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LaH10, as a member of hydrogen-rich superconductors, has a superconducting critical temperature of 250 K at
high pressures, which exhibits the possibility of solving the long-term goal of room-temperature superconduc-
tivity. Considering the extreme pressure and low mass of hydrogen, the nuclear quantum effects in LaH10 should
be significant and have an impact on its various physical properties. Here, we adopt the method that combines
deep potential and quantum thermal bath, which was verified to be able to account for quantum effects in high-
accuracy large-scale molecular dynamics simulations. Our method can actually reproduce pressure-temperature
phase diagrams of LaH10 consistent with experimental and theoretical results. After incorporating quantum
effects, the quantum fluctuation driven diffusion of protons is found even in the absence of thermal fluctuation
near 0 K. The high mobility of protons is found to be compared to liquid, yet the structure of LaH10 is still rigid.
These results would greatly enrich our vision to study quantum behavior of hydrogen-rich superconductors.

DOI: 10.1103/PhysRevB.108.064102

I. INTRODUCTION

Recently, the development of high-Tc hydrogen-rich su-
perconductors has attracted a lot of attention [1–4], because
chemical precompression [5,6] has emerged as an effective
approach to reduce pressure in the preparation of hydrogen-
rich superconductors. Among these superconductors, LaH10

has demonstrated a high Tc of around 250 K at 170–200 GPa,
and has been suggested as a potential candidate for room-
temperature superconductivity [7–9].

The nuclear quantum effects of the zero-point energy and
fluctuations are strong and play a key role in LaH10. The zero-
point energy 1

2 h̄ω of a specific system can be approximated by
ω = √

K/M, where ω and K are the effective frequency and
the spring constant, and M is the mass of atom. Due to the
special environment under high pressure, the effective spring
coefficient of LaH10 is remarkably high. In addition, hydro-
gen has a significantly low mass. The combination of these
two factors leads to the abnormal strong nuclear quantum
effects in LaH10. Nuclear quantum effects have been shown to
be crucial in stabilizing superconductivity favored crystalline
structure of LaH10 [10–12].

Another impact of nuclear quantum effects is the motion
of protons. Since the nuclear quantum effect is strong in
LaH10 and the atom mass of hydrogen is low, the zero-point
fluctuations of atomic position should be strong and may
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be comparable to its near neighbor distance. Similar to the
superionic behavior exhibited by water under high pressures,
where oxygen atoms retain localization while protons diffuse
through the lattice [13], similar behaviors exist in quantum
crystals [14], which possess some unique physical properties
such as high mobility of atoms, thus unique behaviors may
also be found in the hydrogen-rich superconductor LaH10.

However, achieving large-scale, first-principles simulation
with quantum effects of zero-point energy is full of chal-
lenge. For example, density-functional theory (DFT) is not
able to directly incorporate quantum effects of zero-point
energy and is hard to simulate over thousands of atoms. A
deep-potential (DP) + quantum thermal bath (QTB) strategy
is capable of large-scale atomistic dynamic simulation with
density-functional-theory (DFT) precision. This strategy is ab
initio, efficient and proven to be able to correctly describe
the complex phenomena caused by quantum effects in our
previous work [15]. DP is a machine-learning method that can
produce accurate force fields of molecular dynamics (MD) by
sampling the results of the DFT [16,17]. QTB is a method that
preserves the features of quantum statistics in MD [18]. Its
core idea is rewriting the fundamental Newtonian equations in
MD into Langevin-like equations with colored noise modi-
fied with zero-point energy. DP+QTB requires a comparable
computation cost to classical MD, which can easily simulate
a few millions of atoms. Thus we can provide results with
large space and time scale from which we can obtain sufficient
physical information.

In this work, we employ a DP+QTB method to investi-
gate the nuclear quantum effects of high-pressure LaH10. Our
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FIG. 1. (a) Enthalpy (using the values of the C2 group structure as reference) as a function of pressures for different structures searched
by USPEX. (b) Schematic of the high-symmetry Fm3̄m phase (above), and the low-symmetry C2 and P1̄ phases (below). Comparison of
(c) energies and (d) atomic forces calculated using the DP model and DFT, respectively.

pressure-temperature (P-T ) phase diagram of LaH10 results
show that the quantum effects make the cubic phase more
stable, consistent with previous findings. More strikingly, we
find that in the absence of thermal fluctuations near 0 K,
the quantum zero-point fluctuation will induce the liquidlike
diffusion of protons, while the La framework remains stable.

II. COMPUTATIONAL METHOD

A. Deep potential of LaH10

DP is a machine-learning-based method that aims to
provide highly applicable and high-accuracy interatomic in-
teraction potentials [16]. The core idea of the DP model is to
fit the energy and force of different configurations of certain
material through a deep neural network, and its learning sam-
ples are a large number of structural configurations (usually
these configurations have no more than 50 atoms) and corre-
sponding high-precision DFT results (energy and force). For
a well-trained model, given any corresponding configuration
(include those not in the training data and supercells with a

large number of atoms), its total energy and the force of each
atom can be solved with minimal computational cost and at
DFT-level accuracy. Thus, the DP model can be applied as a
force field in MD simulations.

In the training of a DP model for a certain material, one
of the most important processes is to comprehensively sam-
ple various symmetric structures. Considering the complex
high-pressure environment of LaH10, the candidate structure
for the DP model training dataset needs to be carefully de-
termined. We explored the low-enthalpy crystalline structures
of the LaxHy at pressures between 100 and 300 GPa via an
evolutionary algorithm implemented in USPEX code [19–21].
The USPEX predicted structures are in good agreement with
previous findings [22,23] (including the Fm3̄m, C2, and P1̄
phases of LaH10 and other LaxHy). The enthalpies of the
predicted structures are shown in Fig. 1(a). It can be observed
that at pressures ranging from 170 to 300 GPa, the enthalpies
of the C2, P1̄, and Fm3̄m phases are lower compared to
the other phases, indicating their greater stability within this
pressure range. Therefore, the initial structure training set of
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TABLE I. Lattice constants of cubic phase at 0 K predicted by
DFT and the DP model. The index of the La-H and the H-H bond
represents in (1) and out (2) of the quadrilaterals in the cage structure.

DFT DP

a/Å 4.749 4.751
α/deg 90 90
La-H1/Å 1.9755 1.9764
La-H2/Å 2.0564 2.0572
H-H1/Å 1.1454 1.1453
H-H2/Å 1.0645 1.0654
La-La/Å 3.3581 3.3595

the DP model is mainly from those three phases. Among the
three structures, the Fm3̄m phase has higher symmetry, which
will be referred to as the cubic phase later. The C2 phase and
the P1̄ phase are distorted versions of the Fm3̄m phase, and
they are referred to as low-symmetry phases later. Figure 1(b)
shows the schematic of the cubic phase and the low-symmetry
phase. Each La is surrounded by a cage structure composed of
32 H atoms, which contains 6 quadrilaterals and 12 hexagons.
The simulation cells in this work obtain 44 000 atoms to
achieve statistical equilibrium. For more information about
the DP and generation of the dataset, and parameters for DFT,
please refer to the Supplemental Material [24].

B. Quantum thermal bath

DP is able to produce DFT-level energy and atomic force
in MD simulation, and we use QTB to incorporate quantum
effects in MD simulations. In the MD classical limit, the
equipartition theorem is fulfilled, therefore it only produces
results that confirm classical behavior [25]. The core idea
of QTB is based on the quantum-mechanical fluctuation-

dissipation theorem [26]; it introduces associated random
force and friction terms into the equation, constituting a quan-
tum thermal bath [18]. The equation of motion of a degree
of freedom x of a particle of mass m in the presence of
an external DP force F (x) is modified to the Langevin-like
equation

mẍ = F (x) +
√

2mγ�(t ) − γ mẋ, (1)

where �(t ) is a colored noise with a power spectral density

�(ω, T ) = h̄ω

[
1

2
+ 1

exp
(

h̄ω
kBT

) − 1

]
, (2)

and it includes the zero-point energy.
Further, the numerical techniques related to QTB were

improved [27], and QTB can be easily manipulated and
is independent of the studied system. Previous works have
demonstrated that QTB can produce results in good agreement
with experiments or PIMD results [15,18,27,28] with compu-
tation complexity comparable to classical MD.

III. RESULTS AND DISCUSSIONS

A. Validation of deep potential

To obtain the DP model of LaH10 used in this paper, 25 427
candidate configurations that contain DFT energy and force
information of LaH10 were selected for the training dataset.
All these configurations are generated by MD simulations,
which adopt the isobaric-isothermal (NPT) ensemble with
temperature set from 0 to 600 K, and pressure set from 80 to
500 GPa. The comparison of the error between the DP model
predictions and DFT results is shown in Figs. 1(c) and 1(d);
the energy root mean square error (RMSE)/N atoms and force
RMSE are 3.272 meV/atom and 0.145 eV/Å, respectively.

FIG. 2. (a) Phase diagram of the lattice structure of LaH10 determined by classical MD. The color bar is determined by the distortion
angle θ compared to cubic phase. After incorporated quantum effects, the color bar at this range all turn to 0. (b) The cell angle of H atoms
quadrilateral as a function of temperature under 150 GPa [dashed line in (a); red and blue dots represent the maximum and minimum cell
angle, respectively.
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The lattice constants of the cubic phase predicted by DFT
and the DP model are shown in Table I; all constants including
lattice parameters and angles predicted by DFT and DP are al-
most equal, indicating that our DP model is in good agreement
with DFT calculations.

B. Pressure-temperature phase diagram of LaH10

Using the DP model, the atomic structures of LaH10 can
be determined by MD simulations. During the MD simula-
tions, the lattice constants and local structure of LaH10 will
dramatically change. So in order to intuitively distinguish the
cubic phase and the low-symmetry phase from the perspective
of atomic structure, we define the distortion angle θ , which
is the angle between the quadrilaterals in the cage structure
and it is convenient for distinguishing the structure phase
transition. According to this definition, when the statistical
result of θ is 90◦, the structure is cubic phase, otherwise it
is low-symmetric phase. In Fig. 2(a), we show the pressure-
temperature phase diagram of LaH10 obtained by the classical
MD at first-principles accuracy. It is clear that the cubic phase
only stabilizes at high pressure (�150 GPa), which is in
good agreement with experimental results [8]. In addition to
the effect of pressure, the temperature effect also affects the
stability of the cubic phase. When the temperature increases,
the stable pressure of the cubic phase will decrease, which
is consistent with the description of thermal effects predicted
by other theoretical results [11]. Another point that can be
concluded is, the transition between the cubic and the low-
symmetry phase is a first-order transition. To further explore
this transition, we show the cell angle of H atoms quadrilater-
als as a function of temperature under 150 GPa [dashed line
in Fig. 2(a)] in Fig. 2(b). We found that whether the angle
is greater or less than 90◦, they all change steadily with the
increase of temperature before 250 K, and the angle rapidly
approaches 90◦ near 250 K. We can also see a white narrow
line in Fig. 2(a) between these two phases. This means for any
pressure, this transition is rapid.

While, in the simulation combined with QTB, as long as
the pressure is above 100 GPa, LaH10 will turn into cubic
phase across the entire temperature range; the corresponding
phase diagram is shown in the Supplemental Material [24].
This again proves that the cubic phase is more stable than
other phases under high pressure, and quantum effects play
a key role in stabilizing it, which is consistent with other
works [10]. It is because the nuclear quantum effect of LaH10

is significant, which enhances the motion of atoms and makes
it have an equivalent thermal effect, thus making the cubic
phase stable. To characterize the strength of the quantum ef-
fect at any temperature, we compute the evolution of energies
(classical and quantum) as a function of temperature and show
it in the form of E

3NkB
, as shown in Fig. 3(a). The energies

of LaH10 in the classical case are shown in a blue line; they
are equal to 3NkBT at any temperature as dictated by the
equipartition theorem of classical Boltzmann statistics. The
DP+QTB simulation results are shown in a red line. At 0 K,
the energy of LaH10 is not 0, which is the zero-point energy.
The zero-point energy of LaH10 is as high as ∼900 K, which
indicates the nuclear quantum effects of LaH10 are significant.
This is consistent with the simple harmonic approximation;

FIG. 3. (a) Comparison of the average energy per atom in LaH10

as a function of temperature between classical and quantum simula-
tions. (b) Zero-point energy of LaH10 as a function of pressure.

the effective spring coefficient of LaH10 is very high due to
the high pressure, and the mass of hydrogen is low. To further
measure the strength of the quantum effect, we use the defini-
tion of zero-point temperature Tzero = 1

kB

∫ ∞
0 g(ω) 1

2 h̄ω dω; it
represents the average energy per atom of zero-point fluctua-
tion in the form of temperature. The variation of the zero-point
energy of LaH10 with pressure is illustrated in Fig. 3(b). As the
pressure increases, the zero-point energy also increases, sug-
gesting that pressure amplifies the zero-point motion of atoms.
The underlying cause of this phenomenon is attributed to
higher pressure, which results in an elevated effective spring
coefficient.

C. Quantum diffusion of proton

Since the quantum effect has such great influence on the
energy and atomic motion, it naturally affects atomic displace-
ment, especially for the light element H [29]. We find that in
our DP+QTB simulation results, the motion of H atoms is
much more intense than that of La atoms. As shown in Fig. 4,
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FIG. 4. DP+QTB simulations under 200 K and 200 GPa, and three of the typical trajectories of H atoms and local La atoms: (a) no
exchange, (b) one exchange, and (c) multiple exchanges.

we show three typical types of trajectory of H and La atoms
under 200 K and 200 GPa. In all three types the La atoms
vibrate near its equilibrium lattice position, most protons keep
vibrating near equilibrium lattice position [Fig. 4(a)], part of
the protons diffuse away from the initial neighbor La atoms,
and two protons will finally exchange their location [Figs. 4(b)
and 4(c)].

It is worth emphasizing that this proton diffusion phe-
nomenon is not induced by thermal fluctuation [30], but by
the quantum effects of zero-point fluctuation, thus the pro-
ton diffusion can also appear under low temperature without
thermal effects. The mean square displacement (MSD) curves
of the protons under 5 K and 200 GPa are shown in Fig. 5.
We recorded the average MSD of each H atom as a function
of simulation time, as shown by the blue dots in Fig. 5. The
MSD of protons is increased with the time, while in solids
such as crystal it is a constant that does not change over
time. And its diffusion coefficient obtained from this curve
is 3.5 × 10−5 cm2/s, which is remarkably the same order
of magnitude as the liquid [31]. These all indicate that the
behavior of LaH10 is different from normal solids. Also, since

FIG. 5. Standard MSD and reordered MSD of protons and MSD
of La atoms in LaH10 as a function of time simulated by DP+QTB
under 5 K and 200 GPa.

the atom La is heavy, naturally its MSD is negligible, and does
not increase over time, as shown in Fig. 5. This proves that
even if part of LaH10 is mobile, the framework is still rigid,
and it will remain solid.

Considering the indistinguishability of microscopic parti-
cles, it is difficult to directly distinguish the diffusion and
exchange of H atoms through existing experimental observa-
tion methods. According to the standard MSD definition, the
simulation results obtained by tracking the diffusion of each
atom may be overestimated compared to experimental results.
Therefore, we define a reordered MSD (MSD′) that no longer
uses atomic order as the basis for tracking:

MSD′ = 1

N
min
P

∑
i

∣∣rP (i)(t ) − ri(0)
∣∣2

, (3)

where P is the permutations of atom order. By this definition,
no matter whether protons diffuse to any perfect lattice loca-
tion and vibrate near their new equilibrium location [e.g., the
situations of Figs. 4(b) and 4(c)], the value of MSD′ will be
consistent with the oscillation near the equilibrium position.
The MSD′ results are shown by red dots in Fig. 5. Compared
to standard MSD, their magnitude is much smaller and almost
a constant over time. This suggests that certain experimental
characterization methods may not be able to detect the dif-
fusion of protons in LaH10. Alternative techniques, such as
isotope labeling methods, may provide better insight into this
phenomenon.

High mobility of protons is likely to affect the structural
stability of LaH10; however, the structure of LaH10 should
remain solid. To explore this problem, in Fig. 6, we show the
partial radial distribution function (pRDF) between La and H
atoms in both classical and quantum situations; it can repre-
sent the local environment of LaH10. The locations of several
peaks of the classical and quantum pRDFs have a very high
degree of coincidence, which indicates that in the quantum
situation the distribution of H relative to La is consistent with
the classical situation. Consider that we mentioned earlier that
La has a small degree of movement and stays near the perfect
lattice position. So in LaH10 even though protons are highly
mobile, La atoms will keep their rigid framework, thus LaH10

still maintains a relatively stable structure. In addition, the
peak broadening of pRDF is larger in the quantum situation,
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FIG. 6. Partial radial distribution function (La-H) of LaH10 under
classical and quantum situations (1 K).

which is caused by the fact that the atoms exhibit zero-point
vibrations in the quantum situation, and their spatial position
distribution is more delocalized.

D. Discussion

The zero-point motions of protons in LaH10 are compared
to the near-neighbor distance, and it aligns with the definition
of quantum crystals [32–34]. Similar behavior can be found in
solid He. Now we know that part of the mass of LaH10 is able
to flow due to quantum effects, but its structure is still rigid,
which is a remarkable consequence that can be found in super-
solids [35]. Supersolidity was previously mainly reported in
pure H or He systems, because the zero-point motion of these
two systems is obviously intense. Since the zero-point motion

of protons in LaH10 is intense, perhaps hydrogen-rich super-
condutors can also become a candidate material system for
supersolid research [36,37]. Moreover, this proton diffusion
phenomenon may also have impacts on the superconductivity
of LaH10; such high Tc may be related to proton diffusion.

IV. CONCLUSION

We develop a deep-learning-based DP model to describe
the energy and atomic forces of the hydrogen-rich super-
conductor LaH10, which has DFT-level accuracy. Using this
model for classical MD calculations, we confirm that for
LaH10, the superconductivity-favored cubic phase is more sta-
ble above 150 GPa, which is consistent with other theoretical
and experimental results. Using the DP+QTB method, we
successfully incorporate quantum mechanics in MD simula-
tion of LaH10. The strength of the quantum effect of LaH10

is proven to be significant, and pressure is able to regulate
the strength of the quantum effect. Such significant quantum
effect results in strong zero-pint motion of the protons, which
allows them to diffuse over the lattice, but the structure of
LaH10 can still remain rigid. This partially intense diffuse phe-
nomenon may be named as quantum crystallike behavior, and
may provide some new insights for the study of the structure
and superconductivity of hydrogen-rich superconductors.
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