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Melt spun and sputtered amorphous alloys from thea Fe, M o, _ , serieswithM = Y or Zrcanbe
electrolytically hydrogenated up to a maximum of about 3 hydrogens per M, while retaining their
mechanical integrity. Hydrogen uptake has been monitored in situ during hydrogenation by
following the increase in length of the melt-spun ribbons. Values of up to 7% have been found, and
the corresponding increase in volume per absorbed hydrogen is approximately 0.5 A®. Hydrogen
diffusion constants have been estimated from the mechanical relaxation, and activation energies
of order 0.4 ¢V have been deduced. The binding energy is about 1 eV per hydrogen. Desorption at
elevated temperatures preceeds crystallization of the alloys studied, and the hydrogen-loaded
materials retain much of their charge at room temperature for periods of order one year. Iron-rich
yttrium alloys have a moment close to 2yt /Fe, but they are asperomagnets, the iron moments
freezing in a random noncollinear arrangement which possesses a net moment, below their spin
freezing temperature of about 100 K. On hydrogenation they become excellent soft ferromagnets

with a Curie point at 400-500 K, although there is little change in the magnitude of the iron
moment. The effect is attributed to a shift in the exchange distribution towards more positive
values on dilation of the interatomic spacings. Iron-rich zirconium alloys are quite different. They
are essentially weak itinerant ferromagnets with a greatly reduced iron moment, and pure
amorphous iron, judging from a Fe, M 4, _ , as x—100, would be nonmagnetic. On
hydrogenation however they tend towards the same ferromagnetic state as the hydrogenated

yttrium alloys.

PACS numbers: 75.50.Kj, 81.40.Rs, 76.80. +y

I. INTRODUCTION

A significant body of work has been done on crystalline
metal-hydrogen systems,' including intermetallic com-
pounds of an early transition element from the I1Ia, IVa, or
Va subgroups (including rare earths) with a late transition
element from subgroup VIIIa. Examples are LaNis and
TiFe. The early transition element is mainly responsible for
the hydrogen absorption capacity, and the principal effects
of hydrogen are to dilate the lattice and modify the band
structure, especially in the region 5-7 eV below the Fermi
energy.” Changes in interatomic distance and electronic
structure naturally have consequences for the magnetic
properties of the intermetallic compounds. We restrict our
attention here to iron alloys. Zero temperature magnetiza-
tion or >’Fe hyperfine field of ScFe,, YFe,, YFe;, Y Fe,,,
CeFe,, and HoFe, all increase on hydrogenation.** For ex-
ample, the moment per iron p g, passes from 1.46 5 in YF,
to 1.83 up in YFe,H,. Curie temperature changes do not
necessarily follow the change in iron moment. T decreases
in YFe,, is unchanged in YFe,, and increases Y.Fe,; or
CeFe,.* In each case the effect of hydrogen is opposite to that
of pressure, which suggests that the dependence of exchange
interactions on interatomic spacing is the principal factor
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determining 7. of three iron-rich intermetallic compounds.

Turning now to noncrystalline iron-based alloys, some
trends may be discerned from the mass of magnetic data on
iron-metal and iron-metalloid amorphous alloys
aFe, M,y . .® There is a critical concentration, typically
around x = 40, where moments first appear on the iron. The
average iron moment and Curie temperature for the ferro-
magnetic systems then increase with increasing x. However
in some cases, notably aFe B,,_, (Ref. 7} and
aFe,Zr 0  «,>° these quantities pass through a maximum,
and then decline as x—>100. Other systems, notably sput-
tered aFe, Y 5 . (Ref. 10) are not ferromagnetic for any
value of x because of a broad distribution of mainly ferro-
magnetic exchange with some antiferromagnetic interac-
tions which leads to asperomagnetic order. All these results
have led to speculation about the magnetic state of pure
amorphous iron. Possibilities which can be justified by extra-
polating different alloy systems to x = 100 are: (i) a ferro-
magnet with moment {g ) X 244, similar to bee iron, or fee
iron extrapolated from alloys with a large lattice param-
eter''; (ii) a noncollinear random magnet with competing
ferromagnetic and antiferromagnetic interactions, also with
{uge ) > 2Uiy; (ili) a weak itinerant ferromagnet with greatly
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reduced iron moment {uy. )~1up."? Possibility (ii) is sup-
ported by data on aFe, Y,q, _ ,.'® Possibility (iii) receives
support from studies of amorphous Fe, Zr,,, _ , alloys with
x=~~90, which show many of the magnetic properties usually
associated with weak itinerant ferromagnets.®'!4

In principle, the addition of hydrogen to an amorphous
magnetic alloy allows the band structure and the exchange
interactions to be modified in a controllable way. Fujimori et
al. were the first to report significant increase in {ug, ) and
T for aFe, Zr,o _ . With x = 91 or 92 on hydrogenation.’
We have previously described a nearly fourfold increase in
the magnetic ordering temperature of aFeg, Y, (Ref. 16) and
changes in magnetic structure of aFeg,Zr,, (Ref. 17) induced
by hydrogen. There have also been some other preliminary
reports on hydrogen in rare-earth amorphous alloys.'® The
aim of the present paper is to describe hydrogen loading of
Fe-Zr and Fe-Y amorphous alloys in some detail, and to
discuss its effects on the magnetic state of these materials.

II. HYDROGENATION OF AMORPHOUS ALLOYS

Three series of amorphous materials have been investi-
gated; melt-spun ribbons of Fe-Zr with 88<x<93, melt spun
ribbons of Fe-Y with 25<x<50 and sputtered thick films of
Fe-Y with 75<x<88. The ribbons were prepared by Z. Al-
tounian and the foils by A. Liénard.

An electrolytic hydrogenation procedure was used
where the sample forms the cathode of a cell with a platinum
anode. The electrolyte was 0.1M K,CO; containing 10 ppm
of sodium arsenite. Current densities of order | mA/mm? of
sample were used. Acid electrolytes proved very corrosive
for certain alloy compositions, allowing them to hydroge-
nate directly without passing any current.'®

A convenient way of following hydrogen uptake in
melt-spun ribbons is by monitoring their increase in length.
With an optical lever arrangement and a low-power laser,
variations of 15 gm were detectable in the length of a 4-5 cm
ribbon maintained under slight tension. Some results for

)
6} 3 s 4
o\o > 2 // 1
E 1 T .
8 41 . A .
8 0 2 _ i _8..8
L|>j Expansion (%)
+
) 05 aFegy),
05
0 it 1
10 100 1000 10000
t (s)

FIG. 1. Length change as a function of charging time for melt spun ribbons.
The figures indicate the current in mA/mm?, Inset: Hydrogen content as a
function of expansion for Fe,,Y¢(7), FegsY 5 (O).
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FIG. 2. (a) Méssbauer spectra of Fe,,Y4H, at room temperature for differ-
ent hydrogen loading. (b) Isomer shift and (c) quadrupole splitting as a func-
tion of y.

Al (t) are given on Fig. 1. There is usually a short activation
time, followed by a period of rapid expansion and then a slow
approach to saturation. Small additional increases of length
could be achieved by increasing the current density. Assum-
ing isotropic expansion, volume increases of up to 23% were
achieved with no sign of the sample disintegrating, but 5%—
10% was more usual. Whereas aFe-Y alloys became brittle,
and tended to break on removing them from the cell, the
aFe-Zr alloys did not, and could be handled freely without
breaking.

X-ray diffraction was performed on selected samples
and Mossbauer spectra were taken of them all. No sign was
found of crystallization nor of any stable two-phase mixture
produced by hydrogenation. Instead, the spectra changed
continuously with increasing hydrogen content, as illustrat-
ed in Fig. 2. Some insight into the long term stability of
amorphous hydrides is provided by the three spectra of
aFeg Y, in Fig. 3. The effect of hydrogen on this alloy is to
raise its magnetic ordering temperature well above room
temperature. Shortly after loading, the hydrogen has dif-
fused throughout the sample which then appears uniformly
ferromagnetic. The hydrogenated alloy then retains its ferro-
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FIG. 3. Mdssbauer spectra of Feg, Y |, (a) before and (b){(c) after hydrogena-

tion. Times shown are the times (in days) elapsed since hydrogenation was
completed.
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FIG. 4. (a) Hydrogen evolution as a function of baking temperature for hy-
drogenated amorphous alloys. (b) Differentjal scanning calorimeter traces
for aFegyZr,, before hydrogenation (solid line) and after hydrogenation
(dashed line).

magnetism for periods of at least two years. Some decrease in
hyperfine field with time reflects very slow hydrogen loss
and possibly also structural relaxation. Laboratory measure-
ments can therefore be made on the alloys without fear that
they are going to evolve significantly after the short prelimi-
nary period needed for the hydrogen to distribute itself uni-
formly throughout the bulk. Initial entry of hydrogen at the
surfaces of the foils and ribbons during electrolysis causes
them to crinkle and coil up, respectively. Ribbons absorb
hydrogen preferentially through the lower, dull surface but
they subsequently uncoil as hydrogen diffuses across thick-
ness. The timescale of this behavior can be used to provide a
rough estimate of the diffusion constant; values of D of
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FIG. 5. Isomer shift (relative to metallic iron) of aFe, Yo _ . H, alloys.
y=0(®A); y#0 (O with values shown).
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FIG. 6.. Composition dependence of (a} magnetic ordering temperature and
(b} average zero temperature hyperfine field for aFe, Mo, _ .. Data on hy-
drogenated alloys aFe, M, _ , H, are indicated by open symbols together
with the value of y.

1.32 + 0.4X 10" %m?/s and 2.87 + 0.7x107°m?/s were
deduced for Feg,Zr,, and Fe,,Y,, respectively. Assuming
thermally-activated diffusion D = Dge ~ *"*” with prefactor
D, =3x10""m?5,%® an activation energy E, of approxi-
mately 0.4 eV is obtained.

The thermal stability and hydrogen content of the
amorphous hydrogen-loaded alloys were investigated by
slowly heating them up to 1300 K in a miniature quartz tube
attached to an oil manometer, thereby monitoring hydrogen
evolved as a function of temperature. Typical data are shown
on Fig. 4(a), Fig. 4(b) compares DSC traces for hydrogenated
and unhydrogenated aFe,,Zr,. The broad endothermic fea-
ture corresponds to hydrogen evolution, which is essentially
complete before crystallization occurs at 900 K. The enth-
alpy absorbed is equivalent to a binding energy of approxi-
mately 1 eV per hydrogen atom.

The relationship between dilation and hydrogen con-
tent, included in Fig. 1, is approximately linear and indepen-
dent of composition when H per M is plotted. There is an
added volume of about 0.5 A per hydrogen. *'Fe isomer
shifts (Fig. 5) provide indirect evidence of a hydrogen-in-
duced modification in electronic structure. Changes on hy-
drogenation indicate a decreased electron density at the nu-
cleus, but the effect, for FeggY 5, (38 /3 In V') ~2.5 mm/s, is
about twice as great as expected from the normal volume
dependence.?' For Fe, Yo, however, the change might be
accounted for by the change of volume alone.

ill. MAGNETIC PROPERTIES
A.aFe, Y o0

Figure 6(a) shows the composition dependence of the
spin freezing temperature for asperomagnetic aFe, Y00 _
marked by the peak in the low-field susceptibility. A consid-
erable degree of short-range order with fluctuating, partly
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FIG. 7. Magnetization curves of (a) aFeg,Y , before and after hydrogena-
tion at 4.2 K and (b) magnetization curves of aFeg Y ,H, with value of y
shown at 296 K.

ferromagnetic character persists to much higher tempera-
tures.!® Figure 7 illustrates some magnetization curves of
aFeg Y .. Initially the alloy had a spin freezing temperature
of 109 K. It is strongly paramagnetic at room temperature,
and impossible to saturate at 4.2 K even in fields of 15 T.
Average Mossbauer hyperfine fields extrapolated to zero
temperature are shown in Fig. 6(b). For this composition
(B?:) = 30.1 T, which corresponds to an atomic moment
(U ) =215, but Mossbauer spectra in large applied fields
clearly indicate that the moments are not aligned in a collin-
ear configuration.'® On hydrogenation, the iron-rich alloys
become excellent soft ferromagnets. The spontaneous mag-
netization of aFeg, Y ,,H, is easily saturated below its Curie
temperatureZ = 410 K and the room temperature coerci-
vity is only 40 4T (0.4 Oe). However there is little change in
the hyperfine field; (B ;) only increases to 32.5 T.'° Data
for another sample over a range of hydrogen content is in-
cluded on Fig. 6(b).

Very little is needed to turn the iron-rich alloys ferro-
magnetic; for example, T = 350 K for aFegY ,H, when
y = 6. However, the magnetic properties do seem to evolve
continuously towards collinear ferromagnetism with in-
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FIG. 8. (a) Plot of mean square hyperfine field as a function of Curie tem-
perature for aFe,Zr o, H,. y = 0: solid symbols; y#0: open symbols
(value of y shown). (b) Plot of average iron moment at 4.2 K against average
hyperfine field of ferromagnetic aFe, Mo, _ -
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creasing y, and the magnetization curves in Fig. 7 indicate an
increased spontaneous magnetization and reduced high-
field slope as the hydrogen content increases.

B. aFeerwo _x

A common feature of the magnetic properties of iron-
rich aFe,Zr,, _, and aFe, Y, _, is that they are ex-
tremely sensitive to preparation conditions. We examined
two sets of Fe-Zr ribbons, one with x = 89, 90, and 91, the
other with x = 88, 89, 90, 91, 92, and 93. A preliminary
report on aFegZr,, from the first set has appeared else-
where.!” Figure 6(a) shows that there is a maximum in the
Curie temperature near x = 80, followed by a sharp decline
as x—100. There is a corresponding decline in (B2.). The
relation between (ug. ) and (B ;) is linear with a slope of
15.5 T/u 5 [Fig. 8(b)). Hyperfine field can therefore be taken
to be proportional to iron moment. Figure 8(a) is a plot of
(B:)? against T. The two sets of samples are clearly dis-
tinguished, but the points for each set fall on a straight line
through the origin, T¢ « (ug, )?, as expected from the the-
ory of itinerant ferromagnetism with a constant exchange
interaction. The first set have larger moments but lower Cu-
rie temperatures than the second, so it appears that the prep-
aration procedure influences the exchange. Furthermore, on
hydrogenation the points in Fig. 8(a) do not generally lie on
the same straight line as the point for the unhydrogenated
alloy, so hydrogenation may either increase or decrease the
average exchange interactions, besides increasing the mo-
ment. That hydrogen does more than simply act as a nega-
tive pressure in increasing the Curie temperature of
aFe, Zry __ . is evident from comparison of the volume de-
pendence of 7 in the two cases. The pressure dependence of
Tc in iron-rich aFe,Zro_, (Ref. 9) is dT./
dP= —6X107® km?/N. Taking the bulk modulus of
aCugyZr,,, 7X 1072 m?/N,?? as representative of the iron
alloys, we find 3T /3 (In V') = 8600 K. Values found by hy-
drogenation are in the range 15006000 K.

There have been several reports of spin glass behavior in
iron-rich gFe-Zr alloys at low temperatures.'***** While
much of the published magnetic data may be explained by
the appearance of some coercivity in the ferromagnetic
phase below about 100 K, we have nevertheless observed a
large reduction in spontaneous magnetization below 80 K
for the x = 11 sample (first set) which is unrelated to coerci-
vity.!” Apparently there is a transition from a ferromagnetic
state to an asperomagnetic one with about half the spontane-
ous magnetization at 7= 0. No such transition was ob-
served in the second set of alloys.

1V. DISCUSSION

Thereis evidently a real difference between the magnet-
ic states of iron-rich aFe-Zr and aFe-Y. In the zirconium
alloys, the iron moment becomes progressively weaker as Zr
content decreases. Extrapolation from the iron-rich compo-
sitions leads us to believe that in the zirconium-free limit
pure amorphous iron would actually be nonmagnetic, like
the hcp phase of crystalline iron.?

Kaul'* has suggested that many of the properties of
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iron-rich zirconium alloys may be explained by the theory of
weak itinerant ferromagnetism, but that there are also local-
ized electrons present with antiferromagnetic interactions
responsible for the “spin glass” behavior.

The picture which emerges from the iron-rich yttrium
system is quite different. There the iron possesses its normal
moment of around 2u, but a distribution of positive and
negative exchange interactions ensures that the iron ground
state is not a collinear ferromagnetic but an asperomagnetic
configuration. A similar result would be found in the fcc
crystalline phase if there were a random distribution of iron-
iron distances around 2.54 A.2 It is therefore worthwhile
examining the atomic structures of iron-rich Zr and Y amor-
phous alloys in detail to look for resemblances between the
amorphous and close-packed crystalline structures.

With hydrogen, both series of alloys tend towards a
common ferromagnetic state. The effect on the yttrium al-
loys is particularly striking, because a great change in mag-
netic properties is achieved with very little modification of
the iron moment. It seems that the role of hydrogen is essen-
tially to dilate the structure so as to shift the exchange distri-
bution P (/) towards increasingly positive values. The situa-
tion in the zirconium alloys is more complex because not
only is the anomalously weak character of the iron magneti-
zation altered as the moment returns to its more usual value
of around 2up, but the net exchange interaction may in-
crease or decrease, depending on the sample. In any case, the
overall result is to raise T above room temperature to val-
ues like those of hydrogenated aFe-Y. Expanded amorphous
iron would therefore seem to be a normal ferromagnet with a
moment of about 2.2u and 7~ ® 500 K. That three limiting
states for amorphous iron with very different magnetic prop-
erties can exist with rather similar energy (so similar in fact
that transitions between them may occur as a function of
temperature'’) is, perhaps, not so surprising when we reflect
on the differences in the magnetic properties of bec, fee, and
hep iron.*!

The ability of noncrystalline alloys of iron with early
transition metals (and rare earths) to absorb and retain sub-
stantial quantities of hydrogen, thereby enhancing their fer-
romagnetic character has implications of both theoretical
and practical importance. The prospect of continuously
varying the exchange in these alloys should stimulate the
search for spin glass—ferromagnetic transitions at zero tem-
perature. On the practical side, hydrogen opens up the possi-
bility of improving the magnetic characteristics of iron-rich
amorphous alloys, and of controlling the compensation tem-
perature for ferrimagnetic and sperimagnetic rare-earth
transition-metal compositions. The mechanical integrity of
the amorphous hydrogenated material, in contrast to many
crystalline intermetallic hydrides, will obviously be of bene-
fit here.
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