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The vibrational properties of several High Entropy Alloy (HEA) based metal hydrides are investigated by
inelastic neutron scattering (INS). HEAs have recently emerged as a new type of materials with a wide range
of intriguing properties and potential applications such as hydrogen storage. The special properties of HEAs
are believed to originate from the disordered lattice and internal strain that is introduced from the dif-
ferences in atomic radii. This makes HEA hydrides provide an intriguing situation for the local H co-
ordination, of several different transition metals. INS spectra were collected on a series of HEA-based metal

ﬁgﬁoergtsr'opy alloys hydrides starting with TiVNbH and subsequently adding Zr and Hf to increase the atomic size mismatch. A
HEAs general feature of the spectra are the optical peaks centered around an energy loss of 150 meV that can be
Metal hydride attributed to hydrogen vibrations in a tetrahedral environment. Upon the addition of Zr and Hf, a shoulder
INS appears on the optical peak at lower energy transfers that after comparison with in silico calculated INS

Hydrogen

spectra is indicative of hydrogen also occupying octahedral sites in the structure.

© 2021 The Author(s). Published by Elsevier B.V.
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1. Introduction

High entropy alloys (HEA) have recently emerged as a new type
of materials with a wide range of intriguing properties and potential
applications. A HEA is built on an equimolar mix of several different
metals (typically five or more) with different sizes and is stabilised
by the high entropy of mixing [1]. The average structure of a HEA
typically corresponds to one of the simple crystal structures such as
body-centred cubic (bcc) and cubic close packed (ccp). The special
properties of HEAs are believed to originate from the disordered
lattice and internal strain that is introduced from e.g. the differences
in atomic radii and the valence electron concentration [2]. As with
many intermetallic compounds, HEAs are capable of absorbing large
quantities of hydrogen [3-12]. Remarkably, it has been shown that
HEAs exclusively based on transition metals can accommodate hy-
drogen in both tetrahedral and octahedral interstitial sites [5,8].
Thus, the hydrogen storage capacity of transition metals, which is
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typically limited to H/M < 2, may be exceeded with HEAs. In addi-
tion, HEA hydrides provide an interesting situation for the local H
coordination, which constitutes several different transition metals.
The salient questions are the dependence of H content and dis-
tribution of H atoms on the chemical composition of the HEA, as well
as potential changes in the local structure of the HEAs introduced by
the incorporated H.

A good indication of site preference in the typical metal lattices
has been suggested by Hauck, by comparing the electronegativity of
the host metal atom to that of hydrogen [13]. Suppose the hydrogen
is less electronegative than the host metal. In that case, it will tend to
lose its electron to the metal conduction band, and therefore prefer
the interstitial site with the highest electron density, which is the
octahedral site. If, on the other hand it is more electronegative, it will
prefer the smaller tetrahedral site. This effect is clearly visible in the
V-H/D system, where V has electronegativity close to that of hy-
drogen, and random occupation of both octahedral and tetrahedral
interstitials [ 14]. Less electronegative metals also tend to have larger
unit cell parameters.

Inelastic Neutron Scattering (INS) provides accurate information
about the vibrations of hydrogen due to its large incoherent
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scattering cross section compared to the host metal lattice.
Furthermore, since the hydrogen essentially exists as H™ in the CaF,
type hydrides, the fundamental hydrogen vibrations can be well
correlated with the unit cell parameters or M-H distances [15,16].
From earlier works on transition and rare-earth metal hydrides, it
has been shown that the vibrations of hydrogen occupying the oc-
tahedral tetrahedral and interstitials are well separated in the energy
loss ranges of 40 < -70 meV and 100-140 meV respectively [17-19].
Shapes and splits of bands can give information about the chemical
environment, the degree of local disorder, or H-H interac-
tions [20,21].

In this work, the vibrational properties of hydrogen have been
studied using INS in a series of HEA-based metal hydrides starting
with the quaternary TiVNbHy and subsequently adding Zr and Hf to
increase the chemical disorder in the system. In addition, TiZrHf was
also chosen due to its ability to form a metal hydride with body-
centered tetragonal (bct) lattice.

2. Experimental

The alloys were produced by arc-melting stoichiometric amounts
of the constituent elements Ti (Goodfellow, 99.99% metals basis), V
(Goodfellow, 99.6% metal basis), Nb (Goodfellow, 99.9% metals
basis), Zr (Goodfellow, 99.2% metals basis, max 0.8% Hf) and Hf
(ChemPur, 99.8% metals basis excluding Zr) under Ar atmosphere.
Prior to melting the chamber was purified by melting a Ti-getter
piece to reduce O, contamination in the chamber. Samples were
remelted five times and flipped between each melting to improve
their chemical homogeneity. The ingots (sample sizes ~15 g) were
then cut into smaller pieces before hydrogenation. Hydrides were
synthesized by solid-gas reaction in a home-built Sieverts type ap-
paratus [22]. The alloys were activated by heating to 340 °C for 2 h
under dynamic vacuum, followed by cooling down to room tem-
perature. Samples were then subjected to hydrogen gas of pressures
around 60 bar in a single pulse and left under these conditions until
the pressure difference was below the detection limits of the pres-
sure transducer +0.3 bar. The only exception to this procedure is
TiZrHf which has very slow hydrogen sorption kinetics at room
temperature, and requires activation at 500 °C for 2 h followed by
hydrogen exposure at 300 °C. After hydrogenation the samples
were ground into a fine powder using an agate mortar. All sample
handling was conducted in an Ar filled glovebox with O, and H,0
levels <1 ppm.

Powder X-ray diffraction was conducted on a Bruker D8 Advance
diffractometer using Cu K, radiation in capillary mode. Structural
parameters were determined by the Rietveld method implemented
in the software Topas Academic [23,24].

Inelastic neutron spectra were collected at the TOSCA instrument
at the ISIS Neutron and Muon spallation source in the United
Kingdom. Hydride powders (10 g per sample) were packed in flat Al
cans with a cross-sectional area of 4.0 x4.8 cm? and spectra were
collected at the base temperature of the instrument (~20K) [25,26].

Total energies were calculated by the projected-augmented pla-
newave (PAW) implementation of the Vienna ab initio simulation
package (VASP) [27,28]. Two set of calculations were made, one with
local density approximation (LDA) and another with the Perdew,
Burke, and Ernzerhof (PBE) [29] exchange correlation functional
with the Hubbard parameter correction (LDA+U), following the ro-
tationally invariant form [30,31]. Effective U values of 4.4 eV, 2.7 eV,
and 2.1 eV were used for the Ti-d, V-d and Nb-d states, respectively,
and the effective on-site exchange interaction parameter J was fixed
to 1eV.

Ground-state geometries of the mono and di-hydrides (MH, MH,;
where M = Ti, V, Zr, Nb, and Hf) were determined by minimizing
stresses and Hellman-Feynman forces using the conjugate-gradient
algorithm with force convergence less than 107> eV A™'. Brillouin
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zone integrations were performed with a Gaussian broadening of
0.1 eV during all relaxations. From various sets of calculations it was
found that 512 k-points in the whole Brillouin zone for the structure
with a 600 eV plane-wave cutoff are sufficient to ensure optimum
accuracy in the computed results. The k-points were generated using
the Monkhorst-Pack method with a grid size of 8 x8 x 8 for struc-
tural optimization. A similar density of k-points and energy cutoff
was used to estimate total energy as a function of volume for all the
structures considered in the present work.

A frozen phonon calculation was applied to the supercells using
the Phonopy program to obtain the phonon dispersion curve and
phonon density of states [32]. An atomic displacement of 0.01 A was
used for symmetry consideration to obtain the force constants for
the phonon calculations. The displacements in opposite directions
along all possible axes were incorporated in the calculations to im-
prove the precision. The force calculations were made using the
VASP code with the supercell approach (with LDA+U correction) and
the resulting data were imported into the Phonopy program. The
dynamical matrices were calculated from the force constants, and
phonon density of states (PhDOS) curves was computed using the
Monkhorst-Pack scheme [33]. Phonon calculations were weighed
with the neutron cross sections [34] of the elements (Ti, V, Zr, Nb, Hf)
using the AbINS plugin in the Mantid software to obtain the in silico
INS spectra [35,36].

3. Results and discussion

The investigated HEAs (Fig. 1) alloys crystallize in a bcc (W-type,
Im-3m) structure except for TiZrHf which adopts a hcp (P63/mmc)
arrangement with unit cell parameters presented in Table 1.
After hydrogen exposure, all hydrides can be indexed as either fcc
(Fm3m) or bet (I4/mmm) which is indicative of CaF,-type structures
common for metal hydrides with hydrogen per metal ratios close to
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Fig. 1. Powder X-Ray diffraction patterns of the HEAs (left) and their corresponding

metal hydrides (right). Contributions from C14-type Laves phases are marked by
triangles.
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Table 1
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Summary of the unit cell parameters, hydrogen contents, Pauling electronegativity (y,), valence electron concentration (VEC) and atomic size mismatch () of the investigated bcc

HEAs and their corresponding hydrides.

A"Oy Gbec/hex (A) Chex (A) Afcc/bet (A) Chet (A) H content (Wt%) Xp (ﬂ) VEC (@) 5 (%)
TiVNb 3.2034(1) - 4.4353(8) - 3.00 1.59 4.67 3.81
TiVZresNb 3.2611(2) - 4.4905(2) - 2.87 155 457 543
TiVZrNb 3.3068(2) - 4.5249(4) - 2.77 1.53 4.50 6.03
TiVZrNbHfy 5 3.3343(2) - 4.5574(2) - 2.28 1.50 4.44 6.10
TiVZrNbHf 3.5635(2) - 4.5816(6) - 2.09 1.48 4.40 6.08
TiZrHf 31377(2) 4.9591(3) 3.3766(5) 4.4856(1) 1.96 1.39 4.00 4,00

2 (1.9 in the investigated samples). This is supported by previous
neutron diffraction studies which showed that TiVNb-based HEA
metal deuterides adopts CaF,-type structures with deuterium
predominately situated in the tetrahedral interstitial positions
(1/41/41/4) of the cubic structure [37-39]. Additionally,
TiVZro sNbH, and TiVZrNbH, show one small Bragg peak in between
the two main fcc peaks. This feature is more evident when Hf is
added. These additional Bragg peaks can be indexed as a C14-type
Laves phase. The phase separation is most likely due to the heat
generated during the exothermic hydrogenation reaction with a
large sample size (15 g), as annealing experiments on TiVZrNbHf has
shown the emergence of a similar Laves phase at temperatures
above 600 °C [40]. The Laves phase does not appear to absorb hy-
drogen under the conditions of this work and should therefore have
a negligible impact on the INS spectra.

Fig. 2 shows the measured INS spectra for the investigated HEA-
based metal hydrides. The spectra’s main feature is the optical peaks
centered around an energy loss of 150 meV that can be attributed to
the fundamental vibration of tetrahedral interstitial hydrogen in a
fcc lattice. The peaks at higher energy transfer are higher harmonics
of the optical peak. The metal phonons are located below 20 meV in
the spectra. Noticeably, the optical peak is split in the simplest
system, TiVNbHx. The split of the optical peak is similar to that
found in the classical ZrH, [21]| which was believed to be caused by
the tetragonal distortion of the cubic symmetry, causing degeneracy
between vibrations parallel or in-plane perpendicular to the c-axis.
The split of the peaks was directly proportional to the c/a ratio in
ZrH, of 1.12 resulting in a 12% peak separation. However, here we
observe this feature for a cubic system.

Another noteworthy feature from the measured spectra is that
the split starts to be less pronounced once Zr is added to the HEA-
based metal hydrides. An additional change is present when adding
Hf, where the intensity of the degenerate peaks are suppressed to
almost the same magnitude. A shoulder also appears on the lower
energy transfer side of the optical peaks (80-120 meV) upon the
addition of Zr and Hf. A similar shoulder has been observed in
ZrV,H4 5 and TiVH systems. The literature attributes the shoulder to
an intermediate V, site between tetrahedral and octahedral energy
loss [41,42]. Another possible explanation is that the shoulder
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Fig. 2. Measured INS spectra of the HEA-based metal hydrides.

originates from an octahedral site. The rare-earth metal hydrides,
where both tetrahedral and octahedral interstitials are filled, have
shown to have the octahedral energy loss range in 60-80 meV
[17-19] and transition based monohydrides in the range
60-120 meV [43].

In the crystal structure of a HEA, all the metal atoms occupy the
same crystallographic site. Therefore, modelling their properties
requires very large unit cells for a representative analysis and is
therefore computationally expensive. With this in mind, we have
calculated in silico INS spectra for the binary transition metal hy-
drides to approach the HEA, presented in Fig. 3. We first note that
both the LDA and GGA functionals give similar shape to the vibra-
tional density of states, and that LDA tends to underestimate the
crystallographic volumes more than GGA (hence we will use GGA for
further analysis). We also note that all the cubic CaF,-type hydrides
show a splitting of the optical peak, as we observed in our experi-
mental INS of the HEAs, and is reported for the ZrV,H45s and TiVH
systems [41,42]. Similar behavior has been found in calculations for
ZrH, [44,45], where it was found that the splitting originates from
different optical phonons and not structural distortions, which is in
agreement with our calculations (the different phonons are pre-
sented as supplementary gifs). In fact, the phonon dispersion is quite
complex, giving rise to several features in the vibrational density of
states.

Comparing the experimental HEA-based metal hydrides with the
in silico spectra (considering the shift towards higher energy trans-
fers) it is evident that the HEAs’ H vibrations are situated closely to
that of their corresponding binary metal hydrides. TiVNbHy and
TiZrHfH is in good compliance with the in silico spectra of the
constituent binary hydrides, which is foreseeable, as the alloys have
very closely related characteristics to the elements in terms of size,
electronegativity and valence electrons as seen in Table 1. Note-
worthy, the sum of the calculated INS spectra show more detailed
structures than the experimental ones. Considering the resolution of
TOSCA is around 2% at this energy means that in this case, the less
defined M-H bond lengths of the HEAs most likely hide these fea-
tures from the spectra. This effect of broad peaks even at low tem-
peratures has also been reported in the literature for similar
compositions such as metal hydrides based on the elements Ti-V-Cr-
Mo and more recently the HEA TiVCrNbHy [20,46] where it is in-
dicative of local disorder.

The in silico spectra shown in Fig. 3 do not explain the shoulder to
higher energy losses present in all the investigated HEA-based metal
hydrides, nor the lower energy shoulder that appears once Zr and Hf
is added. The higher energy shoulder can originate from two-phonon
neutron scattering involving the optical phonon mode and the low
energy acoustic modes, as similar features have been observed in the
literature for metal hydrides such as ScHy [47]. Alternatively, these
features have also been seen in metal hydrides based on elements in
groups VI-VIII [43] where it was assumed that these belonged to
longitudinal optical transverse modes stemming from long-range
repulsive H-H interactions. To investigate the origin of the high-
energy shoulder, we calculated the in silico INS spectra of the metal
hydrides with two quantum events. In these spectra, we observe a
shoulder that appears at higher energy transfers than the optical
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Fig. 3. Comparison of in silico calculated and experimental vibrational spectra where the calculated constitutes a combination of the binary MH, hydrides using GGA (left) and in
silico INS spectra of binary metal hydrides for hydrogen occupation in both octahedral (middle) and tetrahedral interstitial sites (right). Measured HEA-hydride spectra are

normalized in intensity for ease of comparison.

peak. Thus, we interpret the high-energy shoulder as a feature ori-
ginating from two-phonon scattering. An in silico INS spectra of TiH,
calculated with two quantum events is given in the Supplementary
information (Fig. S2).

Deuterides of TiVZrNbHf have in previous studies shown occu-
pation of deuterium in both octahedral and tetrahedral sites
[8,38,39]. Hydrogen occupying an octahedral position in a fcc lattice
should also be observable as a separated peak in INS at lower energy
transfers (60-80 meV for rare earths [17-19] and 60-120 for group
VI-VIII transition metals [43]) than the peak corresponding to the
tetrahedral position. To verify this we have also calculated the in
silico spectra for NaCl-type metal monohydrides, which are pre-
sented in Fig. 3. These spectra show that peaks from hydrogen in
octahedral environments would be in the energy transfer range
80-140 meV, i.e. at lower energy transfers than the tetrahedral
sites. Of the monohydrides, HfH and ZrH would have the lowest
and highest energy peaks respectively. Considering that, the

contributions of these individual metal monohydrides produces
values that correlate well with the low energy transfer shoulder
observed in the experimental INS spectra for the compositions
TiVZrNbH,, TiVZrNbHf, sH, and TiVZrNbHfH,. We find this result
indicative of interstitial hydrogen incorporated at octahedral sites in
the structure for these compositions in agreement with refer-
ences [8,38].

The optical peak energy of metal hydrides has been suggested to
be directly relatable to the M-H distance [15,16,48]. Although the
exact relationship is at a debate, it is clear that the longer the dis-
tance, the lower the vibrational peak energy, corresponding to a less
tightly bonded state. The two main correlations found in the lit-
erature are a linear relationship proposed by Sakamoto (Sakamoto
line) and an exponential relationship (E(R) = AR3/2) as proposed by
Ross et al. (Ross correlation) which are shown as dashed-dotted and
dashed lines respectively in Fig. 5 [15,48]. However, it has been
shown that these correlation are mostly valid for di-hydrides since
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Fig. 5. Correlation of optical peak energy against hydrogen to metal distance. The first
and second HEA peaks are marked as circles and stars respectively. Literature values
are taken from references [15,48]. The Sakamoto line and Ross correlation are shown
as dashed-dotted and dashed lines respectively.

INS spectra of monohydrides of group VI-VIII transition metals
synthesized at high pressures have shown an increase in peak en-
ergy with increasing metal-hydrogen distance [43]. This effect was
attributed to an increase in the metal-hydrogen interactions caused
by less efficient screening of core charges with decreasing number of
valance electrons to the right in the periodic table.

To put the HEA-based metal hydrides in context with the INS
literature on metal hydrides and to investigate the effect of having
multiple closely related metal-hydrogen distances, the optical peak
energies were extracted by deconvolution of the experimental HEA
hydrides spectra. The INS spectra of TiZrHfH, can be fitted with two
Gaussians (shown to the right in Fig. 4) with optical peaks at 139 and
152 meV respectively. This is close to the reported values of TiH,
(149 meV) and ZrH, (141 meV) reported in reference [15]. On the
other side, the INS spectra of TiVNbH, requires at least three Gaus-
sians (137,155 and 171 meV respectively) for a satisfactory fit. This is
due to the high-energy shoulder discussed previously. Once Hf is
added, a fourth Gaussian is required to account for the additional
shoulder to the lower energy side.

Considering the extracted peak positions from the INS spectra of
the HEA-based metal hydrides together with the M-H distance
(average M-H distance in the case of HEAs) metal-H distance trend
mentioned above yields the observations presented in Fig. 5. Firstly,
we observe that the first optical peaks are centered on the Sakamoto
line rather than the Ross correlation (similar to TiV), although some
are rather close. Secondly, the second peak is close to and above the
Ross line. This puts them closer to the behavior of some of the ionic
metal hydrides such as CaH, or SrH,. The trend among the HEAs is
also the opposite of both the Sakamoto and Ross correlations (with
the exception of TiZrHfHy), where the peak energy of the HEAs are
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seen to increase instead of decrease with longer M-H distances,
putting them closer to the trend observed in the literature for group
VI-VIII metal monohydrides [43].

This trend among the HEA-based metal hydrides suggests that
they exhibit stronger metal-hydrogen interactions with increasing
distances. If this is an effect of less screening by the valance electrons
as was suggested in reference [43], it cannot be attributed to the
valency alone since all the studied HEA are made of early transition
metals. The steepening of the potential well must therefore originate
of some other effect that this kind of alloying strategy has on the
electronic structure. Reference [43] also showed a major difference
between monohydrides of 3d and 4d transition metals where the
peak energies of the 4d metal hydrides are lower in energy than
what is expected from their much longer metal-hydrogen distances.
This is similar to what is observed in the present work for TiZrHfH,
where high concentrations of 4d and 5d metals are present while
keeping VEC at 4.0. It is therefore evident that the full electronic
structure of the alloy has to be taken into account when predicting
the strength of metal-hydrogen interactions in HEAs, but VEC alone
can give a good first indication as has been reported in the litera-
ture [7,39].

The peaks of the HEAs are generally very broad and it is therefore
viable that they represent a distribution of different M-H distances
as reported in [46]. In this case, the local environment themselves
could fit better with the Ross correlation. No correlation could be
found between the peak energies and the “HEA-parameters” atomic
size-mismatch, VEC or electronegativity as can be seen in the
Supplementary information (Fig. S4).

4. Conclusions

The present work has probed the vibrational properties of a
series of HEA-based metal hydrides by inelastic neutron scattering.
The main feature of the spectra is the optical peak centered around
150 meV of hydrogen vibrating within a tetrahedral interstitial site
in a CaF,-type structure. TiVNbH, showed a split in this peak similar
to what has been observed for ZrH,. This feature becomes less
pronounced as more elements are added, which is most likely due to
the peaks broadening with additional M-H distances present. The
splitting of the optical peak is identified by DFT to originate from
different phonons and not structural distortions. In silico INS spectra
of binary transition metal hydrides indicate that the higher energy
shoulder observed in all investigated compositions originates from
two-phonon neutron scattering, and the lower energy shoulders
from H occupation in octahedral interstitials. Correlations between
the peak energy and the metal-hydrogen distance indicated that not
only the valance electron concentration plays a role in determining
the strength of the M-H bond in HEAs.
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