PHYSICAL REVIEW B VOLUME 59, NUMBER 5 1 FEBRUARY 1999-|
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A detailed examination of the transverse nuclear-spin relaxation is presented for hydrogen, i, Zrth
x=0.2, 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, aneasurement which substantially defeats the large
residual linewidth. However, a second unusual aspect is that above 1791I<r,everses slope and starts to
increase with increasing temperature, going through a maximum near 225 K. In the 170-225 K region, the
measuredT, varies with pulse spacing of the Carr-Purcell pulse train. The behavidr, 6fcannot 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 scate3®0 A, suggesting an unexpected phase transi-
tion in these material§ S0163-182609)06805-9

I. INTRODUCTION aspects. First, at temperatures such that the dipole interac-
tions are fully averaged, a large residual linewidth remains.
The Laves-phase metal-hydrogen system ZrGr with  In metal hydrides;? this is not uncommchand generally
x=0.2-0.5, has remarkably rapid hydrogen diffusion. Thearises from the magnetic susceptibility of the metals and the
proton NMR line is almost fully narrowed by 80 K, an un- array of different particle shapes and their orientations to the
usually low temperaturk? Pulsed field gradienfPFG mea-  external magnetic field (rf skin depth considerations dictate
surements of hydrogen diffusion find a non-Arrhenius tem+he study of powdejs However, in ZrCgH,, the residual
perature dependence of diffusivityThe very low apparent linewidth is unusual in varying more slowly than linearly
activation energy at low temperatures suggests a quantumith the field strength.
mechanical aspect to the diffusion. The second and main focus of this report is on the relax-
The proton spin-lattice relaxation rat&{*) in the labo-  ation rateT; ' determined with two-pulse spin echoes and
ratory frame has been thoroughly studied for zt€r.>?  spin-echo train$"'? The temperature variation df, ' re-
The T, ! data can be described in terms of a distribution ofverses at high temperatures and exhibits a maximum. In this
activation energies for hydrogen diffusion. However, as hasegion, the apparen‘lrz’l is different when measured with
been noted, the T;* data for ZrCsH, are also consistent single-echo vs multiple-ecfid** methods and depends on
with a coexistence of two types of H motion with different the pulse spacing in the multiple-echo method.
frequency scales. It is valuable to detail the behavior (ﬁgl in other, more
Recently, measurements Efr[pl, the spin-lattice relax- ordinary systems. In ZrBél, 4, the H atom diffusion is re-
ation rate in the rotating frame, provided evidence that thestricted to plan€'s perpendicular to the axis®*’ However,
mean-square strength of the fluctuating dipolar fields thathe T, * behavior is typical and can be explained sim(sige
drive spin relaxation increases with decreasing temperatureFig. 4 of Ref. 16. At low temperaturesT (off the graph,
This indicates an existence either of a change in local hydrof, * is expected to attain its limiting, rigid-lattice valtigAt
gen ordering or of rapid local motions that partially averagehigher temperatured,, * decreases due to motional averag-
the dipole interactions. Direct evidence for a rapid localizedng of the dipolar fields. AST increases further, eventually
motion of H atoms in ZrGH, has been found in recent T stops decreasing and becomes nearly constant. This
quasielastic neutron-scattering measuremerftse micro- change in behavior is due to H atom diffusion through the
scopic picture of H motion in ZrGH, appears to be similar fie|d gradientG inside each particl&® At higher external
to that found in the related Laves-phase system eY. In  field strengths, the onset of this additional transverse damp-
particular, the fraction of H atoms participating in the rapiding occurs at a lower temperature—the internal gradients
localized motion strongly increases with increasing temperagre caused by susceptibilities, so the gradients are propor-
ture; this behavior may qualitatively explain tiig,’ results.  tional to the external field. The larger gradients lead to in-
However, to our knowledge, there have been no quantitacreased diffusive transverse relaxation, as in Hahn’s
tive studies of theransverserelaxation timesT, andT3 in  formula? for the damping in a uniform field gradient,
ZrCr,H,, outside the observation of a narrowed line at 80 K.exp(—2y2G2D+3). (Note thatuniform gradients are not
Thus we report here a thorough study of transverse relaxpresent in the small metal particlelse of the Carr-Purcell-
ation in ZrCgH,, with x=0.2, 0.3, and 0.5. We focus on two Meiboom-Gill multiple-echo sequente* greatly reduces
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the diffusion-in-a-gradient effect, allowing the trlig to be

5
measured to higher temperatures. All these effects are appar- B ‘om0
ent for T, for ZrBe;H, 4. -
The present study of Zr@d, has two motivations. First, - B Linewidth

ZrCr,H, is unusual amongst metal-hydrogen systeisese 10 | 4
above in having substantial H mobility at low temperatures ; Eﬁﬁﬂ!ﬂpmn odoomEnooo g
and a non-Arrhenius temperature dependence of H diffusiv- i ~
ity. Second, because of the large H mobility already at low i: r 8
temperatures, the behavior of the transverse spin-relaxation o 10k ‘.Z%vv 3
rateT, ! can be followed over a wide range of temperatures. © : = “
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Il. EXPERIMENTAL T 10°E
s F .-I':
The ZrCy, was prepared and hydrided at the Institute of © -

Metals Physics, Ekaterinburg. The details of the sample o .
preparation have been described previodglithe samples 10' £
used here are all in the C15 crystallographic structfiveith F " o
x=0.2, 0.3, and 0.5. The=0.3 material was from one batch [ n 10 19-3MHz
of ZrCr,,* while thex=0.2 and 0.5 materials were from a [ .
second ZrCy batch? O T 50 00 150 200 250 00

The NMR measurements were performed in an iron-core
magnet with flux stabilization and®F NMR regulation.
Most of the work below 125 K used a research dewar with ) ]
variable temperature capability, with the sample immersed in FIG. 1. Overview of relaxation rate data for Zgk s all at
flowing He gas. Thermometry was provided by a calibratecf-3 MHz, except fo; (S_O“d_Sq”arisglat_bmt‘?)”“me the lim-
carbon-in-glass resistance thermometer T<80 K) and a ited extent of I|r_1e narrowing in th§'2 _ linewidth data(open
type-T (copper-constantanthermocouple(primarily for T qu.’rif;’léorgeogsﬂ%léﬁgﬁtesto T:ine:giﬁzgfégfh?xfr cs)f"mgs
>80 K). Most work above 125 K used a different NMR P u 0f " are presented, wo-pu

. . . echoes(*) and from CPMG echo trainf1 , A, O, and @ ,
probe, with the sample bathed in flowing, temperature con-

. o _ denoting values of the pulse spacingdt 200, 100, 60, and 3Qus,
trolled N, gas(obtained by boiling liquid B). Here a typet respectively. Note the anomalous peak i, * near 225 K. The
thermocouple was used to measure temperature.

relaxation rate along the rf fieFﬂ[pl is presentedA) for a 39 kHz

The transverse dephasing tifig , essentially the recip-  pytation frequency. The solid squares at leftBfg, the decay rate
rocal of the linewidth, was determined directly from the freeof dipolar spin order.

induction decayFID) F(t). Regardless of the shape of the
decay,T5 may be consistently defined as

Temperature (K)

Ill. RESULTS AND DISCUSSION

A. Overview

*=wa(t)dt/F(0) To prov?de an ove_rl/iew of spir_1 relaxation in_ ngsrx_,
27, ' the relaxation rate$3 ~, the linewidth from free induction
decays;Tz‘l, the dephasing rate of two-pulse echoes and
Carr-Purcell-Meiboom-Gill echo trains; afid *, the rate of

In practice, the time zero is shifted to the first time uncor'spin-lattice relaxation are presented in Fig. 1 %60.5. In

rupted by receiver blocking and recovery, about 48 at " . . — S
21?25 MIE|lz. The long-time ?imit of the inte);]ral is a lgompro- addition, the rotating-frame relaxgtlon raTelpl (_Slol'd tr_"
mise between capturing all of the FID and minimizing the@"9le3 and the decay rate of dipolar ordefy (solid
amount of noise included in the integral. Of the many posSduares are also displayed. o
sible definitions off% , the one above gives strong weight to 1€ onset of motional averaging from H atom motions is

. . . . * 71 .
any long T35 (narrow frequency components. In all cases, (hEY'ﬂemt at 50 :< W'tg thleoollr:(evl/;]dtthz . d(iﬁcrteta_smg at
the dephasing rat@’;’l obtained with a water sample was \gher temperatures. by » the finewidin atiains a con-

1072 or less than any of the values reported here fortant value, as discussed below. NeverthelEss,from ech-
ZrCr,H, . That is, the field inhomogeneity of the magnet oes continues to decrease, indicating that the linewidth above
X 1

itself was negligible. 100 K is due to soménhomogeneous broadenidgAs ex-

Spin echoes were used to determifie The two-pulsé pected, T and T, : are essgntlalllyz equal on the _high'
technique (90°#-180°-r-echo, withr varied as well as the ~(€mperature side of thig, ;- maximum:“ Above 170 K,T,
Carr-Purcell-Meiboom-Gil[CPMG) method™2-# resulting values measure_d by the s_pln—echo methods mt_:reas? a_md pass
in a train of echoes, were used. For lofigwith shortT3,  through a maximum. This anomalous behaviorTof™ is
the data acquisition recorder was synchronized with théubstantially the subject of the present paper.

CPMG pulse sequence, to guarantee that the peakswere
recorded. In general, the echo decays deviated only modestly
from single exponential. Th&, value reported is the time TheT; ~1linewidth data are presented in greater detail in
for which the echo amplitude has decayed bg. 1/ Fig. 2. In Fig. Za), the linewidth forx=0.5 is shown for

B. Linewidth
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W T T T T3 lows M=yH+M,. Therefore, the inhomogeneous line-
o o 5314 MHz ] width should likewise have constant and linear terms,
I 9& o 21.3MHz |
_ B A& 531MHz | T’2‘71=A+BH0, (1)
‘o Q
FEATN 2 000 000900 o A with H, the external field strength. The data of Figa)fit
. @o oSooma%nooo § very well to Eq. (1) with A=3.5x10° s'! and B
e =0.48 sYG. Magnetization measurements at 295(rot
T shown using a superconducting quantum interference device
50 100 150 200 250 300 based system detect the presence of a weak ferromagnetic
(a) Temperature (K) impurity, as indicated by;# 0 in the above equation.
. Further evidence concerning the origin of the high-
L L L B L L L temperature limiting linewidth is presented in Fig(bR
ECDO% °© x=05 ] There the linewidth at 21.3 MH£&000 G is presented for
ey % o x=02 j three different compositiong. The x=0.2 sample has a
| SDA 6 & x=03 ] smaller low-temperature linewidth than far=0.5, as ex-
"o pected from the weaker average like-spin interactions. But
;:104 L 25 i the high-temperature inhomogeneous linewidths are similar
R Ei&gon B — ] for x=0.2 and 0.5 and smaller for=0.3. Now thex=0.2
A O“%Q’ 00 C0IDBOCH & and 0.5 hydrides were prepared from one batch of ZrCr
e e W metal, whilex=0.3 was from a different batch. Evidently, at
e least part of the limiting linewidth is from impurities which
0 50100 1502000 250 300 originate in the metal material prior to hydriding.
(b) Temperature (K)
FIG. 2. Linewidth date(T’z*‘l, from free induction decaydor C. Additional Tz‘l at high temperatures

ZrCr,H,. (@) For x=0.5 at three different frequencies and fields 1 . . .
(1250, 5000, and 12500 G, bottom to Yoffhe high-temperature TheT, " data from the region of additional spin dephas-

limiting linewidth increases with field strength, but much more iNg is detailed in Fig. @) for the x=0.5 sample at three
slowly than linearly.(b) Linewidth data at 21.3 MHz for three different resonance frequencies and field strengths. At and

compositions. The high-temperature limiting values are the samé&bove 170 KT, ! becomes larger than the smooth extrapo-
for x=0.2 and 0.5, but smaller for=0.3. lation of the lower temperature data and passes through a
maximum before decreasing again. The additional dephasing

three field strengths and resonance frequencies, spanningisaIarger at higher fields and depends on the CPR€Ss. 13

. A -1
decade in range. At low temperatures, the linewidths are inf-ind 14 pulse spacing 2 In Fig. Ib), T, from CPMG
g P cho trains is presented far=0.2, 0.3, and 0.5, all at 21.3

dependent of field, demonstrating that dipolar interaction Hz. The maximum additional relaxation increases mark-

dominate here. Because the metal nuclei have nuclear spi L . _
b edly with increasing H-atom content. THe, ! data for a

with small magnetogyric ratios and low abundances, the di: ;
polar interaction is mainly proton-proton. ZrCryHg 4 sample with the hexagonal Lavé§14) structure

Above approximately 100 K, the linewidth is independent(oIata not shown are.ve_ry similar to the data for the .(:15
: _ structured sample witk=0.3. Clearly, H-atom content is a
of temperature and much larger than the spm-e&’lg&.

. . X ._key variable for the phenomenon.
Thus, some inhomogeneous broadening dominates the line- 14" | nqerstand thd, 1 behavior above 170 K, we first

width at the higher temperatures. A very COmmon Source of jjs oyt certain mechanisms. Could the retrograde behavior
excess linewidth in metal hydrides is distortion of the other- T, from 170 to 220 K indicate that H-atom motions are

wise unifqrm external field by the magnetic _susceptibility Ofslowing downwith increasing temperature? Such a proposal
the materiaP. The powder particles are of various shapes and,as been mad®,but for different metal-hydride systems to
have random orientations relative to the field. Thus, the ﬁe'%xplain high-temperature spin-lattice relaxatfordowever,
inhomogeneity is directly proportional to the magnetizationihe directly measured diffusion coefficier® increases
M of the material. OftenM is induced magnetizatiowith  monotonically in this rang&.Furthermore, dephasing from
M= xH; in that case the limiting linewidth is expected to be the stochastically modulated dipole interactions is indepen-
linear in the external field® But the linewidth in Fig. 280  dent of field strength and independent of the CPMG pulse
increases much more slowly, varying only by a facte?.2  spacing 2. Thus, we exclude a nonmonotonic rate of atomic
for a factor of 10 change in field. We recall that the inhomo-motions with temperature.
geneity of the electromagnet itself is completely negligible The additional relaxation ratﬁz’1 displays amonotonic
on the scale of Fig. 2. dependence on the hydrogen contgnfThe ferromagnetic

A simple scenario that explains the field dependence inmpurities evidenced by the field dependence of the high-
Fig. 2(a) is to postulate that the sample contains some ferrotemperature limiting linewidth are much different in tle
magnetic material. Presumably, at all the fields used here, the 0.3 sample. Thus, the ferromagnetic impurities appear to
ferromagnetic regions are saturated, producing a constabe unimportant in the additionéilz‘1 relaxation above 170
magnetizationM,. Thus, the sample magnetizatidm fol- K.
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10" =1 — 7T — T3 Second, the additionz-ilrz’l relaxation is strongly depen-
F oo ] dent upon the hydrogen contexitvarying nearly a decade
2 ] near 225 K betweer=0.2 and 0.5. But the rate of diffusion
10° B4 A 4 D measured by pulsed field gradi&NMR for x=0.2 is
j a 53.1 MHz 1 only slightly different (< 1.3) than forx=0.5 and is actually
. A@ g@ §$eg ] larger.® Further, there is no reason to expect large changes in
o, o % E‘Eggg;ﬂ 21.3MHz |  the magnetic susceptibility for such small changes in hydro-
—.'_N‘° 3 ‘ﬂ% g%goodpooég 8 3  gen loading(1/15 to 1/6 per metal atomindeed, compare
og(%! i 2 1 x=0.2and 0.5 in Fig. @). Furthermore, the Korringa relax-
*hy B E 1 tant increagesy about a factor of 2 f
satmmz " g ation constant increasedy about a factor o romx
10'F o 2:=200ps * 3y E =0.2 to 0.5, indicatinf an increase in the Knight shift and
: 21 =100 ps ] electronic spin susceptibility of about 1.4, seemingly too
2t =60 s 1 small to result in the strong dependenceom Fig. 3(b).
. e Thus it is hard to reconcile the large dependence on H con-
%5 100 150 200 250 300 tent x, evident in Fig. 8), with the model of diffusion
(a) Temperature (K) through field gradients extending across the particles.
_ I——— Third, all of theT,* data in Fig. 3a) departs from the
gg ] lower temperature curve at the same temperaflii® K),
L =8 o 2t=200ps 1 independent of the field strength and resonance frequency.
[ mga A 2t=100ps 1 This is in contrast to the data of Zrg, , in Fig. 4 of Ref.
1000 glsa o 2t= 60us 4 16, where the additional relaxation first becomes evident at a
: LI 1 lower temperature at higher field strength. That is, as dis-
[ ’hAd& K05 | cussed in the Introduction, the “peel-off’ temperatuie.,
N I » );;FE? 1 the temperature whef®, * first deviates from the lower tem-
@ (u} S . . .
-, 100 F i g § perature datedecreases with increasing field. Thus, the field
- : E@%ﬂ% g@goc’_oﬂg x=03 1 independent peel-off temperature in Figa)3is inconsistent
" ¥ ;: Loam mE 1 withthe model of diffusion through magnetic-field gradients.
By g‘g ] §§§ ol ag | I_:rom the fact that all of the dg@a in Fig. 3 peel-off at 170
10| 0.2 gﬂ 4 K, itappears that a subtle transition occurs at 170 K for all
3 s§ | three values ok. There is some support for this from the
., ., ., . .1 behavior of the diffusion coefficienD, which has a non-
50 100 150 200 250 300 Arrhenius temperature dependericén fact, D shows a
(b) Temperature (K) marked change in slopgplotted against T) near 170 K.

Indeed, theD data have been empirically fit to a sum of two
FIG. 3. Dephasing ratd,* from CPMG echo trains. Above thermally activated rates, one with a small prefactor and a
170 K, the measured rates are greater than expected from dipolgmall activation energy and the other with a large prefactor
line narrowing.(a) Data forx=0.5 at three resonance frequencies,and a |arge activation energy. The crossover between the
as marked. The anomalous relaxation increases with field strengtnmiting low- and high-temperature behaviors should occur
Below the peakT, * depends on the pulse spacingdt the CPMG  \yhere the two rates are equal. Bor 0.2 and 0.5, this occurs
sequence.(b) Data for three sample compositions all at at 180 and 182 K, respectively. Thus, thedata support the
21.3 MHz. Again, three values ofrhave been used. notion of a subtle transition near 170 K.
Is the temperature dependence of the additional dephasing
Is the additional relaxation in Figs(8 and 3b) simply  relaxation entirely driven by the temperature dependence of
due to diffusion of H atoms through a magnetic-field gradi-the rate of H-atom diffusion? Recalling the strong depen-
ent created by the nonvanishing magnetic susceptibility oflence oﬂ'g1 upon H concentratiox and the near indepen-
the powder particle$!® as discussed in the Introduction? In dence ofD uponx, we assert the answer to the above ques-
support of this hypothesis, the additioffgi * increases with  tion is no. The temperature dependencelof! between 250
field strength. However, three aspects of the data are incorand 300 K in Fig. 3, when plotted as a function of reciprocal
sistent with this simple and well-known mechanism. First,temperature, is well described by an activation temperature
the data pass through a peak near 225 K; above this temperg¢E, /kg) of 2900—-3300 K. This is much larger than the ac-
ture, Til again decreases with increasing temperature. Faiivation energy of 146-148 meV1700 K) that best de-
diffusion through internal magnetic-field gradients, one ex-scribes the diffusiohin the high-temperature region. Thus,
pects the apparefl‘tz’l to increase with temperature until the the temperature dependenceTc;fl in Fig. 3 must arise from
H atoms diffuse so rapidly that they can diffuse all the waymore than just the temperature-dependent rate of diffusion.
across a particle in the timg,. Still faster diffusion would What is the significance of the72dependence of the
then be described by motional averaging theory. But inCPMG Tz’1 data in Fig. 3? Following Karlicek and Low#&,
ZrCrHps, D is 1077 cnf/s at 250 K3 In a time t  the w pulses have the effect of multiplying the field shift
=102 s, the H atom moves an rms displacement along angeen by the spins by 1 at eachr pulse. Thus, the field shift
one axis ofy2Dt, or 0.45 microng4500 A). This ismuch s effectively multiplied by a square wave of frequency /4
smaller than the 10—50 microns powder size of the samplegin Hz unitg. The end result is that the rate of dephasing of
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the echo train is proportional to the spectral density of the 3. The field fluctuations govern the exceBs® on both
fluctuating field? seen by a spin, at the frequency 4#&nd,  sides of the peak. The field fluctuations are stronger at higher
to lesser extents, at the odd harmonics73/&/4r, 7/4r,  fields, as expected if spatially varying susceptibility or
etc). Thus, the variation oTz’1 with different values of the  Knight shift is involved.
pulse spacing 2 reveals the frequency spectrum of the fluc- 4, The temperature dependence of the excess relaxation is
tuating fields. not entirely due to the temperature dependence of H-atom
The above view of the dependenceTgf* on the CPMG  (iffusion. Indeed, the onset of excess relaxation at 170 K,
pulse spacing is not the view taken in most texts. So it iSndependent ok and field, argues for a subtle change in the
useful to apply it to a simple problem with a well-known H sybsystem at this temperature. The non-Arrhenius diffu-
answer. For diffusion in an unbounded region with a uniformgjgn data support this.
mag.netic' fielq gradient, we recall that the velocity autocor- £ The monotonic increase &% * with x suggests that the
relapon time Is very short so that the power spectrum Ofexcess relaxation is intrinsigot impurity driven and inti-
particle velocity is constariflat) across the relevant frequen- mately connected with the H atoms.

cies. Now position, the time integral of velocity, determines L . 1
the field in the presence of a uniform gradient; the power It |sh|ntebrest|ngbto notg that ﬂ;]e an_o_ma:lot@ erfﬂ;)gnce—l_
spectrum of position will have &? character(i.e., v =iwx ment has been observed near the critical point of binary liq-

wherev andx are velocity and positionpower spectra in- uid mixtures showing a miscibility gas.In the vicinity of

volve squares of these quantitieShisis the reason that the the critical point, long-lived microregions of different chemi-

decay rateR varies with the pulse spacingr2from Slich- cal composition are known to be formed. Molecular diffu-
ter's text!? the decay rate for the CPMG echo trainRs sion in such microscopically heterogeneous liquid leads to a
’ time-dependent chemical shift experienced by a nucleus; this

results in T, enhancement, as in the case of chemical
R=y?G?Dr?%3. (20 exchangé>?® The magnitude of thd, ! enhancement de-
pends on three factor¢l) the rate of diffusion(2) the size
The well-knownr2 dependence is from the a? spectrum  Of the microregions, anB) the magnitude of the resonance
of position fluctuations and the filtering action of the CPMG freauency f|UCtUElltI0nS. Estimates for binary liquid mlxtﬁf’es
pulse sequence, resulting in sensitivity to field fluctuationsSNOW that theT, = enhancement may be observable if the

primarily at frequency 1/4. size of the microregions is between 100 and 10000 A; for
Examining the data of Fig.(B), one notes that the 22 smaller or larger heterogeneous regions the effect is greatly
dependence of,* is present only on the low-temperature reduced._l _ _ _
side of the peawe note that field dependence § *® is The T, anomaly in ZrCsH, can aiso be explained in
present on both sides of the maximum in Figa)3demon- terms of low-frequency fluctuations of the proton resonance
strating that the same mechanism is at work on both }Eidesfrequency arising from hydrogen diffusion inraicroscopi-

The sign of the dependence, increasifig' with increasing cally inhomogeneousnedium. Presumably, the amplitude
27, is in accord with Eq(2) and indicates that the spectral and the length scale of the nonuniformity vary with tempera-

) . . : . ture and contribute to the observed temperature dependence
densityJ(w) of the field fluctuations increases with decreas- e 1 :
ing frequencyw. However, the dependence ©§ ! upon 2r of the additionall, °. The length scale of the inhomogene-
remains weaker than the ¢%* of Eq. (2). We note the simi- ities can be estimated frori2Dt, usingt=100 us (from

larity between the preseit, * data and the behavior df; the CPMG pulse spacingr2 for the peak near 225 K. The

near a motional maximum. with frequency dependence a result is about 300 A; given the absence of a real model for
. ' q y dep Pihe unusual 2 dependence, for example, this value is only a
pearing only on the low-temperature side of the

maximum’22 Furthermore, the temperature of the maxi- gross estimate. Whatever nonuniformity occurs, it appears _to
1 Lo ! . influence the proton NMR through changes in the magnetic

mum TZ decre.aseswealfl)b with |7nlc'reasmg 2, again re- susceptibility and/or the proton Knight shift.

sembling a motional maximum df; - in standard relaxation The microscopic inhomogeneity may be of structural or

theory. Thus, these features of the data suggest that the pegtggnetic origin. In the case of a structural inhomogeneity we

-1 ot ; : . .
in T, ™ occurs when some characteristic frequency associategkpect formation of hydrogen clusters, i.e., phase separation

with the motion passes through frequency71/4 on a microscopic spatial scale. For most metal-hydrogen sys-
|t.|S useful now t?lsummarllze the eXperlmental facts Con'temS, a uniform solid solution phase transforms with de-
cerning the excess, * relaxation. creasing temperature into a two-phase structure. However,

1. Above 170 K, the frequency of the spins is beingfor ZrCr,H, with x<0.5 no signs ofmacroscopicphase
modulated by something other than the dipolar spin-spin inseparation have been found, at least above 8F#:28In
teractions. The fluctuations are slow enough that they influthis respect the ZrGH, system resembles the hcp solid so-
enceT, * but notT; *. Further, below-225 K, T,'varies |utions a-ScH,, a-YH,, and a-LuH, (x<0.2), where
with the CPMG pulse spacing7260-200 us), indicating  short-range hydrogen orderftig>* provides an alternative to
that the field fluctuations are natuchfaster than this. phase separation. In fact, recent heat-capcitgnd

2. The simple model of diffusion of H atoms through field neutron-diffractio”® measurements are consistent with
inhomogeneities due to the randomly oriented sample pamH(D) ordering in ZrCgH,(D,) (x=<0.7) that occurs below
ticles cannot explain the peak T} *, the strong dependence 100 K. For ZrCyD,; the ordering is found to be long
on H concentratior, nor thex- and field-independent tem- ranged for lower x a short-range order is likely to exist. It
perature of the onset of excess transverse relaxation. should be noted that the ordering occurs well below the tem-
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perature range of thé;l anomaly. Therefore thé*z’l en- dependence of the limiting linewidth indicate that both the
hancement cannot be directly related to the hydrogen ordemagnetic susceptibility of the sample and ferromagnetic im-
ing. In order to search for a possible phase separation on theurities are the sources of the magnetic broadening.
scale of about 300 A, it would be interesting to perform  Additional transverse spin relaxatioh, * occurs above
small-angle neutron-scattering measurements in the tempera70 K. Strong evidence is supplied to exclude the mecha-
ture range 170-230 K. nism of diffusion through a gradient arising from the powder
The other possibility is a formation of some long-period particles’ susceptibilities. The most pertinent experimental
magnetic structure which may be induced by hydrogenresults are summarized in the five numbered items above.
Spin-density waves are known to exist in chromium andThe data indicate that the Zrgt, system becomes spatially
some of its alloys? It is not clear whether the presence of Cr modulated above 170 K. A gross estimate of the length scale
in our system is crucial for the observ@g* effect. Similar  is 300 A. Because the NMR evidence for spatial modulation
T;l anomalous relaxation has been fotthah the related presented here is indirect, we hope that other, more direct
Laves-phase system Hfgt, with the hexagonal C14 struc- techniques will be used to examine this system. Possibilities
ture. include x-ray diffraction to examine the Bragg peaks for in-
The NMR evidence provided here for the microscopichomogeneous broadening, low-angle neutron scattering to
inhomogeneity is indirect. Thus, it will be crucial to search reveal inhomogeneity in the H subsystem, and pulsed field
for other, more direct evidence such as from x-ray diffractiongradient NMR measurements of hydrogen diffusion over a
or from small-angle neutron scattering. We also suggest thdgnge of time scales.
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