of the band theory of ferromagnetism.

2. Experimental

The ingots were melted in an induction furnace under an argon atmosphere from elec-
trolytical nickel and manganese. After a 6 h homogenization at 1400 K and water
quenching, these ingots were rolled into thick sheets =~ 0.5 mm. Then the sheets were
subjected to stress-relief annealing at 1400 K for 3 min, quenched in water to obtain
the disordered state at normal conditions [12], and chemically etched to the thickness
of = 0.2 mm. The samples were prepared from this foil.

Alloying of nickel with manganese lowers the kinetic stability of Me-H solid solu-
tions in regard to the desintegration into metal and molecular hydrogen [10]. In our
case, the solutions on the base of the alloy with 30 at%, Mn began to lose hydrogen
with noticeable rate at temperatures beyond = 170 to 220 K (at room temperature
the samples completely decompose in about 3 min). Hydrogenation of the samples
was conducted by several hours exposure under hydrogen pressures up to 70 kbar
and T' = 520 K with subsequent quenching down to 150 K [3].

The magnetization was measured with an accuracy of 89, at normal pressure in
a pulsed magnetic field H < 45 kOe by the induction method [13] in the temperature
range 4.2 to 100 K, the pulse duration being = 0.01 s. The Curie points of the alloys
under high pressure were determined by the differential transformer method [14, 3]
by controlling the position of the anomalies of the temperature dependence curve of
the initial magnetic permeability py(7) with an accuracy of +3 K in an inert medium
(silicon) and 45 K in hydrogen. At pressures up to 20 kbar the experimental errors
did not exceed +1 and +3 K in temperature and 4-0.2 and 0.5 kbar in pressure,
in an inert medium and in hydrogen, respectively. Then the measurements were per-
formed in hydrogen, the thermocouple (chromel-alumel) and the manganin wire
gauge were protected from direct exposure to hydrogen.

The hydrogen content in the Me—H samples was measured with 5%, error by collect-
ing the released hydrogen to a scaled glass vessel (silicon being expelled from the
vessel) at atmospheric pressure and room temperature.

3. Results
3.1 Phase T-Py, diagram of the Ni-Mn-H system

In nickel under high hydrogen pressure the isomorphic transition v, 2 v, [15] occurs
whose line in the T'-Py, diagram terminates in a critical point with the coordinates
620 < Ty <700K, 16 < (Pg)a < 19 kbar [16, 17]. Alloying of nickel with man-
ganese results in lowering 7', to room temperature at =~ 18 at9, of Mn [18], solubility
of hydrogen at 7' = 298 K thus becoming a continuous function of pressure in alloys
with a greater manganese content.
Fig. 1 shows the electric resistance isotherms for the alloy with 10 at9%, Mn at
a step-wise increase and decrease of hydrogen pressure. At every point presented in
Fig. 1 the sample was exposed for a time Ar up to the termination of the resistance
drift R(t) caused by the diffusional nature of the formation of Ni-Mn-H solid solu-
tions, and the final value of R was plotted in the figure. The characteristic values of
" At were of the same order of magnitude as in the Ni-Fe-H system [16]. It is scen
from Fig. 1 that at 423 K there are well Jocalized resistance jumps of the B(Py,) iso-
therms corresponding to the vy, — v, and vy, — v, phase transitions. The transformation
possesses a noticeable hysteresis (= 1 kbar) that points to its first-order nature at
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Fig. 1. Electrical resistance isotherms of the Niy,Mn,, alloy in hydrogen atmosphere. ® — increas-
ing pressure, O — decreasing pressure. R, is the resistance of the sample at normal conditions

Fig. 2. T-Py, phase diagram of the NigyMn - H system. @ pressures of the y, — v, transition,
O Yo — Yo regions of the supercritical anomalies of electrical resistance, W, [ Curie points
at a step-wise increase and decrease of pressure, respectively

this temperature. At 563 K the hysteresis disappears, and the resistance anomaly
becomes more sloping. Further increase of temperature results in a decrease of the
amplitude of this anomly. This kind of behaviour is typical for supercritical resistance
isotherms [16]. A rough estimate yields 7', = (600 + 30) K. The positions of the ano-
malies of the isotherms R(Pg,) are plotted in the 7'-Py, phase diagram Fig. 2. The
obtained curves of y; — v, and v, — v, transformations for the NigMn,,-H system do
not differ strongly from those for the Ni-H system [17].

Note that the 7’.(2um) dependence for the studied system is considerably non-linear:
the rate of Ty decreasing grows with the increase of the atomie fraction yy in Ni-Mn
alloys. For instance, a 10 at%, Mn addition to nickel results in a decrease of the critical
temperature by Ter(0) — T'(0.1) = TN — 600 <5 100 K, while a further 8 at% Mn
addition results in T(0.1) — 7(0.18) ~ 300 K. The 7..(xp.) dependence for the
Ni-Fe-H system has a similar character [16, 19].

3.2 The C'urie points and spontaneous magnetization of Ni-Mn~H solid solutions

The oy{xym) dependence for the disordered f.c.c. Ni-Mn alloys is non-monotonic. For
pure nickel gy(0) =~ 0.606 up/atom; as manganese is substituted for nickel g, grows,
reaches the maximum value 6,(0.1) = 0.8 pgp/atom for 2y, = 0.1, subsequently begin-
ning to decrease [20].

The Curie points steadily decrease from 630 K for nickel to helium temperatures
at xy, = 0.26. The measurements carried out in the present work at P = 15 kbar
have shown that in an inert medium the Curie points of the Ni-Mn alloys with 10
and 20 at?%, Mn approximately linearly decrease with pressure (the dT¢/dP)in values
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Table 1

wun To(K)  oyup/atom) (dTo/dPyin (K kbar™) & ¢
0.1 506 0.80 —0.65 4- 0.2 — —
0.2 353 0.62 —0.30 4+ 0.1 0.27 0.81
0.3 — 0 — 0.16 0.48

& = —Axpp/An, { = AN®/An = 3%

are shown in Table 1. At a high hydrogen pressure, due to the diffusional nature of
the formation of Ni-Mn-H solid solution, time dependences 7T'(7) appeared at a fixed
Py, after a change of pressure. As well as in the case of resistance measuring, the sam-
ples were exposed at each selected Py, up to the termination of the time drift T'(7)
and the final Ty value was plotted in the diagram. The obtained T'y(P,) dependences
for the alloys with 10 and 20 at%, Mn are shown in Fig. 2 and 3, respectively. The
oo(n) dependences for the studied vy-solutions Ni-Mn-H are shown in Fig. 4. As in
[2, 3], the oy and 7' values of Me-H specimens metastable at atmospheric pressure
were obtained using the equations of the theory of very weak itinerant ferromagnetism
[21].
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Fig. 3. Curie point dependence on hydrogen pressure for the NigMn,, alloy. B T'¢ of the starting
samples; A, A data obtained at increasing and lowering pressure, respectively, after initial satura-
tion of the sample with hydrogen at 7' = 420 K and Pj1, = 0.8 kbar; e, O the same for the
sample initially saturated with hydrogen at T' = 420 K and Py, = 4.8 kbar

Fig. 4. Spontaneous magnetization g, at T = 0 K in dependence on hydrogen content n in the
Ni-Mn alloys with A 10, @ 20, 0 30 at% Mn; [ o, values used to calculate & and {; x calculated
values of gy(n), see the text. The magnetization is given in ugp/atom of the Ni-Mn alloy
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3.2.1 NigoMn,»—H solutions

As is seen from Fig. 2, T', of the v, phase of this system steadily decreases with hydro-
gen pressure until the intersection of the Curie point line with the vy, — -y, transition
curve at Py, = 9 kbar, AT = To( Py, = 9 kbar) — T¢(P = 1 bar) being = —100 K.
In an inert medium a pressure of 9 kbar results in lowering the Curie point of the
NigMny, alloy by =~ [(dT¢/dP)|in 9 = (6 £ 2) K (see Table 1). Consequently, the con-
siderable decrease of T observed in hydrogen atmosphere is caused by an increase of
the hydrogen solubility in the vy;-phase of the NigMn,,—H system with increasing pres-
sure. Measurement under high hydrogen pressure indicated that the vy,-phase of this
system is paramagnetic at 7 = 300 K and Py, < 20 kbar.

The hydrogen mobility in Ni-H solutions was shown to be so large that even at
T < 250 K the separation into the v; and y, phases occurs in accordance with the equi-
librium 7-C diagram, the compositions of the phases coexisting at P = 1 atm being
nP¥ < 0.02 and #2™ = 0.7 £ 0.05 [22]. A similar separation should be observed in
solutions based on the NigoMn,,alloy due to their high T, value. Since the temperature
of our Ni-Mn-H specimens at P = 1 atm never exceeded 150 K (see Section 2), the
observed values of n}** and nm‘“ are the equilibrium ones for T' < 150 K, if of course,
the kinetics of the separatlon “allows to approach equilibrium at these temperatures
(note that the n¥™* and 2™ values at normal pressure may differ strongly from those
at high hvdrogen pressure; so, in the Ni-H system, as mentioned above, nn
~0.7 at P =1atm and 7 < 250 K whereas nl™ ~ 1 under nearly equilibrium
hydrogen pressure at room temperature [17, 3]) As will be shown later, in the
NiggMn;—H system the hydrogen mobility seems to be large enough to ensure an eqni-
librium phase composition of the samples at P = 1 atm and T < 150 K.

An X-ray study (P = 1 atm, T = 77 K) has shown the NigpMn,,—H specimens with
n = 0.75 to be single-phase [18], i.e. nIM™ < 0.75. According to the similar study at
P =1atm and 7 = 83 K, the %pemmens “with < 0.5 consist of two phases: pure
metal and hydride. Since hydrogenation leads to an increase of the unit cell volume
Iy of the Ni-Mn f.c.c. sublattice with the slope 8 = (8/0n) Vi, = 10 A3 [18], and
the accuracy of the X-ray measurement was 8V, < 0.3 A3, the observed absence of
volume expansion due to the presence of hydrogen in the vy, phase of the two-phase
specimens with » = 0.5 gives 2™ < 817/8 < 0.03.

The oy(n) dependence at atmospheric pressure for the alloy with 10 at%, Mn is
shown in Fig. 4a. At » < 0.66 (or in theregion of hydrogen contents where the sample
should consist of a mixture of the y, and vy, phases) ¢, approximately linearly decreases
as hydrogen concentration increases. The NigMn,o-H solutions with » = 0.8 do not
possess a spontaneous magnetization in the range of temperatures studied.

Fig. 5. Magnetization isotherms o(H) for some of the
NigoMn,o—H solid solutions. (}) n =0, T = 4.2 K; (2, 3)
n=111, T =42 and 73K; (4,5) » = 0.66, T = 4.2
and 100 K; (6) (o3 3%(H))y, dependence, see the text
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The o(H) dependences for some of the NigMn,,—H samples are shown in Fig. 5. Tt is
seen (curve 1) that the magnetization of the NigMny, alloy at H < 45 kOe does not
depend upon the magnetic field within the experimental error. Within this error the
temperature dependence of the magnetization of the NigMn,, sample is absent, too.
The magnetization of the NigMn,,~H solid solution with hydrogen content #}** should
behave similarly due tothe smallness of the latter value. In particular, since n7** — 0 at
T-0K,39 K =~T,(Pgu,=9kbar)< Ty < T¢(P =1 kbar) =506 K in such a sample
(see Fig. 2). Hence, samples with » = 0.8 for which ¢, = 0 (Fig. 4a) consist of the
v.-phase only. At 0.8 < 5 < 1.11 the paramagnetic sussceptibility of the NigyM0,,—H
solutions weakly depends on hydrogen content. The o-11(H) dependences of the sample
withn = 1.11 at 7 = 4.2 and 73 K are shown in Fig.5 (curves 2 and 3). 1t is seen that
as temperature increases, the paramagnetic susceptibility of this sample decreases,
and in the chosen scale of axses the ¢!''}(H) dependence approaches a linear one (in
this section the subscripts and superscripts of o show the temperature and hydrogen
concentration, respectively).

For the sample with » = 0.66, ¢, 3= 0 (Fig. 4a), the magnetization at 4.2 K is
strongly dependent on the magnetic field (Fig. 5, curve 4). When temperature in-
creases up to = 70 K, this “‘paraprocess’” noticeably decreases, and the further in-
crease of T' (to 130 K) does scarcely change neither the spontaneous magnetization
nor the ¢(H) dependence. Taking into account that under conditions of the experi-
ment n2" > 0.5 > 22 and that g, = 0 at n = 0.8, one should expect the phase
of the nJ:, composition to have T, << 298 K. So, the sample with n = 0.66 is two-
phase. Independent of temperature at T > 70 K spontaneous magnetization of this
sample is caused by the presence of the y;-phase (of n3}** composition), the magneti-
zation dependence on the magnetic field at the same temperatures being a consequence
of the large paramagnetic susceptibility of the y,-phase (of n™ composition). In
order to determine whether the vy,-phase become ferromagnetic below 70 K let us
estimate the magnetization oy,(H) of the part of the specimen with » = 0.66 which is
in the y,-state. At 7 = 100 K (Fig. 5, curve 5), when the v,-phase is known to be para-
magnetic, the spontaneous magnetization of the mixture of the y; and vy, phases is
o0 =~ (680}, = 0.08 ug/atom (extrapolation of the o¥f¥(H) dependence to H = 0
is shown by a dotted line). Since the magnetization of the phase of n7** composition
at T' < 100 K is nearlyindependent of I and 7 (see above), (o(’ﬁ“(H))Y2 =~ ¢g%%(H) —
— o (note, that the sample with » = 0.66 contains only o{i}/06) =~ 0.08/0.8 = 1/10
of they,, phase). The (0:8%(H)),, dependence is shown in Fig.5 with a dash-dotted line
(curve 6). Extrapolation of this dependence to H = 0 using equations [21] yields
(042)y, = 0. Thus, at atmospheric pressure the v,-phase of the NigyMn,—H solution
(as well as the y,-phase of the Ni-H solution [22]) is paramagnetic at 77 = 4.2 K up

to the boundary composition n2i®

The spontaneous magnetization of the equilibrinm two-phase mixture is a linear
funection of its composition. As it is seen from Fig. 4a, these demands are well fulfilled
for the NigyMn,,—H system. So, the hydrogen mobility in this system is large enough
for the composition of the (y; 4+ v.)-phase mixture to approach near-equilibrium
state even at 7 5 150 K (see above}. An approximation of the experimental depend-
ence gy(n) for the NiggMn~H solutions with » < 0.66 by a straight line (dashed line
in Fig. 4a) yields the value of =~ 0.7 =~ 22" for a hydrogen content at which g, = 0
{due to smallness of ni®*, we ignored the change of ¢, in the region of homogenity of
the v;-phase which does not necessarily follow the dependence shown by a dashed
line). Thus, alloying of nickel with manganese up to 10 at9%, Mn changes weakly both

T (Section 3.1) and nI".
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3.2.2 The NigyMnyy—H solutions

As nientioned above (Section 3.1), at zyy, > 0.1 the critical temperature in the Ni-
Mn-H system rapidly decreases and at xy, = 0.18 reaches room temperature. No
separation into the v, and vy, phases is observed for the samples with ay, = 0.193
at atmospheric pressure even at 77 K [18]. Thus, in the range of temperatures and
pressures used in the present work, hydrogen must form a continuous series of solid
solutions with Nig,Mn,, and Ni,Mny, alloys.

The behaviour of the Curie points of the alloy with 20 at%, Mn under high hydrogen
pressure is shown in Fig. 3. In contrast to the alloy with 10 at%, Mn (Fig. 2), hydro-
genation at this alloy may result in irreversible changes of 7. The starting Nig,Mn,,
alloy has Ty = (353 + 3) K. Rapid heating at Py, = 0.8 kbar up to 420 K with ex-
posure at this temperature for 30 min to saturate the sample with hydrogen up to
the equilibrium value resulted in an increase of its Curie point up to =~ 370 K (triangles
in Fig, 3). A similar procedure at Py, = 4.8 kbar resulted in an increase of 7' up to
~ 420 K (circles in Fig. 3), the anomaly of the py(7") dependence corresponding to T'q,
becoming greatly stretched in temperature. On further step-wise increase of pressure
with steps of =~ 1 kbar, the Curie points steadily decreased in both cases. On lowering
the pressure, the Curie points fell approximately to the same curves as for pressure
increase and did not return to the 7'y values of the starting alloy. Such a phenomena
had not been observed before on studying hydrogen solutions in Ni [17], Ni-Fe
[16, 24], Ni-Co [25, 3], and Ni-Mn alloys with 10 at%, Mn (see Fig. 2).

The Curie points of the Ni-Mn alloys may undergo a drastic change at plastic
deformation of the samples. For instance, rolling of the sample with 20 at9%, Mn at
roon: temperature from a thickness of 0.2 to 0.08 mm resulted in a decrease of T from
353 to 317 K. The detected increase of T’y on the initial rapid saturation of this alloy
with hydrogen is apparently associated with just the crystalline structure defects
formed during this process (introduction of » = 0.7 of hydrogen into the Ni-Mn alloys
produces an = 189%, increase of their volume [18]). An increase of the Curie points
of our alloys might have been caused by their ordering [12]. However, this possibility
should be excluded, since after the exposure of the specimens which were used to
obtain the data shown in Fig. 3, to room temperature and atmospheric pressure for
several weeks their Curie points returned to the initial value of T, = 353 K, the
latter would have been impossible in the case of ordering (no additional hydrogen was
given off from the specimens). It should be noted that the possibility of irreversible
changes of magnetic properties of transition metal alloys on hydrogenation shown in
this work makes one to treat with care the results of the experiments with Me-H
samples obtained using electrochemical techniques, i.e. under the conditions which
are known to be non-equilibrium and hardly controllable ones.

So, if we discard the effects associated with the irreversible changes of T, the
increase of hydrogen concentration, as is seen from Fig. 3, results in lowering of the
Curie points of the NigMn,—H solutions to room temperature already at Py, <
=< 10 kbar. The sample saturated with hydrogen to n = 0.91 at pg, = 70 kbar and
T =520 K had T = 100 K at atmospheric pressure. Thus, the Curie points of the
NigyMn,,—H solution steadily decrease with hvdrogenation.

The irreversible changes of T observed for the alloy with 20 at%, Mn are not
accompanied, however, by such changes of ¢, exceeding the measurement error. It is
seen from Fig. 4a that on hydrogenation of this allov o, increases, reaches its maxi-
mum value of =~ 0.82 ug/atom at n = 0.37, and begins to decrease. A similar change
of g, for the Nig,Mn,, alloy also occurs on substitution of nickel by manganese: o,
increases to = 0.8 up/atom at @y, = 0.1, subsequently decreasing to of' = 0.606
uypfatom [20].
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Thus, similar to the previous observations for hydrogen solutions in the Ni—Fe [1],
Fegs(Niy_Mn),,; [2], and Ni-Co [3] alloys, an increase of hydrogen concentration in
the NigMn,, alloy results in the same change of g, as the increase of the content of
an element with a greater number of 3d -+ 4s electrons. Following [1 to 3], we introduce
the coefficients § = —Axys/An and { = AN¢/An connecting the changes of compo-
sition and, respectively, N¢ concentrations of the 3d -+ 4s electrons per atom of the
starting alloy, with the changes of » resulting in the same changes of o, (in the case
of the Ni-Mn alloys { = 3£). Then for the position of the maximum of the gy(n)
dependence for the NiggMny—H solution ([] in Fig. 4a) we have £ =~ 0.1/0.37 ~ 0.27;
{ = 0.81. Assuming that & does not depend on #, we obtain » = 0.2/ = 0.74 for the
composition of the solution for which o, = o3. The obtained point is marked with
a cross in Fig. 4a and agrees with the experimental dependence gy(n) for the alloy
studied.

It may be relevant to note here that the monotonous decrease of the spontaneous
magnetization on hydrogenation of the Nigg7Mnig3 alloy at temperatures close to
room temperature [10, 11] does not contradict the gy(n) dependence for the NigMny,
alloy found in the present work (Fig. 4a). In fact, according to our data an increase
of hydrogen content in the NigMny,—H solution should lead to a decrease of the Curie
point and, consequently, to a reduction of the spontaneous magnetization at room
temperature due to an increase of the relative temperature 7'/T of the measurement.
As is seen from Fig. 2 and 3, T of this solution should drop below 300 K at Py, <
=< 10 kbar in good agreement with the data of [11].

3.2.3 NiygMngy-H solutions
The Ni,Mng, alloy is paramagnetic at T = 4.2 K. As is seen from Fig. 4b, the intro-
duction of hydrogen leads to its ferromagnetic ordering. At n = 0.9, o, of the Ni,yMngy-
solution reaches values close to the maximum ones in the Ni-Mn alloys, the Curie
point growing to = 250 K. Similar to the case of the alloy with 20 at%, Mn, hydro-
genation of the samples with 30 at%, Mn results in irreversible changes of their
magnetic properties, the effect being strongly dependent both on the conditions of
the Ni,Mng—H solution preparation, and on the conditions of their decomposition
into metal and molecular hydrogen. For instance, after a complete release of hydrogen,
the samples sometimes possessed a spontaneous magnetization g, <€ gy(n) disappearing
after exposing them for several days to normal conditions. The occurrence of irre-
versible changes of g, on hydrogenation allows to consider the data shown in Fig. 4b
as only semiquantitative estimates.

Assuming the mean value of ¢, of the four samples grouped close to n = 0.85 in
Fig. 4b, to be the g, for the NiMng—H solution of this concentration (7] in Fig. 4h)
and taking into account that it is the Ni-Mn alloy with 16.5 at%, Mn which has such
a value of spontaneous magnetization [20], we obtain & =~ (0.3 — 0.165)/0.85 = 0.16.
The g,(n) values calculated using this value of & on the basis of the oy(2mn) dependence
for the Ni-Mn alloys [20] are marked with crosses in Fig. 4b, and a continuous
curve is drawn through them. As is seen from the figure, the experimental g, values
do not contradict the caleulated g,(n) dependence. Thus, in this alloy the effect of
hydrogen on o, also turns out to be similar to that on the substitution of manganese
by nickel. Moreover, in the case of the Ni,Mng, alloy, as well as in the case of the
Ni-Fe [1], Feg(Ni; - ,Mn,)s; [2], and Ni-Co [3] alloys, such an analogy (if only by the
order of magnitude) also takes place for the T's(n) dependence. In particular, on
hydrogenation of the NiMng, alloy up to n = 0.85 (the o, value for this composition
of the solution is marked by [] in Fig. 4b), its Curie point steadily increases up to
Ty =~ 250 K, and the Nigz sMnyq.5 alloy (which has the same value of g;) shows a T’
as high as =~ 400 K [12].
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4. Discussion

The experimental data show that the go(n) dependences for all the investigated Ni-
based Me-H solid +y-solutions except for the Ni-Cr—H [9] are similar to the correspond-
ing oy(xy;) dependences for the starting alloys. Such a similarity among the T'y(n)
and Ty(xxi) dependences is violated already for the Ni—Cr alloys as well as for the
Ni-Mn alloys with 10 and 20 at%, Mn (see Section 3.2). It will be shown below that
the band theory allows to give at least a qualitative account for the behaviour of the
oo(n) and T(n) dependences for all the investigated Me-H systems considering
hydrogen as a donor of a fractional quantity of electrons.

4.1 Strong itinerant ferromagnets

The assumption [2, 3] that the effect of hydrogen on the magnetic properties of -
alloys of transition metals may be described by considering the increasing degree of occu-
pation of the d-states of the starting metal as the main effect, was based on the fact that
in the case of Ni-Fe [1], Feg(Ni; —,Mn)z, [2], and Ni—Co [3] alloys this effect is similar
to that on enriching the starting alloys with the element having a greater number of
3d + 4s electrons. This, in its turn, suggests that the magnetic properties of the
studied alloys (without hydrogen) in sufficiently wide ranges of composition are
mainly determined by their electron concentration, N®.

The latter assumption is to be true in the case of the Ni—Co alloys and Ni-Fe alloys
containing 5 60 at%, Fe. In fact, near 7 = 0 K nickel can be considered as a strong
itinerant ferromagnet [26], one half of its d-band (d4 with spins up) being completely
filled and the other (d | with spins down) only partially. On alloying nickel with cobalt
or iron, gy approximately linearly increases with concentration, in agreement with the
Pauling-Slater curve, and has a slope 80,/0N® =~ —1 pg/electron [27). This is precisely
the behaviour which should be expected if alloying does not result in a change of the
band structure of the metal, only decreasing the degree of oceupation of its d|-subband
(i.e. the rigid band model for strong itinerant ferromagnets is valid). Note that in the
rigid band approximation hydrogenation of these alloys would lead to 8cf/on =
= —1 ugfatom. The experimental values of 80,/0n deviate noticeably from 0dcf/on
and amount to —0.6 to —0.4 ug/atom for the Ni—Fe alloys containing 10 to 60 at%, Fe
{11, —0.76 and —0.71 pg/atom for the Ni-Co alloys with 30 and 60 at?%, Co [3]. Thus,
hydrogen essentially distorts the metal band structure. According to the band struc-
ture calculations [5 to 8], an increase of the number of protons in interstitial sites of
transition metals lowers the energy of the states of sp-symmetry resulting in an
increase of the number of states below the Fermi energy and, therefore, only a part
of electrons (0.4 to 0.1 electron/proton for Pd and Ni [5]), supplied by hydrogen atoms
into the conduction band, populates the states above the Fermi energy, the rest
occupying the mentioned additional states below it. For strong itinerant ferromagnets
this yields 0 > 86y/6n > —1 pgfatom, 1 > > 0 in agreement with the slopes of
the experimental dependences oy(n) and T'o(n) (1, 3].

4.2 Weak itinerant ferromagnets

The o,(V¢) dependence for the Ni-Fe alloys with zp. = 0.62 [1] Feg;(Ni; _.Mn,)as [2],
and Ni-Mn alloys with xyy, = 0.1 deviates from the Pauling-Slater curve towards
lower g, values [27], the effect being associated probably with the appearance of holes
in the df-subband (e.g. according to [28], holes in both d-subbands of the Ni-Fe
alloys appear at ap. = 0.63). In this case the role of the electron concentration in
changing the magnetic properties appears to be more problematic than in the case
of alloys in which holes exist only in one d}-subband. The situation is rather reverse,
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the similarity of the behaviour of g, (and, in most cases, of 7T'¢) on hydrogenation and
on increase of the nickel content, detected for the in Ni—Fe [1], Feg(Niy_ Mn,),s [2],
and Ni-Mn alloys indicates that in wide ranges of composition (AN® < {npme < 0.5)
the degree of occupation of the d-band, rather than its deformation, mainly determines
the magnetic properties of the starting alloys (without hydrogen). In fact, if the
deviations of the ¢y(N® dependence from the Pauling-Slater one (with the slope
80/,0N¢ =~ —1 pglelectron) were due to different changes of the band structure in the
above alloys, then in each case the effect of hydrogen would be different in principle (in
the Ni-Fe alloys it should be opposite to the effect of Fe, in Ni-Mn and Feg(Ni;_ ,Mn,)s;
opposite to that of Mn), which is unlikely.

Note, however, that the coefficients { may be quite phenomenological and do not
give any estimate of the fraction of electrons supplied by hydrogen atoms above the
existing Fermi level, since these coefficients describe the total effect of hydrogenation
upon the magnetic properties including, in particular, that due to an inecrease of the
alloy volume (approaching = 18% at n = 0.7 [15,18, 1 to 3]). For instance, the
T(F) dependence seems to play a dominant role in 7' varing under hydrogenation
of the Ni-Fe alloys containing more than 10 at%, Fe [1, 24]. The situation with account
of the gy(V) dependence is more involved. In fact, the maximum values ¢, achieved
on hydrogenation approximately equal those for the starting alloys without hydrogen
for Ni-Mn-H and Ni-Fe-H systems (that is, oJ** = 0.8 pg/atom for NiyMn,, alloy
and hydrogenated NigMn,, alloy, see Section 3.2.2., =~ 1.8 ug/atom for NigFey alloy
and hydrogenated alloys containing 66.1 and 67.5 at%, Fe [1]). This is a rather un-
expected result, particularly in the case of the Ni-Fe alloys due to the strong depend-
ence of their o, values upon pressure (and, therefore, upon volume). For instance,
under the assumption that the go(V) dependence is the same on expansion as on
compression, the volume expansion on hydrogenation leads to 86 /8%, —o =3.4 ug/atom
for the Nis; ¢Fegs 1 alloy [2] having the o, value close to the maximum one, whereas
the experiment yields for such a sample dg,/0n =~ 0 up to » == 0.5 [1]. Thus, the gy(n)
dependence for the Ni-Fe alloys behaves so as if at normal presure these alloys have
the maximum values of ¢, possible at a given electron concentration. Unfortunately,
any acceptable theory accounting for the behaviour of the magnetic properties of
invars is absent at present, and any further discussion in this field is still premature.

Another question to be considered in this section concerns the o,(r) dependence for
the NiyMny, alloy. Since the vy, phase of the NigMn,;—H solution is paramagnetic at
n Z 0.7 (Section 3.2.1), and of = 0.8 yg/atom at = = 0 (Fig. 4a), (80y/0n)average
< —od/n =~ —1.1 ug/atomfor thisalloy. Such a large value of |30,/0n|, however, does
not contradict the assnmption that hydrogen atoms supply a fractional quantity
{less than unity) of electrons above the existing Fermi level, since the NigMn,, alloy
itself is not a strong itinerant ferromagnet (in particular, its g, valne lies below the
Pauling-Slater curve [27]). In a weak itinerant ferromagnet large values of [ogy/in]
are possible due to the appearance of holes in the d4-subband in addition to the filling
of the d|-subband.

4.3 Ni~Cr-like alloys

Alloying of nickel with chromium and 3d-elements left of it in the Periodic Table
sharply decreases g, Since the decrease of N® occurring in this case should result in
the opposite effect if the rigid band model is valid, the changes of the band structure
are to determine the behaviour of ¢, of these alloys to a considerable degree.
According to Friedel [4] a perturbation potential introduced into nickel by an
impurity with nuclear charge Z < Z, is repulsive enough to substract a bound state
from the d4-subband and to shift it above the Fermi energy. Such a virtual state will
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empty itself into the conduction band, mainly in the other half of the d-band (with
spins down) because of its high density of states, which results in a decrease of g,
of the alloy. Consequently, the electrons supplied by the dissolving hydrogen will main-
ly fill the d|-subband, too, lowering the magnetization and decreasing the Curie
points. This is the behaviour of o,(n) and T'¢(n) which was observed for the Ni-Cr-H
solid solutions containing 7 at%, Cr in the very good work [9].

As to the Ni-Mn alloys, summarizing the above facts, one can conclude them to
exhibit an intermediate kind of behaviour, their T(xy,) and oy(xun) dependence
being determined by the increase of electron concentration, as will as by the changes
of the band structure. Note that the role of electron concentration seems to increase as
xym increases. For instance, both T« and o, grow on hydrogenation of the Ni,Mns,
alloy in agreement with their dependence for the starting Ni-Mn alloys (Section 3.2.3).

So, hydrogenation should result in a decrease of ¢, and T of the alloys of nickel
and 3d-metals with Z < Z¢,. The same effect should be observed, e.g. on hyvdro-
genation of f.c.c. cobalt alloys with metals with Z <X Zy,,, as the o,(N°) dependences
for these alloys also have a positive slope. Due to the large density of states at the
Fermi level of nickel and cobalt, the electrons supplied by hydrogen will also fill the
d |-subband in f.c.c. alloys of these metals with non-transition elements, again decreas-
ing oy and T'g.

9. Conclusion

The behaviour of g, and 7' of hydrogen solid solutions in f.c.c. alloys of 3d-metals
based on nickel shows that their d-bands considerably weaker deforms on hydro-
genation than the sp-bands, the degree of occupation of the d-bands growing as =
increases. The a,(n) dependences may be qualitatively described by considering hydro-
gen as a donor of a fractional quantity of electrons. Such an approach makes it possible
to predict the behaviour of magnetic properties of a number of Me-H solutions. For
instance, as n grows a decrease of oy and 7' should occur for strong itinerant ferro-
magnets (Ni—Zn, Co-Fe, see Sections 4.1, 4.2; for the Ni-Cu alloys the disappearance
of ferromagnetism on hydrogenation was shown in [30, 31]), for alloys with 8¢,/0N¢ >
> 0 at a low impurity content (Ni-V, Ni-Ti, Co-Mn, Co-Cr, ete., see Section 4.3),
and for alloys with non-transition elements (Ni-Al, Ni-Be, Ni-Sb, etc. see Section 4.3).
An increase of ¢, on hydrogenation should, probably, be observed only for the
Ni-Fe and Ni-Mn alloys (as well as for the alloys based on them, in particular,
Fegs(Nij—,Mn,)s;) in the region of compositions where dg,/6N® > 0.
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