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We present a first-principles study of the structural stability and hydrogen incorporation behavior
of Ti–Fe, Ti–Ni, and Hf–Fe intermetallic compounds using density functional theory. An equation-
of-state analysis of TiFe yields its equilibrium lattice constant and bulk modulus. Formation energies
computed for multiple structural prototypes confirm that all compounds considered are thermody-
namically stable at 0K, with cubic Laves phases showing the strongest driving forces for formation.
Hydrogen absorption was examined by inserting H at interstitial sites and relaxing the structures.
In all studied alloys, H migrates toward specific symmetric Wyckoff positions, with TiFe exhibiting
the most favorable incorporation energies and the weakest dependence on hydrogen content. These
results provide insight into hydrogen uptake in Ti-based storage alloys and shows ways for tuning
absorption energetics.
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I. INTRODUCTION

Hydrogen as an energy carrier is considered essential for mov-
ing towards clean energy and replacing fossil fuels, but a safe,
low-cost and efficient way of storage is currently lacking. Phys-
ical hydrogen storage methods, like compressed gas and liq-
uid hydrogen, present challenges as they require highly energy-
intensive processes for compression or cryogenic cooling, which
introduce energy and safety constraints. Material-based storage
methods, like using metal hydrides, offer a more compact and
inherently safer alternative to physical storage [1, 2].

Among these options, TiFe is considered one of the most op-
timal candidates because of its high volumetric storage capacity
(105 kg H2/m

3) and low cost. In addition, TiFe can reversibly
store and release hydrogen near room temperature and atmo-
spheric pressure, which makes it attractive for stationary stor-
age applications [3]. However, the alloy is difficult to activate
as the surface becomes oxidized after exposure to air. Addition-
ally, the first hydrogenation typically requires high pressures and
temperatures above 400 ◦C. To address this problem, research is
conducted to examine how alloying with substitutional elements
such as Ni or Hf could lead to lower activation temperatures and
how they influence the phase stability and hydrogen absorption
[4].

Computational methods can support these efforts by provid-
ing an estimation for material properties and helping explore the
fundamental mechanisms of hydrogen storage behavior in these
alloys. In this project, we use density functional theory [DFT]
to analyze the stability of different crystal structures, compare
alloy formation energies and evaluate the energy cost of intro-
ducing hydrogen into different crystal lattices. The objective of
our research is to identify which alloy compositions and inter-
stitial sites are the most favorable for hydrogen storage.

II. METHODOLOGY

All calculations were performed using Quantum ESPRESSO
[5, 6] with PBE pseudo-potentials. The standard solid-state
pseudopotentials library [SSSP PBE Efficiency v1.3.0] [7] was
used for all pseudopotentials.
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A. Convergence testing on TiFe

Convergence testing is a crucial part of DFT calculations as
the results of our calculations can be influenced by parameters
such as ecutwfc, ecutrho and k points, which represent cut-
off values and for which the appropriate values are not known
a priori. The goal of convergence testing is to determine the
minimal values for which the computed observables change neg-
ligibly, ensuring that the results reflect physical behavior rather
than random noise. In this step a TiFe crystal, as shown in Fig-
ure 4, is used. The k mesh is optimized first, while ecutwfc and
ecutrho are initially set to the default values from the Fe pseu-
dopotential files. The computed hydrostatic pressure is used as
the metric by which convergence is judged, since this property
has the tendency to be heavily influenced by the aforementioned
parameters. Next, the ecutwfc value is optimized while keeping
ecutrho fixed as a constant multiple, after which the multipli-
cation factor is adjusted to determine the optimal ecutrho.

B. E(V) curve for TiFe

We first characterized some properties of the TiFe pm3̄m crys-
tal. The unit cell was uniformly scaled to generate 20 different
volumes between 71% and 131% of its initial volume, and the
total energy was computed for each case. This energy-volume
data was fitted to the third-order Birch–Murnaghan isothermal
equation of state, as shown in equation (B1). The equilibrium
volume and bulk modulus were obtained from this fit.

Following this, a full geometry optimization of the TiFe crystal
was performed. The optimized volume from this calculation was
compared with the equilibrium value we derived from the EOS
fit. Additionally, the volume change following the application of
10GPa of external pressure was calculated. This was obtained
by expressing the EOS (B1) in terms of volume as a function of
pressure.

C. Formation energy for Ti-Fe, Hf-Fe and Ti-Ni crystals

Each intermetallic phase studied (TiFe, TiFe2 (hexagonal and
cubic), HfFe, HfFe2 (hexagonal and cubic), TiNi, and TiNi2
(hexagonal and cubic)) underwent a complete geometry opti-
mization. This procedure (VC-Relax ), relaxes both lattice pa-
rameters and internal atomic coordinates.

To ensure thermodynamic consistency, identical convergence
thresholds for forces and stress were applied to all structures.
After convergence, the total energies Etot, equilibrium volumes,
and magnetic moments were extracted from the final relaxed
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configurations. The relaxed structural data from these calcula-
tions are summarized in Table II.
The formation energy per formula unit [fu] of each intermetal-

lic compound AxBy was computed using the formula

∆Ef = Etot(AxBy)− xEtot(A)− y Etot(B), (1)

where Etot(AxBy) is the total energy of the fully relaxed in-
termetallic structure normalized to a single formula unit, and
Etot(A) and Etot(B) are the energies per atom of the relaxed el-
emental phases. Energies were converted from Rydberg to elec-
tronvolts and formation energies are reported per formula unit
as well as per atom for easier comparison across compounds with
different stoichiometries.
A negative ∆Ef indicates thermodynamic stability at zero

Kelvin relative to decomposition into the elemental solid phases.
Comparison of ∆Ef values across all phases in a binary system
identifies the compounds expected to appear on the convex hull
and thus be experimentally realizable.

D. Hydrogen at high symmetry sites in TiFe

Hydrogen incorporation in TiFe was investigated using a se-
ries of DFT calculations where H atoms were introduced into
high symmetry interstitial positions of the TiFe unit cell. All
simulations employed the converged plane-wave and k-point set-
tings established in the previous steps. The convergence settings
were verified again for the hydrogen containing TiFe structures.
TiFe crystallizes in the cubic space group Pm3̄m, where Ti

occupies the 1a Wyckoff site at (0, 0, 0) and Fe occupies the 1b
site at ( 12 ,

1
2 ,

1
2 ). Hydrogen atoms were inserted into representa-

tive high-symmetry interstitial Wyckoff positions permitted by
this space group:

• 3d sites: (0, 1
2 ,

1
2 ), (

1
2 , 0,

1
2 ), (

1
2 ,

1
2 , 0),

• 3c sites: ( 12 , 0, 0), (0,
1
2 , 0), (0, 0,

1
2 ),

• 8g site: ( 14 ,
1
4 ,

1
4 ).

Configurations containing one, two, or three hydrogen atoms
were constructed by occupying these sites in accordance with
the crystal symmetry. Both lattice parameters and atomic co-
ordinates were relaxed in all TiFe–H structures. For each con-
figuration, the hydrogen incorporation energy per atom was cal-
culated using

EH =
E(TiFe + nH)− E(TiFe)

n
,

where n is the number of hydrogen atoms inserted into the unit
cell. This quantity is directly analogous to a hydrogen formation
energy and quantifies the energetic favourability of hydrogen up-
take. No significant changes were necessary, and the previously
converged cutoff and k-mesh values were used for all TiFeH op-
timisations.

E. Optimal Hydrogen storage positions in TiFe, HfFe and
TiNi crystals

We evaluated both the energy cost of hydrogen incorporation
in fully relaxed TiFe, HfFe and TiNi crystals and the preferred
positions of the added hydrogen into the unit cell through a
series of DFT calculations. A 12x12x12 grid search of each of
the mentioned cells was performed where a singular hydrogen
atom was placed at a site within the unit cell. At each grid point
a DFT relax calculation was carried out, keeping the unit cell
parameters constant, while the atomic positions were allowed to
relax. All simulations employed the previously converged plane-
wave and k-point settings.

The most energetically preferred interstitial positions by the
hydrogen atoms in the grid search were further investigated by
constructing configurations containing one, two, or three hydro-
gen atoms at these sites. These configurations were then fully
optimized using vc-relax DFT calculations where both lattice
parameters and atomic coordinates were allowed to relax in all
structures.

III. RESULTS

A. Convergence testing on TiFe

The converged data are summarized in Figure 5. The final
parameters found are: k mesh:11×11×11, ecutwfc: 140 and
ecutrho: 1260. These values are applied in all subsequent cal-
culations, even when different unit cells are used. Since k mesh
is found to strongly impact the computation time, its value is
scaled based on the dimensions of the unit cells, according to
formula (A1). This ensures that the density of k-points in recip-
rocal space remains approximately constant when the real-space
lattice dimensions change.

B. E(V ) curve for TiFe

FIG. 1: Third-order Birch–Murnaghan equation-of-state fit to
the TiFe E(V ) data. Error bars reflect deviations of the DFT

points from the fitted curve.

The data used for the E(V )-calculations for TiFe pm3̄m are
shown with the EOS fit in Figure 1. Table I lists the the equi-
librium volume and bulk modulus of the TiFe crystal that we
determined using the EOS-fit. The values reported in Table I
contain two conceptually different uncertainties. The uncertain-
ties that arise from the Birch–Murnaghan fit covariance matrix
reflect the fit precision to our computed E(V ) points and do not
capture the typical spread between PBE predictions and exper-
iment (i.e. the accuracy). To provide an uncertainty that is
meaningful for comparison with experiments, we follow [8] who
recommend applying a regression correction followed by an in-
trinsic residual error bar (SER) that quantifies the typical PBE
scatter versus the experiment. Since the effect of zero-point
vibrations is only very minor, it was neglected for these calcu-
lations.

In [9], it can be seen that the Voight, Reuss and Voigt-Reuss-
Hill bulk modulus are all reported to be 199GPa which is in
almost perfect agreement with out corrected value of 200.7GPa,
and well within the expected PBE accuracy range. The equilib-
rium volume for the unit cell was determined in two ways: via
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the EOS fit, as well as by performing a VC-relax calculation,

yielding a result of respectively 25.7741 Å
3
(uncorrected) and

25.7980 Å
3
. These values agree closely and provide an internal

consistency check showing one interesting aspect of performing
DFT calculations: the possibility to calculate one property via
different ways and thus perform internal validation.

TABLE I: Equilibrium volume and bulk modulus of TiFe
obtained from the third-order Birch–Murnaghan EOS fit.

Errors for the [EOS fit] refer to the 1σ uncertainty from the fit
covariance matrix. The regression corrected [RC] and final

uncertainty follow the recommendation of [8] and use the PBE
systematic correction and standard error of regression [SER]

making comparison with empirical results possible.

Property Value

Eq. Volume [EOS fit] (25.7741± 0.0033) Å
3

Eq. Volume (RC) 24.8462 Å
3

Eq. Volume (SER) (24.846± 1.100) Å
3

Bulk modulus [EOS fit] (191.33± 0.18)GPa
Bulk modulus [RC] 200.705GPa
Bulk modulus [SER] (200.7± 15.0)GPa

Eq. Volume [relaxation] 25.7980 Å
3

Finally, we estimated how much the volume would change
if one were to apply an external pressure of 10GPa. Using

the fitted third-order Birch–Murnaghan EOS ( V0=25.774 Å
3
,

B0 =191.3GPa, B′
0 = 4.14), compression to 10GPa reduces the

equilibrium volume to 24.581 Å
3
, i.e. a volume contraction of

4.63%. A first-order estimate (∆V/V ≈ −P/B0) would give a
reduction of ∼ 5.23%, so finite-strain corrections (captured by
the BM equation) reduce the predicted contraction slightly.

C. Formation energy for Ti-Fe, Hf-Fe and Ti-Ni crystals

The formation energies for the Ti–Fe system are presented
in Table III. All three investigated compounds (i.e. TiFe, and
the two TiFe2 polymorphs) exhibit negative formation energies,
consistent with thermodynamic stability at zero temperature.
Among them, the cubic Laves phase (Fd3̄m) shows the most
negative formation energy (−0.301 eV/atom), followed closely
by the hexagonal C14 variant. TiFe, with the B2 (Pm3̄m) struc-
ture, is also quite stable with a formation energy of approx-
imately −0.429 eV/atom. This hierarchy is in line with the
experimental Ti–Fe phase diagram, where both TiFe and TiFe2
are recognized stable phases [10].
Table IV shows the formation energies for the Hf–Fe system.

All three investigated compounds again show negative formation
energies, indicating that they are stable against elemental de-
composition. Compared to TiFe2, the Hf2-containing polymor-
phic compounds exhibit even more negative formation energies,
with the cubic HfFe2 phase showing the largest driving force
for stability at −0.357 eV/atom, closely mirroring the energetic
trends in the TiFe2 series. HfFe is also stable at approximately
−0.332 eV/atom.
Experimentally, the Hf–Fe phase diagram contains stable cu-

bic HfFe2 but no HfFe phases [11]. Again the theoretical sta-
bility ordering is fully consistent with observed compounds. It
is known that the difference in the structural energies of the
laves polytypes are small due to the close relation between their

crystal structures, i.e. there are very similar nearest-neighbour
geometries [11]. We believe that the larger stability of Hf-based
intermetallics relative to the Ti-based ones might come from the
stronger chemical bonding of the heavier group-IV metal with
Fe due to their more delocalized 5d electrons.

The relaxed structures and formation energies for the Ti–
Ni system are reported in Table V. All three intermetallics
exhibit negative formation energies, confirming their computa-
tional thermodynamic stability. As in the Fe-based binaries, the
cubic Laves phase has the most negative formation energy and
is thus predicted to be the thermodynamically preferred TiNi2
variant. Experimentally, TiNi is a stable compound, however
TiNi2 does not seem to exist in Ti–Ni phase diagrams [12].
All investigated compounds have negative formation energies

and are therefore predicted to be thermodynamically stable at
T = 0 K. Also, the cubic Laves phases (Fd3̄m) are systematically
the most stable among the respective AB2 compositions

D. Hydrogen at high symmetry sites in TiFe

The energies and volumes of the relaxed structures are re-
ported in Table VI, in the rows labeled by TiFe. A comparison
of our DFT results shows a preferred ordering of hydrogen sites
in the TiFe unit cell. In decreasing energy per H atom, the
configurations are:

TiFe 0 > TiFe 4 > TiFe 2 > TiFe 1 > TiFe 3 > TiFe 5.

Naming conventions are reported in table VI. The differences
in energy per H atom show that there are preferential hydrogen
configurations. In practice, it would be expected that hydrogen
will occupy the most energetically favorable sites during stor-
age. The next subsection examines whether hydrogen placed
randomly in the unit cell will migrate toward these symmetrical
positions investigated here, across different cells.

An important note to make is that the calculated absolute
values for the energies do not correspond to those found in lit-
erature. This is due to the zero-point correction, which has
not been included in our current treatment. Zero-point energy
(ZPE) arises from the quantum mechanical contribution of each
vibrational mode and is especially important for light atoms
such as hydrogen. ZPE corrections may reduce the reported en-
ergy gaps between configurations, and could in principle alter
the ordering of the lowest-energy sites. In this work, the relative
trends remain useful for identifying preferential H sites, however
the reported absolute values cannot be compared to literature.
For future calculations, we recommend evaluating the ZPE per
H and reassessing the ordering for the smallest of the energy
gaps.

E. Optimal Hydrogen storage positions at high symmetry
sites in TiFe, HfFe and TiNi crystals

Figure 2 shows a composite image of how a hydrogen atom,
initially placed at various points of a 12×12×12 grid within
the TiFe unit cell, moves during DFT relaxation (an enlarged
view is provided in Figure 6). Because each calculation involves
only a single hydrogen atom at a time, the resulting trajectories
represent the natural relaxation paths for singular H atoms in
the unit cell. As shown in Figure 2, the hydrogen consistently
migrates toward high-symmetry sites within the TiFe unit cell.
A similar evolution can be seen in figures 7 and 8 for the HfFe
and TiNi crystals respectively. In each case, when a single H
atom is placed at various positions within the unit cell and the
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structure is allowed to relax, it moves towards these preferred
high-symmetry sites (Wyckoff positions) [13]:

1. TiFe: 3c: (0, 1/2, 1/2) , 3d: (0, 1/2, 1/2)
2. HfFe: 6e: (x, 0, 0) , 3c: (0, 1/2, 1/2) , 3d: (0, 1/2, 1/2)
3. TiNi: 6e: (x, 0, 0) , 3c: (0, 1/2, 1/2)

FIG. 2: Graphical representation of the displacement of
hydrogen atoms in the TiFe unit cell during DFT relaxation.
Arrows indicate the direction of atomic movements toward
preferred high-symmetry Wyckoff positions (3c and 3d).

The final positions of Ti, Fe, Hf, Ni and H for each of the three
crystals are shown in Figures 9, 10 and 11 as 2D projections of
Figures 6, 7 and 8.

In TiFe, the Ti and Fe atoms move the least of all cells. Their
final positions do not show any outliers and a compact, regular
pattern is visible corresponding to an isotropic spherical spread.
In HfFe there are many outliers and the atoms move more than
they did in TiFe. Hf shows the same regular pattern as Fe in
TiFe, but with a more pronounced spread. Hf however exhibits
a different pattern compared to Ti in TiFe. It seems to form a
central spot with arrow-like arms in the x, y and z directions
forming a cross. It is possible that this pattern in also present
in TiFe but not visible due to the smaller amount of movement
of the atoms. TiNi shows the largest amount of movement, both
Ti and Ni move in very specific, regular directions, exhibiting
the same patterns as observed in HfFe, but more clearly visi-
ble with less deviation from this arrow-like pattern. The total
movement within TiFe is the lowest, within TiNi it’s the high-
est. The movement of the heavier elements in TiNi is especially
pronounced, as one can see on the histograms in Figure 12.

Since we always used the fully relaxed crystal without hydro-
gen as a starting point, we wanted to exclude the possibility
that the observed differences were due to the effect hydrogen
would have on the volume. To exclude this possibility, calcula-
tions were ran with the volume changed to −5% and +5%. This
didn’t seem to impact the observed results. Since the symmetry
is the same for all crystals, the difference in movement between
the atoms can most likely be explained by the different electronic
structure of the elements. To evaluate this, electron density dif-
ference plots were generated, but these were found difficult to
directly link to the displacement of internal elements.

High-symmetry positions are further examined by placing
varying numbers of hydrogen atoms in different configurations
at these preferential sites within each crystal. Due to computa-
tional constraints, the list of tested configurations is necessarily
non-exhaustive [14].

In total, a maximum of three hydrogen atoms are added, re-
sulting in 138 possible configurations, from which 9HfFe+5TiFe+
5TiNi = 19 symmetrically-nonequivalent configurations are se-
lected [15]. Table VI summarizes the results obtained after al-
lowing both the atomic positions and cell parameters to relax,
the resulting energies per hydrogen atom are shown in Figure 3.

FIG. 3: A graphical representation of the energy per hydrogen
atom for symmetrically selected interstitial configurations in
TiFe (green), TiNi (blue), and HfFe (red) as a function of

hydrogen loading (NH = 1–3).

TiFe consistently exhibits the lowest energies (−1.25 to
−1.15 Ry per H), followed by TiNi (−0.95 to −0.85 Ry) and
HfFe (−1.0 to −0.25 Ry), indicating TiFe as being the most
favorable hydrogen-binding host.

It is also apparent that loading affects the systems differently:
TiFe shows minimal energy variation with increasing NH, this
could indicate that each consecutive hydrogen atom added does
not significantly affect the energy landscape for the following hy-
drogen atoms. TiNi shows a slight decrease in energy at higher
hydrogen loadings. HfFe displays a strong loading dependence,
with the widest energy spread among configurations at each H
count. TiNi, by contrast, exhibits the smallest variation. These
trends should be interpreted cautiously: the limited amount of
data and non-converging configurations, summarized in Table
VI, restrict the range of reliably tested structures and calls for
further investigation.

IV. CONCLUSION

Our DFT study shows that all investigated intermetallics
(TiFe, TiNi and HfFe families) are thermodynamically stable at
T=0K with the cubic Laves polymorphs consistently exhibit-
ing the most negative formation energies. Hydrogen incorpo-
ration calculations identify TiFe as the most favorable host for
H (lowest incorporation energies and weakest dependence on
loading), while HfFe displays the largest sensitivity to hydro-
gen content and TiNi intermediate behaviour. Grid-search re-
laxations demonstrate that single H atoms migrate to crystal
specific high-symmetry Wyckoff sites, also showing differences
in the movements of the elements between the different crystals.
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M. Marsili, N. Marzari, F. Mauri, N. L. Nguyen, H.-V. Nguyen,
A. O. de-la Roza, L. Paulatto, S. Poncé, D. Rocca, R. Sabatini,
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Appendix A: Convergence testing

FIG. 4: Unit cell of TiFe used in the convergence testing. The structure corresponds to a primitive lattice (space group P1 )
with lattice parameters a = b = c = 2.93868 Å and α = β = γ = 90◦, giving a unit-cell volume of 25.377988 Å3. The cell

contains one titanium atom located at (0, 0, 0) and one iron atom at (0.5, 0.5, 0.5), each with full site occupancy.

Ni =

⌈
NTiFe

i

aTiFe

ai

⌉
(A1)

FIG. 5: Graphical representation of the results of the convergence tests.
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Appendix B: Characterization of the Ti-Fe, Hf-Fe and Ti-Ni crystals

The third-order Birch–Murnaghan equation of state used for the E(V ) plot:

E(V ) = E0 +
9V0B0

16

{[(
V0

V

)2/3

− 1

]3

B′
0 +

[(
V0

V

)2/3

− 1

]2 [
6− 4

(
V0

V

)2/3
]}

(B1)

Appendix C: Formation energy for Ti-Fe, Hf-Fe and Ti-Ni crystals

TABLE II: Raw calculated results of the final relaxed cells after performing a full ‘VC-relax’ relaxation. These results were used
for the formation-energy calculations. ‘TM’ is short for ‘Total Magnetization’.

Compound Space group Tot. energy (Ry/cell) Vol. (a.u.3) TM (Bohr mag/cell)

TiFe Pm-3m −448.58705135 174.11404 0.00
TiFe2 (hex.) P63/mmc −3111.44310946 1035.4493 11.32
TiFe2 (cub.) Fd-3m −6222.90178456 2083.0486 22.31

HfFe Pm-3m −442.15147748 209.0910 −0.00
HfFe2 (hex.) P63/mmc −3085.80224767 1152.5941 12.35
HfFe2 (cub.) Fd-3m −6171.63208584 2312.4261 26.33

TiNi Pm-3m −462.58331256 184.3975 0.00
TiNi2 (hex.) P63/mmc −3223.55664273 1019.5414 −0.00
TiNi2 (cub.) Fd-3m −6447.12798017 2039.9432 −0.00

Ti (elemental) (hcp) −357.75479741 347.0343 0.00
Fe (elemental) (bcc) −658.54474437 153.4758 4.33
Hf (elemental) (hcp) −225.66097144 304.3438 −0.00
Ni (elemental) (fcc) −1373.12396031 293.9144 2.64

TABLE III: Formation energies for the Ti–Fe phases.

Compound ∆Ef (Ry / fu) ∆Ef (eV / fu) ∆Ef (eV / atom) Comment
TiFe (Pm-3m) −0.06308003 −0.85824746 −0.42912373 1 Ti + 1 Fe per fu
TiFe2 (hex., P63/mmc) −0.06443386 −0.87666725 −0.29222242 1 Ti + 2 Fe per fu
TiFe2 (cubic, Fd3̄m) −0.06637956 −0.90313991 −0.30104664 1 Ti + 2 Fe per fu

TABLE IV: Formation energies for the Hf–Fe phases.

Compound ∆Ef (Ry / fu) ∆Ef (eV / fu) ∆Ef (eV / atom) Comment
HfFe (Pm-3m) −0.048619575 −0.66150298 −0.33075149 1 Hf + 1 Fe per fu
HfFe2 (hex., P63/mmc) −0.0753318275 −1.02494167 −0.34164722 1 Hf + 2 Fe per fu
HfFe2 (cub., Fd3̄m) −0.0787806400 −1.07186515 −0.35728838 1 Hf + 2 Fe per fu

TABLE V: Formation energies for the Ti–Ni phases.

Compound ∆Ef (Ry / fu) ∆Ef (eV / fu) ∆Ef (eV / atom) Comment
TiNi (Pm-3m) −0.05072335 −0.69012624 −0.34506312 1 Ti + 1 Ni per fu
TiNi2 (hex., P63/mmc) −0.07558139 −1.02833715 −0.34277905 1 Ti + 2 Ni per fu
TiNi2 (cub., Fd3̄m) −0.07741823 −1.05332861 −0.35110954 1 Ti + 2 Ni per fu
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Appendix D: Optimal Hydrogen storage positions at high symmetry sites in TiFe, HfFe and TiNi crystals

FIG. 6: Graphical representation of the displacement of hydrogen atoms in the TiFe unit cell during DFT relaxation. Arrows
indicate the direction of atomic movements toward preferred high-symmetry Wyckoff positions (3c and 3d).
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FIG. 7: Graphical representation of the displacement of hydrogen atoms in the HfFe unit cell during DFT relaxation. Arrows
indicate the direction of atomic movements toward preferred high-symmetry Wyckoff positions (3c, 3d and 6e).
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FIG. 8: Graphical representation of the displacement of hydrogen atoms in the TiNi unit cell during DFT relaxation. Arrows
indicate the direction of atomic movements toward preferred high-symmetry Wyckoff positions (3c and 6e).



11

(a) Projection of the final positions of the Fe, H and Ti atoms on the XY (top) plane.

(b) Projection of the final positions of the Fe, H
and Ti atoms on the XZ (front) plane.

(c) Projection of the final positions of the Fe, H
and Ti atoms on the YZ (side) plane.

FIG. 9: TiFe: projections on the XY (a), XZ (b) and YZ (c) plane of the final positions of the Fe, H and Ti atoms after a ‘relax’
calculation of 1728 separate calculations where one H was placed in a different spot in the unit cell. This plot clarifies the 3D

image in Figure 2.
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(a) Projection of the final positions of the Fe, H and Hf atoms on the XY (top) plane.

(b) Projection of the final positions of the Fe, H
and Hf atoms on the XZ (front) plane.

(c) Projection of the final positions of the Fe, H
and Hf atoms on the YZ (side) plane.

FIG. 10: HfFe: projections on the XY (a), XZ (b) and YZ (c) plane of the final positions of the Fe, H and Hf atoms after a
‘relax’ calculation of 1728 separate calculations where one H was placed in a different spot in the unit cell. This plot clarifies the

3D image in Figure 7.
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(a) Projection of the final positions of the H, Ni and Ti atoms on the XY (top) plane.

(b) Projection of the final positions of the H, Ni
and Ti atoms on the XZ (front) plane.

(c) Projection of the final positions of the H, Ti
and Ni atoms on the YZ (side) plane.

FIG. 11: TiNi: projections on the XY (a), XZ (b) and YZ (c) plane of the final positions of the H, Ti and Ni atoms after a
‘relax’ calculation of 1728 separate calculations where one H was placed in a different spot in the unit cell. This plot clarifies the

3D image in Figure 8.
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(a) TiFe: displacement histograms of all elements (left) and of the three separate elements (right).

(b) HfFe: displacement histograms of all elements (left) and of the three separate elements (right).

(c) TiNi: displacement histograms of all elements (left) and of the three separate elements (right).

FIG. 12: Displacement histograms of the 1728 seperate runs of the three different crystals [TiFe (a), HfFe (b) and TiNi (c)]
showing that the amount of movement is different in the different crystal structures. Also the mobility of the heavier elements

lies notably higher in TiNi, compared to the other crystals.
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TABLE VI: Summary of vc-relax calculations for different hydrogen configurations in HfFe, TiFe, and TiNi: converged energies,
volumes, and hydrogen positions, with non-converged cells listed below.

Cell Label NH Energy (Ry) Volume (a.u.3) E per H (Ry) Final H positions

HfFe HfFe 0 0 -442.151477 209.09100 / /
HfFe HfFe 1 1 -442.386869 1411.01630 -0.235392 (0.36,0.00,0.00)
HfFe HfFe 2 1 -442.577943 1000.95584 -0.426465 (0.53,0.00,0.00)
HfFe HfFe 3 2 -443.533753 1411.01630 -0.691138 (0.36,0.00,0.00), (0.71,0.00,0.00)
HfFe HfFe 4 2 -443.618928 1411.01630 -0.733725 (0.36,0.00,0.00), (0.53,0.00,0.00)
HfFe HfFe 5 2 -443.720292 1411.01630 -0.784407 (0.36,0.00,0.00), (0.00,0.36,0.00)
HfFe HfFe 6 2 -443.446887 1411.01630 -0.647705 (0.00,0.53,0.53), (0.53,0.53,0.00)
HfFe HfFe 7 2 -443.348912 1411.01630 -0.598717 (0.00,0.53,0.53), (0.53,0.53,0.00)
HfFe HfFe 8 3 -445.098972 1411.01630 -0.982498 (0.36,0.00,0.00), (0.00,0.36,0.00),

(0.00,0.00,0.36)
HfFe HfFe 9 3 -444.611574 1411.01630 -0.820032 (0.53,0.00,0.00), (0.00,0.53,0.00),

(0.00,0.00,0.53)
TiFe TiFe 0 0 -448.587058 174.09620 / /
TiFe TiFe 1 1 -449.753279 191.46800 -1.166221 (0.50,0.50,0.00)
TiFe TiFe 2 1 -449.678599 197.59560 -1.091541 (0.25,0.25,0.25)
TiFe TiFe 3 2 -450.922773 207.87020 -1.167857 (0.50,0.50,0.00), (0.00,0.50,0.50)
TiFe TiFe 4 3 -451.875249 260.71460 -1.096064 (0.50,0.00,0.00), (0.00,0.50,0.00),

(0.00,0.00,0.50)
TiFe TiFe 5 3 -452.076297 230.52230 -1.163080 (0.50,0.50,0.00), (0.00,0.50,0.50),

(0.50,0.00,0.50)
TiNi TiNi 0 0 -462.583313 184.39750 / /
TiNi TiNi 1 2 -464.159552 1244.37620 -0.788120 (0.34,0.00,0.00), (0.68,0.00,0.00)
TiNi TiNi 2 2 -464.217511 1244.37620 -0.817099 (0.34,0.00,0.00), (0.00,0.68,0.00)
TiNi TiNi 3 2 -464.213042 1244.37620 -0.814865 (0.34,0.00,0.00), (0.00,0.34,0.00)
TiNi TiNi 4 3 -465.372369 1244.37620 -0.929685 (0.34,0.00,0.00), (0.00,0.34,0.00),

(0.00,0.00,0.34)
TiNi TiNi 5 3 -465.377947 1244.37620 -0.931545 (0.68,0.00,0.00), (0.00,0.34,0.00),

(0.00,0.00,0.34)

Non-converged cells:

Cell NH Initial H positions

HfFe 1 (0.50,0.50,0.00)
HfFe 2 (0.33,0.00,0.00), (0.00,0.33,0.00)
HfFe 2 (0.33,0.00,0.00), (0.00,0.66,0.00)
TiNi 1 (0.33,0.00,0.00)
TiNi 1 (0.50,0.50,0.00)
TiNi 2 (0.50,0.50,0.00), (0.50,0.00,0.50)
TiNi 3 (0.50,0.50,0.00), (0.50,0.00,0.50),

(0.00,0.50,0.50)
TiNi 3 (0.33,0.00,0.00), (0.00,0.33,0.00),

(0.00,0.00,0.66)


