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Sites and dynamics of hydrogen and deuterium in V-H-D alloys studied byH and ?H NMR
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Vanadium-hydrogen-deuteriutv-H-D) alloys with (H]+[D])/[V]=0.8 have been studied by means of
x-ray diffraction, thermal analysis, arfiti and?H NMR. The crystal structures of Vi, and VH, gD, » are
body-centered-tetragonébct), while those of VH D, ¢ and VD g; are body-centered-cubibco). VHy Do 4
consists of bct and bce, demonstrating the existence of an immiscibility region. The phase transition from the
Sp phase to thexy phase is observed in {3, between 200 and 240 K. The temperature range of the similar
phase transition becomes broadened and shifted toward the lower temperaturgg4 Eieatio increases. In
VH, g, N0 phase transition is observed in the temperature range between 120 and 295 Kyghh Ntdtoms
occupy octahedrdlO) sites, and H diffusion takes place between the ord€esites. In VH, Dy, H and D
atoms occupy both th® and tetrahedrdlT) sites, and the H and D atoms in tiieites diffuse faster than those
in the O sites do. The diffusion between the ordef@dites is confirmed by the residu# dipolar broadening
and the?H quadrupolar line shape. In \HD, s and VD, g;, H and D atoms occupy thEsites. In thes, phase
H and D atoms diffuse among the ordefdites, and consequently tRid quadrupolar line shape is preserved
and the?H relaxation is caused dominantly by the dipolar interaction. Around the phase transition temperature
range, the diffusion changes drastically. In g phase the diffusion takes place between the disord&red
sites, and another motional mode is additionally present. Temperature and frequency dependitheesiof
%H 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[S®163-18209)11137-§

[. INTRODUCTION rium diffusion at this deuterium concentration. In our previ-
ous work, we have studied the isotope effect on hydrogen

Vanadium(V) metal can absorb a large amount of hydro-diffusion in Ti-V-H systems:'® The monohydride and
gen to the extent of a hydrogen-to-metal ratio of Zhe ~ monodeuteride have the same crystal structure, and the ap-
structures and phase diagrams of vanadium hydrides and vBarent activation energies for hydrogen diffusion were found
nadium deuterides have been extensively studied in thé pastO be larger than those for deuterium diffusion. ,
It is known that hydrogeriH) and deuterium(D) atoms oc- There may be interaction between dllffusmg atoms at high
cupy different sites in the monohydrider monodeuteride concentration of diffusing atoms. Fukai, Kubo, and Kazama
of vanadium, leading to much different phase diagrams bellave studied hydrogen diffusion MNbHXD% by a pulsed-
tween the V-H and V-D systems. For example, at room temf|eld—grad|ent sp_ln—e_cho NMR _techmqﬁl’e.T ey found the
perature, VH g has a body-centered-tetragofiatt) structure I;\}/:/er;g? tﬁ; ';'a(:]ffﬁ’:'sonwif&iﬁ'ieg%én :{rhhee rggr%e Igfjv?[b%
with H atoms occupying octahedréD) sites, which is re- y b y="1.00. P

+y=0.75 showed no dependence on {k8/[D] ratio. To
ferred as thq“H phase. On the, other hand, Yphas a body- our knowledge, no other reports have been published for the
centered-cubigbcg) structure in which D atoms mostly oc-

. . . 7 systems containing both H and D.
cupy tetrahedralT) sites. In the deuteride, the interstitial D y In the present V\?ork we have studied V-H-D systems with

atoms form an ordered orthorhombic sublattice below aboufhe (H]+[D1)/[V] ratio of 0.8. VH, 5 and VD, s have dif-
230 K. Above 230 K, the D atoms distribute randomly. Theferent crystal structures, as described above. The site occu-

phases are denoted &g and ap below and above 230 K, pancies, the diffusions of hydrogen and deuterium, and fur-

respectivgly. o thermore, the crystal structures are expected to depend on the
NMRg'S useful to study hydrogen diffusion in metal [4}/D] ratio. NMR techniques are suitable for this work,
hydrides. Fukai and Kazama hzive StUdlﬁd hydrogen diffu-pecause hydrogen and deuterium can be completely sepa-
sion in VH, (0.49=x=<0.74) by "H NMR.” The observed ate( in the observations & and?H NMR even when they
anomalous temperature dependencétbpin-lattice relax-  gre mixed. We report the results & and 2H NMR mea-
ation time (T;) was explained as a consequence Ofg,rements on VID, (x+y=0.8) as well as Vig, and

temperature-dependent activation energy of hydrogen difoVDom, and discuss on the sites and diffusions of hydrogen
sion. We have studied hydrogen diffusion in Y& and 514 deuterium.

VH, 5 relating it to the superstructures of H atonts.

When the concentration of solute atoms is very low, H Il. EXPERIMENT
atoms diffuse faster than D atoms in vanadiliBalibi et al.
have studied vanadium, niobium, and tantalum deuterides by
2H NMR.2 The results of V3 5o were complicated, and thus ~ Vanadium metal powde200 mesh, 99.5% mihwas ob-
further measurements were necessary to elucidate the deutained from Mitsuwa Pure Chemicaldapan. The hydride

A. Materials
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(VHq5) and the deuteride (V§%,) were prepared by a re-
action between vanadium metal and tdér D,) gas at pres-
sures less than 1 atm. The metal was first outgassed at 873 K A
and then held at 673 K, where, tbr D,) gas was introduced.
The temperature of the reaction was brought down to ambi-
ent temperature slowly over a day. Thegét D) content was
estimated by a volumetric method. In order to obtain the
VH,D, alloys as hydrogen-rich VDo 20 deuterium-rich B
VH >Do.60and VH, 4D 40 (€qual amounts of hydrogen and w
deuterium), the pure hydride (Vilg,) and the pure deuteride
(VDgg1) were mixed in appropriate ratios and homogenized
inside a closed chamber at 573 K for one week. Approxi-
mately 30% of the gas componeritd and D evolved dur- L c
ing each homogenization, and during subsequent cooling all R
except about 4% of the gas components was reabsorbed.
Since the amount of the leftover gas was nearly equivalent to
the maximum error*=0.02, in our estimation of Hor D) L D
concentration, the desired B, alloys were obtained. For J |
simplicity, the compositions are expressed as Wb, L
VHq-Dge and VH, sDg 4. 40 50 60 70 80
26 (deg)

B. X-ray diffraction and thermal analysis
FIG. 1. X-ray powder-diffraction patterns é8) VHq ¢Dg », (B)

~X-ray powder diffraction patterns were measured by ayy b, (C) VH,2Dye and(D) VDqg, at room temperature.
Rigaku RAX-01 Geiger Flex diffractometer with Cuakra-

diation at room temperature. Differential scanning calorimet- ) ] ) )

ric (DSC) measurements were carried out in the temperaturEeSpective fixed-field superconducting magnets were used.
range between 120 and 295 K using a Rigaku DSC823darmor frequencies were 30.7 and 61.4 MHz, respectively.
combined with a thermal analysis station TAS100. TheThe temperature was varied by Bruker temperature control-
sample temperature was raised at a rate of 5 K/min undggrs in the range between 140 and 420 K.

nitrogen gas flow. The 90° pulse widths fofH were between 2.5 and 5s
and between 5 and 10s for ASX200 and MSL400, respec-
C. 'H NMR measurements tively, which were determined for each sample. The spectra

The 'H NMR measurements have been performed by &'ere measured with the quadrupole echo pulse sequence
Bruker CXP90 spectrometer equipped with a Tecmag Real90%-71-90°y-7,-echo). Ther; was set at 1s, and ther,
time NMR Station MiniMacSpect operated by MacNMR5.3 Value was adjusted to the echo maximum. The spectra were
software. The magnetic field was provided by a Bruker curexpressed with the signal of,D being 0 Hz. The three pulse
rent controlled electromagnet, and Larmor frequencies wergequences used for el T, measurements were also used
set at 30.3 and 59.8 MHz. The stability of the magnetic fieldfor the ?H T, measurements.
was not very good, and then the signal position was adjusted
to the center of the spectrum in each experiment. A Bruker

BVT1000 temperature controller was used to vary the tem- . RESULTS AND DISCUSSION
perature of the sample in the range between 110 and 420 K. ) .
The measurements at 77 K were done by putting the sample A. X-ray diffraction

in a liquid nitrogen dewar inserted in the NMR probehead.  The x-ray powder-diffraction patterns of the VB, al-
The 90° pulse width fofH was less than fs, which was  |oys together with that of Vg, are shown in Fig. 1. Vilg
determined for the samples themselves. Both the ordinarypgws a pattern almost identical with that of YD, » The
inversion recovery pulse sequer(d80°-~-90°) and that fol-  oryqta) structure and lattice constants are listed in Table |.
|°Wefj bg/ theo solid —echo pulse sequenceyy . has a bct structure with lattice constants af
(180°-7-90°- 7,-90%- 7,-echo) were used for most of the _ g 303nm and:=0.340 nm. Thec/a ratio is 1.12. The H
T, measurements. In these pulse sequencedgnotes the ,i0ms occupy th® sites? The hydrogen-rich Vi, » has
variable delay time. For th&; measurements at low tem- ;<5 the bet structure wita=0.305nm andc=0.333 nm.
peratures V\{her.e there was a large broadening of the spectfpnq reduced value af (c/a=1.09) suggests that unlike the
the magnetization was first saturated by a string of near 907 re hydride, the H and/or D atoms in WkD, , 0ccupy not
pulses, and then its recovery with time was monitored. Th nly the O sites but also thd sites. VD 81‘ has a bec struc-

pulse sequence wag90°-7-90%-71-90%-7,-€cho. The e with a=0.316 nm. The x-ray-diffraction pattern of the
guadrature mode of detection was used throughout. deuterium-rich VH,Do s shows that this alloy forms pre-
dominantly the bcc structureaE0.316 nm) similar to the
pure deuteride, but the presence of a small amount of the bct
The °H NMR measurements have been performed byphase is also indicated. However, YD, , is clearly a
Bruker ASX200 and MSL400 NMR spectrometers, and themixed-phase alloy containing both the bct and bcc phases.

D. ?H NMR measurements
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TABLE |. Crystal structures and calculated second momentsHoand ?H.

Crystal H/D Mun My M pH M py
Sample structure site (kHz)? (kHz)? (kHz)? (kHz)?
VHo g bct o) 162.4 614.6 -—- -——-
a=0.303nm
¢c=0.340nm
VHo.Do.2 bet o) 118.9 612.8 1.2 14.4
a=0.305nm T 108.8 656.3 1.1 15.5
¢c=0.333nm
VHo. Do bce T 34.4 626.6 0.3 14.8
a=0.316 nm
VDog1 bce T -——- -——- 0 14.8
a=0.316 nm

In conclusion, thgHJ/[D] ratio cannot be changed con- deuteride, theyp, phase with a fully ordered D lattice coex-
tinuously in VHDy (x+y=0.8). There exists an immisci- ists with thes, phase below 135 K However, no signature
bility gap in the region of about equal concentrations of Hof this transition could be obtained in the DSC measurement
and D. on VDyg. Consequently, the small peak at 140 K in

VHg .Dg ¢ Might indicate an ordering of H atoms, which in
B.DSC this case is facilitated by the presence of D atoms in high

The results of the DSC measurements are shown in Fig. Zoncentration. In Vig,Do 4 the main peak is further broad-
In VD, g;, as the temperature increases, an endothermic pe#ed and shifted. This means that §/fB 4 is not a mixture
starts to develop at near 200 K and ends at about 240 K. Aef VHq Dy gand VH, Dy . In other words, the immiscibility
previously mentioned, vanadium deuteride with this compogap is smaller than the range covering yBqs and
sition undergoes a transition from th% phase to thexp VHg Do In VHg¢Dg o the peak starts to develop at the
phase at about 230 KIn the 6, phase the D atoms form an lowest temperature observed and is distributed up to about
partially ordered structure, and by that transition the orderin15 K. VH, g, does not show any indication of a peak in the
disappears. The peak becomes broadened and shifted towaggnperature range studied. The DSC results obtained indi-
the lower temperature as thedJ/[D] ratio increases. In  cate that D atoms tend to be ordered and that the presence of
VHo Do the peakis distributed over the range between 19¢4 atoms hinders the D ordering.
and 235 K, and has a shoulder in the low-temperature side.
Interestingly, only in this sample there is an additional small
peak centered at about 140 K and finishing at 148 K. In the C. 'H NMR spectra

0.20 'H NMR spectra have been measured for W6 and
VH, g, alloys at 30.3 and 59.8 MHz in the temperature range
between 110 and 420 K. In \ij#,and VH, Dy 6, the spectra
at any temperatures can apparently be fitted with a single
i Lorentzian line shape. However, in Dy, the spectra
clearly show a superposition of two components with differ-
ent linewidths below 150 K, as shown in Fig. 3. This fact
suggests that H atoms occupy two different sites with differ-
ent motional properties in V§EDgy o Since the dipolarly
broadened line shape is Gaussian-like, Lorentzian line
shapes in VHg, and VH, Dy ¢ at low temperatures might
mean the existence of two components.
Figures 4 and 5 show the temperature dependence of the
full width at half maximum(FWHM) at both 30.3 and 59.8
. . . MHz. The characteristic “motional narrowing” of théH
150 200 250 resonance line is observed in all the samples. Iy ¥Hhe
TH motional narrowing is completed at about 210 K. In the high-
FIG. 2. DSC curves for(A) VHogs (B) VHogDon (C)  temperature range the linewidth is about 15 and 18 kHz at
VHg Do (D) VHg.Doe and(E) VD, g Heat absorption is ex- 30.3 and 59.8 MHz, respectively. The dipole-dipole interac-
pressed as the positive direction. The magnitudes of the heat flo#ion, which is field-independent, has a dominant contribution
are normalized by the sample weight, and the zero positions arto the linewidth even in the high-temperature range. This fact
shifted by arbitrary amounts. means that the hydrogen diffusion is not isotropic but rather
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FIG. 3. Temperature dependence 4 NMR spectra of
VH, Do, measured at 30.3 MHz. The position is not very accurate  FIG. 5. Temperature dependence 1 NMR linewidths in
due to the limited stability of the electromagnet used. The 0-HzVH, Dy, measured at 30.3®) and 59.8 MHz(O).
position is approximately the signal of,8.

arise from H atoms occupying different types of sites
anisotropic. In VH ,Dy ¢ the motional narrowing is almost wherein they have different mobilities. Above 240 K, the
completed at about 160 K, much lower than that ingébl  line width in VHy Do, which is broader than that in
demonstrating that hydrogen diffusion is faster ing/Bos  VH, D, gradually decreases and reaches to the width of
than in Vg, At the high-temperature side the residual v, D s at 400 K. The residual dipole-dipole interaction
linewidth is much smaller than that in \g4, and is propor-  emains in VH, Dy » below 400 K.
tional to the applied static magnetic field. The dipole-dipole Figure 4 includes also the results of WiDo at 59.8
interaction is averaged out, and the bulk magnetization cong,;, “»though the sample is a mixed-phase one. The line-
tributes to the linewidth. Hydrogen diffusion is considered towidths of VH, 4Dy 4 agree with those of VD, ¢ The frac-

be isotropic in VH -,Dg 6 . . o
In VHqo Do 5 Since two components with different line- zgnm;;‘ethe bce phase might be larger than that of bct in this

widths are superposed below 150 K, the linewidths are plot=
ted only at and above 150 K in Fig. 5. The figure shows
clearly humps near 200 K. This indicates that at least two
components undergo independent motional narrowing in cer-
tain temperature ranges. The motional narrowing is almost H spin-lattice relaxation times have been measured for
completed at about 160 and 240 K, respectively. This might/H,D, and VH, g, alloys at 30.3 and 59.8 MHz in the tem-
perature range between 77 and 420 K. The recovery of the
H magnetization is found to be exponential in all the
samples at 77 K. At this temperature, thé T, values are
2.01+0.17, 2.36:0.27, and 2.6%50.30s for VH g,

80 ".° VHg 6D 2, and VH, 5Dy 6, respectively. They agree with each

. other at the two Larmor frequencies within experimental er-
N rors. In the temperature range between 110 and 420 K, the
o recovery is sometimes nonexponential. The experimentally
. obtainedT; of *H in VH,D, and VH, g, at 59.8 MHz are

. plotted as a function of inverse temperature in Figs. 6 and 7,
a > except for the values at 77 K.

o % In VHq g, and VH, ;D ¢ the deviations from single expo-

ook 'E-j 5. a nential behavior are noticeable in the recoverytdfmagne-

D. H spin-lattice relaxation time
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o
T

3
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5
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---------- eeasug tization only at 30.3 MHz, in Vi, the deviation occurs in

the low end of the temperature range, and in B it
occurs both in the low and the high ends of the temperature
range. The same samples, when measured at 59.8 MHz,
show negligible deviations from single exponential behavior.
FIG. 4. Temperature dependence’sf NMR linewidths inm: N VHog, and Vi ;Do therefore, we have obtained and

VHg g, at 30.3 MHz,[0: VH, g, at 59.8 MHz,A: VH,.Dy¢at 30.3  analyzed the apparent single exponent relaxation time, i.e.,
MHz, A: VHg Dy at 59.8 MHz, and¢® : VH, Do 4 at 59.8 MHz.  the time in which the magnetization recovery reachesot/

Above 200 K, A is hidden behind® . its initial value.
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FIG. 6. Temperature dependence f spin-lattice relaxation
times at 59.8 MHz[: VHy g, B: component 1 in Vig¢Dg o, @:

component 2 in Vi§gDg, and X: VHg Dy 6

of two exponents of significant magnitudes below about 225
K, showing the presence of H atoms in two types of envi-
ronments. Above this temperature the recovery is single ex-
ponential. The longel; component below 225 K connects
smoothly with the singlel; value above this temperature,
and their temperature dependence is similar to that ig MH
The minimum values are 7.7 n{280 K) and 14.4 mg298

K) at 30.3 and 59.8 MHz, respectively. The shofgrcom-
ponent follows the behavior in the deuterium-rich sample
VHg.Dg ¢ at low temperatures.

The recovery curves in VgD 4 show nonexponential
behavior, being composed of two components. Figure 7
shows!H T, values measured at 59.8 MHz. While the re-
covery curves were measured in the temperature range be-
tween 115 and 298 K, the secodd values are missing
between 144 and 160 K and between 215 and 240 K, as the
nonexponentiallity is very small in those temperature ranges.
The temperature dependence of the componefif]L re-
sembles the average values in y4B,, Whereas the com-
ponent 2(M) shows dependence similar to that of YD, ¢
with a minimum of 13 mg210 K). These results reflect the
presence of two phases in this sample.

In VHg g5, T4 yields a minimum of 8.0 ms at 310 K when
observed at 30.3 MHz, whereas at 59.8 MHz the minimum is
15 ms at 325 K. With the increase in Larmor frequency, the E. Analysis of *H spin-lattice relaxation time
minimum valug inqreases and its position shifts_t? the _higher For a nucleus with spih=2% in metal hydrides, the spin-
temperature direction. The shape of theversusT “ plotis  |attice relaxation rate can be expressed as
asymmetric with respect to the temperature of the minimum
point.

The T, of H in the deuterium-rich Vid,Dy ¢ yields a
minimum of 6.7 ms at 215 K and 30.3 MHz. The minimum
is 13.9 ms at 220 K when measured at 59.8 MHz. The temwhere (T1q) * is contribution from modulation of nuclear
perature of the minimum point is not very much shifted with dipolar interactions, Ty¢) * arises from fluctuation of hy--
Larmor frequency. In this sample, the order-disorder transiPerfine interaction between the nuclear spin and conduction
tion of the D sublattice takes place below 235 K, as has beeflectrons, andTy,) ~* is contribution from the dipolar inter-
indicated by the DSC experiment. TAg behavior around ~action between the nuclear spin and electron spins on para-
the transition temperature indicates an abrupt change in hynagnetic impurities. The temperature dependence,gfis
drogen motion. given by Korringa relationT ;. T = constant.

In the hydrogen-rich Vij¢Dy,, the recovery curve ob- At low temperatures where hydrogen diffusion is suffi-

served at both 30.3 and 59.8 MHz can be expressed as a sufiigntly slowed down, Tyq) " is negligible. Assuming that
the contribution from T;,,) ~* can be ignored, onlyTe) ~*

becomes significant. Korringa constaiitg T for *H are es-
.o timated from ther; values at 77 K, which are listed in Table
o Jooa Il. Fukai and Kazama adopted a value of 102 s K forp/k,

280 " which was estimated froni; data at low temperatures as
aH low as 93 K# In the same paper, they adopted values of 119,

113, and 135 sK for Vilugs VHg 546 @and VH, 605 respec-

tively. In a separate paper, they reporfed T values in the

5% ay phase of vanadium hydrides, which are 133 sK for

VHg 3612 In consideration of those results, the obtained

value for VH, g, (155 s K is reasonable, and the contribution

from paramagnetic impurities can be neglected. With de-

. crease in théH]/[D] ratio, there might be a genuine increase
G AT in Korringa constant, which might correlate with the struc-

3 ture change from bct to bcc.

The dipolar relaxation time$,4 are obtained by remov-
ing the contribution ofT 1, which are plotted in Figs. 8—10
1000/7 (K" and used to evaluate parameters relating to hydrogen diffu-
sion. The dipolar contribution in Ed1) is written as

(T) '=(Teg) "t (T1e) H+(Typ) (1)

T (®

0.01 " 1 " 1 n ’ 1 n 1 A 1 " 1
2

FIG. 7. Temperature dependence ' spin-lattice relaxation

times in VH, JDg 4 at 59.8 MHz.[J: component 1 andl: compo- _ 1 1
nent 2. (Ti) =T an+ (Tid)ny- 2
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TABLE Il. H Korringa constants and parameters of hydrogen diffusion.

Sample TleT H Slte TOHa EH a fl
(sK) (9 (eV/atom

VHg g2 155+ 13 0 9x10 0.315 0.35 0.35

VHo Do 2 182+21 0 9x10 0.277 0.55 0.40
T 3x10 0.20 0.48 0.15

VHog Do s 204+ 23 T 3x10° 0.23 0.53 0.45
T 3x10 0.195 0.58 0.48
o’e 9x10 ¥ 0.36 0.20 0.035

8Assumed.

bBelow 220 K.

CAbove 240 K.

(T1ig)ni and (T1g) e are the contributions from the modu- Sare nuclgar-spin quantum numbers®ef and >V, which
lation of nuclear dipolar interactions betwed spins and ~ are ; and 3, respectively, The equations by Bloembergen,
between 'H and 5V spins, respectively. Tog)t and Purcell, and Poun@BPP,™ which are used often to describe

(T1a)i2d are expressed in terms of spectral density functiongydrogen diffusion in metal hydrides, incorporate assump-

3@ (w), which themselves are Fourier transforms of the cortions that the motion of diffusing atoms is random and that

relation function describing the respective jumping processt.he dipolar field correlation decays as explr), 7, being a

The expressions ar® correlation time. The spectral density dependssand 7, as

<T1d>a&=%CHH(Ei fi‘ﬁ){J<1><wH>+J<2>(2wH>} 3) J0)= 76/ (1+ w?7)). )

and Since only'H spins are mobile, the mean residence time of
the diffusing atom may be denoted as. Then the correla-
_ _ tion times betweertH spins and betweefH and °V spins
1_ 6L 3000 — 33(1)
(Tld)HV_CHV( Ej: rj ){12‘] (wp=wy)+323 (0 are ryy=0.5r4 and 74y =7, respectively. BPP equations
for a cubic lattice are described as
+33P(wyt wy)}. 4

In the above equationsCy,=vi#2l4(ly+1) and Cyy L 0.57y 27y
=12v3h?S(S+1). oy and wy are angular resonance fre- (T1a)H=5Mnn 14050002 1+ (opm)? ©®)
quencies of'H and °V spins, respectivelyy, and vy, are
the gyromagnetic ratios, ang andr; are distances between

'H spins and betweetH and®V spins, respectivelyl.,; and and
10 ; 100 ¢
10F °
1+ ;
= )
~ =z 1f
~ ~ 9
01k
0.1k %
0.01 0.01F
2 3 4 5 6 1 8 9 2 9
1000/7 (K') 1000/T (K"

FIG. 8. H spin-lattice relaxation times caused by dipole-dipole  FIG. 9. H spin-lattice relaxation times caused by dipole-dipole
interaction in VH g, at 30.3 (M) and 59.8 MHz((J), and their  interaction in VH ¢Dy, at 30.3(H, @) and 59.8 MHz([J, O), and
simulated results indicated by chain and solid lines. their simulated results indicated by chain and solid lines.
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10 nonequivalent positions and potential barriers for the diffus-
; , ing atoms. There are no good physical reasons to apply such
7 a procedure to Vidand VHD, alloys. On the other hand,
. /e BPP equations have been modified by introducing suitable
1 . parameters to adjust the temperature and frequency depen-
S dences ofl 14.*® Such modified BPP equations were used to
FA describe thel' ;4 data, the non-BPP behavior of which might
o . be associated with nonisotropic, hindered, or correlated
& motions®~1’ The modification of the spectral density func-
LIS tion, Eg.(5), can be written as

Ty (o)

01F

P I w)= QP B[ 1+ (wr)t T (10)

N Three additional parameterg, (0<a<1), B (0=8=<1),
and(), are used in the modifie{ w). In the limita—1 and
B—1,J(w) becomes BPP-like2, which is the temperature-
independent frequency characteristic of the material, is
needed in conjunction withB to give Eq.(10) the correct
FIG. 10.H spin-lattice relaxation times caused by dipole-dipole dimensionality.() is of the order of the second moment.
interaction in VH, Do at 30.3(M) and 59.8 MHz(O), and their ~ Previous uses of such kind of treatmenflgf; data revealed
simulated results indicated by chain and solid lines in the low- andhat if T4 data have the frequency dependence only in the
high-temperature ranges, respectively. The chain and dotted lines low-temperature side of the minimum position, as is obtained

0.01¢

1000/T (K"

the high-temperature range indicate each component. also if T,4 is BPP-like, then only one additional parameter,
i.e., a, is sufficient to describe the temperature and frequency
1 0.5 1.5m dependences of 4. On the other hand, ifT;q exhibits
(T1)wy=Mpv 1+ {(1— v/ o) + 1+ (wpm)? strong frequency (_jt_apendence in _the high—temperature _side of
the minimum position too, the simulation df,4 data will
37H require the use of both and 8, and consequentlg).
+ 1+H{(1+ /v oum)?]’ () The equation for T,4) ! then becomes
In the above equation®l, and My, are the second mo- 057.&
ments given by (Tld)‘1=flﬂﬁ‘1( My 15 (05wm) e
Mup=3C 1i° (8) N 27
: 1+(wHTH)l+“
and
" 0.57F
+Mpy T7a
- 1+{(1—
MHVZ%CHVE r; 6 (9) (A= w/!yn) oy}
' 157
For a thermally activated diffusion process,; follows + 1+ (wyry)tte
Arrhenius relation,ry= 7oy €XpEy/KgT), Where gy is the s
mean residence time at the infinite temperature or the inverse n 37y 11
of a frequency factor is the activation energy, arid is 1+{(1+ yy/y) opra}t T4 (19

Boltzmann’s constant. Equatiorn2), (6), and(7) then pre-

dict that the plot ofT 14 versus the inverse of temperature has The T,4 data have been fitted by E¢L1) and the fitted

a minimum, wherewy7y=1, and that it is symmetric with curves are given in Figs. 8—10 by chain and solid lines. To

respect to the minimum position. Moreover, these equationgeduce the number of the adjustable parametersrgheal-

also predicto? dependence off4 at low temperatures ues are assumed to be<d0 4 and 3x10 s for theO

where wy 7> 1. At high temperatures where,r4<1, the  andT sites, respectively The use of3 is not necessargi.e.,

T,4 value is independent ob, or the applied magnetic g is held at 1 in the present case. In each simulatitvh,,

field. andMy have been calculated theoretically considering that
However, it is readily observed in Figs. 8—10 that in noonly one type of sites is occupied by all the available H

case are thd@ ;4 curves symmetric with respect to the mini- atoms, and the values obtained are listed in Table I. The total

mum position, and also that in every case there is a pro*H second moment in Vjk, is 777 kHZ, which can be

nounced deviation from the low temperatus@ proportion-  compared with 774 kHzin VH, 770" It was observed previ-

ality. Such a departure from the so-called BPP-type behavioously that in VH, systems theT 4 calculations using the

might be explained by assuming an asymmetric distributiortheoretical second moments led to serious underestimation of

of mean residence times rather than a sharp valug offhe T4 minimum*>*and as such it is necessary to incorporate

above procedure was followed to describe the proton dynama multiplication factor to the expression ©fy. The factor

ics in B-Tiy_V Hy ,% which might possess a distribution of f, in Eq. (11) is adjusted in order to make the minimum of



PRB 60 SITES AND DYNAMICS OF HYDROGEN AND . . . 10 309

the simulated curve coincide with the experimeftg) mini-  The H atoms in theO and T sites diffuse independently
mum. All the parameters obtained from the fitting procedurebelow 225 K, and their relaxation times may also change
are listed in Table II. with temperature independently. However, at low tempera-

The simulated curves change appreciably if the magnitudéures when the motion of H atoms in tl sites is suffi-
of either a or E, is changed by 0.01. The values range ciently slow, they might experience an additional relaxation
from 0.20-0.55, indicating a significant departure from iso-mechanism through spin diffusion from more mobile H at-
tropic diffusion. Alternatively, a kind of correlated motion, oms in theT sites. It may be noted from the parameters given
in which a jump of one H atom is simultaneous with a jumpin Table Il that the mean residence timey] of the octahe-
of another neighboring H atom, may be envisaged. dral H atoms is 5 10 °s at 160 K while that of the tetra-

The f, values for the H site showing the mali mini-  hedral H atoms is 810 8s. At high temperatures, there is
mum are between 0.35 and 0.45. The values foffte#es in ~ only one T, component, suggesting the occurrence of the
VHg ¢Dg » are much small. One tentative reason for the lattelexchange of H atoms between theand T sites.
is that only a part of the dipolar interaction can contribute to  For VH,Dg6 Wwhich is bcc, it would be reasonable to
the relaxation due to the restriction of the jumping processsuggest that H atoms occupy mainly fhesites as do the D
The further smallf, value for theO' sites in VH,,Dge  atoms. H atoms diffuse among thesites. Below 220 K the
means that most of the dipolar interaction is already consimulation of T4 (Fig. 10 yields Ey=0.23eV/atom.
sumed in the other motions. Explanation of 1@¢é site is  Around 240 K, the H motion in Vk,Dy g undergoes a dras-
described in the next section. tic change following the order-disorder transition of the D
sublattice. The H motion above the phase-transition tempera-
ture is simulated by assuming that immediately following the
transition, onlyEy is reduced and that at higher temperatures

According to the results shown in Table Il and Figs.a new motion is superimposed on the existing motion. The
8-10, hydrogen sites and diffusion will be discussed for eaclsimulatedT,4 for each of these two components of motion,
sample. and the resultanfr,;4 are shown in Fig. 10. The above-

In VHg g5, hydrogen atoms occupy th@ sites, and they mentioned assumptions might be justified because i VH
jump between theO sites. The obtained activation energy the high temperature;, phase yields a lower value of acti-
(En) is 0.315 eV/atom. Fukai and Kazama obtainéd vation energy of H motionabout 0.13 eV/atointhan the
=0.29 eV/atom androy=5x10"14s for VHy 736" though  low-temperatures,, phase'® and in the V-H-D systems both
they adopted a treatment much different from the present onghe O and T sites could be available to H and D atoms. The
to analyze their data. It may be noticed in Fig. 8 that belownew motion at the high temperatures might involve the con-
about 150 K, as the temperature is loweredThgdata tend tribution of the O sites as the diffusion pathway. In this
to be smaller than the simulatdd, values. If we assume a meaning the H site is designated @ sites.
smaller Korringa constant, the deviation becomes negligible. In the mixed-phase alloy V§iD, 4 (Fig. 7), different H
We however use a high value of Korringa constant estimate¢hobilities in the two types of sites led to the observation of
from T, at 77 K. Similar deviations are obtained for |, ~ two components in the temperature range between 120 and
samples too. There may be other kinds of motions at low295 K. The component with the minimum near 215 K cor-
temperatures. In the bct phase of the V-H system, there an@sponds to the tetrahedral H atoms in the bcc phase, and the
two kinds of sites in the occupie@ sites: O,; andO,,.*®  other component possibly showing a minimum near 270 K
The hydrogen diffusion between ti@,, sites is faster than arises from the octahedral H atoms in the bct phase. Appar-
that between th@®,, sites. Accordingly, the deviation at low ently only oneT; component exists in the temperature range
temperatures might result from the diffusion between@ge  between 145 and 170 K. A decrease might occur inThe
sites. value of the octahedral H atoms in D, 4 Similarly to

In VHg ¢Do» the high-temperature minimum occurs at athat in VH, D, , below about 160 K.
position near to the minimum obtained in Ykb VHq¢Do.»
has a bct structure, and hydrogen atoms occupy predomi-
nantly theO sites. The singld’; above 225 K and the long
T, component below this temperatutbe component)lcor- 2H NMR spectra have been recorded for y and
respond to the motion of H atoms in ti@sites. The simu- VH,D, at 30.7 and 61.4 MHz in the temperature range be-
lation for the component 1 is in good agreement with thetween 140 and 420 K. ThéH line shapes at various tem-
experimental data in the temperature range between 160 amperatures in Vig,Dg g and VH, Dy » obtained at 30.7 MHz
420 K, and yield€£,=0.277 eV/atom. The shoiit, compo- are shown in Figs. 11 and 12, respectively. 4P and
nent below 225 K is considered to come from the H atomsvH, ,D, 4 show line shapes similar to those of YDy 6
occupying theT sites which have higher mobility than the H  In VD4, and VH, Dy a narrow resonance line is ob-
atoms in theO sites. For the shoff; componentthe com-  tained above 230 K. Below this temperature, the linewidth
ponent 2, the Ey value is 0.20 eV/atom, which is smaller rapidly increases, and at 220 K the spectra consist of a nar-
than that of the component 1. The existence of two comporow central component and a doublet having a splitting of
nents is also observed in thel NMR spectra. about 28 kHz. The doublet pattern arises mainly fréirh

For the longefT, component, thd'; values deviate from nuclear quadrupole interaction, i.e., the interaction between
the simulated curves below about 160 K. For the V-H systhe ?H quadrupole moment and the local electric-field gradi-
tems, the'H-5V dipolar interaction is more effective than ents(EFG) arising principally from the metal ions. With the
the *H-H interaction in the'H relaxation, as Table | shows. lowering of temperature, the central component disappears

F. Hydrogen sites and diffusion

G. ?H NMR spectra
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T FIG. 13. Simulation ofH NMR spectra of V3 g; at 140 K. The
50000 0 -50000 observed spectra at 61(4) and 30.7 MHzC), and their respective
simulated spectréB and D.

FIG. 11. Temperature dependence 1 NMR spectra in o )
VHg Dy measured at 30.7 MHz. indicating that the contribution of the bcc phase is much

larger than that of the bct phase.
below about 210 K, and the peaks on both high- and low- The2H line shape depends markedly on instrumental con-
frequency sides of the above-mentioned doublet become aphitions; the 90° pulse width, rf pulse homogeneity across the
parent. sample volume, the pulse interval, and the setting of,

In VHyDo.» @ narrow resonance line is obtained aboveon the echo maximum. In the spectra shown in Figs. 11 and
380 K. With decrease in temperature the linewidth increasesl,2, the peaks and shoulders are enhanced accidentally due to
and at about 300 K the line is asymmetrically broadenedthe instrumental conditions, leading to magnification of the
Further lowering of temperature increases the asymmetry afpectral changes. Figures 13 and 14 shows sttngpectra
the line shape, and at 240 K the line shape comprises of mearer to the true line shapes, which will be used to estimate
doublet with a peak splitting of about 46 kHz and a centralNMR parameters.
narrow component. The splitting increases gradually, the The spectra at 140 K, the lowest temperature studied, are
central component disappears, and in its place there appearsed to evaluate NMR parameters for each site. The simula-
another doublet with a splitting smaller than that of the pre-+ion is performed with consideration 6H quadrupole and
vious one. At 140 K, théH resonance is a superposition of Knight shift interactions simultaneously. The quadrupole in-
a pair of doublets with splittings of about 56 and 30 kHz. teraction is described by a quadrupole coupling constant

VHg /Do 4 Which is a mixed-phase sample of the bcc and(QCC=e?Qa/h) and an asymmetric factor of the electric-
bct phases, show# spectra similar to those of V3D 6 field gradients o). Principal values of Knight shift tensor,

Ki, Ky, and K3, are defined agK,—Kis<|K;—Kig
<|K3—Kis, Where Kjs, is isotropic Knight shift[Kis,

140K
180K

bs.
200K

240K Calc

297K

[
e

Comp. 1
420K Comp. 2
" soo00 o 0000 50000 0 50000
(H2) (Hz)
FIG. 12. Temperature dependence # NMR spectra in FIG. 14. Simulation ofH NMR spectra of VH ¢D, ,, measured

VHg Do measured at 30.7 MHz. at 61.4 MHz and 140 K.



PRB 60 SITES AND DYNAMICS OF HYDROGEN AND . .. 10311

=(K;+K,+Kj3)/3]. The magnitude of Knight shift anisot-
ropy isAK=K;—(K;+K5)/2, and the asymmetry factor is v
k= (K,—K1)/(K3—Kiso). The relative orientation of the
two interactions can be defined by three Euler angles. To et
reduce the number of the fitting parameters we assume that ’
nk=0 and that Euler angles relating the principal axis sys- P A
tems of the two interactions are all zero. Figure 13 shows the
spectra of VI3 g; at 140 K and their simulated spectra. The
two spectra measured at 61.4 and 30.7 MHz are simulated
simultaneously using the same adjustable parameters. The
spectra consist of only one component, which parameters are
as follows; QCG=38kHz, 79=0.1, Kjs,.= —41ppm from

D,0 andAK=—130ppm. The spectra of 3D, ¢ at 140

K can be simulated by the same parameters as those of

7-1 (d+q) (S)

VDgg; On the other hand, the spectra of YD, , at 140 K 0.1 R T T W
consist of at least two components. Component 1 is assumed 2 3 4 5 1 6 7
to have the same parameters as those ing)MDand 1000/T (K)

VHq..Doe The parameters of component 2 are estimated first _— , o ) .
from the spectra at 200 K, and then adjusted using the spec- FIG. 15.“H spln-_lattlce r_elax.atlon times caused by dipole-dipole
tra at 140 K. Two spectra at 61.4 and 30.7 MHz are Simu_and/or quadrupole interaction in \j[@; at 30.7(M) and 61.4 MHz

lated simultaneously, though only the results at 61.4 MHZ(D)’ and thelr_3|mulated results indicated by chz_:un and solid I|n_es in
the low-and high-temperature ranges, respectively. The chain and

are shown in Fig. 14. The obtained parameters for the COmdotted lines in the high-temperature range indicate each component
ponent 2 are QCE74 kHz, 7o=0.1, Kjso=—24 ppm from g P g P '

D0 _andAK= 26.0 ppm. At 200 K, QCC reduces to 62 kHZ'. Above 240 K, the doublet peak disappears, though the asym-
The intensity ratio of the component 1 to the cgmponent 2 Snetric line shape is observed up to about 380 K. These re-
2% 1. The spectra of VilDo 4 at 140 K can be simulated by ults demonstrate that the D atoms in fheite have higher
on_ly the component 1, and the cqntrlbutlon of the _componenf,‘obi”ty than D in theO sites. The diffusion of D atoms in
2 is not confirmed, although this sample contains the be he O sites becomes isotropic above 380 K, much higher than

phase. that in theT sites(about 200 K. These results are consistent
Thus two types of sites in V{D, can be distinguished by with the H NMR( results .

2H NMR, which have quadrupole and Knight shift interac-
tions different from each other. Salitit al. presented®H
NMR spectra for V3 54in the (ap+ Bp) Mixed phase at 244
K and the 8o+ 6p) mixed phase at 194 KThey obtained a 2H spin-lattice relaxation time¥, have been measured at
narrow line for thea phase in which D atoms occupy mostly 30.7 and 61.4 MHz in the temperature range between 140
the T sites, a doublet with 53 kHz splitting for octahedral D and 420 K. TheT, values are determined from the recovery
atoms in theBp phase, and a doublet with 27 kHz splitting of peak amplitudes in the spectra. In ¥§ and VH, D¢
for tetrahedral D atoms in théy phase. The V-D phase there is a narrow peak above 230 K. At low temperatures, the
diagrant shows that VI3 g;, which has a bcc structure in the quadrupolar splitting corresponding to D atoms in Theites
temperature range between 140 and 420 K, is inde is prominent, and the recovery of one of the doublet peaks is
phase above about 230 K and in thg phase below this measured. The recoveries are exponential at all the tempera-
temperature. Accordingly, in the present samples of®DH  tures studied. The spin-lattice relaxation times after subtract-
and VD,g, the doublet with the smaller splitting ing the contribution of conduction electrons are plotted in
(QCC=38kHz) can be ascribed to D atoms in thesites, Figs. 15 and 16 as a function of inverse temperature. The
and that with the larger splitting (QGE74 kHz) to D atoms  subtraction procedures will be described in the next section.
in the O sites. The values have their minimum values around 230 K prob-
The temperature dependence of the line shape reflecably because of the phase transition from #iaephase to the
deuterium motions. In VPg; and VH, Dy D atoms oc- ap phase. The minimum values are 0.22as 230 K and
cupy the ordered sites at low temperatures, and the order-0.36 s (240 K) at 30.7 and 61.4 MHz, respectively, for
ing remains up to about 200 K. The ordered D sublatticeVDgg; They are 0.24 $220 K) and 0.38 230 K), respec-
collapses by the phase transition from #hephase to ther,  tively, for VHg Dy The T, versusT —* plots show a large
phase, accompanied by the growth of the narrow central lineasymmetry with respect to the minimum position. The tem-
After the phase transition, the double disappears, and onlperature dependences are similar to thosérbfT, for the
the narrow central line is observed reflecting the isotropicsame samples.
diffusion of D atoms. In VHg Dy 5 the spectra have many peaks depending on
In VHy¢Do2 in which the host metal lattice is bct, D the sample temperature, as shown in Fig. 12. Below about
atoms occupy both th® andT sites of comparable magni- 250 K, the amplitude of the central narrow component or that
tudes. With increase in temperature, first the inner doubleof either of the two peaks of the doublet corresponding to the
corresponding to th& sites disappears at about 200 K, andoctahedral D atoms is plotted as a function of time, and the
then the narrow central component grows up. The outer douecovery is found to be nonexponential. The peak amplitudes
blet corresponding to th® sites remains up to about 240 K. of the doublets corresponding to both tBeand T sites are

H. 2H spin-lattice relaxation time
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FIG. 16.2H spin-lattice relaxation times caused by dipole-dipole  FIG. 17. Temperature dependencesidfspin-lattice relaxation
and/or quadrupole interaction in \yuDy s at 30.7 (M) and 61.4 times in VH,¢Dy,. M: The O site at 30.7 MHz: the O site at
MHz (OJ), and their simulated results indicated by chain and solid61.4 MHz, ®: the T site at 30.7 MHz, andD: the T site at 61.4
lines in the low- and high-temperature ranges, respectively. ThéHz.
chain and dotted lines in the high-temperature range indicate each
component. (=y2/y3). For VD, g;, the?H Korringa constant is assumed

to be same as that of \(3Dy 6 They are listed in Table IlI.
monitored below 190 K, and the recoveries are nonexponerContribution of (T;.) ! is subtracted using Korringa rela-
tial in both sites. However, the apparent characteristic timeion, although the contribution is very small in the tempera-
of recovery for the peak corresponding to D atoms in@e ture range studied.
site is found to be longer than that corresponding to D atoms  In the ?H dipolar relaxation rate,T;4) "1, of the VD, and
in the T site. Below 250 K, the recovery curves are analyzedvH,D, systems?H-?H and ?H-'H interactions have a negli-
as a sum of two exponents with different magnitudes angjible contribution compared 8-V interaction because of
characteristic times. In accordance with the above-mentioneghe low gyromagnetic ratio ofH. The T4 for 2H can be
observation, the longer characteristic time is denotébad  described as follows, taking into account thé->V dipolar
D atoms in theO sites, and the shorter one &g of D atoms  interaction only:
in the T sites. Above 250 K the recovery curves are expo-
nential. This exponential behavior might indicate that the
two types of sites become equivalent at high temperatures in
regard to the deuterium motion. In other words, D atoms in

0.578
1+{(1—y/yp)wprp}'*®

(T1) =110 Mpy

the O and T sites are exchanged mutually. The obtaifigd 1.578

values are plotted in Fig. 17. There is a minimum value of + 1+ (wprp) T

0.12 s at 340 K when measured at 30.7 MHz, while the

minimum at 61.4 MHz is considered to locate above 370 K. 37”3

By analogy with*H T, in VHq dDg », the?H T, values above + 1T+{(1+w/v0) 0ol @’ (13)

250 K reflect the D motion in th® site dominantly. There-
fore the same marks are used in the figure for the lofiger @p: Yo, and 7p are the angular resonance frequency, the

component below 250 K and the single above 250 K. gyromagnetic ratio, and the mean residence timéHofM p
is the second moment caused by &5V dipolar interac-

o . . — tion, which is written as
I. Analysis of “H spin-lattice relaxation time

The ?H spin-lattice relaxation time in the present systems 4 -6
. Mpy=1C M s 14
is expressed as DV 15 DVEK k (14

(T) 1= (Tra) M+ (Tr) 1+ (Tr) L (12 WhereCpy=75yi#°S(S+1) andry is a distance between
2H and®V spins.
where (T14) ! is contribution from modulation of nuclear The BPP-type equation for the quadrupolar relaxation is
dipolar interactions,'(lq)‘l is contribution due to fluctua- described d$
tion of 2H quadrupole interaction, andr{,) ! arises from

. X . . . 2 2 2
fluctuation of hyperfine interaction between the nuclear spin (T )_123 eQq 14 7 7D
and conduction electrons. The contribution from paramag- 1q 40\ & 3 1+(wDTD)z
netic impurities is ignored as in the case ¥ T,. For 4
D

VH,Dy samples,”H Korringa constants T;.T) are the re- +
spective H Korringa constant multiplied by 42.44 1+ (2wp7p)®

. (15
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TABLE lll. ?H Korringa constants and parameters of deuterium diffusion.

Sample TleTa D S|te TODb ED o fl
(sK) (9 (eV/atom

VHo Do 2 7720 0 13x10 0.33 0.35 1.60

VHg Do s 8660 T 4.2x10° 1 0.25 0.45 1.15
T 4.2x10°14 0.205 0.45 1158
o’d 13x10 14 0.42 0.11 0.30

VD g1 8660 T 4.2x10° % 0.25 0.50 1.15
Td 4.2x10° 0.215 0.56 115
o'd 13x 1074 0.39 0.12 0.28

stimated from'H Korringa constants.
PAssumed to be 14, (Ref. 10.

‘Below 220 K.

dabove 240 K.

€Assumed.

fAssumed to be the same as that in JBy 6

When the spectral density function in EQ.0) is used, the The multiplication factoif ; reflects the contribution from the
(qu)*1 is described as quadrupole interaction. The simulated results are shown in
Figs. 15, 16, and 18 by chain and solid lines. Similarly to the
H T, analysis, therop values are assumed to be 13

Ti) it Qﬁ—li e’Qq\? N 71_6 4 X 10" ** and 4.2<10 '*s for theO andT sites, respectively,

(Tag) "=tz 40\ £ 3 )| 1+ (wprp) from the relation thatrop=1.47,y.'° The fittings are quite
2 satisfactory. All the results, viz., the activation enerdigs

47p the « values and the multiplication factofg thus obtained

. (16)

* 1+ (2wpmp) e are given in Table IIl. In all these simulation8,is 1 as it is

in case of the H motion. Thi, values are less than 0.5 1Hl

T,, whereas they are more than 13H T, except for the
overlapping motion in the high-temperature range, suggest-
ing the contribution of the quadrupole interaction to the re-

laxation.

f, is a multiplication factor similar td .

Since the dipolar relaxations in bothl and?H spins are
dominated by the dipolar interaction wifdV spins, the re-
laxation rates scale roughly a&/y3. For example, théH
T; minimum of 6.7 ms(at 215 K and 30.3 MHg in J. Deuterium sites and diffusion
VH, oDy ¢ corresponds téH T, of 0.28 s. The experimental )
2H T, at 215 K is 0.27 s at 30.7 MHz. Another example is N VDo.giand Vi, Do the D atoms occupy the sites,
that the'H T, minimum of 7.7 mgat 280 K and 30.3 MHr and jump among the orderédsites in thedp phase. Hop-
in VH, ¢Dg » corresponds téH T, of 0.33 s. The experimen-
tal 2H T, minimum in VHy gDy is 0.12 s(340 K) at 30.7
MHz. The above and similar simple comparisons between 10F
the scaledH T,4 and the experiment&H T, show that the
dipolar interaction has an overwhelming effect in causidg
spin-lattice relaxation in Vil,Dge and VD, g, and that the

quadrupole interaction has considerable contributions in 3@
VHg 6Do 2 :
If the quadrupole interaction contributes to tfé relax- ~ oL

ation, the expected;, minimum values estimated from Eq.
(15) by assumingvpmp~1 are 63 and 17 ms for tHeandO
sites, respectively, at 30.7 MHz. These values are much
smaller than theT; minimum values experimentally ob-
tained. Therefore even if the quadrupole interaction contrib-
utes to the relaxation, only a small part of it contributes.

After removing the contribution of conduction electrons, 0'12
the relaxation time includes the contributions from the dipo-
lar interaction and the quadrupole interaction, which is de-
noted asT;(g+q)- The quadrupolar relaxation shows tem-  FiG. 18.2H spin-lattice relaxation times caused by dipole-dipole
perature and frequency dependences similar to those of th@d/or quadrupole interaction in 4D, , (the O site) at 30.7 (M)
dipolar relaxation. Tentatively, only the dipolar relaxation and 61.4 MHz(C), and their simulated results indicated by chain
described by Eq(13) is taken into account in the simulation. and solid lines.

1000/ (K
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ping among the ordered sites does neither average out the In the bct phase, the H and D atoms in thsites diffuses
structured quadrupolar line shape, nor does it produce effedaster than those in th@ sites. For theT sites, the H diffu-
tive quadrupolar spin-lattice relaxation. The simulationsion in the bct phase is faster than that in the bcc ordered
yields E=0.25 eV/atom below 220 K. Above 230 K in the phase, and is comparable with that in the bcc disordered
ap phase, where the deuterium sublattice becomes disophase. If the phase and the site are both specified, the H
dered, there might be considerable quadrupolar relaxation @ftoms always diffuse faster than D.

Z_H, sinc_e the quadrupolar line ;hape collapses. The deute- Comparison between Vi, and VH, Do, indicates that
rium diffusion changes drastically around the phasejntroduction of D into the V-H system leads to decrease in
transition temperature. By analogy with the H motion in e activation energy of H diffusion in the sites and to
VHo Do the D motion above the phase-transition temperay,creases the occupancy of tiiesites, both resulting in the
ture |'s.S|muIated by assuming that |mmed.|ately following thehigher mobility of H atoms. On the other hand, comparison
transition, anyI_ED is red_uced and that at higher temperatures o con VQ g, and VH, ,Dy ¢ indicates that introduction of

D motion i ‘dered to be similar to the H mofi tel‘-| into the V-D system does not influence the D site occu-
new b motion 1s considerea to be simifar to the 1 motion a pancy, resulting in little change in the D mobility.

the high temperatures which might involve the contribution
of the O sites as the diffusion pathway.

In case of VH gDy, 2H spectra confirm the existence of
D atoms in two kinds of sites, th® and T sites. For theD
sites, the effective quadrupole coupling constant gradually IV. CONCLUSION
decreases with temperature, and the quadrupolar structure of yanadium-hydrogen-deuterium(V-H-D) alloys ~ with
the O sites begins to destroy at about 230 K. The quadrupo[H]+[D])/[V]=0.8 have been studied by means of x-ray

lar line shape disappears at about 380 K. The obtained iffraction (XRD), DSC, and'H and 2H NMR and the fol-
value (1.60 demonstrates that the quadrupole interactior]o\,\,ing conclusions have been obtained.

contributes to the relaxation as well as the dipolar interaction (i) The crystal structures of Vi, and VH, gDy » are bt

between théH and >V spins does. In the bct structure, the 4t room temperature, while those of YHD, s and VD, g; are
D atoms occupy th®, sites. Hopping among th®, sites  pcc. vH, Dy, is in a mixed phase of bct and bee, demon-
preserves the quadrupole line sh_ape. The collaps_e of t"@rating that there exists an immiscibility gap.
guadrupole pattern suggests that sites other tha@jtstes, (i) The phase transition from thé, phase to theap
.e., Oy, Oy, and/orT sites are also used for the D diffusion. phase is observed in R, between 200 and 240 K by DSC.
It has been observed that in tantalum, niobium, and vanarhe transition temperature range becomes broadened and
dium deuterides, the hopping among the ordered sites prasifted toward the lower temperature as {i€]/[D] ratio
duces the dipolar relaxation, while maintaining the quadrujncreases. In Vg, no phase transition is observed in the
polar structured line shafeln the low-temperature region, temperature range between 120 and 295 K.
the observedl,; values for theO sites deviates from the (iii) In VHq g2 H atoms occupy th® sites, and H diffu-
simulated "”?S' which might be caused by the mechanisngion takes place between the ordesites, leaving residual
similar to the'H T, case. _ dipolar broadening. In VH{D,, H and D atoms occupy

The D atoms in thd sites diffuse faster than those in the yoth theO andT sites, and the H and D atoms in thiesites
O sites at |°W2 temperatures for gD, o, which is con-  iffyse faster than those in ti@sites. The diffusion between
firmed by both?’H NMR spectra andH T. The D atoms in  the orderedO sites is confirmed by théH residual dipolar
the T sites form an ordered sublattice in the bct StrUCtureoroadening and by théH quadrupolar line shape.
below the lowest temperature studied. The ordering gradu- (iv) In VH Do ¢ and VD, g, H and D atoms occupy the
ally degrades with increase in temperature, as the DSC CUNgtes |n theSD phase H and D atoms diffuse among the
shows. The quadrupolar line shape disappears at about 2Q0qeredT sites, the?H quadrupolar line shape is preserved,
K, indicating the disordered arrangement and diffusion of the, g the?H relaxation is dominated by the dipolar interaction.
D atoms. The dipolar relaxation seems to be dominant belovk5ng the phase transition temperature, the diffusion
200 K, while the quadrupolar relaxation might be dominant;,anges drastically. In the, phase the diffusion takes place
above 200 K. Due to the scattering of the obserVediata  peyeen the disorderef sites, and another motional mode
and complexity of the relaxation mechanisms, parameters Qb ag place simultaneously.
the D diffusion could not be estimated for tfiesites. (v) The temperature and frequency dependence, aff

'H and °H can be described by modified Bloembergen-
Purcell-Pound equations, suggesting that H and D atoms un-

K. Comparison between hydrogen and deuterium dergo some kind of correlated motions.

The site and diffusion are compared between H and D
atoms in the V-H-D system. For \{H4,, H atoms occupy the
O sites in the bct structure. In the hydrogen-rich 3B »,
which is also bct, H and D atoms occupy both theand T
sites. For the deuterium-rich \(HD, ¢ and VD, g1 H and D The authors are grateful to Dr. E. Akiba of our institute
atoms occupy thd sites in the bcc lattice. In the mixed- for help in measuring the x-ray powder diffraction. B.B.
phase VH 4Dy H atoms occupy both th® and T sites, wishes to acknowledge the Science and Technology Agency
while D atoms occupy predominantly tiesites. of Japan for financial assistance.
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