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Composition-Dependent Hydrogen Motion in a Random Alloy, V„N11 „H02.'

From Localized Motion at V Atoms to Long-Range Hydrogen Diffusion
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Ames Laboratory U.—S. Department of Energy, and Departments of Physics

and Materials Science and Engineering, Iowa State University, Ames, lorna 50011
(Received 15 July 1985)

Proton spin-lattice relaxation times (Tt) measured for the first time across a random transition-
metal alloy system, V„Nb~ „H02, from 100 to 700 K reveal (a) a suppression of hydride phase pre-
cipitation at low temperatures accompanied-by enhanced retention of hydrogen in the solid-solution
(n) phase compared to pure V or Nb, (b) hydrogen motion in the n phase at intermediate compo-
sitions governed by a distribution of activation energies, and (c) a transition to short, almost
temperature-independent, Tl behavior in 0. -V0 lNb09H02 consistent with localized hydrogen motion
around attracting V atoms.

PACS numbers: 66.30.Jt, 71,20.+c, 76.60,Es

Several experimental and theoretical studies have
addressed the structural and dynamical aspects of hy-
drogen associated with dilute interstitial (e.g. , N and
0) or substitutional (e.g. , V and Mo) impurities in
Nb. ' 3 Yet little is known about the dynamical
behavior of hydrogen in the Nb lattice containing a
dense concentration of V atoms. In particular, no mea-
surements of the low-temperature proton NMR relax-
ation time, a powerful microscopic probe of structural
and dynamical properties, have yet been reported on
any concentration x of V in V„Nbt „H». This Letter
describes the results and interpretation of such mea-
surements in V„Nbt „H», x = 0.1, 0.25, 0.5, 0.75, and
0.9, y = 0.2.

The V-Nb alloys were prepared by arc melting of
pure metals from Wah Chang Corporation. The total
interstitial concentration in V was 0.06 at. 'lo and in Nb
was 0.11 at. /o 0with oxygen being the principal inter-
stitial. A single portion of each alloy was charged with
a measured amount of H2 from the gas phase at
500'C. The charged massive alloys were ground in a
diamond mortar to 200-mesh powder.

The proton Tt measurements at 12.2 and 40.0 MHz
were made by use of the inversion-recovery sequence
and digital signal averaging with a phase-coherent
pulsed NMR spectrometer constructed at the Ames
Laboratory. T& values were determined from least-
squares fits to the complete magnetization recovery
curves. In those temperature ranges in which proton
signals arise from both solid-solution and hydride
phases, the Tt values were extracted with the aid of
measurements on different portions of the free induc-
tion decay.

The results of the Tt measurements are shown in
Figs. 1(a) and 2. Not shown are Tt data for x=0.9
(which are similar to those for x = 0.1) and for
x = 0.75 (similar to x = 0.25). Whereas the precipita-
tion of the hydride phase below about 220 K for
x = 0.25 and 0.75, and below about 300 K for x=0.1
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FIG. 1. (a) Proton spin-lattice relaxation time T, in
Vo lNb09HO l9 at 40 and 12.2 MHz. Note the equal, very low
slopes of log T& vs lj Tat the two frequencies for T ( 250 K
in the solid-solution phase. (b) Solid-solution phase data as
in (a) with best fit (solid lines) of activation-energy distribu-
tion model [Eq. (1) of text].

and 0.9, could clearly be detected by the appearance of
a second relaxation time, no precipitated hydride phase
could be detected in Vo 5Nbo 5Hp 2 down to 100 K. The
unambiguous detection of the cx-phase proton NMR in
all the samples down to at least 110 K clearly confirms
the enhanced retention of hydrogen at low tempera-
tures in the ot phase of all these alloys as compared to
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pure Nb or V. A quantitative determination of the
V„Nbt „Hp2 phase diagram by means of the stV and
93Nb NMR is presently under way. Since the structure
of the alloy hydrides is not known, the analysis of the
Tt measurements in these phases will be deferred to a
later work. In the following, we focus attention on the

solid-solution (n) phase results.
In these alloys containing a low hydrogen concentra-

tion and metal nuclei ( 'V and 93Nb) with substantial
nuclear moments, the proton spin-lattice relaxation
rate ( Ttd) ', in a powder sample, due to the fluctuat-
ing dipolar fields resulting from the hydrogen motion
is given by

Tt d
= —,y I Ci [J(Q)1) + 4J(2' I) ] + —,

'
y I Cs [J (QJ I —tds ) + 3J (cd I ) + 6J(col +

los�

) ],

with

J(a1) = '2
2 gr;

l +0) 7'c i

(2)

where I refers to the proton, S refers to the metal nu-
cleus, Cl =yet I(1+1),and Cz=ys222S(S+ I), 03 is
the resonance (Larmor) frequency, and y the nuclear
magnetogyric ratio. The first two terms in Eq. (1) give
the proton-proton (II) contribution and the last three
terms the proton-metal (IS) contribution to the rate.
The sum in Eq. (2) extends over all occupied H lattice
sites from a generic H site in the II terms and over all
metal lattice sites in the IS terms. The Lorentzian
spectral density J(03) is the Fourier transform of the
correlation function of the fluctuating dipolar fields,
assumed to decay as a simple exponential. 6 The corre-
lation time 7, for the dipolar fluctuations is related to
the hydrogen hopping rate v by v= (2r, ) ' in the
proton-proton terms and by v =~, ' in the proton-
metal terms. Equations (1) and (2) predict a sym-
metric minimum in a plot of log Ttd vs 1/T with Ttd
independent of a31 on the high-temperature side of the
minimum and ~03$ on the low-temperature side. In
metallic hydrides proton spins are also weakly relaxed
at a rate ( Tt, ) by their interaction with the conduc-
tion electrons so that the measured rate is
(Tt) '= (Tt, ) '+ (Ttd) '.s This contribution has
been taken into account in the following analyses of
experimental data.

As shown in Figs. 1(a) and 2 for three of the sam-
ples studied, the log T1 vs 1/T plots are not symmetric
about the Tt minimum, the slope on the low-
temperature side being always substantially weaker
than that on the high-temperature side. Also, in the
intermediate compositions shown in Fig. 2 there oc-
curs a pronounced frequency dependence of Tt at tem-
peratures well above the T& minimum. However, this
behavior is not seen in the Vp 1Nbp 9 alloy [Fig. 1(a)]
where the Tt values at the two frequencies coincide
above the Tt minimum (most of the 12.2-MHz data
points in this region are omitted for clarity).

Asymmetry of the kind seen in Fig. 2 has been ob-
served in many, usually disordered, metal-hydrogen
systems and solid electrolytes and interpreted in
two different ways. One model assumes that the H
motion is characterized by a single correlation time ~,

at every temperature so that Eqs. (1) and (2) may be
applied directly. If we fix the lattice constants of the
alloys so that the calculated lattice sums in Eq. (2)
cause Eq. (1) to yield the observed values of the
minimum Tt d, Tt d ~;„(assuming that the closest
proton-proton approach is the third-nearest neighbor
position in the tetrahedral interstitial site sublattice'p),
the value of the hydrogen hopping rate v at each tem-
perature can be obtained. However, the values of
v(T) extracted from Tt measured at different col's
should coincide. Yet the results of this procedure
yield cul-dependent hopping rates as illustrated in Fig.
3 for the Vp 5Nbp 5Hp zt sample (although the hopping
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FIG. 2. Proton spin-lattice relaxation times T, in (a)
Vo 25Nb0. 75H0.231 and (b) Vo 3Nb11 5Ho 21. Note the similar
behavior of T~ in the o, phase in all compositions and the
undetected precipitation of the hydride phase in
Vo 5Nbo 5HO 2~. The solid lines are the best fits of the
activation-energy distribution model [Eq. (1) of text] to the
data.
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FIG. 3. The values of the hopping rates in V05NboqH02~
as extracted from the Bloembergen-Purcell-Pound equa-
tions. Note the agreement of the values extracted from the
two Larmor frequencies at high temperature and the large
difference in values at lower temperatures.

rates coincide at high temperatures, as expected).
Similar cot-dependent hopping rates were obtained for
x = 0.25 and 0.75, through use of this analysis. In ad-
dition, the observed value of T~;„ in the inter-
mediate-composition samples could only be repro-
duced by our setting the lattice constant ap=4. 10,
3.96, and 4.0 A for x = 0.25, 0.5, and 0.75, respective-
ly. These values are much larger than the measured
values for the hydrogen-free alloys, 3.24, 3.177, and
3.106 A, respectively. " Since the strain field created
by a hydrogen atom in the pure V (Nb) lattice enlarges
the tetrahedral site nearest-neighbor metal distance by
only 12.5'/o (8.5%) (see Behr et al. ,

'2 and references
therein) this discrepancy is large. It therefore appears
that this model is not applicable to n-phase
V„Nbi „Hy.

The second model8 9 assumes that the motion of hy-
drogen atoms in a substitutional alloy or structurally
disordered lattice is governed by a distribution of activa-
tion energies, E,. The spin-lattice relaxation rate
(T&d) ' of protons undergoing such motion has been
derived previously, 8 and is given by

T)d = Jt dE~ G(Eo) T)p (Eo, vp), (3)

where Ttp' is given by Eqs. (1) and (2), G(E, ) is a
distribution function, and vp is the prefactor in the
Arrhenius relation. In the fitting of this model to the
measured values of T& a Gaussian distribution func-
tion was chosen and the Zener relation vo
=vppexP(PE ) between vp and E, was adoPted. This

relation is observed in many disordered systems'3'
and is expected when lattice strain fields are dominant
in determining E, . The value of p ( = 5 && 10 ~ K ')
used in all cases is of the same order as observed in
cases of chemical diffusion of C, N, and 0 in transi-
tion metals. '3 This value is so small as to render the
resulting prefactor vp almost independent of E, .

The results of this fitting procedure yield the solid
lines in Fig. 2. The values of the fitting parameters
were closely similar in all cases; the average E,
= 140 + 5 meV, the distribution width AE, = 33 + 3
meV, and vpp= (2.4+0.1) X 10" s '. The Korringa
product T~, T= 125, 110, and 85 s K, and ap= 3.73,
3.6, and 3.70 A, for x =0.25, 0.50, 0.75, respectively.
Note the excellent agreement between this model and
the experimental results, in contrast to the disagree-
ment with the previous model (Fig. 3). The values of
ap are also significantly lower than those employed in
the latter case. These values are, however, 15'/o larger
than those observed in the hydrogen-free alloys, and
therefore still somewhat larger than expected from the
lattice dilatation effects of H in pure V or Nb. '2

In contrast to the proton relaxation rates in the mid-
range compositions, the results in the 10'/o V and 10'/o

Nb compositions cannot be modeled by a distribution
of activation energies. The large asymmetry between
the high- and low-temperature log Tq behavior requires
a broad distribution of activation energies. As a conse-
quence, the frequency dependence of T& will persist to
relatively high temperatures, considerably above the
Tq minimum, whereas this is not the case for the ex-
perimental data. These features are clearly evident in
Fig. 1(b) which shows the best-fit distribution of ac-
tivation energies to the o.-phase VO~Nb09Hp &9 data
with E, =172 meV, AE, =60 meV, vpp ——2.0X10'
s ', P=5X10 K ', T~, T= 125 s K, and ap=3.68
A. (The data points for the hydride phase have been
omitted for clarity. ) In sharp contrast, this persistence
of the frequency dependence of both the measured
and calculated points to high temperatures is obvious
in the mid-range compositions (Fig. 2).

We conclude that the high- and low-temperature
branches of T& in Vp ~Nbp 9Hp $9 reflect different kinds
of proton motion. Although it is now known that low
concentrations of V do not totally suppress precipita-
tion of the hydride phase in Nb, 2 previous results do
indicate that V centers are attractive potentials for H in
Nb. 2 3 The present T& data for a-phase Vp tNbp9Hp]9
therefore suggest a transition from lattice motion at
high temperatures ( & 290 K) to "localized" motion
about the V atoms at low temperatures ( & 270 K),
concurrent with precipitation of the hydride phase.
Since even at 10% V concentration, the probability of
one V atom having another V as nearest neighbor is
55%, such localized motion might well involve several
lattice sites.
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The values of Tt in the n phase of Vp tNbp 9Hp t9
[Fig. 1(a)] below 250 K are short, almost temperature
independent, but frequency dependent. In view of the
failure of the activation-energy distribution model, we
conclude that the slope of the low-temperature data
[solid lines in Fig. 1(a)] represents an apparent activa-
tion energy E,"=14+1.5 meV. Although the values
of the slope at cot=40 and 12.2 MHz are equal, the
frequency dependence is weaker (~ cot) than expected
(~ tot2) on the basis of Eq. (1). In any case, this value
of E," is about one-fifth the low-temperature ( ( 220
K) diffusional activation energy of H in pure Nb (68
meV). ts Moreover, it compares favorably with an es-
timated value, E,"=26 meV, based in part on the
strength of the elastic interaction of the proton with
the metal lattice. '6 Therefore, we conclude that the
observed relaxation is due to localized hydrogen
motion (presumably activated tunneling) among sites
adjacent to V impurities.

In summary, the behavior of the proton spin-lattice
relaxation time Tt in the intermediate composition
range, 0.25~x~0.75, of cx-phase V„Nbt „Hp'2 al-
loys differs significantly from that in either the
vanadium-rich or niobium-rich compositions. In this
composition range, wherein both V and Nb atoms
form a (albeit random) macroscopic network, trapping
effects are not evident, and the data are well represent-
ed by a distribution of activation energies. In contrast,
the behavior of Tt in Vp tNbp 9Hp t9 cannot be
represented by an activation-energy distribution, and
we conclude that a transition occurs from long-range
lattice motion (T & 290 K) to localized motion (ac-
tivated tunneling) of hydrogen between states adjacent
to V atoms ( T ( 270 K) with an activation energy of
14 meV, significantly lower than that in pure Nb.
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