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The behavior of the spontaneous magnetization o, at O°K and of the parameter of the fec metal
sublattice at B3’K was investigated for solutions of hydrogen with the atomic ration H/Me=Z 1 based on
the Ni-Fe series of fcc alloys. The dependence of the Curie point T, = T,(Py,) was determined for the
67.5 at.% Fe Invar alloy in the range Py, <50 kbar. Samples of Me-H were prepared by quenching
after exposure of an investigated alloy foil to hydrogen at pressures up to 70 kbar.

PACS numbers: 75.50.Bb

An isomorphous y, — v, transition takes place in
.nickel at high hydrogen pressures; here, v, and vy, are
the interstitial solid solutions with low and high amounts
of hydrogen in the fee crystal lattice of nickel.! The line
corresponding to this transition In the T—Py, phase di-
agram of the Ni—H system terminates at a critical point.
Alloying of nickel with iron lowers the critical tempera-
ture.?»3 When the Iron concentration Is in excess of 20-
40 at. %, the solubility of hydrogen in the PH, =B50-70 kbar
range Is a continuous function of the hydrogen pressure
at temperatures above the room value.245:

We studied earlier the influence of the hydrogen pres-
sure up to 20 kbar on the Curie polnt T¢ of nickel b7 of
Ni-Fe alloys containing 5, 10, and 15 at.% Fe (Rel. 2),
and of two Invar Ni—TFe alloys with 64 and 67.5 at.% Fe
(Ref. 4). We also studied’ the influence of disgolved hy-
drogen on the spontaneous magnetization of Fegs (Nij-x-
Mny)y; alloys at the atmospheric pressure.

The present paper reports an Investigation of the
magnetization of hydrogen solutions in disordered fcec Ni—
Fe alloys contalning 10, 20, 40, 60, 66.1 and 67.5 at.% Fe.
The Ni—~Fe~H samples were prepared by quenching to
T < 273K after hydrogen saturation for several hours at
T = 523°K and hydrogen pressures up to 70 kbar. Inthe
case of the 67.5 at.% Fe alloy we obtain the dependence of
the Curie point on the hydrgeon pressure in the range
Py, < 60 kbar. Moreover, we found the dependence of the
parameter of the fcc metal sublattice on the hydrogen con-
tent for solutions of hydrogen in alloys with 20 and 67.5
at% Feat P =1 atmand T = 83%K.

1. PREPARATION OF SAMPLES AND EXPERIMENTAL
METHOD

The alloys were prepared in an argon-filled induc~
tlon furnace from nickel of the NO grade and carbonyl
iron. The resultant Ingots were subjected to homogenizing
annealing at T = 1400°K for 10 h, followed by quenching in
water. They were then cold-rolled into a foil ~0.2 mm
thick, annealed (to remove mechanical stresses) at T =
1400°K for 15 min, and once again quenched in water.
Samples contalning 66.1 and 67.5 at.% Fe were prepared
from the same foll as in Refs. 4 and 5.

The magnetization was determined for samples of
20-30 mg mass, which consisted of 10 x 1.5 mm foil
strips. The magnetization was determined by the induc-

1548 Sov, Phys. Solid State 20(9), September 1978

003B-6664/78/08 1548-06 $02.40

tion method using ~ 0.01 sec magnetic field pulses® at
temperatures from &0 to 220°K. Measurements at hlgh'er
temperatures were prevented by the decomposition of the
Ni—TFe—H samples Into 2 metal and molecular hydrogen,
which occurred at a significant rate beginning from

~ 240K (Refs. 4 and 5).

The Curiepoints T¢ of the alloy with 67.5 at.% Fe
were determined by the differential transformer method
from anomalies of the isobars of the temperatqre depen-
dence of the inltial mapgnetic permeability p; (Ref. 9). A
ring with an outer diameter of ~4 mm cut from the foil

of the investigated alloy was used as the transformer core.

The temperature of the sample was measured with a
Chromel— Alumel thermocouple protected from the action
of hydrogen. The pressure was determined to within

+ 4 kbar and the temperature to within + 15°K. The cor-
rections to the thermocouple readings due to the actlon of
high pressures were ignored.

Methods for preparing Ni—Fe—H solutions metastable
at P = 1 atm by quenching after saturation with hydrogen
at high pressures (up to 70 kbar) were described in Ref.

4, together with the methods used In chemlecal analysis
(to within ~3% for n > 0.02) and x-ray diffraction at atmo-
spheric pressure (use was made of the Co Ko radlation).

2. EXPERIMENTAL RESULTS

Dependences of the Volume on the Hydro-
gen Concentration in Alloys with 20 and
67.5 at.% Fe

Figure 1 shows the results of determlination, at atmo-
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FIG. 1. Dependences AVy= V(n)— V(0) obtained at T = B3°K for the alloys
with different iron concentrations {at.%Fe): 1)20; 2) 67.5.
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FIG. 2. Dependences of the spontane=~
ous magnetjzatlon o, at 0°K and at-
mospheric pressure on the hydrogen
content in the Ni—Fe alloys with dif-
ferent iron concentrations (at.%Fe);
1) 10; 2) 20; 3) 40; 4) 60; 5) 66,1; 6)
67.5. The chain line gives the calcu-
Jlated dependence for Ni.
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spheric pressure and T = 83K, of the dependence AV, =
V(n) — V(0), where V(n) and V(0) are the volumes of the
unlt cells of the N1~ Fe alloys with the hydrogen concen-
tration n and without hydrogen, respectively. The chain
line represents the dependence AVy(n) at T = 293K, satls-
fled well by a number of Me—H solutions with the fce sub-
lattice of palladium (transition metal) and by its alloys
with Ir, Au, Ag, Pt, Cu, as well as by Ni—Cu alloys.!’ We
can see that the dependence AVn) of the Ni—Fe alloy sys-
tem deviates considerably from that given by the chain
line but its nature is the same as for the other alloys
mentloned above: inthe range n < 0.8 the slope g8 =
(8/8n)AVy(n) 1s almost constant (and It amounts to g =~

9.5 A%, whereas in the range n > 0.8 it decreases strong-
ly (to B ~ 2.5 A%). It should be noted that the deviation of
the dependence AV(n) obtalned in the present study from
that given In Ref. 10 Is not due to the difference between
the temperatures (83 and 293°K) at which the measure-
ments were carrled out: the values of AV, for the alloy
with 20 at.% Fe and n = 0.89, measured at 83 and 220°K,
agree within the experimental error of 5(AV,) ~ 0.5 A3,
which is malnly due to the width of the diffraction lines

of the Ni—Fe alloys and solutlons of hydrogen in these
alloys.

Dependence o4(n)

The temperature dependence of the magnetization of
nickel includes the spin-wave and Stoner terms.!! We
may assume that this is also true of our NI—-Fe—H sam-
ples. The spontaneous magunetizations o at T = 0°K found
by extrapolation of the experimental values in accordance
with the laws T2 and T%? agree within the limits of the
experimental error, which ls 5%.
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It is clear from Fig. 2 that In the case of the alloys
with 10, 20, and 40 at,% Fe the zero-point magnetization
o decreases on Increase of n and In the range n £ 0.8 the
dependence o y(n) Is nearly linear, whereas for n > 0.8
there is a small but systematic deviation of o in the di-
rection of higher values. The dependence r(n) for the al-
loy with 60 at.% Fe is nearly llnear up to n = 1. The be-
havior of ¢ In the case of the alloys with 66.1 and 67.5
at.% Fe is more complex. The magnetizatlon o ; of the al-
loy wlith 66.1 at.% Fe depends weakly on the hydrogen con-
centration up to n ~ 0.5 and then begins to fall. The value
of oy of the alloy with 67.5 at.% Fe rises with the hydro-
gen concentration in the range of small values of n,
reaches 2 maximum of ~ 1.85 pp Atom at n ~0.3, and then
decreases monotonically.

Dependence Tc(PH,) for the Alloy wlth
67.5 at.%

Figure 3 gives the results of the determination of the
Curle point of this alloy ag a function of pressure In an
inert medium and in hydrogen. We can see that in an in-
ert medium the Curle point Tc of the alloy at pressures
up to 20 kbar decreases llnearly at a rate (dTg/dP)jy =
—5.06% 0,1°K « kbar (Ref,4), It Is reported in several pa-
pers (see, for example, Ref. 12) that In the case of the
Ni—Fe Invar alloys the dependence T(P) in an Inert me-
dium Is nearly llnear (dashed line in Fig. 3) even at higher
pressures.

The Increase in the hydrogen concentration in the al-
loy on Increase of the hydrogen pressure causes the de~
pendence T¢(Pg,) to deviate from that observed for an in-
ert medium In the direction of higher values of Tg. Inthe
range PH, > 15 kbar the Curle points of the Niy, sstBu 876
H solutlon begin to rise, reaching ~700°K at PH,

50 kbar. The second column of Table I gives the values
of the hydrogen concentration n on the line representing
the Curle polnts of the alloy with 67.5 at.§, Fe at pres-
sures Py = 20, 35, and 51 kbar. The hydrogen content
was determined for samples prepared by quenching after -
heatlng at T = T¢(PH,) for 2 h, which was much longer
than the tlme needed for the saturation of the alloy with
hydrogen to the equillbrium concentration estimated from
the cessation of the time drift of the Curie point of the al-
loy after establishment of the requlired pressure.! Inthe
range of pressures where the solubllity of hydrogen in the
alloy rose most rapldly (~25-35 kbar), the dependence
Tc(Pn,) of the Nig gy5Feq gr5—H solution was also steepest.
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FIG. 4. 1) Slopes dgg/dn In the range n < 0,8 obtained for alloys with <60
at% Fe (compare with Fig. 2); 2) dependence of o, of the Ni—Fe alloys on
the {ron concentration. The values of 3ge/8n and o, are in units of pg/atom
of the Ni—Fe alloy; n {s dimensionless.
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3. DISCUSSION
Spontaneous Magnetization og(n)

It Is clear from Fig. 2 that the zero~polnt magnetiza-
tlon o, of the alloys with < 60 at.% Fe decreases approxi-
mately linearly with n In the range n < 0.8. We recall
that a composition n ~ 0.8 Is distinguished by the fact that,
for all the Interstitlal hydrogen solutions based on the fec
sublattice of the transition metal, there is a change In the
dependence AVy(n) In the range n > 0.8. The reason for
this change I8 not yet clear. It has been suggested that
in the solutions with n > 0.8 the hydrogen begins to occupy
not only the octahedral but also the tetrahedral Interstices
in the investigated metals.”

Flgure 4 gives the slopes Bry/8n found by the least-
squares method in a linear approximation of the experl-
mental dependences o y(n) In the range n < 0.8 for the al-
loys containing <60 at.% Fe. It is clear from this figure
that the values of 185 (/8n! increase monotonically and ap-
proximately linearly on reduction of the iron content of the
alloys. Extrapolation to nickel gives 87,/8n = —0.63 ug*
atom~!, The dependence ¢y (n) with this slope for nickel is
represented by the chainline in Fig. 2. According to the
neutron-diffraction data,! the composition of nickel hy-
dride v, coexisting with the phase v, at atmospheric pres-
sure and room temperature is given by n%'nzln = 0.6 £0.1.

It is clear from Fig. 2 that this composition Is close to the
limlit at which the ferromagnetic order can still exlst. Our
v, samples of Ni—Hwith n = 0.8 are paramagnets at T =
83%. Thus, measurements at lower temperatures are
needed before we can say whether the nickel hydride In
question is ferromagnetic.

Nickel s described satisfactorily by the band ferro-
magnetlsm model.14 Near T = 0%K it can be regarded as
a strong band ferromagnet. The concentration dependence
of 7, of the N1-Fe alloys contalnlng up to 60 at.% Fe Is
nearly linear, agrees with the Slater—Pauling curve, and
has the slope 80 (/8xFe ~ 2.1 pg/atom = 1.05 pp/electron
(see Ref. 15'and also our data In Fig. 4; here, Xpe Is the
atomlc fraction of iron In the Ni—Fe alloy), lL.e., it is de-
scribed satisfactorily by the rigid band model of strong
ferromagnets.

The hydrogen occupying Interstices in the metals at
the ends of the d periods of the Mendeleev table, particu-
larly in the Ni—~Fe alloys, should not form bound states
below the Fermli level and should give up its 8 electron
to the conduction band of the metal,’ Since, as pointed
out above, the Ni~Fe alloys contalnlng ¢ 60 at.% I'e can
be regarded as strong band ferromagnets, the introduc-
tlon of hydrogen considered In the rigld band approxima-
tion gives 80} /8n = —1 pg/atom. It is clear from Flg. 4

TABLE I, Properties of Investigated Samples

that the experimental values of 80 /8n range from —0.6
for the alloy with 10 at.% Fe to —0.4 ug/atom for the al-
loy with 60 at.% Fe,

Consequently, the hydrogen deforms strongly the en-
ergy band structure of the Ni~ Fe alloys, which may be
expected on the basis of the calculations of the energy -
band structures of hydrides of some transition metals,
particularly of nickel and its closest analog, which is
palladium.!”:!® According to these calculatlons, an in-
crease in the number of protons at interstices in these
metals deforms the energy spectrum In such a way that
the number of states below the Ferml level increases and,-
conseguently, only some of the electrons [~ 0.4~0.1 elec-.
trons per proton for Pd and Ni (Ref. 17)] are supplied by
the hydrogen atoms to the conduction band fllling the
states above the Ferml level and the rest fill additional
levele below the Fermi energy. We can see that the sign
and order of magnitude of the slopes 8¢ /Bn obtained for
our alloys are in agreement with these calculations.

The hydrogen dissolved In metals expands consider-
ably the crystal lattice. Since o of the Ni—TFe alloys,
particularly those in the Invar range of concentrations,
is strongly volume-dependent,!® It would be Interestlng
to estimate the role of the volume effect In the change of
o o resulting from the Introduction of hydrogen into these
alloys. We recall that at P < 20 kbar the deviation of the
pressure dependence of the Curie points of the Ni—Fe In-
vars with 84 and 67.5 at.% Fe In the hydrogen atmosphere
from the corresponding pressure dependence in an inert
atmosphere Is mainly due to the volume effects.* There-
fore, we shall assume that at least for n <« 1 we can sep-
arate the volume effect from the total change in oy on in- .
crease of the hydrogen concantrat‘lon. Then, the contrlbu-
tion of the volume changes to the initial slope of the de-
pendences. o y(n) is ’

ey

a3,
W |n=n™

5 ﬂ) A
P W)ln-’*“ Py KV

where k Is the compressibility; V Is the volume of a unit.
cell of the Ni—Fe alloy at T = 0°K; the subscript "In"
denotes an inert medium,

Using the values of oy and g obtained In the present
study and then taking (1/0)(87 (/8P)in from Refs. 20 and
and 21, the compressibility k at T = 288°K from Ref. 22,
and the unit-cell volume V at 288°K from Ref. 23 (reduced
to T = 0K using the thermal expanslon coefficients from
Ref. 24), we find that in the case of the samples containing
0, 40, and 60 at,% Fe the values are BO'DV/ 8n|pn=y = 0.1,
0.3, and 2 pp/atom, respectively. We can see that the
contribution of the volume changes to 8 y/Bnp=, s con-
siderable even for nickel and for the alloy with 40 at.% Fe

TR + TeXp i
= n |pkbar | = | TR, K (TR, XK 8w | % o
ners | 004 | 20 008 | 58 2 60 7 5
0.675 | 0735 | 35 0.43 | 285 90 | a5 | @5 | —
0.675 | 0.99 | 51 0483 | 365 | .0 | 525 | 50 | —
0.4 | 03% | 2.5 | 04 |[—415 | —5 |—120 |—445 | —75

Note: The second column glves the values of nat P, = P from the third column. The

temperature Is T = Tg(Pg,).
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It is of the same order of magnitude as the deviation of
the observed value of 85 /8n from 8o}/ 8n = —1 up/atom.
However, already for the alloy with 60 at.% Fe the value
of 8o V/ 8n is so large that the difference between It and
the experimental value 8o (/8n cannot, In principle, be
compensated even by assumling that the increase In the
electron density alters the magnetizatlon, as In the rigid
band model:

g—:f " ‘)’r ‘f;;' i %‘#—1+2+0v4=1.4p8fﬂ0ﬂ1.

Moreover, there are no grounds for postulating that
the value of 8o yf 8n remalns constant as the hydrogen con-
centration is Inereased, especially as It is known that the
dependence o ((n) for the alloy with 60 at.% Fe Is nearly
linear (Fig. 2).

It follows that even In the n « 1 case the influence of
hydrogen on ¢ of the nickel—Iron alloys cannot be de-
scribed by a sum of two terms associated with changes
In the electron density and in the volume.

Nevertheless, it s possible to introduce some ele-
ments of order and even a semiquantitative deseription
into the chaos of the experimental data resulting from the
above conclusion.

The concentration dependences of the spontaneous
magnetization of the alloys with 66.1 and 67.5 at.% Fe are
baslcally similar when iron Is replaced with nickel (Fig.
4) and when hydrogen 1s introduced (Flg. 2); at some con-
centration the value of o, reaches lts maximum value
of"3% ~ 1,86-1.9 up/atom and then begins to fall. Inthe
case of the alloys with xFe = 0.6 the magnetization de-
creases linearly on replacement of Fe with Ni on Increase
of n. We shall Introduce a conversion factor ¢ relating,
for each specific Ni—Fe alloy with xypg =< 0.6, the values
of n and AxTe:

()
in

Arp, =—-———mn
Tp,

The expression (1) describes simply the experimental
observation that the dependence o (n) of such alloys can
be obtained approximately from o,(xyeg) by a suitable
change of the concentration scale. Fxtrapolation of the
dependence (1) to the alloys with xpg = 0.661 and 0.675
gives £ =~ 0.186 (Fig. 4). If we use this value of £ and as-
sume that the curve o y(Xfpe) reaches is maximum at
XFe = 0.62 (Fig. 4), we find that the posltions of the
maxima of the dependences o y(n) for the alloys with X =
0.661 and 0.675 are, respectively, nf; ~0.1 and njers ~
0.3, In satisfactory agreement with the experimental re-
sults (Fig. 2).

n=—%n, (1)

Dependence Tg(PH,)

If we assume that the relatlonshlp (1) between o of
the alloys with and without hydrogen applies also to T
and (dT q/dP)j,, we can describe the behavior of ATG’&
which Ls the difference between the values of T In hydro-
gen and In an Inert medium at the same pressure (Fig. 3).
If this approach is adopted, we find that AT o(P) conslsts
of two terms, one of which Is

AT(':‘ = % (2pe — ) — .'e (=Fe):
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asgociated with the change In T ¢ due to Introduction of
hydrogen wlithout pressure, and the other Is

=, - )

dP dP

due to the different pressure dependences of the Curie *
points of the alloys with and without hydrogen. The re-
sults of the calculations are glven in Table I. The values
of T of the Ni—Fe alloys are taken from Ref. 25 and the
values of (dT o/dP)in are obtalned from Ref. 26.

It is clear from Table I that the calculated values of
ATG + ATE are in satisfactory agreement with ATEP.
It should be noted that at high pressures the contribution
ATE to AT, + AT is not small and, therefore, the agree-
ment of th Clatter quantity with ATEP conflrms the ap-

plicabllity of Eq. (1) to the dependences of T and of

(AT o/dP)yy, of the Ni—Fe Invars on the hydrogen content.
Consequently, the existence of the relationship (1) allows
us to determine the tendency of change represented by
[dT (n)/dP )iy, which would be very difficult to find ex-_
perimentally.

The lagt column of Table I glves the results of a sim-
flar calculation for a non-Invar alloy with 10 at,% Fe, for
which the depencence TC(PHQ Is glven In Ref. 2. The val-
ues of AT and AT *P were calculated using (dT ¢/dP)1p
taken from Ref. 12, The results (Table I) indicated that
Eq. (1) described satisfactorily the behavior of TC(PHE)
of this alloy as well.

We shall conclude by noting once again the interesting
fact that In the n <« 1 range the behavlor of the dependence
T(n) of the Invars can be described on the assumption
that the main effect of the Introduction of hydrogen ls the
expanglon of the crystal lattlce.! In this case the contribu-
tion of the volume changes to AT ls

dT, in
(d'P ajn KV

AT — '
S 3

(2)

where o Is the llnear expanslon coefflcient of the alloy at

T ~Tg. It is clear from Table I that the value of ATX
calculated using the above expresslon s in good agree-
ment with AT for the alloy wlth 67.5 at,% Fe. The sign
and order of magnitude of ATY, agrees with A'I‘C also of
the alloy with 10 at,% Fe [In tlgla case n Is not small, but,
because the quantities occurring on the right~-band side
of Eq. (2) vary slowly In the range £n ~ 0.1 for this alloy,
the above estimate can be obtained using the values of
(dT ¢/dP)in and k for the alloy with 5 at.% Fe].

It follows that in the range of small values of n the
behavior of the Curle polnts of the ¥ solutions of the Ni—
Fe—H type contalnlng & 10 at.%, Fe Is dominated by the
volume effects. The behavior of the Curle points of these
alloys at high hydrogen concentrations Is, like the be-
havior of oy, more complex. However, the dependences
o), Tcn), and dTg(n)/dP can be described semiquan-
titatlvely using the relationship (1) and the corresponding
dependences of these guantitles on the composition of the
Ni—Fe alloys. It is not yet clear why this relationship
applies. Further Information on this subject can be ob-
talned by Investlgating the magnetic properties of hydro-
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gen solutions In other nlckel-bage alloys.

The authors are grateful to I. A. Potapov and A. I.
Amelin for their help In the preparation of the experl-
ments.
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