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We have studied the surface composition of melt-spun amorphous Zr,sNi,s ribbons by means of
x-ray-photoelectron-spectroscopic core-level analysis and depth profiling and the electronic struc-
ture of carefully cleaned Zr;sNi,s and of Zr,sNi,s hydride by means of valence-band and core-level
analysis. We observed strong oxygen-induced segregation in a surface layer on both sides of the rib-
bons. On ribbons which were kept in air for three years the surface layer is much thicker (=60 nm)
on the dark (wheel) side, suggesting enhanced corrosion. In contrast, we see no significant segrega-
tion due to hydrogen adsorption or absorption, but the appearance of the hydrogen-induced bond-
ing band centered at 6.5 eV below EF, a shift by 0.6 eV of the Zr 3d line, and a weak loss of asym-
metry of the Ni 2p line upon hydride formation. We conclude that neither the oxygen- or
hydrogen-induced segregation effects nor the electronic structure of amorphous Zr;sNi,s and
Zr,sNiys hydride differ radically from those of corresponding crystalline alloys.

I. INTRODUCTION

The effect of the absence of long-range order on the
electronic and magnetic properties of bulk and surface,
the possibility of a continuous variation of sample com-
position, the hydrogen sorption capability, and the possi-
bility of surface modifications by selective chemisorption,
annealing, and gradual recrystallization render glassy or
amorphous alloys an interesting category of materials for
basic and applied research."? The study of hydrides of
amorphous alloys is rather new (for reviews see Refs. 3
and 4). They are reported not to disintegrate into powder
upon hydride formation, in contrast to crystalline bulk
alloys.

Whereas the electronic structure of amorphous alloys
has been investigated extensively experimentally,® rather
few analytical investigations of the surface chemistry are
known,® though the amorphous alloys seem to have in-
teresting catalytic surface properties.” Oxygen chem-
isorption and selective oxidation lead to surface segrega-
tion effects with the formation of catalytically active pre-
cipitates as in crystalline alloys.%® Hydrogen absorption
was reported to induce a strong Pd enrichment at the sur-
face of amorphous Zr,yPd;, (Ref. 9) contrary to crystal-
line Zr-Pd alloys.!® The chemisorption of hydrogen was
found to reduce the Cu segregation in crystalline alloys.!!
The electronic structure of hydrides of some amorphous
alloys was studied by means of nuclear magnetic reso-
nance (NMR) and measurements of specific heat and
magnetic susceptibility.'? Zr,¢Fe,;H ¢ is the only con-
centrated amorphous hydride studied so far by photo-
emission.'

In this paper we report on the photoemission study of
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both sides of as-prepared, melt-spun amorphous Zr;sNi,s
ribbons, on clean Zr,5Ni,s after annealing in hydrogen at-
mosphere, and of Zr;sNi,s hydride. All results are com-
parable to those of crystalline alloys; we do not find evi-
dence for significant hydrogen-induced surface segrega-
tion.

II. EXPERIMENT

The analysis was performed on a VG-ESCA Lab-5
spectrometer using Mg Ka (1254 eV) and He 11 (40.8 eV)
radiation (Au 4f at 84.0 eV, full width at half maximum
1.20 eV). The base pressure was less than 1 10~ !° mbar
and the working pressure (2—-5)x 10~ ! mbar (mostly Ar)
after sputtering and less than 1 10~° mbar (mostly H,)
after hydrogenation.

The ribbons were prepared by the melt-spin technique
in a He atmosphere of technical purity. Two different
ribbons of nominal composition Zr;sNiys;; were stud-
ied: Zry5Ni,s ribbons prepared three years ago and stored
in air and freshly prepared Zr,sNi,s ribbons. Guinier x-
ray patterns of both samples showed, apart from back-
ground due to diffuse diffraction, broad very weak lines at
d=2.52,2.24, 1.89, 1.86, and 1.82 A, apparently due to
some ZrO,. All samples contained at least some percen-
tage of oxygen even after repetitive sputtering and out-
gassing at 470 K.

Both sides of the melt-spun ribbon (8 mm wide, 0.05
mm thick) were analyzed as prepared and after several in-
tervals of 2-keV Ar™* sputtering at a rate of ~1 nm/min.
The sputtering voltage was always reduced to 0.5 keV for
the last 2 min before sample analysis to keep preferential
sputtering weak. To get spectra of clean Zr,sNi,s the
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samples were degassed and regularly sputtered at 450 K
for typically 72 h. One clean sample was exposed to 1 bar
H, at 450 K for 16 h in the high-pressure cell of the spec-
trometer.

Clean samples were hydrogenated at 320 K and 40 bar
for 2—-5 h, cooled to 100 K before the high-pressure hy-
drogen was released, transferred in ultrahigh vacuum
(UHV) from the high-pressure cell first to the sputtering
position for a further short cleaning and then to the
analyzing position, and kept at 100 K. The hydrogen to
metal concentration ratio is not known; according to pre-
vious work'* it exceeds one. Zr and Ni concentrations
were evaluated from integrated Zr 3d and Ni 2p peak
heights using theoretical cross sections.!* The probing
depth for these levels is 2—-3 nm.

The amorphicity of the cleaned, annealed, or hydro-
genated samples was checked again by Guinier x-ray
diffraction. The broad weak peaks at d =2.52, 2.24, 1.89,
1.86, and 1.82 A were still present; no further reflections
appeared, indicating that no crystallization had occurred
during the sample treatment.

III. RESULTS

A. Depth profiles

The as-prepared ribbons show on both sides, within the
probing depth of x-ray-photoelectron spectroscopy
(XPS), fully oxidized Zr (Zr 3d,, at 183.5 eV) and hardly
any Nij, i.e., the composition Zr_gNi_, (Fig. 1). The O
1s peak indicates the presence of metal oxides and hy-
droxides. Upon sputtering the Ni gradually appears, the
O 1s peak changes to a purely metal oxide peak, and Zr
remains fully oxidized. The Ni appears metallic but, as
sputtering is known to reduce NiO, we cannot decide
whether the sample also contained oxidized Ni in the
outer surface layers. After prolonged sputtering metallic
Zr is also found.

On the freshly prepared samples the strongly Zr-rich
surface layer is less than 1 nm thick (Fig. 2) and the Zr:Ni
bulk concentration ratio is almost reached on both ribbon
sides after 3 nm sputtering when the oxygen concentra-
tion amounts to 2% and 10% on the dark (wheel) and
shiny (free) side, respectively. The old ribbons show pro-
nounced differences between the two ribbon sides.
Whereas on the shiny side Ni and Zr are essentially me-
tallic and the Zr:Ni concentration ratio approaches that
of the bulk after 4 nm sputtering, this ratio still deviates
strongly on the dark tarnished side where there is about
15% ZrO, left even after 5.7 nm sputtering. The
differences clearly appear in the depth profile (Fig. 2).
After sputtering off about 200 nm the bulk concentration
is reached on both sides.

The results indicate strong surface segregation along
with selective oxidation of Zr, which leads to an enrich-
ment of Zr in the top layers and to a decomposition of
Zr,5Ni,s into ZrO, and Ni and possibly further phases.
This phenomenon of surface segregation is well known in
crystalline intermetallic compounds and its importance
for hydrogen sorption, catalysis, getters, and rare-
earth—transition-metal permanent magnets was em-
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phasized (Refs. 6 and 16—-18). Similar surface segregation
effects were already found in amorphous Zr;¢Ni,, (Ref. 8)
and ZryFey,.° Such strong segregation effects require a
rather high mobility of both constituents of the alloy.
Indeed it was proven recently by Rutherford backscatter-
ing that at least Ni diffuses rapidly in amorphous Zr-Ni
alloys. "

The depth profiles found on the fresh samples, i.e.,
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FIG. 1. (a) XPS spectra of the Zr 3d, Ni 2p, and O 1s core
levels of the shiny side of three-year-old amorphous Zr;sNi,s as
inserted (1) and after 2-keV Ar* sputtering for 0.5 min (2), 5
min (3), 8 min (4), 11 min (5), 15 min (6), and 40 min (7), and ad-
ditional 2 min 500-eV Ar™ sputtering before each XPS analysis.
(b) XPS spectra of the Zr 3d, Ni 2p, and O Is core levels of the
tarnished side of the three-year-old amorphous Zr,sNi,s as in-
serted (1) and after 2-keV Ar™ sputtering for 0.5 min (2), 5 min
(3), 15 min (4), 25 min (5), and 57 min (6) and additional 2 min
Ar? sputtering before each XPS analysis. Note that even after
57 min sputtering Zr is still oxydized to a large extent, contrary
to Zr on the shiny side.
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FIG. 2. XPS depth profiles of both sides of fresh (O,®) and
three-year-old (OJ,M) melt-spun amorphous Zr,sNi,s evaluated

from the Zr 3d and Ni 2p core levels using theoretical cross sec-
tions and [Zr] 4 [Ni]=100%.

weaker or at most equal surface oxidation effects on the
dark (wheel) side as on the shiny (free) side were expect-
ed. The close contact between solidifying alloy and wheel
should result in a weaker contamination by oxygen from
the surrounding atmosphere.

Accordingly we suggest that the unexpected depth
profiles found on the old samples result from corrosion
upon storage of the ribbons in air for three years rather
than from the melt-spinning process. The corrosion is by
far more severe on the dark (wheel) side than on the shiny
(free) side. As the old ribbons were not analyzed while
fresh discussions on the effect of, e.g., Cu contamination
or amorphicity on corrosion rate would be very specula-
tive.

B. Annealing in hydrogen atmosphere

The annealing of sputter-cleaned Zr;sNi,s at 450 K in a
hydrogen atmosphere (p=1 bar) for 16 h results in a
complete oxidation of Zr; Ni remained largely metallic
and the Zr to Ni ratio had increased to Zry,Niy, which
again indicates a strong segregation of Zr. As all samples
even after prolonged outgassing still contained significant
oxygen concentrations (=~2%) we assume that oxygen
diffusion from bulk to surface caused this oxidation rath-
er than the 2 ppm O, and H,O impurity in 5 ml hydrogen
in the pressure cell.

C. Electronic structure of Zr,5Ni,s and of its hydride

The ultraviolet-photoelectron-spectroscopy  (UPS)
valence-band spectrum of rather clean Zr,;sNi,s shows
(Fig. 3, bottom) the conduction band split into two sub-
bands with peaks at 0.7 and 2.2 eV, in agreement with
earlier investigations,® and the emission at 6 eV due to
some residual oxygen contamination. In the XPS
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valence-band spectrum the two subbands are not resolved
(Fig. 3, top), but appear as a strong peak with an intense
shoulder. The oxygen contamination is hardly visible.
The Zr 3ds,, and Ni 2p;,, core levels appear (Fig. 4) at
178.8 and 853.5 eV, respectively, as compared to 178.8
and 852.7 eV, respectively, in elemental Zr and Ni.?°

Surprisingly, clean Zr,5Ni,s does not form a hydride
rapidly. Exposures to hydrogen at 320 K and p =40 bar
for more than 2 h were needed to obtain hydrogenated
samples. Furthermore, all samples disintegrated into
flakes upon hydride formation, contrary to the reported
shape stability of amorphous hydrides.?! The Zr and Ni
concentration ratio of the hydride amounts to Zrg;Ni,,,
which is close to that of the bulk, i.e., again there is no
significant hydrogen-induced surface segregation.

The formation of the ternary hydride caused the ap-
pearance of additional emission centered at 6.5 eV below
Er in the XPS valence-band spectra (Fig. 3), a shift of 0.6
eV of the Zr 3d lines to larger binding energy (Fig. 4), and
hardly any shift, but an increased symmetry of the Ni 2p
line. The emission at 6.5 eV can be identified by the
hydrogen-induced bonding band. The attractive poten-
tial of the additional protons (H) in the host metal matrix
are known to pull down some d states already occupied in
the metal. They hybridize with the hydrogen s states and
form the hydrogen bonding band, as is well known from
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FIG. 3. XPS and UPS valence-band spectra of amorphous
Zr5Niys and of its hydride. Note the hydrogen bonding band
centered at 6.5 eV in the hydride spectrum.
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FIG. 4. XPS spectra of the Zr 3d and Ni 2p core levels of
amorphous Zr,sNi,s and of its hydride.

band-structure calculations and photoemission studies of
binary and ternary hydrides.”> The position of the
hydrogen-induced band as well as the Zr 3d core-level
shift compare well with those of hydrides of crystalline
alloys of Zr with Mn, Cr, V,2 and Ni.!° In hydrides of
amorphous Zr,4Fe,, shifts of 0.8 and 0.3 eV for Zr 3d and
Fe 2p core levels, respectively, were reported.!* The loss
of asymmetry of the Ni 2p line seems to indicate a de-
crease of the partial density of Ni d states at E.>*

IV. CONCLUSIONS

Neither the surface properties nor the electronic struc-
ture of amorphous Zr,sNi,s and Zr,sNi,s hydride are rad-
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ically different from those of comparable crystalline al-
loys.

As-prepared melt-spun amorphous ribbons show pro-
nounced oxygen-induced surface segregation -effects.
They lead to a strong Zr enrichment of the top layer and
to a decomposition of Zr,sNi,s into ZrO, and Ni and pos-
sibly further phases in a surface layer. The thickness of
this layer amounts to =10 nm on both sides of fresh rib-
bons and to =60 nm on the dark (wheel) side of three-
year-old ribbons, pointing to a higher corrosion rate of
the dark side. Annealing of sputter-cleaned ribbons in a
hydrogen atmosphere results in a similar segregation
(ZrO,+ Ni), probably due to the diffusion of bulk oxygen
to the surface region.

The absorption of hydrogen from the gas phase by
sputter-cleaned and outgassed Zr;sNis amorphous rib-
bons and the hydride formation are very slow and lead to
disintegration of the ribbons; however, they do not pro-
duce significant surface segregation effects. We therefore
assume that the reported catalytic properties of amor-
phous alloys are related to the oxygen-induced surface
segregation effects, particularly to the decomposition into
Ni and ZrO, in analogy to crystalline alloys (Refs. 6, 16,
and 18).

In the valence-band spectra of Zr;sNi,s the Zr and Ni
subbands appear at 0.7 and 2.2 eV. The Zr 3d5,, and Ni
2p;,, core levels appear at 178.8 and 853.8 eV, respec-
tively, as compared to 178.8 and 852.7 eV, respectively,
in elemental Zr and Ni, indicating a surprisingly large
shift of 0.8 eV of the Ni 2p; , line.

Hydride formation results in the appearance of the hy-
drogen bonding band at 6.5 eV, in a shift of 0.6 eV of the
Zr 3d line to larger binding energy due to charge transfer,
and in a more symmetric Ni 2p line because of a weaker
partial density of states of Ni and E.
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