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For the next-generation high temperature microreactors, yttrium dihydride (YH2) is an attractive solid 
state neutron moderator. Despite a number of recent investigations, the mechanism of hydrogen 
transport remains poorly understood. Experimental evaluations of diffusivity are inconclusive with 
large variations in diffusivities and activation energies. In this work, we perform ab initio molecular 
dynamics (AIMD) simulations on YH2 for temperatures spanning 300 K to 1200 K. Our main finding 
is that YH2 shows a superionic-like behavior with hydrogen atoms hopping from one native site to 
another above a characteristic temperature of 800 K. This correlated motion results in quasi-one-
dimensional string-like displacements that enable the hydrogen atoms to diffuse rapidly. We confirm 
that the octahedral sites are mostly unoccupied, although channeling through them is the most 
favored pathway between lattice hops above 800 K. At the highest temperature of 1200 K, the string 
relaxation time is merely of the order of a few picoseconds, which indicates a liquid-like diffusive 
behavior. Based on the formation of spontaneous thermal vacancies, an order-disorder crossover 
temperature Tα ~ 800 K is established for YH2 with an activation energy of 0.83 eV for hydrogen 
diffusion in the superionic-like state.

The persistent reliance on fossil fuels has resulted in arduous environmental challenges, notably air pollution and 
climate change driven by carbon emissions. Nuclear power continues to hold the pole position for generating 
carbon-free electricity all year round with the highest capacity factor among all the clean energy sources. In 
the United States, nuclear energy contributes to roughly one fifth of the total electric power generated with an 
estimated 24 Gt of avoided CO2 emissions over the past fifty years1. Most of the nuclear power in the United 
States comes from large light water reactors with a power rating of 1000 MWe or more built more than fifty 
years ago; construction of new plants has come to a standstill due to large upfront investments and protracted 
construction schedules. In recent years, there has been a shift to designing and building small modular reactors 
(SMRs) that are scalable, affordable and thermodynamically more efficient. A smaller subject of SMRs labeled 
as microreactors with a power rating of 20MWe

2 are also being considered for deployment in areas that do not 
have access to the electric grid. These truck-transportable reactors require a compact reactor design that can be 
achieved by solid-state neutron moderators such as metal hydrides3. Yttrium dihydride (YH2) is a particularly 
suitable candidate due to its ability to retain hydrogen at temperatures exceeding 1000 °C and its remarkable 
thermal stability at elevated temperatures4,5. However, the mobility of hydrogen in YH2 introduces special 
challenges such as redistribution or loss at high temperatures that can adversely impact the neutronic behavior 
and potentially reduce the operational lifespan of the microreactors. It’s critical, therefore, to establish the 
hydrogen migration and retention mechanisms in YH2 to ensure safe reactor operational limits under normal 
and off-normal conditions6.

Hydrogen diffusivity in metal hydrides has been investigated using nuclear magnetic resonance (NMR) 
spectroscopy7 and neutron spectroscopy (NS)8,9 through inelastic neutron scattering; other techniques such as 
mechanical spectroscopy10 have also been reported. Both NMR and NS techniques are well-suited for probing 
hydrogen motion due to the gyromagnetic ratio of the proton for the former that is the largest among all known 
stable nuclei11, and the large incoherent neutron scattering cross section for the latter (~ 80 b), which is over ten 
times more than other common nuclei12. All the spectroscopic methods extract relaxation rates or times that 
are associated with hydrogen diffusion under various approximations. Most NMR methods rely on evaluating 
the spin-lattice (Γ1) and spin-spin (Γ2) relaxation rates, which are strongly sensitive to atomic motion such 
as translation and rotation; a third relaxation rate (Γ1ρ), which is associated with the relaxation of transverse 
component of magnetization, is also used to assess the atomic jump frequency11. The spin echo NMR technique, 
often employed with a pulsed field gradient (PFG-NMR)13, can estimate diffusivity directly without any reference 
to lattice paths or correlations while spin-lattice relaxation measurements need additional information usually 
supplied by jump diffusivity models11. In inelastic neutron scattering (INS) or quasi-elastic neutron scattering 
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(QENS), which is a limiting case of INS, the broadening of the quasi-elastic peak provides the jump distances 
and diffusivities of mobile species in translational diffusion9,14 typically using Gaussian diffusion models.

While hydrogen is known to have high mobilities in hydrides, the mechanism of transport is not well-
elucidated. In recent years, group II metal hydrides such as BaH2 have been shown to be superionic conductors 
resulting from a (Ni2In) hexagonal structure at high temperatures. The current evidence for superionic-like 
transport in group III or IV dihydrides is suggestive but not conclusive15–18. An anomalous increase in the 
nuclear spin relaxation time at high temperatures has been interpreted as a transition to a superionic-like state 
with correlated motion among hydrogen atoms17 although objections have been raised for using only the spin-
lattice (Γ1) relaxation8,19. Alternate explanations involving the presence of hydrogen molecules or atom pairing 
at high temperatures20, deemed unlikely by Cotts21, or the presence of unidentified impurities have also been 
offered22.

Diffusivity is strongly sensitive to the stoichiometry; as a general trend, the diffusivity increases with increasing 
hydrogen concentration in YHx, which is opposite to that observed in ZrHx as shown in several investigations8,13. 
Using neutron spectroscopy, Stuhr and coworkers8 evaluated a diffusivity of O(10− 9) m2/s for hydrogen atoms 
at a temperature ~ 1250  K with YH1.97. This work is notable because of liquid-like diffusivity, albeit at high 
temperatures, obtained with a stoichiometry that is nearly two. More interesting is a crossover behavior ~ 870 K 
where the diffusivity starts increasing at a faster rate with a small but conspicuous change in activation energies. 
Curiously, this transition which went undetected previously, appears to conform with a peak in the specific 
heat at a slightly lower temperature of ~ 800 K as well as a change in behavior for thermal expansivity observed 
in more recent measurements with YH1.92

23. A peak in the specific heat, or other thermodynamic response 
functions such as compressibility and thermal expansivity, is a signature of a second-order phase transition that 
is associated with Type II superionic conductors24. Commonly known as the λ transition, a sharp rise and drop 
in the specific heat is observed at a characteristic temperature (Tλ) and is usually accompanied by a change in 
the ionic conductivity25,26. Stoichiometric-dependent peaks in the specific heat reported by Trofimov et al.27 
appear to suggest that this transition temperature decreases with increasing hydrogen content in YHx. These 
new observations give a certain plausibility to the original speculation by Barnes and coworkers16,17 that the 
long correlation time for proton dipolar interactions in NMR measurements may signify an onset of strongly 
correlated motion among the hydrogen atoms and the diffusive motion may be analogous to that in Type II fast 
ion conductors.

Verifying the existence of superionic-like diffusion in YHx is challenging due to the inherent limitations 
in interpreting data and various experimental uncertainties. Electronic structure simulation methods such 
as those based on density functional theory (DFT)28 along with energy landscape sampling methods29,30 are 
useful for identifying potential pathways for diffusion. However, these methods primarily provide kinetic rates 
based on the potential energy barriers between presumed lattice/defect sites and do not typically incorporate 
thermal fluctuations that play a key role in correlated diffusive transport. In this work, we use ab initio molecular 
dynamics (AIMD) simulations based on DFT to probe the complex diffusive dynamics of hydrogen atoms in 
YH2 at finite temperatures.

Building upon previous molecular dynamics (MD) analysis on superionic fluorites25,26,31, we show that the 
hydrogen atoms start diffusing in a string-like manner beyond a characteristic temperature (Tα) of ~ 800 K. 
Correlated motion of hydrogen atoms across the tetrahedral (tet) sites by thermal activation is shown as the 
primary mechanism of diffusion at high temperatures. Unlike speculated in the early investigations8,13,16, the 
occupancy of octahedral (oct) sites is minimal, which is consistent with the assessment made in a more recent 
experimental-computational study28. The oct sites, however, are dynamically favored as plausible transition 
state points connecting two neighboring tet sites at high temperatures. Based on the formation of spontaneous 
thermal vacancies and string relaxation times, an order-disorder transition temperature Tα ~ 800 K, similar to 
that in fluorite superionic conductors25,26,31, is established for YH2 with a possible superionic-like transition 
occurring at Tλ ~ 1000 K.

Results and analysis
YH2 has a fluorite structure and belongs to the cubic Fm̅3m space group. The Y atoms form a fcc lattice with the 
H atoms occupying the tet sites as shown in Fig. 1(a). In an alternative representation, the H atoms are positioned 
in a simple cubic lattice with the Y atoms occupying alternate cube centers that are also the oct locations of the fcc 
lattice – see Fig. 1(b); this leaves two empty oct sites that can potentially accommodate the H atoms.

In this work, we use AIMD simulations as implemented in the Vienna Ab initio Simulation Package 
(VASP)32,33 of YH2 for temperatures between 300 and 1200 K focusing on the mobility of hydrogen atoms. The 
details are given in the Methods section.

Validation/verification of the AIMD simulations
To validate our simulations, the structural and dynamical features are compared against available experimental 
data; verification is provided by comparison with past simulation data. Fig. 2(a) delineates the variation of lattice 
parameter with temperature. At 300 K, a lattice parameter of 5.231 Å with the PBE functional is only 0.6% higher 
than the experimental value of 5.201 Å34 (at 295 K); it also matches well with data from Chapman et al.35 with 
the same functional. With the AM05 functional, our AIMD simulations underpredicts the lattice parameter at 
295 K slightly, but are nearly identical to the simulation data from Chapman et al.35 using the same functional. 
Given the greater computational expense with the AM05 functional, and the relatively good prediction with the 
PBE functional for the structural properties (see supplementary information), the rest of the results presented 
here are with the PBE functional.

Next, we compare the dynamic structure factor integrated over wavevectors (q) ranging from 2 to 13 Å−1 
from neutron scattering experiments35 against simulation data in Fig.  2(b). The AIMD data, although noisy 
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at shorter wavevectors due to limited number of atoms in the simulation supercell (324) and lack of statistical 
averaging, is able to predict the first peak location and relative amplitude with good fidelity. While the second 
peak position is well-captured, there is a greater decay in the amplitude suggesting more thermal relaxation at 
larger frequencies with the AIMD simulations.

Linear thermal expansion and enthalpy
The temperature dependence of linear thermal expansion (LTE) and enthalpy difference (relative to 300 K) are 
shown in Fig. 3. The LTE is computed based on the change in lattice parameter normalized to that at 300 K. 
The current simulations are performed at 0 pressure; so, the enthalpy is identically equal to the internal energy. 
Interestingly, a change in slope at 800 K can be seen in both LTE and the enthalpy variation, which is indicative 
of two different responses – one at low temperatures (≤ 800 K) and another at higher temperatures (> 800 K). 
To explore this transition further, the radial distribution function gHH (r) which depicts the local arrangement 
of H atoms at various temperatures is delineated in Fig. 4(a). At 400 K, gHH (r) exhibits well-defined peaks 
indicating an ordered lattice structure. As the temperature increases, the magnitude of the peaks diminishes 
significantly and the sharper peaks beyond the second neighbor merge to form fewer and more diffusive peaks 
reflecting a transition towards a more disordered state.

To identify a more specific temperature for a plausible transition, we compute the Wendt-Abraham 
(WA) parameter, which is defined as the ratio of the magnitude of the first minimum to the maximum of 
the first peak in gHH (r): RW A = gmin/gmax

36. Previously, this parameter has been used as a criterion for 

Fig. 2.  Validation/verification of the AIMD simulations, (a) lattice parameter from the current simulations 
for different temperatures compared to experimental data34 (295 K) and previous AIMD simulations35, (b) 
comparison of dynamic structure factor for YH2 integrated over wavevectors (q) ranging from 2 to 13 Å−1 from 
inelastic neutron scattering (INS) experiments35 at 800 K against current AIMD prediction.

 

Fig. 1.  Crystal structure of YH2. (a) The fcc lattice formed by Y atoms and (b) the simple cubic lattice formed 
by the H atoms with alternating cube centers occupied by Y atoms.
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identifying a transition to an amorphous phase36. More recently, Celtek et al.37 proposed that the squared WA 
parameter,  RMW A = (gmin/gmax)2, is a more accurate predictor of the transition temperatures37. From 
Fig.  4(b), it can be observed that RMW A  has a smooth variation across the temperatures. However, a low 
temperature and a high temperature regime is clearly discernible with a crossover at ~ 800 K. Thus, the structural 
(LTE, radial distribution function) and thermodynamic (enthalpy) metrics strongly suggest an order-disorder 
transitioning in YH2 at ~ 800  K. In the next sections, we will investigate the dynamical changes across this 
temperature.

Analyzing the motion of H atoms
There are several space-time correlation functions that can be used to inspect the dynamical behavior of the 
hydrogen atoms with AIMD. First, we use a simpler method to map their motion. Making an analogy with 
the fluorite superionic conductors, the crossover temperature Tα marks an order-disorder transition where the 
mobile atoms leave their native lattice sites26,31,38. Thus, vacancies (and interstitials) are spontaneously created; 
these are identified as dynamic Frenkel pairs in fluorites24. To identify such vacancies, we utilize the Wigner-
Seitz cell method39 to count the number of dynamic vacancies forming at each tet site, which is then averaged 
over the simulation time. Fig. 5(a) depicts the average vacancy concentration at different temperatures. Below 
800 K, and during the simulation time of 30 ps, no significant number of vacancies are observed at the tet sites. 
With the temperature increasing above 800 K, a notable increase in the number of vacancies is observed, which 
indicates that H atoms are being thermally displaced from their original positions. Although there is a significant 

Fig. 4.  (a) H-H radial distribution function at different temperatures, (b) modified Wendt-Abraham (MWA) 
parameter for the hydrogen atoms indicating a crossover from low to high temperature behavior at ~ 800 K.

 

Fig. 3.  (a) Linear thermal expansion (LTE) as a function of temperature, and (b) calculated enthalpy difference 
for different temperatures. Both LTE and enthalpy exhibit a change of slope at 800 K demarcating a low 
temperature behavior from a high temperature one.
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number of vacancies (as high as ~ 10%) at 1200 K, the oct sites, as shown in Fig. 5(b), are meagerly occupied. The 
displaced H atoms thus are spatially distributed across the domain.

To qualitatively assess the path of the displaced H atoms, we examine the spatial distribution of the H atoms. 
The YH2 supercell is first discretized into a grid of 303 (27,000) equi-sized cells with each H atom assigned 
to one of these cells based on its spatial coordinates. Fig. 6(a) – (d) represents contour plots that depict the 
probability of locating H atoms on the (110) plane for temperatures ranging from 800 K to 1200 K. Expectedly, 
the highest probability of H atom occupancy, regardless of the temperature, is for the tet sites represented by the 
dark green regions. At 800 K, in accordance with the average concentration in Fig. 5(a), most of the H atoms 
are vibrating about their native tet sites with some evidence of displacement towards the oct sites. At 900 K, the 
probability contours clearly delineate the tendency of the displaced H atoms to move into the oct sites and out; 
this channeling is strengthened with increasing temperature. While not completely demonstrated, a discernible 
pathway through the oct sites appears to connect the neighboring tet sites, possibly facilitating a rapid diffusion 
of H atoms within the YH2 lattice.

At the highest temperature of 1200 K, there is evidence of atoms making a tortuous path through and along 
the edges of the oct sites, which is strikingly similar to the convoluted migration path of anions coupled with 
large amplitude vibrations in fluorites40. The oct sites in YH2, unlike in fluorites superionic conductors, tend 
to accommodate a larger number of mobile atoms with increasing temperature as shown in Fig.  5(b). The 
probability map of anions in fluorites thus is more homogeneous25 compared to YH2, which shows a small but 
significant propensity to escort the displaced H atoms through the oct sites. The rather small probability strongly 
suggests that the oct sites are merely transition states and not true local minima in the potential energy landscape 
– a conclusion that is reached in a recent study using DFT simulations albeit at 0 K29.

Van-Hove self-correlation
The pathways of H atoms are better illustrated through the Van Hove self-correlation function Gs(r,t)25,41, which 
gives the probability of finding a H atom in the neighborhood of a given displacement and time given that it 
was located at the origin initially. For an isotropic simple liquid, the spatial Fourier transform of Gs, which is 
the density correlator, at long (and short) times can be shown to be proportional to an exponentially decaying 
function of the mean square displacement 

⟨
r2 (t)

⟩
, which in turn in proportional to the self-diffusivity of the 

species42,43. Within this approximation, Gs approaches a Gaussian function at long times. Neutron scattering 
evaluates self-diffusivity by measuring the incoherent scattering function, which is then fitted to a Lorentzian 
that corresponds to the Gaussian approximation for Gs

44.
Fig. 7 depicts the Van Hove self-correlation function at 20 ps for temperatures ranging from 800 K to 1200 K 

(left axis). At 800 K, as shown in panel (a), Gs is mostly bounded indicating that H atoms are mostly vibrating 
at the tet sites. A short emergent tail suggests that a few atoms are moving to the nearby locations, which is 
consistent with the insignificant number of thermal vacancies generated at this temperature shown in Fig. 5(a). 
Along with the Gs, the radial distribution function gHH (r) is also shown in Fig. 7 (right axis). At 800 K, the H 
atoms are mostly placed at the geometric nearest neighbor (tet) sites (a/2)[1, √2, √3…], where a is the lattice 
parameter (~ 5.2 Å). As temperature increases, the minor shoulder at a disappears with the outer peaks merging 
together at ~ 6 Å. Quite remarkably, multiple peaks also appear for Gs as shown in panels (b) to (d) at higher 
temperatures and the Gs peaks align more or less precisely with the peaks observed in gHH (r). Although Gs is 
evaluated at 20 ps, the behavior can be observed at longer times; in the next section, we show that the relaxation 
time for correlated motion is of the order of few ps at 1200 K. The close correspondence between the peaks in 
Gs and gHH (r) demonstrates that the H atoms jump from one lattice (tet) site to another simultaneously. This 
cooperative motion, which becomes more pronounced with increasing temperature, is the basis of diffusive 

Fig. 5.  (a) The average vacancy concentration at different temperatures, (b) occupancy of H atoms at the oct 
sites.
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motion in YH2 above a crossover temperature of 800 K. Although speculated before16,17, the multiple peaks in Gs 
draw out the collective motion among the H atoms unambiguously.

It is apparent that Gs does not have a Gaussian profile as commonly assumed in diffusion modeling or 
for interpreting experimental data. Instead, it decays with distance in a somewhat exponential manner that 
suggests the presence of dynamic heterogeneity (DH) or spatially-separated clustering of fast and slow atoms45. 
DH is commonly observed in supercooled liquids, colloids, and granular materials46 and also in superionic 
conductors based on our previous work26,31. A common feature that is associated with DH is the emergence 
of low-dimensional or quasi-one-dimensional pathways for the diffusing species. In the next section, we will 
provide evidence for cooperative string-like motion of the mobile H atoms at high temperatures.

String-like pathways for H atoms
We follow the procedure of an earlier work by Annamareddy and Eapen26 and define strings as a set of ions 
constituted by pairs of mobile atoms where one atom gets replaced another over a certain time interval47,48. To 
test the presence of string-like motion, the most mobile H atoms are analyzed (20%); our main result in shown 
in Fig. 8(a). At 800 K or lower, the string pathways are not well-formed, which is consistent with the incipient 
generation of thermal vacancies. At 900 K, string formation is conspicuous and with increasing temperature, the 
number of participating atoms in the strings increases reaching a maximum at 1000 K (nearly 80%) followed 
by decreasing participation. Notably, the relaxation time monotonically decreases with increasing temperature 
reaching a few picoseconds at the highest temperature, which is suggestive of fast liquid-like diffusive behavior. 
Remarkably, the cooperative motion among the H atoms in completely analogous to that in fluorite superionic 
conductors26,31 and our current results provide unequivocal support for a superionic-like diffusive process in 
YH2 above a crossover temperature of 800 K. The hydrogen atoms typically show large amplitude oscillations 
before making a diffusive hop and there are several ways to visualize this motion49,50. In Fig.  8(b) we have 
depicted a snapshot of simultaneous hops of hydrogen atoms at 1000 K that appear as string-like displacements; 

Fig. 6.  Probability contours of finding H atoms on the (110) plane at different temperatures, (a) 800 K, (b) 
900 K, (c) 1000 K and (d) 1200 K. The white spaces correspond to probabilities lower than 10− 5.
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detailed analysis of the string metrics such as the distribution of string lengths and lifetimes will be reported in 
a future publication.

From the results thus far, there is considerable evidence for an order-disorder transition at Tα ~ 800  K, 
which is similar to that observed for fluorite superionic conductors25,26,31. As mentioned previously, a second 
order phase transition marked by a theoretical discontinuity in the thermodynamic response functions 
(such as specific heat) is also operational in fluorites; more demanding simulations, however, at several more 
temperatures are needed for such evaluations. Nevertheless, there is one key evidence that foretells a superionic-
like transition temperature (Tλ). In earlier studies on fluorites, Tλ is observed to coincide approximately with the 
peak participation in the string formation26. Based on the variation shown in Fig. 8(a), it appears that Tλ is likely 
to be in the vicinity of 1000 K. We will leave it to a future study with larger simulation systems and enhanced 
statistical sampling for probing this second order thermodynamic transition and evaluating other string metrics 
such as the mean string length, probability distributions and dynamic heterogeneity.

Hydrogen diffusivity
The self-diffusivity of the hydrogen atoms is evaluated by two equivalent methods, one based on the mean 
square displacement (MSD) of the diffusing atoms and the other based on the velocity autocorrelation (VAC) 
function. The former falls into the Einstein formalism while the latter come under the Green-Kubo formalism43. 
As delineated in Fig. 9, both methods yield similar results with an average activation energy of 0.83 eV. We 
also note that the electronic density of states does not change significantly with temperature, and electronic 
temperature has a minimal effect on hydrogen diffusion.

Two sets of experimental data are also shown – data on YH1.97 using neutron spectroscopy8 and data on 
YH1.91 from pulsed field gradient nuclear magnetic resonance13 measurements. Diffusivity is strongly dependent 
on stoichiometry and as previously elucidated, the diffusivity typically increases with more hydrogen content8,13 

Fig. 7.  Van Hove self-correlation function Gs(r,t) of the H atoms for different temperatures – (a) 800 K, (b) 
900 K, (c) 1000 K and (d) 1200 K at 20 ps (left axis, blue), and the radial distribution function gHH (r)( right 
axis, purple) for corresponding temperatures.
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with the exception of one recent experimental study51. The closest stochiometric match is with YH1.97 used 
by Stuhr and coworkers8 in their neutron spectroscopic (NS) investigation. Interestingly, the NS data can be 
demarcated into high temperature and low temperature regimes with a crossover at ~ 870 K, which is somewhat 
close to the estimate from the current AIMD simulations. More strikingly, the diffusivity data from NS 
experiments is of the same order of magnitude as that from AIMD simulations albeit with a larger activation 
energy. Below 800 K, the AIMD simulations do not generate reliable mean square displacements and thus the 
Tα crossover is not established from the diffusivity data alone. It is likely that below the crossover temperature, 
a different activated mechanism may be more dominant as shown in TiHx

15. The PFG–NMR measurements 
on YH1.91 reveal a considerably lower diffusivity that may be attributed to a lower stoichiometry. The sparsity 
of AIMD diffusivity data does not allow for an unambiguous identification of possible superionic transition 
temperatures. Future work with larger systems and more enhanced phase space sampling will draw out the 
transition temperatures more clearly.

Discussion
The observed activation energy of 0.83 eV includes energy for generating the thermal vacancies and for diffusion 
across the tet sites. A previous DFT calculation at 0 K predicts a diffusion barrier of 0.64 eV for a tet-oct pathway29, 
which is smaller than the current value; however, when the formation energy of the vacancies is included, 
the total activation energy becomes more than 2  eV. Transition state calculations based on a static energy 

Fig. 9.  Self-diffusivity of hydrogen in YH2 using mean square displacements (MSD) and velocity 
autocorrelation (VAC) from AIMD simulations (solid symbols). Error bars for MSD and VACF are based on 
the standard error of the mean across 300 and 2,400 time origins, respectively. The error bars for diffusivity 
from MSD are less the symbol size. The open square symbols are experimental data on YH1.97 using neutron 
spectroscopy (NS)8 while the open circles represent data from pulsed field gradient nuclear magnetic 
resonance spectroscopy (PFG–NMR)13 with YH1.91. A crossover can be noted in the NS data at ~ 870 K.

 

Fig. 8.  (a) Fraction of H atoms participating in strings among the most mobile (20%) H atoms for 
temperatures ranging from 800 K to 1200 K in steps of 100 K, (b) typical quasi-one-dimensional string-like 
displacements of hydrogen atoms at 1000 K.
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landscape thus overestimate the average energy/migration barrier. At high temperatures, the effective barrier 
will include both enthalpic and entropic effects. As observed in the AIMD simulations, H atoms take a plethora 
of trajectories; with increasing temperatures, there are large amplitude vibrations followed by displacements 
that do not necessarily be described by a single reaction coordinate. The hopping itself in many instances is a 
complex collective process that involves the participation of several diffusing atoms simultaneously. The effective 
diffusion barrier thus needs to be assessed in a free energy landscape perspective that involves both vibrational 
and configurational entropy, the latter, which is non-trivial to estimate. When thermal energy itself is sufficient 
to generate a large number of displaced atoms, a static rigid potential energy landscape loses its traditional 
meaning; instead, a free energy landscape may be more appropriate as a dynamic or undulating construct that 
accommodates several competing and statistically different pathways.

Thermal effects may be incorporated in an ad hoc manner in the traditional landscape sampling methods 
by incorporating random displacements as done by Novoselov and Yanilkin15 in their investigation of hydrogen 
diffusion in titanium dihydrides that showed distinct low and high temperature behaviors. Accelerator molecular 
dynamics (AMD) methods52 are also better suited for analyzing activated diffusion mechanisms when the final 
state points are not known a priori. Nevertheless, methods such as AMD still rely on transition state theory that 
presume separate vibrational and diffusive timescales53. The dynamical trajectories from AIMD simulations 
reveal a somewhat tightly coupled vibrational and diffusive motion that may render the landscape methods less 
applicable above the order-disorder transition temperature. A fundamental partitioning of entropy into separate 
diffusive and vibrational contributions may also lead to erroneous results. The methods we have used here (MSD 
and VAC), on the other hand, do not presume any specific pathway or depend on the transition state theory, and 
thus can be considered as more reliable predictors of complex atomic diffusion processes within the simulation 
timescale. Given the close association between atomic vibrations and diffusion, it would be interesting to assess 
the role of specific phonons branches54–56 in the transport processes, particularly above Tα.

The diffusion process identified in our study involves cooperative motion of many atoms, which is nearly 
identical to that in fluorite superionic conductors. In an earlier work, Annamareddy and Eapen26 introduced 
the concept of thermal jamming to explain the dynamic origin of superionicity in fcc materials, which have the 
highest atomic packing density. Jamming can occur when accessible sites are energetically unfavorable such as 
the oct sites in fluorites or when mobile ions exceed the number of favorable sites. Jamming to a more perfect fcc 
structure through cation disorder is also seen to be responsible for increased oxygen diffusion in Gd2Zr2O7

57. 
At low levels of cation disorder, the oxygen atoms assume a defected fluorite lattice position with seven atoms 
sharing the eight available locations. With increasing cation disorder, the oxygen atoms tend to assume a nearly 
perfect cubic lattice structure with random occupancy, which enables a rapid increase in the diffusivity through 
concerted jumps across the lattice sites as in perfect fluorites with minimal transit through the oct sites57. In 
YH2 too, the oct sites are revealed to act as transitional states and not as true minima. Given the similarities, 
the thermal jamming perspective can be applied to YH2 to explain the large increase in H diffusivity with 
temperature. Based on the thermal jamming concept, we expect the collective string-like hopping process to 
diminish for sub stochiometric compositions (x < 2) and vice versa for super stochiometric compositions (x > 2). 
Indeed, most experimental data on YHx portray this general trend and the rapid rise with increasing x can be 
attributed to the system being driven to the jammed state (x ≥ 2) without the need to presume an increased 
occupancy at the oct sites as done in the past.

Conclusion
Ab initio molecular dynamics simulations are conducted to explore the diffusional properties of hydrogen in 
YH2 at high temperatures. An order – disorder transition takes place at Tα ~ 800 K above which hydrogen atoms 
diffuse through a collective string-like mechanism. With the temperature increasing above 800 K,  spontaneous 
thermally-generated vacancies are observed, which indicates that H atoms are being thermally displaced from 
their original positions. Rapid increase in the diffusivity is noted above 800 K through cooperative hops across 
the native tet sites with an activation energy of 0.83 eV; at the highest temperature of 1200 K, the diffusivity 
approaches that of a liquid state. Our study reveals several close similarities between the dynamics of the 
hydrogen atoms in yttrium metal hydride and anions in fluorite superionic conductors. We further confirm 
that the oct sites are mostly unoccupied even though channeling through them is the most favored pathway 
between lattice hops suggesting that oct sites are merely transitional states and not true energy minimas. Our 
work lays the groundwork for future investigations of the complex hydrogen dynamics in metal hydrides at high 
temperatures.

Methods
AIMD simulations
All the calculations were performed using the AIMD method implemented in the Vienna Ab initio Simulation 
Package (VASP); specifically, the core-valence electron interactions were treated with the projected augmented 
wave method (PAW)33,58,59, with PAW potentials sourced from the VASP PAW PBE 54 library. As in a previous 
DFT investigation on YH2, the generalized gradient approximation (GGA) in the formulation of Perdew-Burke-
Ernzerh (PBE) was employed for the exchange-energy correlation60,61; several test runs with AM05 functional62 
yielded very similar structural properties (see supplementary information). For yttrium, valence electron 
configuration 4s24p64d25s1 includes semicore effects. For hydrogen, the valence electron configuration is 1s1. 
Computations were performed on a 3 × 3 × 3 YH2 supercell having 324 atoms. Partial electronic occupancies 
were handled using the first-order Methfessel–Paxton smearing method63 with a smearing width of 0.2 eV, which 
helps improve convergence by smoothing the electronic density of states near the Fermi level. A plane wave basis 
cutoff of 500 eV and a Monkhorst-pack grid of 1 × 1 × 1 centered at Γ point within the Brillouin zone were 
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sufficient to have an error of 2 meV/atom or less between configurations. The convergence for electronic loop 
was set at 10− 6 eV. The initial atomic positions, based on the fluorite lattice structure, were relaxed using static 
DFT calculation to minimize forces below 10− 2 eV/Å. For the AIMD simulations, an NPT ensemble was used 
with the Langevin thermostat and Parrinello-Rahman barostat64,65. The AIMD simulations were conducted with 
a time step of 1 fs at zero pressure for temperatures ranging from 300 to 1200 K. After obtaining the relaxed 
lattice parameters, a canonical NVT ensemble was used for 30 ps with a Nose-Hoover thermostat with other 
parameters remaining unchanged.

String analysis
We define strings as a set of ions constituted by pairs of mobile atoms where one atom gets replaced by another 
over a certain time interval47,48. Two atoms, i and j, are considered to form part of a string if their relative 
displacement satisfies one of the following conditions |ri (t) − rj (0)| < δ  or |rj (t) − ri (0)| < δ; in this 
analysis, we set the displacement threshold δ as 1 Å. The string analysis is performed for the most mobile atoms 
in the system (top 20%) that are the most likely to exhibit cooperative, string-like motion.

Data availability
Data generated from the current study are available from the corresponding author upon reasonable request.
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