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Abstract

Nuclear magnetic resonance measurements of the 1H and 2D spin–lattice relaxation rates R1 for Ti2Ni-type compounds Ti2CoH0.5,

Ti2CoH0.9 and Ti2CoD1.0 have been combined with inelastic neutron scattering (INS) measurements of the H(D) vibrational spectra and

neutron diffraction measurements for the same samples. The R1 results for Ti2CoH0.9 and Ti2CoD1.0 give evidence for the existence of a

fast H(D) motion with the characteristic jump rate of about 3� 108 s�1 at room temperature, whereas for Ti2CoH0.5 such a fast motional

process is absent. The results of the INS and neutron diffraction measurements suggest that the appearance of the fast hydrogen jump

process in Ti2CoHx(Dx) with xE1 is related to the occupation of an additional type of interstitial sites by hydrogen atoms. While in

Ti2CoH0.5, hydrogen atoms are found to occupy only the octahedral sites with Ti6 coordination, a partial occupation of the tetrahedral

Ti3Co and Ti2Co2 sites by H(D) atoms (in addition to the nearly completely filled sublattice of the octahedral sites) has been revealed for

Ti2CoH0.9 and Ti2CoD1.0. Possible paths of hydrogen jump motion in Ti2CoHx(Dx) are discussed on the basis of the distances between

the sites partially occupied by H(D) atoms.

r 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Intermetallic compounds A2B with the cubic Ti2Ni-type
structure can absorb large amounts of hydrogen [1–3].
Some of these compounds retain the host-lattice structure
up to the maximum attainable hydrogen content forming
solid solutions A2BHx (xp5) [3]. These features make
Ti2Ni-type compounds attractive for hydrogen-storage
applications as well as for studies of the effects of hydrogen
absorption on the physical properties of intermetallics.
However, the available information on the properties of
the hydrogen sublattice (including the positions and
mobility of H atoms) in Ti2Ni-type compounds is still
e front matter r 2007 Elsevier B.V. All rights reserved.

ysb.2006.12.002

ng author.

ss: skripov@imp.uran.ru (A.V. Skripov).
fragmentary. While hydrogen diffusion in most of the
studied Ti2Ni-type intermetallics [4–7] is found to be rather
slow, recent proton nuclear magnetic resonance (NMR)
measurements [8] have revealed a fast H jump process in
Ti2Ni-type Ti2CoH1.34 with the characteristic jump rate
t1
�1E3� 108 s�1 at room temperature. This process coex-
ists with much slower H motion having the characteristic
jump rate t2

�1E2� 105 s�1 at room temperature [8].
The main results of Ref. [8] are reproduced in Fig. 1

showing the temperature dependence of the proton
spin–lattice relaxation rate R1 for Ti2CoH1.34 measured at
the NMR frequencies o/2p ¼ 13, 23.8 and 40MHz. Each
of the two frequency-dependent R1(T) peaks should occur
at the temperature at which the hydrogen jump rate ti

�1

becomes nearly equal to o [9]; therefore, the faster jump
process (with the jump rate t1

�1) gives rise to the

www.elsevier.com/locate/physb
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Fig. 1. The temperature dependence of the proton spin–lattice relaxation

rate for Ti2CoH1.34 measured at 13, 23.8 and 40MHz (from Ref. [8]).
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low-temperature R1 peak, while the slower jump process
(with the jump rate t2

�1
5t1
�1) is responsible for the high-

temperature R1 peak. However, at lower H content in
Ti2CoHx (x ¼ 0.56) the low-temperature R1 peak, and thus
the fast jump process, is absent [8]. In order to elucidate the
origin of the changes in H mobility in Ti2CoHx over the
range of x from 0.56 to 1.34, in the present work we have
studied the H(D) motion and site occupation in
Ti2CoHx(Dx) at low and intermediate H(D) concentrations
(0.5pxp1.0) using NMR and neutron scattering techni-
ques. NMR measurements of the 1H and 2D spin–lattice
relaxation rates, inelastic neutron scattering (INS) mea-
surements of the H(D) vibrational spectra and neutron
diffraction measurements are combined to demonstrate
that the appearance of the fast hydrogen jump process in
Ti2CoHx(Dx) is related to the occupation of an additional
type of interstitial sites by hydrogen atoms.

2. Experimental details

The intermetallic compound Ti2Co was prepared by arc
melting the appropriate amounts of high-purity Ti and Co
in a helium atmosphere followed by an annealing in
vacuum at 1200K for 50 h. According to X-ray diffraction
analysis, the annealed sample contained the dominant
Ti2Ni-type phase with the lattice parameter a ¼ 11.295 Å
and a small amount (�2wt%) of TiCo with CsCl-type
structure and a ¼ 2.997 Å. Small pieces of Ti2Co were
charged with hydrogen at a pressure of about 1 bar using a
Sieverts-type vacuum system. After annealing the inter-
metallic in vacuum at 973K, the system was cooled down
to 853K, and H2 (or D2) gas was admitted into the system
at this temperature. The amount of absorbed hydrogen was
determined from the pressure change in the calibrated
volume of the system after slowly cooling down to room
temperature. NMR and neutron scattering measurements
were made on the hydrided samples Ti2CoH0.5, Ti2CoH0.9

and Ti2CoD1.0. According to X-ray diffraction analysis,
the dominant phase in these samples retains the Ti2Ni-type
host–lattice structure with the lattice parameters
a ¼ 11.333 Å (Ti2CoH0.5), 11.362 Å (Ti2CoH0.9) and
11.363 Å (Ti2CoD1.0). The minor phase (�2–7wt%) with
CsCl-type structure in all these samples has the same lattice
parameter as in the hydrogen-free sample; this indicates
that the minor phase does not absorb hydrogen under the
experimental conditions described above.
Measurements of the nuclear spin–lattice relaxation rates

R1 were performed on a modernized Bruker SXP pulse
NMR spectrometer at the frequencies o/2p ¼ 13.8MHz
(2D), 23.8 and 90MHz (1H) using the saturation–recovery
method. INS measurements of the H(D) vibrational
spectra were performed on the filter-analyzer neutron
spectrometer (FANS) [10] at the NIST Center for Neutron
Research. The vibrational spectra of H and D were
measured using the Cu (2 2 0) monochromator and
horizontal collimations of 200 of arc before and after the
monochromator (for H) and 600 and 200 of arc, respectively
(for D). Neutron diffraction measurements at room
temperature were performed on the powder diffractometer
D7a [11] at the research reactor IVV-2M of the Institute of
Metal Physics, Urals Branch of the Russian Academy of
Sciences in Zarechnyi (for Ti2Co, Ti2CoH0.5 and
Ti2CoH0.9) and on the high-resolution powder diffract-
ometer BT1 [12] at the NIST Center for Neutron Research
(for Ti2CoD1.0). Powdered samples were sealed in cylind-
rical vanadium containers with diameters of 6mm (D7a)
and 9.2mm (BT1). The D7a diffractometer used the double
graphite (0 0 2)–Ge (5 1 1) monochromator; the neutron
wavelength l was 1.5321 Å. The BT1 diffractometer used
the Cu (3 1 1) monochromator, l ¼ 1.5403 Å. Neutron
diffraction patterns were recorded in the scattering angle
ranges 101p2y p 133.51 (D7a) and 31p2y p1601 (BT1)
with a step of 0.051 (except for Ti2Co for which the step
was 0.11).
Profile refinements of the diffraction patterns were made

by Rietveld analysis using the FULLPROF program [13].
The neutron scattering lengths were taken from the
FULLPROF library. Pseudo-Voigt profile functions were
used. The background was modeled by interpolation
between manually chosen points.

3. Results and discussion

3.1. Nuclear spin–lattice relaxation

The results of the proton spin–lattice relaxation rate
measurements at 23.8MHz for Ti2CoH0.5 and Ti2CoH0.9

are compared to those for Ti2CoH1.34 in Fig. 2. It can be
seen that for Ti2CoH0.5, the temperature dependence of R1

does not exhibit any peak in the range 80–400K. In this
range, the proton spin–lattice relaxation rate for Ti2CoH0.5

is dominated by the Korringa contribution [9] R1e due to
the interaction between nuclear spins and conduction
electrons. The Korringa contribution is usually propor-
tional to the temperature, R1e ¼ CeT. The value of Ce
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estimated from the experimental data for Ti2CoH0.5 is
3.3� 10�2 s�1K�1. For Ti2CoH0.9 the temperature depen-
dence of R1 shows a small peak near 290K. As can be seen
from Fig. 2, the position of this peak is nearly the same as
in Ti2CoH1.34, while the amplitude of the peak is somewhat
lower. The behavior of the proton spin–lattice relaxation
rate for Ti2CoH0.9 indicates that, in addition to the
Korringa contribution, in the temperature range
200–370K there is a considerable contribution to R1 due
to internuclear dipole–dipole interaction modulated by H
motion. This motional contribution R1m passes through a
maximum at the temperature at which the hydrogen jump
rate becomes nearly equal to the NMR frequency (otiE1)
and vanishes in the limits of fast (oti51) and slow (otib1)
motion [9].

The amplitude of the R1m peak is determined by a part of
internuclear dipole–dipole interactions which is averaged
out by a particular type of H motion. The long-range
diffusion of hydrogen leads to complete averaging out of
H–H and H–metal dipolar interactions. On the other hand,
a localized jump motion of hydrogen [14–17] leads to a
partial averaging of dipolar interactions; therefore, the
amplitude of the R1m peak originating from localized H
motion is usually smaller than that originating from long-
range H diffusion. On the basis of these considerations and
the experimental R1 results for a number of metal–hydro-
gen systems showing two frequency scales of H jump
motion [14,15,18,19], we assume that the R1 peak in
Ti2CoHx near 290K originates from some kind of localized
H motion. Usually only a certain fraction p of H atoms
participates in the fast localized motion [14,16,17]. While
two coexisting fractions of H atoms with different
mobilities are expected to give rise to two-exponential
spin–lattice relaxation, the recovery of the 1H nuclear
magnetization in Ti2CoHx remains single-exponential over
the entire temperature range studied. The single-exponen-
tial behavior of the proton R1 has also been reported for
other metal–hydrogen systems showing localized H motion
[14,15,18,19]. As has been demonstrated for the localized H
motion in a-ScHx [14], a single value of the proton
spin–lattice relaxation rate can result from the rapid
transfer of nuclear polarization due to mutual spin-
exchange process (spin diffusion). This process is effective
if the interacting nuclear spins have the same resonance
frequencies (as expected to be true for protons in
Ti2CoHx). In this case, the amplitude of the R1m peak
should be proportional to p. Because of the small
amplitude of the R1m peak for Ti2CoH0.9, we have not
tried to derive the temperature dependence of t1

�1 for this
compound from fits to the relaxation rate data. Since the
positions of the low-temperature relaxation rate peak in
Ti2CoH0.9 and Ti2CoH1.34 are nearly the same (Fig. 2), it
may be expected that the motional parameters of hydrogen
in Ti2CoH0.9 are close to those found for Ti2CoH1.34 [8].
Fig. 3 shows the temperature dependence of the 2D

spin–lattice relaxation rate in Ti2CoD1.0. This temperature
dependence exhibits a peak at TE290K, i.e., at approxi-
mately the same temperature as the 1H relaxation rate peak
in Ti2CoH0.9. Thus, the hydrogen jump rate for the fast
motional process does not show any considerable isotope
effect. However, the relaxation rate peak for 2D appears to
be much more pronounced than that for 1H. This may be
explained by a combined effect of two factors. (1) The
Korringa contribution to the spin–lattice relaxation rate,
R1e, for

2D is much smaller than that for 1H. Since R1e is
proportional to the square of the nuclear gyromagnetic
ratio g, the Korringa contribution for 2D should be a factor
of (gH/gD)

2
¼ 42.4 smaller. Therefore, the monotonic

background contribution to R1(T) for 2D is small, as
compared to that for 1H. (2) Since, in contrast to protons,
2D nuclei have a nonzero electric quadrupole moment,
there is an additional contribution to R1m for deuterium
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resulting from the interaction of nuclear quadrupole
moments with local electric field gradients (EFG) modu-
lated by D motion. In our case, the quadrupole contribu-
tion to R1m is the dominant one, and the amplitude of the
R1m(T) peak for 2D appears to be considerably higher than
that expected for dipole–dipole interactions.

Below TE250K the recovery of the 2D nuclear
magnetization is found to become two-exponential. Fig. 3
shows the behavior of both the fast and slow components
of the relaxation rate. The ratio of the fast and slow
relaxation rates at the same temperature appears to be
considerable (for example, at 205K this ratio is 15). Similar
deviations from a single-exponential recovery below a
certain temperature have been found for 2D spin–lattice
relaxation in Laves-phase systems TaV2Dx and HfMo2Dx

[20] showing two frequency scales of D motion. It should
be noted that for 2D nuclei with the spin I ¼ 1, the
quadrupole relaxation is expected to be single-exponential
even in the case of slow motion [21]. We can also exclude
the possibility of phase separation in Ti2CoD1.0 at low
temperatures (see Section 3.2). Therefore, as in the case of
TaV2Dx and HfMo2Dx [20], the observed two-exponential
relaxation may be ascribed to a coexistence of two fractions
of D atoms with different low-temperature mobilities
within a single phase. In contrast to 1H, the spin diffusion
for 2D should be suppressed, since the nearest-neighbor 2D
nuclei have different resonance frequencies. The reason is
that for the tetrahedral sites in Ti2Co the direction of the
principal axis of the EFG tensor changes from site to site,
while for the octahedral sites the EFG is expected to be
close to zero. Therefore, nuclear spins with different
relaxation rates can contribute separately to the recovery
of nuclear magnetization. The fast relaxation rate compo-
nent can be attributed to the fraction of D atoms
participating in the fast localized motion with the jump
rate t1

�1. The dominant relaxation mechanism for this
component is related to strong EFG fluctuations that occur
when a deuterium atom jumps from one site to another.
The slow relaxation rate component can be ascribed to the
fraction of D atoms that do not participate in the fast
localized motion; this component is determined by the
contributions due to conduction electrons and due to the
weak EFG fluctuations resulting from the motion of other
(mobile) D atoms. As the temperature increases, the long-
range diffusion of deuterium becomes fast enough to ‘mix’
the contributions of the two fractions of D to the recovery
of nuclear magnetization, so that the recovery becomes
single-exponential. It may be expected that this occurs
when the slower jump rate t2

�1 becomes comparable either
to the difference between the resonance frequencies of 2D
in the nearest-neighbor sites or to the relaxation rate itself.

Thus, the measurements of the 1H and 2D spin–lattice
relaxation rates in Ti2CoH0.5, Ti2CoH0.9 and Ti2CoD1.0

show the onset of the fast motional process as the hydrogen
concentration changes from 0.5 to 0.9 atoms/formula unit,
with the characteristic H(D) jump rate t1

�1E3� 108 s�1 at
300K. Comparison of the data for Ti2CoH0.9 and
Ti2CoD1.0 has not revealed any considerable isotope effect
on t1

�1. The spin–lattice relaxation results suggest that only
a fraction of all H(D) atoms participates in the fast
motional process.

3.2. Neutron vibrational spectra

The experimental low-temperature INS spectra for
Ti2CoH0.5 and Ti2CoH0.9 in the energy transfer range
40–190meV are shown in Fig. 4(a). In this energy range,
the observed INS spectra are dominated by the funda-
mental modes of H optical vibrations. As can be seen from
Fig. 4(a), the vibrational spectrum of hydrogen in
Ti2CoH0.5 consists of a broad asymmetric peak centered
near 100meV. For Ti2CoH0.9 this peak is broadened, and
two additional peaks appear near 137 and 157meV. These
results indicate that, in addition to the interstitial sites
occupied in Ti2CoH0.5, hydrogen atoms in Ti2CoH0.9 also
occupy extra sites with a different coordination and higher
vibrational energies.
Fig. 4(b) shows the experimental low-temperature INS

spectrum for Ti2CoD1.0 in the energy transfer range
40–126meV. Since the ratio of masses of D and H is 2,
in the harmonic approximation the vibrational spectrum of
D should be shifted to a factor of

ffiffiffi

2
p

lower energies from
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that of H. Comparison of the results for Ti2CoH0.9 and
Ti2CoD1.0 (Figs. 4(a) and (b)) shows that the general
features of the shape of the vibrational spectra of H and D
are the same. The low-energy peak in the spectrum for
Ti2CoD1.0 appears at a factor of

ffiffiffi

2
p

lower energy than the
corresponding peak for Ti2CoH0.9, as expected. Both high-
energy peaks in the spectrum for Ti2CoD1.0 appear at
slightly (�3%) higher energies than those expected on the
basis of the results for Ti2CoH0.9 in the harmonic
approximation. This suggests some anharmonicity of the
H(D) vibrations responsible for the high-energy peaks. It
should also be noted that the relative intensity of the
high-energy peaks for Ti2CoD1.0 is larger than that
for Ti2CoH0.9. In addition to the low-temperature
results, the INS spectrum for Ti2CoD1.0 has also been
measured at room temperature. All the features of the
room-temperature spectrum are found to be the same as
those for the low-temperature spectrum. This result allows
us to exclude the possibility of phase separation between
300 and 10K.

The unit cell of a Ti2Ni-type compound contains 456
tetrahedral interstices of 6 different types: 32e1 (Ti3Ni),
192i (Ti3Ni), 96g1 (Ti3Ni), 96g2 (Ti2Ni2), 32e2 (TiNi3) and
8b (Ni4), and 24 octahedral interstices of two different
types: 8a (Ti6) and 16c (Ti6) [22]. The volume of the
octahedral holes is considerably larger than that of the
tetrahedral holes [22]. Taking into account that the
octahedral sites are coordinated by 6 Ti atoms with strong
affinity for hydrogen, one may expect that the octahedral
sites are preferably filled with hydrogen, at least at low H
concentrations (the complete filling of a and c sites
corresponds to x ¼ 0.75). Since the nearest-neighbor
H–Ti distances for H atoms in the octahedral sites of
Ti2CoHx are rather large (�2.15 Å for both a and c sites),
the vibrational energies of hydrogen in these sites should be
lower than in the tetrahedrally coordinated sites. There-
fore, we can attribute the low-energy peak in the INS
spectra of Ti2CoHx(Dx) to H(D) vibrations in the
octahedral sites. The two high-energy peaks appearing in
the INS spectra of Ti2CoH0.9 and Ti2CoD1.0 can be
ascribed to H(D) vibrations in the smaller tetrahedral
interstices, likely in Ti-rich sites. Since the point symmetry
of the tetrahedral sites is lower than cubic, the split high-
energy peaks appear to be quite natural. This feature
originates from different bonding in different directions.
The relative occupancy of the tetrahedral and octahedral
sites can be roughly estimated from the relative integrated
intensities of the high-energy and low-energy peaks.
Ignoring the effect of the Debye–Waller factor and a
possible overlap of the peaks and correcting for the
contribution of the second-order vibrational peak (which
is evident in the spectrum for Ti2CoH0.5 above 160meV,
see Fig. 4(a)), we obtain the following estimates of the
fraction of H(D) atoms in the tetrahedral sites: 0.32 for
Ti2CoH0.9 and 0.37 for Ti2CoD1.0. It is natural to conclude
that the partial filling of some additional (tetrahedral) sites
in Ti2CoH0.9 and Ti2CoD1.0 leads to the onset of the fast
H(D) motional process (giving rise to the R1 peak near
290K).

3.3. Neutron diffraction

The neutron diffraction patterns and the agreement
between the observed and calculated intensities for Ti2Co,
Ti2CoH0.5, Ti2CoH0.9 and Ti2CoD1.0 are shown in Figs.
5–8. The high background intensity observed for Ti2CoH0.5

and Ti2CoH0.9 (Figs. 6 and 7) originates from the
incoherent neutron scattering from protons. For all
the samples studied, the dominant phase is found to have
the cubic Ti2Ni-type structure (space group Fd3̄m) with Ti
atoms in 48f (x, 1/8, 1/8) and in 16d (1/2, 1/2, 1/2) and Co
atoms in 32e (x, x, x). The lattice parameter of this phase
shows a nearly linear increase with increasing nominal
H(D) content, the volume expansion being about 1.1 Å3/
H(D) atom. It should be noted that for the samples
containing H(D), the values of the lattice parameter
determined from the neutron diffraction measurements
are somewhat higher than those derived from X-ray
diffraction (see Section 2). The fraction of the minor TiCo
phase with CsCl-type structure tends to increase with
increasing H(D) content. This indicates that the reaction of
Ti2Co with hydrogen leads to a partial disproportionation
[23,24]. Since the lattice parameter of the TiCo phase in all
four samples is nearly the same, we can conclude that this
phase does not contain hydrogen. The neutron diffraction
pattern for Ti2CoD1.0 exhibits an additional set of broad
lines corresponding to a small amount of a finely dispersed
TiD2 phase with CaF2-type structure. This phase is clearly
the product of a partial disproportionation. Note that the
presence of this phase has not been revealed by X-ray
diffraction measurements.
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The structural parameters and the agreement factors
resulting from the fits to the neutron diffraction data for
Ti2CoHx(Dx) are listed in Table 1. In order to reduce
the number of fit parameters, we have assumed that the
isotropic temperature factors are common for atoms of
the same type in different positions. For the hydrogen-free
Ti2Co, we have found that the fit is essentially improved
when a small part of Ti atoms substitute for Co in the Co
sublattice. This is consistent with the presence of the Ti-
poor TiCo phase. Therefore, the possibility of a partial Ti
substitution in the Co sublattice has been considered for all
the samples studied, and the occupancy of the Co sublattice
by Co atoms has been a variable parameter in the fits. As
potential H(D) sites, we have considered all 6 tetrahedral
and two octahedral interstices specified in Section 3.2. The
starting positional parameters of H(D) atoms at these sites
are taken from the analysis of Westlake [22]. In Ti2CoH0.5,
only octahedral 16c and 8a sites are found to be occupied
by H atoms. The occupancy of both these sites exceeds one-
half. In Ti2CoH0.9 and Ti2CoD1.0, in addition to nearly
completely filled octahedral 16c and 8a sites, the tetra-
hedral 96g1 and 96g2 sites are found to be partially
occupied by H(D) atoms. The addition of H(D) atoms at
the other tetrahedral sites does not improve the fits. The
positional parameters of H(D) atoms at 96g1 and 96g2 sites
(Table 1) appear to be close to those calculated for
Ti2NiHx on the basis of the geometric model [22,25]. It
should be noted that a partial occupation of 96g1 sites was
also reported for Ti2Ni-type deuterides Hf2FeDx (x ¼ 3, 4
and 5) [3] and for oxygen-stabilized Ti2Ni-type systems
Ti4Fe2OD2.25 [26] and Zr3V3OD4.93 [27], and a partial
occupation of 96g2 sites was found for Hf2FeD4, Hf2FeD5

[3] and Zr3V3OD4.93 [27]. For Ti2CoH0.5 and Ti2CoH0.9 the
refined hydrogen content (0.46 and 0.85H atoms/formula
unit, respectively) is in reasonable agreement with that
determined from hydrogen absorption. However, for
Ti2CoD1.0 the refined D content in the dominant phase
(0.78D atoms/formula unit) is considerably lower than
that derived from the absorption. This discrepancy may be
attributed (at least, partially) to the presence of the minor
TiD2 phase with high D concentration.
In order to discuss possible paths of hydrogen jump

motion in Ti2CoHx(Dx), we have to consider the distances
between the sites partially occupied by H(D) atoms. The
distances (shorter than 2.5 Å) within the deuterium
sublattice for Ti2CoD1.0 are listed in Table 2. The
octahedral sites 16c and 8a form a network through which
long-range diffusion can occur. This is consistent with the
fact that both 16c and 8a sites are occupied at low H(D)
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Table 1

Structural parameters for Ti2CoHx(Dx) resulting from profile refinementsa

Atom Position Parameter Ti2Co Ti2CoH0.5 Ti2CoH0.9 Ti2CoD1.0

aTi2Co (Å) 11.2881(4) 11.3370(3) 11.3678(7) 11.3789(2)

Ti1 48f (x,1/8,1/8) x 0.9364(2) 0.9334(2) 0.9321(3) 0.9332(2)

n 1 1 1 1

B (Å2) 0.62(3) 0.84(3) 1.04(6) 1.08(4)

Ti2 16d (1/2,1/2,1/2) n 1 1 1 1

B (Å2) 0.62(3) 0.84(3) 1.04(6) 1.08(4)

Co 32e (x,x,x) x 0.2858(2) 0.2863(2) 0.2865(3) 0.2865(2)

n 0.970(1) 0.981(5) 0.955(8) 0.970(1)

B (Å2) 0.59(8) 1.01(9) 0.9(2) 1.05(7)

H1(D1) 16c (0,0,0) n 0.586(8) 0.85(1) 0.912(6)

B (Å2) 2.1(1) 1.8(1) 1.68(3)

H2(D2) 8a (1/8,1/8,1/8) n 0.66(1) 0.84(2) 0.912(8)

B (Å2) 2.1(1) 1.8(1) 1.68(3)

H3(D3) 96g1 (x,x,z) x 0.797(3) 0.783(1)

z 0.169(5) 0.152(1)

n 0.040(5) 0.020(2)

B (Å2) 1.8(1) 1.68(3)

H4(D4) 96g2 (x,x,z) x 0.864(6) 0.860(1)

z 0.518(4) 0.520(1)

n 0.032(4) 0.012(1)

B (Å2) 1.8(1) 1.68(3)

SH(D) 0.46 0.85 0.78

aTiCo (Å) 2.9974(9) 2.998(1) 2.9955(6) 3.0008(6)

FTiCo (wt%) 1.9(2) 2.0(2) 4.7(3) 11.8(6)

aTiD2
(Å) 4.425(1)

FTiD2
(wt%) 4.7(1)

Rwp (%) 3.02 1.80 1.22 4.08

Rp (%) 2.37 1.42 0.95 3.17

w2 1.97 1.34 1.76 1.56

aSpace group of the dominant phase: Fd3̄m, the origin is at 3̄m. aX is the lattice parameter, n the site occupancy factor, BX the isotropic temperature

factor, SH(D) the total number of H(D) atoms (per formula unit) in the dominant phase and FX the fraction of a minor phase. RwpRp and w2 are the

standard agreement factors. Calculated standard deviations for the last digit of parameters are given in parentheses.

Table 2

The distances (in Å) between the interstitial sites partially occupied by D atoms in Ti2CoD1.0

Interstitial sites 16c 8a 96g1 96g2

16c — 2.46 (2) 1.81 (6) —

8a 2.46 (4) — — —

96g1 1.81 (1) — 2.06 (2), 2.11 (2) 1.74 (2)

96g2 — — 1.74 (2) 0.48 (1), 2.09 (2), 2.37 (4)

Only the distances shorter than 2.5 Å are shown. The number of the neighbors at the same distance is shown in parentheses. The table is read horizontally,

e.g., the 16c site has 6 nearest-neighbor 96g1 sites at a distance of 1.81 Å.
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concentrations. However, the distance between the nearest-
neighbor 16c and 8a sites is rather large (2.46 Å), so that
the exclusive filling of the octahedral sites is expected to
result in low hydrogen mobility, in agreement with the R1

data for Ti2CoH0.5 (Section 3.1). The tetrahedral 96g1 sites
are the nearest neighbors of 16c sites. As can be seen from
Table 2, a partial filling of 96g1 sites introduces shorter
distances in the sublattice of sites available for hydrogen
(1.81 Å for 16c–96g1 and 2.06 Å for 96g1–96g1). This is
likely to result in an increase in hydrogen mobility. The
tetrahedral 96g2 sites are well separated from the octahe-
dral 16c and 8a sites, so that hydrogen atoms can reach the
sublattice 96g2 sites only via short 96g1–96g2 contacts. The
interesting feature of the sublattice of 96g2 sites is that it
consists of pairs of sites with the nearest-neighbor distance
as small as 0.48 Å. It is tempting to ascribe the fast jump
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process in Ti2CoHx(Dx) to localized motion of H(D) atoms
within such pairs of sites. However, the jump rate for a
localized H(D) motion with such a small jump length is
expected to be much higher than that found in our R1

measurements for Ti2CoHx(Dx) with xX0.9 (the distance
between sites is comparable to the hydrogen vibration
amplitude). Furthermore, instead of moving between two
closely spaced 96g2 through a common trigonal face of two
adjacent Ti2Co2 tetrahedra, a hydrogen atom may reside at
the center of this face (at the 48f site with Ti3Co2
coordination). The occupation of 48f sites cannot be
distinguished from that of 96g2 sites on the basis of
analysis of neutron diffraction patterns.

The location of H(D) atoms in Ti2CoHx(Dx) with xE1
suggests the following picture of H(D) diffusion in these
compounds. Most of H(D) atoms occupy the nearly
completely filled sublattice of octahedral (16c and 8a)
sites. In addition to direct 16c–8a jumps, hydrogen atoms
can jump to the nearest tetrahedral sites via short 16c–96g1
contacts. The sublattice of tetrahedral (96g1 and 96g2) sites
is characterized by rather short nearest-neighbor distances
and a low degree of H(D) filling. Therefore, a hydrogen
atom can easily move on the sublattice of tetrahedral sites;
it is expected to perform a number of jumps on this
sublattice before it finds a vacant octahedral site. Thus, the
fast H(D) motional process in Ti2CoHx(Dx) with xE1 may
be attributed to the jump motion on the sublattice of
tetrahedral sites. The details of this motion could be
clarified by quasielastic neutron scattering experiments.
Such experiments are in progress.

4. Conclusions

The analysis of our inelastic neutron scattering and
neutron diffraction data for Ti2CoHx(Dx) has shown that
in Ti2CoH0.5, hydrogen atoms occupy only the octahedral
(16c and 8a) interstices with Ti6 coordination. As the
hydrogen concentration in Ti2CoHx(Dx) changes from
x ¼ 0.5 to xE1, the sublattice of the octahedral sites
appears to be nearly completely filled, and H(D) atoms
start to occupy the tetrahedral 96g1 (Ti3Co) and 96g2
(Ti2Co2) sites. The partial occupancy of the tetrahedral
sites gives rise to the fast H(D) motion with the
characteristic jump rate of about 3� 108 s�1 at room
temperature. Additional experiments are required to
elucidate the mechanism of this fast motion.
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