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Anomalous proton-spin —lattice relaxation at high temperatures in zirconium dihydrides
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Measurements of the proton-spin —lattice relaxation rate R& are reported for zirconium dihydrides,
ZrH (1.58~x +1.98), with emphasis on the behavior of R& at high temperatures (to 1300 K). An

anomalously sharp increase in R, is found at all hydrogen concentrations at temperatures above -900
K. At the onset temperature T, for anomalous Rl behavior, defined as that of the intermediate R&

minimum, the hydrogen hopping rate v, =10 —10' s ', decreasing with increasing hydrogen concentra-
tion x. The anomalous behavior depends only weakly on resonance frequency and shows no correlation
with the pronounced peak in the electronic density of states at x =1.80. No difterences were found in

the behavior of pure and impurity-doped (Cr, Mn, Fe) samples. The anomalous contribution to R, is de-

scribed by R l„=3' exp( —U/kz T), with U=0.4—1.0 eV/atom.

I. INTRODUCTION

The anomalous behavior of the proton ('H) spin-lattice
relaxation (SLR) rate R

&
at temperatures in the range

700—1300 K has been found previously in the dihydride
(MH2) phases of Sc and Y. ' Additional preliminary mea-
surements showed that similar behavior occurs in the
dihydrides of Ti, Zr, and La, as well. We report here
the results of a more detailed study of the proton SLR in
zirconium dihydrides (ZrH2) with emphasis on the anom-
alous high-temperature behavior.

The anomaly is that, in addition to the usual R
&

max-
imum that occurs at intermediate temperatures due to
hydrogen diffusive motion, .R, passes through a
minimum and increases sharply again at higher tempera-
tures instead of returning to the value R „determined by
the conduction electron contribution to R, . This is clear-
ly seen to occur in ZrH, 75, data for which are shown in
Fig. 1, and in ZrH, 58 and ZrH, 98, the end members of
the series of samples investigated, in Fig. 2. In terms of
the nuclear dipolar contribution, R,d, which at high tem-
peratures rather generally behaves as R &d

~ 7 where 7,
is the correlation time for hydrogen motion, this behavior
implies that r, (T), and therefore the mean dwell time for
the motion rd(T) passes through a minimum and in-
creases again with increasing temperature. This con-
clusion stands in sharp contrast to that which follows
from measurements of the hydrogen diffusion coefFicient
D at high temperatures. Measurements of D in yttrium
dihydrides, using quasielastic neutron scattering
(QENS), ' and in the solid solution phase of the Nb-V-H
system using both QENS (Ref. 3) and NMR pulsed field
gradient measurements, have found D increasing
throughout the same temperature region, indicating that
7"d continues to decrease with increasing temperature
normally (i.e., following Arrhenius behavior).

The anomalous high-temperature behavior of R
&

has
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FIG. 1. A typical least-squares fit of Eq. (1) to experimental
proton Rl data in the intermediate- and high-temperature re-

gions for ZrH&» at 40 MHz, excluding the points in the region
of the high-temperature anomaly.

led to the conclusion that some, as yet unknown, SLR
mechanism R, must be responsible. Various candidate
mechanisms have been discussed and rejected including
(1) metal atom self-diffusion, (2) oxygen, nitrogen, etc. ,
impurity self-diffusion, (3) paramagnetic impurities, (4)
octahedral site occupancy by hydrogen, (5) chemical ex-
change with hydrogen in the gas phase, (6) ortho-
hydrogen molecules on grain surfaces, and (7) an elec-
tronic structure transition.

The steep increase in R, in the anomalous region cor-
responds to an activation energy, U=0.4—1.0 eV/atom,
suggesting that the anomalous relaxation mechanism
occurs in an "excited state" of some kind. Several such
possibilities have been investigated: (1) a two-state model
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FIG. 2. Temperature dependence of the proton R I in ZrH

(x=1.58 and 1.98) at 40 MHz. The solid and dashed curves
show the conduction electron contribution R I, extended from
low temperatures for x = 1.58 and 1.98, respectively.

for hydrogen diffusion, (2) relaxation in deep trap states
at dislocations, etc. , (3) fast relaxation in pairing states,
e.g., Hz moleculelike states, but none have proven satis-
factory. Thus, the problem for experiment remains to
further delineate the character of the anomalous R I be-
havior in order to provide a better focus for theoretical
efforts at explanation.

Several features of ZrHz are significant for testing ideas
relating to the anomalous proton SLR behavior. (1) The
ZrHz phase (actually phases) exists over a substantially
wider range of hydrogen concentration x than the corre-
sponding ScHz and YHz phases. In ZrH„, x ranges from
—1.4 to 2.0, whereas the lower limit in ScH„and YH„ is
—1.8. Thus, the dependence of the anomaly on x can be
examined over a wider range in ZrH„. (2) The electronic
density of states (DOS) of ZrH„varies strongly with x.
The DOS at the Fermi level X(EF) passes through a
sharp maximum at x =1.8, whereas X(Er, ) in the Sc
and Y dihydrides is essentially Bat. Hence, the depen-
dence of the anomaly on N(Ez) can be examined. (3) A
structural phase transition occurs from the fcc 5 phase
(1.4&x &1.6) to the fct e phase (1.6&x &2) that is at-
tributed to a Jahn-Teller distortion. The inAuence of
this transition of the anomaly can also be appraised. (4)
The activation energy for hydrogen diffusive motion, E„
increases sharply as x approaches the stoichiometric limit
2, nearly doubling its value at lower x values . How this
behavior of E, inAuences R I at high temperatures can be
noted (5) In contr. ast to ScHz, in which the Sc nuclear
moment contributes strongly to the proton SLR rate, '

the 'Zr contribution to R,d is negligible. If proton-
proton dipolar interactions are, in fact, responsible for
the anomaly, then this should be more strongly evident in
ZrH„ than in ScH .

II. EXPERIMENT

All samples were prepared from high-purity Ames
Laboratory zirconium, with purity established by spark-
source mass spectroscopy. The metal was heated to 943
K for high composition samples (1.9 &x &2.0) and to
1053 K for lower compositions to prepare the hydrides.
The hydriding reaction was carried out by exposing the
heated metal to hydrogen gas, obtained from UH&, in a
modified Sieverts apparatus and maintaining the system
at temperature for 24 h to assure equilibrium. Samples
were then crushed in a mortar in a helium-filled glove
box, filtered through a 200-mesh sieve, and sealed in
quartz tubes under low inert-gas pressure. Compositions
were initially determined from the weight gain and final
hydrogen pressure, and lastly by hot vacuum extraction
analysis.

Measurements of the 'H R I were made over the tem-
perature range 20—1300 K at resonance frequencies in
the range 12—54 MHz using a phase-coherent pulsed
NMR spectrometer and associated instrumentation.
Values of R

&
were obtained from fitting magnetization

recovery curves resulting from measurements of the free
induction decay (FID) following either a 180' inversion
pulse or a saturation comb of four or five closely spaced
90' pulses. For high temperatures, a homebuilt, water-
cooled furnace probe was used, and temperatures were
measured with a Pt-Pt/10% Rh thermocouple. ' For
low-temperature measurements a homebuilt, hydrogen-
free probe" was used, with temperatures determined by a
chromel-(Au+0. 07 at. % Fe) thermocouple. Samples in
the form of fine powder ( & 200 mesh) were sealed in eva-
cuated quartz tubes.

The temperature that can be reached in these measure-
ments is limited either by the softening temperature of
quartz or by the high hydrogen pressure developed over
the metal hydride (causing the sample container to ex-
plode), or both. The transition-metal dihydrides reach
high dissociation pressures well below the softening tern-
perature of quartz, and for that reason the measurements
were not pushed to the limit of sample tube explosion in
every case.

III. RKSUI.TS AND DISCUSSION

Although the anomalous SLR at high temperatures
motivated this investigation, measurements were made
over a wide temperature range, typically down to 20 K,
in order to establish as reliably as possible the normal"
contributions to the proton SLR. These are the rates due
to the conduction electron contribution R „and to the
diffusion modulated dipolar interaction R,d. As exam-
ples, the temperature dependence of the proton R& in
ZrH& 75, measured over the temperature range 170—1050
K at a resonance frequency of 40 MHz, is shown in Fig.
1, and the measured rate R, in ZrH, 58 over the tempera-
ture range 45 —170 K is shown in Fig. 3. The data in Fig.
1 show typical behavior in which the measured rate re-
sults from the sum of R &, and R Id. The dashed curve
through the data points is the least-squares fit of the
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quency vp. In the Zr dihydrides, the quantity R„/T is
related to the density of states at the Fermi level N(EF )

according to

R'E
CO
M

0

R i, /T=(R i, /T)o 1+ d'N(E)
dE EF

where (R„/T)0 is the limiting low-temperature value
which, for the Zr dihydrides, can be expressed as

(R„/T)0=4~hyk~[H„t(d)Nd(E~)] q . (3)

0
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FIG. 3. Temperature dependence of the proton R, in ZrH& „
at 40 MHz (uncertainties are +5%).

theoretical expression for the sum of these two contribu-
tions:

Ri =Ri, +Rid,
2M2

R, =(R „/T)T+
3COp

+ 4y

1+y 1+4y

In Eq. (1), Mz is the rigid-lattice dipolar second moment
at the proton site due to 'H-'H interactions, cop is the pro-
ton Larmor frequency, and y=up~„where ~, is the
correlation time. For 'H-'H interactions, ~, =~d /2
where ~d is the mean dwell time of a hydrogen at an in-
terstitial site. This formulation is based on the usual
Lorentzian [so-called Bloembergen-Purcell-Pound (BPP)]
spectral densities corresponding to correlation functions
that decay exponentially with correlation time ~, . ' This
procedure was used in order to permit more direct com-
parison with various earlier results, essentially all of
which also utilized the BPP function.

The principal consequence of using the results of
lattice-specific theories for the spectral densities in Eq. (1)
is to change the value of cop~, at which R&d reaches its
maximum value, R,d,„. With BPP spectral densities,
cop7 =0.6 1 5 at R,d „,independent of hydrogen concen-
tration x. Monte Carlo calculations, and/or the analytic
representation thereof, ' yield x-dependent cop~, values at
R &d „, ranging from cops, =0.4 at x = 1.60 to
ct)p7 —0.24 at x ~2. These changes result in somewhat
smaller values of ~„and hence of ~d, at R,d „,and lead
to values of the jump attempt frequency vp greater than
the BPP estimate by factors of 2—2. 5.

Similar fits to that in Fig. 1 were made to the data for
intermediate compositions. The fitting procedure yields
the Korringa parameter, R &, /T, ' and the two parame-
ters characterizing the assumed Arrhenius behavior of
the hydrogen hopping rate, i.e., the activation energy for
hydrogen diffusive hopping E, and the jump attempt fre-

In Eq. (3), Hht(d) is the hyperfine field at the proton re-
sulting from core polarization of spin-paired s orbitals at
energies below E~ by unpaired d electrons at EF, Nd(EF )

is the d-band DOS at the Fermi level, and q is a numeri-
cal reduction factor arising from d-band degeneracy.

At low temperatures, R, d is negligible and the mea-
sured rate is expected to yield (R„/T)0 directly. The
straight-line fit to the data in Fig. 3 shows that this is the
case. More importantly, it shows that the sample is not
contaminated by paramagnetic impurities which can in-
terfere significantly with the determinations of both
R „/T and the diff'usion parameters, ' and that cross re-
laxation to the 'Zr spins is negligible. ' The latter pro-
cess also interferes with the determination of R„/T.
The (R&, /T)o, E„and vo results are summarized in

Table I.

A. Hydrogen di8'usion parameters

Although several series of proton SLR measurements
have been made on ZrH in recent years, the vales of the
diffusion parameters derived from these continue to differ
somewhat. We compare in Fig. 4 the present and earlier
results for the hydrogen concentration dependence of E, .
Our results agree well with those of Korn and Goren'
(or Pope et al. '

) except for compositions at the
stoichiometric limit. On the other hand, Bowman and
Craft's values are substantially lower in comparison to
the others except at the highest hydrogen concentrations.
Because their results were based on R, measurements
(R

&
in the rotating frame), it was thought that R

&
and

R
&

may yield different E, values, and therefore R, was
measured for the x =1.58 and 1.98 samples to clarify this
point. Figure 5 shows the temperature dependence of
R

&
(at 24 MHz) for x =1.98. The results from the two

methods were the same within the experimental uncer-
tainty (see Table I).

One striking feature of the results in that E, and vp for
the x=1.98 sample increase dramatically compared to
values for lower compositions, in fact, E, is nearly twice
as great as that for x =1.93. Although the Bowman and
Craft measurement for x=1.99 is incomplete, their
value E, =1.13 eV/atom deduced from the slope of the

low-temperature side of the R
&

minimum is reasonable
since the R&, contribution is negligible in the R& mea-
surement. We may infer from Fig. 4 that the rapid in-
crease in E, begins at x =1.93. The value of E, =0.8
eV/atom for x = 1.96 given by Pope et ah. ' supports this



12 356 HAN, TORGESON, BARNES, AND PETERSON

TABLE I. Hydrogen hopping rate (diffusion) parameters in ZrH„determined from R
&

and R &~
mea-

surements. Estimated uncertainties are +0.02 in x, +0.03 eV/atom in E„+50&o in v0, and + 3 fo in

{R), /T)0.

ZrH. Frequency
(MHz)

E,
(eV/atom)

Vo

(10'2)
(R i, /T)0

[10 '(s K) ']

1.58

1.75

1.79

1.86
1.91

1.93

40.0
12.2
Tjp
40.0
12.2
40.0
12.2
40.0
40.0
12.2
40.0
12.2
40.0
12.2

Tip

0.57
0.58
0.55
0.56
0.57
0.58
0.58
0.60
0.63
0.63
0.66
0.63
1.06
1.08
1.20

4.9
5.8
2.2
2.2
2.3
2.5
2.5
1.8
1.9
1.5
2.0
0.9

760
1200
6800

1.79

3.45

4.00

3.45
2.70

2.50

2.44

trend, whereas Korn and Goren's value' for this compo-
sition appears too small. Bowman and Craft proposed
that the rapid increase of E, as x ~2 could be attributed
to an increase in vacancy formation energy.

Stalinski et al. ' concluded that the hopping rate is
directly proportional to the vacancy concentration on the
hydrogen sublattice in titanium dihydride, TiH, indicat-
ing that hydrogen moves via a vacancy mechanism.
Korn and Goren' extended this concept to ZrH and
gave an explicit expression for the x dependence of their
measured vp values:

vo= [(2—x )/2](45+10) X 10' s

magnitude agreement between the two sets of results. In
contrast, Bowman and Craft's values of vp, based on R

&1p
measurements, are smaller by as much as 2 orders of
magnitude.

In fact, the particle (i.e., hydrogen) and vacancy hop-
ping rates, v and v„on the hydrogen sublattice must be
related by vz

= [c,/(1 —c, )]v„where c, =(2—x )/2 is
the vacancy concentration, since the Aux of vacancies and
particles must be the same. Thus, Eq. (4) is a first ap-
proximation to the exact result

vp = [(2—x ) /x ]v, .

As is evident from the vp values in Table I, our results do
not show a steady decrease with increasing x, but are ap-
proximately constant over the e-phase region except for
x =1.98. On the other hand, there is good order-of-
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FIG. 4. Dependence of the activation energy E, for hydro-
gen difFusive hopping on hydrogen concentration in ZrH (A,
this work;Q, Ref. 17; +, Ref. 8; D„Ref. 18).

FICi. 5. Temperature dependence of the proton R& mea-
sured at 24 MHz in ZrH, ». R, data points at 12.2 MHz are
also shown.



ANOMALOUS PROTON-SPIN —LATTICE RELAXATION AT HIGH. . . 12 357

With the exception of the results for x =1.98, most of
the vo values are substantially less than expected on the
basis of the fundamental hydrogen optical vibration ener-
gy determined by neutron-scattering measurements.
Couch et al. found a peak energy of 141 meV at both
x =1.56 and 2.00 in the dihydride phase corresponding
to a frequency vz =3.4 X 10' s '. For a single-particle
hopping on an empty lattice, the attempt frequency is
given by vo=zv~, where z =6 is the number of neighbor
sites on the simple-cubic T-site sublattice in the fcc dehy-
drides, so that v0=2. 0X10' s '. In the present case,
this would be the vacancy hopping rate, vz, as was found
for Sc dihydrides ' on the basis of measurements of R &d

for the stationary Sc nucleus which is relaxed by quad-
rupole interaction fluctuations due to vacancy hopping.
Based on the neutron value for vo and Eq. (5), we expect
vo to range from 54 X 10' s ' at x = 1.58 down to
7.2X10' s ' at x =1.93 and 2.0X10' s ' at x =1.98.
Best agreement with the vo values in Table I occurs at
x =1.93, and the agreement would be generally improved
if lattice-specific spectral densities were used in fitting the
R)d data.

The simple formulation that vo=zvz, elaborated above,
neglects the entropy factor exp(S/ks), where S is sum of
the entropies for vacancy formation SF and for motion
SM. The former is expected to be small when the vacan-
cy concentration c, is large, but may increase substantial-
ly as x ~2. The vo value for x =1.98 is —1500 times
that at x =1.93, and if this increase is attributed to an in-
creased entropy factor, one obtains S/k~ =7.3, com-
pared to S/k& ——1.5 at lower x values.

Ri, /T=(Ri, /T)0(1+bT ) . (6)

Values of b ~ [d N(E)/dE ]z can be derived from plots
of (R, /T)T versus T in the temperature range where
R &d is negligible (below —300 K in the Zr dihydrides).

B. Electronic structure parameters

The temperature dependence of (R„/T)', which
reflects the relative position of EF with respect to a peak
in the band structure through Eq. (2), is shown in Fig. 6.
Three different situations can be summarized as follows.
First, (R „/T)'~ values are nearly constant over the ex-
perimental temperature range for ZrH with x =1.91,
1.93, and 1.98. This shows that [d N(E)/dE ]~ is

F
negligibly small for these samples. Second, (R&, /T)'
values for x =1.75, 1.79, and 1.86 decrease slightly with
increasing temperature, indicating that the second
derivatives for these samples have negative values. Final-
ly, (R„/T)' for x =1.58 decreases initially and be-
comes constant with decreasing temperature.

Korn and Bowman et al. ' have previously mea-
sured the proton R „and Knight shift for ZrH„. Com-
parison shows that Korn's R „results are inconsistent
with ours throughout the entire range of compositions,
whereas those of Bowman et al. are generally in good
agreement. For the purpose of data analysis, Eq. (2) can
be written
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FIG. 6. Temperature dependence of (R&, /T))' at various x
values.

IV. HIGH-TEMPERATURE ANOMALY

Anomalous behavior of the proton R
&

at high tempera-
tures was found in all Zr dihydride samples. Examples
are shown in Figs. 1 and 2. The fitted curve through the
x =1.75 data points in Fig. 1 undershoots the measured
R, values in the anomalous region to a significant extent,
as is also the case in other systems. ' ' Similarly, the
solid and dashed curves in Fig. 2 are the extensions of the
Korringa rate contribution R &, for x =1.58 and 1.98, re-
spectively. Modifying the conduction electron contribu-
tion to include an additional term proportional to
[d N(E ) IdE ]F, as in Eq. (5), also fails to fit the data in

F
the anomalous region and would, in any event, necessi-
tate an unusually strong, positiue curvature of N(EF),
rather than negative as determined at low temperatures.
This is also the case for other systems. '

Comparing the R, behavior in ZrH, 9s (Fig. 2) with
that in ZrH»s (Fig. 2) and in ZrH& 7& (Fig. 1), it is evi-
dent that the much higher value of E, for ZrH, 98 shifts
the entire region of diffusion-dominated and anomalous
behavior to higher temperatures. Thus, the R

&
maximum

occurs at T „=655 K in ZrH, 58 at 690 K in ZrH, 75,
and 815 K in ZrH, 98. Likewise, the onset temperature
T, of the anomaly, defined as the temperature of the R

&

minimum before the upturn, also shifts to higher values:
T, =910 K in ZrH& 75 and in ZrH& 98, T, =1000 K. This
trend is followed throughout the entire composition
range with the exception of the 6-phase sample, x = 1.58,
for which T, is greater than those of the x =1.75 and

As noted by Bowman et al. , a local maximum in N(EF )

is defined by a negative second derivative, and the magni-
tude of this parameter directly reflects the sharpness of
the peak. The values of b derived from our data are neg-
ative and agree well in magnitude with those of Ref. 18,
especially in the vicinity of the peak at x = 1.80. Both as-
pects differ from the results of Ref. 22 where positive
values of b approximately 10 greater in magnitude were
reported. [In Ref. 22, R„/T=(R„/T)o+MT, so that
b =M/(R i, /T)0. ]
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1.79 e-phase samples. The T,„and T, values (based on
the 40-MHz data) are summarized in Table II.

The temperature dependence of R
&

was also measured
at high temperatures in a number of Zr dihydrides con-
taining controlled low levels of Cr, Mn, and Fe. These
had been prepared and used in a study of hydrogen anti-
trapping by such dopants. The compositions, doping
levels, and frequencies at which R& measurements were
made into the anomalous region are as follows: (1) ZrH„:
500 ppm Mn at 12.2 MHz with x = 1.57, 1.70, 1.97; at 40
MHz with x =1.57, 1.70, 1.75, 1.85; at 54 MHz with
x=1.70. (2) ZrH, : 1000 ppm Mn at 12.2 MHz with
x=1.85. (3) ZrH„: 500 ppm Cr at 12.2 MHz with
x =1.85; at 40 MHz with x =1.57, 1.85, 1.97; at 54 MHz
with x =1.85. (4) ZrH: 500 ppm Fe at 40 MHz with
x =1.82. Further measurements on Fe-doped samples
were not made since it had been shown that Fe does not
support a local moment in the Zr dihydrides. Anomalous
behavior was observed in all cases, independent of wheth-
er or not the dopant caused antitrapping at the specific
hydrogen concentration x. Results for two Mn-doped
samples are shown in Fig. 7. Antitrapping does not
occur in the low-concentration, x =1.57, sample, but
does in the high-concentration, x =1.97, sample as evi-
denced by the low-temperature secondary R, maximum.

As noted elsewhere for other metal-hydrogen systems,
the hydrogen hopping rate v, =~d '-—10 —10' s ' at T, .
In the present case, v, values range from 4.7X10 s ' at
x=1.58 to a minimum of 0.78X10 s ' at x=1.93. The
v, values for the pure samples are included in Table II.
They would be increased by factors in the range 2—2. 5 if
lattice-specific spectral densities' were used in fitting R,d

data, thereby resulting in correspondingly greater values
of the attempt frequency vo. The v, values decrease grad-
ually with increasing hydrogen concentration x (except
for x=1.98). Such behavior might be expected if the
mechanism responsible for R,„depends on the proton-
proton dipolar interaction in an "excited state, " in which
close pairs are brieAy formed. However, based on the
present data, it does not appear possible to determine
where such pairs may be located, i.e., in T-site vacancies
or in larger spaces, e.g. , metal-atom vacancies. The
fact that v, for the fcc 5-phase sample (x = 1.58) is not in
line with the fct e-phase values may indicate that the
structural difference exerts a small inhuence on the anom-

alous behavior.
R

&
measurements were made at 12.2 and 40 MHz and,

in several cases, at 54 MHz as well. In all cases, a weak
frequency dependence of R

&
was observed in the anoma-

lous region. This behavior is seen in Fig. 8 which shows
the temperature dependence of R

&
in ZrH& 75 at the three

frequencies. At 1000 K, the rate R
&

o- co, approxi-
mately. This is nearly frequency independent, as would
be expected in the short-correlation-time regime, and cer-
tainly much weaker than the co dependence expected in
the long-correlation-time regime for BPP spectral densi-
ties.

It was previously shown for the proton R, in the solid
solution phases of the group-V metal-hydrogen systems
that the anomalous high-temperature behavior can be fit
phenomenologically by adding a term of the form
R, = A 'exp( —U/k~ T) to Eq. (1). Such a term suggests
that the anomalous relaxation occurs in an excited state
of some kind, as yet undetermined, as described briefi. y in
the Introduction. Entirely similar behavior is seen in the
present results for the Zr dihydrides. Shown in Fig. 9 are
the high-temperature R& data for x =1.98 at 40 MHz
after subtracting the Korringa rate R „=T/410 s ' from
the measured values. Measurements on this sample were
made to a higher temperature, 1333 K, than on most oth-
er samples. (Unfortunately, the quartz sample tube ex-
ploded. ) The entire range of high-temperature behavior,
including the normal R

&
minimum, is described by

R
&

R—
&,

=R &d + A 'exp( —U/kz T ), (7)

where R,d is given in Eq. (1). The solid curve through
the data points is the least-squares fit of Eq. (7) with
U=0.41 eV/atom and A'=1.39X10 s ', and with
E, =1.06 eV/atom and vo=7. 6X10' s ' from Table I.
The dashed lines in Fig. 9 show the continuation of R,d
to temperatures above the normal R,d maximum and of
R&„ to temperatures below the onset temperature T, .
For this coinposition (x = 1.98) and resonance frequency
(40 MHz), the anomalous rate affects the total R, on the
high-temperature side of the normal maximum, so that
the high-temperature side slope is clearly weaker than the
low-temperature side slope. This is already evident in
Fig. 2. This effect is not so noticeable in the measure-
ments at the lower resonance frequency of 12.2 MHz

TABLE II. Onset temperatures T, of the anomaly, hydrogen hopping rates v„and relaxation rates
R &„at T„and R

&
at 1000 K in ZrH, based on measurements at 40 MHz. Values of the temperature

T „,of the (normal) dipolar R, maximum are also included. The estimated uncertainties are 0.02 in
x, +15 K in T, and T,„,+ 50%%uo in v„and+ 8%%uo in R& .

ZrH max

(K)
T.
(K)

vc
(10' s-')

R,.(T;)
(s ')

R] (10 K)
(s ')

1.58
1.75
1.79
1.86
1.91
1.93
1.98

655
700
715
770
800
835
815

950
910
910
950
950
975

1000

4.7
1.8
1.5
1.2
0.87
0.78
3.5

2.6
F 1
4.5
9.3
8.5
9.7

14.3

3.9
7.4
6.5
7.0
6.9

11.3
14.3
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FIG. 9. Temperature dependence of the spin-lattice relaxa-
tion rate, for x = 1.98 at 40 MHz, after subtracting the electron-
ic contribution R „.The solid curve is the fit of the sum of the
dipolar and anomalous contributions to the data points, i.e.,
R&d+R&„, using the parameter values given in the text. The
dashed lines A and B show the extended behavior of R &d and
R &„, respectively.

where the normal R& maximum is substantially deeper
[see Fig. 7, for example].

It is also evident from Figs. 2 and 7 that the activation
energy U of the anomalous rate is much weaker at
x =1.98 than at x =1.58. For x =1.58, U=1.0
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FIG. 8. Temperature dependence of the proton R l for

ZrH& 7& at three resonance frequencies; at 12.2 MHz, 0 at 40
MHz, ~ at 54 MHz. The solid curve is the conduction electron
contribution to R l based on T/R „=290s K (Table I).

FIG. 7. Temperature dependence of proton R
&

measured at
12.2 MHz in ZrH (x =1.57 and 1.97) containing 500 ppm Mn
impurity.

eV/atom, whereas U=0.4 eV/atom already at x =1.79
and remains at approximately that value at higher corn-
positions. The prefactor A' at x =1.58 also differs sub-
stantially from that at the higher compositions. At
x =1.58, A'=(2+1) X10 s ', whereas at all higher
compositions, A

' = (2.2+0.8) X 10 s '. These
differences suggest that structure plays a role in deter-
mining the anomalous rate in this system, since the low-x
compositions are in the cubic phase region while the
higher compositions are all tetragonal.

The anomalous rate does not depend strongly on hy-
drogen concentration until x =1.93, when the activation
energy E, for hopping starts to increase. Included in
Table II are values of R &, calculated by subtracting the
rates R „and R &d from the measured rate R &. Two sets
of such R&„values are listed: the first set is for T=T„
and the second is for T= 1000 K. Although the values at
T, increase steadily with increasing x, this must be re-
garded as a consequence of the fact that T, is itself
steadily increasing, causing R &d to decrease. On the oth-
er hand, when R &„ is calculated at a fixed temperature
(1000 K) in the anomalous region, the values remain
essentially constant over most of the tetragonal phase re-
gion. An increase occurs between the cubic phase
(x =1.58) value and that at x =1.75, suggesting again
that the structural change may inAuence the anomalous
rate. And as remarked above, another substantial in-
crease occurs at x = 1.93 when the increase in E, first be-
comes apparent. Both the decreasing trend of the v,
values and the generally increasing trend of the R

&

values are independent o& the marked change that occurs
in the Korringa parameter R „/T which ranges from
1.79X10 (sK) ' at x=1.58 to a maximum of
4.00X10 (sK) ' at x =1.79 and back to 2.44X10
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(s K) at x =1.98, as the peak in N(EF) is traversed.
Thus, there appears to be no evident relation between the
anomalous R& behavior and the electronic density of
states, N(EF ).

V. SUMMARY AND CONCLUSIONS

Measurements of the proton R, in ZrH
(1.58 &x & 1.98) have been made at resonance frequen-
cies of 12.2 and 40 MHz over the temperature range
20—1100 K, and, in some cases, to 1330 K. This wide
temperature range ensures that reliable values of the elec-
tronic and diffusion-modulated dipolar contributions to
the relaxation rate are obtained, and that the high quality
of the samples studied is confirmed. The parameters ob-
tained in this work agree well with those obtained previ-
ously by Korn and Goren, ' by Bowman et ah. , ' and
by Bowman and Craft. In particular, the previously re-
ported sharp increase in activation energy E, for hydro-
gen diffusive hopping as x~2 is confirmed by both R&
and R, measurements at x = 1.98.

Anomalous behavior of R, was found to occur at all
compositions at temperatures above —900 K. No
differences were found in the behavior of pure and

paramagnetic impurity (Cr, Mn, Fe) doped samples. The
onset temperature, T„ for anomalous behavior increases
from 910 to 1000 K as x increases from 1.75 to 1.98
within the e- phase region, whereas the hopping rate v, at
T, decreases from —1.8 X 10 s ' at x = 1.75 to-0.8XIO s ' at x=1.93. Anomalous behavior de-
pends only weakly on resonance frequency and shows no
correlation with the pronounced peak in the electronic
density of states at x = 1.80. The anomalous contribution
to the measured rate can be fit phenominologically by
adding a term R, = A 'exp( —U jk~T) to the usual sum
of electronic and diffusion-modulated dipolar rate contri-
butions. Values of U range from —1.0 eV/atom at
x = 1.58 down to -0.4 eV/atom at x = 1.98.
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