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Hydrogen motion and local structure of metals in P-Tii «V„H„as studied by 'H NMR
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Hydrogen motion in P-Ti, V H, (y =0.2, 0.4, 0.6, and 0.8; x —1) alloys was studied by 'H NMR,
with which the temperature and frequency dependences of proton spin-lattice relaxation times ( T& ) were
measured over the temperature range 105—400 K and at frequencies 9, 22.5, 52, and 90 MHz. The tem-
perature dependences of T, change systematically with the metal composition; with a decrease in the
concentration of V, the minimum value of T, increases and the temperature at which T, is minimized
shifts to the higher-temperature side. These results are analyzed with two-site jumps of a proton be-
tween unequal potential wells, in which Brouwer s model is assumed to describe local structure of the al-
loys. Good agreement between the experimental and calculated Tl values is given by this treatment, un-

like the isotropic diffusion model. The following three parameters are used for the calculation: activa-
tion energies for Ti and V are ET; =16 and Ev =9.5 kJ/mol, respectively, and the frequency prefactor is
&0=1.5X10 " s for 0.4(y +0.8. The obtained ETi and Ev values agree with those of Pure metal hy-
drides such as TiH and VH„, respectively.

INTRODUCTION

Titanium and vanadium metals form a solid solution
with a body-centered-cubic (bcc) structure over wide
ranges of composition and temperature. ' The Ti-V alloys
form stable hydrides, ' which are expected to have con-
tinuously varying properties depending on their composi-
tion. The Ti-V alloys absorb hydrogen until the ratio of
hydrogen-to-metal atoms reaches two. This dihydride
phase, called y-Ti-V-H, has a face-centered-cubic (fcc)
lattice at room temperature. The arrangement of hydro-
gen atoms and several properties, such as electronic
structure and phase separation, ' has been studied ex-
tensively by means of 'H and 'V NMR. Previously we
have found that when the Ti-V alloys are hydrogenated
under several high pressures of hydrogen gas, the given
hydrides are separated into three or even four phases in
most cases. ' ' We have characterized the Ti-V-H sys-
tem by means of 'H and 'V NMR and powder x-ray
diffraction, and found that the Ti-V-H system separates
into a-Ti-V-H, P-Ti-V-H, y-Ti-V-H, and y-TiH . How-
ever, we have succeeded in synthesizing hydride samples
composed of only the P-Ti-V-H phase, and found that the
host metals form a simple bcc lattice. '" If the hydrogen
motion in the P phase is clearly understood, one can ex-
pect to define the arrangement of Ti and V atoms around
a hydrogen atom and the potential wells for the interac-

tion between each metal and the hydrogen atom. We
have studied hydrogen motion in the P phase through
spin-lattice relaxation times by means of 'H NMR, but
the hydrogen motion was difficult to explain using the
mechanism of the simple isotropic diffusion. '

In this work, we have reinvestigated the hydrogen
motion in the P phase by observing temperature and fre-
quency dependences of proton spin-lattice relaxation
times (T, ). To improve the agreement between the ex-
perimental and calculated T&, we try to analyze the re-
sults using a two-site jump model combined with unequal
potential wells and taking into consideration local struc-
tures of metal atoms around a hydrogen atom. The local
structure around a hydrogen atom is assumed to be sta-
tistically determined by the composition of the metal
atoms. This treatment gives a more qualitative agree-
ment between the experimental data and the calculated
values without adjustment of the coefficient than the iso-
tropic diffusion model does.

EXPERIMENTAL

Three of the Ti-V monohydride (P-Ti-V-H) samples
studied were the same as those used in Ref. 11:
Ti02Vo 8HD 83, Tio 4VD 6H0», and Ti06V0 4HQ». These
three samples had been confirmed to consist of only the
P-Ti-V-H phase. " Tip sVp 2H& 9s was synthesized by reac-

TABLE I. The lattice constants for each metal hydride and the interhydrogen distances for the first-,
second-, third-, and fourth-nearest neighbor sites.

Metal hydride

Tip. 2VO. 8HO. 83

T&0.4V0. 6Hp 9]
T10.6VO 4HO. 91

Tip. 8VO. 2HO. 89

'Reference 11.

ap/nm

0.3208'
0.3263'
0.3300'
0.3334

First

0.1134
0.1154
0.1667
0.1179

Second

0.1604
0.1632
0.1650
0.1667

Thlr d

0.1964
0.1998
0.2021
0.2041

Fourth

0.2268
0.2307
0.2333
0.2357
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tion between a Ti-V alloy (Tip sVo 2) and hydrogen gas un-
der the H2 pressure less than 1 atom at 700 'C.
T1Q 8VQ 2HQ g9 was obtained by dehydrogenation of the
dihydride under a reduced pressure at 300-400 C.
These specimens were sealed off in ampoules under vacu-
um.

The instrument used for the 'H T& measurements was
a Bruker CXP 100 pulsed spectrometer. The T& values
were measured in the temperature range between
105—400 K, and at four frequencies, 9, 22.5, 52, and 90
MHz. They were measured by the 90'-~-90' method, and
the error was less than +5%%uo. The temperature of the
samples was controlled by the Aow of cooled or heated ni-
trogen gas with the accuracy of +1 K.

Powder x-ray-diffraction patterns for the metal hy-
drides were measured by a Rig aku Geiger-Aex
diffractometer with Cu Ka irradiation at room tempera-
ture. The lattice constants obtained are listed in Table I,
and were used in the theoretical calculations of the 'H
T] e

RESULTS
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The magnetization recovery curves for Tlp 2VQ 8HQ 83,

Tlo 4VQ 6HQ 9 ] and Tio 6VQ 4HQ» were described by a sin-
gle exponential decay over all temperatures, but for
Tlo 8VQ pHQ 89 nonexponential decays over all temperature
ranges were shown. The samples, except for
Tip sVp 2Hp s9 consist of only the 13 phase, as reported
previously. " On the other hand, Tio 8VQ 2HQ 89 was
found to consist of four phases, being confirmed by means
of 'H magic-angle-spinning NMR spectra. ' This phase
separation is considered to be caused by the preparation
procedure including repeated hydrogenations, and thus it
is not an intrinsic phenomenon. Consequently, the dy-
namics of protons in the P phase is derived from the T,
values observed for Tlo 2VQ BHQ 83 Tlo 4VQ 6HQ 9] and
T10.6VQ 4HQ 9].

The 'H T, values of the four samples are plotted as a
function of inverse temperature in Fig. 1. The apparent
T) values for T1Q 8VQ 2HQ 89 are shown only for reference,

FIG. 1. Composition dependence of proton spin-lattice relax-
atio~ times (T, ) at 9 MHz; Tip, VD,H0, 3 (o), Tip4Vp 6H091
(A), Tip6Vp&Hp9, ( ), and TipsVpgHp&9 (0). Solid lines are
the results of calculation with our model, using ET; = 16 kJ/mol,
Ev=9.5 kJ/mol, and ~0=1.5X10 " s. The contribution of
conduction electrons is taken into consideration.

which were estimated from a linear part of the recovery
curves. It is clearly shown that the 'H T, depends on the
composition of the Ti-V alloys. As the fraction of titani-
um in the alloys increases, the minimum of T, shifts to
the higher-temperature side. The temperatures at which
the T, minimum is observed are 174, 200, 215, and 217 K
for Tio.2VQ 8H0. 83, Tio 4VQ. 6HQ. 91, Tio.6VQ 4HQ 9&, and
T1Q 8VQ 2HQ 89 respectively. The T

&
minimum values are

larger for the alloys having the lower concentrations of
V: they are 3.8, 5.2, 7.5, and 18 ms for Tio2VQ 8HQ83,

TABLE II. The activation parameters and Korringa constants for each metal hydride.

Metal hydride
E,' (kJmol ')

HTR LTR' (10 " s) ET; (kJmol ') Ev (kJmol ') K (sK)

T1HD 70

VHp 77

Vp. 9Cro. 1HD. 6s

Ti0.2Vo. 8Hp 83

T&0.4VD 6HO. 91

Tip 6Vp 4HD 91

T~p. 8VO. 2HO. 89

12.4
12.5
10.5
7.7

6.7
6.9
8.8
9.1

1.5+0.5

14.2

16+1

10-24'
9.7g

9.5+1

55+5
102'

93
83
74
69h

'The apparent activation energy at 9 MHz.
"High-temperature range.
'Low-temperature range.
"Reference 32.
'Reference 10.
'Reference 33.
gReference 37.
"This value is determined experimentally from the relaxation rate measured at 90 MHz.
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Tlo 4V0.6Ho 9& T10.6Vo 4Ho 9~ and Tio. sVo. 2Ho. s9 resp
tively. In the high-temperature range (coor «1), the T,
values of the different samples agree with each other ex-
cept for Tio sVo2Ho s9 On the other hand, in the low-
temperature range (coos)) 1) the T, values increase pro-
portionally to the concentration of Ti. The apparent ac-
tivation energies for the hydrogen motion do not show
any clear composition dependences, as listed in Table II.

However, the curvature in the T] vs 1/T plot around the
T& minimum depends on the composition. As the frac-
tion of Ti increases, the radius of the curvature in the T,
vs 1/T plot becomes short, as shown in Fig. 1.

Frequency dependences of T, have been measured for
all the samples at the four frequencies. Figures 2(a), 2(b),
and 2(c) show the results for Tip 2VO]]Hp ]]3 Tio 4VO 6HO 9],
and Tip 6Vo 4Ho 9~ respectively. For example, in Fig.
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FICx. 2. Temperature and frequency dependences of proton spin-lattice relaxation times (T, ) for Tip ~Vp, Hp 83 (a), Tip 4Vp 6Hp 9I

(b), and Tip 6Vp 4H(} 9l (c). The resonance frequencies are 9 MHz (~), 22.5 MHz (o ), 52 MHz (A ), and 90 MHz (2 ). Solid lines are
the results of calculation with our model, using Ez; =16 kJ/mol, Ev =9.5 kJ/mol, and ~p= 1.5 X 10 "s. The top line shows the con-
tribution of conduction electrons, in which the Korringa constant K( = TI, .T) is assumed to be the weighted average of the E s for
TiH„and VH„.



5840 TAKAHIRO UEDA, SHIGENOBU HAYASHI, AND KIKUKO HAYAMIZU 48

2(a), the T, minimum observed at 9 MHz is about 200 K
and shifts to the higher-temperature side as the frequency
increases. The T& values are dependent on the frequency
not only in the low- but also in the high-temperature
ranges. For example, the T, values at 364 K were 40, 53,
73, and 85 ms at 9, 22.5, 52, and 90 MHz, respectively.
The other two samples exhibit similar behavior as shown
in Figs. 2(b) and 2(c), except for TiosVogH089. This
behavior is different from the frequency dependence in
the simple isotropic diffusion model. '

DISCUSSION

We assume that Auctuations of the dipolar interactions
due to hydrogen motion in the Ti-V-H system are a dom-
inant mechanism of T& in the temperature range studied,
because the T, minimum exists and the apparent activa-
tion energies are relatively large. In addition, we cannot
neglect the contribution from conduction electrons. Ex-
perimentally, there are three characteristics in the corn-
position dependence of the T, values: The first is that the
minimum values of T, increase with the fraction of Ti in
the alloys. The 'V-'H dipolar interaction is one of the
dominant mechanisms in the 'H T, . Therefore, when the
fraction of vanadium decreases, the value of the T,
minimum increases. The second is the shift of the tem-
perature of the T, minimum to the higher-temperature
side with increase in the Ti concentration. This means
that with the increase in the Ti concentration, the hydro-
gen diffusion becomes slow. The potential depth for the
sites surrounded by Ti is considered to be deeper than
that for the sites surrounded by V. The activation ener-
gies for the hydrogen motion would reAect the affinity of
hydrogen atoms with surrounding metals. For example,
the activation energy for TiH is larger than that for
VH„. That is, the affinity of hydrogen atoms with Ti are
larger than that with V. This trend has been explained
by the electronegativities of metals whose order is
Ti (V.' This work suggests that the above affinity is val-
id even in the Ti-V alloys. At this point the electronega-
tivities might depend on the number of the 3d electrons
of V, which has an excess electron compared to Ti. ' '
The molecular orbital calculation is needed to confirm
the above assumption.

The temperature and frequency dependences of the T j

obtained in this work cannot be explained by the simple
isotropic diffusion model in the following four aspects:
(1) The calculated values of the T, minimum are much
smaller than the experimental ones. (2) The slopes of the
T, curves are asymmetric on both sides of the T&

minimum. (3) The frequency dependence of T, is ob-
served at the high-temperature side of the T, minimum.
(4) The radius of the curvature in the T& vs 1/T plot be-
comes short as the fraction of Ti increases.

In the simple isotropic diffusion model, the varieties in
the local structures around hydrogen atoms are neglected
and all the hydrogen atoms are assumed to have the same
correlation time for the diffusion. To solve these prob-
lems, we take into consideration the local structures
around the hydrogen atoms. We propose a method in
which the two-site jump model in the unequal potential

H(Ti. vo) H(Ti~v&) H(Tiov. )

Ti
I

HTi~ Q Ti
Tl

Y

H

V

v
I

v

E0

FIG. 3. Arrangements of metal atoms around a hydrogen
atom, and their potential wells. E; is the potential depth of a
hydrogen atom surrounded by 4—i titanium atoms and i vana-
dium atoms. The potential depth becomes more shallow propor-
tionally with increase of the number of the vanadium atoms.

well is combined with Brouwer's local-structure model.
In recent years hydrogens in amorphous metals and

crystalline alloys have been studied theoretically' ' and
experimentally. ' In general, hydrogen atoms in al-
loys or metals with a bcc lattice locate at tetrahedral
sites, being coordinate by four nearest-neighbor metal
atoms. Brouwer and co-workers have proposed a
model for interstitial hydrogen diffusion in disordered al-
loys such as Nb& V (Ref. 17) and Ti, «V» (Ref. 18). In
Ti, VyH+ with bcc lattice, they have assumed that
there are five kinds of arrangements of the two metals
around one hydrogen, as shown in Fig. 3, in which
H(Ti4;V;) represents a hydrogen site surrounded by 4 i-
titanium and i vanadium atoms. The populations of
H(Ti4;V;) depend on the fraction of vanadium, y. The
Ave sites have different potential energies for the hydro-
gen atoms. In addition, they assumed that Ti clustering
takes place in the Ti-V alloys, and applied the model to
the low concentration regions of hydrogen, ca.
x (hydrogen-to-metal ratio) ~0. 1. They succeeded in
their description of the diffusion in terms of single-jump
processes with an activation energy and a prefactor de-
pending on the chemical and physical structures of the
initial and Anal sites.

The local structure is expected to be important in this
system because it is one of the factors defining the state of
a hydrogen atom. We introduce Brouwer's model to de-
scribe the local structure around a hydrogen atom under
an assumption for simplification. The assumption is that
Ti and V atoms are distributed quite randomly and
homogeneously, that is, no clustering of Ti takes place in
the alloys. The populations of the five sites are deter-
mined statistically by the metal compositions of the al-
loys. We expand Brouwer's model to the higher hydro-
gen concentration regions, x —1, where the hydrogen
motion has not yet been reported experimentally or
theoretically. Hereafter, we call this model "Brouwer's
local-structure model. "

On the other hand, several research groups have
proposed that the T& of proton can be described by a
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two-site jump model in unequal potential wells. They ap-
plied the model to molecular reorientation in hydrocar-
bons, and to jump motion of a proton forming a hydro-
gen bond. ' Expanding the two-site jump model in un-
equal potential wells to Brouwer's local-structure model
we analyze the experimental results.

At first, we introduce general formulas of T, for pro-
tons jumping between unequal potential wells in the Ti-
V-H system. The total spin-lattice relaxation times in the
P-Ti-V-H system are described by three components as
follows:

T) ' = T)(vH) + T)(HH) + T]e

where T&~vH) is a contribution of the 'V-'H dipolar in-
teraction, T&~HH) that of the 'H-'H dipolar interaction,
and T,, that of the interaction with conduction elec-
trons, which satisfies the Korringa relation
[T&, T=K(c onst)]. Contributions of the Ti-'H and

Ti-'H dipolar interactions to the total T, are negligible
because of low natura1 abundances and small gyromag-
netic ratios of both Ti and Ti, although Ti and Ti
have a nuclear spin, I =—', and —'„respectively.

T&~vH~ and T&~HH~ can be written as Eqs. (2) and (3) by
using the two-site jurnp model in the unequal potential
wells for the cases of unlike-spin and like-spin, following
Takeda and co-workers and Look and Lowe, re-
spectively:

Tt(vH) =
—,', yvyHA' S(S+ 1)FvH Cv

X [J(2~,AH
—cov)+ 3J(2&,coH)

and angles, which are determined only by geometry of
the crystal structure if the two sites are defined. These
quantities are the dipolar interactions reduced by the
fluctuation of the dipolar vectors. %'hen all the
tetrahedral sites are fulfilled by hydrogen atoms, FvH and

FHH for the powder sample are given by

FvH = QR, k + g R~, —2+R, k R~, P2(cosQkk(),
k h k, l

(sa)

FHH y r lk + 2 r2l 2 2 r lk r2l P2(cos+Itkl )
k I k, 1

where 8 &k and R2& are vectors from a given V nucleus to
the two hydrogen sites, k and l, between which the jump
occurs, and r, k and r2& are vectors from a given proton to
two other hydrogen sites k and l between which another
proton jumps. Qvk& and QHk& are the angle between
those vectors. Pz is the second Legendre polynomial.
The summation is to be made over all the lattice points.

Next we expand the above formulas to Brouwer's
local-structure model described in Fig. 3. If the jump of
the hydrogen atom occurs between the sites shown in the
figure, the total T, ' is described by the summation of
contributions from the jump between i and j sites, select-
ed out of the five sites with a probability P,". ' The prob-
ability P,. is given by the product of p; and p, which are
the probabilities of the i site, H(Tiz;V; ), and the j site,
H(Ti4 V. ), among the five kinds of sites, respectively,

and

+ 6J(2r, AH+ cov )],

T,(HH)
=

—,'1 HA' I(I + 1)FHHCH

X [J(r,AH)+4J(r, 2coH)],

(2)

(3)

PfJ pf pJ ~ (6)

p; is given by the binomial distribution for the alloys

Ti]@VUGH

4
p;= . (1—y) 'y' (i =0, 1, . . . , 4) . (7)

J(r, a)) = (1+a) 1+co r
(4)

In Eq. (4), a=exp(e/RT), in which e is the difference in
the potential depth between the two sites. If the potential
depth of the deeper potential well is given by E, the
correlation time ~, for fluctuation of the nuclear spins, is
represented by roexp( E/RT)(1+a) —'. In this system,
the correlation time between protons is defined as ~ and
that between 'H and 'V spins can be regarded as 2'T,

since the vanadium atom is fixed.
FvH and FHH are functions of interatomic distances

where yv and yH are gyromagnetic ratios, cov and ~H are
Zeeman frequencies, and S and I are nuclear magnetic
quantum numbers for 'V and 'H, respectively, (S=—,'
and I= ,'). A' is Planck—'s constant. Cv and CH are con-
centrations of vanadium and hydrogen, respectively,
Cv=y/6 and CH=x/6. The number 6 represents the
ratio of the number of the tetrahedral sites to the number
of the total metal atoms in the bcc unit cell. The function
J(r, co) is the spectral density for proton and vanadium,
and is described by

Using P; the total spect. ral densities J(r, co) are described
as the summation of the individual spectral densities
J(rJ, co)

J(r, co) = g P; J(r;,co), . (8)

in which a;. is the difference in the populations between
the two sites, and ro is a prefactor. a; =exp(e; /RT), in
which e, . is the unequality of the potential depth between
the i and j sites, and is given by

e. =E —EIJ I J

The expression of Eq. (8) is exactly the same as the spec-
tral density with distribution of the correlation times. In
this treatment, the origin of the distribution is the ex-
istence of the five kinds of hydrogen sites in
PTi, V H.

where ~, represents the correlation time characterizing
the jump rate between the i and j sites and given by

r; = roexp( E; /R T)( 1+a; )—
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We assume that the potential depth corresponding to
the individual hydrogen site is proportional to the frac-
tion of the vanadium, y. Then E; is given by

(4 i—)ET; +iEv
4

(10)

metal

~ hydrogen ak the origin

Q first nearest neighbor

second nearest neighbor

third nearest neighbor

FIG. 4. A bcc unit cell and tetrahedral sites. A hydrogen
atom jumps from an initial site () to one of the neighboring
sites, which are four first-nearest neighbors (0), two second-
nearest neighbors (Q'), and eight third-nearest neighbors (6).
The mark Q indicates the metal atoms.

ET; and Ev are the activation energies for H(Ti&Vo) and
H(TioV4), respectively. In Eqs. (1)—(10), adjustable pa-
rameters are ~p, ET;, and Ev. The two-site jump model
combined with Brouwer's local-structure model, which is
applied to the Ti-V-H system in this work, will be gen-
erally developed in other binary-alloy systems with high
hydrogen content.

We will explain the experimental results using Eqs.
(1)—(10), and discuss our model comparing with the sim-
ple isotropic diffusion model. For the contribution of the
conduction electrons in Eq. (1), we assume that the K
value in the Korringa relation for Ti, V H is given by
the weighted average of the K's for TiH„(Ref. 32) and
VH„(Ref. 33), as listed in Table II.

We also calculate the parameters FvH and FHH in Eqs.
(5a) and (5b) on the basis of the crystal structures of the
alloys under the following assumptions: (1) The distances
between hydrogen atoms are larger than 0.21 nm. ' In
other words, hydrogen atoms do not simultaneously oc-
cupy the neighboring sites between which the distance is
less than 0.21 nm. In P-Ti-V-H, the first-, the second-,
and the third-nearest-neighbor sites from an occupied site
are empty, as indicated in Table I. (2) We take account
of the hydrogen jumps from a given site to up to its
third-nearest-neighbor sites, all of which are empty. Hy-
drogen atoms can jump to an empty site. Long-distance
jumps are neglected because of the low probability of the
jumps and the presence of occupied sites. The number of
sites of hydrogen for the first-, second-, and third-nearest
neighbors are 4, 2, and 8, respectively, as shown in Fig. 4.
(3) The probabilities of the hydrogen jump from the ini-
tial to the other sites are approximated to be equal for all
the 14 sites for simplification, although the actual proba-
bility is expected to decay as a function of distance from
the initial site. Consequently, in our model, the jump
probability vs the distance is expressed by a square distri-
bution function, which has a constant value from the
first-nearest-neighbor site to the third and becomes zero

at the fourth.
The full dipolar interactions determining the linewidth

in rigid lattice can be calculated by gr, j simple summa-
tion over all the tetrahedral sites except for the sites
which are specified by the above assumption (1). The
Fv H and FHH values estimated in our model are
1443 Xap and 509.4Xap, respectively, where ap is the
lattice constant of the bcc structure. These values are 55
and 39% of the full dipolar interactions, which means
that 55 and 39% of the full dipolar interactions contrib-
ute to the relaxation. On the other hand, 75%%uo of the full
dipolar interactions contribute to the relaxation in the
simple isotropic diffusion model where the above assump-
tion (1) is valid also.

The best agreement between the experimental and the
calculated T& values is obtained for the following param-
eters: ro = 1.5 X 10 " s, E„=16 kJ/mol, and Ev =9.5

kJ/mol, which are listed in Table II. The calculated T,
values are shown by solid lines in Figs. 1 and 2. Al-
though the number of the adjustable parameters is only
three, the experimental T, values for Tio 2Vp 8Hp 83,
Tip 4Vp 6Hp», and Tip 6Vp ~Hp» can be well fitted. The
ET; and Ev obtained from the alloy hydrides in this work
agree with those for TiHp 7p and VQ 9Crp ~Hp 65 which are
14.2 (Ref. 32) and 9.7 kJ/mol (Ref. 37), respectively.

Our model has succeeded in solving the following three
discrepancies encountered in the isotropic diffusion mod-
el: (1) the diFerences in the T, minimum values between
the experimental and the calculated ones, and (2) the
asymmetry of the T, vs 1/T plots. The fractions of the
dipolar interactions contributing to T, are much smaller
in our model than in the isotropic diffusion model. Con-
sequently, the minimum values of T, calculated in our
model are larger than those in the isotropic diffusion
model. In addition, the distribution of ~; leads to the in-
crease in the minimum values of T, and produces the
asymmetry in the T, vs 1/T plots. (3) The radius of the
curvature in the T, vs 1/T plot decreases with increase
in the Ti concentrations. This trend can be explained
completely by our model, but not by the isotro pic
diffusion model. In our model, the T& of proton is
represented by a weighted mean of fractional T, values
corresponding to the hydrogen jumps between a pair of
sites as described in Eq. (g). The largest gradient and the
smallest radius of the curvature in the fractional T, (r; )

vs 1/T plot are expected for the hydrogen jumps between
sites having the deepest potential depth, H(Ti4Vo).
Therefore, with increase in the fraction of Ti the T, vs
1./T plot shows the decrease in the radius of the curva-
ture because of the increase in the fraction of the
H(Ti4Vo) sites.

Although the calculated values show good agreement
with the experimental data, slight discrepancies remain
unsolved. First, the frequency dependence in the high-
temperature range shown in Fig. 1 can be interpreted by
neither our model nor the isotropic diffusion model.
Both models predict that the T& values are independent
of frequency. To solve this problem Sholl has suggested
that the hydrogen motion over the long-range distances
might occur as if it were the diffusion in the liquid state.
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On the basis of the fiuid mechanical approximation, he
showed that the spectral densities J(co) are proportional
to co

' in the high-temperature range. Therefore, the
T

~
values should have the contribution proportional to

the square-root of frequency, m' . This frequency
dependence has been observed experimentally by Salibi
and Cotts. Our model does not include the effect of the
diffusion over the long-range distances to the extent of
several lattices.

Second, systematic deviations are found between the
calculated and experimental values in the lowest-
temperature range about 105-150 K. For example, the
experimental T, values for Tio4Vo6Ho9] at 90 MHz are
255 and 250 ms at 143 and 121 K, respectively, whereas
the calculated values are 402 and 613 ms. The experi-
mental values tend to be smaller than the calculated ones,
and the deviation becomes larger with decrease in the
temperature. Three possible origins may explain this de-

viation: The first is that the contribution from the con-
duction electrons is much larger than what we have ex-
pected. The second is that there is a limitation of T& by
proton cross relaxation to quadrupolar-broadened metal
nuclides. The third is the presence of another relaxation
mode easily excited in the metals and alloys, such as
phonon-assisted tunneling of the hydrogen atoms sug-
gested by neutron inelastic scattering for VH, '

NbH, ' and ScH . This mechanism may have a lit-
tle contribution to the relaxation in the temperature
range between 110 and 140 K. Further studies such as
H NMR measurements should be carried out to make

these points clearer.
In our model, the calculated T, values agree fairly well

with experimental ones irrespective of the simple approx-
imations. It is possible to improve the agreements with
further precise approximations.
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