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Hydrogen in nanostructured vanadium-hydrogen systems
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Nanostructured vanadium-hydrides,b2-VHx , with typical grain sizes of 80 nm (x50.82), 30 nm (x
50.73), and 10 nm (x50.67) were prepared by mechanical milling under hydrogen atmosphere. The final
grain size, about 10 nm, does not change any more with increasing milling time, and a homogeneous amor-
phous phase is not formed in this system, even after milling for 300 min. The hydrogen concentration in the
grainsxG decreases with decreasing grain size fromxG5 0.82 in 80-nm grains to 0.72 in 10-nm grains. This
indicates a modification of theb2-g phase boundary in the V-H system with nanometer-scale grains. The
hydrogen concentration in the intergrains,xIG '0.5–0.6, is smaller than in the grains, and was found to be
nearly independent of the grain size. The hydrogen diffusivity has been studied by NMR measurements of the
proton spin-lattice relaxationG1. Generally, the measuredG1 consists of contributions that result from both
hydrogen in the grains and in the intergrain regions. Due to the smaller spin-spin relaxation rateG2 of the
protons in the intergrain regions, their contribution toG1 could be measured separately by the spin-echo
technique. The relaxation data indicate that, at a given temperature, the hydrogen diffusivity in the intergrain
regions is substantially higher than inside the grains. The frequency dependence of the dipolar contribution
G1,dip reveals a distribution in the activation enthalpy for hydrogen in the intergrain regions. This distribution
was found to be the broader the smaller the grain size. A change in the diffusion mechanisms, presumably
arising from theb22d phase transition, takes place at about 200 K. The exchange of hydrogen atoms between
the grains and the intergrain regions occurs very slowly and is negligible on the time scale given byG1.

DOI: 10.1103/PhysRevB.63.094307 PACS number~s!: 66.30.2h, 81.20.2n, 81.40.2z, 76.60.Es
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I. INTRODUCTION

The binary system VHx has been extensively investigate
over many years~see, e.g., Ref. 1!. Particular attention has
been given to the diffusion mechanisms as well as to
different kinds of ordered hydride phases.

A phase diagram of VHx was reported by Maeland,2 and
then, a number of papers on the preparation and chara
ization of the hydride phases have been published.3–16

Figure 1 shows one of the more recent phase diagram
Peschet al.15 Around room temperature, the VHx system is
in a mixeda-b1 phase forx,0.5. In thea phase the hydro-
gen atoms occupy randomly the tetrahedral sites (T sites! of
the body-centered-cubic~bcc! host lattice, while in theb1
phase octahedral sites (Oz sites! of the body-centered
tetragonal~bct! host lattice are occupied. Thed phase, a
low-temperature phase, exhibits a specific hydrogen sub
tice which resembles that of theb1 phase. With increasing
hydrogen concentration, fromx'0.5 to about 0.8, theb1
phase transforms into theb2 phase. The VHx system is in a
mixed b2-g phase forx.0.8. In theg phase withx52 the
vanadium lattice has a face-centered-cubic~fcc! structure,
where hydrogen atoms occupy theT sites.

In the b1 , b2 , andd phases, the host lattice is tetrag
nally distorted withc/a'1.1 due to the preferential occupa
tion of theOz sites by hydrogen~see, e.g., Refs. 1, 10, 13
and 17!. These phases are composed of two kinds of~101!
stacking planes ofOz sites, the so-calledOz1 andOz2 sites.
The stacking sequence is 121212, etc. for theb1 phase, and
112112, etc. for thed phase.13 For the stoichiometric com
0163-1829/2001/63~9!/094307~10!/$15.00 63 0943
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positions, i.e., VH0.5 for the b1 phase and VH0.67 for the d
phase, theOz1 sites are filled with hydrogen atoms and th
Oz2 sites are empty. In the hyperstoichiometric compositio
of the b1 andd phases theOz2 sites are also partially filled
In the b2 phase hydrogen occupies bothOz1 and Oz2 sites
randomly.

Theb2-g phase boundary was precisely determined to
at x50.82 at room temperature by x-ray diffraction an
NMR studies,18 as also shown in Fig. 1. Although the valu
x50.82 is lower than that in some VHx phase diagrams,15 it

FIG. 1. Phase diagram of VHx ~from Ref. 15!. In addition to the
b2-g phase boundary reported by Peschet al. ~Ref. 15! ~* !, the
results of Cantrellet al. ~Ref.18! are also indicated~** !.
©2001 The American Physical Society07-1
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is consistent with the phase boundary reported previously
Maeland2 and Luoet al.19

An important feature of bulk VHx is the high diffusivity
of hydrogen in thea phase, even at low temperature
Gorski-effect measurements revealed a diffusion coeffic
of D5531029 m2 s21 at room temperature ina-VHx .20,21

From the temperature dependence ofD between about 140
and 570 K an activation enthalpy ofH545 meV has been
deduced.20,21 At higher hydrogen concentrations, Gorsk
effect measurements are not possible because of the hy
gen embrittlement.

Nuclear magnetic resonance~NMR! offers unique capa-
bilities to measure the diffusivity on powdered samples. T
jump frequency of the hydrogen atoms can be deduced f
the dipolar contributionG1,dip to the proton spin-lattice relax
ation rateG1. Pulsed-field-gradient~PFG! spin-echo NMR,
on the other hand, permits measurement of the long-ra
diffusivity D.22,23

PFG measurements of the hydrogen diffusion in thea8
phase of bulk VHx have been performed by Kleiner an
co-workers.24 It has been found that the activation enthal
H increases with increasingx from H587 meV (x50.17) to
H5132 meV (x50.68), resulting in a strong decrease inD.
Proton relaxation rates and line shapes have been stu
most intensively in the hydride phases of vanadium.10,18,25–28

The complex dependence ofG1 on temperature and hydro
gen concentration has been elaborated in order to de
hydrogen diffusion parameters.10,18,25,27,28It has been found
that the transition from thea phase to an ordered hydrid
phase results in a discontinuous drop inD by more than two
orders of magnitude.10 The activation enthalpiesH5230
meV (x50.546) and 240 meV (x50.622) have been re
ported for hydrogen diffusion in theb1 and/orb2 phase of
VHx in the temperature range below room temperature.
higher temperatures,H'300–400 meV has been found fo
0.486<x<0.736.10

Up to now, all investigations on VHx have been carried
out on polycrystalline samples with rather large grain si
typically in the micrometer-scale or bigger, or singl
crystalline ones. In this case, the fraction of grain bounda
is almost negligible, and thus the hydriding properties of
whole material is dominated by that of the crystalline grai

Samples with crystalline grains in the nanometer rang29

so-called nanostructured~nanocrystalline! materials,30 be-
come increasingly important from the viewpoint of applic
tion as well as for basic research. Owing to the rather la
volume fraction of grain boundaries many physical prop
ties are fundamentally changed in a nanostructured sys
The diffusion coefficient of hydrogen in the grain boundar
is a particularly important quantity in this context, which
difficult to measure.

The grain boundaries, as defined by the range of p
nounced atomistic rearrangements of the metal atoms, w
the following be denoted asintergrains. Their thickness is
typically between 0.5 and 1.5 nm. The hydrogen dynam
however, may be affected in a somewhat wider range, wh
in order to draw a distinction, will be denoted byintergrain
region.

Specific changes of the hydriding properties in compa
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son to polycrystalline or single-crystalline materials ha
been reported for nanostructured materials, in both ther
dynamical and diffusional aspects. The intergrains play
important role in the hydrogen uptake.31–34 In the case of
nanostructured PdHx , for example, an increase in the hydr
gen solubility has been observed, which results from an
hanced hydriding ability of the intergrains.35–38Another spe-
cific property is the promotion or retardation of the hydrog
diffusivity, which depends on the hydrogen concentration
the intergrains, as it has been extensively studied
NiHx .39–51Models for different hydrogen diffusivities in the
grains and intergrain regions were presented and comp
with experimental results.52–55

In this work, nanostructured VHx has been prepared b
mechanical milling under hydrogen atmosphere. The~crys-
talline! structures and hydrogen concentrations both in
grains and intergrains of the nanostructuredb2-VHx at the
b2-g phase boundary have been studied. Furthermore,
report here the first studies of hydrogen diffusion in 80-n
VH0.82, 30-nm VH0.73, and 10-nm VH0.67 by using nuclear
magnetic resonance. The NMR data revealed difference
the hydrogen dynamics inside the grains and in the interg
regions. The diffusion parameters obtained for hydrogen
the intergrain regions are compared with those for hydro
in bulk VHx .

II. EXPERIMENTAL DETAILS

A. Sample preparation

Pure vanadium~purity better than 99.5% with impurities
of 410 ppm Al, 250 ppm Fe, 120 ppm Si, and 0.27 mass %
including surface oxygen! of about 10mm in particle size
was used as host sample. 1g of the host sample was pl
together with 20 steel balls of 7 mm in diameter~mass ratio
1:30! in a steel vial. The vial, which was equipped with
connection valve for evacuation or introduction of hydroge
was degassed for 720 minutes below 1024 Pa. Subsequently
high-purity hydrogen~99.9999% purity! of 1.0 MPa was in-
troduced. The mechanical milling was performed at roo
temperature by using a planetary milling apparatus~Fritsch
P5! with 400 rpm for periods of up to 300 min.

Attention was paid to avoid impurity effects on the h
driding and structural properties of the samples as far
possible.56,57 Therefore the material and shape of the v
were carefully selected, so as to minimize the contamina
of the samples with elemental Fe during the milling proce
In addition, the vial containing the sample was, as mentio
above, directly degassed prior to the milling. In order
reduce the oxidation of the sample, it was always handle
an argon glove box before and after the milling process.

The remaining hydrogen pressure after the milling w
about 0.1 MPa, and the sample of about 1–10mm in particle
size was prepared without a significant increase of the im
rities: 880 ppm Fe and 0.30 mass % O, including surfa
oxygen, even after milling for 60 min.

B. Sample analysis

The samples were characterized by x-ray diffracti
~XRD!, transmission electron microscopy~TEM!, and ther-
mal desorption mass spectroscopy~TDS!.
7-2
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HYDROGEN IN NANOSTRUCTURED VANADIUM- . . . PHYSICAL REVIEW B 63 094307
The XRD measurements (Cu-Ka) were carried out by
using a Siemens D5000 diffractometer to determine
phase transitions, and also by using a Rikaku RINT 20
diffractometer to precisely analyze both the grain size a
the lattice parameter from peak broadening and peak p
tion, respectively.

The TDS measurements of hydrogen was carried out
der a high vacuum using 10–20 mg of each sample an
heating rate of 5–10 K/min up to 773 K. The system w
calibrated by analyzing a reference sample, and the accu
of the obtained hydrogen concentration is within 5% of t
quoted value.58

C. Nuclear-magnetic-resonance studies

Measurements of the proton spin-lattice relaxation ra
G1 were performed between 75 and 310 K at resonance
quencies of 10.5, 27.7, 67.7, and 139.4 MHz. The upper li
of 310 K was not exceeded in order to avoid structural
laxation and recrystallization of the nanostructured samp
Temperatures below room temperature were achieved
cooling with cold nitrogen/helium gas in a separate cryos
in the room-temperature bore of the superconducting m
net. The sample temperature was maintained by means
digital PID controller combined with Ohmic heating and
was monitored with two calibrated Pt resistors. The ma
mum temperature drift during a measurement was60.5 K
and the absolute value of the temperature could be de
mined to an accuracy of60.5 K. The NMR signals were
observed with a home-built Fourier transform spectrome
using phase-alternating pulse schemes and quadrature d
tion. The spin-lattice relaxation rates were determined w
an inversion-recovery pulse sequence (180°-t1-90°). Only at
the lowest temperatures withG1!1 s21, a saturation pulse
train was used instead of the 180° pulse. The recovered m
netization was inspected for different waiting timest1 either
by measuring the free induction decay~FID! after a delay
time td or by measuring the spin echo following the pul
sequence@(90°)-t2-180°-t2#. The G1 values were finally
obtained by fitting single-exponential recovery curves to
magnetization. If a sample consists of several compon
with different spin-spin relaxation ratesG2 their contribu-
tions to the measuredG1 depend on the values of the dela
time td or the spin-echo time 2t2, which were chosen in the
experiment.

III. RESULTS AND DISCUSSION

A. Size and crystalline structure of the grains

Figure 2 shows the XRD profiles measured after mech
cal milling under hydrogen atmosphere. The shift of the pe
positions to slightly lower angles after 1 min suggests
formation of thea phase resulting from the hydrogen diss
lution in the bcc host lattice. After the milling for 2 min
additional diffraction peaks appear, indicating the tetrago
distortion in part of the sample.

The singleb phase~‘‘ b2 phase’’ in precise, as describe
later! was prepared already after 5 min milling at room te
perature. This experimental fact is quite important from
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viewpoint of appropriate sample preparation, because
preparation process results in much lower probabilities
oxygen solution into the sample. In conventional gas-ph
hydrogenation, activation treatments at high temperatu
~500–600 K! and high hydrogen pressures ('3.0 MPa! are
necessary for the hydrogenation, and therefore the oxyge
the surface easily solves into the samples.

The grain size of theb2 phase decreases with furthe
milling process after 5 min. Table I~a! gives the grain sizes
obtained by the Scherrer method of the peak broadening
using the Wilson method59 we found that there is no detec
able lattice strain in the samples, as reported previously
Mg2Ni mechanically milled under hydrogen atmosphere56

The grain sizes of the samples correspond well to TEM
servations. For example, the TEM image of the 60 m

TABLE I. Nanostructured vanadium hydrides,b2-VHx , pre-
pared by mechanical milling for 5, 10, and 60 min under hydrog
atmosphere:~a! Average grain size obtained by the analysis of t
peak broadening in the x-ray-diffraction profiles given in Fig.
~b! Lattice parametersa0 andc0 calulated from the peak position in
the x-ray diffraction profiles given in Fig. 2, and resulting unit-ce
volumenG . ~c! Hydrogen concentration in the grainsxG calculated
from the unit-cell volume.~d! Total hydrogen concentrationx mea-
sured by thermal desorption mass spectroscopy.

Milling time ~min! 5 10 60

~a! Average grain size~nm! 80 30 10
~b! Lattice parameters
a0 ~nm! 0.3024 0.3031 0.3020
c0 ~nm! 0.3428 0.3386 0.3391
unit-cell volumenG (1022 nm3) 3.136 3.111 3.093

Hydrogen concentration
~c! In the grainsxG 0.82 0.76 0.72
~d! Total concentrationx 0.82 0.73 0.67

FIG. 2. X-ray diffraction profiles of host vanadium and nan
structured vanadium hydrides prepared by mechanical milling fo
2, 5, 10, and 60 min under hydrogen atmosphere.
7-3



a

i

ou
w

b
b
i

y
tio

e
n-
-
.
dr

nm
tio
th

a
he
ow

e
f
re

ng-

y-
t in

ue

ra-

ed
the
-

e
ut

on-

ple
is

ns,
ust

e

n-
ss

SHIN-ICHI ORIMO, FRANK KIMMERLE, AND GÜNTER MAJER PHYSICAL REVIEW B63 094307
milled sample, shown in Fig. 3, indicates that the typic
grain size is of the order of 10-nm.

It should be noted that the sample with 10-nm grains
still in the crystalline state of theb2 phase composed from
both the grains and intergrains, not in the homogene
amorphous state. The sample milled for 300 min is, as
confirmed, also in the crystalline state of theb2 phase.

B. Hydrogen concentration in the grains

The lattice constants and unit-cell volumes obtained
the analysis of the peak positions are summarized in Ta
I~b!. In addition, we estimated the hydrogen concentration
the grains,xG5Hgrain/Vgrain, on the basis of the previousl
reported relationship between the hydrogen concentra
and the unit-cell volume,nG, as follows from Ref. 18;

nG~1022 nm3!52.766110.4532•xG. ~1!

The results forxG thus obtained are given in Table I~c!.
In the sample with 80-nm grains, the obtained hydrog

concentration,xG50.82, corresponds very well to the co
centration at the conventionalb2-g phase boundary, as re
ported by Cantrellet al.18 for the polycrystalline sample
With decreasing the grain size, on the other hand, the hy
gen concentrations gradually shift to the smaller values;xG
50.76 and 0.72 in the samples with 30-nm and 10-
grains, respectively. These results indicate the modifica
of the b2-g phase boundary in the V-H system wi
nanometer-scale grains.

The hydrogen concentrations estimated for the grains m
correspond to those at theb2-g phase boundary, because t
final hydrogen pressure after the milling is located just bel
the miscibility gap~plateau! pressure between theb2 andg
phases at room temperature.3 At present, however, the slop
of the pressure-composition isotherms is not estimated
the samples with 30- and 10-nm grains, as it would be
quired for an exact determination of the shift of theb2-g
phase boundary.

FIG. 3. Transmission electron microscopy image of VHx (x
50.67) prepared by mechanical milling for 60 min under hydrog
atmosphere.
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C. Total hydrogen concentration

The total hydrogen concentration,x5H total/Vtotal, was
precisely determined by TDS measurements. The milli
time dependence ofx is given in Fig. 4. The values ofx
increase with increasing milling time, and reachesx50.82
after 5 min, i.e., in the sample with 80-nm grains. This h
drogen concentration is in excellent agreement with tha
the grainsxG and also with the value at theb2-g phase
boundary.18 With decreasing grain size, however, the val
of x decreases more strongly thanxG, as summarized in
Table I~d!. This result indicates that the hydrogen concent
tion in the intergrains,xIG5Hintergrain/Vintergrain, is smaller
than that in the grainsxG. A quantitative analysis ofxIG is
described in the next section.

D. Volume fraction and hydrogen concentration in the
intergrains

First we estimate the volume fraction of the intergrains,F,
as follows:29

F53•I /C. ~2!

Here I denotes the width of the intergrains, which is defin
by the range of pronounced atomistic rearrangements of
vanadium atoms, andC is the average grain size. It is rea
sonable to assume thatI is about 1 nm. This results in th
volume fractionF of less than 5%, about 10%, and abo
30% in 80-nm VH0.82, 30-nm VH0.73, and 10-nm VH0.67,
respectively.

On the basis of these volume fractions, the hydrogen c
centration in the intergrainsxIG is calculated by using the
equation

x5~12F !•xG1F•xIG . ~3!

The calculated values are in the range ofxIG50.5–0.6 for
both the samples with 30- and 10-nm grains. In the sam
with 80-nm grains, the volume fraction of the intergrains
too small for a reasonable estimate ofxIG .

The smaller hydrogen concentration in the intergrai
which seems to be nearly independent of the grain size, m

n

FIG. 4. Milling-time dependence of the total hydrogen conce
tration, x5Htotal /Vtotal, determined by thermal desorption ma
spectroscopy.
7-4
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HYDROGEN IN NANOSTRUCTURED VANADIUM- . . . PHYSICAL REVIEW B 63 094307
be related to specific structural properties of the intergra
In the intergrains, no long-range ordering of vanadium ato
for the preferential hydrogen occupations in theOz site is
expected. Moreover, the lattice deformation in the intergra
results in the formation only of tetrahedral coordination,
has been concluded from the atomic structures of the al
prepared by mechanical milling.60 Recent neutron-diffraction
measurements61 could, indeed, be interpreted in terms
T-site occupation of deuterium in the intergrains of the na
structuredb2-VDx .

E. Diffusion parameters of hydrogen

Figure 5 shows the spin-lattice relaxation ratesG1 of hy-
drogen in 80-nm VH0.82, 30-nm VH0.73, and 10-nm VH0.67,
as deduced either from the FID or from the spin-echo exp
ments. The data were taken at different frequenciesv/2p
and with different operating parameters (td and t2). In a

FIG. 5. Spin-lattice relaxation rateG1 of hydrogen in the nano-
structured vanadium hydrides~a! 80-nm VH0.82, ~b! 30-nm VH0.73,
and~c! 10-nm VH0.67. The data were deduced from measureme
of the free induction decay~FID: open symbols! or from the spin-
echo experiments~echo: full symbols! with the indicated param-
eterstd or t2 . The solid lines represent the electronic contributio
G1,e. Measurements were performed at 10.5 MHz~triangles!, 27.7
MHz ~squares!, 67.7 MHz ~circles!, and 139.4 MHz~diamonds!.
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metal-hydride the proton spin-lattice relaxation rateG1 is
usually given by the sum of two contributions according

G15G1,e1G1,dip. ~4!

The electronic contributionG1,e, resulting from the interac-
tion between the magnetic moments of protons and cond
tion electrons, is well described by the relationship62

G1,e5T/k. ~5!

The Korringa constantk depends on the density of electron
statesN(EF) at the Fermi level according tok}N(EF)

21/2.
For all three samplesk has been determined by a fit of Eq
~5! to the data measured atv/2p5139.4 MHz and at low
temperatures, where the dipolar contribution is negligib
The obtained values arek523861 Ks, 15761 Ks, and
11962 Ks for the samples 80-nm VH0.82, 30-nm VH0.73,
and 10-nm VH0.67, respectively. The correspondingG1,e
curves are shown in Fig. 5 as solid lines. Thesek values
indicate that the density of states of the conduction electr
at the Fermi level decreases with increasing hydrogen c
tent. This conclusion is consistent withk5110 Ks deter-
mined for the not ball-milled system VH0.59 by Hayashi
et al.27

The dipolar spin-lattice relaxation rateG1,dip is due to the
magnetic dipole-dipole interaction of a given proton wi
neighboring protons and with the host nuclei. The simpl
approximation in order to obtain diffusion parameters is
analyzeG1,dip in terms of a spectral density function that is
Lorentzian, as originally proposed for liquids by Bloembe
gen, Purcell, and Pound~BPP, Ref. 63!. The spin-carrying
hydrogen atoms remain at interstitial sites for the mean dw
time td before they jump to neighboring sites in an infinite
short time. Thus the characteristic time for the dipolar int
action, the correlation time, istc5td/2 for the interaction
between two hydrogen atoms andtc5td for the interaction
between hydrogen and vanadium atoms. In the present
tems, the contributions toG1,dip due to the hydrogen-
hydrogen interaction is almost an order of magnitude sma
than that due to the hydrogen-vanadium interaction.

For the resonance frequencyv/2p the G1,dip maximum is
observed at the temperature at which the conditionvtd'1 is
fulfilled. The asymptotic behavior ofG1,dip is given by

G1,dip}~v2td!
21 ~6!

for slow diffusion (vtd@1) and by

G1,dip}td ~7!

for fast diffusion (vtd!1), provided that the diffusion pro
cess is determined by a singletd value at a given tempera
ture. For a thermally activated diffusion process,td is given
by

td5td,0exp~H/kBT!, ~8!

with the activation enthalpyH, and a temperature
independent prefactortd,0.

The diffusion-induced relaxation rateG1,dip was deter-
mined by subtractingG1,e from the measuredG1. It is evident
from Fig. 5 that the present results cover mainly the lo
temperature sides of the relaxation maxima (vtd@1). In a

s
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TABLE II. Apparent activation enthalpies for hydrogen diffusion in the nanostructured vanadium
drides 80-nm VH0.82, 30-nm VH0.73, and 10-nm VH0.67. The Happ values were deduced from the low
temperature slopes of Arrhenius plots ofG1,dip, as calculated from theG1 data shown in Fig. 5.Happ

G andHapp
IG

are the corresponding values for hydrogen in the grains and intergrain regions. The results for 30-nm0.73

are obtained from Fig. 8 and a similar analysis was done in the case of 80-nm VH0.82. TheHapp
G data are put

in brackets, since these data are rather uncertain due to the influence from hydrogen in the intergrain
For 10-nm VH0.67 no contribution from the grains could be observed, andHapp

IG is therefore identical toHapp.
In the case of 80-nm VH0.82 and 30-nm VH0.73 the comparison ofHapp with Happ

IG suggests that also in thes
samples theG1 data of Fig. 5 are dominated by hydrogen in the intergrain regions.

Happ @meV# Happ
G @meV# Happ

IG @meV#

120–200 K 200–300 K 200–300 K 120–200 K 200–300 K

80-nm VH0.82 41611 15563 ~172! 180612

30-nm VH0.73 4863 12164 ~120! 5969 13464

10-nm VH0.67 6765 8062 6765 8062
-
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first approach, the activation enthalpiesH were therefore cal-
culated from the low-temperature slopes of theG1,dip data by
using the relation

G1,dip} exp~2H/kBT!, ~9!

which follows from Eqs.~6! and~8!. The slopes were deter
mined simultaneously for all frequencies but separately
the temperature ranges 300.T.200 K and 200.T.120 K.
The apparent activation enthalpiesHapp obtained in this way
are given in Table II. The differentHapp values for tempera-
tures above and below 200 K indicate a change in the di
sion mechanism. At first sight, this behavior reminds us
the mechanisms of quantum diffusion in thea phase of Nb
and Ta.64 But, the activation enthalpy in polycrystalline VHx
with a similar hydrogen content10 as well as the averageH
value for hydrogen diffusion in the intergrain regions~see
below! are both substantially higher than theHapp values of
Table II and are too high to be interpreted in terms of tu
neling processes. Thus we ascribe the change in the diffu
behavior at about 200 K to the phase transition from theb2
to thed phase.15

In both temperature ranges the overall temperature de
dence ofG1,dip in Fig. 5 is well described by Eq.~9! with the
Happ values from Table II. However, in the case of 80-n
VH0.82 and 30-nm VH0.73, at a fixedT andv the measured
G1 values depend slightly, but clearly, on the chosen pu
sequence and hereby ontd or t2 ~cf. Fig. 5!. This can be
understood quite naturally as due to different contributions
the NMR signal from hydrogen in the grains and the int
grain regions. The existence of different contributions to
NMR signal is evident from Fig. 6, which shows, as an e
ample, the amplitude of the proton spin echoM measured on
30-nm VH0.73 as a function oft2. These data were taken a
v/2p5139.4 MHz andT5268 K. For a single-componen
system a plot of ln(M) versust2 generally yields a straigh
line whose slope gives the spin-spin relaxation rateG2. It is
obvious from Fig. 6 that at least two components with d
ferent G2 coexist in 30-nm VH0.73, which explains the pa-
rameter dependence of the measuredG1 data~cf. Fig. 5!.
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Between 200 and 310 K, about 74% of the hydrogen
30-nm VH0.73 was detected in the component with the high
G2 rate whereas 26% of hydrogen was observed in the c
ponent with the smallerG2 rate. We ascribe the 74% com
ponent~with the higherG2) to hydrogen in the grains and th
26% component~with the smallerG2) to hydrogen in the
intergrain regions. These fractions of hydrogen in the gra
and in the intergrain regions yield a thickness of the int
grain regions of about 2.0–2.5 nm in 30-nm VH0.73. Thus
the intergrain regions, where the hydrogen diffusivity diffe
from that in the crystalline grains, have about twice t
thickness of the intergrains seen by the transmission elec
microscopy (0.5–1.5 nm!. The assignment given above
further supported by the fact that, indeed, a smallerG2

IG is
expected for hydrogen in the intergrain regions compared
G2

G in the grains: The smaller hydrogen density in the int
grain regions already results in a reducedG2

IG , but this is
only a weak effect, since the relaxation rates are domina
by the hydrogen-vanadium interaction. The main reduct
of G2

IG compared toG2
G is caused by the higher mobility o

FIG. 6. Amplitude M of the spin echo following a
90° –t2–180°2t2 sequence as a function oft2. This example
shows measurements on 30-nm VH0.73 at v/2p5139.4 MHz and
T5268 K. The solid curve represents a fit for two components w
different spin-spin relaxation ratesG2. The dashed line shows, fo
comparison, a recovery curve as expected for a single-compo
system.
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hydrogen in the intergrain regions~see below!. In the entire
temperature range from 200 to 310 K, the ratio ofG2

G to G2
IG

was found to be approximately 4.
In order to study the hydrogen diffusion in the grains a

intergrain regions separately,G1 has been measured with th
spin-echo detection method as a function oft2. The t2 val-
ues have been varied systematically between the lower li
given by the dead time of the amplifiers, and the upper lim
given by the decrease in the signal-to-noise ratio. Figur
shows for all three samples theG1 data taken at differen
temperatures and at 139.4 MHz. The observedt2 depen-
dence ofG1 permits analysis of the relaxation rates of hydr
gen in both the grains and the intergrain regions in the w
described immediately below.

In the samples 80-nm VH0.82 and 30-nm VH0.73 the mea-
suredG1 first decreases and then reaches a plateau valu
t2 is increased. With increasingt2, the NMR signal from the
protons inside the grains disappears first, because of
higher spin-spin relaxation rateG2

G compared toG2
IG . The

plateau values can therefore be directly interpreted asG1
IG ,

the spin-lattice relaxation rate of hydrogen in the intergr

FIG. 7. G1 data measured with the spin-echo detection met
at 139.4 MHz in the nanostructured vanadium hydrides~a! 80-nm
VH0.82, ~b! 30-nm VH0.73, and ~c! 10-nm VH0.67. The data were
taken at different temperaturesT as a function oft2. Note the dif-
ferent scales of the axes.
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regions. The spin-lattice relaxation rate of hydrogen in
grainsG1

G cannot be determined separately, since in the to
NMR signal always a component due to hydrogen in
intergrain regions is superimposed. TheG1 values of Figs.
7~a! and 7~b! measured with the shortestt2, which are
greater thanG1

IG , representG1
G,min, a lower limit for the spin-

lattice relaxation rate of hydrogen in the grains.
At first sight it is surprising that at temperatures below t

relaxation maximum (vtd@1) G1
IG was found to be smalle

than G1
G, although the hydrogen mobility is higher in th

intergrain regions than inside the grains. If the relaxat
strengths~the so-called second momentsM2) of the two hy-
drogen spin systems differ only little from one another, E
~6! predicts the opposite behavior for diffusion process
which are determined bysingletd values at a given tempera
ture. Thus one may think of a smallerM2 in the intergrain
regions due to the smaller hydrogen content and/or the
drogen occupation of different interstitial sites. But,M2 is
dominated by the hydrogen-vanadium interaction and
smaller hydrogen content reducesM2 only slightly. More-
over, if one assumes that in the intergrain regionsT sites are
occupied by hydrogen atoms,60,61 M2 would be even 20%
greater than for pureO-sites occupation. On the other hand
reduction in the maximum relaxation rate and a broaden
of the width of theG1,dip peak is expected in a system
which a distribution oftd values exists.23 The analysis of the
G1 data measured on 10-nm VH0.67 indicates that there is
indeed a broad distribution of the activation enthalpiesH and
thus of thetd values of hydrogen diffusion in the intergrai
regions~see below!. Thus we conclude that the smallerG1

IG

compared toG1
G is due to the distribution of theH values in

the intergrain regions.
The fact that the measured values ofG1 depend ont2

indicates that during the experiments no strong exchang
hydrogen atoms between the grains and the intergrain
gions takes place. The exchange rate must be substan
smaller than theG1 values, which are typically in the rang
of 1 –10 s21. In the case of a considerably higher exchan
rate, the measurements would yield an averageG1 value, and
no independent contributions from grains and intergrain
gions to the NMR signal could be isolated.

As can be seen in Fig. 7~c!, in the case of 10-nm VH0.67
the measuredG1 is independent oft2 within the experimen-
tal accuracy. Only the measurement at 192 K reveals for
longestt2 a smallerG1 value, which, however, may be re
lated to hydrogen trapping~see below!. But, for short t2
there is no change inG1, indicating that the contribution o
hydrogen in the grains is no longer observable in this sam
produced with the longest milling time. Obviously, even t
shortestt2 is too long compared to (G2

G) 21. This may result
from a general increase in the spin-spin relaxation rates w
decreasing grain size. Moreover, the sample 10-nm VH0.67
has the smallest volume fraction of the grains. From th
results it follows that theG1 rates shown in Fig. 5~c! origi-
nate solely from hydrogen in the intergrains, independen
of the experimental parameters (td or t2). Therefore no fur-
ther information can be obtained by systematic studies of
t2 dependence ofG1 on the 10-nm VH0.67 sample using the

d
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spin-echo detection method and thus these have been
formed at two temperatures only.

From Fig. 7~a! it is evident that forT<249 K, G1 in
80-nm VH0.82 drops down from a plateau value reached
long t2 to even lower ratesG1 at the longestt2. In the case
of 30-nm VH0.73 a similar behavior has been found belo
about 200 K, but, for clarity, this temperature range is n
shown in Fig. 7~b!. This indicates that a third contribution t
G1 exists, which can only be observed if the conditiont2

21

! G2
G, G2

IG is fulfilled. In this t2 range the regular contribu
tions to the NMR signal of hydrogen in grains and intergra
regions are negligible. This third contribution must be rela
to a small number of hydrogen atoms trapped at impurit
As typical for ball-milled systems, a small impurity conte
could not be avoided in the present samples. If one assu
that the trapped hydrogen atoms are quite immobile,
their mean dwell timetd is increased, a reduction inG1,dip
follows directly from Eq.~6!. But, in this case it remains to
be elucidated, whyG2 of the trapped hydrogen atoms a
pears to be smaller than that of the mobile hydrogen ato
Therefore it seems to be more likely that the data have to
interpreted in terms of a very fast localized motion of t
trapped hydrogen atoms, resulting in very shorttd values.
This would explain the reduction inG1,dip as well @cf. Eq.
~7!#, and, besides that, the comparably smallG2 of these
trapped hydrogens could be easily understood.

In order to deduce diffusion parameters separately for
drogen in grains and intergrain regions the temperature
pendences of the corresponding dipolar relaxation ra
G1,dip

G and G1,dip
IG , have to be considered. As outlined abov

the present data yield values forG1
IG , whereas only lower

limits for G1
G have been obtained. Moreover, it cannot

decided whether the electronic contributionsG1,e differ sig-
nificantly for hydrogen in grains and intergrain regions. B
on the other hand, the uncertainty inG1,e has only little effect
on the activation enthalpies deduced fromG1,dip. Therefore,
as a good approximation, the Korringa ratesG1,e determined
above have been subtracted from bothG1

G,min and G1
IG to

calculate the dipolar contributionsG1,dip
G,min and G1,dip

IG . As an

FIG. 8. Contributions of hydrogen in the grains and intergr
regions to the dipolar spin-lattice relaxation rate in 30-nm VH0.73,
as deduced from theG1 data of Fig. 7~b!. G1

IG originates from hy-
drogen in the intergrains only, whereasG1

G,min represents a lowe
limit for hydrogen in the grains.
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example, theG1,dip
G,min andG1,dip

IG values obtained in this way fo
30-nm VH0.73 are shown in Fig. 8. TheG1,dip

IG data in the
temperature range 144<T< 183 K were deduced fromt2
dependent measurements ofG1 not shown in Fig. 7~b!. In
this temperature range, no information onG1

G could be ob-
tained sinceG2

G was too high. Similar results have been o
tained in the case of 80-nm VH0.82. The Arrhenius plot of
Fig. 8 permits deduction of the apparent activation entha
ies,Happ

G andHapp
IG , for hydrogen in the grains and intergrain

separately, by fitting Eq.~9! to the data. The different slope
below and above 200 K indicate again the phase transi
from theb2 to thed phase. The obtained values ofHapp

G and
Happ

IG are included in Table II. TheHapp
G data represent only

rough estimates because of the contributions from hydro
in the intergrain regions.

The system 10-nm VH0.67 has the advantage that only on
contribution toG1, namelyG1

IG , has been observed. Ther
fore this system provides the opportunity to analyze direc
the frequency dependence ofG1,dip

IG , which is obtained from
G1

IG in Fig. 5~c! by subtracting the electronic contributio
G1,e. Figure 9 shows an Arrhenius plot ofG1,dip

IG obtained on
10-nm VH0.67at different resonance frequencies. On the lo
temperature side of the relaxation maximum the obser
frequency dependence ofG1,dip

IG is significantly weaker than
G1,dip}v22 @cf. Eq. ~6!#, as predicted for a system with
singletd value. This may indicate a distribution oftd values.
A reasonable approach is to use Eq.~8! and to average ove
a distribution of activation enthalpiesH. The dipolar relax-
ation rate can than be written as23

G1,dip5E
0

`

G1,dip~H !G~H !dH, ~10!

whereG(H) denotes the normalized distribution function.
The solid curves in Fig. 9 represent a simultaneous fit

Eq. ~10! to all G1,dip
IG data above 200 K, using the BPP mod

for G1,dip(H) and a Gaussian distribution functionG(H)

FIG. 9. Frequency dependence ofG1,dip for hydrogen in 10-nm
VH0.67. The solid curves are obtained by a simultaneous fit of
BPP model to the data measured at different frequencies unde
assumption of a Gaussian distribution of the activation enthalpyH.
The fitting was done in the temperature range of theb2 phase (T
>200 K! and it revealed the parametersHaverage523966 meV and
DH55364 meV.
7-8



-

h

fo
ru
dt
th

e
-

in
ie

ve
ro

e

ng

e
e
ie

e
-

th
n

th
in
ge
th

o
c
ba
ith

ro

y
of

ain

a-
h
the

d

a-

re-
tion
of

ure

is
he
-

r-
rain
me
e-
in

for
ter-

ge
gli-
-
the

as-

b-
ea-
nts
jii,
us-

pa-

HYDROGEN IN NANOSTRUCTURED VANADIUM- . . . PHYSICAL REVIEW B 63 094307
}exp@2(Haverage2H)2/2(DH)2#. The obtained diffusion pa
rameters areHaverage523966 meV andDH55364 meV. It
should be stressed that these parameters describe bot
temperature and the frequency dependence ofG1,dip

IG . Such a
distribution of activation enthalpies is, indeed, expected
disordered structures like the intergrain regions of nanost
tured samples. In spite of the rather large distribution wi
DH, single-exponential recovery curves were observed in
G1 measurements on 10-nm VH0.67, justifying the use of Eq.
~10!. This indicates a hydrogen hopping frequencyn IG

@G1,dip
IG . The value ofHaverageis in good agreement with th

activation enthalpyH5240 meV reported for hydrogen dif
fusion in polycrystalline VHx with a similar hydrogen con-
tent ofx50.62.10 This suggests that the structural disorder
the intergrain regions results in a distribution of the barr
heights, but the average valueHaverage remains about the
same as in the polycrystal. It is not yet understood, howe
why the apparent activation enthalpies estimated for hyd
gen in the grainsHapp

G ~cf. Table II! deviate significantly
from H5240 meV for a polycrystalline system. The valu
H5240 meV ~Ref. 10! and a prefactor oftd,0

21'1013 s21,
which is compatible with inelastic neutron-scatteri
experiments65 and with the positions of theG1,dip maxima,
yields a hydrogen hopping frequency at room temperatur
nG ~300 K! '13109 s21. Using the same prefactor but th
Gaussian distribution function for the activation enthalp
with Haverage5239 meV andDH553 meV givesn IG~300 K!
'83109 s21. The distribution ofH in the intergrain re-
gions implies the existence of diffusion paths with reduc
barrier height, which explains the higher diffusivity com
pared to that inside the crystalline grains. Moreover,
smaller hydrogen concentration in the intergrain regio
should result in a higher prefactortd,0

21 , due to a reduced
blocking of occupied sites. If one takes this into account,
difference between the hydrogen diffusivities in the gra
and intergrain regions is even bigger. The faster hydro
diffusion in the intergrain regions is the main reason for
smallerG2

IG values compared toG2
G. The apparent activation

enthalpiesHapp
IG , which are given in Table II, correspond t

the low-energy tails of the distribution functions. The fa
that Happ

IG is the smaller the longer the sample has been
milled indicates an increase in the distribution width w
decreasing grain size.

IV. SUMMARY AND CONCLUSIONS

Nanostructuredb2-VHx (0.67<x<0.82) with various
grain sizes was prepared by mechanical milling under hyd
.
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gen atmosphere. The singleb2 phase was prepared alread
after 5 min at room temperature. The crystalline structure
b2 phase is retained, even in the sample with a typical gr
size of 10 nm. The hydrogen concentration in the grainsxG
decreases with decreasing grain sizes fromxG50.82 with 80
nm toxG50.72 with 10 nm grains, because of the modific
tion of the b2-g phase boundary in the V-H system wit
nanometer-scale grains. The hydrogen concentration in
intergrainsxIG'0.520.6 is smaller than in the grains an
appears to be nearly independent of the grain size.

The diffusivities of hydrogen in the nanostructured van
dium hydrides 80-nm VH0.82, 30-nm VH0.73, and 10-nm
VH0.67 were systematically investigated by NMR measu
ments. The use of a spin-echo sequence for signal detec
enabled us to determine the spin-lattice relaxation rate
hydrogen in the intergrain regionsG1

IG independently of the
contribution from the grains. The frequency and temperat
dependence of the dipolar contributionG1,dip

IG showed conclu-
sively that the hydrogen diffusion in the intergrain regions
governed by a distribution of activation enthalpies. In t
case of 10-nm VH0.67 the data above 200 K are well repre
sented by a Gaussian distribution function withHaverage
523966 meV and DH55364 meV. The distribution
width, which is related to the structural disorder in the inte
grain regions, was found to increase with decreasing g
size. The present diffusion parameters yield at the sa
given temperature a higher diffusivity in the intergrain r
gions than inside the crystalline grains. A similar increase
the diffusion coefficient has been reported previously,
example for hydrogen above a certain coverage in the in
grains of nanostructured nickel.50 Although the hydrogen dif-
fusivity in the intergrain regions is rather high, the exchan
of hydrogen between grains and intergrain regions is ne
gible on the time scale of theG1 measurements. Further
more, the present diffusion studies reveal a change in
diffusion mechanisms at about 200 K, which may be
cribed to the phase transition from theb2 to thed phase.
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