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NMR evidence for change in the local structure of ZrCr2Hx

Ronald Dean Stoddard and Mark S. Conradi
Department of Physics, CB 1105, Washington University, One Brookings Drive, St. Louis, Missouri 63130

~Received 16 September 1997!

We report here measurements ofT1r
21, the spin-lattice relaxation rate in the rotating frame, for protons from

4 to 300 K in two samples of ZrCr2Hx , with x50.2 and 0.5. We find, especially forx50.2, that the maximum
rate (T1r

21)MAX is substantially larger than expected from the laboratory frame spin-lattice relaxation rateT1
21

by comparison with a model that successfully fits theT1
21 data. Further, a dimensionless parameterR is

formed that expresses the relative strength of (T1
21)MAX after correction for the different measurement fre-

quencies. The measured values ofR for x50.2 are larger by a factor of 2 or more than that of any simple
model, indicating that the dipolar second momentM2 ~primarily proton-proton! increases as temperature
decreases, a surprising result. The increasing second moment is confirmed by direct measurement from dipolar
echoes~magic echoes! at low temperature. The increased second moment reflects either decreasing average
H-H distances below 150 K~partial clustering, a change in the local structure! or the progressive freeze-out of
motional averaging ofM2 by high-frequency local motions.@S0163-1829~98!04417-8#
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I. INTRODUCTION

Hydrides formed from Laves-phase metals~AB2 com-
pounds! have several useful characteristics for practical
plications in hydrogen storage. First, many of the hydrid
exhibit unusually high hydrogen mobility. Second, there
large single-phase regions of theT-x phase diagram. Finally
the hydrogen-vapor pressure can be tuned by choice of
metalsA and B; for example, one or the other may be
nonhydriding or weakly hydriding metal.

The hydrogen-atom diffusion in Laves-phase metal
drides is characterized by unusually small activation en
gies. For example, in theC15 structured form of ZrCr2Hx at
low concentrations (x<0.5), the hydrogen atoms move fa
enough to completely motionally narrow the proton nucle
magnetic resonance~NMR! line shape at 80 K.1,2 This indi-
cates that the hydrogen atoms hop at a rate of at l
105 s21 by 80 K.

Some of the Laves-phase hydrides also display hydro
motion on two distinct time scales. This is most apparen
C15-TaV2Hx , where two separate peaks are visible in t
proton spin-lattice relaxation rateT1

21.3 The high-
temperature peak represents long-range diffusive moti
while the low-temperature peak is from a local motio
Quasielastic neutron-scattering measurements on this sy
confirm the coexistence of motion occurring on two tim
scales. The neutron data indicate that the local~more rapid!
hydrogen motion involves jumping between three or six s
on a circle of radius;1.1 Å.4

Another interesting aspect of Laves-phase metal hydr
is the ability to cross wide regions of the phase diagr
without encountering a phase transition. An example of t
is C15-ZrV2Hx , where the hydrogen concentration can
continuously varied fromx50 to x56.0 at room tempera
ture without a phase transition.5 A second example is
C15-ZrCr2Hx (x<0.5), where there is no evidence of
phase transition to an ordered hydride phase down to at
11 K,1,2 in agreement with the tentative phase diagram
C15-ZrCr2Hx .6
570163-1829/98/57~17!/10455~7!/$15.00
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The Laves-phase intermetallic compounds possess t
different structures, the cubicC15 structure~space group
Fd3m-Oh) and the hexagonalC14 and C36 structures
~space groupP63 /mmc-D6h

4 ) with four and eightAB2 for-
mula units per unit cell, respectively.7 In the Laves phases a
of the hydrogen interstitial sites are tetrahedral, with fo
metal-atom nearest neighbors. In the cubic structure there
12 interstitials (g sites! with two A and twoB nearest neigh-
bors perAB2 formula unit. In addition, there are four inter
stitials (e sites! with one A and threeB nearest neighbors
and one interstitial with fourB nearest neighbors.8 For
C15-ZrCr2Hx , only g sites are occupied6,8 at low concentra-
tions.

The purpose of this study is to better understand the
usual hydrogen motions inC15-ZrCr2Hx for low hydrogen
concentrations (x<0.5). While Skripov and co-workers ob
served that the proton NMR line in this system is complet
motionally narrowed above 80 K, no study of the linewid
and line-shape changes has been made. In addition,
found that theT1

21 relaxation peak~that occurs when the rat
of atomic diffusion approximately matches the spin prec
sion frequency! cannot be fit by a model for the motion wit
a single correlation time. Rather, a broad distribution of
tivation energies for the hydrogen motion was invoked
sulting in a very broad distribution of correlation times. Th
origin of the distribution of activation energies in this cry
talline solid solution is believed to be the disorder in t
hydrogen positions. A model using the distribution was a
to fit theT1

21 data.1 However, the second momentsM2 used
to fit the data forx50.5 and especiallyx50.2 were consid-
erably smaller than the Van Vleck calculated seco
moments9,10 and, as we show here, smaller than the exp
mental results measured from essentially the free-induc
decay~FID! at low temperatures.

Here we extend the NMR measurements to lower te
peratures and frequencies by examining the relaxation ra
the rotating frame (T1r

21), pushing the relaxation peak to sub
stantially lower temperatures. We find clear evidence that
10 455 © 1998 The American Physical Society
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10 456 57RONALD DEAN STODDARD AND MARK S. CONRADI
second moment inC15-ZrCr2Hx increases markedly as th
temperature is reduced, particularly for the lowest concen
tion studied (x50.2). The decrease in the second momen
high temperatures is due either to a gradual change in l
structure or to rapid motional averaging in asymmetrical
cal potential wells.

II. EXPERIMENT

The x50.2 and 0.5 samples used in this study were p
vided by Dr. Alexander Skripov of the Institute for Meta
Physics in Ekaterinburg, Russia. These samples have
used in previous experiments;1,11 details of the sample prepa
ration are given in Ref. 1. TheC15-ZrCr2Hx samples are no
particularly air sensitive, but to prevent contaminati
sample handling was performed in a clean, nitrogen-fil
glove bag. Thex50.2 and 0.5 samples were removed fro
the large Pyrex tubes used for shipping, placed into 6-m
o.d. Pyrex tubes and sealed under2

3 atm of He gas for our
measurements.

The NMR measurements detailed here were perform
using a home-built, pulsed NMR spectrometer at frequen
of 21.3 and 5.3 MHz. The measurements were made
home-built variable temperature Dewar. At low temperatu
~<135 K!, temperature regulation of the sample was acco
plished by flowing temperature-controlled helium gas p
the sample. At temperatures greater than 135 K, the N
measurements were made as the temperature of the D
slowly equilibrated, either after the cryogens had been
moved from the cold Dewar or after liquid nitrogen w
added to the warm Dewar.

Temperature measurement was accomplished using a
brated Lake Shore carbon-in-glass resistance thermom
placed in close proximity~;2 cm! to the sample. To provide
an additional check, a type-T thermocouple ~copper-
Constantan! was also used.

The present studies concentrated on measurements oT1
andT1r . The T1 measurements on thex50.2 sample were
made to ensure that the sample had not changed since
previous measurements.1,11 The T1 measurements used
saturation-recovery sequence.12 Saturation was accomplishe
with a series of ten 90° pulses, with 1 ms between the pul
The saturation train was followed by a waiting timet during
which the magnetization was allowed to recover. The m
netization was then measured from the FID following
single 90° inspection pulse. At least one value oft was used
that was long enough to allow the magnetization to return
essentially its equilibrium valueM (`). A plot of @M (`)
2M (t)# vs t yielded an exponential decay.T1 was taken as
the point where the magnetization difference had decaye
1/e.

T1r measurements were made on both thex50.2 and 0.5
samples with a standard spin-locking sequence.12 The pulse
sequence is initiated by a 90° pulse, which rotates the m
netization into the transverse plane. This is followed by
spin-locking pulse, 90° phase shifted with respect to the
tial pulse. Thus, the spin magnetization is parallel to
effective field in the rotating frame. During the spin-lockin
pulse, the magnetization decays toward equilibrium~essen-
tially zero! with the small rf field. After a timeT the spin-
locking pulse is shut off and the remaining magnetization
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detected from the amplitude of the ensuing FID. For the
measurements, a plot ofM (T) vs T yielded a decay that wa
nearly exponential. The relaxation rateT1r

21 was taken from
the initial slope of the lnM (T) vs T decay and thereby
represents theaveragedecay rate.

In addition to the relaxation-rate measurements, the s
ond momentM2 ~Ref. 10! of the samples was measured
temperatures low enough that all motion was essentially
zen out on the NMR time scale~the rigid lattice limit, 6.4 K
for x50.2 and 21.2 K forx50.5). TheM2 measurements
were made using a modification of the magic-echo seque
of Bowman and Rhim13 that replaces the single preparatio
pulse of length 2td by two pulses of lengthtd that are phase
shifted by 180°. This modification of the magic-echo s
quence compensates for rf-field inhomogeneities. The ma
echo refocuses like-spin dipolar dephasing, displacing
echo peak to later times, away from the receiver blocki
Using several different values fortd between 20 and 60ms,
the second moment was measured from the curvature o
refocused free-induction decay at the magic-echo peak.
confirm the time-domain results, the second moment w
also determined by integration, using the real part of
Fourier transform of the time-domain signal. The two me
ods agreed as expected.M2 showed no dependence on th
value of td used in the measurement.

III. RESULTS AND DISCUSSION

An overview of the relaxation data for thex50.2 sample
is shown in Fig. 1. All of the data shown were obtained at
NMR frequency of 21.3 MHz. The data include measu
ments of the NMR linewidthT2

21 ~using both the Carr-
Purcell-Meiboom-Gill, or CPMG, and two pulse spin-ech
sequences12!, T1r

21 at two rf field strengths, andT1D
21 ~the

relaxation rate of the dipolar-ordered state, using the Jee

FIG. 1. Overview of data forx50.2. The data shown are th
NMR linewidth ~stars!, T2

21 measured using both the two-puls
spin-echo~closed squares! and CPMG sequences. The CPMG me
surements were made with three different values for 2t, the spacing
betweenp pulses. In addition,T1r

21 data were taken using two dif
ferent rf field strengths, 22.7 kHz~open circles! and 39.1 kHz
~closed circles!, as well asT1D

21 data~crosses!. All of the data shown
were obtained at an NMR frequency of 21.3 MHz.
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Broekaert sequence.14! Although we are primarily intereste
in T1

21 and T1r
21 here, the additional data are presented

background. TheT2
21 data show an unusual second peak

higher temperatures, which is also seen in samples with
drogen concentrations ofx50.3 and 0.5~data not shown!.
The origin of this peak may be magnetic impurities in t
ZrCr2 host-metal lattice. The measuredT2

21 also shows a
dependence on 2t ~the spacing between the rfp pulses! in
the vicinity of the high-temperature peak. The 2t dependence
is characteristic of diffusion through a magnetic-field gra
ent and indicates that the frequency of the spins is chan
on the time scale of 2t ~60–200ms!.

The NMR linewidth data demonstrate the extremely ra
hydrogen motion in thex50.2 sample. The line narrowin
begins at;25 K, indicating that the hydrogen hopping ra
at this temperature is of the order of the NMR linewidth15

43104 s21. In addition, the onset of motional narrowing
not very sharp. This may be due to local motions that o
partially average the dipole-dipole interaction, or it may
due to a distribution of activation energies for the hydrog
motion. The samples withx50.3 and 0.5 show similar be
havior ~not shown!, but the onset of motional narrowing i
shifted to higher temperature for both samples, indicat
that the hydrogen motion is slower than forx50.2.

Figure 2 presentsT1
21 for samples with hydrogen concen

trations ofx50.2 and 0.5, respectively. All of theT1
21 data

are from Ref. 1, except for the 21.3-MHz measurements
x50.2. TheT1

21 data forx50.2 and 0.5 have been correcte

FIG. 2. T1
21 data forx50.5 andx50.2 samples. All data for the

x50.5 sample are from Ref. 1, while the data for thex50.2 sample
are from Ref. 1~11.0 and 19.3 MHz! and the present work~21.3
MHz!. The solid curves represent our best fit to theT1

21 data using
a model with a Gaussian distribution of activation energies for
hydrogen motion; the dashed curves use the parameters of Re
s
t
y-

-
ng

d

y

n

g

r

to remove the electronic~Korringa! contribution to the
relaxation,1,15 leaving only the motional contribution. Ac
cording to the theory of Bloembergen, Purcell, and Pou
~BPP!,16 the motional contribution toT1

21 is driven by fluc-
tuations in the local fields caused by atomic motions. F
hydrogen motion in ZrCr2Hx , the fluctuations in local fields
are due to motional modulation of the proton-proton dipo
interaction~the metal nuclei have at most very small nucle
magnetic moments!. For a powder sample,T1

21 is given by17

T1
215S 4M2

3v0
D S y

41y2 1
y

11y2 D , ~1!

whereM2 is the rigid lattice second moment andy5v0td
(v0 is the NMR precession frequency andtd is the correla-
tion time for the hydrogen motion!. In many cases,td obeys
the Arrhenius relation

td5td~0!expS Ea

kBT D , ~2!

whereEa is the activation energy,kB is the Boltzmann con-
stant, andT is the absolute temperature. When the moti
can be described using a single activation energy, Eq.~2!
gives a single value for the correlation time at each tempe
ture. Attempts to fit theT1

21 data of Fig. 2 with a model
employing a single activation energy are extremely uns
cessful ~note the very different magnitudes of the slop
above and below the peaks in Fig. 2!.

In Ref. 1 theT1
21 data are successfully fitted with a mod

employing a Gaussian distribution of activation energies
the motion. The distribution of activation energies leads t
distribution of correlation times and the observedT1

21 is a
weighted sum ofT1

21 for each activation energy:

T1
215E

0

`

T1
21~Ea!G~Ea!d~Ea!, ~3!

whereG(Ea) is the Gaussian function describing the dist
bution of activation energies andT1

21(Ea) is given by Eqs.
~1! and~2!. The fits with the parameters of Ref. 1 are show
in Fig. 2 as dashed curves. The solid lines in Fig. 2 repres
our best fits with a GaussianG(Ea). Both sets of parameter
are listed in Table I; the differences between the two sets
small.

Figure 3 shows rotating frame relaxation rateT1r
21 data for

the samex50.2 and 0.5 samples used in theT1
21 experi-

ments. ForT1r
21, the electronic contribution to the relaxatio

is small enough that it can be neglected. The relation
tween the relaxation rateT1r

21 and fluctuations in the dipole
dipole interaction has been derived by Look and Lowe.18 For
a powdered sample,T1r

21 can be written17

T1r
215

M2

6v0
S 3y

11v1
2td

2 1
20y

41y2 1
2y

11y2 D , ~4!

wherev1 is the strength of the rf field in angular frequenc
units. At our conditions, the first of the three terms abo
dominates. For a distribution of activation energies,T1r

21 is
given by a weighted sum ofT1r

21 for each activation energy

e
1.
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TABLE I. Parameters used in fitting theT1
21 data. Parameters were taken from Ref. 1 and this stud

M2 (s22) Ea ~meV! DEa ~meV!a td(0) ~s!

x50.2 ~Ref. 1! 0.683109 81 28 0.70310211

x50.2 ~this study! 0.603109 81 28 0.70310211

x50.5 ~Ref. 1! 1.73109 84 21 1.80310211

x50.5 ~this study! 1.73109 84 24 1.80310211

aRefers to halfwidth at12 of maximum.
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T1r
21~Ea!G~Ea!d~Ea!. ~5!

Using this relation forT1r
21, we attempted to fit theT1r

21 data
with the same parameters used to fit theT1

21 data at higher
temperatures. The dotted curves in Fig. 3 use the param
of Ref. 1, determined from theT1

21 data, while the solid lines
use the parameters determined from our best fit ofT1

21. The
figure clearly shows thatT1r

21 is not well described by eithe
set of parameters with a Gaussian distribution of activat
energies. In particular, the maximumT1r

21 relaxation rate for
the x50.2 sample is larger by a factor of;3 than the mod-
els’ prediction.

The large discrepancy between the measured and
dicted maximum ratesT1r

21 shows that no small adjustmen

FIG. 3. T1r
21 data for thex50.5 andx50.2 samples. The dat

were taken at the NMR frequencies and nutation frequencies lis
The curves represent fits to the data using a model with a Gaus
distribution of activation energies for the hydrogen motion. T
dashed curves represent fits to the data using parameters from
1, while the solid curves represent our best fits to theT1

21 data of
Fig. 2. The maximumT1r

21 rates are larger than the predictions
the models, especially forx50.2. This demonstrates that the effe
tive second moment of the spin-spin interactions increases
decreasing temperature.
ers

n

re-

of the parameters will allow theT1
21 andT1r

21 data to be fit
simultaneously. To further demonstrate this we have defi
a dimensionless numberR such that

R[
~T1r

21!MAX /~T1
21!MAX

v0 /v1
. ~6!

R expresses the strength of the maximumT1r
21 relaxation

rate relative to the maximumT1
21 relaxation rate, corrected

for the different frequencies of the two measurements.
the BPP model,T1

21 @Eq. ~1!# reaches a maximum of

~T1
21!MAX 5~0.95!

M2

v0
~7!

wheny51.24. Similarly,T1r
21 @Eq. ~4!# reaches a maximum

of

~T1r
21!MAX 5~0.25!

M2

v1
~8!

whenv1td51. Using these values for the maximum rela
ation rates and Eq.~6!, we obtain a value ofR50.263 for the
BPP model. For a Gaussian distribution of activation en
gies, the maximum relaxation rates are suppressed by
spread in correlation times. The lower-frequencyT1r

21 peak is
suppressed more than the higher-frequencyT1

21 peak, be-
cause a given spread of activation energies generates a l
distribution of rates~when measured on a logarithmic scal!
at low temperatures than at high. This argument is prese
graphically in Fig. 4, an idealized relaxation map. The res

d.
ian

ef.

th

FIG. 4. Relaxation map showing a distribution of activation e
ergies, represented by shaded region. At lower temperatures
ratio of the highest rate to the lowest rate is larger than at h
temperatures, as indicated by the lengths of the vertical bars. T
a distribution of activation energies is expected to decrease
maximum T1r

21 by a larger factor than the maximumT1
21 is de-

creased.
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TABLE II. T1r
21 andT1

21 maxima at each frequency forx50.5 as well as the calculated values for t
parameterR.

(T1r
21)MAX (s21) Frequency~kHz! (T1

21)MAX ~s21) Frequency~MHz! Rexpt Rdist
a

862 39.1 12.7 11.0 0.241 0.168
862 39.1 8.85 19.3 0.197 0.160
435 71.4 12.7 11.0 0.222 0.180
435 71.4 8.85 19.3 0.182 0.171

aCalculated from Gaussian distribution of activation energies; see Table I, fourth row.
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is a value forR that is lower than the BPP value. We stre
that a distribution of activation energies will always decrea
R, regardless of the shape of the distribution. Table II sho
the R values calculated from each set of relaxation maxi
for thex50.5 sample; Table III shows the data for thex50.2
sample. The values ofR for the x50.5 sample are large
than expected for a Gaussian distribution of activation en
gies. In fact, the values forR approach the BPP value o
0.263. The effect is much larger and is even striking for
x50.2 sample, where the value ofR is considerably larger
than the BPP value in all cases. This shows clearly tha
model employing a distribution of activation energies ab
lutely cannot be used to simultaneously fit theT1

21 andT1r
21

data, regardless of how one ‘‘tunes’’ the parameters of
distribution.

The above arguments demonstrate that no model wi
temperature-independent second moment~assumption im-
plicit in all the above models! is satisfactory. The simples
explanation for the increasing relaxation strength at low
temperatures is thatM2 grows as the temperature decreas
We remark that this is an unusual situation in the NMR stu
of solids. Generally, the only effect of temperature is
change the rate of the motions, as in Eq.~2!.

Further evidence for the increase in the second mom
with decreasing temperature is found in Table IV. The
second moments may be compared; the values are from
to T1

21, fits to T1r
21, a Van Vleck rigid-lattice calculation,1,10

and direct measurement by the magic-echo pulse seque
For x50.2, the second moments measured at decrea
temperatures~in the orderT1

21 fit, T1r
21 fit, and magic echo;

corresponding to approximately 140, 60, and 6.4 K! form a
clear progression to higher values. Forx50.5, this trend is
present but much weaker. The data in Table IV confirm
conclusion thatM2 increases with decreasing temperature

For x50.2, the second moment that best fits theT1r
21 data

is 33% larger than theM2 from theT1
21 fit. To fit the T1r

21
e
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data, however, a substantially narrower distribution of a
vation energies is required (Ea530 meV andDEa58 meV;
compare with Table I!. The narrower distribution and th
increasedM2 both result in a substantial increase in the p
dicted maximumT1r

21 rate.
We believe that the increase in the second moment w

decreasing temperature is due to a change in thelocal hydro-
gen structure. Although the exact nature of this change
C15-ZrCr2Hx is not known, such changes are observed in
rare-earth hcp solid solutions (ScHx , LuHx , and YHx).
Like ZrCr2Hx , the hcp systems show no evidence of a tra
sition to an ordered phase down to very low temperatu
Instead, the hcp solid solutions display a continuous cha
in the local hydrogen structure as the temperature is lowe
At low temperatures, the hydrogen atoms form pairs
second-nearest-neighbor sites, separated by metal atoms19–21

The hydrogen pairs form long, zigzag chains along thec
direction of the host-metal lattice. As the temperature
creases, the number of hydrogen atoms participating in
pairing increases. Some form of hydrogen ordering
C15-ZrCr2Hx is expected at low temperatures for thermod
namic reasons. Specifically, the third law predicts a ze
entropy structure at zero temperature if the kinetics of
ordering process permit. While complete, long-range ord
ing is observed in neither ZrCr2Hx nor the hcp solid solu-
tions, a partially~short-range! ordered structure may appea
in ZrCr2Hx as it does in the hcp systems. The short-ran
order appears continuously with decreasing temperature
no sharp phase transition is evident and no new Bragg pe
appear.

A change in the hydrogen structure affects the sec
moment because of its sensitivity to the relative positions
the hydrogen atoms. For a powdered sample, such as in
present work, the second moment is given by10

M25 3
5 g4\2I ~ I 11!(

k
r jk

26, ~9!
e
TABLE III. T1r
21 andT1

21 maxima at each frequency forx50.2 as well as the calculated values for th
parameterR.

(T1r
21)MAX (s21) Frequency~kHz! (T1

21)MAX (s21) Frequency~MHz! Rexpt Rdist
a

893 22.7 4.17 11.0 0.442 0.161
893 22.7 2.49 19.3 0.422 0.152
893 22.7 2.35 21.3 0.405 0.172
588 39.1 4.17 11.0 0.501 0.166
588 39.1 2.49 19.3 0.478 0.158
588 39.1 2.35 21.3 0.459 0.178

aCalculated from Gaussian distribution of activation energies; see Table I, second row.
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10 460 57RONALD DEAN STODDARD AND MARK S. CONRADI
wherer jk is the distance between hydrogen atomsj andk.
Because of ther jk

26 dependence, the second moment depe
strongly on the average spacing between hydrogen ato
Any change in the local structure resulting in a change in
average hydrogen spacing would be evident in the sec
moment.

We note that the possible variation ofM2 with structural
changes is very large for adilute system, such as ZrCr2Hx
with x50.2 ~roughly 5% of the ‘‘full loading’’!. At one ex-
treme, a segregated or clustered system forms a f
hydrogen-dense structure. At the other extreme, the hy
gen atoms may remain maximally distant from each other
forming a superlattice. In between the two extremes is r
dom occupation of the sites. For a hydrogen dilution fac
Y,

Y[
xactual

xfully loaded
; ~10!

the relative second moments of the clustered, randomly
cupied, and maximally separated structures are 1,Y, andY2,
for dipole interactions (R23). For ZrCr2Hx with x50.2, the
dilution factor8 is ;0.05 (xfully loaded;4), so the three case
described above have dramatically different second m
ments. Thus, it is easy to envision local structural modifi
tions that give rise to substantial changes in the second
ment. We note that the local structural changes may also
responsible for the changes in apparent activation ene
~see above and the temperature of the peak in Fig. 3!.

We note that the Van Vleck calculated second mome
are in reasonable accord with the low-temperature ma
echo data~Table IV!. The calculations assumed rando
g-site occupation, except for a 2.1-Å exclusion distance.
emphasize that agreement between experiment and the
ond moment for an assumed structuredoes not requirethat
the structure be correct—many structures have similar
ond moments. Indeed, we do not expect random occupa
of g sites to be a good model at low temperatures where e
weakly attractive or repulsive forces will be important.

Another possible explanation for the changing seco
moment is rapid localized motions between two asymme
wells ~Fig. 5!. Rapid hopping between two sites would pa
tially average the dipolar interaction, leading to a sma
effective second moment at higher temperatures. At lo
temperatures,kBT would become small in comparison to th
asymmetry energyE1 and the motion would be frozen ou
Because the local motion is faster than the main diffus
motion, the freeze-out of the local motion cannot involve t
barrier energyE2 becoming too large compared tokBT.

TABLE IV. Second momentsM2 from fits toT1
21 data andT1r

21

data, Van Vleck calculation, and measurement from magic ech

ZrCr2H0.2 ZrCr2H0.5

M2 , T1
21 fit (s22) 0.63109 1.73109

M2 , T1r
21 fit (s22) 0.83109 1.73109

M2 , Van Vleck (s22) 1.113109 2.673109

M2 , magic echo (s22) 1.43109 2.33109
s
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Rapid localized motions have been seen in the rela
C15-TaV2Hx compound, as discussed in the Introduction

IV. CONCLUSIONS

We have found that forC15-ZrCr2Hx ~for x50.5 and
especiallyx50.2! the observed spin-lattice relaxation rate
the rotating frameT1r

21 is much larger than expected from
model with a distribution of activation energies that d
scribes the laboratory-frame spin-lattice relaxation rateT1

21

at higher temperatures. To characterize this we have defi
the dimensionless numberR that expresses the relativ
strength of the maximum ratesT1r

21 and T1
21, corrected for

the different measurement frequencies. For thex50.5
sample,R is nearly as large as expected from the sim
BPP model and is larger than expected for the model use
fit T1

21. For thex50.2 sample,R is larger than expected fo
the BPP model and is nearly three times as large as expe
for the model used to fitT1

21. Thus, there is strong evidenc
that the effective second moment of the dipolar interactio
increases with decreasing temperature, especially fox
50.2. This is confirmed by direct measurement ofM2 at low
temperatures using the magic-echo pulse sequence. Th
crease in second moment at lower temperatures is believe
be due to local ordering of the hydrogen, which causes
hydrogen to be closer on average as the temperature
creases. The effect may also be due to local hydrogen mo
that partially averages the dipolar interaction leading to
smaller effective second moment at higher temperatures
lower temperatures the local motion is presumed frozen
by the energetic asymmetry of the potential wells.
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FIG. 5. Asymmetric potential well for a model of local hydro
gen motions in ZrCr2Hx . At low temperatures (kBT!E1), the local
motions are frozen out. At higher temperatures, the effective sec
moment will be reduced by rapid motion between the two poten
minima.
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