CHinese PuysicaL Sociery | IOP Publishing

CPB

Chinese Physics B

http://cpb.iphy.ac.cn https://iopscience.iop.org/journal/1674-1056

First-principles studies on the dynamic, mechanical, and electronic properties of

ZrCr,Hx (0 < x < 4) under 0-20 Gpa

Wenhui Zhang(7K 3 ) and Hui Wang( T %)

Citation:Chin. Phys. B, 2026, 35 (5): 057101. DOI: 10.1088/1674-1056/ae0893
http://cpb.iphy.ac.cn; http://iopscience.iop.org/cpb

What follows is a list of articles you may be interested in

First-principles study of the bandgap renormalization and optical property of 8-LiGaO,

Dangqi Fang(/7 3. jit)
Chin. Phys. B, 2023, 32 (4): 047101. DOI: 10.1088/1674-1056/acb9ef

Topological properties of Sb(111) surface: A first-principles study

Shuangxi Wang( - X{ &) and Ping Zhang(7k~F)
Chin. Phys. B, 2022, 31 (4): 047105. DOI: 10.1088/1674-1056/ac46bc

First-principles study on improvement of two-dimensional hole gas concentration and

confinement in AIN/GaN superlattices

Huihui He(f7] £ ) and Shenyuan Yang(#% £ i)
Chin. Phys. B, 2022, 31 (1): 017104.  DOI: 10.1088/1674-1056/ac00a0

First-principles study of electronic structure and magnetic properties of Sr;Fe,0, oxide

Mavlanjan Rahman(3EE 22 {T-#5 2 and Jiuyang He(f] A7)
Chin. Phys. B, 2021, 30 (11): 117107. DOI: 10.1088/1674-1056/abfa06

First-principles calculations of F-, Cl-, and N-related defects of amorphous SiO, and their

impacts on carrier trapping and proton release

Xin Gao(f12%), Yunliang Yue(k 2 5%), Yang Liu(X]#%), and Xu Zuo(/: /)
Chin. Phys. B, 2021, 30 (4): 047104. DOI: 10.1088/1674-1056/abe3f7



https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ae0893
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ae0893
https://doi.org/10.1088/1674-1056/ae0893
http://cpb.iphy.ac.cn/
http://iopscience.iop.org/cpb
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/acb9ef
https://doi.org/10.1088/1674-1056/acb9ef
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac46bc
https://doi.org/10.1088/1674-1056/ac46bc
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac00a0
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac00a0
https://doi.org/10.1088/1674-1056/ac00a0
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abfa06
https://doi.org/10.1088/1674-1056/abfa06
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abe3f7
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abe3f7
https://doi.org/10.1088/1674-1056/abe3f7

Chin. Phys. B 35, 057101 (2026)

SPECIAL TOPIC — John Tse: Pioneer in high-pressure materials science

First-principles studies on the dynamic, mechanical, and electronic
properties of ZrCr,H, (0 < < 4) under 0-20 GPa

Wenhui Zhang(7Kk 3L ) and Hui Wang(FHE)T

Key Laboratory for Photonic and Electronic Bandgap Materials (Ministry of Education), School of Physics and Electronic Engineering,
Harbin Normal University, Harbin 150025, China

(Received 1 July 2025; revised manuscript received 8 September 2025; accepted manuscript online 18 September 2025)

Ternary metal hydrides play a vital role in the search for conventional high-temperature superconductors under near-
ambient pressures. In this study, we examine the dynamic, mechanical, and electronic properties of the C15-type ZrCr,H,
(0 < x <4) compounds at 0-20 GPa using first-principles simulations. We find that protons diffuse predominantly via the
interstitial network composed of g and e sites, avoiding high-barrier b sites. Proton diffusion is insignificant at 300 K, but
increases markedly with increasing temperature, leading to superionic transitions at 900 K in all these hydrides. Diffusion
enhances the occupation probability of neighboring interstitial sites, resulting in short H-H separations that violate the
Switendick criterion. The calculated thermoelastic properties indicate mechanical stability of ZrCr,H, at room temperature.
In ZrCryHy, the high hydrogen concentration leads to a clear contribution of H s orbitals to metallicity, suggesting that C15-
type intermetallic hydrides have great potential to form high-temperature superconductors at low pressures.
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1. Introduction

Metal hydride research has emerged as a thriving frontier
in high-pressure physics, driven by the experimental discov-
ery of 250 K superconductivity in LaHg g in 2019.!":2] Over
the past few years, dozens of superconducting hydrides have
been identified under extreme pressures ranging from tens to
hundreds of gigapascals, with critical temperatures (7;.) span-
ning a broad spectrum from millikelvin regimes to near-room-
temperature conditions.>~”] Current research priorities now
focus on theoretical and experimental investigations of metal
hydrides with tailored crystallographic structure, targeting the
stabilization of superconducting phases at near-ambient con-
ditions through compositional optimization strategies. 31!

Metal hydrides typically feature hydrogen atoms occupy-
ing interstitial sites within the host metallic lattice, which may
comprise elemental metals, multicomponent alloys, or inter-

(121 For superconducting metal hydrides,

metallic compounds.
the extensive research has revealed remarkable structural di-
versity in these host lattices, encompassing prototype crystal
systems such as face-centered cubic (fcc, Fm-3m space group),
hexagonal close-packed (hcp, P63/mmc), and body-centered
cubic (bee, Im-3m) configurations. Recent theoretical and ex-
perimental investigations have demonstrated that ternary hy-
dride systems exhibit superior capabilities in stabilizing su-
perconducting phases under reduced pressure regimes com-
pared to their binary counterparts.['3-171 A paradigmatic ex-
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ample emerges from the partial substitution of La atoms by Ce
in the La—H system, which achieves a 43% reduction in stabi-
lization pressure (from 170 GPa to 97 GPa) while maintaining
superconducting 7, above 100 K.[1819]

The C15-type intermetallic hydrides have attracted sig-
nificant research attention due to their exceptional structural

20.21] Theoretical sim-

stability and hydrogen storage capacity.!
ulations show that ‘C15-type’ MgLiH ¢ exhibits extraordi-
nary superconducting performance, reaching a critical tem-
perature of 400 K under 300 GPa.
ZrV,H,_g reveals ultrashort H-H distances of 1.6 A at near-

ambient conditions, directly challenging the Switendick crite-

Experimental study of

rion (minimum H-H separation > 2.1 A, proposed by Swi-
tendick in 1979)1>223 that has historically governed metal hy-
dride chemistry.!?*! These findings stimulate further investiga-
tions into ‘C15-type’ ternary hydrides.

In Zr-based AB;-type compounds with C15 structure, Zr
is typically in the A site and acts as the “hydride forming” el-
ement, while the B site can be occupied by various elements,
e.g., V, Mn, Cr, Fe, and Ni, which play a catalytic role in hy-
dride formation.>>-2%1 With a high hydrogen capacity of up to
4 hydrogen atoms per formula unit, e.g. ZrV,Hy and ZrCrHy,
this class of compounds show a high potential to be devel-
oped into hydrogen-rich superconductors, and therefore it is
interesting to further explore their dynamical, mechanical, and
electronic properties at ambient and low pressures.

In this work, we study proton dynamics, elasticity, and

© 2026 Chinese Physical Society and IOP Publishing Ltd. All rights, including for text and data mining, Al training, and similar technologies, are reserved.
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electronic structures of ZrCroH, (x = 0.125, 1, 2, 4) at pres-
sures of 0 GPa to 20 GPa and temperatures up to 1100 K by
first-principles calculations. We find that the proton diffusivity
depends positively on temperature, with superionic behavior
occurring at high temperatures above 900 K. The diffusivity
depends nonmonotonically on the H content, with a maximum
at x of 1-2. All hydrides are metallic and elastically stable
at the studied thermodynamic conditions. Pressure effects on
these properties are also discussed.

2. Computational methods

Ab initio calculations were performed with the Vienna ab
initio simulation package (VASP)[?"! based on DFT using the
projector augmented wave method.*®?°! The exchange cor-
relation between electrons can be approximated by general-
ized gradient approximation (GGA) in the form of Perdew—
Burke—-Ernzerhof (PBE).’% The valence electrons of H, Cr,
and Zr are 1s', 3s23p®3d°4s', and 4s24p®4d?5s2?, respectively.
The plane-wave basis with a cutoff energy of 325 eV was ap-
plied, and the convergence criterion for geometric optimiza-
tion was set to 1 x 107% eV/atom for the total energy. For
structural relaxation and the calculation of hydrogen diffusion
barriers by the climbing-image nudged elastic band (CINEB)
method,?!! the sampling k-mesh grid of the Brillouin zone
was 5 x5 x 5. A larger 2 x 2 x 2 supercell containing 64 for-
mula units was sampled at the I"-point for ab initio molecu-
lar dynamics (AIMD) simulation. The NVT ensemble uses a
Nose—-Hoover thermostat with a time step of 1 fs lasting over
20000 steps.

The mean-square displacement (MSD) is calculated using
the following formula:

MSD = % <va:1 [ri (¢ 1) =i (f)]2>v (1)

where r; represents the position of the i-th ion at time ¢’ +¢
and 7. N is the number of particles.

The self-Van Hove correlation function is defined to
characterize proton dynamics, which can be calculated as

follows: 32331

Go(rt) = (L 8 (= [ (' +1) - ()])). @

where 7; is the atomic position of the i-th atom, r is a general
position in space, and 6(+) is the Dirac delta function. G; (r,¢")
is defined as the probability density of finding a particle at dis-
placement r after time .

The elastic modulus was calculated by the Voigt—Reuss—
Hill (VRH) averaging method.**! The crystal orbital Hamil-
ton population (COHP) analysis was performed using the
LOBSTER code.?>! All visualizations were performed by
VESTA.[36]

3. Results and discussion

The C15 Laves phase of ZrCr, crystallizes in the Fd-
3m space group (No. 227) with Zr and Cr atoms occupying
the 8a and 16d Wyckoff positions respectively, as shown in
Fig. 1(a). Hydrogen atoms absorbed in the ZrCr; lattice can
occupy three types of tetrahedral interstitials: the blue tetra-
hedron corresponds to the 96g site, yellow to 8b, and pink to
32e. As shown in Fig. 1(b), the occupation of hydrogen atoms
on these interstitials significantly expands the lattice volume,
with an average hydrogen atomic volume of about 2.85 A3
at 0 GPa. All compounds demonstrate a monotonically de-
creasing volumetric response to applied pressure, consistent
with typical elastic compression behavior in crystalline solids.
Volume reduction reaches 8.7%-8.9% upon compression to
20 GPa, resulting in a reduction of the nearest distance be-
tween interstitial sites by 2.4%-3.5% and a decrease of the
hydrogen atomic volume by about 7.4%.
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ZrCr,H,
ZrCr,H,
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Fig. 1. (a) Crystal structure of the C15 Laves phase ZrCr,, where Zr
atoms (green) and Cr atoms (blue) are shown. In the crystal structure,
hydrogen preferentially occupies three tetrahedral sites represented by
different colors: 96g, 8b, and 32e¢ Wyckoff positions. (b) Pressure-
dependent unit cell volume evolution of ZrCr,H, with different hydrogen
contents.

To probe proton dynamics in metal hydrides, AIMD sim-
ulations were carried out over a temperature range of 300—
1100 K and pressures of 0-20 GPa.
the mean square displacement (MSD, (u?)) data reveal a sig-

As shown in Fig. 2,

nificant impact of temperature, stoichiometry, and pressure
on diffusivity in these hydrides. At 300 K, (u?) does not
increase significantly with simulation time, yielding a small
diffusion coefficient (D) below 107° cm?-s~! at 0-20 GPa.
As temperature rises, (i”) exhibits steeper slopes, signaling
enhanced atomic diffusion. At 900 K, the D values reach
about 3 x 107% cm?-s~! at 0-20 GPa, which exceeds the
threshold for superionic transport in classical liquids (i.e.,
D > 10~% cm?:s™!). Notably, the diffusivity does not de-
pend monotonically on hydrogen concentration. For instance,
ZrCr,H, typically has slopes of (u?) less steep than those of
ZrCrpH; and ZrCryH, at comparable temperature and pres-
sure, suggesting that reduced vacancy concentration impedes
hydrogen migration. Compression induces appreciable lattice
contraction in all these hydrides. Depending on composition,
lattice contraction may exert opposite effects on diffusivity.
Specifically, it usually suppresses diffusivity at higher H con-
centration (e.g., ZrCr,Hy4 at 700 K) but can also enhance it
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at lower H concentration (e.g., ZrCryHy 125 at 700 K). These
findings reveal strong competition between stoichiometry and
pressure effects on diffusivity in the ZrCr,H, system.
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Fig. 2. Hydrogen diffusion characteristics in ZrCroH, with varying sto-
ichiometry: (a) ZrCryHy 125, (b) ZrCryHy, (¢) ZrCryHy, (d) ZrCrpHy.
Solid (0 GPa) and dashed (20 GPa) lines denote pressure conditions, with
temperatures color-coded in the top legend: black (300 K), red (500 K),
blue (700 K), green (900 K), and purple (1100 K). (e)—(g) Trajectories of
H atoms at 500 K are represented by yellow lines within the crystal lattice.
Zr and Cr atoms are depicted as green and blue spheres, respectively.

We analyze the radial distribution function (RDF, g(r))
of ZrCroH, (x = 0.125 and 4) at 300 K and 900 K to eluci-
date the structural characteristics of dynamic hydrogen con-
figurations in both normal and superionic states. As shown
in Fig. 3, temperature governs both the shape and peak posi-
tions of g(r) in both hydrides, and clearly shows more signif-
icant effects in ZrCr,Hg 125 compared to ZrCryHy. Thermal
activation from 300 to 900 K shifts the first peak by approxi-
mately 3.5 A from about 5.5 A to 2 A in ZrCr,Hy 25, whereas
it only slightly broadens the peaks in ZrCrpHy. Pressure ef-
fects are also more pronounced in the former than in the latter,
but the overall effect is much less than that of temperature.
For ZrCryHa, the first coordination shell has the peak posi-
tion located at 2.1 A with a full width at half maximum of
0.34 A at 0 GPa. It is found that dynamic hydrogen config-
urations permit H-H separations as low as 1.41 A, violating
the Switendick criterion (2.1 A threshold), reminiscent of the
ultra-short H-H separation (1.6 A) observed in ZrV,H,_s un-

der ambient conditions.24

For ZrV,H,_gs, this phenomenon
was rationalized by the contribution of configurational entropy
at finite temperatures, which allows short H-H distances to
emerge in thermodynamic equilibrium.>*! Here, our molecu-

lar dynamics simulations on ZrCryHy reveal that this is more

of a transient dynamic phenomenon involving diffusion of hy-
drogen atoms. These findings suggest that dynamic hydro-
gen networks in ‘C15-type’ hydrides may generally violate the
Switendick criterion.

—— 300K — 500K — 700 K — 900 K 71100}(
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Fig. 3. Comparison of radial distribution functions (RDFs) for
(a) ZrCryHyp 125 at 0 GPa, (b) ZrCroHy at 0 GPa, (c¢) ZrCryHg 125 at
20 GPa, and (d) ZrCr,H4 at 20 GPa. Temperature progression is color-
coded: black (300 K), red (500 K), blue (700 K), green (900 K), and
purple (1100 K).

Within the ZrCr, lattice, the spatial distribution of the
three types of interstitial sites (i.e., g, e, and b) dictates that
the g and e sites form a three-dimensional connected main
network, while the b sites are weakly connected to the main
network as locally bridging points between e sites. These
88, &6
and e—b, with characteristic spacings of 1.15 A, 127 A, and
1.32 A in the Z1Cr; lattice with a of 7.683 A, which is equal to
that of ZrCr,Hy at 0 GPa. Since the next-nearest g—g distance

junctions provide three basic diffusion pathways:

(1.33 A) is close to that of e—b, it is also analyzed as an ad-
ditional basic pathway for comparison (denoted as g—g’). Ac-
cording to the equation of state of ZrCr,H,, these interatomic
spacings decrease with lattice contraction, driven by either H
concentration depletion or increased pressure.

Taking ZrCr,Hy as an example, we analyze hydrogen dif-
fusion behavior in this class of hydrides using self-Van Hove
correlation functions (Gy). As illustrated in Fig. 4(a), a distinct
density distribution emerges around a radial distance of 3 A,
indicating the presence of long-range diffusion within 10 ps
under conditions of 300 K and 0 GPa. Further comparison
with the G; pattern at 20 GPa (Fig. 4(c)) suggests that lattice
contraction suppresses long-range diffusion at 300 K.

Notably, the linkage of the g—g paths forms localized
hexagonal rings, and one- and two-step hopping within them
correspond to hopping distances of 1.15 A and 1.98 A, respec-
tively. The latter is comparable to those of two-step hopping
through the g—g—e (1.9 A), g—e—g (2.1 A), g—e—b (2.1 A), and
g'—e—g (2.1 A) pathways. Therefore, the density distribution
around 2.0 A may indicate the activation of either intra-ring
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diffusion or inter-ring diffusion. In any case, the much earlier
and denser distributions around 1.2 A suggest that H atoms can
be trapped for a considerable time after the initial hopping.

Previously, a dual-path diffusion model involving intra-
ring and inter-ring diffusion was proposed for TiCroH,.["!
Compared to this model, the present study further identifies
potential two-step hopping pathways, providing a more com-
prehensive understanding of hydrogen diffusion complexity in
the C15 structure. Thermal activation to 900 K leads to faster
long-range diffusion with a significant reduction in trapping
time at both 0 GPa and 20 GPa, which is consistent with the
superionic nature predicted by MSD analysis under compara-
ble thermodynamic conditions.

Gs

10 . 1
(=) 0 GPa, 300 K l '

=z = 16

-2.1
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25 %
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Fig. 4. Self-Van Hove correlation functions (G;) for hydrogen diffusion
in ZrCroHy at different pressures and temperatures. (a) 0 GPa, 300 K,
(b) 0 GPa, 900 K, (c) 20 GPa, 300 K, and (d) 20 GPa, 900 K.

We study the activation barriers of four basic diffu-
sion pathways (e.g. g—g, g—g', g—e, and e—b) by the CINEB
method at pressures of 0 GPa and 20 GPa.
Fig. 5, the g—g and e-b pathways are the least pressure-

As shown in

sensitive and most pressure-sensitive pathways, respectively.
Their barrier heights increase by less than 1% and over
35% as pressure rises from 0 to 20 GPa. Meanwhile, the
g-¢ and g—e pathways exhibit moderate pressure sensitiv-
ity while maintaining relatively consistent barrier heights,
which increase by about 10% under the same compression
(0-20 GPa). Pressure-induced lattice contraction usually en-
hances metal-hydrogen orbital interactions, thereby elevat-
ing diffusion energy barriers. The case of the g—g pathway
emphasizes the complex dependence of energy barriers on
atomic environments. The barrier heights exhibit a trend of
g—g ~ g—e < g-g < e—b at both 0 GPa and 20 GPa, with
e—b (0.34-0.46 eV) exceeding the others by about 40%—100%
at 0-20 GPa. This result is consistent with DFT binding-
energy analysis of TiCr,H,, which identified the b site as
the least favorable site for hydrogen occupation. 8! The rela-
tively lower barriers of the g—g’, g—e, and g—g pathways (0.20—
0.23 eV) suggest that they are major contributors to long-range

diffusion. This scenario is consistent with the MD simulations.
For example, we retrieve atomic trajectories associated with
two-step hopping from MD simulations of ZrCr,Hy at 300 K
and 0 GPa (Fig. S1), and find direct evidence of hydrogen dif-
fusion through the g—g'—e, g'—g'—g, and g—e—g’ pathways.
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Fig. 5. Diffusion pathways for hydrogen migration in ZrCr; interstitial
sites: (a) g-g, (b) g—¢’, (¢) g-b, and (d) e—b. The green, yellow, and pink
spheres in each inset represent Zr, Cr, and H atoms, respectively. The
tetrahedra Zr,Cry, ZrCrs, and Cryg, composed of Zr and Cr atoms, are
shown in blue, pink, and yellow, respectively.

Elastic constants are fundamental parameters that define
the mechanical behavior of a material. In cubic crystal sys-
tems, there are three independent elastic constants Cyq, Ciz,
and Cy4, which describe the mechanical response to uniax-
ial compression, shear deformation coupled with hydrostatic
pressure, and shear deformation along non-principal axes, re-
spectively. Based on the stress—strain relationships obtained in
AIMD calculations, we derive the elastic constants of ZrCr,H,
(x =0.125, 1, and 2) at 0 GPa and 300 K, as shown in Ta-
ble 1. As x increases from 0.125 to 2, Cy; decreases by 6%,
C1; decreases by 15%, and Cyq increases by 34%. The elastic
constants of ZrCrpHy4 at 0-20 GPa and 300-900 K were also
calculated. Compared to ZrCr,Hy, ZrCroHy shows smaller Cy
and Cy4 but larger C|, under the same thermodynamic condi-
tions, indicating that elasticity does not depend monotonically
on H concentration. We further analyze the temperature and
pressure effects on these elastic constants in ZrCrpHy. At 0—
20 GPa, an increase in temperature leads to an increase in Cy
but a decrease in Cy, and Cy4, Whereas increasing pressure re-
sults in a uniform increase in these elastic constants.

According to Born’s stability criteria, the mechanical sta-
bility of cubic crystals under equilibrium conditions is ensured
by satisfying three conditions: C1; +2Cyp > 0, C1; —Cpp2 > 0,
and Cy4 > 0, associated with volumetric, tetragonal shear,
and transverse shear stabilities, respectively. It is found that
ZrCroH, (x = 0.125, 1, 2, and 4) satisfies these criteria at
0 GPa and the temperatures studied. Under compression, mod-
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ified criteria should be adopted to include the effects of exter-
nal pressure (p), i.e., C11 +2C1o+p >0,Ci1 —Ci2—2p >0,
and C44 — p > 0. As shown in Table 1, ZrCr,Hy also satisfies
these criteria at 20 GPa and 300-900 K. The results suggest
that ZrCrpH, is mechanically stable at 0-20 GPa and 300-
900 K, although significant hydrogen diffusion may occur. In
addition, the bulk modulus (B), shear modulus (G), and Pois-
son’s ratio (V) were calculated using the Voigt—Reuss—Hill av-
eraging method, and the results are shown in Table 1. The B/G
and v values are greater than 1.75 and 0.25, respectively, indi-
cating good ductility of ZrCrpH,, according to Pugh’s criterion
and standard interpretations of Poisson’s ratio.
Table 1. AIMD simulated elastic constants, bulk modulus (B), shear mod-

ulus (G), and Poisson’s ratio (v) of ZrCr, H, at different temperatures and
pressures.

P (GPa) T (K) Composition C;; Ci2 Cas B(GPa) G(GPa) v

0 300 ZiCrHgps 2262 1579 472 180.6  42.0 039
0 300 ZrCrH, 2217 1366 583 1649 520 036
0 300 ZrCrH, 2123 1335 633 1598 537 035
0 300 ZrCrpHy 1797 147.1 53.6 158.0 387 0.39
20 300 ZiCr,Hy 277.2 2080 652 231.1 530 0.39
0 900 ZrCrH, 2007 127.7 42.6 1520 402 038
20 900 ZiCrHy 2921 2014 453 2317 453 041

To explore the electronic properties of this class of hy-
drides, we calculated the total and projected density of states
(DOSs) for ZrCroHy at 300 K and 0 GPa by averaging over
DOSs from 20 MD configurations. As shown in Fig. 6(a), the
low-energy region (below —4 eV) shows strong H character,
while the high-energy region (above —4 eV) contains more
pronounced Zr and Cr contributions. Notably, H dominates
the DOS in the energy range of —10.5 eV to —9.5 eV, suggest-
ing the formation of localized electronic states associated with
nearest H-H pairs. From —9.5 eV to —4 eV, hybridization
among H, Zr, and Cr orbitals is observed, confirming chemi-
cal bonding between H atoms and the ZrCr, host lattice. From
—4 eV to 0 eV, the DOS is primarily composed of strongly hy-
bridized Cr-d and Zr-d states, with minor contributions from
Cr-p, Zr-p, and H-s states.

To further elucidate the bonding characteristics, we also
analyzed the integrated COHP (i.e., ICOHP) for distinct
atomic pairs. As shown in Fig. 6(b), smaller atomic sepa-
rations generally result in larger —ICOHP values, indicating
higher covalency of the pairwise interactions. In terms of sen-
sitivity of ICOHP to atomic separation, the interactions can
be roughly classified into three categories: (i) H-H, with low
sensitivity; (ii) Cr—H, Zr—H, Cr—Zr, and Zr—Zr, with moderate
sensitivity; (iii) Cr—Cr, with high sensitivity, with —ICOHP
values spanning the ranges of 0-0.25, 0.25-2.0, and 0.5-4.0,
respectively. The results reflect a complex electronic structure
in ZrCrpHy influenced by both covalent and metallic interac-
tions.

6r(a) : (b)
4F- Total . ar
2-/_,_/\ : :
2 1
z "
« 3 Cr-p
= af Cr-d .
o &
g 0 &}
:
o, 06 Zor-
8 0.3F
08F
B
0.4F
0.2 H
i 1 1

. . .
1.5 2.0 25 30 35 4.0
Separation (A)

{ . . . I
-10 -8 -6 -4 -2 0 2
Energy (eV)

Fig. 6. Electronic structure analysis from molecular dynamics trajectory
sampling: (a) total and projected DOS of ZrCr,Hy at 300 K and 0 GPa;
(b) integrated crystal orbital Hamilton population (—ICOHP) for different
atomic pairs.
In summary, we investigated the dynamic, mechanical,
and electronic properties of the C15-type ZrCroH, (0 < x < 4)
hydrides at pressures ranging from 0 to 20 GPa using first-
principles calculations. We found that interstitial hydrogen in-
duces lattice expansion, resulting in an average volume change
of 2.75 A3.atom~'. In all these hydrides, thermal activation
at 900 K leads to superionic states with proton diffusion co-

efficients up to 107* cm?-s~ 1.

At lower temperatures, pres-
sure competes with H concentration in determining diffusiv-
ity. Proton diffusion significantly increases the probability of
neighboring interstitial sites being occupied, resulting in H-H
separations of less than 2.1 A, which violate the Switendick
criterion. A detailed analysis of both activation barriers and
atomic trajectories reveals that protons mainly diffuse through
the interstitial network composed of g and e sites, while they
rarely occupy b sites due to the high energy barrier. At 0 GPa
and 300 K, all hydrides are mechanically stable, and increas-
ing hydrogen concentration leads to a monotonic decrease in
the elastic constant Cj; and the bulk modulus B. For ZrCryHy,
a high hydrogen concentration results in a clear contribution of
H s orbitals to metallicity. This suggests that C15-type metal
hydrides have great potential to be developed into ‘H-rich’ su-
perconductors at low pressures.
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