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We propose that all A| „B„glas ses [where A (B) is a late (early) transition metal) are structur-
ally isomorphic, chemically random alloys which store hydrogen in tetrahedral interstitial sites
A4 „B„(indecreasing order n =4, 3,2, . . . ). The maximum absorbed hydrogen-to-metal atomic
ratio within each type of interstitial site is 1.9(„)x"(1—x)' " [('„)=4!In!(4 n—)!] independent of al-
loy and temperature. The chemical potential as a function of hydrogen concentration within a sin-
gle site type n is also independent of composition and temperature. The only nonuniversa1 feature
is the dependence of the typical site energies E„ofthe type-n sites on the A and B atoms, which
may, however, be estimated from crystalline hydride properties. This model agrees with our elec-
trochemical measurements of hydrogen in Ni-Zr, Pd-Ti, and Ni-Ti, predicts total H/M ratios for
Ni-Zr and Cu-Ti alloys in excellent agreement with literature gas-phase data over a wide range of
compositions and thermodynamic conditions, and is consistent with literature H/M data on other
alloys at isolated compositions. %e show theoretically that infinite near-neighbor hydrogen-
hydrogen interactions (blocking) in a glass dominated by fivefold rings of tetrahedral units predicts
the observed x dependence of H/M with a prefactor of 1.9—2. 1, in excellent agreement with the
observed factor of 1.9. This result supports theoretical models of icosahedral ordering in glasses.

I. INTRODUCTION

In the past ten years, a large number of papers have
been published investigating the hydrogen-storage prop-
erties of early-transition-metal —late-transition-metal
(ETM-LTM) amorphous alloys. A wide range of gas-
phase measurements have been performed which moni-
tor hydrogen-storage capacities as a function of
hydrogen-gas pressure. Materials probed in these stud-
ies include the alloys ¹iZr,' Cu-Ti, ' Pd-Zr, Rh-Zr,
Cu-Zr, and Fe-Ti. By combining gas-phase charging
with a careful x-ray diffraction study, Samwer and
Johnson were able to identify two distinct tetrahedral
sites as the most likely candidates to store hydrogen in
Pd-Zr and Rh-Zr glasses. By monitoring Zr-Zr dis-
tances as a function of hydrogen loading, these workers
concluded that hydrogen is likely to reside in interstitial
tetrahedral sites consisting of four Zr atoms (Zr4) and
possibly in sites with three Zr atoms and one Pd or Rh
atom (PdZr3) under the conditions of their experiment.
Rush et al. had similar conclusions concerning Cu- Ti
glasses which they investigated with neutron scattering.
Their results indicate that the hydrogen site consists of a
tetrahedral interstitial with four Ti nearest neighbors.
In addition, the width of their scattering peak indicates
that significant variation in the hydrogen local environ-
ment exists. Similar conclusions obtained from neutron
and x-ray studies are found in Refs. 9 and 10. Evidence
for this site-to-site variation has been found in internal-
friction measurements" and chemical-potential measure-
ments as well. In addition to these static measure-
ments, a large body of literature addressing the dynam-
ics of hydrogen in amorphous alloys exists. ' For
ETM-LTM glasses, these studies indicate a widely vary-

ing diffusion coefticient with hydrogen content. Again,
this is interpreted as further evidence for a wide varia-
tion in hydrogen-site energies.

Interactions between hydrogen atoms in amorphous
materials have been proposed as a means to limit the
number of occupiable sites in the glass. In crystalline
hydrogen-storage materials a variety of hydrogen-
hydrogen interactions have been postulated. At short
distances ((2. 1 A), a strong repulsive interaction drasti-
cally limits the total site occupation, the so-called
Switendick criterion. '" Sawmer and Johnson applied
this concept to near-neighbor hydrogen sites in their
study of amorphous Pd-Zr and Rh-Zr alloys in an at-
tempt to explain why all possible tetrahedral sites of a
particular identity (e.g. , Zr4) are not accessible to hydro-
gen. Batalla et al. assumed the same general interac-
tion but with variable range to best fit their experimental
data on Ni-Zr. Although the inclusion of infinite in-
teractions did limit the total hydrogen content, detailed
agreement with experiment in both cases was only fair.

As is indicated by this Introduction, a good deal of ex-
perimental effort has been devoted toward understanding
the nature of hydrogen in amorphous metal alloys. The
general features which emerge from the literature show
that hydrogen is stored in sites with tetrahedral symme-
try and varying chemical identity (e.g., Zr4, Zr3Pd), that
the energies of these sites are broadened due to disorder,
and that some type of short-range blocking mechanism
may limit the number of occupiable tetrahedra. Other
than these trends, no consistent and general model has
been proposed which explains the details of hydrogen
storage in this class of materials. A successful model for
hydrogen storage in these glasses must address a number
of key issues: (i) the identity of hydrogen interstitial
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sites, (ii) the factors influencing the occupation of these
sites with changing hydrogen content and alloy composi-
tion, (iii) the dependence of hydrogen concentration on
alloy composition and thermodynamic conditions (such
as external Hz-gas pressure), (iv) the interactions between
interstitial hydrogens atoms, and (v) all of the above as a
function of the ETM and LTM constituents.

Motivated by our electrochemical measurements of
the hydrogen chemical potential in amorphous Ni-Zr
and Pd-Ti alloys, we present a universal picture of hy-
drogen storage in ETM-LTM glassy alloys which
answers a11 of the above questions. In an A

&
8 glassy

alloy (A =Ni, Pd, Cu; 8 =Ti, Zr), we find that hydrogen
is absorbed into distinct tetrahedral interstitial sites
which consists of four 8 atoms (84), three 8 atoms and
one A atom (AB3) and, in many glasses at STP, two 8
atoms and two A atoms (3282). The amount of hydro-
gen per metal atom which can be stored in each type of
tetrahedral site is proportional to the number of those
tetrahedral sites in a chemically random glass [i.e., pro-
portional to x for B~, 4x (1—x) for 283, and
6x (1—x) for A &82] with a uniuersal (composition,
site-type, and alloy-type independent) proportionality
factor of 1.9. The energetics of hydrogen in a given

8 glass, which determines what types of sites may
be occupied by hydrogen at given thermodynamic condi-
tions, is independent of composition and may be estimat-
ed from the hydriding energies of the constituent crystal-
line metal elements. Our general picture is consistent
with a wide range of available literature data on the hy-
drogen capacities of ETM-LTM glasses as a function of
composition, pressure, and temperature. Furthermore,
the universal proportionality factor of 1.9—2. 1 is ob-
tained theoretically with the introduction of infinite
near-neighbor hydrogen-hydrogen interactions in a
chemically random 3

&
8 alloy in which fivefold rings

of tetrahedra are the main structural feature.
The details of our electrochemical experiment and a

presentation of the key results of our chemical-potential
measurements are contained in Sec. II. Section III
comprises a detailed description of our model and the
application of this model to explain a wide range of
literature data. In Sec. IV we show that infinite nearest-
neighbor hydrogen-hydrogen interactions limit hydrogen
storage in each type of site to a composition-independent
fraction of the number of interstitial sites available. In
Sec. V we discuss a number of important implications
that our picture of hydrogen storage has on glassy hy-
drides and on the nature of the amorphous state itself.

II. EXPERIMENT

G = —nFE, (2.1)

where E is the potential difference between the two reac-
tions, n is the number of moles which react, and F is
Faraday's constant. ' In this experiment, we wish to
measure the chemical potential of hydrogen dissolved in
the alloy relative to a standard state of one atmosphere
hydrogen gas. The appropriate overall reaction, which
facilitates direct comparison between electrochemical
and gas-phase data, is

2M+ Hz~2MH, (2.2)

where M is a metal atom. In an alkaline electrolyte, the
charge or discharge of the metallic alloy with hydrogen
is described by the electrochemical reaction

water into a hydrogen atom adsorbed on the electrode
surface and a hydroxyl ion in solution. The adsorbed
hydrogen atom then diffuses into the bulk of the alloy.
In the gas-phase experiment, equilibrium is established
between hydrogen dissolved in the metal and hydrogen
gas, allowing the hydrogen chemical potential relative to
a reference state (usually Hz at T =25 'C and P = 1 atm)
to be obtained simply from the measured gas pressure.
In the electrochemical experiment, the open-circuit elec-
trode potential relative to a reference state plays a role
similar to the logarithm of the gas pressure and allows
for a determination of the hydrogen chemical potential
relative to a reference reaction. One advantage of the
electrochemical approach is that a range of hydrogen
chemical potential can be accessed corresponding to ex-
tremely low Hz pressures in a gas-phase measurement,
and with high accuracy (typical chemical-potential
changes of less than 1 kJ/mol Hz can easily be mea-
sured). We have chosen the electrochemical method for
studying hydrogen in amorphous metal alloys because
accurate determinations of chemical potential in this
"low-pressure" regime are important. A disadvantage of
the electrochemical method is that in certain ranges of
electrochemical potential other competing electrochemi-
cal reactions occur, such as electrode oxidation or
hydrogen-gas evolution. These competing reactions im-
pose limits on the range of chemical potential we can in-
terrogate electrochemically.

In this series of experiments, we have used the electro-
chemical technique to determine hydrogen content in a
series of amorphous metal alloys as a function of alloy
composition and hydrogen chemical potential (p, ) at
room temperature. In an electrochemical cell, relative
chemical potentials can be directly measured by moni-
toring the cell voltage. The Gibbs-free-energy difference
between two half-cell reactions is given by

A metallic alloy can be charged or discharged with
atomic hydrogen introduced from either a gas phase or
an electrochemical (aqueous) environment. In the gas
phase, the surface of the metal is exposed to a pressure
of hydrogen gas. Hz molecules dissociate on the alloy
surface, and atomic hydrogen subsequently diffuses into
the metallic lattice. In an electrochemical experiment,
the aHoy is cathodically biased in an aqueous electrolyte.
For alkaline electrolytes, the applied bias electrolyzes

HzQ+ M+ e ~MH+ QH (2.3)

By choosing the reversible hydrogen electrode (RHE) as
our electrochemical reference, the change in Cribbs free
energy obtained from the measured cell voltage via Eq.
(2.1) yields the free-energy change between the two sides
of reaction (2.2). Thus experimentally we measure the
potential difference under open-circuit conditions be-
tween the amorphous metal alloy with various concen-
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trations of hydrogen, and a hydrogen-evolving electrode
under the same conditions of temperature, pressure, and
pH (the RHE reference).

Our amorphous metal electrodes were fabricated ei-
ther from sputtered films on nickel substrates (Pd-Ti,
Ni-Ti samples) or from rapidly quenched ribbons (Ni-
Zr). In the case of rapidly quenched samples, the rib-
bons were first etched to remove any surface oxide and
then ground into coarse powders. These powders were
pressed with Ni metal as a binder into flat pellets. Ni is
chosen as a binding material because it is stable in the
alkaline electrolyte and does not absorb hydrogen under
the conditions of this experiment. The flat pellets were
formed into electrodes using nickel foil and fine nickel
screen for electrical contact. All samples tested were
verified to be completely amorphous using x-ray
diffraction. Compositions were checked with photoelec-
tron spectroscopy and Rutherford backscattering spec-
troscopy.

Our experimental setup consists of an electrochemical
cell with a nickel hydroxide counterelectrode, a RHE
reference, and an electrolyte of 4N KOH. The
amorphous-metal-alloy sample serves as the working
electrode. All charging and discharging functions are
performed using a Keithley programmable current
source controlled by an IBM personal computer. Initial-
ly the amorphous metal is charged until hydrogen gas
evolves off the electrode surface. This hydrogen-
evolution reaction (at a pressure of 1 atm) provides an
upper limit p,„=—38.5 kJ/mol H~ (relative to the H2
binding energy) on the attainable hydrogen chemical po-
tential. At this point the current is terminated and an
open-circuit voltage relative to the RHE reference elec-
trode is measured. A current pulse is then applied to
the amorphous alloy to extract a known amount of hy-
drogen. The number of hydrogen atoms desorbed from
the metal is easily counted since each electron passing
through the electrode corresponds to one hydrogen atom
[see Eq. (2.3)]. After inducing this change in hydrogen
concentration in the alloy, a rest potential measurement
is made to obtain the chemical potential at the new hy-
drogen concentration. Care must be taken to insure that
the hydrogen is equilibrated within the alloy before this
measurement is taken. Since the equilibration time in-
creases (diff'usion coefficient decreases) very rapidly with
decreasing hydrogen content, the discharge current (or
rate at which hydrogen is extracted) is also decreased at
lower hydrogen concentrations, with a total change of
about a factor of 20. The measurement is terminated
when the equilibrium time is on the order of 5 h, where
the integrated leakage current (due to dissolved oxygen
recombining with hydrogen on the alloy surface) be-
comes a source of error. While the upper chemical-
potential limit p „=—38.5 kJ/mol Hz is set by Hz evo-
lution, these kinetic effects limit the minimum obtainable
chemical potential to p;„=—100 kJ/mol H2. Sites with

p &p;„are filled during the initial charge and remain
filled during the experiment. Thus, at an arbitrary
chemical potential p &p;„ the amount of hydrogen ab-
sorbed or desorbed in our electrochemical experiment is
given by

b H /M(p ) =H /M(p ) H—/M(p;„),
where H/M(p) is the total number of hydrogen atoms
divided by the number of metal atoms, absorbed at
chemical potential p. Over the entire experimentally ac-
cessible range of p, we measure a total change in hydro-
gen content

b,H/M i,„p, H——/M(p, „) H /—M(p;„) . (2.4)
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FIG. 1. Chemical potential p of hydrogen in Nil „Zr„vs
total normalized hydrogen-to-metal ratio (EH /M) /( b 8/
M

~
),„at compositions x =0.37, 0.4, and 0.7. The upper lim-

it p,„=—38.5 kJ/mol H2 corresponds to the standard chemi-
cal potential of H2 gas at T=295 K, P =1 atm. The rapid de-
crease in p at low concentration is indicative of a depletion of
available hydrogen sites in this range of free energy.

In Fig. 1, we show a plot of chemical poten. tial p
versus [AH/M(p)]/[AH/M ~,„] (bH/M ~,„ is a
quantity that is proportional to b,H/M ~,„z,) for various
rapid quenched Ni

&
Zr, alloys. The origin of the pro-

portionality between hH/M ~,„~, and bH/M ~,„ is dis-
cussed in the next section. Although the lower limit

p;„=—100 kJ/mol H2 is due to kinetic limitations, the
sharp decrease in p with decreasing AH/M is indicative
of a depletion of available hydrogen sites. The hydrogen
sites with p& —100 kJ/mol H2 are thus physically dis-
tinguished from those sites in the range p ~ —100
kJ/mol H2 which are not probed here. Because of this
distinguishability, the experimental lower limit p;„ is
not a limitation to the study of the distinct group of sites
at energies above p;„. Having normalized by
b,H/M ~,„and formed a concentration (to within a
scale factor), we observe that p versus concentration ex-
hibits universal (composition-independent) behavior.

The variation with composition x in total hydrogen
content EH/M ~,„~, over the experimental range of p, is
shown in Fig. 2 for the amorphous-metal-alloy systems
Pd-Ti and Ni-Zr. The compositional dependence of the
hydrogen capacity in this range of p allows one to iden-
tify the interstitial sites being occupied in each of these
alloys as tetrahedral interstitials of distinct chemical
composition. For example, in the Ni

&
Zr„system

within the range of chemical potential probed ( —100
kJ/mol Hz & p & —38.5 kJ/mol H2), the total change in
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hydrogen storage b,H /M ~,„~I is proportional to the
function x (1 —x), as indicated by the dashed line in
Fig. 2. This dependence over a wide range of x indicates
that the site storing hydrogen in this energy range is a
tetrahedral interstitial comprised of 2 Ni and 2 Zr atoms.
Although tetrahedral hydrogen sites have been proposed
previously, only Zr4 and NiZr3 sites have been con-
sidered to store hydrogen. ' ' We have the first evi-
dence that Ni2Zr2 sites store a nontrivial amount of hy-
drogen (up to at least H/M=0. 6) in amorphous Ni-Zr.
In general, we observe the hydrogen content
b,H /M ~,„~I to scale with x in proportion to the number
of A4 „B„tetrahedral structural units which occur in a
chem&cally random alloy

4
b,H /M ~,„~,= 1.7 x "( 1 —x ) (2.5)
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FIG. 2. Total hydrogen content over the range of p probed,
tS.H/M ~,„~„as a function of ETM composition x for both
Ni& „Zr„and Pd& Ti„. Also shown are the curves
b,H/M ~,„~,=10.2x (1—x)' and hH/M ~,„~,=6.8x'(1 —x)
which are fit to the Ni-Zr and Pd-Ti data, respectively. These
proportionalities imply that Ni-Zr stores hydrogen in Ni2Zrz
tetrahedral interstitial sites while Pd-Ti stores hydrogen in
PdTi3 sites in this range of chemical potential. Inset:
~/M ~,„~, measured electrochemically for NiI Ti over the
same range of p as in Fig. 1. Also shown is the predicted hy-
drogen content consisting of a sum of the full contribution
1.9[4x (1—x)] from the NiTi& sites (as in Pd-Ti) and a frac-
tional contribution of 0.2[1.9[6x'(1—x)']] of the NizTiz sites
(as in Ni-Zr).

in the A4 „B„sites, where („)=4!/n!(4—n)! is the nth
coefficient in the expansion of [x + ( 1 —x )] . It is impor-
tant to note that the factor of =1.7 is obtained indepen-
dent of n with n =2 for Ni-Zr as discussed above, and
n =3 for Pd-Ti. The validity of this assertion is illus-
trated in Fig. 2, where Eq. (2.5) is plotted (along with
our experimental data) for n =2 and n =3. The dis-
tinguishability of interstitial sites of distinct chemical
composition, a universal chemical potential as a function
of hydrogen concentration, and the general proportional-
ity factor of 1.7 are important observations which a
model for hydrogen storage in these materials must ad-
dress.

III. MODEL FOR HYDROGEN STORAGE IN
AMORPHOUS ALLOYS

Based on our experimental observations, we propose
the following model for hydrogen storage in late and
early transition metal alloys 3

& „B„.We consider the
glass to be a chemically random alloy (no chemical
short-range order) with a structure composed of packed,
distorted tetrahedra. We label each tetrahedron by the
types of metal atoms at its vertices (B4, AB3, AzB2,
A3B, A4, or, generally, A4 „B„).The number of each
type of tetrahedra is thus proportional to the probability
of choosing n B and 4 —n A atoms from a distribution of
B and A atoms consistent with the overall alloy compo-
sition (having a fraction x of B atoms), i.e. , proportional
to the nth term in the expansion of [x + (1 —x ) ] . Hy-
drogen interstitial sites are located at the "centers" of
these tetrahedral units and (i) may thus also be labelled
by the identities of the four atoms at the vertices and (ii)
occur with the same probabilities as the tetrahedra.
Each hydrogen interstitial site is also fourfold coordinat-
ed with neighboring interstitial sites. The predominance
of tetrahedral interstitials has been verified for the
computer-generated relaxed, one-component random
close-packed structure. ' Now, the energetics of a hy-
drogen atom at a particular site is supposed dominated
by the local metallic environment (the four neighboring
metal atoms). The lowest-energy hydrogen sites are
those surrounded by four early-transition-metal atoms,
so that E4 & E3 &E2 &E«Eo (E„ is the energy corre-
sponding to an hydrogen in an A4 „B„interstitial site).
This ordering of energies is consistent with the large ex-
othermic heats of formation of ETM hydrides relative to
those of the LTM hydrides, which suggests a preference
for maximizing ETM-hydrogen coordination in the al-
loy. Both the existence of tetrahedral interstitials and
the preference of B-H coordination have been previously
substantiated by many neutron and x-ray diffraction
studies. ' ' ' Since the hydrogen binding energy is
predominantly electronic in origin, ' we assume the en-
ergetics of hydrogen in the metal is independent of tem-
perature. The domination of the local environment also
implies that the energies E„are x independent, with only
the numbers of each type of site changing with x.

Due to the range of distortions about ideal tetrahedral
structure in the local glass environment, Auctuations in
the hydrogen-site energies must exist. ' This leads to
distributions in the site energies about the mean, typical
site energies E„which we characterize by half widths at
half maximum o.„. The ability to experimentally distin-
guish the occupation of different types of sites (e.g. , to
see the Ni2Zr2 sites as distinct from the NiZr3 sites in
Ni-Zr) dictates that the widths be narrower than the
differences between mean site energies, o „+cr „
&

~

E„—E„ I ~

. Finally, we consider the structural
fluctuations which generate the widths to be independent
of composition.

Our picture may be summarized by stating that the
density of states (DOS) for hydrogen atoms in the glass,
g (E,x, T), may be decomposed into a sum of contribu-
tions from sites of each type as
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g (E,x, T) =gf„(x)g„(E), (3.1) bH/M =Nf„(x)f dE g„(E) .
I min

(3.3)

H/M(p)=N f dEg(E, x, T), (3.2)

where N is the number of interstitial sites per metal
atom. Over a specific range of chemical potential p;„ to
lz, extending only over a single peak g„(E) as indicated
in Fig. 3, the hydrogen content is

Eq

RELATIVE WEIGHT

4X(1-X)3

@max

where f„(x) is proportional to ( „)x"(1—x ) ". The
function f„(x), which contains all the x dependence of
g(E,x, T), is the nth term in [x+(1—x)] . The g„(E)
are the DOS for the type-n sites only (characterized by
E„and o „) and are normalized to unity, nonoverlapping
and independent of both temperature and composition.
Also, g(E,x, T) is taken to be independent of T. Using
this DOS picture one can understand why only one type
of site is observed in the electrochemical experiment
(e.g., NizZrz). Since the measurement is restricted to a
window of chemical potential, if the range p;„&p
&p,„predominantly overlaps only one peak in the
DOS, those sites dominate the electrochemical results.
The lower energy sites (e.g. , Zr~, NiZr3) are occupied but
not probed in this measurement. Figure 3 shows a
schematic of the hydrogen DOS g (E,x, T) as a function
of energy for Ni& Zr„at the composition x =0.6. The
window of chemical potential measured electrochemical-
ly is indicated on this figure.

We now consider the variations in hydrogen content
and chemical potential with composition which are pre-
dicted by this model. At low temperatures [RT «cr„,
entropic effects enter at order (RT/o„) ], the total hy-
drogen content per metal atom at chemical potential p is
simply

we obtain

(bH/M)/(bH/M ~,„)=f dEg„(E) .
I min

(3.5)

The total hydrogen content over the experimental range
dmin o pmax ~s

bH/M ~,„p, Nf„(x——)f™xdEg„(E)
min

= b,H /M ~,„f™~dEg„(E) .
) min

(3.6)

Inverting Eq. (3.5) we find that p versus b,H/M normal-
ized by either bH/M ~,„~, or bH/M ~,„ is predicted to
be independent of composition x (and also temperature),
in agreement with the experimental results of Fig. 1.
The aspects of our model which lead to this conclusion
are the x independence of E„and o.„[and hence g„(E)].
Furthermore, the hydrogen content b.H/M ~,„~, given
by Eq. (3.6) is proportional to f„(x) and hence to
(„)x"(1—x) ", also in agreement with our results
shown in Fig. 2. This result follows from the assump-
tion of a chemically random alloy with tetrahedral sites
of each type which are well separated in energy.

The origin of the proportionality factor appearing in
Fig. 1 now becomes apparent as the difference between
b,H/M ~,„„,and b,H/M ~,„ in Eq. (3.6) and is equal to
the fraction of type-n sites probed experimentally. To
obtain an estimate of this fraction, we use a normalized
Gaussian centered on E2 and of e ' width o.

z to approx-
imate gz(E) for the Ni-Zr system. We obtain the excel-
lent fit shown as the solid line in Fig. 1 for the parame-
ter values Ez ———58. 5 kJ/mol and o z

——25.0 kJ/mol
(N.B. RT «cr„). We conclude, as evident in Fig. 1, that
the experiment does not probe the full range of gz(E),
but rather only about 90% of the sites, so that

Normalizing by the maximum hydrogen capacity of the
type-n sites,

AH/M ~,„=Nf„(x)f ™
dEg„(E)=Nf„(x) (3.4)

E
E2 6X2(1-X)2

dEg2 E =0.9 .
I min

(3.7)

E3 203 4X3(1-X)

E4 X4

DENSITY OF STATES g(E,X)

FIG. 3. Schematic of the density of states g(E,x, T) for hy-
drogen in tetrahedral interstitial sites. g(E,x, T) consists of a
sum of contributions g„(E) from the different types n of
tetrahedra, where E„corresponds to the typical energy of a
A4 „B„interstitial site. The relative weight under each peak
is proportional to the probability of occurence of a type-n site
in a random alloy.

We find only (1% of the Ni2Zr2 sites lie below p so
the p;„ limit has little effect on the measured Ni2Zr2 oc-
cupation. The maximum hydrogen capacity b,H/M

~

=Nf„(x) of the NizZrz (n =2) sites is thus slightly
larger (10%) than we directly measure using the electro-
chemical technique because of the experimental upper
limit of p,„. Our normalization of AH /M by
b,H /M ~,„=(b,H/M ~,„~,)/0. 9 in Fig. 1 transforms
the measured b,H/M into a true concentration (fraction
of occupied type-n sites) of the NizZrz sites.

Since the window of experimentally accessible chemi-
cal potentials is limited to p;„=—100 kJ/mol and
p,„=—38.5 kJ/mol, the type of site probed electro-
chemically must have a mean energy E„ falling within
that window. For Ni-Zr, we find that it is the Ni2Zr2
sites which are probed and we have determined a mean
energy for these sites of E2 ———58. 5 kJ/mol. We are
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4
bH/M ~,„=Nf„(x)=Na „x"(1—x) (3.8)

Recalling Eq. (2.5)

able to correlate the typical site energies observed with a
simple weighted average of the enthalpies of formation
&o of the pure crystalline hydrides BHz and AH, '

E„=[n&o(BH~)+ (4 —n)&0( A H) ]/4

as shown in Table I. Pd has an anomalously low (nega-
tive) hydride heat of formation, storing hydrogen in oc-
tahedral interstitial sites because of its open structure, so
we assume that Pd in a glassy alloy behaves more like Ni
than crystalline Pd. The simple average implies that in
our experiments the Ni2Zrz sites in Ni-Zr are accessed
while the PdTi3 and possibly some Pd2Ti2 sites are ac-
cessed in Pd-Ti. Our experimentally derived Ez in Ni-
Zr is about 15 kJ/mol positive of the estimate obtained
by averaging, which suggests that the Pd2Tiz sites in
Pd-Ti are also actually at energies higher than estimated
and perhaps outside of the accessible range of energies,
consistent with our observations. A consequence of the
rough accuracy of the simple average is that we also ob-
tain limits on the widths of the DOS peaks. Since
b,H/M ~,„~, follows the random statistics („)x"(1
—x) " for a particular n in a given alloy, the peaks
must be narrower than the separations between peaks, as
remarked earlier and as indicated in Fig. 3. However,
the separations between peaks may now be estimated by
the simple averaging as

E„E„)——[&0(B—Hp) —&o( A H)]/4 .

For Ni-Zr, the widths are thus bounded by approximate-
ly o.„525 kJ/mol (which is about equal to the measured
width obtained above). Similar widths follow for the
PdTi3 sites in Pd-Ti and hence we expect about 90% of
these sites are accessed in our experiments.

We now address the issue of the maximum hydrogen
content within each type of site in these alloys. We
make the proportionality of f„(x) to („)x"(1—x) " ex-
plicit by deftning f„(x)=a(„)x"(1—x) ", so that

TABLE I. Weighted average of hydride formation enthal-
pies &0 of the constituent-atom crystalline hydrides BH~ and
AH, E„=[n&o(BHz)+(4—n )&0(AH)]/4 as an estimate of
hydrogen enthalpy in an A4 „B„tetrahedral site, for a variety
of ETM/LTM alloys.

A-B

Ni-Zr
Pd-Zr
Rh-Zr
Ni-Ti
Pd-Ti
Fe-Ti
Ni-Hf

—162
—162
—162
—124
—124
—124
—133

Site type
AB3

—117
—117
—112
—89
—89
—85
—96

ApB2

—73
—73
—62
—50
—50
—45
—58

—28
—28
—12
—18
—18
—6

—21

p=p~, —TS(T)+——RT ln(P), P in atm, (3.1 1)

where S ( T) is the entropy of Hz gas at temperature T. '

Over the range of P and T probed in gas-phase experi-
rnents, p is limited to the same range as in our electro-
chernical measurements, —100 kJ/molSp 5 —38.5 kJ/
rnol. However, in contrast to our electrochemical exper-
iments, the total H/M(p) is measured, which corre-
sponds to having a lower limit of p;„=—oo. For Ni-
Zr, our model thus predicts, using Eq. (3.10), a total
hydrogen-to-metal ratio of

H/M(p)=1. 9[x +4x (1 —x)+6x (1—x) cz(p)],

4
H/M(p) =1.9+ x "(1 x)—"f dE g„(E) . (3.10)

n

The validity of this prediction for total H/M, which is
one of the key results of this paper, is examined in some
detail below.

Chas-phase experiments on the Ni-Zr system measure
the total hydrogen concentration as a function of pres-
sure P and T. At a given P and T, the chemical poten-
tial of the metal-hydrogen system (in kJ/mol Hz) is equal
to that of the gas,

AH/M
i empt 1 7 x ( 1 x) (2.5)

—100 kJ/mol &p & —38.5 kJ/mol, (3.12)

and using Eqs. (3.6) and (3.7) (to account for the experi-
mental limitation of approximately 90% filling of the
Ni2Zr2 and PdTi3 sites discussed above), we find

Na=N tt ——1.7/0. 9=1.9 . (3.9)

ff is independent of composition, type of alloy, or type
of site probed We assert th. at the factor of 1.9 is the
effective number of interstitial sites per metal atom avail-
able for hydrogen occupation. It is also the appropriate
prefactor in Eq. (3.8) for the number of occupiable hy-
drogen sites per metal atom for each type of site n in this
class of metallic glasses. With this value of Nu, we now
predict that the total H/M at chemical potential p, com-
position x, and temperature RT &&o.„ is

where c2(p) is given by the universal curve of Fig. 1,
and p is related to P and T via Eq. (3.10). Thus, with no
free parameters, we predict total hydrogen content for
Ni) „Zr„alloys using Eq. (3.12). Our predictions are
compared to the gas phase data of Aoki et al. ' in Figs. 4
and 5. In Fig. 4, for example, the data was obtained at
T=523 K and P =50 atm, so that p, = —59.6 kJ/mol
and hence, from Fig. 1, c2(p= —59.6 kJ/mol) =0.48 in-
dependent of composition x. Over a wide variation in
temperature (373—573 K), pressure (0. 1 —50 atm), and
composition x (0. 1&x &0.7), Eq. (3.12) is in excellent
agreement (0—15 Fo) with independent experimental re-
sults. Therefore N,~ ——1.9 and the random-alloy statis-
tics are correct for all occupied sites (Zr~, NiZr3, and
NizZrz) in this system. In addition, the accuracy of our
predictions for total H/M over a wide range of tempera-
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H

M

2.0
Nli-xZI'x

— ~ AOKI et al.
1.5 — (T=523 K, P=50 atm

possibly some Ni2Ti2 sites within the range of —100
kJ/mol &p & —38.5 kJ/mol available experimentally.
The inset of Fig. 2 shows our measurements of
hH/M ~,„~, versus x. A detailed chemical potential
versus concentration curve has not been measured and
so it is not known whether any NiTi3 sites lie below p;„
(recall only 1% of the Ni2Zrz sites are below p;„). We
assume all the NiTi3 sites lie above p;„and below p,„
and fit our data using

0.5

0
0 0.5

COMPOSITION X

1.0

FIG. 4. Total hydrogen-to-metal ratio H/M in Nil Zr as
predicted ( ) and obtained experimentally [», Ref. 1(a)] at
T= 523 K, P = 1 atm over a wide range of compositions x.
The predicted H/M has no free parameters and is given by
H!M=1.9[x +4x'(1 —x)+6x'(1 —x)'c2(p)] with cz(p=
—59.6) obtained from the universal curve in Fig. 1.

'I.5 — ~

H 10—
IN

tures using the universal curve obtained at T=295 K is
further evidence for the temperature independence of the
hydrogen energetics in the metallic alloy.

We have also studied Ni-Ti alloys electrochemically.
From simple averaging considerations (see Table I), this
glass is expected to store hydrogen in NiTi3 sites and

H/M=1. 9[x +4x'(1 —x)+6x (1 —x) cp(p, )] (3.14)

with an appropriate x-independent choice of cz(p). In
Table II we compare the data of Maeland et al. ob-
tained at P= 1 atm, T=295 K (p= —38.5 kJ/mol) to
Eq. (3.14). Since we do not have a "universal curve" for
Cu-Ti, we fit cz(p)=0. 22 to obtain the experimental
H/M at the single composition x =0.35 and find excel-
lent agreement over the full range of x Interestingl. y, the
hydrogen content of Cu-Ti obtained by Hwang et al.
under apparently very different conditions of P =50 atm,
T=403 K is nearly identical to that of Maeland et al.
This is now clearly understood, however, by simply not-
ing that p = —43.0 kJ/mol under these conditions,
which is extremely close to the p of Maeland et aI.

Finally, a number of studies on other ETM/LTM
glasses at isolated compositions have been made. Simple

~H/M
~ .,p, = 1.9[4x '(1 —x)+ 6x'(1 —x)'c, (p,„)]

(3.13)

with the single adjustable parameter c2(p, ,„)=0.2 to ac-
count for the fractional occupation of the Ni2Ti2 sites.
Improved agreement can be obtained by assuming that a
fraction c3(p;„) of the NiTi3 sites are filled initially,
which introduces 1 —c&(tu;„) as another parameter into
Eq. (3.13). In any case, the Ni-Ti behavior, while not
definitive, is consistent with the overall factor of 1.9 hy-
drogen atoms per metal atom in each type of site.

We next consider the Cu-Ti system, which, to our
knowledge, is the only other glass in which hydrogen-
content studies have been carried out over a wide range
of compositions. From simple averaging estimates, we
expect Cu-Ti to behave similarly to Ni-Ti or Pd-Ti and
store hydrogen in Tiz, CuTi3, and possibly some fraction
of the Cu2Tiz sites. The total hydrogen content should
then be given by

0.5—

-90 -80 -70 -60

p, (k J/mol H&)

-50 -40

TABLE II. Comparison of predicted H /M = 1.9
[x +4x (1 —x)+6x (1—x) c2(p,„)] and experimental values
of Maeland et al. for Cu-Ti at 293 K, P =1 atm. c&(p,„) is
fit to experiment at x =0.35. Also shown is data on Cu-Ti ob-
tained by Hwang et al. (Ref. 4) at 403 K. P =50 atm. , which
has very nearly the same p,„.

FIG. 5. Hydrogen-to-metal ratio H/M in Ni[ Zr vs hy-
drogen chemical potential p as predicted ( ) and obtained
experimentally [A, Ref. 1(b), ~, Ref. 1(a)] at various composi-
tions x. The experimental data spans a wide range of tempera-
ture (373—573 K) and pressure (0.1 —50 atm) and the predicted
H/M is obtained as described in Fig. 4 and the text.

X

0.35
0.50
0.60
0.65

0.37
0.68
0.96
1.15

0.37 (6t)
0.75
1.04
1.19

H/M for Cu] Ti„
Maeland et al. Predicted Hwang et al.

0.42
0.69

1.23
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averaging suggest that none of the ETM/LTM glasses
(ETM is Ti, Zr, Hf) studied to data store hydrogen in
238 (n =1) sites. Therefore, we predict that the max-
imum obtainable H/M values are bounded above by the
value of H/M=1. 9[x +4x (1—x)+6x (1 —x) ] (i.e.,
full occupation of the n =4, 3, and 2 sites). Figure 6
presents a compilation of the maximum H/M values we
have found for a variety of systems over a wide range of
composition, and we observe that the bound is quite ac-
curate. Those systems which are far below the bound
(such as Cu-Ti and Pd-Ti) store very little or no hydro-
gen in the AzBz sites

We have presented many measurements, both ours
and those of other workers, which confirm that an
effective number of about 1.9 hydrogens per metal atom
is an upper limit to total hydrogen storage in this class
of glassy alloys. Moreover, the N, z ——1.9 holds also as
the prefactor for the hydrogen content in each type of
tetrahedral site in these materials. This observation has
several profound consequences on the nature of these
glasses. The persistence of a composition and alloy in-
dependent N, & implies that these glasses are all structur-
ally similar, the basic local structure of tetrahedral units
being very similar in all cases. The universal behavior of
the chemical potential is also an indication of the
structural similarity with changing composition and its
successful application at different temperatures is an in-
dication of the dominance of energy over entropy in the
hydrogen free energy. The comparisons often made be-
tween hydrogen capacities of crystalline and amorphous
alloys at the same composition in attempts to under-
stand the glass behavior are seen to be largely irrelevant.
We mill discuss some of these points further in Sec. V.

2.0

H 1.0
M

IV. NEAR-NEIGHBOR BLOCKING: ORIGIN OF
THE x AND SITE-INDEPENDENT N,I ——1.9

We have provided considerable experimental
verification of the limiting value of 1.9 hydrogens per
metal in ETM/LTM transition metal glasses. However,
as recognized by Samwer and Johnson, the total num-
ber of interstitial sites available for hydrogen storage in
crystalline materials and glass models is in the range of
N =5—6 sites per metal atom, all of which may be con-
sidered as basically (distorted) tetrahedral sites. Crystal-
line materials also exhibit "reduced" hydrogen capaci-
ties, and it has been necessary to introduce very strong
short-ranged repulsive interactions between interstitial
hydrogens to limit the total occupation of sites to some
fraction of the total number of available sites. The ori-
gin of the repulsive interaction is electronic in nature
and, being much larger than other relevant energies in
the hydrides, is often assumed to be infinite out to first,
second, or even third neighbor distances. The range of
the interactions has been specified as 2.1 A independent
of material by Switendick. ' Accordingly, we adopt the
assumption of infinite (at least 200 kJ/mol) near neighbo-r
hydrogen-hydrogen interactions in the glassy alloys.
Thus, no two interstitial sites sharing a common triangu-
lar face of a tetrahedron (i.e., having three common met-
al atom neighbors) may be simultaneously occupied by
hydrogens, an exclusion referred to as "blocking. "

Blocking interactions immediately imply that site-site
correlations are important. For example, the amount of
hydrogen that can be stored in the AzBz sites in a
chemically random A

&
B„alloy now depends not only

on the number of A28z sites [-x (1—x) ] but also on
the types and occupations of the sites neighboring a typi-
cal AzBz. Such correlations should destroy the direct
and simple relation between hydrogen occupation of a
particular type of site n and the number of those sites
occurring in a chemically random alloy [as described by
Eq. (3.8)]. Thus in principle, the quantity a appearing in
Eqs. (3.8) and (3.9) should depend on both site type n
and composition x. We therefore generalize Eq. (3.8)
and introduce the fractional occupation factors a„(x),
defined so that the maximum occupation of the type-n
sites is

4
(4.1)

0
0 0.5

COMPOSITION X

1.0

FICx. 6. Predicted upper bound for total hydrogen content
in ETM/LTM amorphous alloys H M/= 1.9[x +4x '(1 —x)
+6x (1—x) ], and maximum experimental H/M for various
ETM/LTM glasses at isolated ETM compositions x. The
upper bound is accurate for all of these glasses: Pd-Zr (Refs. 5
and 19), Rh-Zr (Ref. 5), Cu-Zr (Ref. 6), ¹iZr (Ref. 9), Fe-Zr
(Ref. 20), Fe-Ti (Refs. 7 and 21), Cu-Ti (Ref. 8). The more
comprehensive data presented in Figs. 3 and 4 and Table II is
not included here.

a„(x) measures the deviation in the maximum occupa-
tion of the type-n sites from the total number of type-n
sites available. The surprising experimental observation
is that Xa„(x)=1.9. The occupation fractions are not
only each independent of x but take on the same value
of a =0.34—0.38. We will show that near-neighbor
blocking does in fact lead to a nearly x-independent frac-
tion a4(x)=a3(x)=a&(x)=a, so that Eq. (3.8) is valid.
The precise numerical value of o.' does depend on struc-
ture but its insensitivity to composition is less structure
dependent. Below, we demonstrate that a structure
based on fivefold rings of tetrahedral interstitiaI sites pre-
dicts a= —', and Ra=1.9—2. 1, in excellent agreement
with our experiments. In contrast, structures consisting
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TABLE III. Number of A4 „8„,interstitial sites neighbor-
ing a A 4 „B„sitein a chemically random A, 8 alloy.

Neighbor site
A4 „8„

84
AB3

A2B2
A38

84

4x
4(1 —x)

Site type A4 „8„
A83

1+2x
3(1—x)

A282

2x
2

2(1 —x)

of evenfold rings yield a =0.45 —0.5 and 2Va ~ 2. 5, in
some disagreement with our results.

To understand how the a„(x) cannot only be x in-
dependent but also take on a similar n-independent
value, it is important to recognize that correlations exist
between the interstitial sites of a chemically random al-
loy. Although the A and B metal atoms are randomly
distributed, each metal atom influences the type of its
many (more than 20) neighboring interstitial sites. The
identities of interstitial sites sharing any metal atoms in
common are thus related. Table III shows the number
of A 4 „B„,sites neighboring a typical A 4 „B„site as
a function of overall alloy composition X. As illustrated
in this table, both AB3 and A2B2 sites have on average
at least one neighbor of the same type over the full range
of compositions. Therefore at most one out of every two
of these sites can be occupied in the presence of block-
ing, even at low x where very few AB3 and A282 sites
occur. In addition, sites differing by more than one A or
B atom are never near neighbors, leading to some decou-
pling of the occupation fractions a, . These points only
depend on the local tetrahedrally coordinated interstitial
structure of the random alloy, whether crystalline or
amorphous.

To elucidate the detailed effects of blocking as a func-
tion of composition x, we proceed as follows. In the
next subsection, we analyze the occupation fractions
a„(x) of a tractable model, the bcc random alloy, and
show that the a„(x) are insensitive to composition over
a wide range of x (see Fig. 7). The actual values of
a„(x)=0.45 —0. 5 we obtain are structure dependent and
of secondary importance. In Sec. IVB, we discuss the
more complicated case of the a„(x) expected in a model
amorphous alloy based on icosahedral structural units.
Because of the PUefold rings in this structure, the typical
values of the a„(x) are in the range of 0.35 —0.4, compa-
rable to those determined experimentally.

A. Blocking in a random bcc lattice

The interstitial sites of a bcc lattice are tetrahedrally
coordinated and each has four neighboring metal atoms
defining its site type, as shown in Fig. 8. Thus the bcc
structure has a local topology identical to our picture of
the glass as discussed in Sec. III. The features of the oc-
cupation fractions a„(x ) in the bcc case are much easier
to determine than in the glass and will guide us in study-
ing the more complicated amorphous structure. %'e
consider near-neighbor blocking only; our study is there-
fore not relevant for real bcc materials such as Nb, for
which blocking out to third neighbors is necessary to ob-
tain agreement with experimentally measured Nb-H
phase diagrams. In the bcc alloy, we are interested pri-

marily in the variations of a„(x) with x and n Sinc. e a
chemically random A

& „B„bcc alloy differs from a
chemically random glass in the structure at further
neighbors, consisting of fourfold and sixfold rings of in-
terstitial sites in constrast to the fivefold rings which
predominate in many models of the glassy state, the typ-
ical values of a„(x) calculated here may (and in fact do)

1.0

Z0
CL

O
U+ 0.5~
X0
I-
O
I:
LL.

0
0

a3{x}

0.5

bcc
GLASS

a2{x}

1.0

{Q) bcc and Interstitials {b) Icosahedron and Interstitlals

{C)Clusters of AB~ and A2B2 Sites

COMPOSITION X

FIG. 7. Maximum fractional occupations a„(x) of the
A4 „8„ tetrahedral sites in the A& 8 random alloy with
infinite near-neighbor hydrogen-hydrogen interactions (block-
ing) as a function of alloy composition x: ( ) bcc,
( ———) glass. Note the similar values of the a„(x) for
di6'erent n over a wide range of x, a„(x)=0.45 —0.5 for bcc
and a„(x)=—,

' for the glass.

AB

FIG 8. (a) Interstitial sites of the bcc lattice. Note the oc-
currence of fourfold and sixfold ring of interstitial sites. (b)
Icosahedron (the assumed local structure of the glass) and its
interstitials, which form a dodecahedra consisting of fivefold
rings of interstitial sites. (c) Clusters of AB3 and A282 sites in
the low-x limit of the glassy alloy.
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differ from those we wi11 estimate for the glass. Keep in
mind, however, that our real goal in this exercise is to
determine the sensitivity of a„(x) to n and x. We first
determine the exact high and low x limits of the a„(x).

Low x limit. At low x, all 84 sites may be filled since
each has only higher energy AB3 neighbors. Hence,
a4(x =0)= 1. The AB3 sites always have one AB3
neighbor, so that one of the two may be occupied and
thus a3(x=0}=—,'. The A2B2 sites, while each having

two A2B2 neighbors (see Table III), actually form four-
fold or sixfold rings, within which two or three sites may
be occupied, respectively, yielding a2(x =0)=—,'. Note
that a3 ——a2 in this limit.

High x limit. At x =1, all interstitial sites are 84 and
blocking restricts the maximum occupation to a sublat-
tice of every other site, so that a4(x =1)=—,'. When an

A atom is introduced into the alloy, a cluster of 24 AB3
interstitial sites is created. Preferential occupation of
the lower energy 84 sites which surround this "defect, "
at the expense of low occupation of the (higher energy)
AB3 sites, does not occur because the 84 boundary sites
are neighbors of each other. Therefore, exactly —,

' of the
AB3 sites may be filled and in precisely the manner that
these sites would be filled if the "defect" were not
present. Hence, a3(x = 1)= —,'. Finally, if a pair of
neighboring A atoms are introduced into the all 8 alloy,
either 4 A282 and 40 A83 or 6 A282 and 36 A83 sites
are created. Again, relaxation of the occupations
around the defect does not increase the total 84 or AB3
occupations and so exactly —,

' of the A28z sites may also
be filled: a2(x =1)=—,'. Note that a4 ——a3 ——a2 ———,

' in
this limit, which is identical to the values of a3 and e2 in
the low-x limit.

To determine the behavior in between the exact low-
and high-x limits determined above, we have carried out
static computer simulations of hydrogen filling with
blocking interactions on a (20) unit cell random
A i „B„bcclattice ( —10 interstitial sites) as a function
of x. The details are discussed in the Appendix. The re-
sults for a4(x), a3(x), and az(x) versus x are shown in
Fig. 7. The exact high- and low-x limits are obtained
(precisely because we know these limits and are able to
construct a filling sequence which correctly yields them;
see the Appendix}, along with the correct initial slopes at
both limits and the slow variation in total occupation on
decreasing x from 1. Deviations from the limiting value
of —,

' are small [the minimum value obtained is

a2(x =0.5)=0.43] and a3(x) and az(x) track one anoth-
er quite closely over the entire range of x. Also, we find
a4(x)= —,

' down to x =0.5. Below x =0.5, the number of
B4 sites decreases so rapidly (like x ) that the deviations
in a4(x) in this region give inconsequential corrections
to the total H/M Since the a„(.x) are nearly indepen-
dent of x and n (in the composition range where they
contribute significantly to the total H/M), the maximum
occupations of the type-n sites follow the random statis-
tics quite closely but with a prefactor reduced by-0.45 —0.5 relative to the total number of these sites.
For the bcc alloy, the hydrogen content in each type of
site is well approximated by

5H/M
i ~gx0SNx( 1 x)

over nearly the entire range of compositions. To
reiterate the point of this example, the a„(x) are insensi-
tive to composition in the composition range where they
are important in determining H/M, while the particular
structure of the bcc lattice results in typical values of
a„=0.45-0.5 for n =4, 3,2.

B. Blocking in an amorphous alloy

We consider the glassy state to be characterized by
tetrahedral packing and tetrahedral interstitial sites.
While computer models of the relaxed random close-
packed structure show 86% of the interstitial sites to be
tetrahedral, they contain high fractions (25%) of both
fourfold and sixfold rings. Other recent glass models, on
the other hand, characterize the glass as consisting
predominantly (90%) of fivefold rings, with the residual
rings being higher coordinated sixfold rings. The dom-
inance of fivefold rings is also present in the topological-
ly close-packed Frank-Kasper phases, and Nelson has
suggested that the "ideal" glass corresponds to a Frank-
Kasper phase with an infinite unit cell. We assume five-
fold rings are the main structural feature in glasses and
are then naturally led to the icosahedron as a basic
building block. While the higher-coordinated CN14,
CN15, and CN16 Kasper polyhedra (containing 2, 3,
and 4 sixfold rings, respectively, in addition to 12 five-
fold rings) must be present to relieve frustration arising
in the packing of icosahedra, we focus here on the five-
fold rings only and hence on icosadedra. In the Appen-
dix we discuss simulation results on a chemically ran-
dom A, „B alloy of the MgCu2 Laves structure (a
Frank-Kasper phase) which support the conclusions
reached below using icosahedra only.

Because of the fivefold rings, there is frustration in the
filling of the interstitial sites of a single icosahedron in
the presence of near-neighbor blocking interactions.
Specifically, the interstitial sites of an icosahedron lie at
the vertices of a dodecahedron (20 vertices) and 12 five-
fold pentagonal rings of interstitial sites form the faces
of the dodecahedron (see Fig. 8). With near-neighbor
blocking, only two occupied sites out of any five-ring are
allowed and the maximum occupation is limited to
—,', =0.4. As an aside, the maximum occupations of
CN14, CN15, and CN16 polyhedra are also about 0.4 (—', ,
—,", , and —', , respectively) because of the high fraction of
fivefold rings. Additional frustration occurs in occupy-
ing the sites of packed dodecahedra consisting of a cen-
tral unit surrounded by 12 slightly distorted units, each
sharing a pentagonal face with the central unit. In this
case, occasional singly-occupied five-rings are necessary
(dodecahedra with only —,", =0.35 occupation). The max-
irnum fractional occupation is thus limited to = —,, which
is somewhat lower than the value of —,

' obtained for the
bcc crystal. We now consider the individual occupation
fractions a„(x) of the B4, AB3, and AqBq sites in the
limits of low and high x. It is important to obtain these
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limits explicitly because static simulation studies are not
completely reliable, especially at high x (see the Appen-
dix).

I.ow x limit. Here, the 84 sites and A83 sites occur
just as they do in the bcc alloy, in "clusters" of 1 and 2,
respectively. Thus, a4(x =0)=1 and a3(x =0)=—,'. The
AzBz site clusters differ from those in the bcc crystal,
appearing now in fivefold rings, of which only two sites
may be occupied, giving az(x =0)=0.4.

High x limit. The above discussion of the occupation
of packed icosahedra corresponds precisely to the 84 oc-
cupation at x = 1 and so a4(x = 1)=—,'. Introducing a
single A atom into the center of an icosahedron creates
a cluster of 20 AB3 interstitial sites. While zero AB3
occupation and full occupation of the 20 B4 boundary
sites is possible, the resultant blocking of next-neighbor
84 sites leads to nearly the same total occupation of the
B4 sites. The most favorable configuration (minimizing
the grand potential when p &&E3) is obtained by filling
a3(x =1)= —,', =0.35 of the AB3 sites, as if the A atom
replaces a B atom at the center of a low ( —,', ) occupation
dodecahedron, with no relaxation of the hydrogen
configuration. The insertion of the "defect" AB3 sites at
high x in the amorphous alloy is thus very similar to
that in the crystalline alloy. Introducing a pair of neigh-
boring A atoms into the otherwise all B glass generates 5

AzBz sites in a five ring, surrounded by 30 A83 sites
which are, in turn, surrounded by 84 sites. Determining
the optimal occupation in this case is quite difficult be-
cause of the size of the defect and hence az(x = 1) is the
only limiting quantity which cannot be obtained with
certainty. Clusters extending out to the near-neighbor
dodecadra of the central pair of dodecahedra have been
studied that contain the central 5 A zBz and 30 AB3
sites along with 140 B4 sites. The constraint of —,

' occu-
pation of the outermost faces of the near-neighbor dode-
cahedra (60 B4 sites) has been imposed and represents
the beginning of bulk, or "defect-free" occupation. A
maximal 84 occupation was obtained by filling none of
the AzBz sites, the 10 AB3 neighbors of the AzBz sites
and —",, of the remaining 84 sites. However, a "random"
configuration attained 2 A zBz sites, 10 AB3 sites and
—'„'84 sites, marginally different from the highly ordered
structure. At small 1 —x the overlap of large AzBz de-
fect regions should tend to favor the flexible "random"
configuration over the highly ordered structure and so it
is reasonable to postulate that the random configuration
result of az(x &1)-0.4 quickly becomes accurate with
decreasing x. Note that as in the bcc alloy, the limiting
values of the a„(x) are very similar.

In the intermediate x regime, the detailed ring struc-
ture is less important: the differences between the ran-
dom alloy bcc lattice and glass are not as striking as at
high and low compositions since full rings of a single
type of site are unlikely. The occupation fractions a„(x)
in the intermediate range of compositions are therefore
not expected to vary dramatically. In fact, da3/dx and
da4/dx at low x are the same in both bcc and glass,
with diaz/dx being only slightly different in the two
cases. In addition, the interplay between the occupa-

tions of different site types is similar to that which
occurs in the bcc random alloy and leads to approxi-
mately x-independent occupation fractions. That is, on
decreasing x from 1, the increasing fractional occupation
of the 84 sites decreases the occupation of the A83 sites
neighboring the 84 sites, and the lower AB3 occupation
then allows comparatively more AzBz sites to be occu-
pied. Simulated fillings of the interstitial sites of a
A

&
8 alloy having the MgCuz Laves structure show

these same qualitative features and weakly x-dependent
a„(x) [as noted in the Appendix, however, detailed com-
parisons are not warranted because of difficulties in ob-
taining the proper a„(x) at high x via simulation]. In
Fig. 7 we show the variations in the occupation factors
ct4(x), a3(x), and az(x) with x expected for our model of
the glass structure. Over the range of x that any type of
site contributes appreciably to the total hydrogen occu-
pation (B4, 05«&1; AB, , 0 25«&1; A Bz,
0&x &0.8), the fractional occupations are nearly the
same, x-independent factor of a= —', for all occupiable
sites.

C. Summary

N, z ——Na = 1.9—2. 1, (4.2)

which is in excellent agreement with the experimentally
derived value of N, z ——1.9. In Fig. 9, we present

1.0—
DH
M max

Na2(X) = 1.9
'llllllb Nc 2(X) for glass (N=5-5.6)--- Na2(X) for Laves phase

NA'2(X)6X2(1 X)2

0.5AH'
M max

0
0 0.5 1.0

COMPOSITION X

F&G. 9. Maximum hydrogen storage b,H /~
~

=Na2(x)(z)x (& —&)' in the A2B2 tetrahedral sites as derived
experimentally (solid line) and predicted for the glass (shade
region) and MgCu~ Laves structure (dashed line).

The maximum fractions of occupiable sites in the
ETM/LTM glasses have been demonstrated to be
ct4(x) =ct, (x)=az(x) = —', , nearly independent of composi-
tion. The number of interstitial sites per metal atom N
is not known precisely, but for icosahedral packing, the
relaxed Bernal model and a number of Frank-Kasper
phases, N is in the range of N =5—5.6 sites per metal
atom. Therefore, we predict that Eq. (3.8) is valid with
the eQectiue number of occupiable sites N, s in these al-
loy glasses being
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4
b,H/M i,„=Na2(x) 2 x (1—x)

using the Sa2(x) as derived experimentally and as ob-
tained from our considerations of the glass and Laves
structures. Figure 9 is indicative of both the generally
good agreement between experiment and theory and of
the insensitivity of hH/M ~,„ to the slow variations in
a„(x), which are masked by the more rapidly varying
x "(1—x) "factor.

The main ingredient of the glass model which yields
the correct fractions of occupiable sites is the assumed
predominance of fivefold rings of tetrahedra, and hence
fivefold rings of interstitial sites. ' If the glass consist-
ed of even numbered rings, as is the case in the bcc al-
loy, the limiting occupations would be approximately
a = —,

' rather than a -0.4, leading to N,z ~ 2.5, which is
somewhat larger than observed. While frustation effects
lower this number slightly, as they do in our model of
the glass, a predominance of even numbered rings in the
glass could not lead to the observed limiting hydrogen-
to-metal ratio. We note that the second-neighbor block-
ing in both the crystal and glass limits the total occupa-
tions to much smaller fractions than seen experirnental-
ly. Thus, even rings and second-neighbor blocking are
not able to reproduce the observed occupations.

V. MSCUSSION

We have taken a few simple ideas suggested by experi-
ment (chemically random alloys, tetrahedral interstitials
of distinct chemical compositions A4 „B„,and sequen-
tial occupation of sites according to ETM atom coordi-
nation) and combined them with near-neighbor blocking
and a structure based on fivefold rings to predict that
the three quantities a&(x), a3(x), and az(x) are essential-
ly independent of x and take on a common value of =—', .
This is in close agreement with experiment. While the
necessity of blocking comes as no surprise, being re-
quired to understand hydrogen storage in crystalline ma-
terials, the resultant general insensitivity of the a„(x) to
n and x and the particular necessity of fivefold rings in
the glass to obtain quantitative agreement with experi-
ment are very interesting results. The predominance of
fivefold rings is consistent with the work of Steinhardt
et al. which indicates strong icosahedral bond order in
supercooled Lennard-Jones liquids and relaxed "amor-
phon" models. It is also consistent with disclination
models of the glassy state in which the average number
of tetrahedra surrounding any bond (near-neighbor pair
of metal atoms) is only slightly greater than 5 [compare
to Fig. 8(c)]. As remarked earlier, random close-packed
structures are composed mainly of tetrahedral units, '

but do not exhibit strong icosahedral order and contain
many fourfold and sixfold rings. Such models could pos-
sibly yield hydrogen occupation characteristics similar to
those observed here, but this may only be tested by dy-
namic simulations (to allow for relaxation) of hydrogen
in structures suitably decorated to represent a binary
glass. Unfortunately, even for the static simulations de-
scribed in the Appendix, a large total number of sites is

required to obtain good statistics for each type of site
and so dynamic simulations may be effectively preclud-
ed.

The existence of the composition and alloy-
independent N,z ——1.9 has an important consequence
also. That is, whatever structure is consistent with this
X,~, that structure is the same for all the ETM/LTM
glasses discussed here. This isomorphism (at least as
seen by interstitial hydrogens) implies that varying
chemical effects such as heats of mixing and varying
atomic sizes of the A and B atoms has little conse-
quence, at least for A =Ni, Pd, Cu and B=Ti, Zr.
Since these two aspects are considered to govern the
chemical and structural order of glasses, the apparent
isomorphisrn is intriguing. Studies of a wider range of
ETM/LTM glasses (e.g., larger atomic size diff'erences)
should be carried out to ascertain the extent of this iso-
morphism.

In this paper we have not addressed any of the
theoretical aspects associated with predicting the univer-
sal curve shown in Fig. 1. We have used a simple pic-
ture of a bare hydrogen density of states which may be
decomposed into distinct contributions from different
tetrahedral sites in the glass. The inclusion of blocking
effects to limit the maximum fractional occupations of
each type of site to cx= —,

' has been discussed without
considering the effects of blocking on the measured
chemical potential. Clearly, a full statistical mechanical
treatment including blocking would yield not only the
maximum fractional occupations but also the chemical
potential as a function of hydrogen concentration. The
universal curve of Fig. 1 suggests that filling of the
A2Bz sites occurs in an x-independent manner. Howev-
er, at high x these sites are blocked out mainly by sur-
rounding occupied AB 3 sites while at low x the A 2B2
sites are in isolated clusters and block out each other.
The behavior of the chemical potential versus hydrogen
concentration within a site type is therefore in principle
a function of alloy composition. In a subsequent pa-
per, we will address this point and show that the pre-
dicted shape of p versus AH/M is remarkably insensitive
to composition. In fact, p, versus (b,H /M ) /(b, H/'
M ~,„) may be well approximated by a bare density of
states renormalized by a factor of =—', , which is essential-
ly the approximation used in the present work. We will
also examine the widths o.„of the bare DOS which are
obtained from a proper analysis of the experimental
measurements, the role of further-neighbor hydrogen-
hydrogen interactions (due to elastic effects) in modify-
ing the predicted chemical potential as a function of
H /M, and comment on the possibility of observing
phase transitions in these systems (see Ref. 17).

To conclude, we reiterate our main findings and hence
answer all of the question raised in the Introduction.

1. The proportionality of the hydrogen content to
(„)x"(1—x) " implies that the interstitial sites for hy-
drogen are tetrahedral and that these glasses are chemi-
cally random alloys.

2. Ni-Zr and many other glasses (Ni-Ti, Cu-Ti, for ex-
ample) store some hydrogen in A zBz tetrahedral sites as
well as AB3 and B4 sites under standard conditions.
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3. The chemical potential versus concentration, indi-
cative of the manner in which sites of a given type are
filled, is independent of composition.

4. The composition, alloy, and site-type independent
proportionality factor of 1.9 implies that these glasses
are isomorphic, i.e., that there is little variation in the
structure at least to second neighbors, from alloy to al-
loy, over a range of compositions within a single alloy,
or with preparation technique.

Furthermore, agreement between our theoretical and
experimental occupations leads us to conclude that (1)
near-neighbor blocking exists between hydrogen atoms
in the glass and this restricts the fraction of occupiable
hydrogen sites of each type to =—,', giving a maximum
H/M=1. 9 in these alloys; (2) hydrogen storage data is
consistent with a glass structure composed mainly of
fivefold rings of tetrahedra, and therefore, fivefold rings
of interstitial sites.

We have found that hydrogen can be used as a probe
of the local structure of glassy alloys and that the sim-
plest picture of a chemically random glass which exhib-
its local icosahedral order (or at least fivefold rings of
tetrahedra) appears to be consistent with measurements
of hydrogen in these glasses. In addition, the structure
of sputtered and rapid-quenched materials is evidently
the same for these alloys. The measurement of hydrogen
capacities and occupation statistics of amorphous alloys
produced by other methods, such as mechanical alloy-
ing, or after annealing should provide further insight
into this possibility of simple, universal structure in
ETM/LTM glasses.
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APPENDIX

In this appendix, we briefly discuss some details of our
static simulations of hydrogen occupation in the bcc
A

&
B„alloy. We then present and discuss results of a

similar study in a A
& „8, chemically random alloy in

which A and 8 occupy the metal atom sites of the
MgCu2 Laves structure (a Frank-Kasper phase). The
MgCuz Laves phase, consisting of icosahedra and CN16
polyhedra, contains primarily fivefold rings in a large (24
atoms) unit cell and therefore contains a key feature of
the glass structure we advocate here. As we shall see,
however, static simulations are not adequate over the
full range of alloy compositions x for this structure and
our results on the Laves phase lend only qualitative sup-
port to the arguments given in the main text.

In general, we are interested in the maximum fraction-
al occupations a„(x) of each type of site (n =4, 3,2) as a
function of composition x. From a thermodynamic
viewpoint, a„(x) corresponds to the fraction of type-n
sites occupied at a chemical potential p that is above the
typical energies of the type-n sites, i.e., p&E„+o-„. If
the energies of all the type-n sites are well below p, the
distribution of type-n site energies is unimportant, and

we may simply assign all type-n sites the same energy E„
and set o.„=0. For a given realization of the chemically
random alloy (A and B atoms distributed randomly on
the sites of the lattice), the B~ sites (lowest in energy) are
then filled first, subject to near-neighbor blocking. After
the 84 sites are maximally occupied, the A83 sites are
then maximally occupied, followed by the AzBz sites.
Once a site is occupied, it remains occupied for the
remainder of the simulation. For such a static simula-
tion, sites of the same type (e.g., B&) are not selected
from the lattice and filled at random because this intro-
duces artificial frustration that would be relieved in a dy-
namic simulation. Instead, sites are occupied in a
sequential fashion. Labelling the origin of each unit cell
by coordinates (i,j,k), all occupiable sites within unit
cell (i,j,k) are filled and then the neighboring unit cell
(i +1,j,k) is considered, just as one would fill the ele-
ments of a 3d array. Sites within each unit cell must
also be filled in a manner such that the entire filling pro-
cedure yields the correct fractional occupations at x =1.
In the bcc structure, each unit cell is constructed to con-
tain two six-rings, each of which is filled cyclically there-
by guaranteeing that the correct fractions a„(x = 1)= —,

'

are obtained. In contrast, random selection and filling of
sites in the bcc structure gives a fractional occupation of
only about 0.37 at x =1. The random selection is actu-
ally equivalent to having a distribution of site energies
(o.„&0) and occupying sites starting with the lowest en-

ergy site but not allowing for any subsequent relaxation
of the occupations. Such a procedure does not minimize
the grand potential of the system at near-maximum
fillings (p & E„+o.„)because relaxations are important to
relieve frustration and permit higher occupations. It is
thermodynamically preferable to fi11 sites in the sequen-
tial manner described above. The thermodynamics of
this problem is discussed in some detail in Ref. 27.

The MgCu2 Laves structure contains 24 metal atoms
and 136 tetrahedral interstitial sites per unit cell
(N =5.666), with each metal atom at the center of an
icosahedron or a CN16 polyhedron. A simulation
study of the hydrogen occupations in a A& „8 alloy
having this structure first requires knowledge of the
near-neighbor metal atoms (to determine the site type)
and the near-neighbor interstitia1 sites of all 136 sites.
Making use of the Fd3m symmetry of the structure and
the known symmetries and coordinates of the metal
atoms and interstitial sites, ' this information may be
obtained in a systematic manner. The simulated filling
then proceeds unit cell by unit cell as described above.
However, it proves difricult to devise a filling sequence
within each unit cell which maximizes the hydrogen oc-
cupation. We have obtained the highest occupations by
cyclically filling all the six rings in each unit cell first
and then sweeping again through the lattice to fill all the
remaining sites in each unit cell. The occupation frac-
tion a4(x =1)=0.35 obtained is still slightly lower than
the expected value of a4(x =1)& —,'(since the structure
consists of icosahedra and CN16 polyhedra), indicating a
small amount of artifical frustration. Also, the values
a3 ——0.29 and az ——0.27 obtained in this x =1 limit are
not correct and are probably also too low by small
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amounts. At low x (few B atoms), however, very few
sites in each unit cell are occupiable and our filling se-
quence does not introduce frustration. %'e thus find the
correct low-x limits of a&(x =0)=1, a3(x =0)=—,', and
a2(x =0)-0.4. With increasing x, the behavior of the
a„(x) are very similar to the bcc and postulated glass re-
sults shown in Fig. 7. The static simulations on the
Laves structure are thus reliable at low x but are in
some error at higher x. The variations of the a„(x) with
x between x =0 and x = 1 are smooth (and nearly linear
in x for x & 0.5), giving no indication of the range of x in
which frustration begins to play an important role.

Despite the inaccuracies at high x (x &0.5?), the varia-
tions in the a„(x) are still not too severe, as indicated by
the similarity between Na2(x)(2)x (1—x) with az(x) as
determined here for the Laves phase (with N =5.666)
and with Na2(x)=1. 9 as derived experimentally (see
Fig. 9). In conclusion, static simulation results on the
MgCu2 Laves phase structure are qualitatively similar to
the bcc results and support the conjecture of slowly
varying a„(x) in the glass but cannot be used reliably to
predict the hydrogen occupations in the glass structure
over the full range of compositions.
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