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Deuterium site occupancy in YD, by magic-angle-spinning NMR
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Magic-angle-spinningMAS) deuterium NMR of YO, x~2, yields spectrally resolved lines for D atoms in
tetrahedral T) and octahedral@) interstitial sites. Compared to MAS line narrowing of metal hydrides, the
deuterides line narrow with only modest, readily attainable spinning speeds. This is the first application of
NMR to resolve inequivalent sites in these systems. For, D200 K we find onlyT sites occupied for
x=<2.00, in contrast to some other reports. Kor2.00, the excess D atoms are accommodate@ isites.
Thermally activated motions that interchange D atoms betwieemd O sites are detected and their rate
determined, withE,=0.55 eV (=kgXx 6390 K). A third deuterium speciesly, is spectrally identified: D
atoms inT sites with occupied® site nearest neighbors. We expect the deuterium MAS-NMR technique to be
valuable for site occupancy determination in deuterides of alloys and compounds in which there are several
inequivalent occupied sitefS0163-18206)03122-(

[. INTRODUCTION ful. Neutron vibration spectroscop§NVS) is an inelastic
scattering and distinguishes H atoms in different sites by
their vibration frequencies. Proton NMR second-moment
Metal hydrides are solid-state solutions or Compounds OtMZ) measurements measure the proton-proton d|po|e
hydrogen with various metaléy, Sc, Ti, Pd, Nb, V, and interaction'”*® For a powder, the theoretical result is
others."? They are remarkable not only for the quantity of M,~=r,°, wherer is the distance from a given proton
hydrogen that can be absorbgelg., up tox=3, in YH,  k to any of the others,. Clearly, one cannot uniquely deter-
(Refs. 2—4] but for the high mobility of the hydrogen mine the structure from the protdv,, but structures may
atoms>® Applications of metal hydrides include hydrogen be ruled out if they have the wrorld,. The vapor pressure
storage for fueling vehicle’, advanced electrochemical of H, in equilibrium with the metal hydride yields the hy-
cells/® generation of ultrapure hydrogénand thermally  drogen chemical potential of the system, as does the elec-
driven pumps and heat pumps. trochemical cell voltage against a known reference
Before any real understanding of a particular metal hy-electrodet®?°If the binding energies of the various sites are
dride can be obtained, one must first know where the Hwvell separated, the graph @f vs x (x=H/M, the dimen-
atoms are located in the host metal structure. In some sysionless hydrogen concentratjois expected to show sepa-
tems, such as Y, the subject of the present study, symme-rated waves, i.e., broadened st&p8ut for modestly com-
try suggests that H atoms are in tetrahedral interstitial siteplex systems in which the energy of a given site depends on
(T sites, of which there are two per Y atprar octahedral the occupation of other sites, these data are not easy to in-
interstitial sites O sites, one per ¥° In compoundsle.g.,  terpret. While a thermodynamic model can readily be solved
ZrV ,H,, a Laves structufé=% or alloys a richer variety of to yield x vs x, inverting the problem to yield the energies
sites occurs. Specifically, H sites may be characterized by thend numbers of sites from(x) data is very difficult. Ther-
numbers of nearest neighbors of each metal atom type. Fonal desorption spectroscopy?® (TDS) is a temperature-
example, nominally tetrahedral sites in the alloyramped experiment that obtains data very closely related to
Nb,V;_,H, can be subdivided'® into Nb,, NbzV,  u(x).
Nb,V,, NbV3, and V,. As evidenced by the debates in the literature, none of
There are existing techniques that can determine whickthese techniques is appropriate for all metal-hydrogen sys-
sites are occupied by Kor D), and to what extent. First, tems and none is without fault. We believe high-resolution
diffraction is particularly successful in ordered or nearly or-NMR should be nearly ideal for measuring site occupancies
dered structures. Because of the low atomic number, hydran many nonmagnetic systems. If one can detect frequency-
gen is not detected well by x-ray diffraction. But neutron resolved NMR lines for H or D in inequivalent sites, it is a
diffraction, particularly of metatleuteridesis quite success- simple matter to determine the relative intensitiaeas to

A. Measuring hydrogen site occupancies
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obtain quantitative site occupancies. Indeed, the single larg-
est application of NMR is in obtaining spectrally resolved

peaks from organic compounds in the solution state. Unfor-
tunately, various line-broadening interactions are present in

solids and are generally much larger than the desired fre- ® Y
guency shifts. These solid-state broadenings need to be re-

moved so that high-resolution NMR can successfully distin- o T
guish and quantify Hor D) atoms in different sites. °o 0

B. Magic-angle-spinning NMR

The most important broadenings in the NMR spectrum of
a metal hydride or metal deuteride are nuclear spin dipole-
dipole (both like spin such as proton-proton and unlike spin
such as the much weaké&?Y-proton), the anisotropy of the FIG. 1. The conventional cell of YPfor x~2, the same struc-
chemical and Knight shifts, the quadrupole interactifor  ture as Cak. The Y atoms(gray) are located on a fcc lattice. The
deuterium only, becaude=1), and the magnetic susceptibil- tetrahedral interstitial sitesT(sites, solid symbo)sform a simple
ity broadening.”?* This last interaction is generally substan- cubic sublattice. The octahedraD) sites are represented by open
tial in metal hydrides because of the susceptibility of the symbols and are at edge centers and the body center. The cell con-
electrons(the susceptibility of Y metal is small, howeyer tains four Y atoms, eight sites, and foul sites.
Metal hydride NMR samples are almost always powders to
allow penetration of the rf fields. The odd-shaped powder The magnetogyric ratioy of the deuteron is only about
particles have demagnetizing factors which are orientatiod5% that of the proton. The rigid-lattice like-spin dipole-
dependent. Further, except for special shapes such as elligipole linewidth is essentially the square root of the second
soids, the field inside the particle becomes nonuniform. Thisnoment and variéd as[ y*I (I +1)]*2 In a metal deuteride
broadening may be accurately regarded as an unlike-“spin’this linewidth will be 1/26 that of the corresponding metal
dipole-dipole interaction between the nuclear spin of intereshydride. Thus spinning speeds of 2—4 kHz will efficiently
and the magnetic moment of a volume element of theaverage to zero the deuteron-deuteron dipole couplings in
sample. metal deuterides. This is our approach here: MAS deuterium
All of the above broadening interactions have an angulaNMR of a metal deuteride. The difficult like-spin dipole in-
dependence of 3ct8—1, whered is the angle between the teraction is reduced by deuterium substitution so that modest
external fieldH, and the appropriate axis of the interaction speed MAS efficiently averages all of the line-broadening
tensor(e.g., the spatial vector from one spin to the other or anteractions, homogeneous and inhomogenédus.
principal axis of the chemical shift tengdf A well-known For completeness, we describe an alternative approach:
method of removing the line broadenings is to time-averag?MAS line narrowing and detection of the residual protons
them to zero with magic-angle spinninIAS).>>?® MAS  (~1%) in a nearly completely deuterided sampte 49%).
involves physical rotation of the sample at typical speeds oHere the difficult proton-proton dipole interaction is first re-
0.5-15 kHz. The angle between the rotation axis and the duced by isotopic dilution so that modest speed MAS yields
external field is set to the magic angfe=54.7°; i.e., such good narrowing. We expect this approach to work, though
that 3coé¢p—1=0. we have not tried it. Detection of dilute protons will not
To be effective in narrowing the NMR lines, the MAS present arS/N problem, because of the large magnetic mo-
speed(rotor frequency must be sufficiently large. The mini- ment of protons. However, with a relatively small amount of
mum spinning rate required depends not only on the strengtprotons in the sample, all extraneous protons must be elimi-
of the interaction but on thgype of interaction. When like- nated from the construction materials of the probe and MAS
spin dipole-dipole interactionl {l) is dominant, as it is for assembly.
the protons in YH, the resonance line isomogeneously
broadened. In this situation, mutual spin fligy§lip-flops” )
occur. To narrow the line appreciably, MAS must be at rotor
frequencies greater than tHel interaction strength, i.e., The structure of YH for x~2 is the Cak structuré®
greater than the spin flip raté.For YH, and other highly  (Fig. 1). Thus Y atoms are arranged on a fcc lattice while the
loaded metal hydrides, the proton linewidth #s30 kHz.  H atoms sit primarily on the simple cubic sublattice formed
Spinning at this rate is beyond the current state of the art. Fddy the tetrahedral interstitiall) sites. This occupancy of
this reason, MAS proton NMR has not been used to distinsites is in good accord with the facts of hydrogen absorption
guish H at inequivalent sites in metal hydrides. in YH, : the metal readily accepts up to two H atoms per Y
The other interactions listed above, including unlike-spinatom, but the third H atom is only accepted at higher external
(1-S) dipole interaction, result in inhomogeneous broadenH , pressuré:*?*~**Thus a simple view of YH, x<2.00, is
ing. When these broadenings dominate, rotation at even slothat H is accommodated only @tsites at room temperature
speed will break the line into a forest of narrow sidebandsand below. Foix>2.00, the excess H atoms are located at
spaced by the rotor frequenéyThus rapid spinning is not O sites. (Of course, at higher temperatures one expects H
required, though problems may arise from the overlap of th@toms to be thermally promoted to the higher-enddgsites,
sidebands from different sites. even forx<2.) Because there are twiosites and on® site

C. The YH, system
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per Y atom, the highest loading obtained, YHcorresponds intended for room temperature use from Doty Scientific, Inc.
to all interstitial sites filled. Actually, the phase transition The rest of the probe was homebuilt. The samples were con-
from nominally dihydride to nominally trihydride is accom- tained in ceramic rotor tubes with O-ring sealed end-caps.
panied by a fcc-hcp rearrangement. We decided not to rely on the O-ring seals to exclude air
There is some evidence that the simple view might bdrom the samples, because the O rings shrink from the ce-
incorrect. Neutron vibration spectroscogiNVS) finds a ramic rotor tubes at low temperatures. Instead, das
small, resolved peak at lower energy in YHidentified with  boiloff from a liquid N, vessel was used for the spinning
occupiedO sites® Some 8% of the H atoms are believed to drive and bearing gas. The probe was constructed with ap-
reside in theD sites at room temperature and below. Surpris-propriate seals to ensure the sample would be exposed only
ingly, lessO site occupation is measured at higher temperato N,. Between experiments, the sample was either stored in
tures; an explanation in terms of vibrational entropy is of-a N, atmosphere or left in the probe, with a steady flow of
fered. Two independent proton second-momentN, gas for protection. The angle of the MAS axis was ad-
measurement$3” near 200 K arrived at the conclusion that justed by observing rotational ech8kfrom "*Br in KBr.
the calculatedVl, in the ideal YH, structure(CaF,-like) is The N, gas supplied to the MAS assembly was cooled by
10% smaller than the experimentdl, for YH, oo. Thus H  passing through copper coils soldered to a massive copper
appears to begin to occupf® sites while somer sites are  block. A third copper coil carried liquid B to cool the
evidently still open. And neutron diffraction studies at roomblock. The temperature of the gas was controlled manually
temperature and below likewise found that a small fractiorby adjusting the flow rate of the liquid Nusing a needle
of the O sites are occupi€d®® at x=2.00. On the other valve. A thermocouple recorded the temperature of the ex-
hand, residual electrical resistivity measurem&ntsave haust gas from the spinner assembly. This temperature is
found a deep minimum in the resistivity a&=2.00. This believed to be with 5 K of thesample temperature, though
indicates that there are no defet® vacantT sites and no the relative accuracy of our measurements B K (i.e., we
occupiedO siteg at x=2.00. Thus the hydrogen site occu- expect a nearly constant offset between sample and thermo-
pancy picture in YH is not clear. The present work ad- couplg. For the bearing and drive gas pressures, manually
dresses this issue with high-resolution solid-state NMR.  adjusted regulators were used. Spinning below 190 K was
difficult because of the contraction of the end-cap seals.
Overall, the spinning and temperature-control arrangements
and stability were only adequate. In particular, long-term sig-
The samples are a crucial aspect of experiments onal averaging was not feasible. We note that better designs
YD, X~2. There is evidence that a relatively low level of for low-temperature spinners are in the literaféré* and
impurities can affect deuterium site occupancy by blocking ssome good designs are commercially available.
fraction of theT sites®>**°For this reason, samples fromtwo  The NMR experiments were performed with a Chemag-
different sources were examined; they yielded very similametics CMX-360 spectrometer with an 8.4 T superconducting
results. Most of the experiments used samples of,¥fp magnet from Cryomagnet Systems, Inc. Typicalky/2
YD ; 98, YD 504, and YD, og prepared previously by Markert pulses were 5.5us at a deuterium frequency of 54.36 MHz.
at Cornell and described elsewhéfelhe deuterium relax- Spectra were obtained by Fourier transformation of the free
ation timesT, andT,, were measured by Markert and Cotts induction decay(FID). Because of the receiver recovery,
as well as the®%Y-2D cross relaxation in the rotating some baseline distortion is present. Nevertheless, we prefer
frame?® The D/Y ratios,x, are believed accurate th1%  the use of FID’s over spin echoes: for properly phased spin-
(+0.02 out of ~2). Some of the experiments used YD hing sidebands from spin echoes, the rotor period and the
samples prepared by Vajda at the Ecole Polytechnique, dilse separation should be matchetf. With our equipment,
described previoust=° and used in electrical resistivity this was difficult. The spinning speed was typically 3000 Hz
measurements. The D content of these samples was charad was measured by an electrostatic pickup and frequency
terized by two values: e.g., 1.99.09, meaning 1.95 D at- counter. The homogeneity ¢4, was measured with BD
oms per Y atom il sites(with the remainingT sites pre- and was much better than the narrowest lines reported here.
sumably blocked by strains and/or impurifieend 0.09 D
a.toms inO sites. These samples were small {5 mg and IIl. RESULTS AND DISCUSSION
yielded smallerS/N. Hence experiments with the small
samples were generally restricted to simple spectroscopy; Magic-angle-spinning deuterium NMR spectra of YBt
selective-inversion measurements were made primarily witll94 K are presented in Figs. 2 and 3, jo+ 2.08 and 1.98,
the larger samples from Cornell. respectively. The dominant spectral feature is the large line
The air-sensitive samples were always handled in,a N near zero frequency; this is assigned Tosite deuterium
atmosphere. The powdered samples from Cornell weratoms, in accord with the previously cited evidence. For
mixed with carefully dried MgO powder, to keep the con- x=2.08, an additional, weak line is present at 1470 Hz up
ducting particles apart, for better rf field penetration and les§requency(all frequencies reported here are measured from
eddy-current braking during sample spinning. The samplethe center of th@ site resonangeBecause this line is absent
from the Ecole Polytechnique were small strips with electri-for all the samples witkx<<2 (see Fig. 3, it is assigned to
cal leads attached. The leads were removed by scraping afisite deuterium atoms. In addition, sidebands are prominent
the samples were ground undes;Ngain, MgO powder was in Fig. 3 and especially in Fig. 2 and are denoted by stars.
added. Modulation of the anisotropic interactions at the MAS rotor
The NMR probe used a magic-angle-spinning assemblyrequency results in sidebands, separated from the true reso-

Il. EXPERIMENT
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(=0.066/2),=0.005. This result is consistent with the above
assignment of the lines for a deuterium concentration
, : . : x=2.066(assuming alll" sites are occupigdin good agree-
YD T ment with the specified composition &&=2.08+0.02. For
2.08 4 the nominallyx=2.04 Cornell sample, the relative intensity
of the O site resonance is 0.023).005 indicating an actual
deuterium concentration of 2.046. Thus the absence of the
line at +1470 Hz forx<2 and the values of the relative
spectral intensities fox>2 are fully consistent with the
simple view of deuterium site occupancy in YD for
x<2, noO sites are occupied, while for>2 all T sites are
occupied. Similar results were obtained with samples from
194K* x o —_— the Ecole Polytechnique. The ratio of tResite andT site
resonance intensities agreed better witR-{ x;—2)/2 than
with xq /X1, wherexq andx; were the separately specified
, . ‘ D concentrations from the sample loading procedtrd.
200 100 0 100 -200 The value o+ Xt—2)/2 would be expected to be the ratio
of resonance intensities only if tiieue occupation of tetra-
ppm hedral sites per metal atom is 2, and ngt However, this
FIG. 2. Deuterium NMR of YD o5 under magic-angle spinning distinction is at the limit of our confidence in the NMR data
(MAS). The strong line is fronT sites and is near zero frequency; analysis.
the 294 K spectrum has been shifted horizontally for display pur- The shift of +1470 Hz of theO site line relative to the
poses. At 194 K, a weak line at 1470 Hz appears from occupied T line is +27 ppm. Given that protofor deuteroj chemical
O sites. Upon warming, th® site line disappears and the side- shifts generally lie in a 10 ppm intervéi,it is clear that the
bands become much weaker. Both changes are ddeQointer-  shift is at least partially a Knight shift. Knight shifts (from
changes. Sidebands are denoted by stars. The MAS speeds are 3ifferaction with electron spinsand chemical shiftgfrom
and 3.46 kHz at 194 and 294 K, respectively. Zero frequency corelectronic orbital motiopare difficult to separate, in general.
responds to the resonance of@ at room temperature. The Knight shifts of H(or D) in metals are small, because
of the low atomic number. Although there are not many data,
nance frequencgcenterbanpby integer multipleshere, pri-  the Knight shift is often negativédown frequency*’~>*
marily +1) of the spinning frequency. This is in qualitative agreement with the shifts measured
For thex=2.08 Cornell sample, the ratio of the spectral here, with the more metalli§ sites(closer to the metal at-
intensity (area of the O site resonance to th& site line oms and lower in energy than tl@ site9 being towards
together with its two spinning sideban@see Fig. 2is 0.033  lower frequency. The shift of thd site line relative to
D,0 in a ceramic rotor tube in the same spinner assembly is
—12 ppm(down frequency. Because of the magnetic sus-

294 K * *

kHz ceptibilities of the probe and sample tubes, we believe this
6 4 2 0 -2 -4 -6 absolute shift is only accurate to3 ppm.
' ' ' ' ‘ ' ' At higher temperatures, th@ site resonance fox=2.08
YD1 08 disappears and the spinning sidebands ofTitsites become

much weaker, as presented in Fig. 2. By comparison, there
are at most only minor changes in tlxe=1.98 spectrum
upon heating to room temperatufig. 3). We believe ex-
change of deuterium atoms betwe€rsites andO sites is
responsible for the collapse of teresonancandtheT site
sidebands. Slow-O interchanges, that is, with a rate slow
compared to the 1470 Hz separation, will result in lifetime
broadening of theD line;*® presumably, when the wea®

194 K J line is broadened it becomes undetectable in our experiment.
— x. FasterT-O interchangesrate faster than the 1470 Hz sepa-
204K A . ration) will cause theT and O lines to coalesce_. However,
because of the much larger number of deuterium atoms on

10 50 0 80 -100 T sites than orO sites, any frequency shift and broadening
m of the T line will be comparatively small.
PP T-O interchanges are revealed most clearly with a

. . . . 52 .
FIG. 3. Deuterium MAS NMR of YD o5. TheO site resonance  Selective-inversion pulse sequeriéég. 4(a)].> The first two

is not apparentcompare to Fig. 2 The 294 K spectrum is nearly Pulses serve to invert thé resonance while not perturbing
identical to the 194 K result, but has been shifted horizontally forthe O resonance. The line is placed on resonance with the

display. The MAS speeds are 4.22 kHz. Zero frequency correspectrometer carrier frequency, so the w2 pulses effect
sponds to the BO resonance at room temperature. a net nutation ofw. The O line is off resonance by
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o
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/ ~W 2 L
O inverted
0 : : -
2 3 4 5
T inverted 1000/T (K1)
YD FIG. 5. Rate of motion in Y[ for x>2, as a function of recip-
2.08 (b) rocal temperature. The solid symbols are taken from selective
211 K inversion/magnetization transfer data such as in Filg). £revious
: . ' measurement$Ref. 36 of T;* and Tl’p1 on the same samples
200 100 0 -100  -200 yielded peaks at the temperatures shown by the open symbols. The
ppm straight lines are good fits to the data, wiEh/kg=0.55 eV.
duction decay. Data from the=2.08 sample at 211 K are
presented in Fig. @). The spectrum observed &=10 ms
® o ©o ® O after selective inversion reveals an inveriedesonance and
O D sidebandgbecause thesame spingroduce the centerband
(c) . ‘ \./ . . and sidebands, they must invert togejhd@ihe O resonance

is still positive, indicating that the pulse sequence had the
intended effect. But at 3= 180 ms[Fig. 4(b)], theT line is

o ® o @ ® negative, showing tha-O interchanges have equalized the
spin polarizations of the two species. The exchange process
was followed by recording spectra at several value pfo

FIG. 4. (@ rf pulse sequence for selective inversion/ find the valueT where theO site intensity is zero, by in-
magnetization transfer. The effect of the sequence is to invert th?erpolation.

T site NMR line (at exact resonangavithout perturbing theO site

line. (b) Spectra of YD, at 211 K and MAS at 3.68 kHz. In the . . :
spectrum inspected 10 ms after selective inversion offtliee, the temperature, as a thermally activated quantity. In Fig. 5, the

O site intensity is still positive. But 180 ms after selective inver- rate of mOt'F’” (T;) tis presentedT ' andTlpl were mea-
sion, theO site intensity has become negative, through physicafUred previously on the same=2.08 sample and passed
exchange of deuterium atoms betwekand O sites. The 180 ms through peaks as a function of temperattir@hese relax-
spectrum is shifted horizontally for displai) Schematic represen- ation peaks also appear in Fig. 5, with the rate of motion
tation of T-O interchange. A deuterium on @ site (open symbdl  taken as 2, and 2w, for T;* and T[pl peaks, respectively.
moves onto a neighboring site, just as the previous occupant Clearly, all of the data over Bdecades are well described by
(solid symbo] moves to a vacanO site (dotted. In the actual a single, thermally activated process. The activation energy
three-dimensional lattice of YD, eachO has eight nearesT is E;=0.55 eV (=kgx 6390 K and the rate prefactor is
neighbors(see Fig. 1 T sites with an occupie® site nearest 3.8x10's™ 1. The identity of the motionT-O interchanges,
neighbor are termed,, sites. is clear from the selective inversion/magnetization transfer

experiments; it would be much harder to identify the motion
Aw=2mX1470 s!; the interval r is chosen so that from the spin-relaxation data alone. The data fe¢2.04
AwT=m. Hence the firstr/2 pulse bringsO site magneti- also appear in Fig. 5; again, the MAS magnetization transfer
zation into the transverse plane, it precessesriuring 7, data at low temperatures agree with fheandT,, data. In
and the second pulse returns the magnetization to its initisfact, Markert® foundE,=0.54 eV on the basis of tHE; and

The time constanTy was found to depend markedly on

orientation. T,, data alone. The=2.04 data in Fig. 5 are well described
After selective inversion, exchange of atoms betwd&en by the same 0.55 eV activation energy and a smaller prefac-
and O sites, as schematically represented in Fig)4will  tor, 1.7x 10" s~ 1. Measurements on the 1.9%.09 sample

result in magnetization transfémetween the two resonance from the Ecole Polytechnique have substantially smaller
lines. The spectrum is then inspected at delay ftirgaafter ~ S/N but are still in good agreement with the data from the
selective inversion, using @/2 pulse to produce a free in- two Cornell samples. The selective inversion/magnetization
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transfer experiments are restricted to relatively long ex-

change time constants. The typi€akite deuterium must not kHz
exchange during the time required for selective inversion 10 5 0 -5 -10
[Fig. 4@)] and for any inadvertently created transverse co- ' ' ' ' '
herences to decay; a typical lower limit is 5 ms. 195_ K

The ability to make magnetization transfer measurements static narrow
is a real strength of the MAS deuterium NMR technique. In g

systems of two sites, the interchange rate can be determined.
In systems of three or more sites, richer possibilities open up.
In particular, the ratev;; of jumping from sites to sitesj

may be determined. Thus, the entigg; jump-rate matrix
(i#]j) can be measured, yielding more information on the
diffusive pathway. Of course, short-lived intermediate states
are not accessible this way because their occupations are too
small to yield detectable, distinct signals. Related measure-

ments without MAS have been reported in other solid sys- %

tems by Gullion and Conrathi and by Kanert, Kolem, and P P
Gunther?* 200 100 0 -100  -200

We now consider and exclude an alternative explanation ppm
for the line at+ 1470 Hz in thex>2 samples of YH. For _ _
x>2.095 and temperatures at or below room temperature, a FIG. 6. Static spectr& of YD, at 195 K. A broad tail, present
two-phase coexistence region separates the nominally dihyjer X=2.08 but absent for=1.98, arises froml sites (T sites
dride and nominally trihydride Compositioﬁ's‘f'?"‘Thus it is with one or more occupie® site nearest neighborsThe spectra
reasonable to ask whether thel470 Hz, low-intensity line are gain normalized to yield the same intensity per D atom concen-

. . . tration. The difference spectrud, D=S, yg— (0.79)S; gg, iS pre-
arises from small grains of nominally YHn a background sented with the constant chosen for the best cancellation of the

of x=2.095 material. The selective-inversion/magnetization, oy, central spectral line. The difference shows primarily the

transfer experiments demonstrate that the species responsiblgsqrupole-broadened resonance fromTaesites of thex=2.08
for the two resonances are intimately mixed on a short lengtlample.

scale, so that diffusion at these low temperatures leads to
magnetization transfer. This virtually rules out segregategerature dependence of the sideband intensityxfe2.08
phases. Further, the good agreement in Fig. 5 of our rate dat&ig. 2).
with previousT; andT,, results confirms th© site origin Not only do theTg sites have a different EFG than the
of the +1470 Hz line. Additionally, we note that it is un- undistorted T sites, they have a slightly different shift
likely to cross the phase boundary as temperature is dgchemical and/or Knight The sidebands in Fig. 2 for
creased, because the phase boundary is nearly vei@al x=2.08 at 194 K are displaced abott140 Hz (2.5 ppm
allel to the temperature ajis from the expected symmetrical location about the main reso-
It was argued above that thermally activafeeD inter-  nance. Our interpretation is that the main resonance at zero
changes lead to the disappearance of @hsite resonance frequency is primarily from undistorte@ sites, while the
above 240 K. Now we show that the decrease in sidebangidebands are primarily fronT, sites, whose centerband
intensity with increasing temperaturésee Fig. 2 for (unresolvedis shifted from the main line, by somewhat less
x=2.08) is also a result of this motion. TAeand O sites  than the linewidth. Thus MAS deuterium NMR identifies
have sufficiently high symmetry that the electric field gradi-three distinct deuterium sites in Y. It is reasonable that the
ent (EFG) vanishes at both. Thus the quadrupole interactionT vs T shift is much smaller than th vs O shift.
should be zero at these sites. Howeversites with one or Static (nonspinning deuterium NMR experiments con-
more occupied site nearest neighboftermedT, sites; see  firm the picture ofT, sites advanced above. The spectra of
Fig. 4(c)] have a distorted environment and thus a nonzerx=2.08 andx=1.98, at 195 K, are presented in Fig. 6 with
EFG and static quadrupole interaction. BecauseTihsites  equal effective gains. That is, the spectral intensit@sas
have a large anisotropic interaction, most of the spinningare in the ratio 2.08:1.98, corresponding to equal signals for
sideband intensity comes frofy, sites. Indeed, in Fig. 3 the equal deuterium concentrations. The2.08 spectrum has
sidebands of th&=1.98 sample at 194 K are substantially more substantial tails that correspond to the quadrupolar-
weaker than for thex=2.08 sample(Fig. 2), because the broadened g sites. The rest of the 2.08 spectrum looks quite
1.98 sample has n@ site occupation and thus riy, sites.  similar to the 1.98 spectrum. Also presented in Fig. 6 is the
Furthermore, at elevated temperatures whér® inter-  difference spectrunD, D=S, og—(0.79)S; o5, Where the
change is rapid, the lifetime of 85 site is quite shorfsee  constant 0.79 was chosen empirically to yield the best can-
the motion proposed in Fig.(d]. For sufficiently rapidT-  cellation of the central feature of the spectrum. Values be-
O exchange, eacli site in the sample will have time- tween 0.82 and 0.76 all yield satisfactory results. The differ-
averaged tetrahedral symmetry. Hence the sidebands froence spectrum shows primarily the broad featffrem the
the quadrupole interaction &ty sites should first broaden T, we asselt most of the central line is absent, and a small
with increasing temperature and eventually disappeafin area sharp pip remainé.e., sharper than the main reso-
altogetheP>°® Thus theT-O interchanges explain the tem- nance forx=1.98). We do not understand the sharp pip in
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the difference spectrum. We have repeated the spectra of Filanguage is kept non-specificFrom our results and the
6 using thex=2.04 and 1.91 samples of Y,rom Cornell.  above considerations, we believe that @ (or X-X) hops
The tails of the spectrenot shown are larger forx>2, con-  in the models actually refer t8-O interchanges. Although
sistent with most of the intensity in the tails being frdfg  two different metals are involved, we compare the 0.55 eV
sites. activation energy forT-O interchanges reported here in
We now turn to the expectenimberof T, sites. In the  yp, to the 0.40 eV fo0-O hops obtained by fitting all the
nominallyx=2.08 sample, th® site relative NMR intensity  4ata in ZrH, as a function ofx and T. We note that the

indicated an actual composition=2.066. EachT site has fiting procedure used there does not yield unique values of
four nearest neighbdD sites(see Fig. 1 and eaclD site is all the several parameters.

vacant with probability +0.066. The probability of & site
having no occupiedO site nearest neighbors is thus
(1-0.066f=0.761, assuming randor® site occupation.
Hence the nominally 2.08 sample should have an occupation
of 1.522 undistortedr sites and 0.478 ¢ sites. OnlyTo We have demonstrated that magic-angle-spinning deute-
sites have large quadrupole interactions, so one expects thaym NMR of a metal deuteride yields spectrally resolved
the component of the=2.08 spectrum from the undistorted |ines for D atoms at inequivalent sites. While MAS has long
T sites andO sites is very similar to the spectrum of the peen known as a robust method of line narrowing for solid-
x=1.98 sampleall undisto_rtedT sites_, neglecting the un- state NMR, the large~¢30 kH2) proton-proton dipole cou-
known effect of the fewT site vacancigs Hence, to obtain  pjing in metalhydridesrequires unreasonably high spinning
the component of the=2.08 spectrum fromTo Sites, We  gpeads for efficient line narrowing. Because of the smaller
should subtract from the 2.08 spectrum the 1.98 SpeCtrurfhagnetic moment ofD, lower spinning speeds give good
scaled by the ratio linewidth reduction in metal deuterides. The quadrupole in-
teraction present fofD is also averaged by magic-angle
spinning.

For YD, with x~2, only T site occupation is found for
This last ratio is 0.80, in good agreement with the empiricak<2.00 at 200 K. Fox>2.00, only the excess D atoms are
choice of 0.79 used in subtracting the spectra in Fig. 6accommodated i© sites with a resonance line 27 ppm up
Hence, the static sample measurements not only display tHeequency from ther site resonance. These results disagree
expected tails from the quadrupole-broadengg)(sites, but ~ with conclusions from proton NMR second-moment mea-
their fractional concentration is quantitatively correct. surements, neutron diffraction, and inelastic neutron scatter-

The motion responsible for the broadening/disappearandag (neutron vibrational spectroscopythese works found
of the O site resonance and sidebands of Thgsites is an  that O sites are occupied even fgr2.00. Forx=2.0, the
interchange of D atoms betwe@rsites andD sites. We note  proton NMR found 15-19 % of occupie@ sites>®3” with
that direct hops of D atoms from on@ site to the next 8% according to inelastic neutron scatterfigdn the other
would not lead to thél-O interchange evident in the mag- hand, the present conclusions are in good accord with mea-
netization transfer experiments. If such dir€O hops oc-  surements of the residual electrical resistivity of both ,YH
curred more frequently than tie-O interchanges, the side- and YD, .3* A very deep minimum in resistivity occurs at
bands from theTy sites would disappear at a lower x=2.00, indicating fully occupied sites and empt{ sites.
temperature than th® site line at+ 1470 Hz, but this is not It is believed that impurity of the Y metal is a major source
observed. Th&-O interchanges may be a concerted motionof the disagreement, with impurities blocking some of the
with two atoms moving simultaneously, as depicted in Fig.availableT sites. This leads to “pure” dihydride concentra-
4(c), or the motions may be separated in time. Howevertions of YH,_, with A values reaching up to 0.&ee the
motion of aT site vacancy cannot be the rate-controlling review by Vajda® on deviations from ideal stoichiometry in
step, since motion is much more rapidor x>2 than for the dihydrides This may explain the small value of the
X<2. room temperature lattice parameter reported for ,¥§Hn

We note that aT-O interchange evenfFig. 4(c)] has Ref. 35,a=5.20% A . By comparison, a pure dihydride, YH
nearly the same effect as a dir€@tO jump, in contributing o (N0 octahedral occupatipngaveé* a=5.2085 A ; this
to the rate of diffusion. Both processes have the same netecreased to 5.2056 A with increasing octahedral occupa-
atomic displacement and both lead to no net changeb in tion, YH, 1. Thus it seems likely that the Y, of Ref. 35
site andO site occupationsiHowever, because different at- had substantial octahedral occupation, perhaps by virtue of
oms are moved in the two processes, the values of meamocked T sites. Very recent neutron diffraction measure-
squared displacement are numerically slightly diffepeRe-  ments of YD, oq find 100% occupation off sites and no
cently, models of diffusion in the nearly dihydrides have occupation ofO sites, to within 196° The sample was one
been describetf,*®involving hops from occupied sites to  of the samples used in Ref. 61. The neutron diffraction is
vacantO sites (quite distinct from theT-O interchanges further support for the site occupancies measured here by
herg, from occupiedO sites to vacanO sites (O-O hops, deuterium MAS NMR.
for shorh, and from occupied sites to vacanfl sites. In For YD,, x>2, and above 240 K, the wedl site reso-
those treatments, th@-O hops are believed to be crucial in nance and the spinning sidebands of Thine disappear due
determining the rate of diffusiofthese are calleX-X hops to T-O interchanges. Selective inversion and subsequent
in Ref. 57; X sites are actuallyO sites there, though the magnetization transfer were used to measure the rate and

IV. CONCLUSIONS

(No. undistortedT sitest No. O sites, og
(No. undistortedT siteg; o5 '
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activation energy E,=0.55 e\) of T-O interchanges. The expected to be valuable in determining site occupancies and

sidebands are principally from D atoms B4 sites: T sites  diffusion pathways in the alloys and compounds.

with one or more occupied nearest neighBosites(disrupt-

ing the local cubic symmetjy Thus diffusion viaT-O inter-

changes results in a reduced lifetime of fhg, broadening
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