
Journal of Alloys and Compounds 404–406 (2005) 224–229

Hydrogen jump motion in Laves-phase hydrides:
Two frequency scales
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Abstract

Two types of hydrogen jump motion with different characteristic jump rates have been found to coexist in a number of Laves-phase hydrides.
While the slower jump process is responsible for the long-range diffusion, the faster process corresponds to localized hydrogen motion over
small groups of interstitial sites. In some of the Laves-phase compounds, the localized hydrogen motion is not ‘frozen out’ on the frequency
scale of 107 to 108 s−1 down to 20 K. This paper reviews recent progress in investigations of the microscopic picture and systematics of H
jump motion in Laves-phase hydrides. The relation between the hydrogen jump rates and the structure of hydrogen sublattice is emphasized.
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. Introduction

One of the most intriguing features of hydrogen diffu-
ion in Laves-phase intermetallic compounds is a coexistence
f two types of H jump motion with different characteristic

requencies[1]. The primary aim of the present paper is to
iscuss the progress in investigations of the microscopic pic-

ure and systematics of hydrogen jump motion in this class
f materials. Laves phases AB2 can have either the cubic
C15-type) structure or the hexagonal (C14-type or C36-type)
tructures. All interstitial sites in Laves phases are tetrahe-
ral; they can be coordinated by the [A2B2], [AB 3] or [B4]

etrahedra. In most of the Laves-phase hydrides AB2Hx, H
toms occupy only the [A2B2] sites at low and intermediate
ydrogen concentrations (up tox ≈ 2.5) [2,3]. For the cubic
15-type intermetallics (space groupFd3̄m) which will be

n a focus of our discussion, the [A2B2] sites are represented
y crystallographicg sites (12 sites per formula unit AB2).

Early nuclear magnetic resonance (NMR) experiments on
he Laves-phase hydrides TiCr1.8Hx (C15) and TiCr1.9Hx

C14)[4] and on the C15-type ZrV2Hx and HfV2Hx [5] have

∗ Tel.: +7 3432 783781; fax: +7 3432 745244.

revealed significant deviations of the measured nuclear
relaxation rates from the behavior expected for a single
quency scale of H motion. In[5] the experimental results ha
been interpreted in terms of a broad distribution of H ju
rates. On the other hand, Bowman et al.[4] have suggeste
the possibility of a coexistence of two hydrogen jump p
cesses with different rates. The unambiguous evidence
coexistence of two types of hydrogen jump motion with
ferent characteristic frequencies has been found in the
of NMR experiments on the C15-type TaV2–H(D) system
[6–9]. These experiments have revealed the temperatu
pendence of the nuclear spin-lattice relaxation rateR1 with
two well-separated peaks. The origin of the two freque
scales of hydrogen motion will be discussed below.

2. Systematics of two frequency scales of H jump
motion in cubic Laves-phase hydrides

According to the neutron diffraction data[2,10], hydro-
gen atoms in TaV2Hx(Dx) occupy onlyg sites coordinate
by two Ta and two V atoms. The sublattice ofg sites con
sists of hexagons lying in the planes perpendicular to〈1 1 1〉
E-mail address: skripov@imp.uran.ru (A.V. Skripov). directions[3]. Eachg site has three nearest neighbors: two
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g sites (on the same hexagon) at a distancer1 and oneg site
(on the adjacent hexagon) at a distancer2. The ratior2/r1
is determined by the positional parameters (Xg andZg) of
hydrogen atoms atg sites. Using the valuesXg = 0.055 and
Zg = 0.888 derived from the neutron diffraction measure-
ments for TaV2Dx [10] we obtainr2/r1 = 1.45. This means
that theg-site hexagons in TaV2Hx(Dx) arewell separated
from each other. Therefore, a hydrogen atom is expected to
perform many jumps within a hexagon before jumping to
another hexagon. In this case the faster jump rateτ−1

l can
be attributed to the localized hydrogen motion withing-site
hexagons, and the slower jump rateτ−1

d can be associated
with hydrogen jumps from oneg-site hexagon to another.

The results of quasielastic neutron scattering (QENS)
measurements for TaV2Hx [11] are consistent with this mi-
croscopic picture of H motion. First, on the frequency scale
of τ−1

l the measured QENS spectraS(Q, ω), where�Q is
the momentum transfer and�ω is the energy transfer, are
well described by a sum of a narrow elastic line and a
broader quasielastic line havingQ-dependent intensity, but
Q-independent width. These features are typical of the case
of spatially confined (localized) motion[12]. Second, theQ-
dependence of the measured elastic incoherent structure fac-
tor (EISF) appears to be in excellent agreement with the pre-
dictions of the model[12] of localized atomic motion over a
hexagon with the distance between the nearest-neighbor sites
e
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ments A and B forming the AB2 intermetallic. In fact, since
g sites are coordinated by two A and two B atoms, one may
expect that the positional parametersXg andZg (and hence,
r2/r1) are related toRA/RB. In order to verify this, we have
analyzed the available neutron diffraction data for paramag-
netic C15-type deuterides AB2Dx where both A and B are
transition metals. The results are presented inFig. 1showing
r2/r1 as a function ofRA/RB for different cubic Laves-phase
deuterides. In the cases where the neutron diffraction data are
available for different deuterium concentrationsx, we have
used the positional parameters corresponding to lowerx. It
should be noted that the changes inXg andZg with x are
much smaller than the range of variation of these parame-
ters for different Laves-phase compounds. As can be seen
from Fig. 1, there is a clear correlation betweenr2/r1 and
RA/RB for C15-type systems. The highestr2/r1 ratios are
observed for compounds with the lowest values ofRA/RB.
In particular, the value ofRA/RB for TaV2 (=1.090) appears
to be the lowest one among all hydrogen-absorbing Laves
phases. Therefore, the most pronounced separation of theg-
site hexagons from each other in TaV2Hx(Dx) can be related
to the anomalously lowRA/RB ratio.

For C15-type compounds withRA/RB > 1.35, ther2/r1
ratio becomes less than 1. In this case, eachg site has only
one nearest neighbor lying at the adjacent hexagon. Such a
transformation of theg-site sublattice may lead to a quali-
t ion:
t into
t o
a ents

F r
o e
n
H

qual to the experimentalr1 value.
It can be expected that for the other cubic Laves-phas

rides, where H atoms occupy onlyg sites, the microscop
icture of hydrogen motion is qualitatively the same as
aV2Hx. This has been confirmed by recent QENS exp
ents for ZrCr2Hx [13], ZrMo2Hx [14], HfMo2Hx [15] and
rV2Hx [16,17]. However, in these systems the differe
etween the two frequency scales of H motion appears
maller than in TaV2Hx. Besides TaV2Hx, two well-resolved
1(T ) peaks have been observed only for HfMo2Hx [18]
nd Nb(V1−yCry)2Hx(Dx) [19]. NMR data for other cubi
aves-phase hydrides including TiCr1.8Hx [4], ZrCr2Hx [20],
fV2Hx and ZrV2Hx [5,21] and ZrMo2Hx [14] do not show
ny additional low-temperatureR1 peak; the localized H mo

ion in these systems contributes only to the low-tempera
lope of the single-peakR1(T ) dependence. In order to fi
ut why the difference between the two frequency scale
motion is most pronounced for TaV2Hx, we may com

are the ratiosr2/r1 in different Laves-phase hydrides. E
mination of the available neutron diffraction data for cu
aves-phase deuterides reveals strong changes in the
2/r1 from one compound to another. For example, the v
f r2/r1 is 1.45 for TaV2Dx [10], 1.07 for ZrCr2Dx [22] and
.78 for YMn2Dx [23]. This means that although the struct
f the host-metal lattice is the same for all cubic Laves-p
ydrides,the structure of the g-site sublattice (partially oc-
upied by hydrogen) shows significant variations from one
ompound to another. These variations caused by change
he positional parameters of hydrogen atoms atg sites can b
ationalized in terms of the metallic radiiRA andRB of ele-
ative change in the microscopic picture of H jump mot
he faster jump process is expected to be transformed
he back-and-forth jumps withinpairs of g sites belonging t
djacent hexagons. The results of recent QENS experim

ig. 1. The ratio of theg–g distances as a function ofRA/RB for a numbe
f C15-type deuterides AB2Dx. The values ofr2/r1 are derived from th
eutron diffraction data for TaV2Dx [10], ZrTi2Dx [24], ZrMo2Dx [25],
fV2Dx [26], ZrV2Dx [27], ZrCr2Dx [22] and YMn2Dx [23].
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[28] on YMn2Hx (RA/RB = 1.425,x = 0.4, 0.65 and 1.26)
are consistent with these expectations.

In order to consider the relation between the intersite dis-
tances and hydrogen jump rates, we have to choose a certain
temperature for comparison of the data for different com-
pounds. In fact, bothτ−1

l andτ−1
d depend on temperature;

however, the temperature dependence ofτ−1
d is found to be

stronger than that ofτ−1
l . Thus, the ratioτd/τl increases with

decreasingT. At T < 200 K the value ofτ−1
d in Laves-phase

hydrides (except for ZrCr2Hx and HfCr2Hx) becomes too low
to be determined fromR1 or QENS measurements. On the
other hand, at room temperature bothτ−1

l and τ−1
d can be

measured (the former from the time-of-flight QENS and the
latter fromR1 or the backscattering QENS). At present, the
measured values of bothτ−1

l andτ−1
d are available for five cu-

bic Laves-phase systems with the exclusiveg-site occupation
andr2/r1 > 1: TaV2Hx [7,11], ZrCr2Hx [13,29], ZrMo2Hx

[14], HfMo2Hx [15,18] and ZrV2Hx [16,17,21]. In Fig. 2
the values ofτ−1

l (300 K) for different compounds are plotted
versusr1, and the values ofτ−1

d (300 K) are plotted versus
r2. It can be seen that there is a certain correlation between
the hydrogen jump rate and the correspondingg–g distance:
the value ofτ−1

l (300 K) tends to decrease with increasingr1,
and the value ofτ−1

d (300 K) tends to decrease with increasing
r2. Note that the range of the measured jump rates exceeds
t ly
a tion
b s is
e in.

F )
a

For cubic Laves-phase hydrides with mixed occupation of
g ande ([AB3]) sites, the microscopic picture of H motion
is less tractable. However, for the hydrogen-stabilized C15-
type phases ZrTi2Hx and HfTi2Hx (x ≈ 4) with the nearly
completely fillede-site sublattice, the coexistence of two fre-
quency scales of H motion has been convincingly demon-
strated[30,31]. In these systems the long-range diffusion oc-
curs by jumps from onee site to another via intermediateg
sites; while being located at the nearly emptyg-site sublattice
H atoms participate in the fast localized motion overg-site
hexagons.

3. Hexagonal Laves-phase hydrides

The coexistence of at least two frequency scales of hy-
drogen jump motion has also been found in a number of
hexagonal (C14-type) Laves-phase hydrides[13,32,33]. As
an example of the data,Fig. 3shows the temperature depen-
dences ofτ−1

l andτ−1
d for H motion in C14-type HfCr2H0.74.

These results are obtained from QENS measurements using
the time-of-flight spectrometer FCS (NIST) and the backscat-
tering spectrometer IN10 (ILL). It can be seen that in the
studied temperature range the behavior of bothτ−1

l (T ) and
τ−1

d (T ) is satisfactorily described by the Arrhenius relation;
t rhe-
n

F
f m the
QENS spectra measured on the time-of-flight spectrometer FCS (solid sym-
bols) and on the backscattering spectrometer IN10 (open symbols). The solid
lines are the Arrhenius fits to the data.
hree orders of magnitude.Fig. 2should be considered on
s an illustration of the general trend; a quantitative rela
etween the jump length and the jump rate of H atom
xpected to include some other factors of electronic orig

ig. 2. The hydrogen jump ratesτ−1
l (solid symbols) andτ−1

d (open symbols
tT = 300 K as functions of the correspondingg–g distancesr1 andr2.
he values of the activation energies derived from the Ar
ius fits are 122 meV forτ−1

l and 148 meV forτ−1
d .

ig. 3. The hydrogen jump ratesτ−1
l andτ−1

d in C14-type HfCr2H0.74 as
unctions of the inverse temperature. The jump rates are obtained fro
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The microscopic picture of H motion in C14-type com-
pounds has been addressed in the QENS study of ZrCr2Hx

[13] (note that ZrCr2 may exist in the form of either the hexag-
onal C14 or the cubic C15 modification). At low hydrogen
concentrations H atoms are known to occupy the tetrahe-
dral sites with [A2B2] coordination. In contrast to the C15
structure where all [A2B2] sites are equivalent (g sites), in
the C14 structure there are four inequivalent types of [A2B2]
site (h1, h2, k and l). The sublattice of [A2B2] sites in the
C14 structure[34] also consists of hexagons; however, these
hexagons are formed by inequivalent sites. Type I hexagons
are in the basal plane; they are formed by alternatingh1 and
h2 sites. Type II hexagons are formed by twok and fourl
sites in the sequencek–l–l–k–l–l. While all the distances be-
tween the nearest-neighbor sites in type I hexagons are equal,
in type II hexagons there is a small difference between the
l–l andk–l distances. All the distances between the nearest
sites within the hexagons appear to be shorter than the dis-
tances between the nearest sites on different hexagons[13].
Therefore, general features of the microscopic picture of H
motion in C14-ZrCr2Hx are expected to be similar to those
of H motion in C15-type compounds withg-site occupation.
The experimental QENS results for C14-ZrCr2H0.5 [13] have
been interpreted in terms of a model neglecting the small dif-
ference between type I and type II hexagons and the differ-
ence between thel–l andk–l distances in type II hexagons.
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9]. In NMR measurements, this is reflected in the marked
shift of the position of the low-T maximum ofR1 to lower
temperatures. For example, at the frequency of 90 MHz the
low-T maximum ofR1 is observed at 187 K for TaV2H1.33
[7], at 125 K for TaV2H0.87 [7] and at 45 K for TaV2H0.06
[9]. The strong dependence ofτ−1

l on x has also been found
in the QENS measurements on TaV2Hx [11] and in the ul-
trasonic experiments on TaV2Dx [35]. Qualitatively, such a
dependence is consistent with the fact that theg–g distance
r1 becomes shorter with decreasingx due to the decrease of
the lattice parameter. In this case, the hydrogen jump rate
τ−1

l should be extremely sensitive to changes inr1, which
suggests that the localized H motion may be governed by
tunneling transitions.

Studies of the effects of isotope (H↔ D) substitution
on the parameters of hydrogen motion are expected to give
additional information on the mechanisms of jump motion.
Nuclear spin-lattice relaxation of host-metal nuclei with
non-zero quadrupole moments appears to be a particularly
efficient probe of isotope effects on hydrogen motion in metal
hydrides[36]. For such nuclei the main motional contribu-
tion toR1 originates from the electric quadrupole interaction
modulated by motion of nearby H(D) atoms. Since for the
quadrupole interaction onlycharge fluctuations are impor-
tant, H and D atoms are expected to give the same contribu-
tions to the host-metalR if their motional parameters are the
s
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he observedQ-dependence of the EISF for C14-ZrCr2H0.5
s well described by the model of localized H motion o
exagons with the intersite distance〈r〉 = 1.16Å, where〈r〉

s the weighted average of the intersite distances for ty
nd type II hexagons.

Since the sublattice of [A2B2] sites in C14-type com
ounds is more complex than that in C15-type compou

he detailed microscopic picture of H motion in hexago
aves phases may imply more than two frequency sc

n order to clarify the systematics of H jump processe
exagonal Laves-phase hydrides, further QENS experim
combined with neutron diffraction studies of hydrogen
itions) are required.

. Quantum aspects of the low-temperature localized
(D) motion

The localized motion of hydrogen has been most ex
ively investigated for the TaV2–H(D) system (where this m
ion is the fastest among the studied Laves-phase hydr
herefore, the discussion in this section will be based o
xperimental results obtained for TaV2Hx(Dx). Three inter
sting features of the localized hydrogen motion will be
hasized: (i) the strong dependence of the jump rateτ−1

l on
ydrogen concentration, (ii) the unusual isotope effects o
arameters of the localized motion, and (iii) non-Arrhen

emperature dependence of the jump rateτ−1
l at low T.

The hydrogen jump rateτ−1
l in TaV2Hx(Dx) has bee

ound to increase strongly with decreasing H(D) conten[7–
1
ame. The51V relaxation rate measurements for TaV2Hx(Dx)
7] have revealed that the amplitude of the low-tempera

1 peak for TaV2Dx is nearly three times higher than that
aV2Hx with the samex. These results have been attribu
11] to the difference in the fractions of H and D atoms pa
pating in the localized motion. In fact, QENS measurem
11,13–17]indicate that only a certain fractionp of hydrogen
toms participate in the localized motion (on the approp
xperimental frequency scale) in Laves phases, and tha
raction decreases with decreasingT. The 51V relaxation
ata for TaV2Hx and TaV2Dx with nearly the samex sugges

hat the value ofp for D atoms is considerably higher th
hat for H atoms. The strong effect of H↔ D substitution
n the amplitude of the low-T host-metalR1 peak, with a

arger peak appearing in the deuterides, has also been
or 51V relaxation in the ternary Laves-phase NbVCrHx(Dx)
19] and for 45Sc relaxation in�-ScHx(Dx) [37,38]. The
ature of this isotope effect is not clear yet. One may ass

hat H(D) atoms become mobile when they are in the ex
ibrational states. In this case, the higher value ofp for D
toms would be quite natural, because of the lower excit
nergy.

The ultrasonic attenuation is also well suited for pr
ng isotope effects on hydrogen jump motion since the
ling between the ultrasound and the hydrogen motion i
ame for both H and D. Measurements of the ultrasoni
enuation in TaV2Hx(Dx) in the frequency range of 1 MH
35,39,40]have revealed even more dramatic isotope ef
han those found in the51V NMR experiments. For exampl
or TaV2D0.17 the ultrasonic attenuation shows a distinct p
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near 20 K which can be attributed to localized D motion; how-
ever, for TaV2H0.18 the low-T attenuation peak is observed
near 1 K, and its amplitude is about eight times lower than
that for TaV2D0.17 [35]. These results demonstrate that at low
temperatures the jump rate of H atoms is at least an order of
magnitude faster than that of D atoms for similar concentra-
tions. The ultrasonic data[35] are also consistent with the
temperature-dependent fraction of ‘mobile’ atoms, the value
of p decreasing with decreasingT.

The temperature dependence of the jump rateτ−1
l for

both H and D in TaV2Hx(Dx) is found to be strongly non-
Arrhenius. The behavior ofτ−1

l (T ) obtained from the proton
R1 measurements in TaV2Hx [7] is reasonably described by
the exponential function

τl
−1 = τ−1

0 exp

(
T

T0

)
(1)

over the temperature range 30–200 K. At low temperatures
this dependence is much weaker than the Arrhenius one. Al-
though the relation given by Eq.(1) should be considered
as empirical, it is worth noting that a similar term in the
jump rate has been found in the framework of the quan-
tum diffusion theory taking into account the effects of bar-
rier fluctuations[41]. While for protons the behavior of the
measured spin-lattice relaxation rate at lowT is affected by
t -
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‘
4
l
s by
E
3
T ture

F
T n
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l
t

behavior ofτ−1
l for H in TaV2H0.56 (dashed line inFig. 4)

is described byT0 = 50.3 K, τ−1
0 = 1.1 × 108 s−1 [7]. It is

interesting to note that Eq.(1) with the values ofT0 andτ−1
0

derived from the2D NMR data for TaV2D0.5 also gives a rea-
sonable description of the ultrasonic attenuation results for
TaV2D0.5 [35]. The ultrasonic experiments on TaV2Hx with
low x [35] show that the hydrogen jump rateτ−1

l remains
finite down to the lowest temperature of the measurements
(0.3 K) being well above the ultrasound frequency (∼1 MHz).
The strong difference between the motional parameters of H
and D and the non-Arrhenius temperature dependence of the
hydrogen jump rate resulting in highτ−1

l values at lowT in-
dicate that the localized hydrogen motion is dominated by
quantum effects.

5. Concluding remarks

This review emphasizes the relation between the parame-
ters of hydrogen motion and the structure of hydrogen sub-
lattice in Laves-phase compounds. It has been shown that the
actual structures of hydrogen sublattice may differ consider-
ably even for compounds with the same host-metal structure
and the same type of sites occupied by hydrogen. Therefore
the knowledge of the actual positional parameters of hydro-
g s in
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ys.:
he temperature dependence ofp [11], the2D spin-lattice re
axation rates can be measured separately for the ‘mo
nd ‘static’ fractions[8]. Therefore, the temperature dep
ence ofτ−1

l derived from the2D relaxation data for th
mobile’ fraction of D atoms should be more reliable.Fig.

shows the behavior ofτ−1
l (T ) obtained from the2D re-

axation rate data for TaV2D0.5 and TaV2D1.3 [8]. It can be
een thatτ−1

l (T ) for D atoms is satisfactorily described
q. (1). The corresponding fit parameters areT0 = 38 and
3 K, τ−1

0 = 2.0 × 107 and 1.5×106 s−1 for TaV2D0.5 and
aV2D1.3, respectively. For comparison, the low-tempera

ig. 4. The temperature dependence of the jump ratesτ−1
l for deuterium in

aV2D0.5 and TaV2D1.3, as determined from the2D spin-lattice relaxatio
ata. The solid lines show the fits of Eq.(1) to theτ−1

l (T ) results. The dashe

ine represents the behavior ofτ−1
l (T ) for H in TaV2H0.56, as derived from

he fit of Eq.(1) to the proton spin-lattice relaxation data (Ref.[7]).
en is crucial for understanding of the H jump processe
aves phases. For C15-type hydrides withg-site occupatio
ndr2/r1 > 1 the microscopic picture of H jumps and
ystematics of two frequency scales of H motion are
nderstood now. More work is required to clarify the det
f H jump motion in C14-type hydrides and in C15-type
rides withr2/r1 < 1 or with mixedg- ande-site occupation
urther studies are also necessary to elucidate the mech
f the localized H motion at low temperatures.
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