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Abstract: Since the initial assessment four decades ago of zirconium diberyllide, ZrBe2, as a potential 
hydride-forming intermetallic for hydrogen-storage applications, structural and dynamical studies 
to date have been chiefly limited to the hydride composition, ZrBe2H1.5, which exists as a single-
phase disordered hydride with hexagonal P6/mmm symmetry that undergoes hydrogen sublattice 
ordering below ~200 K (~235–250 K for ZrBe2D1.5). It is desirable from both fundamental and tech-
nological viewpoints to have a more complete understanding of the ZrBe2Hx phase diagram. In the 
present study, both neutron powder diffraction and neutron vibrational spectroscopy measure-
ments of ZrBe2Hx at lower hydrogen contents (x < 1.5) indicate that at least two other ordered phases 
exist at low temperatures, coinciding with respective nominal x values of 1 and 0.67. Compared to 
ZrBe2H1.5, these more-hydrogen-dilute phases possess different structural symmetries (orthorhom-
bic) with different H-sublattice orderings and undergo much-higher-temperature order-disorder 
transitions at ≈460 K (x = 1) and ≈490 K (x = 0.67) to the characteristic H-disordered hexagonal 
P6/mmm structure associated with ZrBe2H1.5. 

Keywords: ZrBe2; intermetallic hydrides; hydrogen storage materials; neutron diffraction; neutron 
vibrational spectroscopy; density functional theory 
 

1. Introduction 
Intermetallic hydrides have been widely investigated for both fundamental reasons 

and possible uses as hydrogen-storage and energy-related materials of the future [1,2]. 
Despite this, relatively few experimental studies have been undertaken concerning hy-
drogen interactions with intermetallic compounds containing Be, despite its beneficially 
low atomic mass. Over the past dozen years, Be-rich intermetallics involving such sec-
ondary metals as Ti, V, Zr, and Nb have also attracted notice as advanced alternatives to 
pure Be neutron multipliers in nuclear fusion applications due to their lower chemical 
reactivity with steam that can drastically decrease hydrogen generation in a loss-of-cool-
ant accident [3–5]. In this instance, it is critical to have a good understanding of the hy-
drogen interactions with these materials, which can be accomplished by more compre-
hensive experimental and theoretical studies [5]. 

Among the scant experimental hydrogen-related investigations involving Be-based 
intermetallics, ZrBe2 is one of the most studied, but even then, mainly for one hydride 
content. From both fundamental and technological viewpoints, it is desirable to have a 
more complete understanding of the ZrBe2Hx phase diagram. ZrBe2 is hexagonal of AlB2 
type (C32, P6/mmm) with alternating Zr and Be ab layers stacked along the c direction [6] 
(see Figure 1). It happens to be isostructural with the high-temperature conventional 

Citation: Wu, H.; Zhou, W.; Udovic, 

T.J.; Bowman, R.C., Jr.; Hauback, 

B.C. Characterizing the ZrBe2Hx 

Phase Diagram via Neutron  

Scattering Methods. Inorganics 2023, 

11, 1. https://doi.org/10.3390/ 

inorganics11010001 

Academic Editor: Maurizio  

Peruzzini 

Received: 23 November 2022 

Revised: 15 December 2022 

Accepted: 16 December 2022 

Published: 20 December 2022 

 

Copyright: © 2022 by the authors. Li-

censee MDPI, Basel, Switzerland. 

This article is an open access article 

distributed under the terms and con-

ditions of the Creative Commons At-

tribution (CC BY) license (https://cre-

ativecommons.org/licenses/by/4.0/). 



Inorganics 2023, 11, 1 2 of 21 
 

 

electron-phonon superconductor, MgB2 [7,8], a fact that has stimulated interesting theo-
retical comparisons between the latter and ZrBe2 before and after hypothetical hydrogen 
addition [9,10]. Upon investigating its potential as a lightweight hydrogen-storage mate-
rial, Maeland and Libowitz [11,12] discovered that ZrBe2 could rapidly incorporate hy-
drogen under atmospheric H2 pressure at room temperature to form the hydride, 
ZrBe2H1.5 (although there was also evidence for a more H-rich hydride, ZrBe2H2.3, of unre-
ported structure forming at a much higher hydrogen pressure of 13 MPa) [11,13]. ZrBe2H1.5 
was further found to have a negligible hydrogen dissociation pressure (<1 kPa) at room 
temperature. A single H2 absorption isotherm (above the critical temperature) at 588 K has 
been reported [11], giving some further indication of ZrBe2Hx stability with respect to H 
content, with H2 vapor pressures ranging from 3 Pa at x ≈ 0.2 to 0.1 MPa at x ≈ 1. Another 
study reported that all hydrogen could be effectively removed by 973 K under vacuum 
[14]. 

 
Figure 1. (a) Hexagonal P6/mmm crystal structure of ZrBe2Hx. Blue, green, and white spheres repre-
sent Zr, Be, and H, respectively. Alternate ab-planar layers of Zr and Be atoms form the parent ZrBe2 
structure with H atoms occupying at random the trigonal Zr3 (2c) sites of the Zr plane and further 
straddled by Be atoms directly above and below along the c-axis. For ZrBe2Hx, 2c site occupation is 
x/2. Full H site occupation corresponds to the theoretical compound ZrBe2H2. For x = 1.5, the H site 
occupation is 0.75. (b) View along the c axis, starting from the Zr layer surface. 

Room-temperature neutron powder diffraction (NPD) results for ZrBe2D1.5 [15,16] in-
dicated that the AlB2 structural symmetry of the host alloy is preserved with a slight lattice 
expansion of ~1.7% (7.3% c-axis elongation and 2.7% a-axis contraction), and the deuter-
ium atoms reside on average in the Zr-defined planes in trigonal Zr-atom interstices strad-
dled by two Be atoms in the c-direction (i.e., trigonal bipyramidal BeZr3Be 2c sites) (see 
Figure 1). The two such sites per formula unit are partially occupied at random. Lowering 
the temperature below ≈250 K led to a few additional small superstructure reflections, 
which could not be indexed on the hexagonal unit cell, but possibly on enlarged ortho-
rhombic cells [16]. Moreover, refinement models for the 12 K powder pattern favored 
slight out-of-plane shifts of the D atoms in the c direction away from the trigonal bipyram-
idal 2c sites into the neighboring tetrahedral BeZr3 4h sites (with an average displacement 
of ±15 pm). The temperature-dependent behavior of the additional reflections suggested 
that the D atoms mainly occupy tetrahedral sites in an unknown superstructure at 12 K 
and undergo a second-order disordering transition starting at 250 K to occupy, on aver-
age, the trigonal bipyramidal sites at room temperature [16]. 

A subsequent 9Be nuclear magnetic resonance (NMR) study [14] independently sig-
naled the presence of an order-disorder transition at ~235 K for ZrBe2D1.4 and at ~200 K for 
ZrBe2H1.4 as evidenced by the transformation from a single pair of 9Be quadrupolar satel-
lites above the transition temperature to the splitting of each quadrupolar satellite into 
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two below the transition temperature. In addition, the temperature dependence of the sat-
ellite frequencies and the appearance of two-phase coexistence spectra were indicative of 
a first-order phase transition. Deuterium NMR measurements [17] were also able to sense 
the order-disorder transition in ZrBe2D1.4 and ZrBe2D1.56 near 240 K based on the behavior 
of the deuterium relaxation times T1 and T2. Decreasing the temperature below 240 K re-
sulted in a rapid decrease in T2 and a rapid increase in T1, indicating a phase change with 
dramatically reduced D atom mobility. Moreover, upon cooling down across the 240 K 
transition, the D NMR spectrum transformed from a relatively narrow quadrupolar dou-
blet with ~1 kHz [reflecting a small motionally averaged electric field-gradient (EFG) at 
the D atoms] to a rapidly broadened distribution of quadrupolar splittings and EFGs. This 
indicated a shift to a broad distribution of D-atom site environments in the low-tempera-
ture ordered phase, which was postulated to arise from both Be and D displacements to 
compensate for strong Be–D repulsion. Such repulsion may lead to marked Be displace-
ments toward vacant D-atom sites and be an important driving force behind low-temper-
ature vacancy ordering. It should be noted that, despite 9Be NMR evidence of an order-
disorder transition in ZrBe2H1.4, and in contrast to the D NMR results for ZrBe2D1.4, proton 
NMR measurements for ZrBe2H1.4 failed to detect such a transition [18–20]. 

Concomitant density functional theory (DFT) calculations [14] for various proposed 
vacancy-ordered ZrBe2H1.5 structures suggested that the energy was lowest when the va-
cancies were kept apart. Moreover, the energy consequences of vacancy-ordering within 
the Zr plane were found to be much more important than those stemming from vacancy-
ordering along the c-direction. Singh and Gupta [10] performed later DFT calculations for 
ZrBe2, ZrBe2H2, and supercells representing ZrBe2Hx (x < 2), focusing more on the physics 
behind the potential c-axis displacements of H away from the trigonal bipyramidal posi-
tion previously suggested by NPD. For hypothetical ZrBe2H2, where all 2c sites are filled, 
they found that H displacements along the c axis were energetically preferred for certain 
displacement patterns due to peculiarities in the electronic structure involving strong dis-
placement-sensitive coupling of H s and Zr d bands near the Fermi energy. Although the 
tendency to displace lessened for x < 2 (i.e., with the presence of vacant H sites), weak H 
c-axis displacements with a wide distribution of magnitudes were still to be expected at x 
= 1.5, consistent with the prior low-temperature NPD and NMR results [14,16]. Thus, 
based on the accumulated NPD, NMR, and DFT results for ZrBe2(H/D)x (x~1.4–1.56), it 
seems probable that a coordinated combination of c-axis H (and D) displacements (as well 
as compensating Be and Zr atomic shifts) and H/D-vacancy ordering occurs for 
ZrBe2(H/D)1.5 below its order-disorder phase-transition temperature, forming a complex 
superstructure of still unknown character. 

Besides the interesting low-temperature structural ordering that occurs in 
ZrBe2(H/D)1.5, NMR and neutron scattering methods have been used to help characterize 
the associated diffusive and vibrational H dynamics. Proton spin-lattice relaxation rate 
and pulse-field-gradient (PFG) spin-echo NMR measurements [19,20] (for ZrBe2H1.4) con-
firmed that two-dimensional H diffusion occurs facilely within the partially-H-occupied 
ab planes of trigonally arranged Zr atoms sandwiched between the Be planes. The PFG 
data between 272 K and 478 K yielded a diffusion activation enthalpy Ha = 0.25 (2) eV [20]. 
Quasielastic neutron scattering (QENS) measurements for the more H-dilute compound 
ZrBe2H0.56 (with the same P6/mmm structure in the probed temperature region as 
ZrBe2H1.4) found a similar Ha value of 0.30 (2) eV between 530 K and 580 K [21,22]. 

A neutron vibrational spectroscopy (NVS) study of ZrBe2H1.5 and ZrBe2D1.5 [15] (pre-
sumably at room temperature), using a neutron time-of-flight spectrometer in neutron 
energy gain with relatively low resolution, reported various H- and D-related scattering 
features. For ZrBe2H1.5, a broad feature indicated the presence of two peaks near 84 meV 
and 100 meV, with another lower-energy feature observed at 52 meV. For ZrBe2D1.5, two 
features were observed, one at 70 meV and another at 48 meV. The higher-energy features 
for both hydride and deuteride samples were assigned to H and D optical vibrations based 
on the roughly harmonic √2 energy shifts observed as expected due to the differences in 
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isotopic masses. The lack of significant energy shifts for the lower-energy H and D fea-
tures suggested that they were due to acoustic modes. Although the 70 meV feature for 
ZrBeD1.5 could not be resolved into two peaks, the corresponding bimodal higher-energy 
H feature for ZrBe2H1.5 was tentatively assigned to H vibrations perpendicular (at 84 meV) 
and parallel (at 100 meV) to the Zr basal plane. 

It is worth mentioning three other isostructural intermetallic hydrides that have been 
reported in the literature, Zr0.7Ti0.3Be2H0.9 [11], HfBe2H1.1 [11], and ThNi2D2 [23]. Unfortu-
nately, for the former two compounds, no further detailed structural information was pro-
vided. NPD measurements for the latter compound ThNi2D2 confirmed the trigonal bi-
pyramidal NiTh3Ni (2c) site occupation for D. Compared to ThNi2, the 2.5% c-axis elonga-
tion was about one-third that of ZrBe2D1.5. This relatively weaker expansion coupled with 
a 2.3% a-axis contraction (more similar to that for ZrBeD1.5) resulted in a slight volume 
contraction of ~2.2%, 

To the best of our knowledge, except for the 500 K P6/mmm structure reported for 
ZrBe2H0.56 in the previous QENS study [21,22], no more comprehensive crystallographic 
information is available for lower hydrogen contents below ZrBe2H1.5. The NMR studies 
of ZrBe2D1.4, ZrBe2D1.5, and ZrBe2D1.56 [14,17] suggested that the parent P6/mmm ZrBe2Dx 
structure and corresponding transition temperature behave in a similar fashion for a range 
of D contents between at least x = 1.4 and 1.56. It has not yet been reported what happens 
to the ZrBe2Hx phase diagram at lower x values. Hence, here we report NPD results con-
cerning the structural behavior of ZrBe2Hx below x ≈ 1.5, which indicate that at least two 
other distinct crystallographic phases with ordered H sublattices exist at lower hydrogen 
contents. Moreover, we present and characterize the H-weighted phonon density of states 
of ZrBe2Hx for a range of hydrogen contents, as measured by NVS. 

2. Materials and Methods 
ZrBe2D1.5 and ZrBe2H1.5 samples were provided by A. J. Maeland and synthesized as 

reported previously [15]. ZrBe2 was made by arc-melting the appropriate molar composi-
tions of the pure elements under argon to form 5 g to 10 g buttons. The melting was re-
peated several times to ensure homogeneity. Single-phase materials were obtained with-
out annealing, as shown by X-ray diffraction. The samples were evacuated at about 873 K 
down to a pressure of 10−5 Pa. High-purity hydrogen and deuterium were subsequently 
loaded to form ZrBe2H1.5 and ZrBe2D1.5 sample compositions via gas-phase absorption at 
room-temperature and atmospheric pressure. ZrBe2D1.5 was the same sample used in Ref. 
16 and was not further altered. More hydrogen-dilute ZrBe2Hx samples with x = 1.2, 0.9, 
and 0.6 were sequentially formed from ZrBe2H1.5 via thermal annealing at 673 K while 
removing calibrated amounts of hydrogen via gas-phase expansion into known volumes, 
followed by cooling back down to room temperature. The ZrBe2H0.6 sample was the same 
one used in Ref. 22, in which neutron prompt-gamma activation analysis (PGAA) inde-
pendently measured a hydrogen stoichiometry x = 0.56 (4). No similar PGAA measure-
ments were undertaken for the other samples. During measurements, samples were tem-
perature-regulated using closed-cycle He refrigerators. Samples were typically sealed in 
V and Al (6 mm diameter × 50 mm height) tubular sample cans during respective NPD 
and NVS measurements, although some NPD measurements for ZrBe2H1.2 were per-
formed in the same Al can used for NVS measurements. 

All neutron scattering measurements were carried out at the NIST Center for Neu-
tron Research. NPD measurements were performed using the BT-1 high-resolution pow-
der diffractometer [24] with the Cu (311) monochromator at a wavelength of 1.5391 (1) Å. 
The wavelengths were calibrated using an Al2O3 standard. The horizontal divergences 
were 15′, 20′, and 7′ of arc for the in-pile, monochromatic-beam, and diffracted-beam col-
limators, respectively. Data were collected every 0.05° over a 2θ angular range of 3 to 160°. 
All refinements were carried out with the Rietveld method [25] using the program GSAS 
[26]. Neutron-scattering amplitudes used in the refinements were 7.16, 7.79, 6.67, and 
−3.74 fm for Zr, Be, D, and H, respectively [27]. Wavelength errors were not included in 
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the standard deviations of the unit cells, i.e., the precisions reported in this paper for the 
structural parameters reflect the quality of the data and the corresponding Rietveld re-
finement model, assuming a fixed neutron wavelength. 

Additional NPD measurements following the temperature progression of individual 
Bragg peaks were performed with the BT-4 Triple-Axis Spectrometer using the pyrolytic 
graphite PG (002) monochromator in conjunction with a 5 cm thick PG filter at a wave-
length of either 2.3578 (8) Å or 1.5288 (8) Å. The horizontal divergences were 60′, 40′, and 
40′ of arc for the in-pile, monochromatic-beam, and diffracted-beam collimators, respec-
tively. 

NVS measurements were performed with the BT-4 Filter-Analyzer Neutron Spec-
trometer (FANS) [28] using the Cu (220) monochromator. Depending on the sample, the 
horizontal divergences were 40′ or 20′ of arc for both the in-pile and monochromatic-beam 
collimators. Data reported for ZrBe2H1.5 were collected with only a Be filter before the 
FANS detector bank instead of the normal combination of Be, pyrolytic graphite, and Bi 
filter layers [28], which resulted in a relatively poorer resolution, but not enough to hinder 
a meaningful comparison with the other sample spectra. The resulting instrumental reso-
lutions (full width at half maximum) are denoted by horizontal bars beneath the spectra. 

In conjunction with the two newly discovered low-temperature ordered ZrBe2Hx 
phases, first-principles calculations were performed within the plane-wave implementa-
tion of the generalized gradient approximation to Density Functional Theory (DFT) using 
a Vanderbilt-type ultrasoft potential with Perdew–Burke–Ernzerhof exchange correlation 
[29]. A cutoff energy of 544 eV and a 12 × 12 × 12 k-point mesh (generated with the Monk-
horst-Pack scheme) were used and found to be enough for the total energy to converge 
within 0.01 meV/atom. Phonon densities of states (PDOSs) were calculated from the 0 K 
DFT-optimized structures using the supercell method (3 × 3 × 3 cell size) with finite dis-
placements [30,31] For comparison with the NVS measurements, each PDOS was appro-
priately weighted to take into account the H, Be, and Zr total neutron scattering cross 
sections; averaged over the momentum-transfer (Q) space accessed by the FANS instru-
ment; and corrected to account for the instrumental resolution. 

All structural depictions were made, in part, using the VESTA (Visualization for Elec-
tronic and Structural Analysis) software [32]. For all figures, standard uncertainties are 
commensurate with the observed scatter in the data, if not explicitly designated by vertical 
error bars. 

3. Results and Discussion 
3.1. Neutron Powder Diffraction 

NPD patterns were collected for the ZrBe2D1.5, ZrBe2H1.5, ZrBe2H1.2, ZrBe2H0.9, and 
ZrBe2H0.6 samples at various temperatures. Select patterns and accompanying structure 
refinements are shown in the Supplementary Materials. Table 1 lists the structural phases 
found at room temperature. All samples contained additional small Bragg features due to 
2% to 3% hexagonal ZrBe5 impurity phase [33], consistent with previous NPD measure-
ments [16]. 

Table 1. Summary of the room-temperature phases present in the ZrBe2Dx and ZrBe2Hx samples. 

Synthesized Sample 1 Hydride Structural Phases Present 2 

ZrBe2D1.5 sample hexagonal ZrBe2D1.5 
ZrBe2H1.5 sample hexagonal ZrBe2H1.5 
ZrBe2H1.2 sample ~2:1 orthorhombic ZrBe2H:hexagonal ZrBe2H1.4 
ZrBe2H0.9 sample orthorhombic ZrBe2H 
ZrBe2H0.6 sample ~4:1 orthorhombic ZrBe2H0.67:orthorhombic ZrBe2H 

1 N.B., throughout the text, to avoid confusion, the use of the appended term “sample” implies the 
referral to one of the synthesized samples and not to a particular ZrBe2Hx structural phase. 2 All 
samples also contained 2% to 3% of hexagonal ZrBe5 impurity phase. 
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The ZrBe2D1.5 sample was measured at 4 K and 300 K with better statistics and reso-
lution than in Ref. 16 in an attempt to shed more light on the low-temperature ordered 
structure (see Figures S1 and S2). At 300 K, besides the fundamental Bragg peaks from the 
known P6/mmm structure (in Figure 1) and small peaks from the ZrBe5 impurity, there are 
also additional trace Bragg peaks that do not belong to any reported Zr-Be solid solution 
phases and cannot be indexed to a single phase. At 4 K, besides these trace peaks already 
present at 300 K, there are numerous additional weak satellite peaks, some of which were 
previously identified in Ref. 16 as due to some type of ordering that may involve laterally 
modulated c-axis displacements of the D atoms. As both sets of peaks at 300 K and 4 K are 
not compatible with the fundamental Bragg peaks of hexagonal ZrBe2D1.5, i.e., the d-spac-
ing associated with these peaks cannot be expressed by the lattice parameters of the basic 
P6/mmm ZrBe2D1.5 structure with the corresponding integer-hkl relations, they cannot be 
indexed together with the average structure into a conventional single phase. Hence, the 
complicating pattern of these extra small Bragg peaks precludes any better understanding 
of the exact nature of the low-temperature structural ordering that occurs for ZrBe2D1.5. 
We can only speculate that, although the trace peaks present at both 300 K and 4 K are of 
unknown origin and may well reflect minor impurities, the second set of peaks appearing 
at 4 K due to the low-temperature ordering probably signal an incommensurately modu-
lated structure induced by contributions from both D displacements and vacancy order-
ing. Structural parameters at 4 K and 300 K are listed in Table S1. At 300 K, the refined 
lattice parameters based on a disordered hexagonal structure (while ignoring the first set 
of extra trace peaks) are a = 3.716718 (3) Å, c = 3.474097 (3) Å, and V = 41.562 (1) Å3. 

NPD patterns for the ZrBe2H1.5 sample at 15 K, 300 K, 400 K, and 500 K indicated the 
same P6/mmm structure as reported for ZrBe2D1.5 (see Figures S3 and S4). Interestingly, 
there were no extra satellite peaks appearing in the 15 K pattern to mark the occurrence 
of long-range ordering. If present, they were too diffusive to be recognizable, any deline-
ation being further hindered by the higher incoherent scattering background associated 
with H compared to D. It is always possible that any low-temperature ordering in 
ZrBe2H1.5 is inherently of much shorter range compared to that for ZrBe2D1.5, leading to 
excessive satellite peak broadening. Structural parameters are listed in Tables S2 and S3. 
At 300 K, a = 3.71971 (3) Å, c = 3.47680 (4) Å, and V = 41.661 (1) Å3, values only slightly 
higher than for ZrBe2D1.5. 

In contrast to the ZrBe2H1.5 sample, structural refinements for the three ZrBe2Hx sam-
ples with relatively less H content indicated the presence at room temperature of two new 
structurally unique, orthorhombic, H-sublattice-ordered ZrBe2Hx phases coinciding with 
respective nominal x values of 1 and 0.67. Although the model fits for the ZrBe2H phase 
yielded x values close to 1, the model fits for the ZrBe2H0.67 phase yielded x values more 
noticeably less than the ideal 0.67, suggesting that this ordered structure may prefer to be 
more H-deficient due to the presence of partial H-site occupations. Nonetheless, for sim-
plicity in the ensuing discussions, the two new structural compounds will be referred to 
as ZrBe2H and ZrBe2H0.67. ZrBe2H is the only compound phase found in the ZrBe2H0.9 sam-
ple, whereas both compound phases are found in the ZrBe2H0.6 sample with ZrBe2H0.67 
being the roughly 80 % majority phase. (The minor presence of ZrBe2H in the ZrBe2H0.6 
sample is likely due to incomplete homogenization of H among ZrBe2Hx crystallites dur-
ing the formation of the ZrBe2H0.6 sample from the ZrBe2H0.9 sample.) The NPD data for 
the ZrBe2H0.9 and ZrBe2H0.6 samples (Figures S8–S11) were the respective bases for struc-
tural determinations of these new ZrBe2H and ZrBe2H0.67 phases. The NPD data for the 
ZrBe2H1.2 sample (e.g., Figures S5–S7), which was found to contain both ZrBe2H and 
ZrBe2H~1.3–1.4 (i.e., more H-deficient ZrBe2H1.5) compound phases in a roughly 2:1 ratio, was 
also used to follow more extensively the temperature behavior of the ZrBe2H phase. 

In both ZrBe2H and ZrBe2H0.67 model structures, the H atoms are located at the center 
of the trigonal bipyramidal BeZr3Be sites. Models incorporating additional positional dis-
order due to small H displacements from the Zr plane to the two off-center tetrahedral 
Zr3Be sites above and below did not show significant improvements compared to that for 
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bipyramidal occupation regarding the goodness-of-fit R-factors, H displacement parame-
ters, etc., so they were not considered further. This is in line with the previous DFT results 
[10], which suggested that the tendency for favorable off-center H displacements in 
ZrBe2Hx disappears for x ≤ 1. 

Figure 2 shows the ordered ZrBe2H structure. It possesses orthorhombic Imma sym-
metry. It should be noted that, for comparisons with the hexagonal P6/mmm structure in 
Figure 1, the orthorhombic b-axis of ZrBe2H in Figure 2 corresponds to the hexagonal c-
axis in Figure 1. Tables S4–S7 summarize the ZrBe2H structural parameters. At 295 K, a = 
3.8064 (2) Å, b = 6.55939 (9) Å, c = 6.5947 (3) Å, and V = 164.655 (4) Å3. Model refinements 
indicate that H atoms in orthorhombic ZrBe2H occupy specific trigonal Zr3 (4e) sites with 
near unity occupation (0.98 (1)) in the Zr ac-planes. Figure 2b shows the zigzag chains of 
H atoms in the Zr planes that form along the a-axis, separated by zigzag chains of vacan-
cies. In neighboring Zr ac-planes, this arrangement of chains is nominally shifted in both 
the a-direction and c-direction by one-half of a unit cell. The presence of H in a particular 
BeZr3Be trigonal bipyramid causes a contraction of the Zr3 triad (due to Zr-H attraction) 
and an expansion of the Be-Be distance (due to Be-H repulsion). This results in compara-
tively expanded vacant Zr3 triads (yielding slight in-plane deviations from the ideal trig-
onal Zr planar network) and a rippling of the Be honeycomb ac-layers. At 295 K, the filled 
and empty BeZr3Be trigonal bipyramids display respective Be-Be separations of 3.496 (2) 
Å and 3.063 (2) Å, the latter separation presumably too small to accommodate an H atom. 
The H positions possess Be-H separations of 1.7481 (8) Å and Zr-H separations of 2.13 (2) 
Å and 2.145 (8) Å. 

 
Figure 2. (a) Orthorhombic Imma crystal structure of ZrBe2H. Blue, green, and white spheres repre-
sent Zr, Be, and H, respectively. Analogous to the hexagonal P6/mmm ZrBe2Hx structure in Figure 
1, alternate ac-planar layers of Zr and Be atoms form the parent ZrBe2 structure with H atoms occu-
pying specific trigonal Zr3 (4e) sites in the Zr plane, which cause a rippling of the Be layers. (b) View 
along the a-axis. (c) View along the c-axis. (d) View along the b-axis, showing just the Zr layer and 
the ordered pattern of H-site occupation forming zigzag chains of H atoms along the a-axis, sepa-
rated by zigzag chains of vacancies (×). 

NPD patterns for ZrBe2H at different temperatures between 10 K and 480 K indicate 
that a transition from the orthorhombic ordered Imma phase to the hexagonal disordered 
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P6/mmm phase with half-filled H sites (depicted in Figure 1) occurs near 460 K. This tran-
sition is reflected by the observed temperature progression of the (011) Bragg peak inten-
sity for orthorhombic ZrBe2H in Figure 3, a reflection that is forbidden for P6/mmm sym-
metry. 

 
Figure 3. Temperature progression of the intensities of the respective (011) and (021) Bragg peaks 
for orthorhombic ordered ZrBe2H and ZrBe2H0.67. These respective peaks correspond to the low-
angle features seen near 2θ = 19.1° and 16.3° in the BT-1 Powder Diffractometer patterns at λ = 1.5391 
Å and are absent for P6/mmm symmetry. The majority of the data were collected on the BT-4 Triple-
Axis Spectrometer at λ = 2.3578 Å (ZrBe2H) and λ = 1.5288 Å (ZrBe2H0.67). Relative intensities for 
each curve are arbitrarily scaled for clarity. Lines are drawn through the data as guides to the eye. 

The more extensive temperature-dependent NPD data collected for the ZrBe2H1.2 
sample suggested that the observed decay of the (011) Bragg peak intensity with increas-
ing temperature for the ZrBe2H order-disorder phase transition is not due to a spillover 
of H into other crystallographically distinct, vacant sites, such as marked in Figure 2, but 
rather mainly by an increasing displacement parameter. Indeed, according to the Fourier 
difference map, only the one H 4e position was evident in the orthorhombic ZrBe2H struc-
ture at all temperatures measured below the 460 K phase-transition temperature. Moreo-
ver, for all ZrBe2H1.2 sample data below 460 K, refinement of the 4e site occupancy resulted 
in values exceeding unity, so its value was fixed at 1 in all subsequent model refinements. 
(See Figures S5 and S6 and Table S4). 

Figure 4 shows the ordered ZrBe2H0.67 structure. It possesses orthorhombic Cmcm 
symmetry. Table S8 summarizes the ZrBe2H0.67 structural parameters. At 295 K, a = 3.8161 
(2) Å, b = 19.8247 (11) Å, c = 6.4997 (1) Å, and V = 491.724 (14) Å3. 



Inorganics 2023, 11, 1 9 of 21 
 

 

 
Figure 4. (a) Orthorhombic Cmcm crystal structure of ZrBe2H0.67. Blue, green, and white spheres rep-
resent Zr, Be, and H, respectively. Like the hexagonal P6/mmm ZrBe2Hx structure in Figure 1, alter-
nate ab-planar layers of Zr and Be atoms form the parent ZrBe2 structure with H atoms occupying 
specific trigonal Zr3 (4c) sites in the Zr planes, which cause a rippling of the Be layers. (b) View along 
the c-axis, showing just the Zr layer, and the ordered pattern of H-site occupation forming double 
chains of H atoms along the a-axis. Each double chain is comprised of one chain each of crystallo-
graphically distinct H1 and H2 atoms. Four parallel chains of vacancies (×) separate neighboring 
double chains. Red vacancies represent a third 4c site (H3) for possible H occupation appearing at 
higher temperatures. (c) View along the b-axis. (d) View along the a-axis. 

Model refinements associated with the ZrBe2H0.6 sample at 45 K (see Figure S9) indi-
cate that H atoms in the orthorhombic ZrBe2H0.67 phase occupy two crystallographically 
distinct trigonal Zr3 (4c) sites (H1 and H2), both with the same immediate surroundings, 
being at the center of BeZr3Be trigonal bipyramids. Figure 4b shows that these H1 and H2 
atoms form double chains in the Zr planes along the a-axis, each double chain separated 
by four parallel chains of trigonal Zr3 vacancies. In neighboring Zr ab-planes, H1 and H2 
designations are swapped and the general arrangement of double chains is nominally 
shifted in the a-direction by one-half of a unit cell and in the b-direction by one-sixth of a 
unit cell. 

As for orthorhombic ZrBe2H, the presence of an H atom in a particular BeZr3Be trig-
onal bipyramid of ZrBe2H0.67 causes a contraction of the Zr3 triad and an expansion of the 
Be-Be distance, again resulting in comparatively expanded vacant Zr3 triads and a rip-
pling of the Be honeycomb ab-layers (see Figure 4). At 295 K, the H1-filled and H2-filled 
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BeZr3Be trigonal bipyramids display respective Be-Be separations of 3.571 (8) Å and 3.299 
(7) Å. The four types of empty BeZr3Be trigonal bipyramids display varying Be-Be sepa-
rations of 2.874 (8) Å, 2.929 (8) Å, 3.200 (7) Å, and 3.626 (8) Å, the relatively large latter 
separation associated with the bipyramids containing the vacant H3 positions marked by 
a red × in Figure 4b,d. The H1 positions possess Be-H1 separations of 1.786 (4) Å and Zr-
H1 separations of 2.05 (2) Å and 2.202 (9) Å. The H2 positions possess Be-H2 separations 
of 1.650 (4) Å and Zr-H2 separations of 2.14 (4) Å and 2.19 (2) Å. 

The differences in H ordering within the Zr planes between orthorhombic ZrBe2H0.67 
and ZrBe2H shown in Figures 2d and 4b are noteworthy. In ZrBe2H0.67, H atoms tend to 
localize in close pairs (with 2.17 (4) Å H-H separations at 295 K) situated in the double Zr3 
centers of a chain of toe-to-toe Zr triangle pairs with one shared edge, whereas in ZrBe2H, 
all H atoms localize in zigzag chains with two close H neighbors (with 2.22 (2) Å H-H 
separations at 295 K), each H atom situated in the Zr3 centers of a zigzag chain of shoulder-
to-shoulder Zr triangles with two shared edges. We note that the close H-H distances in 
all the ZrBe2Hx compounds studied are comparable to the ~2.1 Å minimum value neces-
sary for hydride stability [34], with the lowest value of 2.08 (4) Å determined for ZrBe2H0.67 

at 45 K. Unlike the DFT results for vacancy-ordered ZrBe2H1.5 structures where maximum 
vacancy separation seems to be favored [14], the H ordering in the more H-dilute ZrBe2H 
and ZrBe2H0.67 suggests that there is some energetic advantage to specific clustering pat-
terns for both H and vacancies. 

The 45 K and 295 K patterns for ZrBe2H0.67 (Figures S9 and S10) look similar and could 
be fit using the same model containing two H positions, H1 and H2. According to the 
refinements, the H1 site is close to fully occupied whereas the H2 site is partially occupied 
(e.g., ≈82 (4)% at 45 K). We note that the 295 K pattern could also be fit equally well using 
an alternative model with a small amount of H partially occupying a third 4c position, H3, 
already mentioned above (which is located at the centers of the BeZr3Be trigonal bipyra-
mids neighboring the H1 positions; see Figure 4b,d and Table S8), and thus all three sites, 
H1, H2, and H3, have partial occupancies of around 0.79 (6), 0.75 (7), and 0.26 (7), respec-
tively. For the 45 K pattern, the three-site model diverged during refinement and thus was 
not representative at this temperature. Although only tentative based solely on these two 
NPD patterns, the refinement results suggest that the two-site model at 45 K may gradu-
ally transform towards a three-site model as the temperature is increased, with some mi-
nor amount of H entering the neighboring empty trigonal bipyramid site already by 295 
K. Of course, this would be a different thermal behavior than the apparent lack of temper-
ature-induced H site spillover observed for orthorhombic ZrBe2H. We note that this par-
ticular spillover site does make steric sense since the associated BeZr3Be trigonal bipyra-
mid has an unusually elongated Be-Be separation (3.626 (8) Å at 295 K) that is even larger 
than those respective Be-Be separations (3.571 (8) Å and 3.299 (7) Å) corresponding to the 
filled H1 and H2 sites. Indeed, this differs dramatically from the prohibitively short 3.063 
(2) Å Be-Be separations for the empty BeZr3Be trigonal bipyramids in orthorhombic 
ZrBe2H. 

In contrast to the 45 K and 295 K patterns, the 500 K pattern for ZrBe2H0.67 (Figure 
S11) indicates a change from the ordered orthorhombic structure to the same disordered 
hexagonal P6/mmm structure displayed in Figure 1 by disordered ZrBe2H1.5 and ZrBe2H, 
with H partially occupying, at random, one-third of all BeZr3Be trigonal bipyramids. By 
following the intensity of the characteristic (021) Bragg reflection associated with Cmcm 
symmetry as a function of temperature up to 510 K (see Figure 3), we ascertained that the 
phase transition from orthorhombic Cmcm to hexagonal P6/mmm occurs at ≈ 490 K, which 
is roughly 30 K and 290 K higher than the respective order-disorder transition tempera-
tures for ZrBe2H and ZrBe2H1.5. Again, as we have full NPD patterns for the ZrBe2H0.6 
sample at only two temperatures, 45 K and 295 K, we cannot completely discount H site 
spillover as at least partially responsible (besides increasing H displacement parameters) 
for the temperature-dependent decay of the (021) Bragg peak intensity for orthorhombic 
ZrBe2H0.67 in Figure 3. 
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As mentioned earlier, the ZrBe2H1.2 sample was found to be a mixture of ZrBe2H and 
ZrBe2H~1.3–1.4 phases at all temperatures. Below 460 K, the ZrBe2H phase is ordered ortho-
rhombic and the ZrBe2H~1.3–1.4 phase is disordered hexagonal. Above 460 K, orthorhombic 
ZrBe2H transforms to the P6/mmm structure (i.e., the same disordered model structure as 
hexagonal ZrBe2H~1.3–1.4 but with a different H content and thus different lattice parame-
ters). The H content of the ZrBe2H~1.3–1.4 phase is based on the refined values for H occu-
pancy and marks the lower limit of H content for the nominally hexagonal ZrBe2H1.5 
phase. A comparison of NPD data at various temperatures (e.g., see Figures S5–S7) sug-
gest that the lower x limit at 300 K and below is ~1.4 and may drift down to ~1.3 by 460 K. 
Yet, this observation is tentative since, at high temperatures, H site occupancies are highly 
correlated to their atomic displacement parameters, precluding their accurate determina-
tion. The 460 K value is estimated only after reasonably fixing the displacement parame-
ters. It is not clear what the upper x limit is for this phase, although the previous NMR 
studies of ZrBe2Dx indicated an x value as high as 1.56 is possible [17]. Nonetheless, from 
the current and past results, it seems clear that the hexagonal ZrBe2H1.5 phase can exist for 
a range of H content (from x ≈ 1.3 to >1.5). 

As the 300 K volume/f.u. for the ZrBe2H phase in the ZrBe2H1.2 sample is found to be 
slightly larger by ~0.3% than that at similar temperature for the ZrBe2H phase in the 
ZrBe2H0.9 sample (see Tables S4 and S7), this suggests that there is a real, albeit slight, 
difference in H content for the nominal ZrBe2H phase in the two samples. This is con-
sistent with the occurrence of refined H 4e site occupancies always >1 for the ZrBe2H phase 
in the ZrBe2H1.2 sample (necessitating its fixed value of 1) compared to a refined occupancy 
value of 0.98(1) for that in the ZrBe2H0.9 sample. Hence, this signals that there is likely 
some limited range of H content possible (x ≈ 0.98 to 1) for a stabilized ZrBe2H phase. 

A plot of the hexagonal P6/mmm lattice constants for ZrBe2Hx near or at 500 K as 
functions of increasing x in Figure 5 indicates a decreasing a lattice constant concomitant 
with a more steeply increasing c lattice constant. The net result is an increasing unit cell 
volume V with increasing H content. For dilute H contents (i.e., x < 0.67), the changes in a 
and c and the increase in V are minimal but all become more dramatic as the H content 
increases above x = 0.67. This corresponds well to the observation by Westlake [13] that 
the H2 absorption isotherm data at 588 K [11] for x ≤ 0.5 closely follow Sieverts’ Law [35] 
(i.e., the solubility of a diatomic gas in a metal is proportional to the square root of the 
partial pressure of the gas in thermodynamic equilibrium). Indeed, in this more dilute 
solid-solution region, the overall ZrBe2 framework dimensions are little perturbed by the 
inclusion of H atoms, and x is found to be proportional to (PH2)½. In contrast, at higher x 
values, the ZrBe2 framework dimensions become more markedly affected by the more 
numerous H atoms, leading to a significant positive deviation from Sieverts’ Law. As for 
the orthorhombic ordered ZrBe2H0.67 and ZrBe2H phases, within this hexagonal solid-so-
lution phase, the decreasing a lattice constant reflects a basal-plane contraction due to the 
attractive Zr-H interactions, whereas the increasing c lattice constant reflects the repulsive 
Be-H interactions. 

Figure 6 conveys the lattice expansion behavior of the three compounds ZrBe2H0.67, 
ZrBe2H, and ZrBe2H1.5 as functions of temperature, as determined from the NPD results 
for the ZrBe2H0.6, ZrBe2H1.2, and ZrBe2H1.5 samples listed in Tables S3, S6 and S8. Data are 
plotted in a way that allows for a meaningful comparison of the changing dimensions of 
the structural hexagonal or quasi-hexagonal (in reference to the orthorhombic phases) 
ZrBe2 template. Figure 6a shows the temperature evolution of the distance d between Zr 
planes for the three compounds. This is measured parallel to the crystallographic c-direc-
tion for all phases except for orthorhombic ZrBe2H, in which it is measured parallel to the 
crystallographic b-direction (see Figure 2). Figure 6b shows the temperature evolution of 
the average Zr basal-plane area A/ZrBe2Hx formula unit (f.u.). This refers to the ab basal 
plane for all phases except for orthorhombic ZrBe2H, in which it refers to the ac basal 
plane. Figure 6c shows the temperature evolution of the average volume V/ZrBe2Hx f.u., 
where V = d × A. This is equivalent to the unit cell volume of the hexagonal P6/mmm phase 
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and one-fourth and one-twelfth of the unit cell volumes of the respective orthorhombic 
Imma and Cmcm phases. 

 
Figure 5. The hexagonal P6/mmm lattice constants (a, c) and unit cell volume (V) for ZrBe2Hx near or 
at 500 K as functions of x, as determined by neutron powder diffraction (NPD). Values at x = 0 
estimated from Ref. 1. Exact temperatures for each datapoint are listed in Table S9. 

As alluded to in Figure 5, The room-temperature lattice-parameter values for ZrBe2, 
designated by the black diamonds in Figure 6, are not much different than those for the 
ordered orthorhombic ZrBe2H0.67 phase, again indicating that the overall volume of the 
underlying ZrBe2 template is largely able to accommodate the inclusion of this small 
amount of H without much volume expansion. In contrast, as the H content increases 
above x = 0.67, the average volume/f.u. (seen in Figures 5 and 6c) increases more signifi-
cantly over the whole temperature range in a roughly linear fashion with x, with V ex-
panding by around 0.8 (1) Å3/H atom. Figure 6a indicates that the distance d between Zr 
planes noticeably expands with increasing x above 0.67 to compensate for repulsive Be-H 
interactions, whereas the average basal-plane area A (in Figure 6b) noticeably contracts in 
response to attractive Zr-H interactions. 

It is noteworthy that the orthorhombic-to-hexagonal phase change for ZrBe2H near 
460 K is marked by a step up in the d spacing in Figure 6a concomitant with a step down 
in the basal-plane area A in Figure 6b. No similarly obvious step behaviors are observed 
for ZrBe2H0.67 during its orthorhombic-to-hexagonal phase change near 490 K. Although 
the lack of clear step changes in the latter case may merely be an artifact of sparser data 
points, it may otherwise be an indicator of different H-site-spillover behaviors for the or-
dered orthorhombic ZrBe2H and ZrBe2H0.67 phases as discussed earlier. In particular, the 
lack of H spillover into other neighboring empty crystallographic sites in orthorhombic 
ZrBe2H up to the phase-transition temperature might well manifest itself by a relatively 
low d spacing and a relatively high basal-plane area A in this region due to the peculiar 
accommodating effects of the persistent double-chain H-atom ordering observed for this 
structure. As the transition occurs, the step change to a now random distribution of H 
atoms in the hexagonal structure could trigger clear step changes in lattice parameters. In 
contrast, for orthorhombic ZrBe2H0.67, a more gradual shift to H site disorder via site spill-
over with increasing temperature (as hinted by the NPD data) as the transition to complete 
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disorder is approached may ultimately attenuate any transition-induced step-change ef-
fects in the lattice parameters. 

 
Figure 6. The lattice parameters of the three distinct ZrBe2Hx compounds (x = 0.67, 1, 1.5) as functions 
of temperature, as determined by NPD. The black diamonds denote values for x = 0 from Ref. 1. (a) 
distance d between Zr planes, equivalent to the c lattice constant for hexagonal P6/mmm symmetry; 
(b) average Zr basal-plane area A/ZrBe2Hx formula unit (f.u.); (c) average volume V/ZrBe2Hx f.u., 
where V = d × A. 

As pointed out earlier for the ordered orthorhombic ZrBe2H0.67 and ZrBe2H phases, 
H occupation of BeZr3Be trigonal bipyramids result in planar contraction of the Zr3 triads 
and expansion of the Be-Be separations. This is reflected structurally by ab planar displace-
ments of the associated Zr atoms and c-axis displacements of the associated Be atoms. 
These displacements should occur even in the hexagonal disordered ZrBe2Hx structure, 
although in a disordered fashion, and this would be reflected by noticeable anisotropic 
behaviors in the associated Zr and Be displacement parameters. Indeed, the refined 15 K 
and 300 K anisotropic displacement parameters for ZrBe2H1.5 listed in Table S2 indicate 
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relatively large ab basal-plane components compared to the c-axis component for Zr and 
a relatively a large c-axis component compared to the ab basal-plane components for Be. 

3.2. Neutron Vibrational Spectroscopy 
Figure 7 shows the neutron vibrational spectra for the ZrBe2D1.5 and ZrBe2Hx (x = 0.6, 

0.9, 1.2, 1.5) samples at both 10 K and room temperature (except for the ZrBe2H0.6 sample, 
where the gray spectrum was measured at 480 K). They were measured in neutron energy 
loss at superior resolution and intensity to the prior measurements reported in Ref. 15. 
The scattering features reported for ZrBe2H1.5 and ZrBe2D1.5 in Ref. 15 are in line with the 
corresponding room-temperature spectra in Figure 7, although there was no mention of 
observing the two highest-energy features clearly present in the current NV spectra. 

 
Figure 7. Neutron vibrational spectra of ZrBe2D1.5 and ZrBe2Hx (x = 0.6, 0.9, 1.2, 1.5) samples. Black 
spectra were measured at 10 K. Gray spectra were measured at room temperature except for 
ZrBe2H0.6, which was measured at 480 K. Red spectrum reflects the 10 K ZrBe2D1.5 spectrum after 
rescaling the neutron energy loss values by √2. ZrBe2Hx spectra are roughly normalized to the same 
ZrBe2 mass and all spectra are vertically offset for clarity. Full-width-at-half-maximum instrumental 
resolutions are depicted by the horizontal bars beneath the spectra. (N.B., 1 meV ≈ 8.0655 cm−1) 

The NV spectra reflect the H-weighted phonon densities of states (PDOSs) due to the 
overly dominant incoherent neutron scattering cross section for H compared to the other 
elements. Indeed, D, Be, and Zr all have similar scattering cross sections, but are all about 
an order of magnitude less than for H. Hence, the majority of scattering intensity in an 
NV spectrum reflects the various normal-mode vibrations involving H displacements. 
Nonetheless, there will be minor contributions from potential Be displacements due to its 
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relatively low mass. Of course, in the non-H-containing ZrBe2D1.5 sample, the Be scattering 
contributions will be more noticeable in the spectrum with respect to those for D. In con-
trast, any contributions from Zr will be insignificant due to its relatively high mass. 

Ideally at 0 K, all of the constituent atoms are in their vibrational ground states. At 
10 K, this is still largely true, with only a very minor fraction of the atoms in their vibra-
tional excited states. Thus, the 10 K spectra in Figure 7 reflect normal-mode vibrational 
excitations predominantly from the ground states and contain both 1-phonon and 2-pho-
non (combination) modes. In contrast, the higher-temperature spectra reflect the normal-
mode vibrational excitations from a mixed population of atoms, with one fraction in their 
ground states and another in their excited states. The spectra are thus more complicated 
due to a larger variety of resulting excitations and combination bands involving both up- 
and down-scattering as well as more severe attenuation by the Debye-Waller factor. 
Nonetheless, the higher-temperature spectra in Figure 7 do reflect similar characteristics 
to the corresponding 10 K spectra, albeit more smeared in appearance. 

The 10 K spectra are snapshots of all the low-temperature ordered structures present 
in the ZrBe2Hx and ZrBe2D1.5 samples, and it is clear that the PDOSs for ZrBe2Hx are mark-
edly sensitive to the H content. A better understanding of the spectral features can be 
attained by first-principles phonon calculations. Because the low-temperature ordering in 
ZrBe2H1.5 and ZrBe2D1.5 is still unknown, no attempt was made to extract the DFT-simu-
lated PDOS from possible ordered structural arrangements. Nonetheless, the simulated 
PDOSs for the two DFT-optimized, ordered orthorhombic ZrBe2H and ZrBe2H0.67 struc-
tures, shown in Figure 8 compared to their 10 K NV spectra, were found to greatly aid in 
the spectral assignments. The accompanying normal-mode animation files generated at 
the gamma point for the 0 K DFT-optimized structures are provided in the Supplementary 
Materials. These ASCII files can be used with appropriate software [36] to visualize the 
displacement amplitudes of the various unit-cell atoms for each normal-mode vibration. 
It should be noted, though, that the various gamma-point energies associated with partic-
ular vibrational modes may not exactly match the positions of the simulated peaks, since 
simulated spectra are averaged over the Q-space accessed by the FANS instrument, not at 
the gamma point. Any dispersion of a mode in Q-space may result in a shifting and com-
plex broadening of the resulting spectral feature. 

Based on the NPD results, the ZrBe2H0.9 sample is essentially a single-phase hydride 
with the orthorhombic ZrBe2H structure. Although there is not perfect agreement with 
the DFT-simulated Imma PDOS (which can be attributed to some minor lack of accuracy 
afforded by this level of DFT to describe the various interaction potentials involved), it is 
straightforward to assign the various NVS features to the vibrational features (designated 
by labelled arrows) as identified by DFT. Firstly, all the weak NVS features below ~70 
meV are attributable to various Be-dominated normal-mode vibrations with usually little 
participation from H displacements. Slightly more intense features in this region, such as 
the small peak at ~69 meV associated with DFT feature (a) in Figure 8, are due to Be-
dominated modes with more significant H participation. For example, (a) in Figure 8 rep-
resents Be displacements along the c-direction (parallel to the Zr planes for Imma sym-
metry) concomitant with small displacements of the H atoms along the b-direction (per-
pendicular to the Zr planes). The strong NVS features above ~70 meV are associated with 
the six normal modes involving predominantly large-amplitude H displacements, with 
one in-phase and one out-of-phase normal mode (with respect to nearest-neighbor pairs 
of H atoms) along each of the three orthogonal directions. The 81.7 meV NVS feature as-
sociated with DFT feature (b) reflects the in-phase and out-of-phase modes involving H 
displacements along the b-direction. The 114 meV NVS feature associated with DFT fea-
ture (c) reflects the two in-phase modes involving H displacements along the a- and c-di-
rections (both parallel to the Zr planes). Finally, the highest NVS features between 130 
meV and 150 meV associated with DFT feature (d) reflect the two out-of-phase modes 
involving H displacements along the a- and c-directions, with the mode along the a-direc-
tion (along the zigzag H chain) associated with the higher-energy portion near 150 meV 
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and that along the c-direction (perpendicular to the zigzag H chain) associated with the 
lower-energy portion near 130 meV. Considerable normal-mode dispersion with Q in this 
high-energy region is suggested by both the NVS and DFT spectra. 

 
Figure 8. Comparison of the 10 K neutron vibrational spectra (black) for orthorhombic ZrBe2H (iden-
tical to the ZrBe2H0.9 sample spectrum) and ZrBe2H0.67 (derived by subtracting the minor ZrBe2H 
fraction from the ZrBe2H0.6 sample spectrum) with the simulated 1 + 2-phonon spectra for the 0 K 
density-functional-theory-optimized structures of Imma-ordered ZrBe2H (blue) and Cmcm-ordered 
ZrBe2H0.67 (red) assuming full occupancies for the H sites designated in Figures 2 and 4. Green and 
orange curves denote the corresponding 1-phonon spectra. Arrows provide a guide for relating sim-
ulated peak intensities to the experimental scattering features. (N.B., 1 meV ≈ 8.0655 cm−1) 

Because the NPD results indicated that the ZrBe2H0.6 sample was actually a mixed 
phase (i.e., orthorhombic ZrBe2H0.67 with a small fraction of orthorhombic ZrBe2H at low 
temperature), the NV spectrum for orthorhombic ZrBe2H0.67 in Figure 8 was isolated by 
subtracting an appropriately scaled ZrBe2H0.9 sample spectrum (representing orthorhom-
bic ZrBe2H) from the ZrBe2H0.6 sample spectrum. It should be noted that, even after the 
subtraction, a comparison of the extracted ZrBe2H0.67 spectrum in Figure 8 with the parent 
ZrBe2H0.6 sample spectrum in Figure 7 indicates very little qualitative difference. 

Differences between the ZrBe2H0.67 spectrum and the DFT-simulated Cmcm PDOS 
again reflect the limitations of this level of DFT to accurately describe the various interac-
tion potentials involved. Moreover, the simulated PDOS is based on an optimized Cmcm 
structure with full occupancies of the H1 and H2 sites. In reality, the actual refined struc-
ture indicated only a partial occupancy of the H2 site (~82% at 45 K). The fact that some 
of the H2 sites are randomly vacant likely results in the noticeably broadened scattering 
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features compared to the sharp features of the simulated spectrum. Nonetheless, this does 
not prohibit using the simulated PDOS to identify the origin of the NV spectral features. 
As for ZrBe2H, the NV scattering features below ~77 meV are attributable to Be-dominated 
normal modes as, e.g., evidenced by DFT feature (e) and lower-energy features in Figure 
8. There are twelve normal modes involving the large-amplitude H displacements of H1 
and H2 atoms situated above 77 meV. This is twice as many as for ZrBe2H, since there are 
now two different H sites to consider with their accompanying combinations of in-phase 
and out-of-phase motions instead of only one H site for ZrBe2H. The 88 meV NVS shoul-
der associated with DFT feature (f) reflects two modes involving only H1 displacements 
along the c-direction (perpendicular to the Zr planes for Cmcm symmetry). The 106 meV 
NVS feature associated with DFT features (g) and (h) reflect the respective two in-phase 
and two out-of-phase modes involving H1 and H2 atoms along the a-direction (parallel to 
the Zr planes and along the double-chain direction). The 118 meV NVS feature associated 
with DFT feature (i) reflect two modes involving only H2 displacements along the c-di-
rection. The 133 meV NVS feature associated with DFT feature (j) reflects the two in-phase 
modes involving H1 and H2 atoms along the b-direction (parallel to the Zr planes and 
perpendicular to the double chain direction). Finally, the 150 meV NVS shoulder associ-
ated with DFT feature (k) reflects the two out-of-phase modes involving H1 and H2 atoms 
along the b-direction. 

The mode assignments for both ZrBe2H and ZrBe2H0.67 make sense based on the struc-
tural details. The Be-dominated modes reside between ~45 meV to 75 meV, energies of 
this two-dimensional Be network consistent with those found in elemental Be [37]. The H 
vibrational modes perpendicular to the Zr planes along the Be-H-Be axis of the H-occu-
pied BeZr3Be trigonal bipyramids tend to have lower energies. For ZrBe2H0.67, the H1- and 
H2-only modes (f) and (i) along the Be-H-Be axis indicate lower energies for the H1 atoms 
(with relatively larger Be-H bond distances) compared to the H2 atoms (with relatively 
smaller Be-H bond distances). The H vibrational modes within the Zr planes tend to have 
higher energies due to the relatively strong Zr-H bonding interactions, with the highest 
energies occurring for the out-of-phase vibrational modes, which are additionally affected 
by H-H coupling interactions during the opposing displacements of nearest-neighbor H 
atoms with close 2.1–2.2 Å separations in the structures. Interestingly, these high-energy 
scattering bands between ~125 meV and 165 meV associated with trigonally bonded H 
within the planar Zr3 sites for the various ZrBe2Hx phases match well with the broad range 
of vibrational energies for H in the Zr4 tetrahedral sites of ZrHx (x = 0.54–2.0) [38,39] with 
comparable Zr-H bond distances (e.g., 2.08 Å for ZrH2 at 297 K) [40]. 

These observations allow us to assign the probable origins of the NV features for 
ZrBe2H1.5 in Figure 7. In particular, the two higher-energy features near 123 meV and 147 
meV are likely associated with the various respective in-phase and out-of-phase H vibra-
tional modes parallel to the Zr planes, whereas the 90 meV shoulder and 107.5 meV fea-
ture are likely associated with various H vibrational modes perpendicular to the Zr 
planes. It should be noted that these assignments are different than postulated in the ear-
lier NVS study [15], since the higher-energy NV features in Figure 7 were not detected in 
that study. 

The ZrBe2D1.5 spectrum in Figure 7 is seen to be in good agreement with that for 
ZrBe2H1.5. After rescaling the energy-loss values by a harmonic magnitude of √2, the re-
sulting red ZrBe2D1.5 spectrum in Figure 7 closely mimics the ZrBe2H1.5 spectrum except 
for the low-energy feature near 68 meV, which is confirmation that the original 48 meV 
ZrBe2D1.5 feature is due to Be-dominated vibrational modes. Again, this feature is rela-
tively enhanced compared to the D-related modes due to the similar neutron scattering 
cross sections for Be and D. This is analogous to the observed 52 meV ZrBe2H1.5 feature in 
Figure 7, whose considerable intensity signals the likely involvement of some H displace-
ments concomitant with the main Be displacements. (It should be noted that the weak 
ZrBe2D1.5 feature at 36 meV is an Al phonon artifact from the sample can and refrigerator 
cryoshields.) 
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It is interesting that the highest two harmonically rescaled D modes (originally lo-
cated at ~89 meV and 105 meV) align very well with the ZrBe2H1.5 features at 123 meV and 
147 meV, whereas the lower-energy shoulder and peak (originally located respectively at 
69 meV and 79.5 meV) are about 8% and 5% higher after √2 rescaling than the corre-
sponding ZrBe2H1.5 features at 90 meV and 107.5 meV. Although this may reflect some 
anharmonicity for the H potential well along the c-direction between Be atoms compared 
a more harmonic well along the ab-plane within the Zr3 trigonal sites, it may just be a 
consequence of some participation of the relatively low-mass Be atoms (mBe = 9 g mol−1) in 
the H optical vibrational modes along the c-directed Be-H-Be axis. In such a case, the ratio 
of reduced masses for these modes in ZrBe2D1.5 and ZrBe2H1.5 would be smaller than the 
2:1 ratio of masses for D and H alone and would indeed be manifested as a reduction in 
the otherwise harmonic EH/ED =ඥ𝑚ୈ/𝑚ୌ = √2 isotope shift. For example, the ratio of re-
duced masses between D and H modes, assuming the participation of one Be atom per D 
or H atom becomes 1.818. The expected harmonic energy-scaling factor for these particu-
lar c-axis modes would now be √1.818 = 1.348, which is more in line with the spectral 
behavior in Figure 7. Of course, this would not be as much of an issue for the higher-
energy H vibrations within the Zr planes, since no Be participation would be expected in 
this orthogonal direction and the reduced-mass contributions from the much-higher-mass 
Zr atoms (mZr = 91 g/mol−1) would be much more insignificant, thus largely preserving the 
expected √2 harmonic rescaling factor for these modes, as observed. 

Finally, we point out that the NV spectrum of the ZrBe2H1.2 sample in Figure 7 is a 
combination of the spectra for the ZrBe2H1.5 and ZrBe2H0.9 samples, consistent with the 
two phases, ZrBe2H~1.3–1.4 and ZrBe2H, observed by NPD. The lower-energy spectral con-
tributions near 90 meV and 107.5 meV from the more minor ZrBe2H~1.3–1.4 component ap-
pear to be somewhat narrower than for ZrBe2H1.5, possibly because the relatively lower H 
content for ZrBe2H~1.3–1.4 results in mode-sharpening perturbations. The small differences 
in resolution between the two measured spectra cannot account for these changes in peak 
width. 

4. Conclusions 
The temperature-dependent structural analysis results for the ZrBe2H0.6, ZrBe2H0.9, 

ZrBe2H1.2, and ZrBe2H1.5 samples indicate H-site-disordered hexagonal P6/mmm structures 
at high temperatures near 500 K, with decreasing a and increasing c lattice constants with 
increasing H content. Upon lowering the temperature, although the disordered hexagonal 
P6/mmm ZrBe2H1.5 phase persists down to ~200 K (according to prior NMR results), two 
structurally distinct ordered orthorhombic phases appear at lower H contents, namely, 
ZrBe2H0.67 (Cmcm) at ~490 K and ZrBe2H (Imma) at ~460 K. Below ~200 K, ZrBe2H1.5 pre-
sumably transforms to some type of ordered structure involving a coordinated arrange-
ment of vacancies and c-axis shifts in H positions (as proposed for ZrBe2D1.5), although no 
clear indication is found by the NPD results, suggesting that the ordering may be short-
ranged. 

The formation of the ordered orthorhombic phases clarify for the first time the struc-
tural perturbation effects of H occupation within the BeZr3Be trigonal bipyramids of the 
ZrBe2 host lattice, even in the hexagonal solid-solution ZrBe2Hx phase. In particular, Zr-H 
attractive interactions and Be-H repulsive interactions generally lead to a planar contrac-
tion of the Zr3 triad and an expansion of the Be-Be separation. This would lead to a range 
of ab planar displacements of the associated Zr atoms and c-axis displacements of the as-
sociated Be atoms. This is consistent with the refined anisotropic Be and Zr displacement 
parameters determined for hexagonal disordered ZrBe2H1.5. 

NVS results indicate that the H PDOS for ZrBe2Hx is sensitive to the H content. The 
H optical vibrational energies lie within a range of ~75 meV to 165 meV. In general, alt-
hough the exact vibrational energies may vary with x, the H vibrational modes perpen-
dicular to the Zr planes along the Be-H-Be axis of the H-occupied BeZr3Be trigonal 
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bipyramids tend to have lower energies compared to the H vibrational modes within the 
Zr planes due to the relatively strong Zr-H bonding interactions in this direction. 

The two newly discovered orthorhombic ZrBe2H0.67 and ZrBe2H phases provoke in-
triguing questions concerning their corresponding two-dimensional H diffusive mobili-
ties. As the previous NMR studies have indicated that H mobility in ZrBe2H1.5 is greatly 
reduced upon cooling down the hexagonal disordered phase below its 200 K transition 
temperature to the unknown ordered phase, it would be interesting to determine how the 
ordering of the more H-dilute ZrBe2H0.67 and ZrBe2H phases below 490 K and 460 K, re-
spectively, affect their H mobilities. There may be a fundamental difference between the 
two compounds. Indeed, for ZrBe2H, no H spillover into other sites was identified by NPD 
in the ordered phase since the vacant BeZr3Be trigonal bipyramids likely possess insuffi-
cient Be separations, whereas for ZrBe2H0.67, there are indications that the H2 site tends to 
be only partially occupied and that spillover into other sites (i.e., the H3 sites) from H1 
and H2 may be occurring with increasing temperature. Future NMR and QENS studies 
will be needed to address these questions. 
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pattern and fit for the ZrBe2H0.6 sample at 295 K; Figure S11: NPD pattern and fit for the ZrBe2H0.6 
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graphic parameters for the disordered ZrBe2H model structure extracted from the NPD pattern for 
the ZrBe2H1.2 sample at 480 K; Table S6: refined lattice parameters of various phases in the ZrBe2H1.2 
sample measured at different temperatures; Table S7: refined crystallographic parameters for the 
ordered ZrBe2H model structure extracted from the NPD pattern for the ZrBe2H0.9 sample at 295 K; 
Table S8: refined crystallographic parameters for the ZrBe2H0.67 model structures extracted from the 
NPD patterns for the ZrBe2H0.6 sample at 45 K, 295 K, and 500 K; Table S9: compositional depend-
ence of ZrBe2Hx lattice parameters of the hexagonal P6/mmm phase compared at similar high tem-
peratures; ASCII animation files (ZrBe2H0.67_anime.txt and ZrBe2H_anime.txt) for the DFT-opti-
mized orthorhombic ZrBe2H0.67 and ZrBe2H structures at 0 K containing frequency and atomic-dis-
placement information concerning the normal mode vibrations at the gamma point [viewable using 
the open-source v_sim software downloadable for various OS (windows, linux, etc.) at 
https://gitlab.com/l_sim/v_sim-website/-/tree/master/download (accessed on 19 November 2022). 
N.B., the use of this software does not imply the recommendation or endorsement by NIST]; CIF 
files (ZrBe2H0.67_45K.cif, ZrBe2H0.67_295K.cif, ZrBe2H0.67_500K.cif, ZrBe2H_295K.cif, and 
ZrBe2H1.5_300K.cif) for ZrBe2H0.67 at 45 K, 295 K, and 500 K; ZrBe2H at 295 K; and ZrBe2H1.5 at 300 K. 
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