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Hydrogen diffusion in partially quasicrystalline Zr 69.5Cu12Ni11Al7.5

T. Apih,1 Varsha Khare,2 M. Klanjšek,1 P. Jeglič,1 and J. Dolinsˇek1
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We report on the direct determination of the hydrogen diffusion constantD in the hydrogen-storage quasi-
crystalline alloy ZrCuNiAl using the technique of nuclear magnetic resonance diffusion in a static fringe field
of a superconducting magnet. The diffusion constant of partially quasicrystalline Zr69.5Cu12Ni11Al7.5 exhibits a
significant decrease with increasing hydrogen-to-metal ratioH/M , owing to creation of defects in the lattice
during hydrogen loading, whereas the actual alloy structure—the amorphous, icosahedral, or approximant—
appears to be less important in the hydrogen diffusivity.
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A high number of tetrahedrally coordinated interstit
sites within the crystalline structure and the favorable hyd
gen chemistry make the Zr- and Ti-based quasicrys
~QC’s! attractive hydrogen-storage materials.1 The most
studied example is the TiZrNi icosahedral alloy,2–6 which
can accommodate hydrogen up to the hydrogen-to-meta
tio H/M;1.6, similarly to the best crystalline materials. O
of the key factors that characterize good hydrogen-stor
materials is the ability to get hydrogen into and out of t
metal easily and within a reasonable time. This is related
the mobility of hydrogen atoms within the crystalline lattic
so the knowledge of the hydrogen self-diffusion coefficie
in a metal host is of high importance. There exist ma
methods to determine the hydrogen diffusion constant
metal hydrides,7–9 among which nuclear magnetic resonan
~NMR! has probably been applied to more hydrides than
other technique. Various NMR techniques, including sp
lattice relaxation in the laboratory, rotating, and dipo
frames, NMR linewidth, and diffusion in a magnetic fie
gradient are suitable to characterize diffusion coefficients
the range between 10212 and 1024 cm2/s. Out of these tech
niques, only the diffusion in a field gradient gives a dire
model-independent value of the diffusion constantD,
whereas all other techniques yield indirect information,
correlation timetc of the fluctuating local magnetic fields
Assuming thattc fluctuations arise predominantly from th
translational diffusion of hydrogens~which is in many cases
a crude and not well justified assumption!, the diffusion co-
efficient may be estimated from the relationD5 f Ta2/6tc .
Here a is the mean jump distance andf T is the structure-
sensitive ‘‘tracer correlation function,’’ ranging usually b
tween 0.5 and 1. Except for some simple structures,a and f T
are not easily obtained. Regarding the NMR diffusion te
nique in a magnetic field gradient, the most commonly e
ployed method is that of Stejskal and Tanner,10 which uses
pulsed field gradient~PFG!. The technically available PFG
values limit the sensitivity of this technique to the rangeD
>1028 cm2/s. The PFG method was successfully applied
simple-structure metal hydrides, such as the elemental9 fcc
PdHx and TiHx and the Pd12xAgxHy alloys,11 whereD was
determined at temperatures where its value was in the ra
1026– 1028 cm2/s. The more complicated structure and/
structural and chemical disorders make the hydrogen di
0163-1829/2003/68~21!/212202~4!/$20.00 68 2122
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sion in QC’s slower withD,1028 cm2/s, so that no direct
determination of D in QC’s by the PFG method wa
reported—to the best of our knowledge—in the literature
far. In this paper we present a direct determination of
hydrogen self-diffusion coefficient in the hydrogen-stora
ZrCuNiAl QC alloy by using the method of NMR diffusion
in a static fringe field~SFF! of a superconducting magne
Here we apply the SFF method to the study of hydrog
diffusion in QC’s.

The SFF method, introduced in the 1990’s by Kimmi
et al.,12 takes advantage of the ultrahigh magnetic field g
dients ~typically up to 80 T/m! of the highly stable static
fringe field of an NMR superconducting magnet, extendi
sensitivity to molecular diffusion down toD>10211 cm2/s.
SFF diffusion measurements were successfully applied
systems such as supercooled liquids, molecular crys
long-chain polymers, and systems of confined mesosco
geometries and fractal structures,13 whereas no reports exis
on the measurement of hydrogen diffusion in metal hydrid
by this technique. For hydrogen storage QC’s, the S
method offers a promising way to directly determine the h
drogen diffusion coefficient. There, theD values are below
the detection threshold of the PFG method at practically
temperatures of interest, because at elevated tempera
~e.g., at 350 °C for2 TiZrNi ! the icosahedral~i! QC structure
decomposes and transforms into more stable crystalline
dride phases.

Our hydrogen diffusion measurements by the SFF met
were performed in a quaternary icosahedral al
Zr69.5Cu12Ni11Al7.5 ~in the following abbreviated as
ZrCuNiAl7.5). This alloy exhibits exceptional glass formin
ability, and is one of the few known systems14 that undergo
transformation from the glassy to the quasicrystalline st
by annealing the amorphous as-cast material~melt-spun rib-
bons! above the glass transition temperature 372 °C. The
tails of the material preparation, hydrogen loading and
sorption, stability, structural quality, and structu
transformation upon hydrogenation are publish
elsewhere.14–18 During annealing, a microstructure of icos
hedral QC’s develops within the sea of amorphous mate
the largest attainable quasicrystalline volume beingVQC
'90%. Since the storage capacity was found higher and
hydrogen absorption kinetics faster for samples with a q
©2003 The American Physical Society02-1
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sicrystalline volume of about 50% than for the fully quas
rystalline ones18 ~90%!, our experiments were conducted o
VQC'50% samples. The hydrogen diffusion results p
sented in the following should thus not be considered
specific to the QC phase, but to quasicrystalline microcr
tals embedded in an amorphous matrix. The samples w
hydrogen loaded electrolitically in a 2:1 glycerin
phosphoric acid at 25 °C and a current density ofj
510 A/m2. The hydrogen content was determined by a m
crobalance with accuracy of61 mg and from the shift of the
x-ray lines15 towards smaller angles due to lattice expansi
The increase of the quasilattice constant by about 10%
H/M52.0 in ZrCuNiAl7.5 compares well to the 7% increas
observed2 in the Ti-based QC’s withH/M51.6. Our study
included five samples loaded to differentH/M ’s: ~i! an
amorphous as-cast material loaded toH/M50.192~hereafter
referred to as sample A0.19!, where the amorphous materi
can be loaded to a maximumH/M50.9 before failure of the
ribbon,16 and four quasicrystalline samples loaded to~ii !
H/M50.309 ~QC0.31 sample!, ~iii ! H/M50.50 ~QC0.50!,
~iv! H/M51.9 ~QC1.9!, and ~v! H/M52.1 ~QC2.1!. Since
the amount of hydrogen outgassing soon after the hydro
nation has not been studied, the highH/M values of 1.9 and
2.1 should not be taken literally. An increasing degree
hydrogenation leads to an increased nearest-neighbor
tance of both the QC phase and the amorphous matrix,
companied by a phase transformation of the QC from ico
hedral to approximant phases18 and its final amorphization a
H/M values above 1.0. X-ray diffraction and transmissi
electron microscopy~TEM! investigations15 showed that, af-
ter hydrogen degassing, the quasilattice parameter is res
totally to its initial (H/M50) value, whereas the remainin
weakened contrast of the bright-field TEM images and
absence of weak diffraction lines indicate the presence
high density of defects, not present in the virgin mater
These defects—of still unknown type—are created dur
hydrogen loading and are not annealed-out after comp
hydrogen desorption.

The SFF experiment was conducted in a superconduc
magnet with the center field 6.3 T~corresponding to the1H
resonance frequency of 270 MHz!. The experimental setup
including the fringe field data of this magnet, were publish
recently.19 The probe head was fine positioned at one edg
the superconducting coil, where the proton resonance
quency amountedn(1H)5100.0 MHz and the gradient wa
g549 T/m. The stimulated spin-echo pulse sequence (p/2
2t2p/22t2p/22t2echo) was used with thep/2 rf pulse
length of 1ms. In the presence of diffusing nuclei in a co
stant field gradientg, the amplitude of the spin echo deca
with time according to12

A5A0 exp~22t/T2!exp~2t/T1!

3expF2g2g2Dt2S t1
2

3
t D G . ~1!

Here A0 is the initial echo amplitude,T1 and T2 are the
spin-lattice and spin-spin relaxation times, respectively,g is
the gyromagnetic ratio, andD is the diffusion constant. In
21220
-
s
-
re

-

.
at

e-

f
is-
c-

a-

red

e
a

l.
g
te

g

d
of
e-

order to extractD, one first varies systematically the ‘‘diffu
sion time’’ t, keeping the timet fixed. The echo amplitude
than decays int with the constantR151/T11g2g2Dt2. The
experiment is repeated for a set oft values and the resulting
R1 is plotted as a function oft2. Typical R1 vs t2 curves at
different temperatures are shown as an inset in the Fig
The slope of the straight line yields the diffusion constantD,
whereas the zero intercept is 1/T1 , which is independently
known from the relaxation-time measurements.

The diffusion constants were determined in the inter
between room temperature and 440 K and the data
displayed in Fig. 1. Within this temperature interval, th
D values of all samples are in the range between 231028

and 1.831029 cm2/s. The D(T) data points fall on
straight lines in the lnD vs 1/T plot, indicating a simple
classical over-barrier-hopping hydrogen diffusion withD
5D0 exp(2Ea /kBT), where Ea is the activation energy
Within our experimental precision~;10%!, theD(T) curves
of all samples run in parallel, demonstrating that the var
tion of the activation energy between the samples is sma
than the experimental error. This, however, does not excl
the possible small variation of theEa with H/M , it is just too
small to be detected by the SFF technique. TheD(T) fits
~solid lines in Fig. 1! are all made with the same value of th
activation energyEa5365615 meV ~which should be con-
sidered as the averageEa of all samples!. Here it is important
to stress that thisEa value is model independent and hen
does not suffer from the model-dependent analysis as in
case when extracted from thetc data of the NMR relaxation

FIG. 1. Temperature-dependent hydrogen diffusion cons
D in the ZrCuNiAl7.5 alloy hydrogenated to differentH/M
~samples described in the text!. Solid lines are fits withD
5D0 exp(2Ea /kBT), using in all cases the same value of the ac
vation energyEa5365 meV. TypicalR1 vs t2 curves, from which
D is extracted, are shown as an inset.
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experiments. The translational shifts of theD(T) curves
show that the prefactorsD0'a2/6t` @wheret`

21 is the hy-
drogen jump attempt frequency defined by the Arrhenius
lation tc5t` exp(Ea /kBT)] are different. Samples loaded t
higher H/M values show systematically lowerD0 values
~Fig. 2!. This result demonstrates that the main difference
the hydrogen diffusivity within the samples hydrogenat
to different H/M ’s and also showing structural difference
~the starting material is amorphous whereas the QC sam
undergo an icosahedral-to-approximant-to-amorphous tr
formation18 upon hydrogenation with increasingH/M )
comes predominantly from the prefactorD0 and not from the
difference in the activation energies. This is not a trivial
sult, as one would expect that the increased nearest-neig
separation due to lattice expansion with increasedH/M
would increase the potential barriers between adjacent
drogen interstitial sites, so thatEa should increase at highe
H/M . In contrast, the results of Fig. 1 suggest that the
creased diffusivity for increasingH/M originates predomi-
nantly from the decrease ofD0 , whereas the change in th
activation energy—if present—plays only a minor role. T
diffusivity is also fairly independent of the actual crystallin
structure~D values of the starting amorphous material A0.
and the quasicrystalline QC0.31 sample, both loaded to s
H/M , are practically equal!, whereas it is strongly depende
on the amount of hydrogen loaded, being smaller for lar
H/M ’s. A trivial explanation could be the ‘‘site-blocking’
effect, where the increased occupancy of the interst
sites for increasingH/M5x would result in a decrease o
the attempt jump frequency as9 (22x)t`

21 ~where 2 is
taken as the maximum possiblex for the ZrCuNiAl7.5),
so that the diffusion coefficient scales withx as D
5(22x)D0 exp(2Ea /kBT). This should lead to a linear de
crease of the prefactor (22x)D0 with increasingH/M , in
contrast to a much faster variation of the experimentalD0
values displayed in Fig. 2. According to this, theH/M de-
pendence ofD0 may not be explained by the simple sit
blocking effect. The decrease ofD0 with H/M can also not

FIG. 2. The H/M dependence of the diffusion prefactorD0

~solid circles! and the Korringa constantK ~open circles!.
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be attributed to the gradual amorphization of the QC samp
upon the hydrogenation-induced phase transformation to
amorphous state, as the amorphous sample A0.19 show
fact the highest diffusivity, equal to that of the QC0.3
sample. This unconventional hydrogen diffusivity decrea
for increasingH/M can be consistently explained by consi
ering the above discussed TEM—and x-ray detected def
in the lattice, introduced by the hydrogen loading, to be
the origin of this phenomenon. The defects locally distort
tetrahedral coordination of the interstitial sites, making t
number of available hydrogen sites smaller with increas
H/M . The concentration of defects strongly depends
H/M , but is rather independent of the actual crystalli
structure~as tetrahedral sites are present in all phases—
QC, the approximant, and the amorphous!. This hypothesis is
supported indirectly by the low-temperature measureme
of the NMR nuclear spin-lattice relaxation rateT1

21. In metal
hydrides, the1H relaxation rate usually contains two terms9

T1
215T1c

211T1d
21, where T1d

21 is the nuclear dipole-dipole
contribution andT1c

21 is the conduction-electron relaxatio
rate that becomes by far dominant at low temperatures.
conduction-electron rate obeys the well-known relati
(T1cT)215K with K being the Korringa constant that is re
lated to the density of electronic states~DOS! at the Fermi
level K}g2(EF). The relaxation rates of all samples are d
played in Fig. 3 in a (T1T)21 vs T plot. The horizontal
(T1T)215const lines below 100 K demonstrate the dom
nance of the conduction-electron relaxation rate at low te
peratures. The height of the plateau of each sample is d
mined by the value of its respective Korringa constant.
Fig. 2, theK values are displayed, as a function ofH/M , on
the same plot together with theD0 . The constantsK exhibit
a decreasing behavior for increasingH/M in a very much the
same manner as the diffusion prefactorD0 . This K behavior

FIG. 3. The1H spin-lattice relaxation rates of the investigate
ZrCuNiAl7.5 samples in the temperature interval from 420 to 4 K in
a (T1T)21 vs T plot. The constant plateaus below 100 K demo
strate the dominance of the conduction-electron relaxation contr
tion at low temperatures, whereas the (T1T)21 increase above 100
K is due to the dipole-dipole contribution.
2-3
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can be again qualitatively explained by the defects-indu
distortion of the lattice, which decreases the electronic D
function g(EF) and hence the Korringa constant. The c
ation of defects in the lattice upon hydrogenization thus c
sistently explains the temperature dependence of both
diffusion prefactorD0 and the Korringa constantK. The fact
that D0 andK show strong dependence onH/M , but do not
depend significantly on the actual structure of the samp
demonstrates that the influence of quasiperiodicity on
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hydrogen diffusion in the ZrAlCuNi7.5 alloy is of minor im-
portance. The main reason for decreased hydrogen diffu
ity in samples loaded to higherH/M values appears to be th
lattice distortion~that is not just a simple uniform expansion!
due to defect creation upon hydrogenation.

We thank Professor U. Ko¨ster from Dortmund for provi-
sion of the samples and for reading the manuscript prio
submission.
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