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'H nuclear-magnetic-resonan@dMR) spectra and spin-lattice relaxation ratd® Y were studied in the
hydrogenated Tiss «VxZrgsdNig17 quasicrystal forx=0.00, 0.02, and a hydrogen-to-metal-atom ratio
(H/M)=1.88. NMR measurements were made from 4 to 550 K at resonance frequencies of 8, 18, 55, and 200
MHz. Theoretical'H second-moment valuesv(,) were calculated based on Bergman and Mackay cluster
models and compared with experimer® values. TheR, data reveal a distribution of activation energies for
the H diffusion through the quasilattice; the distribution is insensitive to the vanadium concentration,
Low-temperatureR; data reveal an additional low-temperature relaxation mechanism that is not yet well
understood[S0163-18208)02409-9

[. INTRODUCTION the presence of hydride precipitates of hexagonal Laves
phases. Improvements in hydrogen-loading techniques have
It has been demonstrated that quasicrysi@6’s), mate- resulted in phase pure, uniformly hydrogenated
rials that simultaneously possess forbidden crystallographidio 4s-xVxZro.2d\ig 17 quasicrystalline samples with a maxi-
symmetry and long-range translational orean, under ap- mum hydrogen content of W =1.882
propriate conditions, absorb large amounts of hydrdgas. We present here 8H NMR study of the hydrogen-loaded
with  many hydrogen-loaded crystalline and amorphousTig 54V yZrg 3dNig 17 i-phase system with HW=1.88. The
materials® there is great interest in potential technological *H NMR spectrum will be analyzed in the light of proposed
applications! and hydrides have been studied using a widemodels of the local environmett.Measurements of théH
variety of experimental techniquésn particular, the appli- nuclear spin-lattice relaxation rate were made in order to
cation of nuclear magnetic resonan@MR) in hydrogen-  extract information aboutH diffusion through the quasilat-
loaded systems to obtain information about local environ4ice.
ments of metal and hydrogen sites, as well as hydrogen
kinetics, is well knowrt* 8 NMR investigations of hydrogen I EXPERIMENTAL
in quasicrystals have the potential tb) test current struc-
tural models of local order and therefore shed light on local The Tiy 45 V«Zr.3d\ig 17 quasicrystals were prepared by
quasicrystalline order; an@) to provide both a quantitative melt spinning, as described elsewh&t&ome of the rapidly
and qualitative understanding of hydrogen motion within thequenched ribbons were powdered and characterized by x-ray
guasilattice, which may be useful for further improving hy- diffraction to determine their quality and phase purity. Hy-
drogen storage properties. drogen was loaded into the quasicrystal ribbons electrolyti-
There have been many NMR investigations of the metalcally by cathodically biasing the sample 3.5 volts with re-
atom nuclei in QC systentsWith the loading of hydrogen spect to a platinum anoda a 5 M solution of KOH. X-ray
into titanium-based quasicrystélsand the development of diffraction of the hydrogen-loaded i phase indicated no im-
cluster models that describe the location of hydrogen interpurity phases were present. By weighing the samples before
stitial sites!® the possibility of checking the consistency of and after hydrogen absorption, it was determined thafl H/
'H NMR data with local models of quasicrystalline order =1.88 for bothx=0.00 and 0.02 samples. This value also
has emerged. Few studies currently exist of proton NMR iragreed with that computed from shifts in the quasicrystal
quasicrystalline systents.In particular, the icosahedrai) diffraction peaks with hydrogenation.
phase T4 4521 3d\ig 17 quasicrystalline system has become a The NMR measurements were performed with home-
focal point of interest, andH NMR has been studied on built, phase-coherent, pulse Fourier transform spectrometers.
samples having hydrogen-to-metal-atom ratios MIji/ of  Except for the proton NMR data at 200 MHz, all NMR data
1.421! However, these measurements were complicated bwere collected using a Varian V-3800 electromagnet. The
the nonuniform hydrogenation of the i phase, as well as by00 MHz data were taken using an Oxford Instruments 4.7 T
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TABLE I. Experimental values of the second mom&h§® in Tig 45,V Zrg 3dNig 17H1 gg for x=0, 0.02
obtained by fitting a Gaussian functidfw) =A exg —(w—wy)%2M,] to proton NMR spectra. The method
of calculatingM §'*®¥ is described in the text.

Bergman cluster Mackay cluster
X M gxp (572) M tzheory (572) M gxp/Mtzheory M tzheory (572) M gxp/Mtzheory
0.00 (5.810.02)x 10 1.46x 10'° 3.97 0.30% 10'° 19.2
0.02 (6.22-0.06)x 10 1.49x 10t° 4.17 0.30% 10'° 20.1

superconducting magnetH NMR spectra were obtained by portionally toH,. Therefore, assuming only the dipolar term
taking the Fourier transform of th&H free induction decay contributes to the perturbation of the nuclear Zeeman levels,
following a=/2 pulse with pulse length=1us. This pulse ~M; may be written as

was sufficiently short to uniformly irradiate the approxi-

mately 90 kHz full width half maximum proton NMR spec- Mp=M3+My, 1)

trum that was observed at temperatures for which proton no . :
diffusion was frozen out. This “rigid-lattice” line shape where homonuclear tert; arises from the dipole interac-

f(w) was fit to a Gaussian functiofi(w)=A exq—(w tions of like nuclei, i.e., H-H interactions; and the hetero-

— wp)?/2M ,], and the second momekt, was extracted as a nuclear termM '23 arises from the dipole interactions of un-

parameter of the fit. The quality of the fits was high, and théike nuclei, i.e., HX whereX=Ti, V, Ni, Zr™ Because the

uncertainty in theM, values was less than 1%. In addition decoration of the quasilattice with metal atoms is unknown,

" 1 1S . . .

the 1H spin-lattice relaxation rateR;) was determined by the termMy”, which depends on the B- separation dis-

measuring the decay of the normalize¢omponent of the tances, cannot be calculated exactly. We will therefore ig-

nuclear magnetizationm(t), defined as m(t):Mz(oo) nore MIZS for the moment, but will discuss estimates of its

—M(t)/M (). Them(t) data were obtained by saturation magnitude in a following paragraph. The powder averaged,

and inversion recovery methods above and below 150 Kiomonuclear second moment is given by

(1000m=6.67 K1), respectively. The recovery was expo-

nential over two decades, aritl was obtained by fitting Miheon— 3224 (| 41 Pi 2

m(t) to a simple exponential functiof(t)=C exp(—Rt), 2 shoyl( )Z 8 @

where C and R; were parameters of the fit. For measure- ) _ o

ments from 150 to 550 K (1000~ 1.81 K1), the pow- where v, is the proton’s gyromagnetic ratib,is the proton

dered samples were sealed in Pyrex tubes af 10rr of spin, the summation is over all interstitial siteoccupied

argon gas pressure to reduce possible oxidation of the sampiéth probability p;, andr;; is the distance from a fixed pro-

at high temperatures. This study was done at temperaturd@n sitej to all the interstitial sites.

below 600 K (10007=1.67 K1), the temperature at which To perform the summation of E¢2), we used the Berg-

samples begin to evolve hydrogéh. man and Mackay cluster models proposed by VighBoth
models consist of two concentric icosahedra, the radius of
the outer one being twice that of the inner one. In the Berg-

i]

IIl. RESULTS AND DISCUSSION man cluster, metal atoms reside on inner and outer vertices
and on outer face centers, and in the Mackay cluster, on
A. Analysis of the proton NMR spectrum vertices and outer edge centers, of the nested icosahedra.

The 'H NMR spectra were taken at 50 K (1000/ Hydrogen occupy some of the distorted tetrahedral sites
=20 K1), a temperature well below the point at which ther- within the cluster, and are not allowed to simultaneously
mally activated hopping begins to narrow the NMR line. The@CCUPY neighboring sites that are closer together than 2.1 A

experimental second moments from the rigid lattice protortoWitendick criterion(Ref. 18]. The summation of Eq(2)
NMR line are given in Table I. was performed .by picking the fixed mter;tmal siteto be _
We now discuss the interactions that determine the proto}y/ithin the inner icosahedron, and performing the summation
NMR line. NMR data in hydrides may usually be understood®Ver all allowed sites within the Bergman or Mackay cluster.
by writing the total Hamiltonian asH=H,+Hp+Hg The model does not include the linkages between the clus-
z 1

whereH; is the Zeeman terH, is from the nuclear dipole- (€rS- X-ray-diffraction studies of the dis.VxZrosdNio17
dipole coupling, andH arises from the coupling of the samples set the radii of the hydrogenated clusters;at

nuclear spin to localized electronic magnetic moments of the 2-56 and 5.54 A for the=0.00 and 0.02 samples, respec-

host metal. However, if the terfi . were present, one ex- tVelY- heor o

pects an inhomogeneous broadening that scaled @3, The M3 yvalltjhes f(_)r the two models are given in Table
where H, is the applied magnetic field strength afidis |- We note thatM3**Y is smaller tharM3*® in both model-
temperature. The rigid lattice linewidth was independent ofs: the ratioM§¥/M§*°¥~4 and 20 for the Bergman and
field and temperature, indicating that the transition metaMackay clusters, respectively. The shorter average H-H dis-
ions do not carry a local moment. The field independencéances of the Bergman cluster results, through @g.in a
also excludes the possibility of the line shape being a distritarger M3 and therefore better agreement than the

bution of Knight shifted lines, which would also scale pro- Mackay cluster, and it is the Bergman cluster we focus on in
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the subsequent discussion. This choice of the Bergman clus-
ter for this quasicrystal is supported by a recent structural 1000/T (K"
study of the 1/1 phase, showing that it is isomorphic with the ! 2 3 4 s N
Bergman ancR phases’ S, - s
This discrepancy betweev 'Y and M £*° cannot be ex-
plained as a result of neglecting’,>. We estimated,> by
assuming the metal atoms randomly populate the vertices of
the cluster. For each nuclear species, one has a heteronuclear
contribution

-
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(Ref. 15, wherep; is given by the atomic percent of the
nuclear species in the stoichiometry of the cluster. We as-
sumed the isotopic parameters that would maximize the sum,
and added together the contributions for the Ti, V, Ni, and Zr
nuclei. Combining the results of this calculation with the
values in Table I, one finds a totM,=M} + M} of 2.62
x10Ys? and 3.0410°s2 for the x=0 and 0.02
samples, respectively. For the Bergman cluster, this results in
MSPMIeOV=2 22 and 2.04 for th&=0, 0.02 samples, re-
spectively, and indicates that though the estimM@is not
negligible, it cannot explain the differences between theoret-
ical and experimental values. Another possibility is that the 1 -
contribution toM I'®°™ from the linkages between clusters is ! ? 3 N s ¥

not negligible. Though the structure of the cluster linkages is 1000/T (&)

unknown, a simple estimate shows the linkages must contain g 1. 4 nuclear spin-lattice relaxation raté vs reciprocal
a substantial amount of hydrogen: the experimental valugmperature 1000/in icosahedral Tiss v Zro.sdNig 17H1 s fOr X

of H/M=1.88 for our T 45 »VxZrosdNig17 Samples is 1.7 =0.00 and 0.02 at 8 and 18 MHz.
times larger than the theoretical value obtained from the

Bergman cluster modé?, indicating that the summation of R.=R.+R 3)
. . . . 1 1d le»
Eqg. (2) ignores a substantial fraction of hydrogen in the

Sample. In addition, short interstitial site distances WithinwhereRld andee are the contributions to the relaxation rate
linkages might be another factor contributing to the discrepfrom dipolar and electronic contributions, respectively. In
ancy. We can increase the number of hydrogen atoms withiansition metal alloys, electrons at the Fermi energy)(

the inner icosahedral shell of metal atoms by moving theyjj typically occupy boths andd orbitals. As long a€q
hydrogen outward, away from the center, but not so far thafjoes not fall on a sharp peak in the density of states, the
they overlap the first-shell metal atorfsEach of the eight Korringa model predict®R,.=AT, whereA is a constant
inner hydrogen atoms can have six first hydrogen nfighborﬁldependent ofHy.3 Low-temperatureR; measurements

at the Switendick distance of 2.1 A. In this modd™™”  (Fig. 2), to be discussed in detail later, were interpreted
=2.03x 10" 1% s~*for the Bergman cluster at=0.00, larger  wijthin the Korringa model to yield A=(7.0+=0.5)
than the value in Table I, but still not in agreement with the
observed value. Finally, if one ignores the Switendick crite-
rion and performs the summation over all interstitial sites
within the Bergman cluster, one finds an upper limit on the
second moment o1 '®°Y=237x 10'° 572 that islarger than
MS®. If the Switendick criterion is violated for one pair of
sites with a separation of 1.4 A, it is possible to get agree-
ment with experiment within 10%. Though it is unlikely that
such close proton-proton separations occur physically, one
should not rule out violation of the Switendick criterion to a
lesser degree.

100 | L
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B. Analysis of relaxation data

The proton spin-lattice relaxation rat& are shown in
Fig. 1 for both samples. In many metal hydride systems F|G. 2. 'H nuclear spin-lattice relaxation rat&§ vs tempera-
without paramagnetic impurities, the relaxation rate may beure in icosahedral Fijs_ 4VZro sdNio 1H1 g for x=0.00 and 0.02
written as at 200 MHz. The dotted line represents the electronic contribution.
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1000/T (K) the dwell time. We note that lattice specific models of cor-
1 2 3 4 5 6 relation functions exist, but have been developed only for
. 8 MHs simple crystalline structures. In addition, although the BPP
* I18MHz... model can yieldr values that differ by a factor of two or
Theory more, theE, values have usually been reliable to within 10%
in crystalline and amorphous systems when direct compari-
sons were possible with values obtained by other
. techniques.For these reasons, we will apply the BPP model
" to our analysis of quasicrystals.
Se * When all diffusion pathways are characterized by a single
/ . activation energy, the above theory prediBg 7 when
Ty s 20N . wre<1 (high T limit) and Ryg=(wrc) ! when wre>1
. (low T limit). The theoretical maximum relaxation rate has a
. magnitude of R]y*=0.95M,/w and occurs whenw7c
o MH =0.615. Semilog plots dR; vs 1/T data would be expected
18MHz ... to have constant slopes proportionaltde in the low- and
Theory high-temperature limits and the curves would therefore ap-
pear symmetric about the maximum in the BPP curve. The
data of Fig. 3 are not symmetric and the experimental value
of RT§"is almost a factor of 7 smaller than the theoretical
value. Reports of similar differences between E4). and
10 experimental data exist in crystalline and noncrystalline
/ . systemg!-23
TIOAJ

g

Spin-lattice Relaxation Rate (s")

100

Vv Zr Nii H The asymmetry of the relaxation curve suggests a distri-
R el bution of diffusion pathways each with its own activation
energy?® The relaxation rate may be calculated by integrat-

ing Eq. (4) over the distributiorg(E) (Refs. 20, 21, and 23

Spin-lattice Relaxation Rate )

1 . 2 3 = 4 5 6
-1 + oo
e R B J dEQ(E)Ryu(E). (5)

FIG. 3. 'H nuclear spin-lattice relaxation rates for icosahedral 0
Tio.a5-xVxZrosdNio1H1 g5 after the electronic ternR,. has been \We assumed a Gaussian distribution of activation energies
subtracted from thé&R; values of Fig. 1. The theoretical curve is g(E)=1/cr\/E exr[—(E—Ea)Z/Zcrz], calculated theRtlheory
obtai_ned gsing Eq(5) as described in the text, and fit parametersfOr data at 8 and 18 MHz by adjusting the free parameters
are listed in Table II E., 7, o, B, and required that the parameters describe data

s 1.1 _ _ at both frequencies. The paramekgrwas adjusted to make
X107 s “K" for the x=0.00 sample. The=0.02 data e theoretical curve parallel to the experimental curve at low
were difficult to interpret in this model because the low- ;g high temperatures. The parametgmwas then modified
temperature data were not linear, and it was assumed initially) 1\5ke the BPP maximum of the theoretical curve approxi-
that the electronic contribution was the same as forxhe mately the same as the experimental data. Finallgnd B
=0.00 sample. Subtracting off the electronic contributionere aitered to achieve the final fit, the results of which are
from theR, data yielded the dipolar relaxation rate d®&  shown in Fig. 3. The fit parameters are listed in Table Il and

of Fig. 3. , _ _ result in correlation times ofc=(1.7X 102 s)expE/ksT)
The relaxation rate due to like spins coupled by the magynere E=0.35 and 0.33 eV fox=0.00 and 0.02 respec-
netic dipole-dipole interaction and undergoing relative trans’tively. '

lation diffusion may be writtef? as We now discuss the physical significance of the values of

the parameters in the model. The most important point is that

R;4=B TCZ g 4702 -, the distribution can explain the asymmetry in the relaxation
l+w°tz l+4w-1g peaks. That the TiVNiZr quasicrystals should exhibit a dis-
tribution of activation energies is not surprising. NMR stud-
2M, ies of metal atoms in many quasicrystalline systems reveals
B= 3 (4) broad distributions of local fieldsat the metal atoms sites. A

distribution of local fields may arise from a multitude of
where M, is given by Eq.(2), andw is the proton Larmor decorations of the icosahedral cluster by the metal atoms,
frequency. This formulation is based on the usual Lorentziarthereby giving rise to a distribution of energy barriers to
[so-called Bloembergen-Purcell-PoufBPP] spectral den- hydrogen diffusion through interstitial sites. In additigfh)
sities corresponding to correlation functions that decay expothe mean activation enerdy, for the samples from Table I
nentially with correlation timerc .1® We make the usual as- is within 1% of E, values reported in Ref. 11 in samples
sumption that the correlation time follows an Arrheniuswith H/M =1, and is similar to values found in many amor-
relation 7c= 7., expE,/ksT), WhereE, is the energy barrier phous hydride systeni€>?'Thus theE, values do not ap-
to thermally activated hopping and the prefactgris called pear sensitive to hydrogen concentration within experimental
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TABLE Il Parameters for icosahedral o 250 MHs
Tig.as-xVxZro 3dNig 1H1 gg Obtained by fitting the curve of EE5) to o1 Theory
the data of Fig. 3. T 009

— 5 é 0.08 .
X 7o (9) E (eV) o (ev) B(s™) 5 .
0.00 11013 0.35 0.052 0.&10% 2 sl
0.02 1.7x10 13 0.33 0.052 0.& 10" g
g 005
g
uncertainty(2) The value of the prefactar,, in Table Il may £ ow :
be compared with a theoretical value based on a simple “
model. If one assumes that the protons sit in potential wells -
that are sinusoidal with depth, and separatiod, the pho- 0 50 100 150 200 250 300

non driven attempt frequend?DAF) for barrier hopping is 1000/T (K

f=N, VEz/2m/d wherem is the proton mass and, is the N ) _ _ _

number of vacant nearest-neighbor interstitial sites into_ FIG. 4. H_ nuclear spin-lattice relaxation rates fo_r icosahedral

which the proton may hof? Taking the value ofE, from Tio.45-xZTo.sdNio1#1 g5 At 200 MHz after the electronic e,

Table II, the average well separation between interstitial site32S P8€n subtracted from the data of Fig. 2. The theoretical curve is

to bed=2.5 A, andN, ~1, one findsf = 2.0x 108 s 1 The obtained using Eq5), and fit parameters are listed in the text.

experimental value of 1/, =5.8x 10'? s~ obtained from the

7., value of Table Il differs from the PDAF by only a factor @ dwell timer.. that is nearly 100 times larger than the value

of 3.4, which constitutes reasonable agreement given that high temperature. That such small energy barriers should

simplicity of the PDAF model. We conclude that the result in such long correlation times is unsatisfying, and sug-

value obtained is reasonable. gest that thermally activated hopping may not be the correct
A word should be said about the deviation of the theoretdiffusion mechanism at low temperatures. Licletyal. also

ical curve from experimental values below 300 (Kbove found small E; values in the Scli system. Svare and

1000 =3.33 K'Y) in Fig. 3. The deviation is not due to the Co-workers* reinterpreted the low-temperature,Bcdata of

electronic contribution to the relaxation, which was sub-Lichty et al.in terms of hydrogen tunneling between asym-

tracted off. Nor can the deviation be explained by includingmetric potential wells of closely spaced interstitial sites. In

the relaxation oftH due to the unlike spins in the alloy. The SGH, interstitial sites can be as close as 1.3 A apart, and

effect of the Ti atoms was included by using BPP formulasfilling a pair of sites with a proton can result in tunneling of

for unlike spinst® and the contributions from like spi&q.  the proton between the site potential wells. Given that the

(4)] and unlike spins were added and integrated over &8ergman cluster model also provides proton nearest-

Gaussian distribution as in E¢5). However, this did not neighbor sites of 1.3 A, the tunneling model is a reasonable

explain the deviation. Still another possibility is that the un-possibility.

derlying distribution of activation energies may not be

Gaussian. Though other distributions were tried, we were not

able to find a simple distribution that worked over the entire IV. CONCLUSIONS

temperature range, implying that the distribution is more |, summary, we have presented i NMR study of the
complicated or that the approach of Ef) is oversimplified. hydrogenated Tiss .V, Zlosdig1, i-phase system with
We return now to discuss the low-temperat®gedata of H/M = 1.88 andx=0.00 andx=0.02. Values ofvineo fa-
. o — 4. — V. - . . 2
'.:'g' 2. The data taken from the=0.00 sample shows a vor the Bergman cluster model over the Mackay, though
linear dependence between 55 and 90 K that extrapolates {qeor jitrors from M e by a factor of 4. The discrepancy is
the origin. This behavior we attribute to rr?‘elaxatlon of the prcz)bably due o nezglecting linkages between icosahedral
Erotons bys- andd-bqnd cond'uctlon glectrp Below 55K, . _clusters. The high-temperature hydrogen diffusion is charac-
owever, the relaxation rate is not linear in temperature, im;_ . : .
; o : N terized by thermally activated hopping of protons over a
plying that an additional relaxation mechanism is present. Awide distribution of energy barriers, which arise from the
similar effect was reported in the crystalline Scéysten?? , ; : o
; o ._local quasicrystalline order through a broad distribution of
and therefore the effect is not specifically related to quasic;

rystallinity. Subtracting off the conduction electron contribu- local fields. The low-temperature nuclear relaxation mecha-
tion Ryo= (7.0+0.5)x 10T s from theR, data of Fig. 2 nism is not well described by thermally activated hopping,

gives the data of Fig. 4. The source of the additional relax-fr’md may be due to proton tunneling between closely spaced

ation is interesting and is a point for debate. Liclatyal. intersitial sites.
explained similar behavior in SgHising a model that in-

cluded localized hopping between closely spaced interstitial

sites?? Assuming this relaxation is due to thermally activated

hopping and applying Eq.5) and the procedure discussed The authors gratefully acknowledge helpful suggestions

previously to extract fit parameterg,=4.3x10 3 eV, ¢  from N. Adolphi and the late D. R. Torgeson, and technical

=3.4x10 % eV, 7,=2.4x10 's, andB=1.7x10® s72  assistance from R. Hennig and J. Ostenson. Ames Labora-
The fit is shown in Fig. 4. The motion is described by barri-tory is operated for the U. S. Department of Energy by lowa

ers withE, nearly 1% the value at high temperature, but byState University under Contract No. W-7405-Eng-82.
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