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Compressed hydrides have emerged as exemplary materials for high-temperature superconductivity, yet their exper-
imental accessibility remains constrained by extreme pressure requirements (> 150 GPa) for obtaining atomic hydrogen
structures. Here, we propose a strategy of incorporating the ammonium (NH4) group into the molecular hydride NaH,
framework to enhance the chemical precompression effect and reduce the external pressure required for the stable struc-
ture. The resulting molecular hydride R3-NaNH4 remains stable at a relatively low pressure of 20 GPa while preserving
a high superconducting transition temperature of 54.5 K. Our first-principles calculations show that the added NHj{O‘45
cation effectively regulates the charge distribution of surrounding hydrogen molecules, adjusting the hydrogen sublattice
interactions through the hydrogen bond network, and forming a pseudo-binary hydrogen lattice. Compared with the parent
NaH,, R3-NaNH ¢ exhibits stronger chemical precompression effects and structural stability at lower pressures. Further
electron-phonon coupling analysis indicates that the bending vibrations of NH, and the translational-rotational modes of
H; molecular units scatter nearly free electrons near the Fermi level, thereby forming Cooper pairs. Our results demonstrate
that molecular doping into molecular hydrides to enhance chemical precompression provides a viable pathway to realize

high superconductivity at low pressures.
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1. Introduction

Hydrogen-rich compounds have consistently attracted in-
terest as promising platforms for phonon-mediated super-
conductivity owing to the extremely light mass- of hydrogen
and the resulting high characteristic phonon frequencies.!!=!
In such systems, superconductivity is predominantly driven
by strong electron—phonon coupling (EPC) associated with
hydrogen-dominated vibrational phonon modes. Over the past
decade, this recognition has stimulated extensive theoretical
and experimental efforts aimed at identifying superconduc-
tors with high superconducting transition temperatures (7¢)
and. understanding the microscopic mechanisms governing
their superconducting behavior. Within this context, Ashcroft
proposed the chemical precompression concept, which has
emerged as a powerful and widely adopted framework for un-
derstanding and designing superconducting hydrides.!* The
central idea of chemical precompression is to introduce ad-
ditional elements into lattices to modify the bonding char-
acteristics of hydrogen, thereby reducing the external pres-
sure required to stabilize superconducting states while pre-
serving structural stability. Guided by this principle, a vari-
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ety of atomic hydrides have been predicted and subsequently
confirmed experimentally. Representative examples include
H3S[%91 as well as rare-earth and alkaline-earth hydrides such
as LaH;o, YHo, and CaHg!"-'3! exhibiting 7, values exceed-
ing 200 K under high pressures. Despite these remarkable ad-
vances with high-T;, most of them remain stable only at ul-
trahigh pressures, typically exceeding 150 GPa, which poses
severe challenges for experimental synthesis and limits their

5.[14-16] From the structural perspective,

potential application
high-T7; superconductivity necessitates dense atomic hydrogen
networks with extreme pressures to decompose molecular hy-
drogen and release free electrons, rendering low-pressure sta-
bilization challenging.!'”) These limitations highlight the ne-
cessity for alternative material design strategies that can stabi-
lize superconducting hydrides at significantly lower pressures
while maintaining strong EPC.

Currently, ternary hydrides have emerged as a significant
approach within the conventional chemical precompression
paradigm. By combining multiple metallic elements, intro-
ducing light nonmetal components, or engineering hydrogen-
based alloy backbones, additional degrees of freedom can
be introduced to tailor lattice symmetry, electronic structure,
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5.[18-201 Notable examples encom-

and phonon vibration mode
pass ternary AXHg compounds featuring fluorite-type alloy
backbones, alkaline and rare-earth boron hydrides, as well as
various rare-earth-based ternary hydrides that display tunable
hydrogen sublattices and modified electronic states.?'=>1 In
these hydrides, the cooperative chemical effects between dif-
ferent constituents can significantly reduce stabilization pres-
sures and, in some cases, further enhance 7.. These find-
ings demonstrate that chemical precompression can be gen-
eralized to more complex chemical motifs and structural ar-
chitectures. Apart from elemental substitution and alloy-
ing strategies, an emerging approach involves incorporating
molecular functional groups into molecular hydride lattices.
In contrast to isolated atomic dopants, molecular groups pos-
sess internal charge asymmetry. As a result, they can in-
troduce additional electrostatic interactions that may improve
lattice stability at reduced pressure. Moreover, our previ-
ous research has shown that alkali-metal and alkaline-earth-
metal molecular hydrides, such as NaH,, exhibit a high T;. of
154 K at 150 GPa.3% However, the stability of molecular hy-
drides compressed with molecular groups and the microscopic
mechanisms that influence superconductivity remain poorly
understood. Thus, establishing clear relationships between
molecular-group-assisted structures and superconductivity in
molecular hydrides is essential for developing general design
principles for low-pressure superconducting hydrides:.

In this work, we propose a NH4-group-assisted chemical
precompression strategy for the molecular hydride NaH;, to
reveal the correlation between chemical precompression and
superconductivity. Here, we design a ternary molecular hy-
dride NaNH ¢, where NHy4 groups are periodically embed-
ded between layers of molecular H,. Our first-principles cal-
culations demonstrate that NaNH ¢ is both dynamically and
thermodynamically stable at a markedly reduced pressure of
20 GPa, which is significantly lower than the pressure required
to stabilize the parent NaH,. Detailed electronic-structure
and phonon analyses disclose that the incorporation of NHy
groups leads to additional chemical precompression interac-
tions. These include dihydrogen-bond contacts with neighbor-
ing H; units and weak interactions with the Na framework,
which collectively strengthen the electrostatic stabilization of
the system and contribute to chemical precompression. More-
over, these interactions give rise to low-frequency collective
phonon modes that couple strongly with nearly free-electron
hydrogen-derived states at the Fermi level, resulting in a su-
perconducting transition temperature of 54.5 K. Our results
demonstrate that molecular units can function as generalized
chemical precompressors in molecular hydrides, thereby ex-

tending the traditional element-doping paradigm.

2. Calculational details

The Vienna ab initio simulation package (VASP) is uti-
lized for DFT calculations, employing the projected aug-
mented wave pseudopotentials (PAW) method®*!l to accu-
rately describe the electron-ion interaction. The 1Is!, 3s'3p°
and 2s22p’ were treated as valence electrons for elements
H, Na, and N, respectively. The PBE of generalized gra-

32331 has been employed as the

dient approximation (GGA)!
exchange-correlation functional.
tions are conducted using the cutoff energy of 800 eV and
the 8 x 8 x 8 Monkhorst—Pack*¥ k-point grids, where the
energy and force convergence criteria are set as 1078 eV

and —10~* eV/A, respectively.” Weak interactions were an-
(35

The structural optimiza-

alyzed using Multiwfn*>) based on single-point calculations
performed with Gaussian (PBE/Lanl2DZ). The QUANTUM
ESPRESSO package has been adopted to calculate the EPC
and superconducting properties.*®! Ultrasoft pseudopotentials
are used with a kinetic energy cutoff of 100 Ry. Self-consistent
electron density and EPC are calculated by employing 16 x
16 x 16 k-mesh and 4 x 4 x 4 g-mesh for NaNH¢. In ad-

dition;. the superconductivity is evaluated via the McMillan
37,38]

S,

formulal

—1.04(1+2)
A—p(140.624) )

Here, @og is the logarithmic average phonon frequency, u* is
the Coulomb pseudopotential taken as 0.10, and A is the total
EPC parameter. The frequency-dependent EPC parameter A
is calculated by the Eliashberg spectral function o>F (@)

2= z./ dw@, D1og = EXp (i / %‘"oﬁF(w) ln(w)) .

3. Results and discussion

Inspired by the concept of chemical precompression, we
introduce the NHy group into the reported molecular hydride
R-3m-NaHj; prototype to construct a ternary hydride NaNH .
After fully optimizing the structure at 20 GPa, the R3-NaNH ¢
phase was obtained. The calculated enthalpy relations indicate
that the synthesis pathway involving NH,4 doping is thermody-
namically feasible. As depicted in Fig. 1(a), the ternary com-
pound NaNH; ¢ exhibits negative formation enthalpies with re-
spect to its constituent elements (Na, H, and N), relevant bi-
nary compounds, and reference reactions involving the NHy
group over a wide pressure range from 10 GPa to 50 GPa.
These results demonstrate that NaNHg is thermodynamically
stable within this pressure interval. The optimized structure of
NaNH;¢ crystallizes into the space group R3 at 20 GPa, where
Na, N, and H atoms occupy the Wyckoff position la. In the
R3 phase, Na atoms with a coordination number of 8 occupy
the vertices of the unit cell. On each face of the hexahedron,
four H atoms with a coordination number of 2 are fixed and
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form Hy molecules in pairs, while the NHy group resides at
the center of the lattice (Fig. 1(b)). In addition, the electro-
static energy of NaNH g is calculated to be —23.42 eV, which
is much lower than that of NaH;, (—3.40 eV). After normal-
ization, the electrostatic energy per unit volume of NaNHq

(@) o4

—=— NaH,,*+NH, —&— Na+1/2N,+8H,
—e— NaH,,+1/2N,+2H, NaH,+NH,+9/2H,
—a—NaH,+NH,+5/2H,  —>— NaH;+1/2N,+13/2H,
—v—NaH,+1/2N,+9/2H, —=— NaH,+NH,+1/2H,
NaHg+NH,+3/2H, ~—e— NaNH,,

NaHg+1/2N,#7/2H, —'— NaH,+1/2N,+5/2H,

£
w
.

o
)
:
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o

Pressure(GPa)

0 10 20 30 40 50

is —0.284 eV/A3, while the corresponding value for NaH|,
is —0.112 eV/A3, indicating that the NaNH ¢ system exhibits
stronger electrostatic interactions. This verifies the feasibility
of introducing NH4 as an effective chemical precompression
strategy, as shown in Fig. 1(b).

(b)300 0.6
Minimum stabilization pressure (GPa)

™ Per-volume Electrostatic Energy (-eV/ A%)
250+ 10.5
200 10.4
150 | 10.3
100} ONa ON OH {02
50 ] 10.1
0 0.0
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Fig. 1. (a) Formation enthalpies of various compounds and elements relative to NaNH16.[3942] (b) Schematic diagram of the formation of the
R3 phase of NaNH;¢4 by incorporating an NHy4 group into the R-3m phase of NaHj,.
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Fig. 2. (a) Structural schematic diagram of the R3-NaNH;¢ phase at 20 GPa. (b) Differential charge density with an isosurface value of 0.008,
where the cyan regions represent charge transfer and the yellow regions represent charge accumulation. Panels (c) and (d) present the 3D and
2D (1 1 1) electron localization function (ELF) schematic diagrams with an isosurface value of 0.75. Panels (e) and (f) show the scatter plots
of the reduced density gradient (RDG) versus the electron density (p) for NaH;, and NaNH;¢, respectively, where the data points are colored

according to the sign of the second Hessian eigenvalue (4;).

The intriguing configuration of R3-NaNH;4 and the fur-
ther chemical precompression resulting from the enhanced
electrostatic potential motivated a deeper investigation into
how the NH4 group modulates the original hydrogen lattice.
We first performed a detailed analysis of the lattice structure
of NaNH¢. The distances between the H atoms (/;) in the
NHy unit and the surrounding H, molecules (/) were mea-
sured. The shortest /; distance is 1.44 A, whereas the longest
I, distance is 1.89 A. It is worth noting that the bond length of
the molecular H units near the NHy group (/3: 0.84 A) is no-

ticeably longer than that of the molecular H units away from
the group (4: 0.79 A). This indicates that the incorporation
of the NHy group effectively modulates the surrounding H
sublattice. To understand the nature of this modulation, we
first performed Bader charge analysis to examine the charge
transfer between atoms. The analysis reveals that within the
NH4 group, each H atom loses an average of 0.43 e, with a
total of 1.27 e transferred to the central N atom. Together
with the electron localization shown in Fig. 2(c) and the N—
H COHP analysis in Fig. S2, these results confirm the polar
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covalent nature of the N-H bonds within the NH,4 group. The
differential charge density in Fig. 2(b) clearly shows distinct
charge depletion in cyan regions around the periphery of the
NH4 group and charge accumulation in yellow regions around
the H, molecules, providing further evidence for this charge
transfer. This result explains why the total electrons lost by the
Na atoms of 0.78 e and the NH,4 group of 0.45 e exactly equal
the total electrons gained by H, molecules of 1.30 e. In this
state, analysis of the 2D ELF on the (1 1 1) plane in Fig. 2(d)
reveals delocalized electrons distributed around the NHy group
with ELF values ranging from 0.25 to 0.45. These delocalized
electrons originate from a small quantity of electrons trans-
ferred from both the NH,4 group and Na ions to the antibond-
ing orbital o* of the H, molecules, resulting in slight ioniza-
tion without causing complete dissociation. Moreover, the H
atoms in the NHy group exhibit a positive partial charge, while
the Hy molecules overall carry a negative charge. The distance
between the positively charged H atoms of NH,4 and the nega-
tively charged Hy molecules, denoted as [y, is 1.44 A, which is
markedly less than the sum of the van der Waals radii of two
H atoms of 2.40 A. This implies a unique Coulomb interac-
tion between the NHy group and the H, molecules, namely a
dihydrogen bond H%* ... H%~.

The presence of dihydrogen bonds implies that the in-
corporation of the NHy group introduces additional weak in-

teractions. We therefore performed reduced density gradient
(RDG) analysis to quantify how the total weak interactions
change upon incorporation of the NH4 group. The RDG is de-
3 (3ﬂ12>1 7 \pv(,; ;I/>3| and is plotted for NaH;, and NaNH ¢
in Figs. 2(e) and 2(f). Here, p(r) denotes the electron density,
while the blue, green, and red regions correspond to attrac-

fined as

tive interactions, van der Waals interactions, and steric repul-
sion, respectively. In NaNH;g, the RDG distribution in the
low-RDG region 0-0.2 exhibits additional weak-interaction
features relative to NaHj;. The corresponding isosurfaces
in Fig. S1 further show that, at an isosurface of 0.15, addi-
tional weak interactions emerge between-the NH, units and
Na atoms, whereas at an isosurface of 0.5, pronounced red
RDG isosurfaces appear between adjacent molecular H, lay-
ers, together with distinct blue isosurfaces between the NHy
units and neighboring Hy molecules. These features indicate
the presence of additional attractive noncovalent interactions
between NH4 and H», consistent with possible dihydrogen-
bond contacts. These results indicate that the incorporation of
the NHy unit significantly strengthens the Coulomb interaction
and enhances the electrostatic stabilization of the system. The
more negative electrostatic energy stabilizes a denser hydro-
gen sublattice, thereby providing electrostatic evidence for the
chemical precompression effect.
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Fig. 3. (a) Phonon dispersion curve. (b) Phonon projected density of states, Eliashberg spectral function o2 F (w), and EPC parameter A for
NaNH;¢ at 20 GPa. Panels (c) and (d) depict the atomic displacements of NaNH ¢ at the I" point at 7.8 THz and 23.2 THz, respectively.

To investigate whether the NH, group participates in the
electron—phonon coupling of the system, we carried out a
detailed lattice-dynamical analysis. The phonon dispersion
and projected phonon density of states (PHDOS) reveal a
pronounced low-frequency feature centered at approximately
7.8 THz. As evidenced by the atomic vibration schematic in
Fig. 3(c), the phonon mode at 7.8 THz originates primarily
from the bending vibrations of the NH4 molecular units. In

addition to this contribution, the Eliashberg spectral function
o’F () exhibits a distinct peak at approximately 23.2 THz,
which also lies within the low-frequency phonon regime of
NaNH/¢. As indicated by the PHDOS, the contributions from
Na and N atoms in this frequency range are negligible, con-
firming that this feature is primarily governed by hydrogen vi-
brations. Therefore, as shown in Fig. 3(d), these modes can
be attributed to the coupled translational-rotational motions
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of the H, molecular units, while the participation of the NHy
group remains minimal. Together with the NHy-related bend-
ing modes at lower frequencies, the coupled translational—
rotational motions of the H, molecular units constitute the
dominant low-frequency phonon modes of NaNH¢. Quan-
titative calculations of the EPC interaction reveal that phonon
modes below 24 THz account for approximately 72% of the
total EPC constant A. The frequency-resolved projection of

A in Fig. 3(a) further corroborates that a substantial portion
of the EPC strength originates from the low-frequency region.
In contrast, phonons in the medium-to-high frequency region
above 24 THz contribute only about 28% to A. These results
demonstrate that the superconductivity of NaNH ¢ is primar-
ily governed by low-frequency phonon modes, arising from
the bending vibrations of NH4 units and coupled translational—
rotational motions of the H, molecular units.

(a)9

Energy (eV)

near-free
electrons

isosurface
value:0.008

E,=151eV

eV

-8 eV -1.65
Z Kohn-Sham effective local potential

Fig. 4. (a) Band structure and (b) density of states (DOS) for R3-NaNH;¢ at 20 GPa. (c) The 3D partial charge density maps with an isosurface

value of 0.008. (d) and (e) The Kohn—Sham effective local potentials.

While the phonon analysis identifies. the vibrational
modes responsible for pairing, a complete understanding of
the superconducting mechanism also requires examining the
electronic states that couple to these modes. We therefore
calculated the electronic band structure and density of states
of NaNH¢. Examination of the projected DOS for this R3
phase indicates that the metallic bands at Er are predomi-
nantly occupied by electrons from H-s orbitals. This is fur-
ther corroborated by the band-decomposed plot in Fig. 4(c),
which shows that the two degenerate bands just below Ep
at approximately 4.19 eV are primarily composed of H-s or-
bital electrons from the molecular Hy. Therefore, it can be
concluded that the metallicity of R3-NaNH ¢ mainly origi-
nates from the H-s orbital electrons of the molecular hydro-
gen. To further confirm the contribution of these H-s orbital
electrons to the superconductivity of the system, we calcu-
lated the Kohn-Sham effective local potential, (431 which incor-
porates the ionic potential, Hartree potential, and exchange-
correlation potential, as shown in Figs. 4(d) and 4(e). At
—8 eV, potential ridges emerge in the crystal interstices, con-
necting all atoms throughout the crystal. As the energy level
increases, these ridges nearly vanish at —1.65 eV and com-
pletely disappear at —1.51 eV, where the maximum effective

potential is located. The Ef at 4.19 eV is significantly higher
than the maximum effective potential of —1.51 eV, indicat-
ing pronounced nearly free-electron behavior across the broad
occupied state range from —1.51 eV to 4.19 eV. Analyzing
these results in conjunction with those from Figs. 4(a) and
4(b), we demonstrate that the H-s orbital electrons near Eg
exhibit nearly-free-electron behavior. Based on BCS theory
and our analysis of the superconducting properties, the H-s or-
bital electrons at the Fermi level are identified as the dominant
contributors to the electron—phonon coupling (EPC). We thus
conclude that the low-frequency phonon modes are primarily
associated with the bending vibrations of NHy units and the
translational-rotational motions of H, molecular units, which
scatter the H-s states with nearly free-electron behavior near
the Fermi level to form Cooper pairs, thereby enabling super-
conductivity in this system. This electron—phonon coupling
mechanism allows NaNH ¢ to achieve a T. of 54.5 K at the
relatively low pressure of 20 GPa.

4. Conclusion

In summary, we have proposed and demonstrated a
molecular-group-assisted chemical precompression strategy
for stabilizing superconducting hydrides at reduced pressures.
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By incorporating NH4 molecular units into the NaH;, frame-
work, we designed a ternary molecular hydride NaNH¢ that
is dynamically and thermodynamically stable at a low pressure
of 20 GPa and exhibits a superconducting transition tempera-
ture of 54.5 K. Detailed charge, bonding, and reduced-density-
gradient analyses indicate that the incorporation of NHy in-
troduces additional weak noncovalent interactions, including
dihydrogen-bond interactions with neighboring H, molecules
and weak interactions with the Na lattice. These interac-
tions further enhance the electrostatic stabilization of the sys-
tem and, from an electrostatic perspective, support a stronger
chemical precompression effect, thereby helping to rational-
ize the superior stability of NaNH;¢ relative to its binary par-
ent NaH, at lower pressures. Phonon and electron—phonon
coupling calculations further show that superconductivity in
NaNHg is dominated by low-frequency molecular vibrational
modes. Quantitative analysis indicates that phonons below
24 THz contribute approximately 72% of the total electron—
phonon coupling constant A, with the dominant contribu-
tions arising from bending vibrations of the NH4 groups and
coupled translational-rotational motions of the H, molecular
units. Electronic structure calculations and Kohn-Sham effec-
tive potential analysis reveal that the states near the Fermi level
are dominated by H-s orbital electrons with free-electron-like
character, which are scattered by low-frequency phonons. to
form Cooper pairs, thereby enabling superconductivity. These
results highlight the crucial role of molecular units in si-
multaneously tuning lattice stability, vibrational spectra, and
electron—phonon coupling. Our work establishes molecular
groups as effective generalized chemical precompressors and
provides new insights into the design of low-pressure super-
conducting hydrides through the cooperative interplay of elec-
trostatic interactions and low-frequency lattice dynamics.
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