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Hydrogen-containing materials are of fundamental as well as
technological interest. An outstanding question for both is the
amount of hydrogen that can be incorporated in such materi-
als, because that determines dramatically their physical properties
such as electronic and crystalline structure. The number of hydro-
gen atoms in a metal is controlled by the interaction of hydrogens
with the metal and by the hydrogen-hydrogen interactions. It is
well established that the minimal possible hydrogen-hydrogen
distances in conventional metal hydrides are around 2.1 A under
ambient conditions, although closer H-H distances are possible
for materials under high pressure. We present inelastic neu-
tron scattering measurements on hydrogen in ZrV,H, showing
nonexpected scattering at low-energy transfer. The analysis of
the spectra reveals that these spectral features in part originate
from hydrogen vibrations confined by neighboring hydrogen at
distances as short as 1.6 A. These distances are much smaller
than those found in related hydrides, thereby violating the so-
called Switendick criterion. The results have implications for the
design and creation of hydrides with additional properties and
applications.
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damental and technological interest. Archetypical examples
re light elements such as hydrogen dissolved in metals (1) and Li
intercalated in graphite (2). Some hydrogen—-metal systems have
great potential as hydrogen storage materials as hydrogen can
enter and be released from the material because of its high dif-
fusion coefficient (3). Also of interest are the high-temperature
hydride superconductors, which were originally suggested (4)
and found at megabar pressures, for example in LaHiq (5-7).
Very high pressures can be used to increase the hydrogen con-
tent in known hydrides, as the maximum hydrogen content in
intermetallic nonstoichiometric hydrides (berthollides) at mod-
est pressure is much below the number of interstitial sites in
the lattice that are accessible by hydrogen (8, 9). For this case,
repulsive interactions, which increase at high hydrogen loading,
diminish hydrogen capacity. One type of repulsive interaction
is caused by electronic metal-hydrogen interaction in transi-
tion metals with almost completely filled d orbitals such as Pd
(10, 11). The argument does not hold for early d-period ele-
ments (e.g., Ti, V, Zr, Hf). For these systems, local repulsive
H-H interactions impede the occupation of neighboring sites
with distances below 2.1 A [so-called Switendick critetion (12,
13)], even if the attractive forces between hydrogen and metal
atoms exist.

The Switendick limit is a consequence of the interaction
between two protons and associated electrons. In molecular
hydrogen with its H-H distance of 0.74 A, the strongly repul-
sive Coulomb force of the protons is outweighed by the strong
covalent interaction. In metal hydrides, a locally increased elec-

Quasi-free atoms in a rigid lattice have attracted great fun-
a
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tron density between H atoms is reduced as the electrons from
the hydrogen are distributed among other bonds in the material.
As a result, the minimal possible hydrogen—hydrogen distance
in conventional metal hydrides is around 2.1 A under ambi-
ent conditions (13). To date, only one system violating the
Switendick criterion has been found, i.e., in the rare earth (RE)-
bearing compound, REsNizInsDa+,, where the D-D distances
are below 1.6 A (14).

If a hydrogen atom occupies an interstitial site in a hydride
lattice having crystallographically identical sites with distances
below the Switendick limit, the occupation of that site pre-
cludes the occupation of neighboring interstices by other hydro-
gens. This is the case for ZrV,. Experimentally, ZrV, absorbs
up to approximately 6 [H]/[ZrVa] (16), although uptake of
17 hydrogen atoms is possible if all tetrahedral interstices
are occupied (17). At full occupancy, some distances between
nearest-neighbor hydrogen interstices would be as short as
1.6 A (18), which would fall well below the Switendick limit
(Fig. 1). Thus, the distribution of hydrogen atoms in ZrVy is not
expected to be random but a result of the optimization of short-
range correlations that avoid direct next-neighbor interactions
(18). Although there are indications of such correlations (18),
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Fig. 1. Visualization of the crystal structure of ZrV;H, (space group Fd3m).
Green, red, and blue balls are zirconium, vanadium, and hydrogen atoms,
respectively, based on the structure parameters from ref. 15 with a=
7.8704(1) A. A shows all 96g and 32e sites possibly occupied by hydrogen.
The color filling indicates the partial occupation. B emphasizes the hydro-
gen coordination in the lattice. The hydrogen 32e sites are coordinated
by three vanadium atoms and one zirconium (denoted as TH in the text).
The 964 sites are coordinated with two vanadium and two zirconium atoms
(denoted as °H). The gray tetrahedron is for unstable 8a site with four V
neighbors. To simplify the visualization only few tetrahedrons are shown.
For nearest 96g sites the corresponding H-H distance violates the Switendick
criterion (1.5 to 1.6 A, blueish tetrahedra facing each other). With this
hydrogen content, only ~40% of all interstices are occupied, resulting in
stochastic distribution. A representation of the crystal structure highlighting
the hydrogen positions is given in S/ Appendix, Fig. S1.

definitive evidence is missing, in part due to the limitations of
existing experimental methods. Diffraction techniques probe the
space- and time-averaged structure and give fractional occu-
pancies (17) that hide the local H-H coordination. On the
other hand, experimental techniques that give the average struc-
ture may be complemented by calculations of many possible
configurations with different local structures corresponding to
diffraction fractional occupation of sites. In this paper, we use
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such a combinatorial approach for the simple system ZrV, to
support and interpret the experimental results.

Inelastic neutron scattering (INS) is a powerful technique to
study the vibrational properties of materials and gives insights
into the bonding and other properties (19). The method exploits
the slightly different behavior between bound and free atoms
during the scattering process and uses the difference in energy
and momentum transfer to construct the phonon band struc-
ture of the system (19). The advantage of INS compared to the
related Raman scattering (i.e., inelastic photon scattering) and
infrared spectroscopies (infrared [IR] absorption and reflectiv-
ity) is its independence of optical selection rules (20). Moreover,
phonons in metals cannot readily be detected by IR techniques
(21), and Raman scattering from metals is weak due to the
screening of electromagnetic radiation by quasi-free electrons
(20). In contrast, neutrons do not interact with electrons and
sample the entire Brillouin zone (different k vector and momen-
tum transfer), while Raman and IR are restricted to the zone
center (I'-point). Thus, the full vibrational spectra of many metal
hydrides have been exclusively derived from INS measurements
(e.g., refs. 19 and 22).

In a simplified picture, hydrogen in an interstitial site feels
a potential resulting from repulsive interactions and attractive
interactions from the binding of hydrogen to the d states of the
metal. The corresponding vibration energies are of the order
of 100 meV (8). However, this picture neglects the repulsive
interaction of neighboring hydrogens as described above, which
lowers the overall binding energy of hydrogen as well as the
associated vibrational frequencies. This effect on the vibrational
spectrum is probed here by INS spectroscopy (see Materials and
Methods for experimental details). To better understand and
interpret the experimental results, we performed atomistic first-
principles calculations of the properties of ZrV; with various
hydrogen stoichiometries and coordinations. Comparison of the
calculated and measured INS spectra allows us to assign the
observed peaks to the corresponding phonon modes, an analysis
that is more robust than comparing calculated partial hydro-
gen density of phonon states with those derived iteratively from
measured INS spectra (23). Extensive combinatorial calculations
of the energetics of 3,200 different structures of hydrogen-
loaded ZrVs support the findings regarding the H-H distances
in the material.

Results

Inelastic neutron scattering provides an amplitude-of-motion
and neutron incoherent cross-section weighted phonon density
of states (19). Scattering of neutrons with an energy transfer of
several millielectronvolts typically arises from phonons. Given
the much higher cross-section of hydrogen (80.26 barn) relative
to that of vanadium (5.1 barn) and zirconium (0.02 barn), the
spectra reflect the hydrogen partial phonon density of states of
ZrV;H, (Fig. 2). Of primary importance are the spectral fea-
tures below 200 meV, as higher energies are the overtones of
the ground-state vibrations. The spectra are dominated by peaks
around 150 meV, which can be described by hydrogen vibrating
in a local harmonic potential well, a local picture that neglects the
periodicity of the environment. In fact, due to the strong H-M
interactions, the dispersion of the optical phonons of the hydride
lattice is negligible (width of the peaks is around 10 meV) and
is thus sufficiently described as a local potential. In ZrVa, sites
with different binding energies are occupied by hydrogens in
succession (Fig. 1).

The principal measurements were carried out using the high-
resolution INS spectrometer VISION at the Spallation Neutron
Source (SNS), Oak Ridge National Laboratory (ORNL). The
number and frequencies of high-energy peaks can be readily
assigned within this localized model in agreement with ear-
lier studies (SI Appendix, Fig. S2) which were restricted to
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Fig. 2. Momentum-averaged inelastic neutron scattering at various tem-
peratures as measured by the high-resolution neutron spectrometer VISION
(Materials and Methods). (A and B) Full spectrum to 300 meV (A) and
details of the low-energy range (B) of ZrV,H; o (Left) and ZrV,Hs 7 (Right).
In all cases, the intensity was corrected by the Bose-Einstein statistics
to account for the temperature dependence of the scattering process.
The color code indicating the measurement temperature is the same in
all graphs.

measurements at high energies (24). The situation is different
for acoustic phonons, which occur at low energies with the effec-
tive mass dominated by the metal atoms (25). Nevertheless, due
to the dominant scattering of neutrons by hydrogen, the low-
energy features present in the measurements can be assigned
to hydrogen motions (sometimes called “riding modes”). Due to
the high-energy resolution of the instrument, the fine structure
of lattice vibrations around 20 meV is resolved (Fig. 2). Notably,
for high hydrogen concentrations an additional peak is observed
around 50 meV. The peak is located in a spectral region where
no vibrations are expected, as a consequence of the difference
in reduced mass and energy potentials of acoustic and optical
phonons associated with the known hydrogen-binding energies in
ZrV, (17). Vibrations at these low energies are usually assigned
to acoustic phonons; however, the large width of the peak indi-
cates that these excitations have a local character similar to the
high-energy vibrations above 120 meV. Furthermore, the tem-
perature behavior is the reverse of that observed and expected
for acoustic phonons (SI Appendix, Figs. S4 and S5). The peak
was experimentally confirmed in supplementary measurements
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performed at the MARI beamline at ISIS, United Kingdom (S
Appendix, Fig. S4).

Density functional theory (DFT) calculations were performed
to understand the origin of the low-energy peak. The simulated
INS spectra of ZrVyHs match those measured experimentally,
including both acoustic and optical phonon branches (Fig. 3).
For the high-energy excitations, the calculated peaks are slightly
higher in energy than the experimental data (e.g., 10 meV).
We attribute this to the effects of anharmonicity (19), which
also gives rise to the broadening of the high-energy peaks.
On the other hand, the agreement breaks down for higher
H concentrations. Most notably, no excitations in the spectral
region around 50 meV are calculated by DFT if the hydro-
gen occupation of the interstices is constrained such that no
H-M distances atre less than 2.1 A (Fig. 3). Also the split-
ting of the optical phonons is not well reproduced with this
constraint.

Before assigning this peak to a new dynamic behavior of hydro-
gen, we considered possible alternatives such as the formation of
chemisorbed hydrogen and desorption of hydrogen from ZrV;
during cooling and subsequent condensation in liquid/solid form.
Both cases do not reproduce the peak at S0 meV. Furthermore,
the temperature dependence of the 50-meV peak demonstrates
that the feature persists to temperatures as high as 250 K, which
is well above the solidification and liquification temperature of
hydrogen. Finally, we considered whether the peak is associated
to hydrogen vibrations in pure vanadium. Under certain condi-
tions (24), ZrVH, can segregate into a Zr-rich alloy and VH,
phases. The dominant feature of INS of VH, is around 55 meV
(26) (SI Appendix, Figs. S2 and S4). This scenario cannot fully be
excluded, as small amounts of V might indeed segregate that are
not apparent by X-ray characterization (24). However, the total
amount can be assumed to be small, while the observed peak
is very prominent, which speaks against this explanation (for
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Fig. 3. Comparison of simulated INS (Top, blue, green, brown, and red
curves, respectively) with experimental data measured at 5 K (Bottom, red
and blue curves). Optical phonons (>>100 meV ~ 750 em ") are dominated
by motion of hydrogens with a high amplitude and thus may be described
as vibrations of hydrogen in a local potential. Vibrations below 50 meV
are long-range lattice vibrations (acoustic phonons, riding modes), where
hydrogens move with metal atoms. The expected gap between acoustic and
optical phonons is observed at low hydrogen content and reproduced by
DFT calculations omitting the occupation of interstices with H-H distances
below 2.1 A, irrespective of the hydrogen content. The peak arising in the
gap needs the consideration of hydrogen violating the Switendick criterion
as shown by the red curve. The simulation considering H-H distances below
2.1 A has also a better agreement for the optical phonons at higher energies
than the ones omitting short H-H distances (S/ Appendix, Fig. S5).
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further information we refer to SI Appendix, Materials and
Methods, Thermodynamic Properties of Zr-V-H).

We performed additional extensive DFT calculations of
ZrVoHy, taking into account various hydrogen configurations
including those violating the Switendick criterion. Finite spectral
intensity at around 50 meV occurs only when H-H distances are
less than 2 A (Fig. 3). The local structure with respect to hydro-
gens is given by the hydrogen pair density function gy—_pm(r)
shown in Fig. 4. The number of hydrogen atoms violating the
Switendick criterion is small, but sufficient enough to generate
the unexpected peak at S0 meV and the splitting of the optical
phonons (Fig. 3).

Additional information can be obtained from the calculated
total energy of each hydrogen configuration (Fig. 5). From this
we derive the most stable (i.e., lowest-energy) configuration and
a measure of the binding energy of hydrogen in the lattice.
As expected, the configuration without violating the Switendick
criterion is the most stable one. On the other hand, the energy
difference relative to the next higher configurations that include
hydrogen with distances around 1.6 A is of the order of only
0.5 eV/8 fau. (~ 1.5 kJ/[mol H]). That energy is easily over-
come by entropic contributions at room temperature, where
the hydrogen uptake takes place. As a multitude of configura-
tions exist that can be populated, the violation of the Switendick
criterion is therefore allowed under these thermodynamic
conditions.

Discussion

In intermetallic hydrides, hydrogen can be viewed as a lattice gas
with small covalent binding to the metal atoms (12). The poten-
tial well of hydrogen in the structure is thus less pronounced
than in more complex hydrides, which results in easier hop-
ping of hydrogen between sites (27). This facilitates diffusion
of hydrogen in the material and forms the dominant contri-
bution of the solution entropy to the total free energy of the
system. An effect of this is that the maximum hydrogen capac-
ity is usually smaller than the number of possible interstitial
sites. In ZrVy, various interstitial sites with different hydrogen-
binding energies exist, as is typical in alloys and intermetallics.
In a localized picture, the occupation of these sites starts with
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Fig. 4. Calculated pair density function of hydrogen atoms gy 4(r) in
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top x=4, bottom x=0 (for definition of sites compare Fig. 1). (Left) As
the number of (°H) sites increases a short H-H distance that violates the
criteria appears around 1.6 A. As the number increases, the center of the
peak drifts to larger distances. (Right) The H-H distance from 1to 4 A. Note
(Right) that there is is a peak above ~2.1 A. The peak is centered at 2.0 A
only for ZrgVis TH31 PHy; as the number of PH sites increases the peak
shifts to values around 2.1 A and above. On average the peak is centered
atH-H >2.1A.

4024 | www.pnas.org/cgi/doi/10.1073/pnas.1912900117

—3321 6
5
_ —3331 f
>
C ° €« .i r4
& 8.88° T4t H
@ 08 SRa soe Ses
§ -334 thea BiaiiitEanaigls
= L HLEEERE ll.ll -3
:E .pN:."aﬁ '. . ‘
= - !
& | . 2
€ -335 1 '
o
||'-- 'I H
.' :. !°. .:3' e o 1
-3361 s
o'l
0

00 05 10 15 20 25 30 35 40
X in ZrVaHna - xyHox
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Switendick’s criterion will not be violated and is thus the most stable con-
figuration. The number of violations increases to one with x=0.125 and
increases further as additional neighboring interstitials with H-H distances
around 1.6 A are found.

those having the highest binding energies, with the other sites
occupied as the previous ones are completed. The correspond-
ing pressure—composition isotherm has various distinct plateaus.
The latter condition is softened in intermetallic hydrides with
strong hydrogen—hydrogen interactions. In these cases, the max-
imum amount of hydrogen is not given by the availability of free
interstitial sites, but by the hydrogen—hydrogen repulsion. Occu-
pation of less stable sites occurs before completion of those that
are more stable, which leads to a counterintuitive situation in
which the occupation of sites with strong hydrogen—-metal bind-
ing decreases with the increasing of the total hydrogen content
in the solid (17). The resulting pressure—composition isotherm is
a continuous increase of the equilibrium pressure with increas-
ing hydrogen content (16), approaching Sieverts behavior for
hydrogen in metals at low concentration.

We now discuss the implication of these findings for hydro-
gen in ZrVa. Given the above, the configurational energy, and
thus the total free energy, is practically a continuous function of
the hydrogen site occupation (Fig. 5). The corresponding chem-
ical potential of hydrogen in ZrV, is thus continuous as well.
We refer to “hydrogen-binding energy” as the pure hydrogen—
metal interaction, excluding the hydrogen-hydrogen interaction
(compare also the definitions in refs. 10 and 11). The heat
of formation per specific site, which includes both parameters,
depends strongly on the occupancy (17). Atomic correlations are
a key component of these dynamical phenomena, as the hop-
ping of hydrogen in ZrV;H, is assumed be correlated to satisfy
the Switendick criterion of the minimum H-H separation (24).
QENS measurements on ZrV2H, as well as the related material
ProFei7Hs (28) confirm the existence of this correlated motion.
As the diffusion of hydrogen in ZrV,H, is very fast compared to
similar materials (24), the correlated motion does not appear to
hinder hydrogen hopping, likely due to the possibility of violating
the Switendick criterion.

An important question is whether the observed effect is lim-
ited to the specific compound ZrV,. Measurements of hydrogen
vibrations in 3d metal hydrides (22) do not show prominent
features similar to the low-frequency peak. However, the hydro-
gen uptake is low in these hydrides, usually below one hydro-
gen per metal, and thus the H-H distances are well above
the Switendick criterion. As mentioned in the Introduction,
the limited hydrogen uptake in these metals is attributed to
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electronic metal-hydrogen interactions that allow binding to a
limited number of hydrogens per metal (29). This argument is
not valid for elements in the beginning of the period. Structures
similar to the low-energy peak have been found in AB; alloys
containing vanadium (30) and in pure vanadium (26). In vana-
dium, interstitials with distances varying between 1.05 A and
7.73 A exist (12), but only the ones with minimum distances
of 2.2 A are observed by X-ray diffraction in V,H (31). Calcu-
lations show that hydrogen—hydrogen interaction in vanadium
becomes weakly attractive for distances between 2.1 and 2.5 A
(32), despite the hydrogen atoms avoiding occupying interstitial
sites having short distances at or below the Switendick limit. The
corresponding hydrogen pair has a calculated binding energy of
0.01 eV. As this binding energy is much smaller than the bind-
ing energy between V and H (0.32 eV) and is comparable to
kT around room temperature (0.026 eV), the formation of H-H
with distances below 2.1 A is limited to low temperatures and to
a low number possibly undetected by diffraction methods. This
is borne out by INS spectra on V-H which are strongly temper-
ature dependent and reveal that the 55-meV peak does not exist
at higher temperatures (33). This effect has been attributed to a
transformation to different phases, with the 55-meV peak inter-
preted as in-plane modes of H occupying the octahedral site in
B-VaH. Our own first-principles calculations of the material with
the Switendick criterion constraint do not reproduce this peak,
supporting the notion that in V-H, hydrogen—hydrogen with dis-
tances below 2.1 A occurs. A similar H-H pairing configuration
has also been postulated in bec tungsten, with a binding energy
similar to that calculated for H-H in vanadium (32).

The relevance of the repulsive interactions goes beyond hydro-
gen storage: The minimum distance of hydrogen atoms in
ordinary alloys never falls below 2.1 A in metallic as well as
covalent compounds (12). There has been great interest in con-
verting molecular hydrogen into atomic metallic hydrogen with
extraordinary properties such as superconductivity near room
temperature (4). The required pressure to produce predicted
structures with HI-I distances slightly above 1 A is close to
500 GPa (34). In contrast, other pressurized metal hydrides
such as Alf3 (35) have H-H distances from 2.54 A at ambi-
ent pressure down to 1.54 A at 110 GPa. In this sense, a close
analog of atomic metallic hydrogen is LaH 0, which has compa-
rable H-H linkages (5) and has been found to be a near room
temperature superconductor at megabar pressures (7, 36). The
evidence presented here for H-H distances of 1.64 A in ZrVs
is therefore of interest as it shows that this hydrogen configu-
ration is thermodynamically possible at ambient pressure. The
question of close H-H distances is also of interest from the
standpoint of testing controversial claims for low-energy nuclear
reactions in hydrogen-rich hydrides (37). The present study thus
indicates the utility and importance of inelastic neutron scatter-
ing as a probe of the structures of hydrogen-rich materials with
potentially novel properties.

Materials and Methods

Samples of ZrV; alloy (GfE Gesellschaft fur Elektrometallurgie mbH) were
crushed under a protective Ar atmosphere. Around 10 to 20 g of pris-
tine ZrV, samples were wrapped in aluminum foil and then loaded into
an aluminum high-pressure cell. The high-pressure cell was then mounted
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Borgschulte et al.

on a gas-handling sample stick. The samples were pumped to vacuum at
room temperature and then cooled down to the measurement tempera-
ture. High-resolution INS spectra were measured at BL16-B (VISION), SNS,
ORNL. After collecting the INS data for 12 h on the blank sample, the sam-
ples were taken out of the CCR for hydrogen dosing. For ZrV;H,, after
holding at 400 ° C for about 1 h, the sample was cooled again to base tem-
perature (<15 K). For ZrV,Hs 7, an annealing temperature of 100 °C was
used (see SI Appendix, Fig. S3 for additional details). The amount of hydro-
gen gas adsorbed was used to calculate the hydrogen concentration in the
alloy using the Sieverts method. INS data were collected for 12 h on the
reacted sample for each temperature between 5 and 250 K for two hydro-
gen concentrations (ZrV,Hy and ZrV;Hs 7). The specific compositions ZrV,H;
and ZrV;,Hs 7 were chosen, as they are particularly stable phases (24). The
spectrum from a blank, corresponding to the total signal from the aluminum
sample holder and the sample, was subtracted in all of the spectra shown.
Preliminary INS spectra were also measured at the TOSCA and MARI beam
lines at ISIS, Rutherford Appleton Laboratory.

Vibrational frequencies and vectors calculated using DFT methods were
used to simulate the INS spectra with the oClimax software (19, 38,
39). The DFT calculations were performed with the plane-wave program
VASP (40, 41) using projected augmented plane waves (PAW) (42, 43) to
describe valence—core interactions and the generalized gradient approxima-
tion (GGA) with the Perdew-Burke—Ernzerhof (PBE) (44) parameterization
of the exchange-correlation energy. A plane-wave cutoff of 500 eV was
used for all energy minimization calculations at the gamma point. Using
TH and °H to denote the regular hydrogens and the ones violating the
Switendick criterion in ZrgVigHsz atoms, the H atoms can be in any of
the 32 TH and 96 °H available sites. We generated 100 random struc-
tures for different combinations of "H and °H with °H ranging from 1
to 32 (3,200 structures in total) and 1 for all 32 "H sites occupied (OH=0)
(Fig. 5).

The vibrational modes were calculated using CP2K, a PBE-type
Goedecker-Teter—Hutter (GTH) pseudopotential combined with a double-
valence polarized (DZVP) basis optimized for molecular calculations (DZVP-
MOLOPT) (45-47). A 192-metal atom supercell of a primitive cell of cubic
ZrV, with various concentrations of hydrogen atoms (128, 192, and 256
H atoms randomly occupying the "H and °H sites as defined in Fig. 1)
was initially optimized using CP2K, followed by the normal mode cal-
culations using the finite displacement methods with displacements of
0.01 Bohr. The SCF tolerance for the electronic structure calculations was
1-1077 eV and the force accuracy was within 1-107° eV/A. After con-
vergence was reached, the force constants and the dynamical matrix were
obtained from which the phonon frequencies and vibrational modes were
calculated.

Principal experimental and computational data are contained in the main
text and S/ Appendix. All data files are available on request from the
corresponding author.
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