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Abstract
In order to clarify the mechanism of the fast localized motion of hydrogen in the
cubic (C15-type) Laves phase YMn2, we have performed quasielastic neutron
scattering measurements in YMn2Hx (x = 0.6 and 1.2) over the temperature
range 10–376 K. The behaviour of the elastic incoherent structure factor as a
function of momentum transfer (studied up to Qmax ≈ 3 Å

−1
) is consistent

with the two-site motion of H atoms within pairs of closely spaced interstitial g
(Y2Mn2) sites. Comparison of the data for YMn2H0.6 and YMn2H1.2 shows that
both the hydrogen jump rate and the fraction of H atoms participating in the fast
localized motion decrease with increasing H content.

1. Introduction

Hydrogen diffusion in a number of cubic (C15-type) Laves-phase intermetallic compounds
AB2 shows two types of H jump motion with different characteristic frequencies [1]. The
faster jump process corresponds to localized H motion over small groups of interstitial sites,
and the slower process is responsible for the long-range H diffusion [2, 3]. The existence of
the two frequency scales of H jump motion is believed to be related to the structure of the
sublattice of interstitial sites partially occupied by hydrogen. In most of the cubic Laves-phase
hydrides AB2Hx , H atoms occupy only tetrahedral g sites (with [A2B2] coordination) at low
and intermediate hydrogen concentrations (up to x ≈ 2.5), and tetrahedral e sites (with [AB3]
coordination) start to be filled at higher H concentrations [4, 5]. The spatial arrangement of
interstitial g and e sites in the C15-type lattice is shown in figure 1. In the following, we
shall consider only the compounds with exclusive g-site occupation. As can be seen from
figure 1, the sublattice of g sites consists of hexagons lying in the planes perpendicular to
〈111〉 directions. Each g site has three nearest neighbours: two g sites (on the same hexagon)
at a distance r1 and one g site (on the adjacent hexagon) at a distance r2. The ratio r2/r1

is determined by the positional parameters (Xg and Zg) of hydrogen atoms at g sites; these
parameters are found to depend on the ratio of the metallic radii RA and RB of the elements A
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Figure 1. The spatial arrangement of interstitial g sites (dark spheres) and e sites (light spheres) in
the C15-type lattice [6].

and B [1]. The microscopic picture of H motion has been investigated mostly for compounds
with RA/RB � 1.25, where r1 is shorter than r2 [2, 3, 7–9]. For these compounds, the faster H
jump process has been identified as the localized motion within the g-site hexagons.

For cubic Laves phases with RA/RB > 1.35, the g–g distance r2 becomes shorter than
r1. This may lead to a qualitative change in the microscopic picture of H motion: the
faster jump process is expected to be transformed into the back-and-forth jumps within pairs
of g sites separated by r2. In order to test this hypothesis, quasielastic neutron scattering
(QENS) has been applied [10] to probe H motion in the cubic Laves phase YMn2 with
RA/RB = 1.425. While this study gave detailed information on the long-range H diffusion, no
decisive conclusions about the nature of the localized H motion could be made [10] because of
the following factors: (1) the long-range H diffusivity in YMn2Hx appears to be unexpectedly
high, so that it is difficult to separate the wings of the high-intensity narrow line (resulting from
the long-range H diffusion) from the low-intensity broad line (resulting from the localized H
motion) in the experimental QENS spectra, and (2) the range of the neutron momentum transfer
in [10] is insufficient to distinguish unambiguously between different models of the localized
H motion. The aim of the present work is to clarify the microscopic picture of the localized H
motion in YMn2. Therefore, the experimental parameters of the present QENS measurements
are optimized for observation of the localized motion. In comparison with the previous QENS
study [10], this means a higher maximum value of the neutron momentum transfer, a higher
neutron intensity, and a poorer energy resolution. In the region of low hydrogen concentrations
(x � 1.2), the YMn2Hx system retains a paramagnetic solid solution state with the C15-
type host-lattice structure down to 245 K; below this temperature a number of structural and
magnetic phase transitions are known to occur [11]. In the present work we report the results of
QENS measurements for YMn2Hx (x = 0.6 and 1.2) over the temperature range 249–376 K.
These measurements provide the first direct evidence for a two-site localized H motion in a
cubic Laves-phase compound.
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2. Experimental details

The preparation of YMn2Hx samples was analogous to that described in [10]. According to
x-ray diffraction analysis, at room temperature the samples were single-phase solid solutions
of hydrogen in YMn2 with the C15-type host-lattice structure and the lattice parameters
a = 7.781 Å (YMn2H0.6) and 7.880 Å (YMn2H1.2).

QENS measurements were performed on the disc-chopper time-of-flight spectrometer
IN5 at the Institute Laue–Langevin (ILL) in Grenoble. In addition to having a well-defined
instrumental resolution function without long ‘wings’, this spectrometer allows one to optimize
the experimental conditions by changing the incident neutron wavelength λi, the energy
resolution and the neutron-beam intensity. In order to observe broad quasielastic lines
originating from fast localized motion, it is necessary to have a high neutron intensity and a
high maximum value of the elastic momentum transfer h̄ Q, but the energy resolution may
be relatively low. On the basis of these considerations, we have chosen λi = 3.6 Å and a
chopper speed of 12 000 revolutions per minute; such a choice results in an energy resolution of
0.22 meV (full width at half maximum) and a maximum Q-value of 3.19 Å

−1
. For comparison,

the maximum Q-value in [10] was 2.25 Å
−1

. The powdered YMn2Hx samples were placed
into flat Al containers, the sample thickness being 0.5 mm. The plane of the container was
oriented along the line 2θ = 135◦ (the highest angle limit of the detector bank). QENS spectra
Sexp(Q, ω), where h̄ω is the energy transfer, were recorded at T = 10, 259, 283, 303, 322,
341, 359 and 372 K for YMn2H0.6 and at T = 10, 249, 278, 298, 317, 335, 358 and 376 K for
YMn2H1.2. For data analysis, the detectors were binned into nine groups. The scattering angles
corresponding to the Bragg reflections were excluded from the analysis. The raw experimental
data were corrected for absorption and self-shielding using the standard ILL programs. The
instrumental resolution functions R(Q, ω) were determined from the measured QENS spectra
of YMn2Hx at 10 K. The background spectra were measured for the empty sample containers
in the same experimental geometry as for YMn2Hx .

3. Results and discussion

Because of the very large incoherent scattering cross-section of hydrogen, the observed neutron
scattering from our YMn2Hx samples is dominated by the incoherent nuclear scattering on
protons. QENS spectra measured at T = 259 K for YMn2H0.6 and at 249 K for YMn2H1.2

can be satisfactorily described by a sum of two components: an ‘elastic’ line represented by
the spectrometer resolution function and a resolution-broadened Lorentzian ‘quasielastic’ line.
The relative intensity of the ‘quasielastic’ component is found to increase with increasing Q,
its half-width being nearly Q-independent. These features are typical of the case of spatially
restricted (localized) motion [12, 13]. However, at higher temperatures the description in terms
of a sum of an elastic line and a single Lorentzian quasielastic component leads to systematic
deviations of the model QENS spectra from the experimental spectra. For T > 260 K, we
have to add the second Lorentzian quasielastic component, so that the experimental scattering
function Sexp(Q, ω) is fitted with the model incoherent scattering function

Sinc(Q, ω) = A0(Q)δ(ω) + A1(Q)L(ω, �1) + A2(Q)L(ω, �2) (1)

convoluted with R(Q, ω). Here, δ(ω) is the elastic δ-function, L(ω, �) is the Lorentzian
function with the half-width �, and A0 + A1 + A2 = 1. A similar description of the time-of-
flight QENS spectra was used in our previous work [10]. As an example of the data, figure 2
shows the QENS spectrum of YMn2H1.2 recorded at 298 K for Q = 2.79 Å

−1
.
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Figure 2. The QENS spectrum for YMn2H1.2 measured on IN5 at T = 298 K and Q = 2.79 Å
−1

.
The full curve shows the fit of the three-component model (equation (1)) to the data. The dotted
curve represents the elastic component (the spectrometer resolution function) and the broken curves
show two Lorentzian quasielastic components.

At the first stage of the analysis, we have used the model function (1) with two amplitudes
(A0, A1, A2 = 1 − A0 − A1) and two half-widths (�1, �2) being independent fit parameters.
Qualitatively, the results of such an analysis are similar for both YMn2H0.6 and YMn2H1.2. The
intensity of the broader quasielastic component, A2(Q), is found to increase with increasing Q,
and its half-width �2 appears to be nearly Q-independent. Since these features are typical of
a spatially confined motion [12, 13], the broad quasielastic component can be attributed to the
fast localized H motion with the jump rate τ−1

l . In this case, the value of �2 is proportional to
τ−1

l , and the Q-dependence of A2 is related to the geometry of this motion. It should be noted

that the observed monotonic increase of A2 with increasing Q up to Qmax ≈ 3 Å
−1

and the
increase of A2 with increasing temperature exclude the possibility that the broader quasielastic
component originates from magnetic fluctuations in the paramagnetic phase. Hence, the
magnetic quasielastic neutron scattering for our samples in the temperature range studied
appears to be much weaker than the nuclear quasielastic neutron scattering (dominated by
scattering on protons). The narrow quasielastic line is the most intense component of the
spectra. Its half-width �1 is found to increase with increasing Q, reaching a saturation in
the Q-range 1.6–2.2 Å

−1
. Furthermore, the value of �1 increases strongly with increasing

temperature. These features suggest that the narrow quasielastic component originates from
a jump process leading to the long-range diffusion of hydrogen. The intensity of the elastic
component, A0, is found to be small (about 10% of the total scattered intensity), being nearly
Q-and T -independent. This component can be attributed to the residual elastic contribution
resulting mainly from the scattering by host-metal nuclei.

As the next step of the analysis, at a given temperature we have simultaneously fitted the
spectra for all Q with equation (1), assuming a common value of �2 and a fixed A0 (being equal
to its average value in individual fits). In this case, the fit parameters are �2 (common value
for all Q), A1 and �1 (individual values for each Q). The resulting fit of the three-component
model to the data at T = 298 K and Q = 2.79 Å

−1
is shown by the full curve in figure 2; the

broken curves represent contributions of the different components. The Q- and T -dependences
of �1 derived from the fit are close to those obtained in the previous work [10], where the
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Figure 3. The temperature dependences of the half-width of the broader quasielastic line for
YMn2H0.6 and YMn2H1.2. The dashed curves show the Arrhenius fits to the data.

parameters of the long-range H diffusion resulting from these dependences for YMn2Hx with
low x have been discussed in detail. In the present work, we focus on the behaviour of the
broader quasielastic component related to the localized H motion.

Figure 3 shows the temperature dependences of the half-width �2 derived from the fits
of the three-component model to the data for YMn2H0.6 and YMn2H1.2. It can be seen
that the half-width increases with increasing temperature, the values of �2 for YMn2H0.6

being higher than the corresponding values for YMn2H1.2. This means that the characteristic
jump rate of the localized H motion increases with increasing temperature and decreases
with increasing hydrogen content. A similar behaviour of the jump rate has been found for
the localized H motion in C15-type TaV2Hx [2] and ZrMo2Hx [7]. The dashed lines in
figure 3 show the Arrhenius fits to the data. The values of the activation energies resulting
from the fits are 10 ± 3 meV for both YMn2H0.6 and YMn2H1.2. These activation energies
characterizing the localized H motion are much lower than those for the long-range H diffusion
in YMn2Hx (for example, the activation energy for the long-range H diffusion in YMn2H0.65 is
213 ± 5 meV [10]). Similar difference in the activation energies of the two H jump processes
has also been found for other Laves-phase hydrides [1, 8, 9]. It should be noted, however, that
the observed range of �2 variations in our experiments is too small to verify if the temperature
dependence of �2 is in fact described by the Arrhenius law.

The geometry of the localized H motion can, in principle, be derived from the Q-
dependence of the elastic incoherent structure factor (EISF) [12, 13]. Assuming that the purely
elastic component of QENS spectra described by equation (1) originates from the host-metal
contribution, we can determine the ‘resolution-limited’ EISF for the hydrogen sublattice as the
ratio A1/(A1 + A2). Figure 4 shows the Q-dependence of the EISF for YMn2H1.2 at three
temperatures. Similar behaviour of the EISF is observed for YMn2H0.6. Note that the results
shown in figure 4 correspond to the changes in the relative intensity of the narrow component,
not to the changes in the absolute intensity with Q and T . As can be seen from figure 4,
the measured EISF appears to be temperature-dependent, decreasing with increasing T . This
feature is common for all the studied Laves-phase hydrides [1–3, 7–9]. In order to account
for this feature, we have to assume that only a fraction p of the H atoms participates in the
fast localized motion, and this fraction increases with temperature. The existence of ‘static’
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Figure 4. The elastic incoherent structure factor for YMn2H1.2 as a function of Q measured at
T = 249, 317 and 358 K. The full curves show the fits of the two-site model (equation (3)) with the
fixed r2 = 1.09 Å to the data.

H atoms may result from the H–H interaction leading to formation of some ordered atomic
configurations at low temperatures [2].

According to neutron diffraction measurements [14], at room temperature the D atoms
in YMn2Dx with x � 3.4 occupy only g sites with the positional parameters Xg = 0.324–
0.327 and Zg = 0.137–0.141. The structure of the g-site sublattice (see figure 1) suggests two
possible types of localized H motion. The first possibility is that a hydrogen atom jumps over
six g sites, forming a regular hexagon with the nearest-neighbour g–g distance r1. This type
of localized motion has been observed in a number of cubic Laves-phase hydrides [2, 3, 7–9].
The second possibility corresponds to back-and-forth jumps between two g sites separated by
r2. For the six-site model, the orientationally averaged form of the EISF [12, 13] is given by

EISF = 1 − p + p

6
[1 + 2 j0(Qr1) + 2 j0(Qr1

√
3) + j0(2Qr1)], (2)

where j0(x) is the spherical Bessel function of zeroth order. For the two-site model, the Q-
dependence of the orientationally averaged EISF [12, 13] is given by

EISF = 1 − p + p

2
[1 + j0(Qr2)]. (3)

Note that the period of the oscillatory Q-dependence of the EISF described by equations (2)
and (3) is determined by the corresponding intersite distances (r1 or r2), while the value of p
is responsible only for the amplitude of these oscillations. Using the experimental positional
parameters of D atoms in YMn2D1.0 (Xg = 0.326, Zg = 0.141) [14] to calculate g–g distances
in YMn2Hx , we find that, for YMn2H1.2, r1 = 1.40 Å and r2 = 1.09 Å. Comparison of the
experimental Q-dependences of the EISF with the models represented by equations (2) and (3)
indicates that only the two-site model is consistent with the data. Figure 5 shows the fit of
the two-site model (equation (3), full curve) with the fixed r2 = 1.09 Å to the EISF data for
YMn2H1.2 at the highest T studied (at which the range of the EISF variation is the widest).
It can be seen that equation (3) with p as the only fit parameter satisfactorily describes the
observed Q-dependence of the EISF. The value of p resulting from the fit is 0.486±0.004. The
two-site model with the fixed r2 = 1.09 Å also gives a reasonable description of the EISF data at
the other temperatures (see, for example, the full curves in figure 4) as well as the EISF data for
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Figure 5. The elastic incoherent structure factor for YMn2H1.2 at 376 K as a function of Q. The
full curve shows the fit of the two-site model (equation (3)) with the fixed r2 = 1.09 Å to the data.
The dashed curve shows the behaviour of the EISF predicted by the six-site model (equation (2))
with the fixed r1 = 1.40 Å.
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Figure 6. The temperature dependences of the fraction of H atoms participating in the fast localized
motion, as determined from the fits of the two-site model to the data for YMn2H0.6 and YMn2H1.2.

YMn2H0.6. The dashed curve in figure 5 shows the behaviour predicted by the six-site model
(equation (2)) with the fixed r1 = 1.40 Å. It can be seen that, in the Q-range 2.0–3.2 Å

−1
,

the six-site model predicts the increase of EISF with increasing Q, whereas the experimental
EISF decreases in this range. Thus, the six-site model is inconsistent with the observed Q-
dependence of the EISF. It should be noted that QENS measurements at Q > 2.3 Å

−1
are

crucial for such a conclusion.
Figure 6 shows the temperature dependences of p resulting from the fits of the two-site

model to the EISF data for YMn2H0.6 and YMn2H1.2. The fraction of H atoms participating
in the fast localized motion appears to decrease with increasing H content, especially at low
temperatures. This is consistent with the idea that H–H interactions tend to suppress the fast
localized motion.
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4. Conclusions

The analysis of our quasielastic neutron scattering data for C15-type YMn2Hx (x = 0.6 and
1.2) has shown that the fast H jump process in this system corresponds to localized motion of
H atoms within pairs of closely spaced g sites. This is the first unambiguous evidence for a
two-site localized hydrogen motion in a Laves-phase compound. The observation of the two-
site H motion provides the ‘missing link’ for the systematics of hydrogen jump processes in
cubic Laves-phase hydrides [1]; it shows that the change in the structure of the g-site sublattice
(corresponding to the transition from r2 > r1 to r2 < r1) leads to the qualitative change in the
microscopic picture of H motion.
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