§ Frequency dependence of the function y(w) in a GaP crystal. Points:
atal values; 1) calculation from Eq. (13) assuming A(w) = 03 2)
son from Eq. (13) with A(w) = 0.

) (Fig. 4) increases monotonically with the frequency,
singularities, the curve of y(w) (Fig. 5) has two
,atabout 340 and 355 cm™!, Two maxima are also

in direct measurements® of y(w), but the second of

pis closer to the first, at about 345 cm™!, Our direct
pgurements of ¥ (w) in the w space are in satisfactory
ent with our results from measurements in k space
points in Fig. 5). The difference between our results
ose in Ref. 6 seems to be due to a difference in qual-
Wthe GaP crystal.

Thus, by means of the proposed photoelectric method
pasuring linewidths for Raman scatteringby polari-
plnthe k space of a GaP crystal, we have found the
wency dependences of the absorption coefficient a(w)
lthe imaginary part € "(w) of the permittivity of the

crystal, as well as the polariton anharmonicity parameters
Y{w) and A(w).
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ct of hydrogen pressures up to 20 kbar on the Curie point

Fe-Ni Invar alloys
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The behavior of the electrical resistance and Curie point of alloys containing 32.5 and-36 at.% Ni was

measured at pressures up to 20 kbar in both an inert medium and in a hydrogen atmosphere. It was found
that the value of d T/dP, which was pressure-independent in an inert medium, increased with increasing
hydrogen pressure and became positive at P~ 15 kbar. It was shown that this effect is due to the dilatation

of the Invar lattice as a result of incorporation of hydrogen.

PACS numbers: 75.30.Jy, 75.80.+g, 62.50.+p

was shown in Ref. 1 that the 7; == v, equilibrium

*S Where 4 and vy, are the hydrogen-poor and hydro-
1eh phases of an interstitial solid solution based on
’: “etal lattice) on the T—P diagrams of alloys in the
""~H system terminate at critical points for an iron
"t =40at.% and that increasing iron content causes
\ '.'..i(':ll. temperature to decrease from =325°C for an
. ‘-uh 5 at,% Fe (Refs. 1 and 2) to room temperature

tloy with 40 at.% Fe (Refs. 1 and 3).

I8 paper reports the results of a further investiga-

. Phys, Solid State, Vol. 18, No, 12, December 1976

tion of the Ni—Fe—H system. The electrical resistance
and Curie points of two alloys, containing 32.5 and 36 at.
@ Ni, were measured at pressures up to 20 kbar in both
an inert medium (silicone oil) and in an atmosphere of hy-
drogen. Alloys of these compositions were chosen for the
following reasons.

a) According to the results of Ref. 1, the values of
the hydrogen concentration in the Fe—Ni—H solutions
formed under pressure correspond to regions on the T—C
diagrams which are far from the domes of the separation

Copyright © 1977 American Institute of Physics 2131



into phases v and ¥;. The hydrogen concentration in the
solution must increase slowly and smoothly with increas-
ing pressure, and this will lead to a monotonic pressure
dependence of the electrical resistance, which is weak
compared with changes at the y; —y, transitions. A check
of this last assertion was all the more desirable, because
appreciable (~309) anomalies of the resistance were found
in Ref. 3 for alloys of similar composition at hydrogen
pressures of 15 kbar at room temperature.

b) At atmospheric pressure, the range of existence
of fcc solutions (y phase) on the T—N diagram of the Fe—
Ni system is bounded for low Ni concentrations by a mar-
tensitic transformation to the bec o phase. The tempera-
ture of the v —a« transformation rises to room tempera-
ture when the nickel content is reduced to =28 at.% (Ref.
4). Hence, the alloys investigated here, together with
those studied in Refs. 1 and 2, effectively cover the whole
range in which the y-phase Fe—Ni solutions are stable
under normal conditions.

c) Finally, alloys with 32.5 and 36 at.% Ni belong to
the Invar series, which are interesting because of the
anomalously strong pressure dependences of many physi-
cal properties (particularly the magnetic properties),’§

The alloys were made by melting together electroly-
tic Ni and carbonyl Fe in an induction furnace in an argon
atmosphere. The ingots were homogenized by annealing
at 1100°C for 100 h, followed by quenching in water. Sam-
ples were prepared from a foil 0.05 mm thick. The pres-
sure was measured by a manganin wire gauge with an ac-
curacy of 0.2 kbar and £0.4 kbar in the inert medium and
in the hydrogen atmosphere, respectively; the tempera-
tures were measured by a Chromel—Alumel thermocouple
with accuracies which were respectively £1°K and = 3°K,
The Curie points T were determined to +3°K by a differ-
ential transformer method from the curves of the tempera-
ture dependence of the initial magnetic susceptibility.?

The isothermal pressure dependences of the electrical
resistance in an inert medium (curve 1) and in hydrogen
(curve 2) for an alloy containing 32.5 at.% Ni are pre-
sented in Fig.1. The measurements were made at 250°C,
which was ~100°C above the Curie temperature for this
alloy at atmospheric pressure. The curves were obtained
as follows: The pressure was changed in steps of 1-3 kbar,
and then the electrical resistance was measured at a fixed
pressure. In an inert medium the value of the resistance
was established as soon as the pressure had been fixed and
was then independent of time. In the hydrogen atmosphere
there was a time dependence of the resistance R= R(r)
after the pressure was changed, andthis was a conseguence
of the diffusion process by which an Fe—Ni—H solid solu-
tion is formed. At the measurement temperature of 250°C
this dependence reached saturation after AT ~10 min, and
therefore the sample was held at constant pressure for 30

FIG. 1. Pressure dependences of the
electrical resistance at 250°C of a
sample containing 32.5 at. % Ni: 1)
in an inert medium; 2) in a hydrogen
atmosphere, Here, Ry is the sample
resistance at 1 bar and 20°C.
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min and we plotted the limiting value of resistance .
sponding to the equilibrium hydrogen concentration Uiey
these conditions.

The resistances in an inert medium and in hydrogeg
should of course coincide at atmospheric pressure, pe.
cause of the low solubility of hydrogen in Invar alioyy?
The discrepancy between the initial values of the TCS |5tangy
in Fig. 1 is due to the irreversibility of the resistance
changes in a hydrogen atmosphere (curve 2 was Mea surgg
for decreasing pressure). In order to avoid confusion, wy
do not show the curve R = R(P), which was obtained for tp.
creasing pressure in a hydrogen atmosphere and whicy
starts from the same point as curve 1.

We note that the change in the electrical resistance
with hydrogen pressure in the Invar alloys which we ip»
vestigated is one or two orders less than that found for e
Y3—7, transformation in Ni—Fe alloys with less Fe (Rels,
1 and 3), which shows that there is no ¥;—7¥, phase traas
formation of the first kind (in the T—P range studied) ta
the alloys with more than 40 at.% Fe (Ref. 1). The anom-
alies of the electrical resistance of Invaralloys at room
temperature, found in Ref. 3, were evidently a consequess
of the fact that these alloys initially contained two phases
They were in the form of films 5-10 ythick, and for these
film thicknesses of Invar alloys it is quite possible for s
appreciable amount of the o phase to be formed when th
quench from a high temperature is not sufficiently rapld,
because — although the temperature of the Y — o transia™
mation is below room temperature for these alloys ~
room temperature these compositions correspond to3 Lol
phase region (a + v) on the equilibrium T —C diagram.

The pressure dependence of the Curie tempel‘al'ﬂ"‘
our Invar alloys in both an inert medium and in hydroges
is presented in Fig. 2 ( for convenience of compariso
with the literature the temperature is given in degree
Kelvin). The alloys with 32.5 and 36 at,% Ni, which had
Curie points at 426.5 and 530°K, respectively, at atmo#*
pheric pressure, showed a linear decrease in the Curle
point with pressure in an inert medium at a rate (@Tc/
equal to =5.05 0.10 and —3.7 % 0.1°K /kbar, respectivel
which is in good agreement with the results of Ref. 6
as in the measurements of the electrical resistance: **
observed a time dependence of the Curie point in 2 hydr®
gen atmosphere after the pressure was fixed, and satur”
tion was reached after AT ~30 and 10 min for the Com’!'
tions 32.5and 36 at.% Ni (this difference between the &
uration times was mainly due to the different temperd*®
at which the Fe—Ni—H solid solutions are formed nedf

:
A
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responding Curie temperatures). The diagram shows
pe values of T¢ after the samples had been held at a fixed
girogen pressure for 90 and 30 min, respectively.

tis=een from Fig. 2 that above P~10kbar, Tg= T¢(P)
1 hydrogen atmosphere shows an increasing deviation
the corresponding curve measured in an inert me-
, and at P ~20 kbar the Curie pointevenbegins torise
reasing hydrogen pressure,

We note that the Curie points of Ni (Fig. 2) and of
-Fe alloys with =15 at.% Fe (Ref, 1) decrease with in-
sing hydrogen pressure. The opposite sign of this ef-
in our alloys is clearly associated with the anomalies

lwvar alloys, and in particular with the anomalously
volume dependence of the Curie point; hydrogen,
ch forms an interstitial Fe—Ni—H solid solution, dilates
crystal lattice of the alloy. Let us estimate the size
this effect. We shall regard the difference between the
ues of T of Invar alloys in a hydrogen atmosphere and
an inert medium at a given pressure, i.e., AT(P), as
E:nsequence of the increase in T due to the dilatation

the unit cell of the Fe—Ni alloy when hydrogen enters
it interstitially. Then

ATG(P) KV
.\V(p]:.-.dJL-a_—d-f.—Arc(P]. (1)
7. (@),

®ere V is the volume of the unit cell of the Fe—Ni alloy;
(P) is the difference between the unit cell volumes in
ogen and in an inert medium; k is the compressibility
te alloy.

The validity of the approximate relation (1) is sup-
¥ed by the results of Ref. 8, where it was shown from
urements on ternary Fe—Ni—Cu and Fe—=Ni~Mn al-
that the value of (dTC/dP)[n for Fe—Ni Invar alloys
Tinly determined by the iron concentration.

—
==

35 525 645 635 625 645 635 62.5 645 635
26, deg

5

4. iffraction curves for the (200) line of a sample with 32.5 at. %
a. ‘fed with hydrogen at P= 20 kbar and T = 250°C (a=c), and for a
. "Maining no hydrogen (d). a)20 min after the sample was taken
L

“iction curves were measured at T ~30°C, using Fe Ko radiation,

P
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The values AV, . calculated from Eq. (1) at P =20
kbar are given in Table I. The values of V and k are
taken from Refs. 9 and 10. The volume change of the unit
cell AV(P) which appears in Eq. (1) can also be estimated
in another way. Let AV,(P) be the volume difference be-
tween the unit cells at atmospheric pressure and room
temperature for two alloys, one of which has a hydrogen
concentration which is the same as at pressure P and T ~
Tc(P), while the other contains no hydrogen. Then, ne=-
glecting the difference between the compressibilities and
linear expansion coefficients of the samples with and with-
out hydrogen, we obtain

AV (P) = AV, (P} + 34,V AT(P), @)

where ar is the linear expansion coefficient of the alloy
for T~ Te.

We determined the value of AV, (20 kbar) experimen-
tally. Samples were maintained in hydrogen for 2 h at P=
20 kbar and T=250°C, and then they and the high-pressure
chamber were cooled to T=-30°C. At this temperature
the pressure was lifted and the samples were removed
from the chamber and placed in liquid nitrogen. The
change in the lattice parameter of the samples due to the
interstitial hydrogen was deduced from the shift of the
(200) line at 30°C, using a URS-50IM diffractometer with
a beam diameter ~4 mm and Fe Ku radiation. Thedif-
fraction curves for the sample with 32.5 at. % Ni are given
in Fig. 3. We note an interesting feature of the decomposi-
tion of the Fe=Ni—H solid solution at atmospheric pres-
sure; the diffraction curves for the (200) line do not shift
as a whole with time (as would be expected for hydrogen
depletion homogeneous over the sample volume), but they
split into parts, one of which corresponds to the lattice
parameter of a solution saturated with hydrogen (Fig. 3a),
while the other corresponds to a solution containing no
hydrogen (Fig. 3d). It follows that the evolution of hydro-
gen occurs via a two-phase decomposition of the solid so~
lution: The sample splits up into microscopic volumes, and
the release of hydrogen from these is clearly controlléd
by the state of their surface (see also Ref, 11).

The values of AV, (P =20 kbar) and the values of
Avexp(P=2L‘l kbar) calculated from Eq. (2) are given in
Table I. The values of aT were taken from Ref. 12. It is
clear from Table I that AV, ). makes the major contribu-
tion to AVeyp. Hence, the increase in the lattice parame-
ter when hydrogen enters the lattice interstitially plays
the dominant role in Invar alloys and thus, ATCtPP 0, in
distinction to Ni and Ni—Fe alloys with low iron concen-
trations, for whichthe Curie point is only weakly volume-
dependent [(dT¢/dP);, ~0.1°K/kbar from Ref. 6] and the
main effect of dissolved hydrogen is associated with the
increased electron density in the 3d band (which lowers!?
Tg).
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For some of the samples saturated with hydrogen,
prepared as for the determination of AV (P =20 kbar), we
measured the hydrogen content by the method described
in Ref. 14. The hydrogen evolved on the decomposition of
the Fe—Ni—H solid solution was used to displace silicone
oil from a graduated measuring cylinder at atmospheric
pressure. The kinetics of this process are rather slow at
room temperature; the hydrogen continued to be evolved
for about three days. The results are given in Table I as
n, the atomic hydrogen—metal ratio. We also quote the
value ng,)e calculated from the empirical formula

AV,
L= 114, (3)

where AV, is expressed in cubic angstroms for our values
of AV, (P=20kbar). It was shown in Ref, 15 that this ex-
pression describes satisfactorily the experimental results

for all previously studied fcc metals and alloys with n< 0.7,

It is clear from Table I that there are no large devia-
tions from Eq. (3) for Invar alloys, although it is well
known that these have anomalous P—V—T relations which
distinguish them from other fcc alloys. The validity of
Eq. (3) for these alloys is thus additional confirmation
that the value of AV,y/n is, to a first approximation, deter-
mined only by the lattice symmetry of the d-band metal.
This is associated with the fact that, at low concentrations,
hydrogen is in the same state in all the fcc d-band metals
which have been studied; ir particular, it occupies inter-
stitial sites of the same type [in a number of systems such
as Pd—H (Refs. 16 and 17), Au—Pd—H (Ref. 18), and Ni—H
(Ref. 19), it has beenshown thattheseare octahedral sites),
and it has the same effective radius.
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