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Anomalous transverse-spin relaxation in ZrCr2Hx
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A detailed examination of the transverse nuclear-spin relaxation is presented for hydrogen in ZrCr2Hx with
x50.2, 0.3, and 0.5. One unusual aspect of the transverse relaxation is the relatively large linewidth at high
temperatures, where the dipolar interactions are fully averaged. This residual linewidth varies with external
field strength more slowly than linearly, indicating the role of ferromagnetic impurities in addition to the more
common susceptibility broadening. Spin echoes yield aT2 measurement which substantially defeats the large
residual linewidth. However, a second unusual aspect is that above 170 K,T2

21 reverses slope and starts to
increase with increasing temperature, going through a maximum near 225 K. In the 170–225 K region, the
measuredT2 varies with pulse spacing of the Carr-Purcell pulse train. The behavior ofT2

21 cannot be ex-
plained by H-atom diffusion through field gradients from the particles’ magnetization. The sample appears to
become inhomogeneous above 170 K on a length scale of;300 Å , suggesting an unexpected phase transi-
tion in these materials.@S0163-1829~99!06805-8#
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I. INTRODUCTION

The Laves-phase metal-hydrogen system ZrCr2Hx , with
x50.2–0.5, has remarkably rapid hydrogen diffusion. T
proton NMR line is almost fully narrowed by 80 K, an un
usually low temperature.1,2 Pulsed field gradient~PFG! mea-
surements of hydrogen diffusion find a non-Arrhenius te
perature dependence of diffusivity.3 The very low apparen
activation energy at low temperatures suggests a quan
mechanical aspect to the diffusion.

The proton spin-lattice relaxation rate (T1
21) in the labo-

ratory frame has been thoroughly studied for ZrCr2Hx .1,2

The T1
21 data can be described in terms of a distribution

activation energies for hydrogen diffusion. However, as
been noted,2 the T1

21 data for ZrCr2Hx are also consisten
with a coexistence of two types of H motion with differe
frequency scales.

Recently, measurements ofT1r
21 , the spin-lattice relax-

ation rate in the rotating frame, provided evidence that
mean-square strength of the fluctuating dipolar fields t
drive spin relaxation increases with decreasing temperatu4

This indicates an existence either of a change in local hyd
gen ordering or of rapid local motions that partially avera
the dipole interactions. Direct evidence for a rapid localiz
motion of H atoms in ZrCr2Hx has been found in recen
quasielastic neutron-scattering measurements.5 The micro-
scopic picture of H motion in ZrCr2Hx appears to be simila
to that found6 in the related Laves-phase system TaV2Hx . In
particular, the fraction of H atoms participating in the rap
localized motion strongly increases with increasing tempe
ture; this behavior may qualitatively explain theT1r

21 results.
However, to our knowledge, there have been no quan

tive studies of thetransverserelaxation timesT2 andT2* in
ZrCr2Hx , outside the observation of a narrowed line at 80
Thus we report here a thorough study of transverse re
ation in ZrCr2Hx , with x50.2, 0.3, and 0.5. We focus on tw
PRB 590163-1829/99/59~5!/3769~6!/$15.00
e

-

m

f
s

e
t

e.
o-
e
d

-

a-

.
x-

aspects. First, at temperatures such that the dipole inte
tions are fully averaged, a large residual linewidth remai
In metal hydrides,7,8 this is not uncommon9 and generally
arises from the magnetic susceptibility of the metals and
array of different particle shapes and their orientations to
external magnetic field10 ~rf skin depth considerations dictat
the study of powders!. However, in ZrCr2Hx , the residual
linewidth is unusual in varying more slowly than linear
with the field strength.

The second and main focus of this report is on the rel
ation rateT2

21 determined with two-pulse spin echoes a
spin-echo trains.11,12 The temperature variation ofT2

21 re-
verses at high temperatures and exhibits a maximum. In
region, the apparentT2

21 is different when measured with
single-echo vs multiple-echo13,14 methods and depends o
the pulse spacing in the multiple-echo method.

It is valuable to detail the behavior ofT2
21 in other, more

ordinary systems. In ZrBe2H1.4, the H atom diffusion is re-
stricted to planes15 perpendicular to thec axis.16,17However,
theT2

21 behavior is typical and can be explained simply~see
Fig. 4 of Ref. 16!. At low temperaturesT ~off the graph!,
T2

21 is expected to attain its limiting, rigid-lattice value.12 At
higher temperatures,T2

21 decreases due to motional avera
ing of the dipolar fields. AsT increases further, eventuall
T2

21 stops decreasing and becomes nearly constant.
change in behavior is due to H atom diffusion through t
field gradientG inside each particle.9,16 At higher external
field strengths, the onset of this additional transverse da
ing occurs at a lower temperature—the internal gradie
are caused by susceptibilities, so the gradients are pro
tional to the external field. The larger gradients lead to
creased diffusive transverse relaxation, as in Hah
formula12 for the damping in a uniform field gradien
exp(22g 2G2Dt3/3). ~Note that uniform gradients are not
present in the small metal particles.! Use of the Carr-Purcell-
Meiboom-Gill multiple-echo sequence13,14 greatly reduces
3769 ©1999 The American Physical Society
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3770 PRB 59STODDARD, BALBACH, CONRADI, AND SKRIPOV
the diffusion-in-a-gradient effect, allowing the trueT2 to be
measured to higher temperatures. All these effects are ap
ent for T2

21 for ZrBe2H1.4.
The present study of ZrCr2Hx has two motivations. First

ZrCr2Hx is unusual amongst metal-hydrogen systems~see
above! in having substantial H mobility at low temperatur
and a non-Arrhenius temperature dependence of H diffu
ity. Second, because of the large H mobility already at l
temperatures, the behavior of the transverse spin-relaxa
rateT2

21 can be followed over a wide range of temperatur

II. EXPERIMENTAL

The ZrCr2 was prepared and hydrided at the Institute
Metals Physics, Ekaterinburg. The details of the sam
preparation have been described previously.1,2 The samples
used here are all in the C15 crystallographic structure,18 with
x50.2, 0.3, and 0.5. Thex50.3 material was from one batc
of ZrCr2 ,1 while the x50.2 and 0.5 materials were from
second ZrCr2 batch.2

The NMR measurements were performed in an iron-c
magnet with flux stabilization and19F NMR regulation.
Most of the work below 125 K used a research dewar w
variable temperature capability, with the sample immerse
flowing He gas. Thermometry was provided by a calibra
carbon-in-glass resistance thermometer~for T,80 K) and a
type-T ~copper-constantan! thermocouple~primarily for T
.80 K). Most work above 125 K used a different NM
probe, with the sample bathed in flowing, temperature c
trolled N2 gas~obtained by boiling liquid N2). Here a type-T
thermocouple was used to measure temperature.

The transverse dephasing timeT2* , essentially the recip-
rocal of the linewidth, was determined directly from the fr
induction decay~FID! F(t). Regardless of the shape of th
decay,T2* may be consistently defined as

T2* [E
0

`

F~ t !dt/F~0!.

In practice, the time zero is shifted to the first time unc
rupted by receiver blocking and recovery, about 10ms at
21.25 MHz. The long-time limit of the integral is a compr
mise between capturing all of the FID and minimizing t
amount of noise included in the integral. Of the many p
sible definitions ofT2* , the one above gives strong weight
any long T2* ~narrow frequency! components. In all cases
the dephasing rateT2*

21 obtained with a water sample wa
1022 or less than any of the values reported here
ZrCr2Hx . That is, the field inhomogeneity of the magn
itself was negligible.

Spin echoes were used to determineT2. The two-pulse11

technique (90°-t-180°-t-echo, witht varied! as well as the
Carr-Purcell-Meiboom-Gill~CPMG! method,12–14 resulting
in a train of echoes, were used. For longT2 with shortT2* ,
the data acquisition recorder was synchronized with
CPMG pulse sequence, to guarantee that the echopeakswere
recorded. In general, the echo decays deviated only mod
from single exponential. TheT2 value reported is the time
for which the echo amplitude has decayed by 1/e.
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III. RESULTS AND DISCUSSION

A. Overview

To provide an overview of spin relaxation in ZrCr2Hx ,
the relaxation ratesT2*

21 , the linewidth from free induction
decays;T2

21 , the dephasing rate of two-pulse echoes a
Carr-Purcell-Meiboom-Gill echo trains; andT1

21 , the rate of
spin-lattice relaxation are presented in Fig. 1 forx50.5. In
addition, the rotating-frame relaxation rateT1r

21 ~solid tri-
angles! and the decay rate of dipolar order,T1D

21 ~solid
squares!, are also displayed.

The onset of motional averaging from H atom motions
evident at 50 K, with the linewidthT2*

21 decreasing at
higher temperatures. By 100 K, the linewidth attains a c
stant value, as discussed below. Nevertheless,T2

21 from ech-
oes continues to decrease, indicating that the linewidth ab
100 K is due to someinhomogeneous broadening.19 As ex-
pected,T1r

21 and T2
21 are essentially equal on the high

temperature side of theT1r
21 maximum.12 Above 170 K,T2

21

values measured by the spin-echo methods increase and
through a maximum. This anomalous behavior ofT2

21 is
substantially the subject of the present paper.

B. Linewidth

TheT2*
21 linewidth data are presented in greater detail

Fig. 2. In Fig. 2~a!, the linewidth forx50.5 is shown for

FIG. 1. Overview of relaxation rate data for ZrCr2H0.5 all at
21.3 MHz, except forT1

21 ~solid squares, at bottom!. Note the lim-
ited extent of line narrowing in theT2*

21 linewidth data ~open
squares, top of figure!, due to magnetization of the powder samp
Spin-echo measurements ofT2

21 are presented, both from two-puls
echoes~* ! and from CPMG echo trains~h , n , s , and d ,
denoting values of the pulse spacing 2t of 200, 100, 60, and 30ms,
respectively!. Note the anomalous peak inT2

21 near 225 K. The
relaxation rate along the rf fieldT1r

21 is presented~m! for a 39 kHz
nutation frequency. The solid squares at left areT1D

21, the decay rate
of dipolar spin order.
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PRB 59 3771ANOMALOUS TRANSVERSE-SPIN RELAXATION IN ZrCr2Hx
three field strengths and resonance frequencies, spann
decade in range. At low temperatures, the linewidths are
dependent of field, demonstrating that dipolar interactio
dominate here. Because the metal nuclei have nuclear s
with small magnetogyric ratios and low abundances, the
polar interaction is mainly proton-proton.

Above approximately 100 K, the linewidth is independe
of temperature and much larger than the spin-echoT2

21 .
Thus, some inhomogeneous broadening dominates the
width at the higher temperatures. A very common source
excess linewidth in metal hydrides is distortion of the oth
wise uniform external field by the magnetic susceptibility
the material.9 The powder particles are of various shapes a
have random orientations relative to the field. Thus, the fi
inhomogeneity is directly proportional to the magnetizati
M of the material. Often,M is induced magnetizationwith
M5xH; in that case the limiting linewidth is expected to b
linear in the external field.10 But the linewidth in Fig. 2~a!
increases much more slowly, varying only by a factor.2.2
for a factor of 10 change in field. We recall that the inhom
geneity of the electromagnet itself is completely negligib
on the scale of Fig. 2.

A simple scenario that explains the field dependence
Fig. 2~a! is to postulate that the sample contains some fe
magnetic material. Presumably, at all the fields used here
ferromagnetic regions are saturated, producing a cons
magnetization,M0 . Thus, the sample magnetizationM fol-

FIG. 2. Linewidth data~T2*
21, from free induction decays! for

ZrCr2Hx. ~a! For x50.5 at three different frequencies and fiel
~1250, 5000, and 12 500 G, bottom to top!. The high-temperature
limiting linewidth increases with field strength, but much mo
slowly than linearly.~b! Linewidth data at 21.3 MHz for three
compositions. The high-temperature limiting values are the sa
for x50.2 and 0.5, but smaller forx50.3.
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lows M5xH1M0 . Therefore, the inhomogeneous lin
width should likewise have constant and linear terms,

T2*
215A1BH0 , ~1!

with H0 the external field strength. The data of Fig. 2~a! fit
very well to Eq. ~1! with A53.53103 s21 and B
50.48 s21/G. Magnetization measurements at 295 K~not
shown! using a superconducting quantum interference dev
based system detect the presence of a weak ferromag
impurity, as indicated byM0Þ0 in the above equation.

Further evidence concerning the origin of the hig
temperature limiting linewidth is presented in Fig. 2~b!.
There the linewidth at 21.3 MHz~5000 G! is presented for
three different compositionsx. The x50.2 sample has a
smaller low-temperature linewidth than forx50.5, as ex-
pected from the weaker average like-spin interactions.
the high-temperature inhomogeneous linewidths are sim
for x50.2 and 0.5 and smaller forx50.3. Now thex50.2
and 0.5 hydrides were prepared from one batch of Zr2
metal, whilex50.3 was from a different batch. Evidently, a
least part of the limiting linewidth is from impurities whic
originate in the metal material prior to hydriding.

C. Additional T2
21 at high temperatures

The T2
21 data from the region of additional spin depha

ing is detailed in Fig. 3~a! for the x50.5 sample at three
different resonance frequencies and field strengths. At
above 170 K,T2

21 becomes larger than the smooth extrap
lation of the lower temperature data and passes throug
maximum before decreasing again. The additional depha
is larger at higher fields and depends on the CPMG~Refs. 13
and 14! pulse spacing 2t. In Fig. 3~b!, T2

21 from CPMG
echo trains is presented forx50.2, 0.3, and 0.5, all at 21.3
MHz. The maximum additional relaxation increases ma
edly with increasing H-atom content. TheT2

21 data for a
ZrCr2H0.4 sample with the hexagonal Laves~C14! structure
~data not shown! are very similar to the data for the C1
structured sample withx50.3. Clearly, H-atom content is a
key variable for the phenomenon.

To understand theT2
21 behavior above 170 K, we firs

rule out certain mechanisms. Could the retrograde beha
of T2

21 from 170 to 220 K indicate that H-atom motions a
slowing downwith increasing temperature? Such a propo
has been made,20 but for different metal-hydride systems t
explain high-temperature spin-lattice relaxation.21 However,
the directly measured diffusion coefficientD increases
monotonically in this range.3 Furthermore, dephasing from
the stochastically modulated dipole interactions is indep
dent of field strength and independent of the CPMG pu
spacing 2t. Thus, we exclude a nonmonotonic rate of atom
motions with temperature.

The additional relaxation rateT2
21 displays amonotonic

dependence on the hydrogen contentx. The ferromagnetic
impurities evidenced by the field dependence of the hi
temperature limiting linewidth are much different in thex
50.3 sample. Thus, the ferromagnetic impurities appea
be unimportant in the additionalT2

21 relaxation above 170
K.
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Is the additional relaxation in Figs. 3~a! and 3~b! simply
due to diffusion of H atoms through a magnetic-field gra
ent created by the nonvanishing magnetic susceptibility
the powder particles,9,16 as discussed in the Introduction? I
support of this hypothesis, the additionalT2

21 increases with
field strength. However, three aspects of the data are inc
sistent with this simple and well-known mechanism. Fir
the data pass through a peak near 225 K; above this temp
ture, T2

21 again decreases with increasing temperature.
diffusion through internal magnetic-field gradients, one e
pects the apparentT2

21 to increase with temperature until th
H atoms diffuse so rapidly that they can diffuse all the w
across a particle in the timeT2 . Still faster diffusion would
then be described by motional averaging theory. But
ZrCr2H0.5, D is 1027 cm2/s at 250 K.3 In a time t
51022 s, the H atom moves an rms displacement along a
one axis ofA2Dt, or 0.45 microns~4500 Å!. This is much
smaller than the 10–50 microns powder size of the samp

FIG. 3. Dephasing rateT2
21 from CPMG echo trains. Above

170 K, the measured rates are greater than expected from dip
line narrowing.~a! Data forx50.5 at three resonance frequencie
as marked. The anomalous relaxation increases with field stren
Below the peak,T2

21 depends on the pulse spacing 2t of the CPMG
sequence.~b! Data for three sample compositionsx, all at
21.3 MHz. Again, three values of 2t have been used.
-
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Second, the additionalT2
21 relaxation is strongly depen

dent upon the hydrogen contentx, varying nearly a decade
near 225 K betweenx50.2 and 0.5. But the rate of diffusion
D measured by pulsed field gradient22 NMR for x50.2 is
only slightly different (31.3) than forx50.5 and is actually
larger.3 Further, there is no reason to expect large change
the magnetic susceptibility for such small changes in hyd
gen loading~1/15 to 1/6 per metal atom!. Indeed, compare
x50.2 and 0.5 in Fig. 2~b!. Furthermore, the Korringa relax
ation constant increases2 by about a factor of 2 fromx
50.2 to 0.5, indicating12 an increase in the Knight shift an
electronic spin susceptibility of about 1.4, seemingly t
small to result in the strong dependence onx in Fig. 3~b!.
Thus it is hard to reconcile the large dependence on H c
tent x, evident in Fig. 3~b!, with the model of diffusion
through field gradients extending across the particles.

Third, all of the T2
21 data in Fig. 3~a! departs from the

lower temperature curve at the same temperature~170 K!,
independent of the field strength and resonance freque
This is in contrast to the data of ZrBe2H1.4 in Fig. 4 of Ref.
16, where the additional relaxation first becomes evident
lower temperature at higher field strength. That is, as d
cussed in the Introduction, the ‘‘peel-off’’ temperature~i.e.,
the temperature whereT2

21 first deviates from the lower tem
perature data! decreases with increasing field. Thus, the fie
independent peel-off temperature in Fig. 3~a! is inconsistent
with the model of diffusion through magnetic-field gradien

From the fact that all of the data in Fig. 3 peel-off at 17
K, it appears that a subtle transition occurs at 170 K for
three values ofx. There is some support for this from th
behavior of the diffusion coefficientD, which has a non-
Arrhenius temperature dependence.3 In fact, D shows a
marked change in slope~plotted against 1/T) near 170 K.
Indeed, theD data have been empirically fit to a sum of tw
thermally activated rates, one with a small prefactor an
small activation energy and the other with a large prefac
and a large activation energy. The crossover between
limiting low- and high-temperature behaviors should occ
where the two rates are equal. Forx50.2 and 0.5, this occurs
at 180 and 182 K, respectively. Thus, theD data support the
notion of a subtle transition near 170 K.

Is the temperature dependence of the additional depha
relaxation entirely driven by the temperature dependenc
the rate of H-atom diffusion? Recalling the strong depe
dence ofT2

21 upon H concentrationx and the near indepen
dence ofD uponx, we assert the answer to the above qu
tion is no. The temperature dependence ofT2

21 between 250
and 300 K in Fig. 3, when plotted as a function of reciproc
temperature, is well described by an activation tempera
(Ea /kB) of 2900–3300 K. This is much larger than the a
tivation energy of 146–148 meV~1700 K! that best de-
scribes the diffusion3 in the high-temperature region. Thu
the temperature dependence ofT2

21 in Fig. 3 must arise from
more than just the temperature-dependent rate of diffusio

What is the significance of the 2t dependence of the
CPMG T2

21 data in Fig. 3? Following Karlicek and Lowe,23

the p pulses have the effect of multiplying the field sh
seen by the spins by21 at eachp pulse. Thus, the field shif
is effectively multiplied by a square wave of frequency 1/t
~in Hz units!. The end result is that the rate of dephasing

lar
,
th.
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PRB 59 3773ANOMALOUS TRANSVERSE-SPIN RELAXATION IN ZrCr2Hx
the echo train is proportional to the spectral density of
fluctuating field12 seen by a spin, at the frequency 1/4t ~and,
to lesser extents, at the odd harmonics 3/4t, 5/4t, 7/4t,
etc.!. Thus, the variation ofT2

21 with different values of the
pulse spacing 2t reveals the frequency spectrum of the flu
tuating fields.

The above view of the dependence ofT2
21 on the CPMG

pulse spacing is not the view taken in most texts. So i
useful to apply it to a simple problem with a well-know
answer. For diffusion in an unbounded region with a unifo
magnetic field gradient, we recall that the velocity autoc
relation time is very short so that the power spectrum
particle velocity is constant~flat! across the relevant frequen
cies. Now position, the time integral of velocity, determin
the field in the presence of a uniform gradient; the pow
spectrum of position will have 1/v2 character~i.e., v5 ivx
wherev and x are velocity and position;power spectra in-
volve squares of these quantities!. This is the reason that the
decay rateR varies with the pulse spacing 2t: from Slich-
ter’s text,12 the decay rate for the CPMG echo train isR,

R5g2G2Dt 2/3. ~2!

The well-knownt 2 dependence is from the 1/v2 spectrum
of position fluctuations and the filtering action of the CPM
pulse sequence, resulting in sensitivity to field fluctuatio
primarily at frequency 1/4t.

Examining the data of Fig. 3~b!, one notes that the 2t
dependence ofT2

21 is present only on the low-temperatu
side of the peak@we note that field dependence ofT2

21 is
present on both sides of the maximum in Fig. 3~a!, demon-
strating that the same mechanism is at work on both sid#.
The sign of the dependence, increasingT2

21 with increasing
2t, is in accord with Eq.~2! and indicates that the spectr
densityJ(v) of the field fluctuations increases with decrea
ing frequencyv. However, the dependence ofT2

21 upon 2t
remains weaker than the (2t)2 of Eq. ~2!. We note the simi-
larity between the presentT2

21 data and the behavior ofT1
21

near a motional maximum, with frequency dependence
pearing only on the low-temperature side of t
maximum.12,24 Furthermore, the temperature of the ma
mum T2

21 decreases~weakly! with increasing 2t, again re-
sembling a motional maximum ofT1

21 in standard relaxation
theory. Thus, these features of the data suggest that the
in T2

21 occurs when some characteristic frequency associ
with the motion passes through frequency 1/4t.

It is useful now to summarize the experimental facts c
cerning the excessT2

21 relaxation.
1. Above 170 K, the frequency of the spins is bei

modulated by something other than the dipolar spin-spin
teractions. The fluctuations are slow enough that they in
enceT2

21 but notT1
21 . Further, below;225 K, T2

21 varies
with the CPMG pulse spacing 2t(60–200 ms), indicating
that the field fluctuations are notmuchfaster than this.

2. The simple model of diffusion of H atoms through fie
inhomogeneities due to the randomly oriented sample
ticles cannot explain the peak inT2

21 , the strong dependenc
on H concentrationx, nor thex- and field-independent tem
perature of the onset of excess transverse relaxation.
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3. The field fluctuations govern the excessT2
21 on both

sides of the peak. The field fluctuations are stronger at hig
fields, as expected if spatially varying susceptibility
Knight shift is involved.

4. The temperature dependence of the excess relaxati
not entirely due to the temperature dependence of H-a
diffusion. Indeed, the onset of excess relaxation at 170
independent ofx and field, argues for a subtle change in t
H subsystem at this temperature. The non-Arrhenius di
sion data support this.

5. The monotonic increase ofT2
21 with x suggests that the

excess relaxation is intrinsic~not impurity driven! and inti-
mately connected with the H atoms.

It is interesting to note that the anomalousT2
21 enhance-

ment has been observed near the critical point of binary
uid mixtures showing a miscibility gap.25 In the vicinity of
the critical point, long-lived microregions of different chem
cal composition are known to be formed. Molecular diff
sion in such microscopically heterogeneous liquid leads t
time-dependent chemical shift experienced by a nucleus;
results in T2

21 enhancement, as in the case of chemi
exchange.25,26 The magnitude of theT2

21 enhancement de
pends on three factors:~1! the rate of diffusion,~2! the size
of the microregions, and~3! the magnitude of the resonanc
frequency fluctuations. Estimates for binary liquid mixture25

show that theT2
21 enhancement may be observable if t

size of the microregions is between 100 and 10 000 Å;
smaller or larger heterogeneous regions the effect is gre
reduced.

The T2
21 anomaly in ZrCr2Hx can also be explained in

terms of low-frequency fluctuations of the proton resonan
frequency arising from hydrogen diffusion in amicroscopi-
cally inhomogeneousmedium. Presumably, the amplitud
and the length scale of the nonuniformity vary with tempe
ture and contribute to the observed temperature depend
of the additionalT2

21 . The length scale of the inhomogen
ities can be estimated fromA2Dt, using t5100 ms ~from
the CPMG pulse spacing 2t) for the peak near 225 K. The
result is about 300 Å; given the absence of a real model
the unusual 2t dependence, for example, this value is only
gross estimate. Whatever nonuniformity occurs, it appear
influence the proton NMR through changes in the magn
susceptibility and/or the proton Knight shift.

The microscopic inhomogeneity may be of structural
magnetic origin. In the case of a structural inhomogeneity
expect formation of hydrogen clusters, i.e., phase separa
on a microscopic spatial scale. For most metal-hydrogen
tems, a uniform solid solution phase transforms with d
creasing temperature into a two-phase structure. Howe
for ZrCr2Hx with x<0.5 no signs ofmacroscopicphase
separation have been found, at least above 80 K.1,2,27,28 In
this respect the ZrCr2Hx system resembles the hcp solid s
lutions a-ScHx , a-YHx , and a-LuHx (x&0.2), where
short-range hydrogen ordering29–31provides an alternative to
phase separation. In fact, recent heat-capacity32 and
neutron-diffraction28 measurements are consistent w
H(D) ordering in ZrCr2Hx(Dx) (x<0.7) that occurs below
100 K. For ZrCr2D0.7 the ordering is found to be long
ranged;28 for lower x a short-range order is likely to exist. I
should be noted that the ordering occurs well below the te
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perature range of theT2
21 anomaly. Therefore theT2

21 en-
hancement cannot be directly related to the hydrogen o
ing. In order to search for a possible phase separation o
scale of about 300 Å, it would be interesting to perfo
small-angle neutron-scattering measurements in the tem
ture range 170–230 K.

The other possibility is a formation of some long-peri
magnetic structure which may be induced by hydrog
Spin-density waves are known to exist in chromium a
some of its alloys.33 It is not clear whether the presence of
in our system is crucial for the observedT2

21 effect. Similar
T2

21 anomalous relaxation has been found34 in the related
Laves-phase system HfCr2Hx with the hexagonal C14 struc
ture.

The NMR evidence provided here for the microsco
inhomogeneity is indirect. Thus, it will be crucial to sear
for other, more direct evidence such as from x-ray diffract
or from small-angle neutron scattering. We also suggest
the hydrogen diffusion coefficientD measured by the PFG
method may be dependent on the time scale of the mea
ment in the region of spatial inhomogeneity.

IV. CONCLUSIONS

Motion of the H atoms narrows the NMR line
ZrCr2Hx , but inhomogeneous broadening dominates
linewidth above 100 K. The field dependence and sam
i

te

n

J

ie
.

J

o

-

r-
he

ra-

.
d

n
at

re-

e
le

dependence of the limiting linewidth indicate that both t
magnetic susceptibility of the sample and ferromagnetic
purities are the sources of the magnetic broadening.

Additional transverse spin relaxationT2
21 occurs above

170 K. Strong evidence is supplied to exclude the mec
nism of diffusion through a gradient arising from the powd
particles’ susceptibilities. The most pertinent experimen
results are summarized in the five numbered items ab
The data indicate that the ZrCr2Hx system becomes spatiall
modulated above 170 K. A gross estimate of the length s
is 300 Å. Because the NMR evidence for spatial modulat
presented here is indirect, we hope that other, more d
techniques will be used to examine this system. Possibil
include x-ray diffraction to examine the Bragg peaks for
homogeneous broadening, low-angle neutron scatterin
reveal inhomogeneity in the H subsystem, and pulsed fi
gradient NMR measurements of hydrogen diffusion ove
range of time scales.
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