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Sites and dynamics of hydrogen and deuterium in V-H-D alloys studied by1H and 2H NMR

Bilwadal Bandyopadhyay* and Shigenobu Hayashi†
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Vanadium-hydrogen-deuterium~V-H-D! alloys with (@H#1@D#!/@V#50.8 have been studied by means of
x-ray diffraction, thermal analysis, and1H and 2H NMR. The crystal structures of VH0.82 and VH0.6D0.2 are
body-centered-tetragonal~bct!, while those of VH0.2D0.6 and VD0.81 are body-centered-cubic~bcc!. VH0.4D0.4

consists of bct and bcc, demonstrating the existence of an immiscibility region. The phase transition from the
dD phase to theaD phase is observed in VD0.81 between 200 and 240 K. The temperature range of the similar
phase transition becomes broadened and shifted toward the lower temperature as the@H#/@D# ratio increases. In
VH0.82 no phase transition is observed in the temperature range between 120 and 295 K. In VH0.81, H atoms
occupy octahedral~O! sites, and H diffusion takes place between the orderedO sites. In VH0.6D0.2, H and D
atoms occupy both theO and tetrahedral~T! sites, and the H and D atoms in theT sites diffuse faster than those
in theO sites do. The diffusion between the orderedO sites is confirmed by the residual1H dipolar broadening
and the2H quadrupolar line shape. In VH0.2D0.6 and VD0.81, H and D atoms occupy theT sites. In thedD phase
H and D atoms diffuse among the orderedT sites, and consequently the2H quadrupolar line shape is preserved
and the2H relaxation is caused dominantly by the dipolar interaction. Around the phase transition temperature
range, the diffusion changes drastically. In theaD phase the diffusion takes place between the disorderedT
sites, and another motional mode is additionally present. Temperature and frequency dependences of1H and
2H spin-lattice relaxation times can be described by modified Bloembergen-Purcell-Pound equations, suggest-
ing that H and D atoms undergo some kind of correlated motions. Activation energies and mean residence
times of H and D atoms have been estimated for each site.@S0163-1829~99!11137-8#
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I. INTRODUCTION

Vanadium~V! metal can absorb a large amount of hydr
gen to the extent of a hydrogen-to-metal ratio of 2.1 The
structures and phase diagrams of vanadium hydrides and
nadium deuterides have been extensively studied in the p2

It is known that hydrogen~H! and deuterium~D! atoms oc-
cupy different sites in the monohydride~or monodeuteride!
of vanadium, leading to much different phase diagrams
tween the V-H and V-D systems. For example, at room te
perature, VH0.8 has a body-centered-tetragonal~bct! structure
with H atoms occupying octahedral~O! sites, which is re-
ferred as thezH phase. On the other hand, VD0.8 has a body-
centered-cubic~bcc! structure in which D atoms mostly oc
cupy tetrahedral~T! sites. In the deuteride, the interstitial
atoms form an ordered orthorhombic sublattice below ab
230 K. Above 230 K, the D atoms distribute randomly. T
phases are denoted asdD and aD below and above 230 K
respectively.

NMR is useful to study hydrogen diffusion in met
hydrides.3 Fukai and Kazama have studied hydrogen dif
sion in VHx (0.49<x<0.74) by 1H NMR.4 The observed
anomalous temperature dependence of1H spin-lattice relax-
ation time (T1) was explained as a consequence
temperature-dependent activation energy of hydrogen d
sion. We have studied hydrogen diffusion in VH0.59 and
VH0.77, relating it to the superstructures of H atoms.5,6

When the concentration of solute atoms is very low,
atoms diffuse faster than D atoms in vanadium.7 Salibi et al.
have studied vanadium, niobium, and tantalum deuteride
2H NMR.8 The results of VD0.59 were complicated, and thu
further measurements were necessary to elucidate the d
PRB 600163-1829/99/60~14!/10302~14!/$15.00
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rium diffusion at this deuterium concentration. In our prev
ous work, we have studied the isotope effect on hydrog
diffusion in Ti-V-H systems.9,10 The monohydride and
monodeuteride have the same crystal structure, and the
parent activation energies for hydrogen diffusion were fou
to be larger than those for deuterium diffusion.

There may be interaction between diffusing atoms at h
concentration of diffusing atoms. Fukai, Kubo, and Kaza
have studied hydrogen diffusion ina-NbHxDy by a pulsed-
field-gradient spin-echo NMR technique.11 They found the
lowering of H diffusion coefficient in the range ofx,0.1
only for the samples withx1y<0.60. The sample withx
1y50.75 showed no dependence on the@H#/@D# ratio. To
our knowledge, no other reports have been published for
systems containing both H and D.

In the present work, we have studied V-H-D systems w
the (@H#1@D#)/@V# ratio of 0.8. VH0.8 and VD0.8 have dif-
ferent crystal structures, as described above. The site o
pancies, the diffusions of hydrogen and deuterium, and
thermore, the crystal structures are expected to depend o
@H#/@D# ratio. NMR techniques are suitable for this wor
because hydrogen and deuterium can be completely s
rated in the observations of1H and2H NMR even when they
are mixed. We report the results of1H and 2H NMR mea-
surements on VHxDy (x1y50.8) as well as VH0.82 and
VD0.81, and discuss on the sites and diffusions of hydrog
and deuterium.

II. EXPERIMENT

A. Materials

Vanadium metal powder~200 mesh, 99.5% min.! was ob-
tained from Mitsuwa Pure Chemicals~Japan!. The hydride
10 302 ©1999 The American Physical Society



-

73
.
b

th

d
e
e
x

b
t

r

e
tu
23
h
d

y
ea
.3
ur
e

el
st
ke
m
0
p

d.

a

ce
e

-
c
9
h

b
th

sed.
ly.
rol-

-
ctra
ence

ere
e
ed

e I.

e

e
-

bct

s.

PRB 60 10 303SITES AND DYNAMICS OF HYDROGEN AND . . .
(VH0.82) and the deuteride (VD0.81) were prepared by a re
action between vanadium metal and H2 ~or D2! gas at pres-
sures less than 1 atm. The metal was first outgassed at 8
and then held at 673 K, where H2 ~or D2! gas was introduced
The temperature of the reaction was brought down to am
ent temperature slowly over a day. The H~or D! content was
estimated by a volumetric method. In order to obtain
VHxDy alloys as hydrogen-rich VH0.60D0.20, deuterium-rich
VH0.20D0.60 and VH0.40D0.40 ~equal amounts of hydrogen an
deuterium!, the pure hydride (VH0.82) and the pure deuterid
(VD0.81) were mixed in appropriate ratios and homogeniz
inside a closed chamber at 573 K for one week. Appro
mately 30% of the gas components~H and D! evolved dur-
ing each homogenization, and during subsequent cooling
except about 4% of the gas components was reabsor
Since the amount of the leftover gas was nearly equivalen
the maximum error,60.02, in our estimation of H~or D!
concentration, the desired VHxDy alloys were obtained. Fo
simplicity, the compositions are expressed as VH0.6D0.2,
VH0.2D0.6, and VH0.4D0.4.

B. X-ray diffraction and thermal analysis

X-ray powder diffraction patterns were measured by
Rigaku RAX-01 Geiger Flex diffractometer with Cu Ka ra-
diation at room temperature. Differential scanning calorim
ric ~DSC! measurements were carried out in the tempera
range between 120 and 295 K using a Rigaku DSC8
combined with a thermal analysis station TAS100. T
sample temperature was raised at a rate of 5 K/min un
nitrogen gas flow.

C. 1H NMR measurements

The 1H NMR measurements have been performed b
Bruker CXP90 spectrometer equipped with a Tecmag R
time NMR Station MiniMacSpect operated by MacNMR5
software. The magnetic field was provided by a Bruker c
rent controlled electromagnet, and Larmor frequencies w
set at 30.3 and 59.8 MHz. The stability of the magnetic fi
was not very good, and then the signal position was adju
to the center of the spectrum in each experiment. A Bru
BVT1000 temperature controller was used to vary the te
perature of the sample in the range between 110 and 42
The measurements at 77 K were done by putting the sam
in a liquid nitrogen dewar inserted in the NMR probehea

The 90° pulse width for1H was less than 5ms, which was
determined for the samples themselves. Both the ordin
inversion recovery pulse sequence~180°-t-90°! and that fol-
lowed by the solid echo pulse sequen
~180°-t-90°x-t1-90°y-t2-echo) were used for most of th
T1 measurements. In these pulse sequences,t denotes the
variable delay time. For theT1 measurements at low tem
peratures where there was a large broadening of the spe
the magnetization was first saturated by a string of near
pulses, and then its recovery with time was monitored. T
pulse sequence wasn90°-t-90°x-t1-90°y-t2-echo. The
quadrature mode of detection was used throughout.

D. 2H NMR measurements

The 2H NMR measurements have been performed
Bruker ASX200 and MSL400 NMR spectrometers, and
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respective fixed-field superconducting magnets were u
Larmor frequencies were 30.7 and 61.4 MHz, respective
The temperature was varied by Bruker temperature cont
lers in the range between 140 and 420 K.

The 90° pulse widths for2H were between 2.5 and 5ms
and between 5 and 10ms for ASX200 and MSL400, respec
tively, which were determined for each sample. The spe
were measured with the quadrupole echo pulse sequ
~90°x-t1-90°y-t2-echo). Thet1 was set at 15ms, and thet2

value was adjusted to the echo maximum. The spectra w
expressed with the signal of D2O being 0 Hz. The three puls
sequences used for the1H T1 measurements were also us
for the 2H T1 measurements.

III. RESULTS AND DISCUSSION

A. X-ray diffraction

The x-ray powder-diffraction patterns of the VHxDy al-
loys together with that of VD0.81 are shown in Fig. 1. VH0.82

shows a pattern almost identical with that of VH0.6D0.2. The
crystal structure and lattice constants are listed in Tabl
VH0.82 has a bct structure with lattice constants ofa
50.303 nm andc50.340 nm. Thec/a ratio is 1.12. The H
atoms occupy theO sites.2 The hydrogen-rich VH0.6D0.2 has
also the bct structure witha50.305 nm andc50.333 nm.
The reduced value ofc (c/a51.09) suggests that unlike th
pure hydride, the H and/or D atoms in VH0.6D0.2 occupy not
only theO sites but also theT sites. VD0.81 has a bcc struc-
ture with a50.316 nm. The x-ray-diffraction pattern of th
deuterium-rich VH0.2D0.6 shows that this alloy forms pre
dominantly the bcc structure (a50.316 nm) similar to the
pure deuteride, but the presence of a small amount of the
phase is also indicated. However, VH0.4D0.4 is clearly a
mixed-phase alloy containing both the bct and bcc phase

FIG. 1. X-ray powder-diffraction patterns of~A! VH0.6D0.2, ~B!
VH0.4D0.4, ~C! VH0.2D0.6, and~D! VD0.81 at room temperature.
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TABLE I. Crystal structures and calculated second moments for1H and 2H.

Sample
Crystal

structure
H/D
site

MHH

~kHz!2
MHV

~kHz!2
MDH

~kHz!2
MDV

~kHz!2

VH0.82 bct O 162.4 614.6
a50.303 nm
c50.340 nm

VH0.6D0.2 bct O 118.9 612.8 1.2 14.4
a50.305 nm T 108.8 656.3 1.1 15.5
c50.333 nm

VH0.2D0.6 bcc T 34.4 626.6 0.3 14.8
a50.316 nm

VD0.81 bcc T 0 14.8
a50.316 nm
-
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In conclusion, the@H#/@D# ratio cannot be changed con
tinuously in VHxDy (x1y50.8). There exists an immisci
bility gap in the region of about equal concentrations of
and D.

B. DSC

The results of the DSC measurements are shown in Fig
In VD0.81, as the temperature increases, an endothermic p
starts to develop at near 200 K and ends at about 240 K
previously mentioned, vanadium deuteride with this com
sition undergoes a transition from thedD phase to theaD
phase at about 230 K.2 In thedD phase the D atoms form a
partially ordered structure, and by that transition the order
disappears. The peak becomes broadened and shifted to
the lower temperature as the@H#/@D# ratio increases. In
VH0.2D0.6, the peak is distributed over the range between 1
and 235 K, and has a shoulder in the low-temperature s
Interestingly, only in this sample there is an additional sm
peak centered at about 140 K and finishing at 148 K. In

FIG. 2. DSC curves for~A! VH0.82, ~B! VH0.6D0.2, ~C!
VH0.4D0.4, ~D! VH0.2D0.6, and ~E! VD0.81. Heat absorption is ex-
pressed as the positive direction. The magnitudes of the heat
are normalized by the sample weight, and the zero positions
shifted by arbitrary amounts.
2.
ak
s
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deuteride, thegD phase with a fully ordered D lattice coex
ists with thedD phase below 135 K.2 However, no signature
of this transition could be obtained in the DSC measurem
on VD0.81. Consequently, the small peak at 140 K
VH0.2D0.6 might indicate an ordering of H atoms, which i
this case is facilitated by the presence of D atoms in h
concentration. In VH0.4D0.4, the main peak is further broad
ened and shifted. This means that VH0.4D0.4 is not a mixture
of VH0.2D0.6 and VH0.6D0.2. In other words, the immiscibility
gap is smaller than the range covering VH0.2D0.6 and
VH0.6D0.2. In VH0.6D0.2, the peak starts to develop at th
lowest temperature observed and is distributed up to ab
215 K. VH0.82 does not show any indication of a peak in th
temperature range studied. The DSC results obtained i
cate that D atoms tend to be ordered and that the presen
H atoms hinders the D ordering.

C. 1H NMR spectra

1H NMR spectra have been measured for VHxDy and
VH0.82 alloys at 30.3 and 59.8 MHz in the temperature ran
between 110 and 420 K. In VH0.82 and VH0.2D0.6, the spectra
at any temperatures can apparently be fitted with a sin
Lorentzian line shape. However, in VH0.6D0.2, the spectra
clearly show a superposition of two components with diffe
ent linewidths below 150 K, as shown in Fig. 3. This fa
suggests that H atoms occupy two different sites with diff
ent motional properties in VH0.6D0.2. Since the dipolarly
broadened line shape is Gaussian-like, Lorentzian
shapes in VH0.82 and VH0.2D0.6 at low temperatures migh
mean the existence of two components.

Figures 4 and 5 show the temperature dependence o
full width at half maximum~FWHM! at both 30.3 and 59.8
MHz. The characteristic ‘‘motional narrowing’’ of the1H
resonance line is observed in all the samples. In VH0.82 the
motional narrowing is completed at about 210 K. In the hig
temperature range the linewidth is about 15 and 18 kHz
30.3 and 59.8 MHz, respectively. The dipole-dipole intera
tion, which is field-independent, has a dominant contribut
to the linewidth even in the high-temperature range. This f
means that the hydrogen diffusion is not isotropic but rat

w
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anisotropic. In VH0.2D0.6 the motional narrowing is almos
completed at about 160 K, much lower than that in VH0.82,
demonstrating that hydrogen diffusion is faster in VH0.2D0.6
than in VH0.82. At the high-temperature side the residu
linewidth is much smaller than that in VH0.82 and is propor-
tional to the applied static magnetic field. The dipole-dipo
interaction is averaged out, and the bulk magnetization c
tributes to the linewidth. Hydrogen diffusion is considered
be isotropic in VH0.2D0.6.

In VH0.6D0.2, since two components with different line
widths are superposed below 150 K, the linewidths are p
ted only at and above 150 K in Fig. 5. The figure sho
clearly humps near 200 K. This indicates that at least t
components undergo independent motional narrowing in
tain temperature ranges. The motional narrowing is alm
completed at about 160 and 240 K, respectively. This mi

FIG. 3. Temperature dependence of1H NMR spectra of
VH0.6D0.2, measured at 30.3 MHz. The position is not very accur
due to the limited stability of the electromagnet used. The 0-
position is approximately the signal of H2O.

FIG. 4. Temperature dependence of1H NMR linewidths inj:
VH0.82 at 30.3 MHz,h: VH0.82 at 59.8 MHz,m: VH0.2D0.6 at 30.3
MHz, n: VH0.2D0.6 at 59.8 MHz, andL: VH0.4D0.4 at 59.8 MHz.
Above 200 K,n is hidden behindL.
l

n-

t-
s
o
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st
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arise from H atoms occupying different types of sit
wherein they have different mobilities. Above 240 K, th
line width in VH0.6D0.2, which is broader than that in
VH0.2D0.6, gradually decreases and reaches to the width
VH0.2D0.6 at 400 K. The residual dipole-dipole interactio
remains in VH0.6D0.2 below 400 K.

Figure 4 includes also the results of VH0.4D0.4 at 59.8
MHz, although the sample is a mixed-phase one. The li
widths of VH0.4D0.4 agree with those of VH0.2D0.6. The frac-
tion of the bcc phase might be larger than that of bct in t
sample.

D. 1H spin-lattice relaxation time

1H spin-lattice relaxation times have been measured
VHxDy and VH0.82 alloys at 30.3 and 59.8 MHz in the tem
perature range between 77 and 420 K. The recovery of
1H magnetization is found to be exponential in all th
samples at 77 K. At this temperature, the1H T1 values are
2.0160.17, 2.3660.27, and 2.6560.30 s for VH0.82,
VH0.6D0.2, and VH0.2D0.6, respectively. They agree with eac
other at the two Larmor frequencies within experimental
rors. In the temperature range between 110 and 420 K,
recovery is sometimes nonexponential. The experiment
obtainedT1 of 1H in VHxDy and VH0.82 at 59.8 MHz are
plotted as a function of inverse temperature in Figs. 6 and
except for the values at 77 K.

In VH0.82 and VH0.2D0.6 the deviations from single expo
nential behavior are noticeable in the recovery of1H magne-
tization only at 30.3 MHz, in VH0.82 the deviation occurs in
the low end of the temperature range, and in VH0.2D0.6 it
occurs both in the low and the high ends of the tempera
range. The same samples, when measured at 59.8 M
show negligible deviations from single exponential behavi
In VH0.82 and VH0.2D0.6, therefore, we have obtained an
analyzed the apparent single exponent relaxation time,
the time in which the magnetization recovery reaches 1/e of
its initial value.

e
z

FIG. 5. Temperature dependence of1H NMR linewidths in
VH0.6D0.2, measured at 30.3~d! and 59.8 MHz~s!.
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In VH0.82, T1 yields a minimum of 8.0 ms at 310 K whe
observed at 30.3 MHz, whereas at 59.8 MHz the minimum
15 ms at 325 K. With the increase in Larmor frequency,
minimum value increases and its position shifts to the hig
temperature direction. The shape of theT1 versusT21 plot is
asymmetric with respect to the temperature of the minim
point.

The T1 of 1H in the deuterium-rich VH0.2D0.6 yields a
minimum of 6.7 ms at 215 K and 30.3 MHz. The minimu
is 13.9 ms at 220 K when measured at 59.8 MHz. The te
perature of the minimum point is not very much shifted w
Larmor frequency. In this sample, the order-disorder tran
tion of the D sublattice takes place below 235 K, as has b
indicated by the DSC experiment. TheT1 behavior around
the transition temperature indicates an abrupt change in
drogen motion.

In the hydrogen-rich VH0.6D0.2, the recovery curve ob
served at both 30.3 and 59.8 MHz can be expressed as a

FIG. 6. Temperature dependence of1H spin-lattice relaxation
times at 59.8 MHz.h: VH0.82, j: component 1 in VH0.6D0.2, d:
component 2 in VH0.6D0.2, and3: VH0.2D0.6.

FIG. 7. Temperature dependence of1H spin-lattice relaxation
times in VH0.4D0.4 at 59.8 MHz.h: component 1 andj: compo-
nent 2.
is
e
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-
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of two exponents of significant magnitudes below about 2
K, showing the presence of H atoms in two types of en
ronments. Above this temperature the recovery is single
ponential. The longerT1 component below 225 K connect
smoothly with the singleT1 value above this temperature
and their temperature dependence is similar to that in VH0.82.
The minimum values are 7.7 ms~280 K! and 14.4 ms~298
K! at 30.3 and 59.8 MHz, respectively. The shorterT1 com-
ponent follows the behavior in the deuterium-rich sam
VH0.2D0.6 at low temperatures.

The recovery curves in VH0.4D0.4 show nonexponentia
behavior, being composed of two components. Figure
shows1H T1 values measured at 59.8 MHz. While the r
covery curves were measured in the temperature range
tween 115 and 298 K, the secondT1 values are missing
between 144 and 160 K and between 215 and 240 K, as
nonexponentiallity is very small in those temperature rang
The temperature dependence of the component 1~h! re-
sembles the average values in VH0.6D0.2, whereas the com-
ponent 2~j! shows dependence similar to that of VH0.2D0.6
with a minimum of 13 ms~210 K!. These results reflect th
presence of two phases in this sample.

E. Analysis of 1H spin-lattice relaxation time

For a nucleus with spinI 5 1
2 in metal hydrides, the spin

lattice relaxation rate can be expressed as

~T1!215~T1d!211~T1e!
211~T1p!21, ~1!

where (T1d)21 is contribution from modulation of nuclea
dipolar interactions, (T1e)

21 arises from fluctuation of hy-
perfine interaction between the nuclear spin and conduc
electrons, and (T1p)21 is contribution from the dipolar inter-
action between the nuclear spin and electron spins on p
magnetic impurities. The temperature dependence ofT1e is
given by Korringa relation,T1eT5constant.

At low temperatures where hydrogen diffusion is suf
ciently slowed down, (T1d)21 is negligible. Assuming that
the contribution from (T1p)21 can be ignored, only (T1e)

21

becomes significant. Korringa constantsT1eT for 1H are es-
timated from theT1 values at 77 K, which are listed in Tabl
II. Fukai and Kazama adopted a value of 102 s K for VH0.736,
which was estimated fromT1 data at low temperatures a
low as 93 K.4 In the same paper, they adopted values of 1
113, and 135 s K for VH0.486, VH0.546, and VH0.622, respec-
tively. In a separate paper, they reportedT1eT values in the
aH phase of vanadium hydrides, which are 133 s K
VH0.736.

12 In consideration of those results, the obtain
value for VH0.82 ~155 s K! is reasonable, and the contributio
from paramagnetic impurities can be neglected. With
crease in the@H#/@D# ratio, there might be a genuine increa
in Korringa constant, which might correlate with the stru
ture change from bct to bcc.

The dipolar relaxation timesT1d are obtained by remov
ing the contribution ofT1e , which are plotted in Figs. 8–10
and used to evaluate parameters relating to hydrogen d
sion. The dipolar contribution in Eq.~1! is written as

~T1d!215~T1d!HH
211~T1d!HV

21. ~2!
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TABLE II. 1H Korringa constants and parameters of hydrogen diffusion.

Sample T1eT
~s K!

H site t0H
a

~s!
EH

~eV/atom!
a f 1

VH0.82 155613 O 9310214 0.315 0.35 0.35

VH0.6D0.2 182621 O 9310214 0.277 0.55 0.40
T 3310214 0.20 0.48 0.15

VH0.2D0.6 204623 Tb 3310214 0.23 0.53 0.45
Tc 3310214 0.195 0.53a 0.45a

O8c 9310214 0.36 0.20 0.035

aAssumed.
bBelow 220 K.
cAbove 240 K.
-
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(T1d)HH
21 and (T1d)HV

21 are the contributions from the modu
lation of nuclear dipolar interactions between1H spins and
between 1H and 51V spins, respectively. (T1d)HH

21 and
(T1d)HV

21 are expressed in terms of spectral density functi
J(q)(v), which themselves are Fourier transforms of the c
relation function describing the respective jumping proce
The expressions are13

~T1d!HH
215 3

2 CHHS (
i

r i
26D $J~1!~vH!1J~2!~2vH!% ~3!

and

~T1d!HV
215CHVS (

j
r j

26D $ 1
12 J~0!~vH2vV!1 3

2 J~1!~vH!

1 3
4 J~2!~vH1vV!%. ~4!

In the above equations,CHH5gH
4\2I H(I H11) and CHV

5gH
2gV

2\2S(S11). vH and vV are angular resonance fre
quencies of1H and 51V spins, respectively,gH and gV are
the gyromagnetic ratios, andr i andr j are distances betwee
1H spins and between1H and51V spins, respectively.I H and

FIG. 8. 1H spin-lattice relaxation times caused by dipole-dipo
interaction in VH0.82 at 30.3 ~j! and 59.8 MHz~h!, and their
simulated results indicated by chain and solid lines.
s
-
s.

S are nuclear-spin quantum numbers of1H and 51V, which
are 1

2 and 7
2, respectively. The equations by Bloemberge

Purcell, and Pound~BPP!,14 which are used often to describ
hydrogen diffusion in metal hydrides, incorporate assum
tions that the motion of diffusing atoms is random and th
the dipolar field correlation decays as exp(2t/tc), tc being a
correlation time. The spectral density depends onv andtc as

J~v!}tc /~11v2tc
2!. ~5!

Since only1H spins are mobile, the mean residence time
the diffusing atom may be denoted astH . Then the correla-
tion times between1H spins and between1H and 51V spins
are tHH50.5tH and tHV5tH , respectively. BPP equation
for a cubic lattice are described as

~T1d!HH
215 2

3 MHHF 0.5tH

11~0.5vHtH!2 1
2tH

11~vHtH!2G ~6!

and

FIG. 9. 1H spin-lattice relaxation times caused by dipole-dipo
interaction in VH0.6D0.2 at 30.3~j, d! and 59.8 MHz~h, s!, and
their simulated results indicated by chain and solid lines.
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~T1d!HV
215MHVF 0.5tH

11$~12gV /gH!vHtH%2 1
1.5tH

11~vHtH!2

1
3tH

11$~11gV /gH!vHtH%2G . ~7!

In the above equationsMHH and MHV are the second mo
ments given by

MHH5 3
5 CHH(

i
r i

26 ~8!

and

MHV5 4
15 CHV(

j
r j

26. ~9!

For a thermally activated diffusion process,tH follows
Arrhenius relation,tH5t0H exp(EH /kBT), wheret0H is the
mean residence time at the infinite temperature or the inv
of a frequency factor,EH is the activation energy, andkB is
Boltzmann’s constant. Equations~2!, ~6!, and ~7! then pre-
dict that the plot ofT1d versus the inverse of temperature h
a minimum, wherevHtH>1, and that it is symmetric with
respect to the minimum position. Moreover, these equati
also predictvH

2 dependence ofT1d at low temperatures
wherevHtH@1. At high temperatures wherevHtH!1, the
T1d value is independent ofvH , or the applied magnetic
field.

However, it is readily observed in Figs. 8–10 that in
case are theT1d curves symmetric with respect to the min
mum position, and also that in every case there is a p
nounced deviation from the low temperaturevH

2 proportion-
ality. Such a departure from the so-called BPP-type beha
might be explained by assuming an asymmetric distribut
of mean residence times rather than a sharp value oftH . The
above procedure was followed to describe the proton dyn
ics in b-Ti12yVyHx ,9 which might possess a distribution o

FIG. 10. 1H spin-lattice relaxation times caused by dipole-dipo
interaction in VH0.2D0.6 at 30.3~j! and 59.8 MHz~h!, and their
simulated results indicated by chain and solid lines in the low-
high-temperature ranges, respectively. The chain and dotted lin
the high-temperature range indicate each component.
se

s

o-

or
n

-

nonequivalent positions and potential barriers for the diff
ing atoms. There are no good physical reasons to apply s
a procedure to VHx and VHxDy alloys. On the other hand
BPP equations have been modified by introducing suita
parameters to adjust the temperature and frequency de
dences ofT1d .15 Such modified BPP equations were used
describe theT1d data, the non-BPP behavior of which mig
be associated with nonisotropic, hindered, or correla
motions.15–17 The modification of the spectral density fun
tion, Eq. ~5!, can be written as

J~v!}Vb21tc
b/@11~vtc!

11a#. ~10!

Three additional parameters,a (0<a<1), b (0<b<1),
andV, are used in the modifiedJ(v). In the limit a→1 and
b→1, J(v) becomes BPP-like.V, which is the temperature
independent frequency characteristic of the material,
needed in conjunction withb to give Eq. ~10! the correct
dimensionality.V is of the order of the second momen
Previous uses of such kind of treatment ofT1d data revealed
that if T1d data have the frequency dependence only in
low-temperature side of the minimum position, as is obtain
also if T1d is BPP-like, then only one additional paramete
i.e.,a, is sufficient to describe the temperature and freque
dependences ofT1d . On the other hand, ifT1d exhibits
strong frequency dependence in the high-temperature sid
the minimum position too, the simulation ofT1d data will
require the use of botha andb, and consequentlyV.

The equation for (T1d)21 then becomes

~T1d!215 f 1Vb21S 2
3 MHHF 0.5tH

b

11~0.5vHtH!11a

1
2tH

b

11~vHtH!11aG
1MHVF 0.5tH

b

11$~12gV /gH!vHtH%11a

1
1.5tH

b

11~vHtH!11a

1
3tH

b

11$~11gV /gH!vHtH%11aG D . ~11!

The T1d data have been fitted by Eq.~11! and the fitted
curves are given in Figs. 8–10 by chain and solid lines.
reduce the number of the adjustable parameters, thet0H val-
ues are assumed to be 9310214 and 3310214s for theO
andT sites, respectively.9 The use ofb is not necessary~i.e.,
b is held at 1! in the present case. In each simulation,MHH
andMHV have been calculated theoretically considering t
only one type of sites is occupied by all the available
atoms, and the values obtained are listed in Table I. The t
1H second moment in VH0.82 is 777 kHz2, which can be
compared with 774 kHz2 in VH0.770.

4 It was observed previ-
ously that in VHx systems theT1d calculations using the
theoretical second moments led to serious underestimatio
T1d minimum,4,5,18and as such it is necessary to incorpora
a multiplication factor to the expression ofT1d . The factor
f 1 in Eq. ~11! is adjusted in order to make the minimum

d
in
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the simulated curve coincide with the experimentalT1d mini-
mum. All the parameters obtained from the fitting proced
are listed in Table II.

The simulated curves change appreciably if the magnit
of either a or EH is changed by 0.01. Thea values range
from 0.20–0.55, indicating a significant departure from is
tropic diffusion. Alternatively, a kind of correlated motion
in which a jump of one H atom is simultaneous with a jum
of another neighboring H atom, may be envisaged.

The f 1 values for the H site showing the mainT1 mini-
mum are between 0.35 and 0.45. The values for theT sites in
VH0.6D0.2 are much small. One tentative reason for the la
is that only a part of the dipolar interaction can contribute
the relaxation due to the restriction of the jumping proce
The further smallf 1 value for theO8 sites in VH0.2D0.6
means that most of the dipolar interaction is already c
sumed in the other motions. Explanation of theO8 site is
described in the next section.

F. Hydrogen sites and diffusion

According to the results shown in Table II and Fig
8–10, hydrogen sites and diffusion will be discussed for e
sample.

In VH0.82, hydrogen atoms occupy theO sites, and they
jump between theO sites. The obtained activation energ
(EH) is 0.315 eV/atom. Fukai and Kazama obtainedEH
50.29 eV/atom andt0H55310214s for VH0.736,

4 though
they adopted a treatment much different from the present
to analyze their data. It may be noticed in Fig. 8 that bel
about 150 K, as the temperature is lowered theT1d data tend
to be smaller than the simulatedT1d values. If we assume a
smaller Korringa constant, the deviation becomes negligi
We however use a high value of Korringa constant estima
from T1 at 77 K. Similar deviations are obtained for VHxDy
samples too. There may be other kinds of motions at
temperatures. In the bct phase of the V-H system, there
two kinds of sites in the occupiedO sites: Oz1 andOz2 .4–6

The hydrogen diffusion between theOz2 sites is faster than
that between theOz1 sites. Accordingly, the deviation at low
temperatures might result from the diffusion between theOz2
sites.

In VH0.6D0.2, the high-temperature minimum occurs at
position near to the minimum obtained in VH0.82. VH0.6D0.2
has a bct structure, and hydrogen atoms occupy predo
nantly theO sites. The singleT1 above 225 K and the long
T1 component below this temperature~the component 1! cor-
respond to the motion of H atoms in theO sites. The simu-
lation for the component 1 is in good agreement with
experimental data in the temperature range between 160
420 K, and yieldsEH50.277 eV/atom. The shortT1 compo-
nent below 225 K is considered to come from the H ato
occupying theT sites which have higher mobility than the
atoms in theO sites. For the shortT1 component~the com-
ponent 2!, the EH value is 0.20 eV/atom, which is smalle
than that of the component 1. The existence of two com
nents is also observed in the1H NMR spectra.

For the longerT1 component, theT1 values deviate from
the simulated curves below about 160 K. For the V-H s
tems, the1H-51V dipolar interaction is more effective tha
the 1H-1H interaction in the1H relaxation, as Table I shows
e
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The H atoms in theO and T sites diffuse independently
below 225 K, and their relaxation times may also chan
with temperature independently. However, at low tempe
tures when the motion of H atoms in theO sites is suffi-
ciently slow, they might experience an additional relaxati
mechanism through spin diffusion from more mobile H a
oms in theT sites. It may be noted from the parameters giv
in Table II that the mean residence time (tH) of the octahe-
dral H atoms is 531025 s at 160 K while that of the tetra
hedral H atoms is 631028 s. At high temperatures, there
only one T1 component, suggesting the occurrence of
exchange of H atoms between theO andT sites.

For VH0.2D0.6, which is bcc, it would be reasonable t
suggest that H atoms occupy mainly theT sites as do the D
atoms. H atoms diffuse among theT sites. Below 220 K the
simulation of T1d ~Fig. 10! yields EH50.23 eV/atom.
Around 240 K, the H motion in VH0.2D0.6 undergoes a dras
tic change following the order-disorder transition of the
sublattice. The H motion above the phase-transition temp
ture is simulated by assuming that immediately following t
transition, onlyEH is reduced and that at higher temperatu
a new motion is superimposed on the existing motion. T
simulatedT1d for each of these two components of motio
and the resultantT1d are shown in Fig. 10. The above
mentioned assumptions might be justified because in Vx

the high temperatureaH8 phase yields a lower value of act
vation energy of H motion~about 0.13 eV/atom! than the
low-temperaturebH phase,19 and in the V-H-D systems both
the O andT sites could be available to H and D atoms. T
new motion at the high temperatures might involve the c
tribution of the O sites as the diffusion pathway. In thi
meaning the H site is designated asO8 sites.

In the mixed-phase alloy VH0.4D0.4 ~Fig. 7!, different H
mobilities in the two types of sites led to the observation
two components in the temperature range between 120
295 K. The component with the minimum near 215 K co
responds to the tetrahedral H atoms in the bcc phase, an
other component possibly showing a minimum near 270
arises from the octahedral H atoms in the bct phase. Ap
ently only oneT1 component exists in the temperature ran
between 145 and 170 K. A decrease might occur in theT1
value of the octahedral H atoms in VH0.4D0.4, similarly to
that in VH0.6D0.2 below about 160 K.

G. 2H NMR spectra
2H NMR spectra have been recorded for VD0.81 and

VHxDy at 30.7 and 61.4 MHz in the temperature range
tween 140 and 420 K. The2H line shapes at various tem
peratures in VH0.2D0.6 and VH0.6D0.2 obtained at 30.7 MHz
are shown in Figs. 11 and 12, respectively. VD0.81 and
VH0.4D0.4 show line shapes similar to those of VH0.2D0.6.

In VD0.81 and VH0.2D0.6, a narrow resonance line is ob
tained above 230 K. Below this temperature, the linewid
rapidly increases, and at 220 K the spectra consist of a
row central component and a doublet having a splitting
about 28 kHz. The doublet pattern arises mainly from2H
nuclear quadrupole interaction, i.e., the interaction betw
the 2H quadrupole moment and the local electric-field gra
ents~EFG! arising principally from the metal ions. With th
lowering of temperature, the central component disappe
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10 310 PRB 60BILWADAL BANDYOPADHYAY AND SHIGENOBU HAYASHI
below about 210 K, and the peaks on both high- and lo
frequency sides of the above-mentioned doublet become
parent.

In VH0.6D0.2, a narrow resonance line is obtained abo
380 K. With decrease in temperature the linewidth increa
and at about 300 K the line is asymmetrically broaden
Further lowering of temperature increases the asymmetr
the line shape, and at 240 K the line shape comprises
doublet with a peak splitting of about 46 kHz and a cent
narrow component. The splitting increases gradually,
central component disappears, and in its place there app
another doublet with a splitting smaller than that of the p
vious one. At 140 K, the2H resonance is a superposition
a pair of doublets with splittings of about 56 and 30 kHz

VH0.4D0.4, which is a mixed-phase sample of the bcc a
bct phases, shows2H spectra similar to those of VH0.2D0.6,

FIG. 11. Temperature dependence of2H NMR spectra in
VH0.2D0.6, measured at 30.7 MHz.

FIG. 12. Temperature dependence of2H NMR spectra in
VH0.6D0.2, measured at 30.7 MHz.
-
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indicating that the contribution of the bcc phase is mu
larger than that of the bct phase.

The 2H line shape depends markedly on instrumental c
ditions; the 90° pulse width, rf pulse homogeneity across
sample volume, the pulse intervalt1 , and the setting oft2
on the echo maximum. In the spectra shown in Figs. 11
12, the peaks and shoulders are enhanced accidentally d
the instrumental conditions, leading to magnification of t
spectral changes. Figures 13 and 14 shows some2H spectra
nearer to the true line shapes, which will be used to estim
NMR parameters.

The spectra at 140 K, the lowest temperature studied,
used to evaluate NMR parameters for each site. The sim
tion is performed with consideration of2H quadrupole and
Knight shift interactions simultaneously. The quadrupole
teraction is described by a quadrupole coupling cons
(QCC5e2Qq/h) and an asymmetric factor of the electri
field gradients (hQ). Principal values of Knight shift tensor
K1 , K2 , and K3 , are defined asuK22K isou<uK12K isou
<uK32K isou, where K iso is isotropic Knight shift @K iso

FIG. 13. Simulation of2H NMR spectra of VD0.81 at 140 K. The
observed spectra at 61.4~A! and 30.7 MHz~C!, and their respective
simulated spectra~B and D!.

FIG. 14. Simulation of2H NMR spectra of VH0.6D0.2, measured
at 61.4 MHz and 140 K.
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5(K11K21K3)/3#. The magnitude of Knight shift anisot
ropy is DK5K32(K11K2)/2, and the asymmetry factor i
hK5(K22K1)/(K32K iso). The relative orientation of the
two interactions can be defined by three Euler angles.
reduce the number of the fitting parameters we assume
hK50 and that Euler angles relating the principal axis s
tems of the two interactions are all zero. Figure 13 shows
spectra of VD0.81 at 140 K and their simulated spectra. Th
two spectra measured at 61.4 and 30.7 MHz are simul
simultaneously using the same adjustable parameters.
spectra consist of only one component, which parameters
as follows; QCC538 kHz, hQ50.1, K iso5241 ppm from
D2O andDK52130 ppm. The spectra of VH0.2D0.6 at 140
K can be simulated by the same parameters as thos
VD0.81. On the other hand, the spectra of VH0.6D0.2 at 140 K
consist of at least two components. Component 1 is assu
to have the same parameters as those in VD0.81 and
VH0.2D0.6. The parameters of component 2 are estimated
from the spectra at 200 K, and then adjusted using the s
tra at 140 K. Two spectra at 61.4 and 30.7 MHz are sim
lated simultaneously, though only the results at 61.4 M
are shown in Fig. 14. The obtained parameters for the c
ponent 2 are QCC574 kHz, hQ50.1, K iso5224 ppm from
D2O andDK5260 ppm. At 200 K, QCC reduces to 62 kH
The intensity ratio of the component 1 to the component
261. The spectra of VH0.4D0.4 at 140 K can be simulated b
only the component 1, and the contribution of the compon
2 is not confirmed, although this sample contains the
phase.

Thus two types of sites in VHxDy can be distinguished by
2H NMR, which have quadrupole and Knight shift intera
tions different from each other. Salibiet al. presented2H
NMR spectra for VD0.59 in the (aD1bD) mixed phase at 244
K and the (bD1dD) mixed phase at 194 K.8 They obtained a
narrow line for thea phase in which D atoms occupy most
the T sites, a doublet with 53 kHz splitting for octahedral
atoms in thebD phase, and a doublet with 27 kHz splittin
for tetrahedral D atoms in thedD phase. The V-D phase
diagram1 shows that VD0.81, which has a bcc structure in th
temperature range between 140 and 420 K, is in theaD
phase above about 230 K and in thedD phase below this
temperature. Accordingly, in the present samples of VHxDy
and VD0.81, the doublet with the smaller splitting
(QCC538 kHz) can be ascribed to D atoms in theT sites,
and that with the larger splitting (QCC574 kHz) to D atoms
in the O sites.

The temperature dependence of the line shape refl
deuterium motions. In VD0.81 and VH0.2D0.6, D atoms oc-
cupy the orderedT sites at low temperatures, and the ord
ing remains up to about 200 K. The ordered D sublatt
collapses by the phase transition from thedD phase to theaD
phase, accompanied by the growth of the narrow central l
After the phase transition, the double disappears, and
the narrow central line is observed reflecting the isotro
diffusion of D atoms.

In VH0.6D0.2, in which the host metal lattice is bct, D
atoms occupy both theO andT sites of comparable magn
tudes. With increase in temperature, first the inner dou
corresponding to theT sites disappears at about 200 K, a
then the narrow central component grows up. The outer d
blet corresponding to theO sites remains up to about 240 K
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Above 240 K, the doublet peak disappears, though the as
metric line shape is observed up to about 380 K. These
sults demonstrate that the D atoms in theT site have higher
mobility than D in theO sites. The diffusion of D atoms in
theO sites becomes isotropic above 380 K, much higher th
that in theT sites~about 200 K!. These results are consiste
with the 1H NMR results.

H. 2H spin-lattice relaxation time
2H spin-lattice relaxation timesT1 have been measured a

30.7 and 61.4 MHz in the temperature range between
and 420 K. TheT1 values are determined from the recove
of peak amplitudes in the spectra. In VD0.81 and VH0.2D0.6
there is a narrow peak above 230 K. At low temperatures,
quadrupolar splitting corresponding to D atoms in theT sites
is prominent, and the recovery of one of the doublet peak
measured. The recoveries are exponential at all the temp
tures studied. The spin-lattice relaxation times after subtr
ing the contribution of conduction electrons are plotted
Figs. 15 and 16 as a function of inverse temperature.
subtraction procedures will be described in the next sect
The values have their minimum values around 230 K pr
ably because of the phase transition from thedD phase to the
aD phase. The minimum values are 0.22 s~at 230 K! and
0.36 s ~240 K! at 30.7 and 61.4 MHz, respectively, fo
VD0.81. They are 0.24 s~220 K! and 0.38 s~230 K!, respec-
tively, for VH0.2D0.6. TheT1 versusT21 plots show a large
asymmetry with respect to the minimum position. The te
perature dependences are similar to those of1H T1 for the
same samples.

In VH0.6D0.2, the spectra have many peaks depending
the sample temperature, as shown in Fig. 12. Below ab
250 K, the amplitude of the central narrow component or t
of either of the two peaks of the doublet corresponding to
octahedral D atoms is plotted as a function of time, and
recovery is found to be nonexponential. The peak amplitu
of the doublets corresponding to both theO andT sites are

FIG. 15. 2H spin-lattice relaxation times caused by dipole-dipo
and/or quadrupole interaction in VD0.81 at 30.7~j! and 61.4 MHz
~h!, and their simulated results indicated by chain and solid line
the low-and high-temperature ranges, respectively. The chain
dotted lines in the high-temperature range indicate each compon
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10 312 PRB 60BILWADAL BANDYOPADHYAY AND SHIGENOBU HAYASHI
monitored below 190 K, and the recoveries are nonexpon
tial in both sites. However, the apparent characteristic t
of recovery for the peak corresponding to D atoms in theO
site is found to be longer than that corresponding to D ato
in theT site. Below 250 K, the recovery curves are analyz
as a sum of two exponents with different magnitudes a
characteristic times. In accordance with the above-mentio
observation, the longer characteristic time is denoted asT1 of
D atoms in theO sites, and the shorter one asT1 of D atoms
in the T sites. Above 250 K the recovery curves are exp
nential. This exponential behavior might indicate that t
two types of sites become equivalent at high temperature
regard to the deuterium motion. In other words, D atoms
the O andT sites are exchanged mutually. The obtainedT1
values are plotted in Fig. 17. There is a minimum value
0.12 s at 340 K when measured at 30.7 MHz, while
minimum at 61.4 MHz is considered to locate above 370
By analogy with1H T1 in VH0.6D0.2, the 2H T1 values above
250 K reflect the D motion in theO site dominantly. There-
fore the same marks are used in the figure for the longeT1
component below 250 K and the singleT1 above 250 K.

I. Analysis of 2H spin-lattice relaxation time

The 2H spin-lattice relaxation time in the present syste
is expressed as

~T1!215~T1d!211~T1q!211~T1e!
21, ~12!

where (T1d)21 is contribution from modulation of nuclea
dipolar interactions, (T1q)21 is contribution due to fluctua
tion of 2H quadrupole interaction, and (T1e)

21 arises from
fluctuation of hyperfine interaction between the nuclear s
and conduction electrons. The contribution from param
netic impurities is ignored as in the case of1H T1 . For
VHxDy samples,2H Korringa constants (T1eT) are the re-
spective 1H Korringa constant multiplied by 42.44

FIG. 16. 2H spin-lattice relaxation times caused by dipole-dipo
and/or quadrupole interaction in VH0.2D0.6 at 30.7 ~j! and 61.4
MHz ~h!, and their simulated results indicated by chain and so
lines in the low- and high-temperature ranges, respectively.
chain and dotted lines in the high-temperature range indicate
component.
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2). For VD0.81, the2H Korringa constant is assume
to be same as that of VH0.2D0.6. They are listed in Table III.
Contribution of (T1e)

21 is subtracted using Korringa rela
tion, although the contribution is very small in the tempe
ture range studied.

In the 2H dipolar relaxation rate, (T1d)21, of the VDy and
VHxDy systems2H-2H and 2H-1H interactions have a negli
gible contribution compared to2H-51V interaction because o
the low gyromagnetic ratio of2H. The T1d for 2H can be
described as follows, taking into account the2H-51V dipolar
interaction only:

~T1d!215 f 1Vb21MDVF 0.5tD
b

11$~12gV /gD!vDtD%11a

1
1.5tD

b

11~vDtD!11a

1
3tD

b

11$~11gV /gD!vDtD%11aG . ~13!

vD , gD , and tD are the angular resonance frequency,
gyromagnetic ratio, and the mean residence time of2H. MDV
is the second moment caused by the2H-51V dipolar interac-
tion, which is written as

MDV5 4
15 CDV(

k
r k

26, ~14!

whereCDV5gD
2gV

2\2S(S11) and r k is a distance between
2H and 51V spins.

The BPP-type equation for the quadrupolar relaxation
described as13

~T1q!215
3

40S e2Qq

\ D 2S 11
hQ

2

3 D F tD

11~vDtD!2

1
4tD

11~2vDtD!2G . ~15!

d
e
ch

FIG. 17. Temperature dependences of2H spin-lattice relaxation
times in VH0.6D0.2. j: The O site at 30.7 MHz,h: the O site at
61.4 MHz, d: the T site at 30.7 MHz, ands: the T site at 61.4
MHz.
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TABLE III. 2H Korringa constants and parameters of deuterium diffusion.

Sample T1eT
a

~s K!
D site t0D

b

~s!
ED

~eV/atom!
a f 1

VH0.6D0.2 7720 O 13310214 0.33 0.35 1.60

VH0.2D0.6 8660 Tc 4.2310214 0.25 0.45 1.15
Td 4.2310214 0.205 0.45e 1.15e

O8d 13310214 0.42 0.11 0.30

VD0.81 8660f Tc 4.2310214 0.25 0.50 1.15
Td 4.2310214 0.215 0.50e 1.15e

O8d 13310214 0.39 0.12 0.28

aEstimated from1H Korringa constants.
bAssumed to be 1.4t0H ~Ref. 10!.
cBelow 220 K.
dAbove 240 K.
eAssumed.
fAssumed to be the same as that in VH0.2D0.6.
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When the spectral density function in Eq.~10! is used, the
(T1q)21 is described as

~T1q!215 f 2Vb21
3

40S e2Qq

\ D 2S 11
hQ

2

3 D F tD
b

11~vDtD!11a

1
4tD

b

11~2vDtD!11aG . ~16!

f 2 is a multiplication factor similar tof 1 .
Since the dipolar relaxations in both1H and 2H spins are

dominated by the dipolar interaction with51V spins, the re-
laxation rates scale roughly asgH

2 /gD
2 . For example, the1H

T1 minimum of 6.7 ms ~at 215 K and 30.3 MHz! in
VH0.2D0.6 corresponds to2H T1 of 0.28 s. The experimenta
2H T1 at 215 K is 0.27 s at 30.7 MHz. Another example
that the1H T1 minimum of 7.7 ms~at 280 K and 30.3 MHz!
in VH0.6D0.2 corresponds to2H T1 of 0.33 s. The experimen
tal 2H T1 minimum in VH0.6D0.2 is 0.12 s~340 K! at 30.7
MHz. The above and similar simple comparisons betwe
the scaled1H T1d and the experimental2H T1 show that the
dipolar interaction has an overwhelming effect in causing2H
spin-lattice relaxation in VH0.2D0.6 and VD0.81, and that the
quadrupole interaction has considerable contributions
VH0.6D0.2.

If the quadrupole interaction contributes to the2H relax-
ation, the expectedT1q minimum values estimated from Eq
~15! by assumingvDtD'1 are 63 and 17 ms for theT andO
sites, respectively, at 30.7 MHz. These values are m
smaller than theT1 minimum values experimentally ob
tained. Therefore even if the quadrupole interaction cont
utes to the relaxation, only a small part of it contributes.

After removing the contribution of conduction electron
the relaxation time includes the contributions from the dip
lar interaction and the quadrupole interaction, which is
noted asT1(d1q) . The quadrupolar relaxation shows tem
perature and frequency dependences similar to those o
dipolar relaxation. Tentatively, only the dipolar relaxatio
described by Eq.~13! is taken into account in the simulation
n

in

h

-

,
-
-

he

The multiplication factorf 1 reflects the contribution from the
quadrupole interaction. The simulated results are shown
Figs. 15, 16, and 18 by chain and solid lines. Similarly to t
1H T1 analysis, thet0D values are assumed to be 1
310214 and 4.2310214s for theO andT sites, respectively,
from the relation thatt0D51.4t0H .10 The fittings are quite
satisfactory. All the results, viz., the activation energiesED ,
the a values and the multiplication factorsf 1 thus obtained
are given in Table III. In all these simulations,b is 1 as it is
in case of the H motion. Thef 1 values are less than 0.5 in1H
T1 , whereas they are more than 1 in2H T1 except for the
overlapping motion in the high-temperature range, sugg
ing the contribution of the quadrupole interaction to the
laxation.

J. Deuterium sites and diffusion

In VD0.81 and VH0.2D0.6, the D atoms occupy theT sites,
and jump among the orderedT sites in thedD phase. Hop-

FIG. 18. 2H spin-lattice relaxation times caused by dipole-dipo
and/or quadrupole interaction in VH0.6D0.2 ~the O site! at 30.7~j!
and 61.4 MHz~h!, and their simulated results indicated by cha
and solid lines.
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ping among the orderedT sites does neither average out t
structured quadrupolar line shape, nor does it produce ef
tive quadrupolar spin-lattice relaxation. The simulati
yields EH50.25 eV/atom below 220 K. Above 230 K in th
aD phase, where the deuterium sublattice becomes di
dered, there might be considerable quadrupolar relaxatio
2H, since the quadrupolar line shape collapses. The de
rium diffusion changes drastically around the pha
transition temperature. By analogy with the H motion
VH0.2D0.6, the D motion above the phase-transition tempe
ture is simulated by assuming that immediately following t
transition, onlyED is reduced and that at higher temperatu
a new motion is superimposed on the existing motion. T
new D motion is considered to be similar to the H motion
the high temperatures which might involve the contributi
of the O sites as the diffusion pathway.

In case of VH0.6D0.2,
2H spectra confirm the existence o

D atoms in two kinds of sites, theO andT sites. For theO
sites, the effective quadrupole coupling constant gradu
decreases with temperature, and the quadrupolar structu
the O sites begins to destroy at about 230 K. The quadru
lar line shape disappears at about 380 K. The obtainedf 1
value ~1.60! demonstrates that the quadrupole interact
contributes to the relaxation as well as the dipolar interac
between the2H and 51V spins does. In the bct structure, th
D atoms occupy theOz sites. Hopping among theOz sites
preserves the quadrupole line shape. The collapse of
quadrupole pattern suggests that sites other than theOz sites,
i.e.,Ox , Oy , and/orT sites are also used for the D diffusio
It has been observed that in tantalum, niobium, and va
dium deuterides, the hopping among the ordered sites
duces the dipolar relaxation, while maintaining the quad
polar structured line shape.8 In the low-temperature region
the observedT1 values for theO sites deviates from the
simulated lines, which might be caused by the mechan
similar to the1H T1 case.

The D atoms in theT sites diffuse faster than those in th
O sites at low temperatures for VH0.6D0.2, which is con-
firmed by both2H NMR spectra and2H T1 . The D atoms in
the T sites form an ordered sublattice in the bct struct
below the lowest temperature studied. The ordering gra
ally degrades with increase in temperature, as the DSC c
shows. The quadrupolar line shape disappears at about
K, indicating the disordered arrangement and diffusion of
D atoms. The dipolar relaxation seems to be dominant be
200 K, while the quadrupolar relaxation might be domina
above 200 K. Due to the scattering of the observedT1 data
and complexity of the relaxation mechanisms, parameter
the D diffusion could not be estimated for theT sites.

K. Comparison between hydrogen and deuterium

The site and diffusion are compared between H and
atoms in the V-H-D system. For VH0.81, H atoms occupy the
O sites in the bct structure. In the hydrogen-rich VH0.6D0.2,
which is also bct, H and D atoms occupy both theO andT
sites. For the deuterium-rich VH0.2D0.6 and VD0.81H and D
atoms occupy theT sites in the bcc lattice. In the mixed
phase VH0.4D0.4, H atoms occupy both theO and T sites,
while D atoms occupy predominantly theT sites.
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In the bct phase, the H and D atoms in theT sites diffuses
faster than those in theO sites. For theT sites, the H diffu-
sion in the bct phase is faster than that in the bcc orde
phase, and is comparable with that in the bcc disorde
phase. If the phase and the site are both specified, th
atoms always diffuse faster than D.

Comparison between VH0.82 and VH0.6D0.2 indicates that
introduction of D into the V-H system leads to decrease
the activation energy of H diffusion in theO sites and to
increases the occupancy of theT sites, both resulting in the
higher mobility of H atoms. On the other hand, comparis
between VD0.81 and VH0.2D0.6 indicates that introduction o
H into the V-D system does not influence the D site occ
pancy, resulting in little change in the D mobility.

IV. CONCLUSION

Vanadium-hydrogen-deuterium~V-H-D! alloys with
(@H#1@D#)/@V#50.8 have been studied by means of x-r
diffraction ~XRD!, DSC, and1H and 2H NMR and the fol-
lowing conclusions have been obtained.

~i! The crystal structures of VH0.82 and VH0.6D0.2 are bct
at room temperature, while those of VH0.2D0.6 and VD0.81 are
bcc. VH0.4D0.4 is in a mixed phase of bct and bcc, demo
strating that there exists an immiscibility gap.

~ii ! The phase transition from thedD phase to theaD
phase is observed in VD0.81 between 200 and 240 K by DSC
The transition temperature range becomes broadened
shifted toward the lower temperature as the@H#/@D# ratio
increases. In VH0.82 no phase transition is observed in th
temperature range between 120 and 295 K.

~iii ! In VH0.82 H atoms occupy theO sites, and H diffu-
sion takes place between the orderedO sites, leaving residua
dipolar broadening. In VH0.6D0.2, H and D atoms occupy
both theO andT sites, and the H and D atoms in theT sites
diffuse faster than those in theO sites. The diffusion between
the orderedO sites is confirmed by the1H residual dipolar
broadening and by the2H quadrupolar line shape.

~iv! In VH0.2D0.6 and VD0.81H and D atoms occupy theT
sites. In thedD phase H and D atoms diffuse among t
orderedT sites, the2H quadrupolar line shape is preserve
and the2H relaxation is dominated by the dipolar interactio
Around the phase transition temperature, the diffus
changes drastically. In theaD phase the diffusion takes plac
between the disorderedT sites, and another motional mod
takes place simultaneously.

~v! The temperature and frequency dependences ofT1 of
1H and 2H can be described by modified Bloemberge
Purcell-Pound equations, suggesting that H and D atoms
dergo some kind of correlated motions.
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