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Proton NMR study of diffusion in continuous, nonstoichiometric metal-hydrogen systems:
HfV2H and Zrv2H„
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The proton spin-relaxation times Tl and T& in the continuous, nonstoichiometric, single-phase

hydrides ZrV2H„and HfV&H„(0. 25&x &4.2) were measured in the temperature range 100 K
& T &500 K at 10.7, 33.0, and 51.95 MHz. Tl exhibits a minimum versus 1/T as well as asym-

metry about this minimum. This asymmetry manifests itself mainly at low hydrogen concentrations

(x & 2.0) but is noticeable up to x =3.5. Although there are some differences in the behavior of the
HfV2H and ZrV2H„systems at low hydrogen concentrations (x & 2.0), at higher ones (x & 2.0) the
behavior is similar. The temperature and frequency dependence of T&—and the asymmetry around
the minimum in particular —are analyzed in terms of fluctuations of the dipolar interaction at the
thermally activated hopping rate. This hopping rate is assumed to be governed by a distribution of
activation energies. Good agreement with the experimental results is obtained. The "average" ac-
tivation energy E,p generally increases with x, from about 1000 K at x =0 to about 5000 K at
x =4. The relative width of the distribution AE, /E, p decreases with x above x =2. The logarithm
of the "average" preexponential factor, 1n vo, is found to be linear in E,o, 1n vo ——lnvoo+PE, . The
intercept is v00=1. 66&&10 sec ' and the slope P=3.09)&10 3 K '. According to the model of
Wert and Zener (WZ), P is the temperature derivative of the relative shear modulus d(p/po)/dT.
However, the present value is larger than the value of d (p/pp)/dT observed for interstitial diffusion
of various ions in transition metals. This point is discussed. In addition, according to the WZ
model, vpp is the hopping coordination number times the proton vibration frequency. The present
value, 1.66&&10 sec ', is obviously too low to be interpreted as such. The solution of this problem,
which has appeared in many disordered systems, is believed to be related to local concentration gra-
dients and/or strain fields. These inhomogeneities apparently decrease (consequently causing the
rapid rise of vp and E,p) as the concentration increases towards the quasistoichiometric limit x =4.

I. INTRODUCTION

Many intermetallic compounds readily absorb large
quantities of hydrogen to form ternary hydrides at am- .

bient temperatures and pressures. ' Usually the forma-
tion of the hydrides is accompanied by a first-order phase
transition from the hydrogen-poor so-called ct phase to a
new hydrogen-rich metal-hydride phase (the P phase).
The first order a~P phase transition manifests itself, for
example, by the existence of a "plateau" region in the
pressure-composition isotherms of these hydrides for tem-
peratures and pressures smaller than a critical tempera-
ture, and pressure, respectively. In this region of constant
temperature and pressure the two phases coexist in equi-
librium. Above the critical temperature the transition to
the hydrided P phase is a continuous one. The critical
temperature for most of the metal-hydrogen systems is
high above room temperature and consequently one can
easily detect the precipitated P phase for temperatures in
the vicinity of room temperature or lower using several
experimental techniques, e.g., x-ray diffraction, neutron
scattering, and Mossbauer measurements. Thus, no new
information may be obtained by performing a systematic
study as a function of hydrogen concentration on hydrides

in which phase separation occurs. This is one of the
reasons that most of the NMR studies to date are restrict-
ed to the very limited concentration range in the n phase
or the P phase. The cubic Laves phase (C15) compounds
ZrVz and HfVz are apparently exceptions to this behavior.
These metal compounds absorb large quantities of hydro-
gen, yet no measured isotherm exhibits a plateau region.
In addition, room-temperature x-ray diffraction measure-
ments performed on HfVzH„, ZrVzH„, and
Zro 5Hf05V2H„hydrides ' show a continuous change of
the lattice constants as a function of x, indicating a
homogeneous phase at all concentrations (up to x=4.5)
(see Fig. 1). Other evidence is provided by room-
temperature measurements of the V ' quadrupole split-
tings in ZrVzH„(Ref. 9) and HfVzH„(Ref. 10) and the
continuous suppression of superconductivity in HfVzH„
(Ref. 11) and Zro &Hfo 5VzH„(Ref. 8) up to x= 1.5 (this,
indeed, indicates a homogeneous phase in these systems,
up to x= 1.5, at liquid-helium temperatures).

In view of these properties, ZrV2H„and HfVzH„are
obviously attractive for microscopic investigations. The
interstitial sites occupied by the protons at room tempera-
ture have been determined by a series of neutron diffrac-
tion measurements ' to be the g site up to about x =2
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FIG. 1. Lattice constants of fcc (C15) (Hf, Zr)V2H„as a
function of hydrogen concentration x. Open triangles are re-
sults of Pebler and Gulbransen on ZrV2H (Ref. 2); open and
solid circles the results of Duffer et al. (Ref. 11) and this work,
respectively, on HfV2H„~ The dashed line is the lattice constant
of HfQ 5ZrQ' 5V2H/ as indicated by Rao et g j, (Ref, 8)

and both the g and e sites at higher concentrations. The
available sites are shown in Fig. 2. This is in agreement
with phenomenological models. ' ' Quadrupole measure-
ments of V ' NMR are also consistent with this pic-
ture. ' Thermal desorption spectroscopy measurements
are also in agreement with this site occupation scheme
and they further show that the bonding energy of protons
in the concentration range 1&x (2.5 is lower than for
x & 1 although the protons occupy only the g site up to
x =2.5."

This work concentrates mainly on the hydrogen dif-
fusion properties as determined from the proton spin-
relaxation rates. The model used to analyze the results is
an adaptation of the modified Bloembergen-Purcell-
Pound (BPP) theory' ' developed by Walstedt et al. '

(which treats nuclear quadrupole interactions with fluc-
tuations of the electric field gradient governed by a distri-
bution of activation energies) to the case of fluctuating di-
polar interactions. Indeed, it should not be surprising to
find that the self-diffusion in the disordered ZrV2H„and
HfV2H systems —wherein the protons partially occupy
the interstitial sites at random —is governed by a distribu-
tion of activation energies.

Following a description of the experimental procedure
in Sec. II, the experimental results are described in Sec.
III. A description of the model and the analysis of the re-
sults are given in Sec. IV. Usual analyses of this kind
yield the activation energies (E, 's) and preexponential fac-
tors (Ao's) resulting from the assumption of a hopping
rate satisfying the Arrhenius relation. In the present work
this analysis also yields a linear relation between the E, s

FICx. 2. Tetrahedral interstitial sites (IS's) in the Laves phase,
fcc C15, 382 structure. Open circles are 3 atoms, solid circles
are 8 atoms. (a) The b site—1 IS per formula unit, (b) the e
site—-4 IS's per formula unit, (c) the g site—12 IS's per formula
unit.

and logarithms of Ao's in the Arrhenius-like hopping
rates governed by a distribution of E, 's.

A. Sample preparation and x-ray study

Samples of HfV2 and ZrV2 were prepared by arc-
melting 99.9%%uo pure Hf clippings with 99.7% pure vana-
dium wire in an argon atmosphere. The resulting "but-
tons" of ZrV2 were sealed in quartz tubes in about 100
mm Hg of argon and annealed for 24 h at 1175'C. In the
case of HfVz annealing was unnecessary. X-ray diffrac-
tion measurements revealed about 97—99% cubic Laves
phase. The powdered samples (about 0.5 g, grain size less
than 100 pm) were then placed in a Pyrex reactor, de-
gassed at 375'C for about 10—30 min and then hydro-
genated to the desired concentration. The amount of hy-
drogen absorption was measured by the decrease of the
pressure in the reactor chamber. The hydrided samples
were cooled to 77 K (at which the proton diffusion is very
slow), the pressure in the reactor was reduced to a few
millimeters of Hg and the sample was sealed off with a
gas flame. This ensured the nominal concentration of hy-
drogen in the sample at all times. In order to insure the
phase homogeneity of the low-hydrogen-concentration
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samples, these were also annealed at several hundred de-
grees centigrade after the hydrogenation.

As a check on the hypothesis of the phase homogeneity
of the HfVz-H system, x-ray diffraction spectra of several
hydride samples were taken at room temperature. How-
ever, due to experimental limitations, the samples were ex-
posed to air during the diffraction measurement. All the
spectra exhibited the fcc C15 structure. The lattice con-
stants as determined from these spectra are shown in Fig.
1 as a function of hydrogen concentration. The spectra of
HfV, ~ and HfVzH2 revealed an additional weak spectrum
of the hydrogen-free compound.

100 ——

)0—

B. Proton relaxation times

Proton NMR spin-echo T& and T2 measurements at 33
MHz were performed at the Hebrew University in
Jerusalem and obtained from a single-frequency Spin-
Lock CP-2 spectrometer coupled to a home-built pulse
programmer and an on-line computer for data processing.
The spin-spin dephasing time T2 was obtained from the
amplitude of the echo A (t) at t =2~ following a

' 90'-~-180' pulse sequence. At temperatures sufficiently
high for the diffusional narrowing to be considerable, the
homogeneous part of the line shape is very nearly
Lorentzian so that A (t) =Aoexp( t/T2). H—owever, at
very high diffusion rates T2 is effected by local magnetic
field gradients and the results obtained using this method
yield a decay constant nearly temperature independent,
which is different from the true T2. ' Thus, our T2 mea-
surements were limited to a narrower temperature range
than those of Tq. The spin-lattice relaxation times T~
were measured by applying one or several pulses which
saturate the spin system, followed after a time t by either
a single 90' or a 90'-7o-1SO' pulse sequence. In most cases,
the amplitude of the spin-echo or free-induction decay
(FID) could be fitted well to the formula M (t)
=Mo [1 —A, exp( t /T, )] where —1 (2 i (2. However, in

. certain cases nonexponential relaxation was observed, and
served, and is described in the next section. T& measure-
ments at other frequencies (mostly through saturation of
the FID) were obtained from a home-built spectrometer at
the Solid State Institute and Physics Department of the
Technion, Haifa. Nonexponential relaxation could not be
resolved in this system —probably due to instrumental
limitations,

III. EXPERIMENTAL RESULTS
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FIG. 3. Proton spin-spin relaxation time T2 and spin-lattice
relaxation time T» at 33 MHz in HfV2Ho 5. The dotted line is
the fit of the model described in Sec. IV with zero distribution
width of the activation energy E,. The dashed line is the fit us-
ing a relative Lorentzian distribution width EEa/E, p ——0.135
and the quadratic relation [Eq. (12)] between the preexponential
Ao and E,. The solid line is the prediction of the model using a
relative width bE, /Z, o=0.21 and the Zener relation [Eq. (13)j
between Ao and E, . See also Table I.

A. Low hydrogen concentrations
(HfV2H„and ZrV2H„, x (2)

The results of the spin-relaxation measurements in
HfVzH„and ZrVzH„ in concentrations x &2 are shown
in Figs. 3—7. T2 decreases as a function of the tempera-
ture T. It has a roughly logarithmic dependence on 1/T
except at high temperatures, where the spin-echo mea-
sured values are effected by local magnetic field gradients
(as mentioned in the preceding section) and as a result de-
viate from this logarithmic dependence on 1/T. Howev-
er, it should be noted that in ZrV2H„, x=0.25 and 0.5,

T~ [51

o, o Tl [3
~ Tp [3

I I I I I I

4 . 6 8 102 10 2 4 6
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FICx. 4. Proton spin-relaxation times in HfV2H~ and HfV~H&.
The open circles are the values of ihe spin-echo T& at 33 MHz
using a small value of the delay time ~o in the 90'-180 pulse se-
quence, about 30 @sec, and the asterisks are the values obtained
when ~o is long, about 300 psec (see Fig. 8). The solid lines are
the predictions of the model described in Sec. IV using the pa-
rameters listed in Table I.
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FIG. 5. Proton spin-relaxation times in ZrVzH„, x=0.25,0.5,
1. The lines are the predictions of the model described in Sec.
IV using the parameters given in Table I.

the slope of lnT2 versus 1/T is anomalously high. This
will be discussed in the next sections.

In all cases, there is a clear minimum in T& versus 1/T,
the position and value of which is frequency dependent.
This clearly indicates that the dominant relaxation mecha-
nism is the dipolar interaction obviously fluctuating at the
hopping rate (see Sec. IV below), However, the clearly
asymmetric behavior (nonequal slopes) of lnT& around
this minimum and the "flattening off' of T, at low tem-
peratures indicate complex, non-Arrhenius-like behavior
(see Sec. IV). In ZrV2H„, x=0.25 and 0.5, the low-T
slope is higher than the high- T one. In all other cases in
ZrV2H and HfV2H„ the high- T slope is higher. Another
characteristic is the larger slopes (activation energies, see
below) in ZrV2H„(x = 1.0, 1.4, and especially 1.5, 1.6, and
1.75) as compared to HfV2H„x =0.5, 1.0, and 2.

Interesting behavior was observed in measuring T& in
HfV2H~ and HfV2H2 in the temperature range
180& T &260 K. The recovery of the proton spin-echo
magnetization M(t) towards asymptotic value Mo as a

h~
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FIG. 7. Proton spin-relaxation times in ZrV2H„, x=1.75,2.
The lines are the predictions of the model described in Sec. IV
using the parameters listed in Table I.
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FIG. 6. Proton spin-relaxation times in ZrV2H„, x = 1.4, 1.5,
1.6. The lines are the predictions of the various models as
described in the caption of Fig. 3 and in Sec. IV. The parame-
ters used to produce. the solid lines are given in Table I.

FIG. 8. Nonexponential relaxation in HfV2H& and HfV2H2.
(a) Recovery of proton spin-echo magnetization M(t) towards
the asymptotic value Mp as a function of the separation time t
between the saturating pulse train and the 90-~p-180 pulse se-
quence. In this case 1"p=20. 1 @sec. Note the deviation from
single exponential recovery which is a straight line on this loga-
rithmic scale. (b) Same as in (a), except 7p=550 psec. Note the
simple exponential recovery in this case. (c) Proton spin-echo
amplitude A(t) vs separation t between 90' and 180' pulses.
Note the deviation from exponential decay at small values of t.
These relaxations were observed in HfV2HI at 210 K.
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1/Ti ——,' y "—fiI(I + 1)[J2(2')+Ji (to)],

I/T~ = ,'y"A—I(I+1)[—', J~(2')+ —", Ji(cp)+ —', Jp(0)],

(la)

(lb)

proton diffusion. The spin-lattice and spin-spin relaxa-
tion rates due to the coupling between like spins are then
given by'

where

M2v= is yves' Iv(Iv+1) (8)
J

y& being the V ' gyromagnetic ratio and the summation
is over the distances from a given proton to all V ' nuclei.
The total relaxation rates I/T~p and I/Tzp are then given
by

Jk(co) =f e'"'& (F;"'(t')FJ""(t'+t))z„~, ~dt

J
(2)

1/T, p 1/T——iH+ I /Ti v,

I/T2p 1/T2H+1/T2v .

—E /kTv= 3()e (4)

where Ap is the preexponential factor and E, is the ac-
tivation energy (the enthalpy of motion ). Under these
conditions the integrals in Eqs. (2) yield the following ex-

pression for the proton dipolar contribution to the relaxa-
tion rates I/T&It and I/Tztt (see, e.g., Abragam' ):

2 y'
/T1H M2H 2 + 21+y 1+4y

(sa)

I/T2a ——— M2H —
z + 2 +—y, (5b)4y 3 y 15 y 9

9 co ~ 1+4y 1+y

where t0 is the Larmor frequency, y =tow and

M~H ', y A I (I + 1——) g—r,j (6)
J

I

is the contribution to the rigid-lattice second moment
from like spins (the summation being over all sites occu-
pied by protons). In the case of HfV2H„and ZrV2H„, one
should also add the contribution to the relaxation from
the unlike V ' (I = —', ) spins:

1/T, v M~v-— y 3 y+——
1+(1 yv/yH —)'X' I+X'

(k = 1,2) are the spectral densities of the time correlation
functions of the various terms in the fluctuating dipolar
Hamiltonian:

FJ"(t)=sin8 ijcos8&e "/rj, (3a)

(3b)

It is usually assumed that the correlation functions decay
exponentially at the hopping rate ~ '=v which obeys an
Arrhenius relation

From Eqs. (5), (7), and (9) one can easily see that when
cpr « 1 (extreme motional narrowing), 1/T2p = I/T]p.
When to~&&1 (but still in the motionally narrowed re-
gime) only the terms directly proportional to y in Eqs.
(5b) and (7b) contribute significantly to I/Tzp and there-
fore InTzp is linear in 1/T with a slope equal to E, /k.

Using Eqs. (5a), (7a), and (9a) it can be shown that
1/Tip is maximal (T,p minimal) for some value yp of y
which depends on the ratio M2~/Mzv. In the extreme
case where M2~ ——0, yo ——0.616 and when M20 ——0,
yo -0.9. In all intermediate cases, 0.6 &yo & 0.9 and T&o
varies only slightly in this region. ' In temperature re-
gions such that y »1 or y «1, lnT& is linear in the in-
verse temperature 1/T, with a slope whose absolute value
is E, /k. Yet the experimental results (Figs. 3—7 and
9—12) are at variance with a symmetric behavior of Ti
about the minimum. Therefore, the decay of the dipolar
correlation functions [Eqs. (3}]cannot be characterized by
a constant whose temperature dependence is a single Ar-
rhenius one [Eq. (4)]. Therefore, the hopping rate cannot
be characterized by an Arrhenius dependence with a sin-

gle value of E, . Yet neutron scattering studies and model
calculations all suggest that at low concentrations (below
2.5 H atoms per formula unit} the protons all occupy
equivalent g sites (Fig. 2). Since, however, the activation
energy at a given site E, is (at least partially) determined
by self-trapping lattice strain fields induced by the inter-
stitial H atoms, it should depend on the particular (but
random) configuration of other H atoms in adjacent sites.
This presents an intrinsic difference between interstitial
diffusion in nonstoichiometric versus stoichiometric sys-
tems. The diffusion process is therefore expected to be
governed by a distribution of activation energies according
to the distribution of configurations around the various
(but on the average equivalent) sites.

Our problem is therefore to evaluate the correlation
functions

y+3 2 2I + ( I+y v/yII ) y
(7a) k, (t)= g (,F,", '(t')F, ',"*(t'+t))„„„,

J
(10)

+—3
2 1+(yv/yH) p

+—3 y
2 1+(I+yv/yH 6' (7b)

y' 1 3
1/T2v= Mzv g+ 22+

CO 4 1+(1 yv/yH6— ' 4 I+j '
in the presence of fluctuations whose rate is determined
by a distribution of E, 's. Walstedt et al. ' have evaluated
these expressions for the case of quadrupolar relaxation in
the presence of similar fluctuations in the electric field
gradients around Na+ ions in Na-P-alumina. The adapta-
tion of the model to fluctuating dipolar fields is straight-
forward if for simplicity we assume that for each configu-
ration kz(0) =4ki(0) [see Eqs. (3) and Refs. 18 and 23].
The resulting expression for the relaxation rate T&~ is
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then given by

Tgg = JdEg G(Eg )T&() (Eg Ap ) (1 la)

where G(E, ) is a normalized distribution function with a
distribution width bE, . 1/T2 is similarly given by

1/T2 ——fdE, G(E, )T2p (E„Ap) . (1 lb)

It should be noted, however, that the measured spin-echo
1/T2 contains 1/T2 and 1/T2 processes so that

this relation and the above-mentioned values of vpp and p.
Indeed, although the same values of vpp and P were used
for (almost) all concentrations, the obtained fits were, in
some cases, actually better than during the square-root-
dependent fitting procedure (see Fig. 6, and in particular,
Fig. 9). Qualitatively, the calculated behavior of T& using
the square-root relation [Eq. (13)] is much "flatter"
around the minimum than that calculated using Eq. (14)
with the given (large) value of P.

1/T2 ——1/T2+. 1/T)d . (12) C. Comparison between theory
and experimental results

The distribution of activation energies has the following
qualitative effects on the behavior of T& and Tq. (a) The
slope of InT& versus 1/T at temperatures below the
minimum is smaller than the high-temperature one. (b) If
the relative distribution width bE, /E, p (E,p being the
average E, ) is sufficiently large (&0.2 for a Lorentzian
distribution and & 0.3 for a Gaussian one}, then the calcu-
lated T~ becomes almost temperature independent at very
low temperatures. (c) If the relative distribution width is
considerable (&0.1 for Lorentzian, &0.15 for Gaussian),
the calculated values of lnT2 below the temperature of the
minimum in T& (but still in the motionally narrowed re-
gion) are no longer linear in 1/T, and the slope of lnTq
increases as the temperature T decreases (i.e., "bends
downward"). This last feature is easily observed in the
measured values of T2 in ZrV2H„, 1.4&x & 1.6 (see Fig.
6).

B. The dependence of Ao on E,

In solving Eqs. (11), the dependence of the preexponen-
tial factor Ap given in Eq. (4) on E, is still required. In
fitting the similar equation to the results of the Na re-
laxation in superionic ¹P-A1203,Walstedt et al. ' chose
a square-root dependence of Ap on E, :

Ap vp(E, /E, p)'i—— (13)

This relation results from simple model theories on hop-
.ping over (rigid) sinusoidal potential barriers. In effect,
this square-root dependence is so weak as to be practically
equivalent to an E, independent Ao.

During the initial fitting procedure between the model
equations (11) and the experimental results, the square-
root relation between Ao and E, was chosen. In some
cases a fit to an E, independent Ao was also attempted.
However, the results of the fitting procedure yielded,
among the various samples of HfV2H„and ZrVzH„, a re-
markably linear relation between the logarithm of the
(average) preexponential factor and the average activation
energy:

The fits between the T& and T2 data and the model,
Eqs. (11), are given by the solid lines in Figs. 3 to 7 and 9
to 12. The model behavior was obtained using a Lorentzi-
an distribution function and the linear relation [Eq. (14)]
between 1ndo and E, . The quality of the agreement was
roughly the same for Gaussian and Lorentzian distribu-
tions. The model was fitted to the observed values by
choosing, for each concentration, appropriate values of
M,H [Eq. (6)], M, ~, [Eq. {8)], and E.p and bE. [Eqs.
(11)] to obtain a best fit. The minimal value of T&d [Eq.
(1 la)] is determined by a linear combination of M2H and
M2~ which is about 0.9M2~+2. 2Mzz (see below).

The observed values of T2 deviate from the calculated
ones at high temperatures, and are particularly noticeable
at low hydrogen concentrations. This deviation of. the
spin-echo measured T2 results from magnetic field gra-
dients, and it is shorter than the true transverse relaxation
time, as mentioned in Sec. II above.

The values of the average activation energies E,p and
Lorentzian distribution widths bE, used to fit the model
to the data in the various concentrations are listed in
Table I. In the Zener model for interstitial diffusion, vpp

[see Eq. (14)] is interpreted as nu, where n is the hopping
coordination number and u is the vibration frequency of
the proton in its equilibrium site. The value of nu is ex-
pected to be in the range 5&10' —5X10' sec ', and
therefore voo ——1.66&& 10 sec ' is much too small to be in-
terpreted as n &&u. The value of P, about 3)&10 K ', is
large compared to those observed for heavy interstitials
diffusing in various transition metals. Yet these
anomalous results do not invalidate the foregoing analysis.
Indeed, anomalously low values of the preexponential in-
variably coupled to small values of E, [thus conserving
the Zener relation, Eq. (14), between them] have been ob-
served in many previous cases. The clarification of this
problem is elaborated in Sec. V.

In several cases it was necessary to add a Korringa
term' to the total relaxation rate

Invp ——Invpp+ PE, p . (14) 1 /T], ——CkT, (15)

This linear relation extended over 6 orders of magnitude
in Ap, from about SX10' sec ' in HfVqHp5 to about
10' sec ' in HfV2H4, yielding an intercept
vpp ——1.66X10 sec ' and slope P=3.09&10 K

Owing to the observed linear relation between lnvo and
E,p [Eq. (14)], the model equations (11) were refitted to
the experimental results, using, within each concentration,

and the resulting values of Ck are also presented in Table
I. The flattening off of InT& versus 1/T at high tempera-
tures, observed in several samples (Figs 6, 7, and 9—12)
are apparently due to the Korringa term. The analysis
and discussion of the interaction between the proton spins
and conduction electrons will, however, be deferred to a
later work.
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TABLE I. Average activation energies E,o, distribution widths AE„average preexponentials vo, and
Korringa coefficients Cz used to fit the model Eq. (11) to the data. The preexponential Ao is derived

from the relation Ao(E, )=vooe ' [Eq. (14)] where, in all cases, P=3.09X10 ' K ' and, unless stated
E 0otherwise, voo ——1.66& 10 sec '. The average preexponential vo is given by vo ——vooe

Concentration
X

In HfV2H„
0.5
1.0'
2.0
2.5'
3.0
3.5d

4.0
In Zrv, H„

0.25
O.S

1.0
1.4
1.5
1.6
1.75
2.0
2.5
3.0
3.5
40

E., (K)
+15go

1050.0
1600.0
2000.0
2550.0
3100.0
4000.0
5800.0

1100.0
1200.0
1900.0
2000.0
3200.0
4100.0
3700.0
2200.0
2500.0
3300.0
5000.0
5400.0

E, (K)
+20%

325.0
450.0
400.0
475.0
525.0
650.0
800.0

150.0
300.0
250.0
400.0
600.0
750.0
450.0
450.0
500.0
600.0
800.0
500.0

vo (sec ')

4.3 &( 10'
&.9~ 10"
5.5 && 10"
6.6~10"
2.4~10"
3.9X 10'
1.0~ 10'

5.0~1O"
6.7Q 10'
5.9 &( 10"
8.0~10"
3.3)& 10'
5.3~10'4
1.5 X 10'4

1.5 &( 10'
3.8 &&

10'~

4.5~10"
8.5&&10"
2.9X 10'

C~ (sec K)

0.01
0.0105
0.0106
0.02

0.004
0.004
0.007
0.007
0.008
0.005
0.007
0.01
0.02
0.02

'voo ——1.4)& 10 sec
voo ——1.2&(10 sec

'voo ——2.5)&10 sec
In this case a spin diffusion term (1/T] )sD ——0.1 sec ' was also added.

Concentration
X

0.9M2~ + 2.2M2p
Obs. Calc.

In HfV2H„
0.5
1.0
2.0
2.5
3.0
3.5
4.0

In ZrV&H„
0.25
0.5
1.0
1.4
1.5
1.6
1.75
2.0
2.5
3.0
3.5
4.0

23.0
22.0
26.0
34.0
35.0
38.0
36.0

18.0
21.0
23.0
25.0
28.0
28.0
33.0,
33.0
34.0
36.0
33.0
33.0

24.0
27.0
33.0
37.0
38.0
40.0
42.0

22.0
23.0
26.0
28.0
29.0
30.0
30.0
32.0
36.0
37.0
38.0
40.O

TABLE II. Observed and calculated values of
0.9MiH+2. 2M'~ [which determines (T,q);„], assuming ran-

dom occupation of nonadjacent g sites.

Table II presents the values of the linear combination
0.9Mq~+2. 2Mzz used to fit the model. to the data. Only
that quantity is listed since, as mentioned above, it alone
is determined by the minimal value of T&. In that table
this linear combination i4 compared to the values calculat-
ed from Eqs. (6) and (8), assuming random occupation of
nonadjacent g sites [as determined by neutron scattering
measurements and model calculations' ' ] and the con-
centration dependent lattice parameters as determined by
x-ray measurements (Fig. 1). The agreement between the
observed and calculated values is reasonable. However, the
observed values are, generally, somewhat lower. This may
be due to the strain fields produced by the proton result-
ing in the local dilatation of the lattice as compared to the
average values obtained fr'om the x-ray measurements.

It should be noted that the calculated values of
0.9M2~+2. 2M2&, assuming random occupation of all g
sites or all g and e sites (i.e., including adjacent ones), are
about 3 times larger than those listed in Table II. In other
words, the relaxation measurements add strong (albeit in-
direct) evidence that the protons do not occupy adjacent
sites.

The features resulting from the fit between the model
[Eqs. (11)]and the data may be summarized as follows:

(1) The nonexponential relaxation in HfV2H& and
HfV2H2 (Fig. 8) may account for the discrepancies be-
tween the model and the observed values. The predicted
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FIG. 13. The concentration x dependence of the average ac-
tivation energy E,o in HfV2H„and ZrV2H„. The lines are a
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FIG. 14. The concentration x dependence of the relative
Lorentzian width AE, /E, o of the activation energy distribution
in HfV2H„and ZrV2H„. The lines are a guide to the eye.

values at 33 MHz lie between the observed extreme values
(Fig. 4).

(2) It can be shown from the model Eqs. (11) that for all
distribution widths b,E,&0 the low-temperature slope of
1nTt versus 1/T is smaller than the high-temperature one.
This is in agreement with the observed behavior in all
concentrations except ZrV2Hp 25 and ZrV2Hp 5 where the
opposite is the case. Therefore, the asymmetry in these
two cases must be due to a different reason. The sharp
drop in T2 in these concentrations around 200 K suggests
a transition to a low-temperature phase in which hydro-
gen diffusion is slower. A neutron and/or x-ray diffrac-
tion study of these cases may help clarify this feature.

(3) In ZrVzH„ there is an anomalous peak in
E,p at x=1.6, and the values in the range 1.0(x(1.75
are very high (Fig. 13). These high activation energies
hint to anomalously high hydrogen-induced self-trapping
lattice strain fields (see this section above). The nature of
this behavior is not understood at present.

(4) The close agreement between the observed positions
of the minima in Ti and the calculated ones justify the
assumption of the Zener (linear) relation between lnAO
and E,. Indeed, this relation appears to be widespread
among other ternary hydride systems (see Sec. V) as
shown by Shinar et al.

(5) Another interesting result from the model fitting
procedure is the concentration dependence of the average
activation energy E,o (Fig. 13). In thermally activated
sinusoidal barrier hopping, Ep is expected to be propor-
tional to d, where d is the jump distance. However, in
both ZrV2H„and HfViH„, the lattice constant [and there-
fore the distance between adjacent g sites (see Fig. 2)] in-

creases by only 7% from x =0 to x =4. Yet E,o/k
changes by a factor of 6, from about 1000 K at x =0.5 to
about 6000 K at x =4. Therefore, this disagreement
eliminates the possibility of basing the analysis of the re-
sults on the interpretation of E, as an even nearly
sinusoidal potential barrier, as may be a priori suggested.

(6) In HfV2H„ the relative width of the distribution of
activation energies, b.E, /E, o, monotonically decreases as
the proton concentration increases; in ZrVzH„, except for
the dip in the region of anomalously high E,o's
(1.4 & x & 1.75), it peaks below x =2 and decreases
beyond (Fig. 14). A priori, one might expect the distribu-
tion width to peak when the occupancy of the nonadjacent
g sites is 0.5 (i.e., when x =2). However, there are com-
plicating factors which would probably influence the dis-
tribution width such as the concentration dependence of
the bonding energy and the occupation of e sites at con-
centrations higher than x =2.5. Only the decrease of
bE, /E, o beyond x =3 may intuitively be understood to
result from the formation of a hydrogen superstructure at
these high densities and low temperatures.

' '
(7) An interesting feature of the results in ZrVzH„are

the large changes in the relaxation times observed when
the concentration is increased from ZrV2H4 to ZrV2H42.
In this highest concentration, a very broad (almost double)
minimum is observed, and the slopes E,o of Ti and Tz
versus 1/T are much lower than in ZrV2H4 and contrary
to the concentration dependence of E,p up to x =4. This
observation supports the indications that x =4 is a quasi-
stoichiometric composition. As mentioned above, recent
neutron scattering investigations of ZrV2D3 6 and HfV2D4
indicated random occupation of alternate (nonadjacent) e
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and g sites above 300 K and formation of a superstructure
of protons occupying mostly analogs of the g sites in a
tetrahedral structure below 280 K.' ' In addition, V '

nuclear quadrupole resonance (NQR) of ZrV2H„also indi-
cated low-temperature "crystallization" of an ordered pro-
ton sublattice for x =4 but none at lower concentrations.
It therefore appears from Fig. 12 that additional protons
beyond this quasistoichiometric concentration thwart the
formation of this superstructure and enhance hydrogen
diffusion.

V. DISCUSSION AND SUMMARY

AF=hH —TbS =E, —TAS .

In case of interstitial diffusion, if all of the free energy re-
quired for the hopping process goes into straining the lat-
tice, and E, and AS are temperature independent,
then""

d(/ )

dT

Here p is an appropriate elastic shear modulus and

pc ——p(T =0 K). Substitution of Eq. (18) in (16) immedi-
ately results in the Zener relation, and P is then the tem-
perature derivative of the relative shear modulus

d(p l@0)
dT

(19)

The Zener relation has been observed in the diffusion of
various dilute interstitials in simple metals, and in the
hydride systems LaNi5+„H6+~ (x,y &0), LaNiz „Cu„H~,
LaNi5 „Al H~, and amorphous Pd77 5CU6Si&6 5H .29

In all of these hydride systems, the slope P of lnvo versus
E~o is P=(3+1)X10 K '. Yet in these intermetallic
hydrides P is an order of magnitude larger than in most of
the elemental metals. At present it is difficult to explain
this difference: Possibly the temperature derivatives of
the elastic shear moduli of these intermetallics are indeed
much larger than those of the simple metals (which may
perhaps hint to the nature of the difference in the
mechanical properties, i.e., the intermetallics being gen-
erally much more brittle). Another possibility is that the

One of the major results of this work is the validity of
the Zener relation, i.e., the linear relation between the log-
arithm of the preexponential and the activation energy
(enthalpy of motion). A phenomenological derivation of
the relation was given by Wert and Zener (later derived
from a quantum theory of diffusion developed by Flynn
and Stoneham ) a long time ago, and is briefly repeated
here. In case of interstitial diffusion one would expect

Ap =vppe
M/k

Here vpp
——nU, where n is the number of nearest-neighbor

interstitial positions (n =3 for the g site in the cubic C15
Laves phase), and U is the vibration frequency of the pro-
ton in the site. AS is the activation entropy (the entropy
difference involved in displacing a proton from the inter-
stitial site to the "saddle point" position). The activation
free energy ~ is obviously given by

large value of P is related to the small value of voo (see
below).

In an earlier work, it was suggested that the linear rela-
tion between lnvp and E,p may originate from a
temperature-dependent activation energy resulting from
thermal expansion. At present it is difficult to rule out
the possibility that a temperature-dependent E,p contri-
butes to the linear relation between 1ndp and E,p. How-
ever, that contribution cannot be the dominant one, other-
wise it would lead to negative activation energies at high
temperatures. Finally, it should be noted that a signifi-
cant dependence of AS on temperature would probably re-
sult in a hopping-rate behavior which is qualitatively dif-
ferent from an Arrhenius one.

Another problem associated with the observation of the
Zener relation in the HfV2H„and ZrV2H„systems is the
small value of voo, about 10 sec '. As mentioned in Sec.
IV, the usual interpretation of vco as nu is obviously unac-
ceptable, since the proton vibrational frequency is expect-
ed to be of order 10' —10' sec '. Although the same
value of Ao may be obtained from a given value of E, by
simultaneously increasing voo and decreasing P, this solu-
tion to the problem of the values of P and voo is improb-
able for several reasons. (a) A substantial reduction of P
would again produce an effectively E, -independent Ao.
This is contrary to the behavior of T& and T2 observed in
several concentrations (especially in e.g. , ZrV2H~ 5 and
HfV2H2 ~ (Figs. 6 and 9). (b) Regardless of the specific
dependence of Ap on E, within each concentration, the
dependence of the average preexponential on the average
activation energy, among the various concentrations, is
still given by the Zener relation, with the above
(anomalous) values of P and voo (see Sec. IVB above). (c)
As mentioned above, the Zener relation is also observed in
other ternary and quarternary metal-hydrogen sys-
tems, ' with similar values of voo and P. (d)
Anomalously low values of the preexponential Ao have
been observed previously in many cases of chemical dif-
fusion (but not self-diffusion) in metals. The small
values of Ao were invariably coupled to small values of
E„ thus retaining the Zener relation between them. In
this context, it should be noted that the values of E,o in
HfVqH„and ZrV2H„are surprisingly low (1000—2000 K)
at hydrogen concentrations x &2, considering the large
(exothermic) heat of reaction between the H2 gas and the
intermetallic compound and the resulting stability of the
hydEldes. '

A possible explanation of the observed low values of
E„suggested recently, ' ' involves appropriate diffusion
paths believed to result from lattice inhomogeneities
created earlier by static distortions (as in amorphous sys-
tems ' ') or by large local concentration gradients. .
Indeed, Richards ' has shown that in amorphous systems
one would expect the average activation energy to be
determined by the area of the largest face of the distorted
tetrahedral or octahedral interstitial site. Since the largest
fac'e is, on the average, larger than that of the analogous

. ordered structure, this would lead to a reduced average ac-
tivation energy in the distorted system. Bowman's obser-
vations of the hopping rates in a-TiCu and a-Zr2Pd hy-
drides, which are greatly enhanced (and governed by con-
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siderably lower activation energies) relative to the ordered
structures, are in complete qualitative agreement with
these concepts. The rapid rise of E,p [and with it
vp=vooexp(PE, o)] with concentration x in HfVzH„and
ZrV2H„(see Table I and Fig. 13) may now be explained as
resulting from the host metal lattice becoming more and
more homogeneous as hydrogen is added, until the quasi-
stoichiometric concentration x =4 is reached. When the
lattice resumes its distorted nature above x =4, E,o de-
creases to a lower value [see the behavior of T& and T2 in
ZrV2H4 2 (Fig. 12)].

The suggestion that lattice inhomogeneities play a cru-
cial role in the hydrogen diffusion properties in HfV2Hz
and ZrVzH„ lends added support to the assumption of a
non-negligible distribution of activation energies. This
brings us to the second major feature of this work, namely
the analysis of the relaxation rates in terms of such a dis-
tribution. The telltale marks of diffusion governed by a
distribution of activation energies are the asymmetric
slopes of InT& versus 1/T and the flattening of InT&
versus 1/T at low temperatures, features observed more
often than not in disordered systems of various kinds: hy-
drides, ' ' fast ion conductors, ' ' and amorphous
metal-hydrogen systems. A final mark of diffusion

governed by a distribution of E, s observed in this work is
the "bending downward" of lnT2 versus 1/T (as men-
tioned above and seen in Figs. 3, 4, 6, and 7). Indeed this
mark of a distribution of E, s is more unambiguous than
the behavior of lnT&.. Asymmetric slopes and flattening
of inTt also appear when the (unique) activation energy
decreases to lower values at low temperatures. However,
in that case the slope of InTz versus 1/T decreases at low
temperatures, i.e., a behavior opposite to that observed in
HfV2H and ZrV2H„.
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