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Potential energy surface and hopping path for hydrogen in LaNi;
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Hydrogen hopping paths in LaNisH solid solution were analyzed via first-principles calculations. Potential
energy surfaces were determined for hydrogen on the plane with hydrogen sites 6m, 120, and 4k and on the
plane with hydrogen sites 12n, 3f, and 6i. From the zero-point vibration energy along the hopping path, it was
found that hydrogen locations are grouped only at three regions; quasi-m site (0-m-0), h site, and quasi-f site
(i-f-i). By applying the nudged elastic band method to hydrogen hopping paths between all the possible two
sites, the most probable diffusion route was determined as quasi-f—quasi-m—quasi-f in the ¢ direction and
quasi-f—quasi-m—quasi-f—quasi-m—quasi-f in the a and b directions with the same saddle point energy of 0.37
eV, which is in good agreement with the measured activation energy, 0.3-0.5 eV, of the hydrogen diffusion in

the solid solution phase of LaNis-H system.

DOI: 10.1103/PhysRevB.81.134304

I. INTRODUCTION

Hydrogen in metals brings various interesting phenomena
that are different from those of other atoms. Hydrogen acts
like a metal in some metals with no obvious bond formation
in a shallow potential. The high diffusion rate and quantum
effect of hydrogen nuclei are expected to occur. LaNis and its
related alloys have been extensively studied as a hydrogen
absorption alloy."> The density of hydrogen in LaNisH, (n
=6) is much higher than that of liquid hydrogen. LaNisH,
can function as a hydrogen storage material because of its
large hydrogen storage capacity per volume and its high
absorption/desorption rate. The latter property has significant
advantage for practical use over the so-called light-metal hy-
drogen absorption materials, which have, in many cases, low
absorption/desorption rates although they show high hydro-
gen storage capacity per weight.

A hydrogen molecule decomposes into two hydrogen at-
oms on the surface of the LaNijs crystal, and then these atoms
diffuse into the crystal. The diffusion process with a high rate
occurs in the solid solution phase, i.e., for n<1 in LaNisH,,.
When n increases, the phase transition to the hydrides,
LaNisH; or LaNisHg, occurs.>* In the region of 1<n<6,
two phases coexist. The hydrogen absorption/desorption rate
in this n region may be related to both the diffusion rate of
hydrogen in the solid solution and the movement speed of
the phase boundary between the two phases.

Diffusion is experimentally observed as a result of suc-
cessive hydrogen hopping between neighboring interstitial
hydrogen sites. Since, in the case of simple metals such as Ni
and Pd, there are only one or two hydrogen sites, the hydro-
gen atom hops over simple potential energy surfaces. In the
case of LaNisH,, there are many hydrogen sites that have a
complicated potential energy surface. Although experiments
determine the diffusion coefficient and its activation energy
in the bulk,’™ it is difficult to measure each energy barrier of
paths between various hydrogen sites. We perform the first-
principles calculations to determine hydrogen hopping paths
and their relationship to the overall diffusion process.

LaNijs crystal has a hexagonal structure (P6/mmm) whose
unit cell is spanned by vectors a, b, and c¢ (||a]
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=|jb|,a Le,b L ¢).!” Six possible hydrogen sites that are
specified by using Wyckoff symbols, i.e., 6m, 120, 4h, 12n
(tetragonal), 6i (tetragonal pyramidal), and 3f (octagonal),
are in the primitive cell. One m site, two o sites, and two h
sites are located on a plane of (2a+b,c) and four n sites,
one f site, and two i sites are closely located on another
plane of (a,c). The hydrogen positions may change from
these ideal ones because of the relaxation of atom positions
after introduction of hydrogen. The determination of
hydrogen positions is possible by neutron scattering
(spectroscopy/diffraction)®>!1-17 and also by the first-
principles calculations.'8-2!

In this study, the potential energy surfaces of the hydro-
gen atom on the two planes are at first obtained by the first-
principles calculations, and then the possible hydrogen loca-
tion regions are determined by considering the zero-point
vibration energy. The hopping path between two sites is
identified with the minimum energy path (MEP), which is
determined by using the nudged elastic band (NEB)
method.??24

II. CALCULATIONS

First-principles calculations of the electronic structure
were based on the density functional theory (DFT) using the
projector augmented-wave (PAW) method® and the Perdew-
Burke-Ernzerhof (PBE) version® of generalized gradient ap-
proximation (GGA) for the exchange-correlation potential. A
program code, QMAS (Quantum MAterials Simulator) devel-
oped by Ishibashi et al.,’’ was employed. A primitive cell
spanned by vectors a, b, and ¢ was used as a unit cell under
periodic boundary conditions in the calculation. A number of
k points, 256 (8 X 8 X 4), and a cut-off energy for plane wave
basis, 35 Ry, were employed. Although a higher cut-off en-
ergy and larger k-point numbers provide more accurate re-
sults, we chose the conditions providing a rather less but
sufficiently accurate result, since numerous calculations are
required to determine the potential energy surfaces and hop-
ping paths of the hydrogen atom. Because of the same rea-
son, the primitive cell is used as a unit cell in the DFT
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FIG. 1. (Color online) LaNis unit cell and hydrogen sites. (a) m,
0, and h sites on the plane spanned by vectors 2a+b and c. (b) n, f,
and i sites on the plane spanned by a and c. Large balls are La
atoms and middle balls are Ni atoms. Unit cell in (b) is shifted by
¢/2 from that in (a).
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calculation instead of the super cell. Lattice constants for
LaNis were obtained as a=5.017 A and c=3.943 A, where
a=|la|| and c=|ic|. These values are within the variation in
the experimentally measured values, a=5.011-5.032 A and
¢=3.911-3.986 A3HI1213.15.17

We considered a single hydrogen atom occupying a primi-
tive cell, i.e., LaNisH. In this study, the total energy is con-
verted to the hydrogen insertion energy, E;,, defined by

E, .= E(LaNisH) - [E(LaNis) + (1/2)E(H)], (1)

where E(LaNisH), E(LaNis), and E(H,) are the total ener-
gies of the corresponding chemical composition in parenthe-
ses. E(H,) was calculated by placing a hydrogen molecule in
the 10 Ax 10 AX10 A cubic unit cell.

The hydrogen sites m, o, h, n, i, and f are shown in Fig. 1.
All the atom positions in the unit cell are described as
(x,y,z), where x, y, and z are fractional coordinates in terms
of lattice vectors a, b, and ¢, respectively. Three optimization
levels were used: in level A, a hydrogen atom is simply
inserted into a site of a LaNis lattice without optimizing Ni
atom positions (H position is optimized in the site energy
calculations.), in level B, Ni atom positions are optimized by
maintaining the lattice constants of LaNis, and in level C, in
addition to level B, the lattice constants are also optimized
by maintaining the hexagonal symmetry of the lattice.

When the cut-off energy was increased to 80 Ry, the total
energy of LaNisH decreased by 0.086 eV, and when the
number of k points was increased to 2048 (16 X 16 X 8), the
total energy increased by 0.020 eV for the i site in level C,
for instance. Since we used the difference of the total energy
under the different configurations as shown in Eq. (1), the
values we used have higher accuracy; the insertion energy
[Eq. (1)] changed only by 0.004 eV in the above case.

In NEB calculations,?>2* we determined the MEP in lev-
els A and B. The initial path was chosen as a straight line
connecting the two hydrogen sites. Fifteen NEB nodes (hy-
drogen image atoms) were inserted along the path. Each
neighboring node is connected with a spring and each node

TABLE I. Insertion energies E;, in various optimized hydrogen site positions. Values of x, y, and z are fractional coordinates in terms

of lattice vectors a, b, and ¢, respectively.

Level A Level B Level C
Lattice constants
Position Eins Position Eins Position (A) Eins
Plane Site X,y z (eV) X,y z (eV) X,y z a c (eV)
(2a+b,c) 120(2y,y,2) 0.2085 0.2956 0.251 0.2208 0.3153 0.077 0.2240 0.3152  5.076 4.047  -0.017
6m(2y,y,1/2) 0.1422 172 0.149  0.1529 172 0.105 0.1559 172 5.084 3.978 0.042
4h(2/3,1/3,z) 2/3 0.3881  0.406 2/3 0.3831 0.127 2/3 0.3781  5.090 4.037 -0.014
(a,c) 12n(x,0,z7) 0.4571 0.1060 0.189 a a a a a a a a
6i(1/2,0,z) 172 a a 172 0.0868  —0.044 172 0.0916  5.058 4015 -0.116
3/(1/2,0,0) 172 0 0.326" 172 0 -0.002 ¢ 172 0

“Energy stationary point was not obtained.
Energy local maximum.
“Saddle point.
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FIG. 2. (Color online) Hydrogen sites and potential energy sur-
face of hydrogen on the plane spanned by vectors 2a+b and ¢ in
level A (a) and in level B (b). Hopping paths are shown by double
headed arrows. Isolines for insertion energy Ej,  are drawn at ir-
regular intervals. Due to the mirror symmetry of the crystal, the
calculations were performed for z=0.5.

has the force from the spring and that obtained from the
electronic structure calculation of the system.

III. RESULTS AND DISCUSSION
A. Hopping on the plane (2a+b,c)

Optimized hydrogen positions on the plane spanned by
2a+b and ¢ [see Fig. 1(a)] and the total energy obtained by
the first-principles calculation with and without geometrical
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optimizations are given in Table I. When the optimization
level is increased, the insertion energy at any site decreased.
The hydrogen sites o, m, and h are on the plane and in the
tetrahedra formed by La and Ni atoms.? Local displace-
ments of Ni atoms are observed to increase the tetrahedral
interstitial hole radius in level B and level C.3° Although
local displacements of La atoms are not observed because of
a primitive cell used, such a displacements is implied in a
super cell since in the level-C calculations the hole radius
becomes greater than that in level B.

The potential energy surface of the hydrogen atom on the
plane (2a+b,c) was obtained by the first-principles calcula-
tions by placing the hydrogen atom on each grid point at the
interval of 0.01 for y and 0.05 for z.2® The results are drawn
with isoenergy lines in Fig. 2. Two geometrical optimization
levels, A and B, were used in the total energy calculation.
Three independent hopping paths of m-o0, o-h, and h-h were
found on this plane, as shown in Fig. 2. Each path intersects
a triangle formed by three Ni/La atoms located on crossed
planes with the (2a+b,c) plane. It is to be noted that there is
no direct hopping path of m-h and o-o, both of which cross
the Ni-Ni bond at, approximately, its center. Geometrical
optimization in level B qualitatively gave the similar poten-
tial energy surface as that in level A; the precise site posi-
tions are changed and the insertion energies decrease.

Although it is possible to obtain the potential barriers be-
tween hydrogen sites from the potential energy surfaces
shown in Fig. 2, the accuracy in the values is limited by the
interval of grid points used to calculate the potential energy
surface. In order to determine a more accurate energy barrier
height and hopping path, the NEB method?>>* was applied
to determine the MEP between two energy local minimum
sites. As expected from the mirror symmetry of the lattice,
the MEPs obtained were on the plane (2a+b,c). The energy
maximum point on the MEP is a saddle point in the potential
energy surface. The energy barrier heights of various paths
were calculated as the energy difference between a saddle
point and a hydrogen site, as listed in Table II. The MEP of
h-h is a straight line parallel to the lattice vector ¢ due to the
mirror symmetry, whereas the MEPs of others are curved.
Local displacements of Ni atoms along the MEPs were also
given in level B. The saddle point is on the common border
triangle of two tetrahedra both of which contain the hydro-
gen sites. Ni atoms around the saddle points are displaced to
enlarge the triangle.° The barrier heights are, therefore, de-
creased.

In the calculations described above, the quantum effect of
hydrogen nucleus is not included, although the hydrogen
atom, either 'H or D, may behave as a quantum particle
because of its small mass.>' The potential barrier to be mea-
sured will be lower than the barriers listed in Table II due to
the hydrogen zero-point vibration energy. We estimated the
hydrogen zero-point vibration energy along the hopping path
direction. The direction A was determined by the tangent
vector of the MEP at the hydrogen site. Displacing the hy-
drogen atom by ¢=-020 A,-0.15 A,-0.10 A, ...,
0.20 A in the \ direction, hydrogen potential energy, V,(q),
were calculated. It was fitted to a parabolic curve as,
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TABLE II. Barrier height of hydrogen hopping and zero-point vibration energy for 'H and D in eV. In the barrier height, X — ¥ means
the difference between the saddle point energy and the X site energy. In the zero-point vibration energy, X — Y means zero-point vibration

energy at the X site along the direction of X — Y path.

Barrier height

Zero-point vibration energy

Sites Level A Level B 'H D
Plane X Y X—=Y XY X—=Y XY X—Y X—Y X—Y XY
(2a+b,c) m 0 0.188 0.086 0.049 0.076 0.06 0.07 0.04 0.05
0 h 0.483 0.328 0.188 0.139 0.07 0.09 0.05 0.06
h h 0.203 0.127 0.09 0.06
(a,c) n n 0.130 (¢ direction) a a a
0.007 (a direction) a a a
i i a 0.042 0.06 0.05
Between planes o n 0.404 0.466 4 4 a a a a
0 i a a 0.247 0.369 0.08 0.06 0.06 0.04
m m 0.284 0.250 0.09 0.07
“No path
Vilg) = (1/2)M wiqz + Vo, (2) level A calculation, whereas the i site was a unique stable

where M is the hydrogen atom mass, w, is the angular fre-
quency of the vibration to be fitted, and V,, is the potential
energy at the minimum. The vibration energy E()z
=(1/2)hw, for each site and the direction of \ are included
in Table II. Since the energy barrier in level B is 0.049 eV for
m—o, '"H cannot be localized in a single site of m. The
energy barrier for o —m is comparable to ESHm for 'H and
that for m — o is comparable to ESHO for D. With the help of
thermal excitation at room temperature, both 'H and D
should spread over the adjacent o-m-o sites. We shall call
this group of sites as the quasi-m site.

B. Hopping on the plane (a,c)

The hydrogen sites n, f, and i exist on the plane spanned
by a and ¢ [see Fig. 1(b)]. Optimized positions and the total
energy for these sites were obtained in the same way as the
case for the plane spanned by 2a+b and ¢ (see Table I). The
i site is the most stable as already pointed by Tatsumi et al.'®
and Zhang et al.?! For the i site, both the H-Ni distance
(1.63 A in level B and 1.65 A in level C) and the H-La
distance (2.53 A in level B and 2.56 A in level C) are the
longest among all hydrogen sites due to local and global
displacements of Ni and La atoms.’® The potential energy
surface on the plane was obtained, as shown in Fig. 3, by
placing a hydrogen atom on each grid point at the interval of
0.01 for x and z.

In the region of -1/2=z<1/2, four n sites with
(1/2%£0.04,0, £0.11), one f site with (1/2, 0, 0), and two i
sites with (1/2,0, £0.09) (in level B) are located in a big
octahedron surrounded by two La and four Ni atoms
(O[La,Niy]). From the lattice geometry consideration, n and
f sites were proposed to be hydrogen sites.?” On the plane
(a,c) the n site was a unique stable hydrogen position in the

hydrogen position in levels B and C. It is to be noted that the
f site is not a local minimum point in levels A, B, and C; it
is at a local energy maximum in level A and a saddle point in
level B (see Fig. 3). Although the energy values of the f site
were reported in Refs. 19 and 21, it was not mentioned
whether it was at a local minimum or not. Starting with the
configuration of hydrogen placed at the f site with a small
displacement, the hydrogen atom moved toward the n site
(level A) or the i site (levels B and C).

There are two kinds of paths between four n sites; one is
between the sites with (1/2*=0.04,0,z) and another is be-
tween the sites with (x,0, £0.11), as shown in Fig. 3(a). The
NEB calculation in level A provided a very small energy
barrier (0.007 eV) for the former path and a large energy
barrier (0.13 eV) for the latter path (see Table II). For the
path of i-f-i in level B, the energy barrier height was calcu-
lated to be 0.042 eV, the saddle point being at the f site.
Since E?H,‘ was estimated to be 0.06 eV for 'H and 0.05 eV
for D (see Table II) at the i site, both 'H and D are not
localized on the i site but are distributed between two i sites.
We call this i-f-i region as a quasi-f site. This quasi-f site is
the most stable even after considering the zero-point vibra-
tion energy.

The hydrogen site position in the solid solution phase can
be directly determined by the neutron diffraction experiment.
Fischer et al.'' showed that the f site is occupied. Soubey-
roux et al.'¥ compared the f site and the n site models in
Rietveld refinement and concluded that the n site model is
more probable than the other. Kisi et al.'> showed that start-
ing Rietveld refinement from the n site with (0.45, 0, 0.11),
the x coordinate always converged toward 1/2, i.e., the i site,
and oscillated. Although the i sites with (1/2,0, =0.09) is
the energy minimum in the level B calculation, we concluded
the quasi-f site to be the most probable “occupation site.”
Hydrogen atom at the n site will move to the quasi-f site.
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FIG. 3. (Color online) Hydrogen sites and potential energy sur-
face on the plane spanned by vectors a and ¢ in level A (a) and in
level B (b). Hopping paths are shown by double headed arrows.
Isolines for insertion energy E;,, are drawn at irregular intervals.
Due to the mirror symmetry of the crystal, the calculations were
performed for x=0.5 and z>0.

C. Other hopping paths

There is a hopping path o-i connecting the two planes
(2a+b,c) and (a,c). It is one of the important paths because
it connects the i site, which is in the most probable occupa-
tion site, and quasi-f. This path and another hopping path
m-m on a plane spanned by @ and b were calculated via the
NEB method both in level A and level B. The former path is
curved and does not lie on any plane.”® The energy barrier
heights of these paths are included in Table II. In level B, the
i— o hopping has the largest barrier height, followed by the
o0—i and m-m hoppings.

Even though another candidate of the hopping path, e.g.,
the direct connection between the n and £ sites, can be con-
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FIG. 4. (Color online) Energy barrier height of o — i hopping (a)
and of i — o hopping (b) at various lattice constants as a function of
the lattice volume. The barrier height for a=5.017 A and ¢
=3.943 A is shown by a solid circle.

sidered, the path has a high energy barrier, since such a path
cuts across the Ni-Ni bond. In fact, when we performed the
NEB calculation of the n-h path in level A, no direct MEP of
n-h hopping was found. Instead, the path converged to the
MEP which consists of successive hopping of n-o and o-h.

D. Effect of lattice expansion

We did not calculate the barrier heights in level C, which
includes the lattice optimization, although the barrier heights
might be affected by the lattice parameter. In order to ob-
serve this effect, we performed a NEB calculation for the i-o
path in level B under the conditions that lattice constants are
“pre-expanded” before the NEB calculation. The lattice con-
stants were set in the region of a=5.10-540 A and ¢
=4.0-4.3 A, which were chosen to be between the lattice
constant of solid solution LaNisH and that of hydride
LaNisHg.3*!5!7 The barrier height of o—i hopping de-
creased as ¢ increased, as shown in Fig. 4. It increased only
a little as a increased. The barrier height of i— o hopping
decreased as a and c¢ increased. When ¢ is expanded to
4.3 A, which corresponds to that of the hydride, the barrier
height of i — o0 hopping decreased from 0.369¢V to 0.235eV.
When comparable expansion actually occurs in the solid so-
lution phase surrounded by hydride LaNisHg, hydrogen dif-
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fusion in the solid solution region will be accelerated.

The saddle point energy in the i-o path was the lowest
(0.222 eV) at a=5.10 A and c=4.0 A in the lattice expan-
sion calculations. The difference between this lowest saddle
point energy (0.222eV) and the i or o site energy in level C
is corresponding to the barrier height energy in the level C
calculation. The estimated barrier heights are 0.239 eV for
o—i hopping and 0.338 eV for i — o hopping, smaller than
level B by 0.008 eV (for o—i) and 0.031 eV (for i— o).
Although the barrier height energy is decreased by the lattice
expansion, it is not obvious that the lattice expansion effec-
tively takes place in the real system when the hydrogen dif-
fuses. It is necessary to take into account an entropy term in
the saddle point free energy. In order to include the entropy
effect in the simulation, the first principles molecular dynam-
ics (with e.g., blue-moon ensemble method) is needed; such
a simulation is impossible at the moment, however.

E. Diffusion route and activation energy

Diffusion is observed as a result of successive hopping
through various paths. Several diffusion routes are possible,
as illustrated in Fig. 5. For the diffusion in the c-direction, a
route of quasi-f (1/2, 0, 0)—quasi-m (x,x/2,1/2)—quasi-f
(1/2, 0, 1) and some equivalent routs are possible. The en-
ergy difference between the highest saddle point energy (in
0-i) and the lowest site energy (at i) in the route, 0.369 eV,
will be approximately the activation energy in the c-direction
diffusion, although quantum effects such as zero-point vibra-
tion energy at hydrogen sites, the quantization of the acti-
vated state, and the tunnel effect must be considered! to
quantitatively compare it with the experiments. Diffusion
route through the /4 site does not contribute to the diffusion,
since the o-h and h-h paths have the larger barrier height
than that in m-o. Well-coincident activation energy, 0.367¢eV,
was reported by Ziichner et al.,> who measured it by using
the Arrhenius plot of diffusion coefficient along the ¢ direc-
tion in the LaNis single crystal.

For the diffusion in the a-direction, several inequivalent
routes are possible, as shown in Fig. 5(b). Route A [quasi-f
(0, 1/2, 0)—quasi-m—quasi-f—quasi-m—quasi-f (1, 1/2, 0)] has
the highest saddle point in i-o. Another routes such
as B (quasi-f—quasi-m—quasi-m—h—quasi-m—quasi-f), C
(quasi-f—quasi-m—quasi-m—quasi-f—quasi-m—quasi-f), and D
[quasi-m (-y,y,1/2)—quasi-m—quasi-m—h—quasi-m (1-y,y,
1/2)] have the highest saddle point in m-m. Activation ener-
gies estimated from these saddle point energies are 0.369 eV
(route A) and 0.399 eV (routes B, C, and D). Although the
lower activation energy should be observed at low tempera-
ture limit, the higher activation energy might be observed at
some temperature region. In either case, small anisotropy in
the activation energy is expected. Our estimation is sup-
ported from the measured activation energy reported in Ref.
5, 0.395 eV, in the a-direction diffusion and that in polycrys-
talline LaNis,®” 0.3 eV-0.5 eV.

IV. CONCLUSION

The potential energy surface for hydrogen, the minimum
energy path, and the barrier height of hydrogen hopping for
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0X2
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FIG. 5. (Color online) Diffusion routes in the @ and ¢ directions.
Only La atoms are shown by large balls. Some hydrogen sites are
grouped to the quasisites. (a) The diffusion route in the ¢ direction
(thick red lines). Hopping paths shown by thin red lines do not
contribute to the diffusion. (b) Top view of the diffusion routes in
the a direction. Four representative routes, A, B, C, and D, are
shown by different colors.

all possible paths were obtained by using the first-principles
electronic structure calculations. Hydrogen sites were
grouped to quasi-m site (o-m-o sites), h site, and quasi-f site
(i-f-i sites) by taking into account the zero-point vibration
energy along the hopping directions after all atom optimiza-
tions. The activation energy estimated from the saddle point
energy in the a- and c-directions is 0.37 eV, which is in good
agreement with the experimental values, 0.3-0.5 eV.
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